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Foreword

The Architectural Science Association (ASA), formerly known as the Australian and New Zealand Architectural Science 
Association (ANZAScA), is an international organisation, the objective of which is to promote architectural science, theory 
and practice primarily about teaching and research in institutions of higher education.

The conference theme of the 52nd International Conference of the Architectural Science Association on Engaging 
Architectural Science: Meeting the Challenges of Higher Density, emphasizes the issue of built environments for growing 
cities. What is the outlook on urban futures and densification? Cities have been viewed as sustainability problems rather than 
solutions. As concerns about urban sprawl, densification, shanty towns and climate change grew, so did the awareness for 
high-performance, energy-efficient building and walkable neighbourhoods make cities liveable and offer far greater benefits 
for the global environment. For example, high-density living has been viewed as a key strategy to manage urban growth and 
is increasingly becoming a feature in city planning. By 2030, 60 percent of the world’s population will live in cities (McKinsey 
& Company, 2013). Australian cities have seen a rapid increase of high-rise residential construction which generates, among 
others, a discussion on planning controls in inner cities. 

It is then fitting to ask how the areas of architectural science could be engaged in expanding the dimensions or frontiers 
of urban sustainability. The Conference Proceedings are grouped into nine sections:

• Building Science and Built Environment Quality
• Architectural Science, Construction and Technology
• Building and Energy
• Architecture, Design and Environment
• Design Education and Research
• Cities and Outdoor Environments
• Practice, Community and Industry Engagement
• Building assessment and evaluation
• Theory, Philosophy and Society 

Contributions to the above groupings of research-areas have been sought to cover relevant content relating to the 
architectural science of the disciplines of architecture, engineering, building science, design, urban and landscape design, 
computer science, philosophy, psychology, mathematics, humanities, and other relevant disciplines, who can contribute to 
the discussion. Researchers and doctoral students have been invited to submit research papers and critical essays and to 
attend the conference to widen our discussion about engaging architectural science and its future trajectories.

This publication presents 91 accepted papers presented at the Conference, hosted by the School of Property, 
Construction and Project Management, RMIT University, Melbourne, Australia, 28 November - 1 December 2018. Details 
of the Conference are currently at https://www.asa2018conference.com/, and papers in this proceedings are archived at 
the ASA website: www.anzasca.net.

Each paper in these proceedings has undergone a rigorous peer review process. Following the call for abstracts in April 
2018, a total of 217 abstracts were submitted for review. Each abstract was blind peer reviewed by two members of our 
International Scientific Committee, made up of 53 experts. Of these, 193 abstracts were accepted for development into 
a full paper. Following this, 114 full papers were submitted, each of which was again blind peer reviewed by two to three 
members of our International Scientific Committee. Based on the reviewers’ recommendations,95 papers were accepted 
for presentation at the conference, and 91 are included in this publication.”

Although the editors of these proceedings have made every effort to ensure that the work presented here is correct and 
absent of errors, the contents and opinions of the papers are the sole responsibility of the authors. The editors’ role was to 
structure these proceedings into a meaningful and informative sequence.

On behalf of the Organising Committee, we would like to sincerely thank all the people who have contributed to realising 
this Conference. Thank you to all the authors for their interest and contribution to the success and the quality of papers 
and discussions of the Conference and its Proceedings. We are very grateful to the members of the International Scientific 
Committee for their rigorous reviews, without which we would not have been able to maintain and improve the quality of 
the papers. We thank our Sponsors: Chartered Institute of Architectural Technologies - Australasia Centre, and Sustainable 
Building Innovation Laboratory (SBi Lab) at RMIT University, as well as our supporter, International Building Performance 
Simulation Association – Australasia Affiliate. We thank those who have worked behind the scenes from the School of 
Property, Construction and Project Management (PCPM) at RMIT University.

Priyadarsini Rajagopalan and Mary Myla Andamon
Melbourne 2018

https://www.asa2018conference.com/
http://www.anzasca.net


IV

Committees

INTERNATIONAL SCIENTIFIC COMMITTEE

Dr Mary Myla Andamon, RMIT University, Australia

Associate Professor Guillermo Aranda-Mena, RMIT University, Australia

Professor George Baird, Victoria University of Wellington, New Zealand

Dr Paul Bannister, Energy Action, Australia

Dr Frank Boukamp, RMIT University, Australia

Dr Christhina Candido, The University of Sydney, Australia

Mr Andrew Carre, RMIT University, Australia

Associate Professor Robert Crawford, The University of Melbourne, Australia 

Dr Lyrian Daniel, The University of Adelaide, Australia

Professor Richard de Dear, The University of Sydney, Australia

Dr Mark Dewsbury, The University of Tasmania, Australia

Dr Ruwini Edrisinghe, RMIT University, Australia

Associate Professor Evyatar Erell, Ben-Gurion University of the Negev, Israel

Mr Matthew Francis, RMIT University, Australia

Dr Robert Fuller, Deakin University, Australia

Ms Prachi Garnawat, RMIT University

Dr Morten Gjerde, Victoria University of Wellington, New Zealand

Dr Zhonghua Gou, Griffith University, Australia

Professor Rajat Gupta, Oxford Brooks University, United Kingdom

Dr Carolyn Hayles, University of Wales Trinity Saint David, United Kingdom

Dr Ali Ghaffarian Hoseini, Auckland University of Technology, New Zealand

Dr Dominique Hes, The University of Melbourne, Australia

Dr Sarah Holdsworth, RMIT University, Australia

Professor Richard Hyde, The University of Sydney, Australia

Mr Chris Jensen, The University of Melbourne, Australia

Dr Elmira Jamei, Victoria University, Melbourne, Australia 

Dr Andrea Jia, Australia

Professor David Jones, Deakin University, Australia

Dr Inji Kenawy, University of Salford, Manchester, United Kingdom

Professor Maria Kolokotroni, Brunel University, United Kingdom

Associate Professor Chunlu Liu, Deakin University, Australia

Associate Professor Mark Luther, Deakin University, Australia

Mr Guy Marriage, Victoria University of Wellington, New Zealand

Dr Vanessa Menadue, Bond University, Australia

Dr Trivess Moore, RMIT University

Mr Milad Moradibistouni, Victoria University of Wellington, New Zealand

Dr Riccardo Paolini, University of New South Wales, Australia

Mr Yusef Patel, Unitec Institute of Technology, New Zealand

Dr Linda Pearce, University of South Australia, Australia

Associate Professor Priyadarsini Rajagopalan, RMIT University, Australia

Dr Astrid Roetzel, Deakin University, Australia

Dr Salman Shooshtarian, RMIT University, Australia

Associate Professor Peter Smith, The University of Sydney, Australia

Professor Veronica Soebarto, The University of Adelaide, Australia

Dr Shilpi Tewari, Deakin University, Australia



V

Ms Linda Tivendale, Deakin University, Australia 

Dr Rebecca Yang, RMIT University, Australia

Dr Nicola Willand, RMIT University, Australia

Professor Terry Williamson, The University of Adelaide, Australia

Dr James Wong, RMIT University, Australia

Professor Nyuk Hien Wong, National University of Singapore, Singapore

Dr Jin Woo, RMIT University, Australia

Dr Wei Yang, Victoria University, Melbourne, Australia

EXECUTIVE SCIENTIFIC COMMITTEE

Professor Ron Wakefield, RMIT University (Chair)

Associate Professor Priyadarsini Rajagopalan, RMIT University (Convener)

Prof Marc Aurel Schnabel, Victoria University of Wellington, ASA President

CONFERENCE ORGANISING COMMITTEE

Associate Professor Priyadarsini Rajagopalan, RMIT University (Convener)

Dr Mary Myla Andamon, RMIT University

Dr Jin Woo, RMIT University

Ms Prachi Garnawat, RMIT University

Mr Matthew Francis, RMIT University

Dr Trivess Moore, RMIT University

DESIGNER

Mr Viet Hoang, RMIT University

SPONSORS AND SUPPORTERS



VI

Contents

FOREWORD  III

COMMITTEES  IV

ARCHITECTURAL SCIENCE: BUILDING SCIENCE AND BUILT ENVIRONMENT QUALITY  1

Development of a model of adaptive thermal comfort and preference for housing in Australia  3
T. Williamson and L. Daniel

Building with timber across Australian climatic contexts: an hygrothermal analysis  11
A. Brambilla, E. Gasparri and M. Aitchison

A Pilot Study on Users’ IEQ Perceptions in a Residential Aged Care Facility in Melbourne  19
H.W. Chau, L. Aye, M. Noguchi, C. Newton, J. Zhou and C.M.N. Woo

The impact of IEQ factors on people on the autism spectrum  27
B. Noble, N. Isaacs and S. Lamb

The influence of demographic and locational factors on occupants’ perception scores for their buildings  35
G. Baird, E. Rasheed and S. Wareing

Measuring the Daylight Performance of Classrooms: Can a One Point Sensor Measurement Predict the Daylight 
Distribution within a Space?  43

A. Ackley, M. Donn and G. Thomas

Longitudinal field study of thermal comfort in a low energy mixed-mode building  53
J. Kim, R. de Dear, T. Parkinson, F. Tartarini and P. Cooper

Impact of facade design on indoor air temperature and thermal comfort in residential buildings  61
S. Tong, N.H. Wong, E. Tan and J. Wen

Is new housing a health hazard?  71
S. Nath, M. Dewsbury and K. Orr

Enhancing students’ experience in real-time data collection and utilisation: A cloud-based post-occupancy 
evaluation app  79

J. Woo and R. Edirisinghe

Study on the thermal and visual performance due to highly reflective façade in Singapore  87
J. Wen, N. Wong, M. Ignatius and X. Chen

ARCHITECTURAL SCIENCE, CONSTRUCTION AND TECHNOLOGY  97

Investigating design and construction opportunities for Medium Density Housing on hillsides using concrete pre-
fabrication  99

H.-C. Wilhelm

Life cycle analysis of cross laminated timber in buildings: a review  107
X. Cadorel and R. Crawford

Unconventional approach to housing design and construction practice in Indonesia and its challenges  115
D. Kusyala, A. Darmana and Y. Lim

Circular economy construction: lessons from applied experimentation  121
G. Finch, G. Marriage, M. Gjerde and A. Pelosi

Creating a smarter building system: Design of a prefabricated envelope system for cross laminated timber  129
E. Fell, G. Marriage, K.Sweet and P. Kremer

Prefabrication: New Zealand manufacturers of prefabricated buildings and components 2017  137
M. Bistouni, B. Vale and N. Isaacs

Learning from the past to build tomorrow: an overview of previous prefabrication schemes   145
M. Bistouni, N. Isaacs and B. Vale



VII

Parametric skinning of complex-graphs: an airborne textile structure test-case  153
S. Roudavski

Engineered timber for apartment buildings in Melbourne, Australia: A construction cost comparison with traditional 
concrete systems  161

L. Ritchie and A. Stephan

The DigiShed: a small structure designed, fabricated and assembled with three emergent digital technologies  169
R. Burnham, R. Green, L. Taylor, O. Jones, L. Wilkes and K. Stokes

Embracing natural timber features of plantation hardwood: Material-aware digital workflows in product design and 
development  177

N. Kotlarewski, L. Taylor and P. Booth

Construction project manager skills: a systematic literature review  185
J. Oliveros R. and P. Vaz-Serra

ARCHITECTURAL SCIENCE: BUILDING AND ENERGY  193

Investigating equivalence in compliance pathways to Australian housing energy efficiency  195
T.R. O’Leary, D. M. Whaley and M. Belusko

Review of Holistic Research on NetZero Energy Homes: Energy Simulation, Energy Monitoring, and Performance 
Improvement  205

H.X. Li, M.R. Hosseini, P. Zhang, M. Luther and A. Mills

Impact of building envelope design on Auckland public library energy consumption  213
B. Su

NABERS – rating energy and water efficiency for apartment buildings  223
P. Bannister

Australian Commercial Buildings Window to Wall Ratios  231
G.S Foo and D. Shen

Beyond the ‘premium-for-height’ framework for designing structural systems for tall buildings: considering 
embodied environmental flows  241

J. Helal, A. Stephan and R.H. Crawford

How big should my battery be?  249
P. Horan and M.B. Luther

A methodology towards achieving Net zero energy performance for high-rise residential buildings in Australia   257
A. Alawode and P. Rajagopalan

User perceptions of building management systems in the continuous commissioning process  269
C.J.B. Askew and M.R. Donn

Impact of the mitigation of the local climate on building energy needs in Australian cities  277
A. Synnefa, S. Garshasbi, S. Haddad, R. Paolini and M. Santamouris

Electricity demand reduction in Sydney and Darwin with local climate mitigation  285
R. Paolini, S. Haddad, A. Synnefa, S. Garshasbi and M. Santamouris

5x4 Hayes Lane Project: learning from a grand design  295
R.H. Crawford and R. Alphonso

ARCHITECTURAL SCIENCE: ARCHITECTURE, DESIGN AND ENVIRONMENT  303

The exploration of higher density, family-friendly design considerations for dwellings in Auckland  305
L. Ing

Regeneration of unused buildings within Wellington to attract family living, in response to the Wellington 
demographic  313

A. Tatnell

Comparative Design Evaluation of Dementia Support Facilities in Victoria from the Perspectives of Carers  321
H.W. Chau, C. Newton, C.M.N. Woo and J. Wang



VIII

Well-being in vertical cities: beyond the aesthetics of nature  331
C. Hayles and G. Aranda-Mena

Smart Silver Towns: Prospects and Challenges  339
S.J. Kim and J. Shin

Towards an assessment framework for the environmental performance of alternative, multi-residential housing 
models  347

K. Skillington, R.H. Crawford and D. Hes

Space syntax analysis of low-income housing in progressive urban settlements: case of Davao City, Philippines   355
I. Malaque III

Establishing a comprehensive database of construction material environmental flow coefficients for Australia  363
R.H. Crawford, P. Bontinck and A. Stephan

Occupant Satisfaction and Comfort in Green Buildings: A Longitudinal Occupant Survey in a Green Building in the 
Subtropical Climate in Australia  371

M. Khoshbakht, Z. Gou, K. Dupre and R. Best

Designing for relationships: housing and communities that improve the quality of life of the high-needs elderly  383
Y. Kuboshima, J. McIntosh and G. Thomas

Incremental Strategies for Suburban Densification   391
T. Wardle and G. Marriage

Towards a comprehensive hybrid life cycle inventory for Chilean building materials  399
V. Bunster, R.H. Crawford, P.A. Bontinck, A. Stephan and W. Bustamante

Diversified façade architecture for optimizing air flow in tall residential buildings in tropics: a field investigation 
based on a literature review  407

U.S.N. Rodrigo and R.M.K.U. Rajapaksha

Prefabrication: New Zealand’s golden ticket?   417
A. Mirus, Y. Patel and P. McPherson

Assessing Design Value systems: fragmentation, competition, and crisis in a global industry  425
P. Raisbeck, Y. Putra and A. Chevez

Students’ perspectives on configuration design of universities’ informal learning spaces  433
J. Zhang, X. Hu, J. Zhao, C. Liu and M. Luther

ARCHITECTURAL SCIENCE: DESIGN EDUCATION AND RESEARCH  441

Using eye-tracking to study designers’ cognitive behaviour when designing with CAAD  443
R. Yu and J. S. Gero

Women in Fabrication: A platform for inclusive and diverse design  453
A.M. Couchman, Y. Patel and P. McPherson

Intensive Design Building Studio: A Collaboration with Industry  461
G.K. Campbell, Y. Patel and P. McPherson

Online delivery of architecture and building design studios: a case study of Central Queensland University  469
N. Abbasi, N. Adams, E. Gide, D. O’Brien and P. Lawrence

SETTING UP THE UPSETTER: a vertical studio for architecture  477
K. Francis and M. Garbarczyk

Lessons in Density: approaches to teaching housing design for higher densities  485
D.F. Turner

ARCHITECTURAL SCIENCE: CITIES AND OUTDOOR ENVIRONMENTS  493

Seasonal Patterns of Thermal Stress in the Work Environment of Construction Workers in a Megaproject in 
Australia  495

A.Y. Jia, D. Gilbert and S. Rowlinson

Review of Campus Sustainability Rating Systems for Indian Campuses  503
N. Parvez and A. Agrawal



IX

Rehabilitating Healthcare: Healthcare landscapes a catalyst for health, well-being and social equity  511
C.L. Kershaw, B.X. Marques and J.X. McIntosh

Designing functional urban open spaces: through user comfort & spatial analysis approach  517
R. Thilakaratne

Towards an Energy Modelling Framework for Australian Cities  525
M.B. Luther, M. Herron, T.M.F Ahmed and C.K. Cheung

Urban planning policy practice and climate change adaptation science for sea-level rise impacts upon cultural 
heritage places in Sorrento, Mornington Peninsula  535

E. Arias and D. Jones

Street greenery; a vital planning integration to overcome carbon dioxide concentration and pedestrian discomfort 
in urban streetscapes  545

H.T. Rupasinghe, L.M.M.N. Wickramasinghe and R.U.Halwatura

Stepping back: a look at managed retreat in NZ  553
S.E.M. Bloomfield

Developing experimental protocol for collecting large scale urban microclimate data through community 
participation  561

P. Rajagopalan, M.M. Andamon, R. Paolini and M. Santamouris

Wayfinding in major waterfront points of interest in Queensland Australia – A case study in Surfers Paradise  569
R. Yu and M. Burke

Mitigation of urban overheating in three Australian cities (Darwin, Alice Springs and Western Sydney)  577
S. Haddad, R. Paolini, A. Synnefa and M. Santamouris

Micro-climatic temperature trend as a basis of passive design for residential buildings  585
A. Agrawal, A.S. Plaha and D. Singh

Outdoor Neutral Temperature Assessment within Deakin University Campus at Melbourne City, Australia  593
I. Kenawy and H. Elkadi

ARCHITECTURAL SCIENCE, PRACTICE, COMMUNITY AND INDUSTRY ENGAGEMENT  601

Increasing the capacity for built environment students to connect community to decision making on space  603
D. Hes and C. Hernandez-Santin

Operationalising the sublime: bringing the sublime from abstract to concrete  611
S. Rosier

Understanding housing design and expectations of Assamese rural communities: Case Study Selection  619
V.I. Katharpi and H.K. Doloi

Developing an evidence-based understanding of hospital space planning efficiency  627
H. Mitcheltree, S. Carter and K. Fisher

ARCHITECTURAL SCIENCE: BUILDING ASSESSMENT AND EVALUATION  635

A comprehensive model for quantifying the environmental and financial performance of cities  637
A. Stephan, R.H. Crawford, V. Bunster and G. Warren-Myers

The Importance of Site on House Heating Energy Modelling   647
W. Sunarya, N. Isaacs and M.R. Donn

Using Virtual Reality and Participatory Processes to Design Interstitial Healthcare Places  657
R.N. Harkness, J. McIntosh and B. Marques

Energy Efficient Building Design using Building Simulation, Multi-Objective Genetic Algorithm, Multiple Linear 
Regression and Monte Carlo Approach  665

W. Yang, Y. Lin and C.Q. Li

Factors that Affects Maturity Level of BIM Implementation in Indonesia; Case Studies of 5 Construction Key 
Actors  673

D. Larasati, F. A. Willis, Y. Hanifah, F. A. Agirachman and S, Suhendri



X

Calibrating the energy simulation model of an aquatic centre  683
J.J. Duverge, P. Rajagopalan and J. Woo

The design orientation and shading impacts on rooftop PV economics in the urban environment: a case study in 
Melbourne, Australia  691

H. Zhao, R. Yang, C. Wang and P.W. Mudiyanselage

A Framework for Predicting Development Feasibility  701
B. Coorey and A. Coorey

Influence of wind on indoor convective floor heat transfer of single-sided naturally ventilated cubical enclosures  709
M.K. Pokhrel, T.N. Anderson and T.T. Lie

Pre-Occupancy Evaluation Tools (P-OET) for early feasibility design stages using virtual and augmented reality 
technology  717

J. Moloney, A. Globa, R. Wang and C.K. Khoo

Communication and Participation in Virtual Environments  727
S. Chowdhury and M.A. Schnabel

ARCHITECTURAL SCIENCE: THEORY, PHILOSOPHY AND SOCIETY  735

Ephemeral Crossroads: seven lamps, six years, seven lux-pavilions   737
A.C. Pretty and R. Jadresin Milic

Design with climate in ancient Rome: Vitruvius meets Olgyay  745
J. Gelder

Learning from dense cities: Hong Kong spatial constructs as narratives  753
G. Aranda-Mena, PJ. Dahl and C. Dahl

Tacit knowledge transfer for city design  761
G. Aranda-Mena

Suburban liveability in Melbourne: a narrative approach  771
H. Wu, S. Sintusingha and R. Bajraszewski

Revenge of the fragmented metropolis  779
L.Castello

AUTHOR INDEX  789



1

ARCHITECTURAL SCIENCE: 
BUILDING SCIENCE AND BUILT 

ENVIRONMENT QUALITY



2



3

Development of a model of adaptive thermal comfort 
and preference for housing in Australia

Terence Williamson
School of Architecture and Built Environment, University of Adelaide, Adelaide, Australia
terence.williamson@adelaide.edu.au

Lyrian Daniel
School of Architecture and Built Environment, University of Adelaide, Adelaide, Australia
lyrian.daniel@adelaide.edu.au

Abstract: In Australia, the primary mandatory building performance assessment method for new homes indirectly references 
the ASHRAE 55 Standard adaptive thermal comfort model, which has not been extensively tested or validated for houses in 
this country. Emerging evidence suggests that while an adaptive model of thermal comfort is likely to be most appropriate for 
specification and assessment of residential buildings, this particular model does not adequately reflect Australian households’ 
comfort preferences. Responding to the need for a uniquely Australian residential comfort model, a substantial database 
of observations from thermal comfort field studies in houses has been compiled. The database currently comprises of over 
49,000 thermal comfort “votes”, contributed by occupants of around 300 houses and apartments. The paper presents a 
series of investigations of methodological issues, fundamental in the development of a new adaptive model. 

Keywords: Thermal comfort; adaptive; preferences; residential.

1. INTRODUCTION

The provision of comfortable conditions in a dwelling is a common design goal and establishing appropriate, empirical 
thermal comfort criteria is a necessary starting point. Much of the early building science research work in Australia focused 
on designing houses for our range of climates and defining suitable thermal comfort conditions (Williamson, 2004). Despite 
this early work no national standard for indoor environmental conditions has been developed and we rely, in the main, on 
formulations developed from overseas data in the specification and assessment of building performance. 

The primary objective of this paper is to examine the thermal adaptation of occupants in Australian dwellings and the 
various issues of data analysis involved in the development of a model of thermal comfort and preference that can be used 
as a standard. Initially thermal comfort research aimed at defining a preferred temperature and an acceptable “comfort 
zone” universally applicable to all peoples and climates. In the last 25 years or so, an increasing amount of research effort 
has been directed toward adaptive thermal comfort theory, pioneered by the work of Michael Humphreys and colleagues 
in the 1970s. Adaptive thermal comfort models were included in the ASHRAE 55 Standard in 2004, while a European 
counterpart, CEN EN 15251, was released in 2007.

In Australia, the ASHRAE Standard 55 adaptive thermal comfort model is applied to define acceptable indoor conditions 
in the Nationwide House Energy Rating Scheme (NatHERS) software used to assess energy-efficiency requirements for 
houses in the National Construction Code (NCC). The ASHRAE adaptive thermal comfort model, however, likely bears little 
relationship to the context of housing in Australia as it was derived using data mainly from office buildings (de Dear et al, 
1997). Occupants in such non-residential buildings are relatively restricted in their adaptive measures and personal control 
of the environment in comparison with those in residential buildings. Several recent residential thermal comfort studies 
confirm that occupants prefer a wider range of conditions than the ASHRAE adaptive model suggest are acceptable 
and that they draw on a diverse range of adaptive behaviours – informed by a variety of climatic conditions, construction 
practices and lifestyles – to maintain desired conditions (Daniel, 2018; Daniel et al, 2014; Soebarto and Bennetts, 2014). 

To address the Australian residential context a database from thermal comfort studies over the period 1987 to 2018 
has been assembled. The database includes more than 49,000 comfort “votes” from occupants of almost 300 houses and 
apartments. The studies encompass all major cities (except Brisbane) as well as hot arid country locations such as Alice 
Springs and Port Augusta. The formation of this database allows us to, for the first time, derive thermal comfort models 
specific to Australian situations.

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp. 3–10. ©2018, The Architectural Science Association 
and RMIT University, Australia.
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2. BACKGROUND

Arguably the first scientific investigation of thermal comfort carried out in Australia was conducted by Douglas Lee, Professor 
of Physiology, The University of Queensland. Lee wrote several comprehensive papers on man’s1 reaction to tropical 
climates and made recommendations on the physiological principles which he saw as important for the design of tropical 
housing in the various climates of Queensland (Lee, 1940). Lee (1944) provides “design aids” showing the annual variations 
of climate conditions (temperature and humidity) and the comfort zone for a number of Queensland towns. The search to 
define an appropriate comfort zone was continued in 1959 by Hindmarsh and MacPherson (School of Public Health and 
Tropical Medicine, University of Sydney), who collected 2172 thermal comfort votes in the field over a one-year period 
(Hindmarsh and MacPherson, 1962). 

Both overseas and in Australia laboratory-based (or climate chamber) research was developed in the late 1960s. These 
methods tended to emphasise the effect of the physical environment on human thermal comfort, to the exclusion of other 
factors such as habit or cultural background. The outcome of some of these laboratory investigations were a number of 
thermal comfort indices.

Probably the best known and most universally accepted comprehensive thermal comfort index is the Predicted Mean 
Vote (PMV) developed by Fanger (1972). But pioneering work by Michael Humphreys in the 1970s observed that such 
laboratory-based models did not correlate well with the neutral temperatures reported by occupants in naturally ventilated 
buildings (Humphreys, 1975; 1978; Auliciems, 1981). Humphreys found that for buildings that were predominantly neither 
heated nor cooled, occupants largely adapted to indoor conditions and that their thermal sensation vote showed a strong 
correlation to the indoor temperature. The concept of adaptive thermal comfort was conceived.

Following a suggestion by Andris Auliciems2, that there is likely a relationship between indoor neutrality and the outdoor 
temperature, Humphreys (1978) constructed a database of 64 thermal comfort studies. The buildings in each study were 
designated as either “free-running” (28) that is for most of the time no energy was used for heating or cooling, or “energy” 
(36) where heating or cooling plant was used. Only eight of the “free-running” examples involved houses or flats. For the 
free-running buildings Humphreys found that “94% of the variation of the neutral temperature is associated with the variation 
of the outdoor mean temperature” (1978, pp. 98) and followed the equation:

Tn = 11.9+0.534Tm Eq (1)

Where Tn is the predicted neutral temperature and Tm the mean outdoor monthly temperature for the months in question 
defined as (Tave max + Tave min)/2.

Auliciems (1983) used Australian field studies in combination with selected Humphreys’ data to confirm this type of 
relationship. Based on combined data from free-running and climate-controlled buildings he found:

Tn = 17.9+0.31Tm Eq (2)

And for naturally ventilated buildings:

Tn = 12.3+0.52T Eq (3)

The adaptive thermal comfort model was formalised in the late 1990s when de Dear and Brager developed a database 
that included approximately 21,000 field observations from predominantly non-residential buildings (Brager and de Dear, 
1998; de Dear and Brager, 1997). Following further work by de Dear and Brager (2002), ASHRAE 55 Standard gives the 
centre of the allowable comfort range for naturally ventilated buildings as:

Tcomf = 17.8+0.31Tpma(out) Eq (4)

Where Tcomf the comfort temperature and Tpma(out) is the Prevailing Mean Outdoor Temperature.

In the Australian context, and despite the long history of thermal comfort research in this country, Eq 4 provides the 
basis for determining thermostat cooling settings within the NatHERS software (Delsante, 2005). With the creation of the 
present database, an opportunity now exists to confirm this relationship and/or to establish a more realistic formulation for 
application in the assessment of existing and future national housing stock. Work developing an Australian model of thermal 
comfort is especially timely and important in light of planned enhancements the NCC Energy Efficiency provisions (including 
NatHERS) in 2022. 

1  The Introduction to the 1940 work talks of homo sapiens and the human body. One could assume therefore that “man” is to be 
taken as a generic description. However, most experimental subjects referred to in the work also appear to be men.

2  Auliciems was at the time in the Department of Geography at The University of Queensland. The suggestion is acknowledged in 
Humphreys, 1978.
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3. THE DATABASE

A database from thermal comfort research projects over the period 1987 to 2018 has been assembled. All studies have 
been conducted by University of Adelaide personnel. The database includes nearly 49,000 comfort “votes” from occupants 
of 295 houses and apartments. The studies were conducted in all major cities (except Brisbane) as well as hot arid country 
locations such as Alice Springs and Port Augusta. Table 1 summarises the various studies from which the database is 
derived and the sections below give a brief description of each project. It should be noted that deriving a thermal comfort 
model was not the primary aim of these projects, however the data yielded are compatible. All surveys included the 
ASHRAE 7-point sensation scale with the exception of the 1988-89 Darwin study, which used Gagge’s 7-point DISC scale. 
A recent paper by the authors used Humphreys’ method of successive categories to demonstrate that the sensation and 
DISC scales behave similarly and can be compared (Williamson and Daniel, 2018).

Table 1: Studies in Thermal Comfort Database3.

Project Location Period Number of 
Dwellings (Votes)

Reference

Thermal Comfort and 
Preference in Housing: 
South and Central 
Australia

Adelaide Dec, 1987 19 (1837) Williamson et al (1989)

Port Augusta Jan, 1988 18 (2093)

Alice Springs Feb, 1988 16 (1965)

Thermal Preferences in 
Housing in the Humid 
Tropics

Darwin -NV Oct 1988-Mar 
1989

17 (3011) Williamson et al (1991)

Darwin - AC Oct 1988-Mar 
1989

14 (2610)

NEEHA Adelaide Jul-Dec 1989 38 (9285) Ballinger et al (1991)

Melbourne Aug-Dec 1990 34 (6833)

Sydney Jan-Jul 1990 34 (6385)

Perth Feb-Jul 1991 32 (5334)

NCCARF Adelaide – Mixed Mode 2012 9 (315) Soebarto and Bennetts (2014)

Daniel PhD Darwin - NV 2013 - 2014 19 (2415) Daniel et al (2014)

Melbourne – Mixed Mode 2013 -2014 20 (3577)

Bills PhD Adelaide 2015 18 (2632) Bills et al (2016)

Carr PhD - Apartments Melbourne 2017 - 2018 7 (461) Carr and Williamson (2018)

TOTAL 295 (48753)

3.1 Thermal Comfort and Preference in Housing: South and Central Australia

The aim of this project was to provide information for designers on thermal preferences and priorities for design times in 
housing in Adelaide, Port Augusta and Alice Springs. Methods used comprised: 1) group discussion sessions with residents 
in each location; 2) mail survey in each location sent to a total of 1900 householder; and 3) Comfort Vote Loggers installed 
for three weeks in summer in approximately 20 houses in each location. 

3.2 Thermal Preferences in Housing in the Humid Tropics

The aim of this research project was to obtain general data about thermal preferences for housing in the humid tropics. The 
project tackled two basic questions important to designers – design times, those periods considered of particular importance 
for a building’s thermal performance, and attitudes to and use of coolers (air-conditioning). Comfort Vote Loggers were 
installed in the main living area of 31 houses Darwin houses (14 with AC and 17 naturally ventilated). The Comfort Vote 
Loggers were used for two periods, each of approximately six weeks. The first period commenced in early October 1988, 
and the second in late January, 1989. Data were collected in both the ‘Build-up’, the period of high temperatures and 
humidity, and the hotter period of the ‘Wet’.

3.3 National Evaluation of Energy Efficient Houses (NEEHA)

The National Evaluation of Energy Efficient Houses (NEEHA) research project was a post-occupancy evaluation of 146 
houses and households in the four city-regions Sydney, Melbourne, Adelaide, and Perth. Approximately half the houses in 
each location were designated as energy-efficient. The project sought to understand relationships between user evaluations 
of thermal comfort, lifestyle, quality, amenity and both design characteristics and energy consumption. The loggers previously 

3  Net number of observations post data-cleaning reported
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called Comfort Vote Loggers were renamed Environmental Response Logger for this project, to limit the possibility of 
distortions due to pre-conceived notions associated with the word comfort. The loggers were installed in each house for 
around six months that covered a summer and winter period, together with the transition season.

3.4 NCCARF

The study was part of a research program, Framework of Adaptation of Australian Households to Heatwaves supported 
by the Australian Government’s National Climate Change Adaptation Research Facility (NCCARF), where two of the main 
aims were to investigate occupants’ thermal responses and adaptation to heatwaves, and whether these would have a 
significant impact on energy consumption. This data was derived from nine two-storey apartment dwellings in Adelaide and 
was collected in the summer months from January to April.

3.5 Daniel PhD

This study collected data on the thermal behaviour, expectations and preferences of households in from two distinct forms 
of housing in two very different climates; dwellings incorporating earth construction elements with high levels of thermal 
mass in a cool temperate climate (Melbourne, Australia) and naturally ventilated houses in a hot humid climate (Darwin, 
Australia). Thermal comfort data were collected from 20 houses in each location for approximately 12 months.

3.6 Bills PhD

This study examined the relationship between housing, thermal comfort and health of older residents. Thermal comfort 
data were collected from 18 households in the Adelaide area with occupants over the age of 65. The performance of each 
dwelling was monitored for around 12 months.

3.7 Carr PhD - Apartments

This continuing study aims to provide comprehensive data on the indoor air quality of apartments in the Melbourne CBD 
together with corresponding occupant evaluations of acceptability and preference. Carr and Williamson (2018) have 
described low-cost data logging device used in this research to collect empirical data and occupants’ subjective responses 
to indoor conditions.

4. INTERROGATING THE DATABASE

The following sections present a series of preliminary investigations into fundamental components of the development of 
an adaptive model using the database. Purpose-built Fortran software handles the various database formats, and performs 
sorting and analysis of the data. The software allows the entire database to be interrogated and comparisons made with 
results of other research. Data from the various studies exist in the database as individual text files, with each line comprising 
a time stamped “vote” and associated data for a particular building. Separate files hold relevant daily mean temperature data 
taken from Bureau of Meteorology (BOM) sites nearest to the project location. As adaptive models are applied at the level 
of single buildings all analysis performed is at this level with a meta-analysis combining the results for particular projects. 
This follows an established approach, for example also used in analyses contributing to ASHRAE 55 Standard (de Dear 
and Brager, 1997) and CEN EN 15251 Standard (Nicol and Humphreys, 2010). In the meta-analyses, only buildings that 
achieve significance in a series of multi-step regression formulations are finally included to aggregate results. A conventional 
regression approach is selected over the Griffiths method as preliminary regression of the TSVs on the warmth index yielded 
a coefficient range of ~0.6 (results not shown), demonstrating that the constant regression coefficient central to the Griffiths 
method is likely not suitable for these data. 

4.1 The effect of warmth index

Over time various indices of warmth have been used to correlate with the subjective thermal sensation vote. These 
have ranged from air, globe and operative temperature to composite measures such as effective temperature, resultant 
temperature and wet bulb globe temperature, to the more exotic measures such as the Kata Cooling Power or the Singapore 
Index. Humphreys has previously found that “the simple measurements such as air temperature or globe temperature are 
often not inferior to the more complex indices in their ability to explain the subjective response of warmth in field studies” 
(1975, pp. 8). However, it is important to test this assertion as much of the database contains only the air temperature 
measure. Several of the studies do include measures that allow the correlation with various indices to be tested. Using the 
Carr PhD data, when the apartment is designated as free-running (i.e. no heating or cooling), Table 2 shows the R2 value 
for the correlation of several indices with TSV. There is very little difference confirming that dry bulb air temperature can be 
used as an index of warmth with some confidence. 

T. Williamson and L. Daniel
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Table 2: Correlation of indices with TSV, Carr PhD

Index R2

Air temperature 0.75

Globe Temperature 0.71

Operative Temperature 0.73

4.2 Outdoor climate

To be useful in building performance assessment and specification, acceptable indoor conditions need to be related to 
outdoor temperature. Early work by Humphreys (1978) related the mean monthly temperature from a nearby meteorological 
station to the indoor neutral temperature determined from field surveys. The ASHRAE adaptive model (de Dear and Brager, 
1997) is similarly based on the average outdoor conditions at the time of the comfort survey. With the improvement in 
access to meteorological data, the latest version of the ASHRAE 55 Standard suggests that a daily exponentially weighted 
running mean temperature can be used. This is employed as an index, intended to reflect the occupants’ rate of response 
to changes in weather conditions. This running mean temperature (or prevailing mean outdoor air temperature) is given by 
the infinite series:

Tpma(out) = (1-a)[te(d-1)+∝te(d-2)+∝2te(d-3)+∝3te(d-4)+ …] Eq (5)

Where te(d-i) are the daily mean temperatures for the previous 24 days, ∝ is a constant in the range 0–1 with recommended 
values from ASHRAE 55 Standard between 0.6 and 0.9. 

If less than an infinite series is used to estimate tpma(out), for example 4 days, then Eq (5) would be reduced to:

Tpma(out) = [te(d-1)+∝te(d-2)+∝2te(d-3)+∝3te(d-4)+ …]/[1+∝+∝2+∝3+…] Eq (6)

In analysis for this study a running 7-day series has been used. The half-life of the weighted temperature series in days 
is given by 0.69/(1-∝) and this provides a guide as to the appropriate value of ∝. For example, one day ∝=0.31, two days 
∝=0.66 and 3 days ∝=0.77. Higher values of ∝ act to dilute the regression coefficient in the relationship between Tpma(out) 

and the neutral temperature, Tn.

4.3 The effect of Alpha

Adaptive comfort theory relies on an assumption that a person’s neutral or acceptable temperature is affected by their 
recent thermal history. A thermal history is influenced by the outdoor climate, the building response (e.g. the temperature 
swings as influenced by the building fabric), as well as the adaptive actions taken by the occupants. The variation of thermal 
history can be represented by the standard deviation (SD) of the internal temperature of a building.

The mean SD for locations in the present database ranges from 2.18 for the Darwin data to 3.32 for the Sydney example. 
Analysis shows that for higher SD values, the relationship between the estimated neutral temperature and the weighted 
external daily mean temperature is maximised, with smaller values of alpha and visa-versa. This makes sense; the greater 
the change of conditions the quicker will people react. As an approximate guide, the optimum alpha value in the range 0.31 
(1 day) to 0.86 (5 days) follows the relationship:

∝ = 1.04-0.22*SDi           Eq (7)

Where SDi is the standard deviation of the building’s internal temperature over a period of at least one month’s duration.

Humphreys et al (2007) found that, combining the ASHARE and SCATS databases the mean SDi of the operative 
temperature was about 1.1K and the value of ∝=0.8 produced the best correlation between neutral operative temperature 
and the weighted external daily mean temperature. The lower SDi of the Humphreys et al data set is likely due to most of 
the data being derived from office-type buildings that would show relatively little movement in internal conditions compared 
with the dwellings in the present data.

4.4 The Effect of Humidity

The general tenant of the adaptive comfort model is that the effect of humidity is minimal and has only a small effect on 
thermal sensation. We can test this assertion using projects in the present database by examining the regression of the 
comfort sensation vote on temperature and relative humidity (RH).

For Darwin (2013-14 data), with at times very high humidity, the inclusion of RH is significant at the 1 per cent level but 
improves the estimate of the comfort vote compared with temperature by only about 5 per cent (R2=0.321, p=0.000):

TSV = 0.22*T+0.008*RH-6.5          Eq (8)

Development of a model of adaptive thermal comfort and preference for housing in Australia
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Examining the entire Darwin dataset for the 12-month period of measurement (∝=0.83) gives (R2=0.731, p=0.000):

Tn = 7.829+0.73*Tpma(out)          Eq (9)

For those votes when RH is less than 70 per cent, almost perfect adaption is shown, with the slope of the correlation 
being very close to one (R2=0.701, p=0.000):

Tn = 0.92+1.01*Tpma(out)          Eq (10)

This interesting finding supports the notion suggested by Toe and Kubota (2013) that the adaptive comfort model for 
naturally ventilated buildings in hot-humid climates should be different compared with the model applied in more temperate 
climates with lower humidity.

A similar analysis of other locations in the database show little influence of RH greater than 70 per cent, mainly because 
of the relatively few readings that exceed this value. For example, in Melbourne (2013–14 data) the improvement found by 
introducing RH is of the same order of magnitude but also shows that the outdoor temperature alone is a sufficient predictor 
of thermal comfort.

4.5 Natural ventilated vs mixed-mode operation

The majority of houses in Australia, and in the database, are mixed-mode; that is, they are either free-running (FR) or 
discretionary heating or cooling (DH/C) is applied as an adaptive measure. On the other hand, a modest proportion of 
houses do not have any heating or cooling and can be designated as naturally ventilated (NV). 

Preliminary analysis of the database shows that this designation is important. For example, Figures 1 and 2, show the 
relationship between indoor neutral comfort temperature and prevailing mean outdoor conditions for a sample of solely NV 
houses and a sample of DH/C houses.

The adaptive equation for the NV houses in Darwin is similar to that reported by Humphreys (1978; 2007) for samples 
of NV buildings across a range of locations. The reduced slope of the adaptive equation for the DH/C NEEHA houses 
is considerably steeper than that adopted in ASHRAE 55 Standard (0.31), indicating greater adaptive opportunities in 
residential situations. The differences point to the need to develop adaptive comfort models for each circumstance.

5. CONCLUSION

The use of an appropriate adaptive comfort model in assessing building performance has the potential for design of buildings 
that more closely meets the needs of occupants in manner aligned with the objectives of reducing energy use and related 
greenhouse gas emissions. The development of an Australian specific comfort model for houses would aid this goal and 
make an important contribution to enhanced building standards. The database and methodological issues explored in this 
paper provides a beginning for this work.

Figure 1: Adaptive relationship for NV houses in Darwin (2013-14)

T. Williamson and L. Daniel
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Figure 2: Adaptive relationship for DH/C NEEHA houses 
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Abstract: This paper aims to improve understanding of timber-based envelope hygrothermal performance in relation to five 
different Australian climate regions, ranging from subtropical hot and humid to cool temperate and including all of the country’s 
major cities. A standard apartment unit is used as a case study to analyse the hygrothermal performance (expressed as 
thermal resistance, condensation and mould growth risk) of two selected external wall types: massive wall and timber-frame 
panelised components. The different scenarios are assessed through the adoption of a multi-criteria approach, accounting 
for both steady-state and transient behaviour. The thermal analysis is performed in a transient state to create the yearly 
profile of indoor humidity and temperature. These are then used as the input data to assess the hygrothermal behaviour of 
the external wall solutions. Results show how the massive timber wall system performs better across the Australian climate 
zones, with consistent thermal behaviour and higher indoor temperature stability. Condensation phenomena and mould 
growth risk are significant for all scenarios and must be closely considered during the building design phase, especially in 
very hot and highly humid climates.

Keywords: HAM analysis; indoor thermal environment; timber-based envelope; mould risk.

1. INTRODUCTION

The building envelope fulfils a role of utmost importance, protecting the interior space from the outdoor environment. It 
must accommodate several functions to guarantee building energy efficiency and ensure occupants’ safety and satisfactory 
indoor living comfort. Therefore, many factors are likely to influence its behaviour and need to be carefully considered 
during the design phase. A superficial approach can result in damage that may eventually severely compromise the correct 
functioning of the envelope components. 

Timber envelopes, for instance, contribute to reaching a good level of energy performance and are highly beneficial 
for the indoor space quality. Wood acts by nature as a moisture buffer, bestowing hygrothermal regulation of enclosed 
spaces through the control of heat exchanges and vapour diffusion (Glass et al., 2015). On the other hand, malfunctioning 
of timber envelopes can become extremely critical due to the material intrinsic characteristics. In fact, wood products are 
highly sensitive to atmospheric conditions. Moisture content variation can cause swelling and shrinkage of timber elements, 
which represent a major risk, especially when dealing with tall structures. It is also well-known how humidity levels above 
recommended thresholds may eventually lead to severe decay pathologies, structural damage and even catastrophic 
failure. The “leaky-condo” or “rotten-condo” crisis that affected North America at the end of the 20th century, provided a 
paradigmatic example of timber-based envelope decay due to bad design in wet climates (The renewal of trust in residential 
construction, 1998). New Zealand and Tasmania have also suffered from a similar crisis, where poor design choices resulted 
in construction leaks and high risk of interstitial condensation that caused burdensome and costly remediation actions 
(Dewsbury et al., 2016-2).

1.1 The Australian context

Over the past decade, the Australian construction industry has witnessed an increased deployment of mass timber 
structural technologies for the realization of multi-story buildings. This is also a global new trend, and it has largely been 
made possible by the market spread of engineered wood products. These products are able to enhance the material’s 
structural performance, yet maintain the major advantages in terms of sustainability, lightweight nature, ease of production, 
workability and assembly. The most common engineered timber products on the Australian market are: Glued Laminated 
Timber (Glulam), Cross Laminated Timber (CLT) and Laminated Veneer Lumber (LVL). Project best practice examples, such 

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp. 11–18. ©2018, The Architectural Science Association 
and RMIT University, Australia.
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as the Forte Tower (Melbourne), International House (Sydney), and 25 King St (Brisbane), show the viability of tall timber 
building in the Australian context. That these techniques have developed rapidly both in Australia and worldwide raises 
the need for a better understanding of the behaviour of timber buildings under the different outdoor conditions (climate) 
and indoor environment (building use). Historically, timber has mainly been employed across cold or temperate climate 
regions. The market share of wooden houses in northern European countries, for instance, accounts for approximately 
90% (Schauerte, 2010). In addition, stud timber-frame technology is widespread across North America for the construction 
of typical residential dwellings. This is due not only to the fact that those countries have easy access to the raw material, 
but also that hyper-insulated lightweight technologies perform better in cold climates. In fact, several studies demonstrated 
the importance of high thermal mass during the cooling season for those regions where indoor summer overheating may 
be a significant issue (Di Perna et al., 2011). Australia is characterised by a wide variety of climatic conditions for all major 
urban areas, ranging from subtropical hot and humid to cool temperate (Map of Climate Zone of Australia, 2001). Thus, this 
research study offers a great opportunity to explore timber envelope behaviour under dramatically diverse scenarios that are 
comparable to climatic patterns common to many other areas of the globe.

2. SCOPE OF THE ANALYSIS

Envelope performances are usually assessed through a set of steady-state analysis, often overlooking the transient behaviour 
that the envelope itself is subjected to, such as the day/night turnover, climatic variations across seasons and occupancy 
patterns (Stazi et al., 2012). When it comes to timber envelopes, the hygrothermal performance is essentially based upon 
their ability to balance atmospheric humidity oscillations, without increasing wooden element water content or humidity level 
above critical thresholds. Therefore, to assess the reliability of timber envelopes over time, it is necessary to acknowledge 
the transient behaviour with respect to heat and moisture (HAM) transfer. This study assesses the hygrothermal behaviour 
of two different timber construction typologies according to different climatic scenarios. The performance is evaluated by 
both steady-state thermal analysis and transient hygrothermal analysis on a standard apartment as case study. The aim is 
to prevent new-generation timber building failures in Australia and to guide the design of thermally efficient and moisture 
safe timber envelope components. 

This work is part of a larger project dealing with timber envelope characterization across Australian climates with respect 
to their hygrothermal behaviour. For this reason, the research presented in this paper shares and builds upon some of the 
premises and assumptions of the authors’ previous works on the same topic (Gasparri et al., 2018).

3. METHODOLOGY 

The assessment methodology adopted a step-by-step incremental approach to detect possible dysfunctions that may 
occur from the use of certain timber external walls technologies across Australian climatic contexts. The analysis for the two 
wall assemblies followed three steps:

• Steady-state thermal analysis, to evaluate the walls’ thermal resistance for the proposed wall assemblies. This 
R-value determination was necessary to run the following step.

• Dynamic HAM transfer analysis, to define the hourly indoor hygrothermal environment for the two wall solutions. 
This analysis was run with TRNSYS simulation software, using a selected case study apartment.

• Condensation and mould growth risk assessment, using respectively WUFI-2D simulation software and WUFI-bio 
plug-in. As rooms temperature and relative humidity may greatly influence the assemblies performance (Stenkens et 
al., 2009), this third step uses the indoor hygrothermal profiles obtained from the previous dynamic analysis as input 
for the indoor climate, instead of the standard simplified methods described by building codes. Thus, building code 
typically involve the use of simplified schedule for the indoor climate condition. This can lead to underestimation of 
the condensation risk, leading in turn to consequences on the envelope durability and occupants’ health.

3.1 Scenarios considered 

The selected wall assemblies reflect Australia’s emerging timber-based construction typologies. In particular, a timber-frame 
wall assembly and a CLT-based one were analysed. The cross sections were defined based on the walls’ comparability 
in terms of structural and thermal performance (Gasparri et al., 2018). The latter was calculated as per Australian code 
DTS provisions, section J (ABCB, 2015). Figure 1 and Table 1 respectively present the functional layer distributions and 
thicknesses for both solutions. 

A. Brambilla, E. Gasparri and M. Aitchison
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Figure 1:  CLT-based wall cross section (left). Timber-frame wall cross section (right).

Table 1: Functional layers thicknesses (listed from inside toward outside).

CLT-based wall Timber-frame wall

CLT structure 90 mm OSB panel 12.5 mm

Timber studs 140 mm

Air gap (still) Depending on insulation 
thickness 

External insulation 
(Rockwool)

Depending on R-value 
requirements

In-cavity insulation 
(Rockwool)

Depending on R-value 
requirements

OSB panel 12.5mm

Waterproofing membrane - Waterproofing membrane -

Ventilation gap 50 mm Ventilation gap 50 mm

Rain screen 10 mm Rain screen 10 mm

The different external climates analysed are representative of the aforementioned Australian climatic zones (Map of 
Climate Zone of Australia, 2001). This study focuses on the climatic zone for the major urban areas, such as: zone 1 
(Brisbane: warm humid summer, mild winter), zone 5 (Sydney, Adelaide, Perth: warm temperate), zone 6 (Melbourne: 
mild temperate) and zone 7 (Canberra: cool temperate). The climatic data have been derived from Meteonorm, which is 
a software that allow to generate accurate typical years based on an extensive database of weather station (Meteonorm, 
2010). 

3.2 Steady-state approach

The steady-state analysis of the external walls was run according to the Australian Building Code (ABCB, 2015), to define 
the insulation thickness needed to achieve the required performance for each climate zone. Although the code simplified 
method is well established and used in normal practice, it does not account for the evaluation of thermal bridges and the 
determination of impacts on the overall wall assembly. In fact, the one-dimentional calculation is usually made through a 
typical cross section, not accounting for wall insulation discontinuity or irregular geometry. The timber-frame construction 
presents interruptions of the insulation layer at timber studs. This means that the wall thermal resistance is lower at that 
section. Considering that the stud pitch in loadbearing walls is usually equivalent to 400 mm, this can drastically affect the 
overall R-value of the envelope component.  For this reason, a deeper evaluation was conducted for the timber-frame wall 
solution, based on the European standard EN ISO 6946 (2007). THERM (www.windows.lbl.gov) simulation software was 
used to graphically show the temperature drop in the timber-frame wall section. 

3.3 Transient approach

The results from the steady-state calculation were used for the transient assessments. This second phase consisted of 
two different steps: firstly, the indoor environment for the two external wall solutions was evaluated through whole building 
simulations and, secondly, the indoor environment profile was used to assess the condensation and mould growth risk for 
the two assemblies through a refined transient HAM analysis. 

3.3.1 Whole building simulation 

The whole building simulation was performed with the software TRNSYS (www.trnsys.com), which allows for sophisticated 
whole building energy modelling. The simulation matrix described in Table 2 shows the different scenarios considered. 

Building with timber across Australian climatic contexts: an hygrothermal analysis
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Table 2: Simulation matrix. 

Wall type Climate Architectural model Internal regime

Timber-frame
zone 2

(NSW Government Agencies, 2010) (NatHERS, 2012)
zone 5

CLT wall
zone 6

zone 7

In order to compare the different scenarios, it is important to set up a clear framework for the simulations and specify all 
assumptions. The first step was to define the reference architectural model. The NSW Apartment Design Guide (New South 
Wales Government Agencies, 2010) was used to set the scope. The selected apartment (Figure 2) is a two bedroom corner 
apartment with a heated floor area of 70 m2. It presents three sides exposed to the outdoor environment to maximize the 
envelope surface. It is divided into a sleeping zone (bedroom, studio and bathroom) and a living zone (living and kitchen).

Figure 2:  Reference architectural model (New South Wales Government Agencies, 2010). Living area (red), sleeping area (blue). 

Internal walls, roof and floor were set as adiabatic boundaries to only account for the external timber-based walls’ 
hygrothermal contribution. The NatHERS certification scheme was used to define the internal regime for both the living and 
sleeping areas, on an hourly basis (NatHERS, 2012). Outcomes in terms of hourly relative humidity and temperature profiles 
were used to assess the condensation and mould growth risk. 

3.3.2 Condensation and mould growth risk 

The hygrothermal behaviour of the two wall assemblies was assessed with the software WUFI (www.wufi.com), which can 
account for vapour diffusion and liquid transport through building materials. 

The evaluation method to classify the risk of condensation followed the ASHRAE 160P (2008) standard. The method 
to analyse mould growth risk referred to a bio-hygrothermal model (Sedlbauer, 2003), which compares the calculated wall 
surface boundary conditions with the optimal conditions for mould growth to understand the risk severity for mould growth 
to occur. The results are expressed by means of a traffic-light scheme: green for low-risk, yellow for medium risk and red 
of high risk.

The hygrothermal behaviour of the walls was assessed by considering the following performance criteria:

A. 30-day running average surface relative humidity < 80% (ASHRAE, 2008)

B. 7-day running average surface relative humidity < 98% (ASHRAE, 2008)

C. 24-hours running average surface relative humidity <100% (ASHRAE, 2008)

D. Mould-growth Index (Sedlbauer, 2003).
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4. RESULTS AND DISCUSSION

4.1 Steady-state analysis: R-value and thermal bridges 

The steady-state analysis allowed for the calculation of the R-value for the two wall solutions and it demonstrated the 
impact of thermal bridges on the envelope thermal performance. The insulation thickness was defined on the basis of 
ABCB thermal performance thresholds for each climate zone. The R-value was calculated on a typical cross section. The 
timber-frame wall thermal resistance that accounts for the timber studs thermal bridge effect is named R-valuereal. Table 3 
shows how, when using the European standard EN ISO 6946 calculation method (where the influence of thermal bridges is 
included in the numerical formula), higher insulation thicknesses would be necessary to satisfy national code requirements, 
as the thermal resistance is reduced by up to 20% for climate zone 2 and 15% for zones 5, 6 and 7. In fact, to reach the 
3.3 m2K/W threshold assigned to climatic zone 2, the stud frame cavity should be fully filled with insulation (140 mm). The 
R-value requirements for zone 5, 6 and 7 would instead need an insulation thickness of 100 mm. In addition, the thermal 
bridge created by the studs might compromise the hygrothermal behaviour of the wall itself, as it causes temperature 
differences that increase the risk of condensation. 

Table 3: External wall assemblies thermal performance. 

ABCB requirements CLT-based wall Timber-frame wall

zone R-value Insulation thickness R-value Insulation thickness R-value R-valuereal

2 3.3 m2K/W 80 mm 3.40 m2K/W 100 mm 3.58 m2K/W 2.85 m2K/W

5, 6, 7 2.8 m2K/W 60 mm 2.81 m2K/W 80 mm 2.97 m2K/W 2.52 m2K/W

   

Figure 3: Temperature distribution within the timber wall frame. THERM software (www.windows.lbl.gov). 

Figure 3 shows the isothermals within the timber-frame wall horizontal cross section, obtained through a steady-state 
simulation performed with the THERM simulation software. Isothermals define the temperature patterns inside a building 
component and, ideally, they should be uniform to indicate an absence of thermal bridges. 

4.2 Transient analysis

4.2.1 Whole building simulation 

Whole building simulations were performed to calculate the indoor hygrothermal environment for the two different wall 
construction types. Figure 3 shows the comparison between daily indoor temperatures on one year for both the sleeping 
and living zones, achieved with the CLT-based wall and the timber-frame wall. The temperature is the average air 
temperature measured in the middle of the room. The temperature profile difference between the sleeping and living zones 
is considerable, especially during winter. This is mainly due to the heating schedule by NatHERS, which imposes for the 
living zone the use of a thermostat to maintain a constant temperature of 20°C. Conversely, in the sleeping zone the set 
point temperature would be equal to 18°C from 07.00 to 09.00 h and 15°C from 16.00 to 07.00 h, while from 09.00 to 
16.00 h it is switched off.  
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Figure 4: Daily indoor air temperatures of the room in the two scenarios: CLT-based wall (orange line) and timber-frame wall (grey line). 
Sleeping zone (dotted line) and living zone (continuous line).

The indoor hygrothermal environment does not differ much by varying the apartment model envelope technology. Some 
minor variations can be appreciated, mainly during cold seasons in the living zone. This is due again to the thermostat 
settings used for the apartment model, which ought to maintain an indoor thermally stable environment. In winter, where 
the heating system works intermittently, it is easier to notice the envelope influence on the indoor thermal condition. As a 
consequence, climates characterised by a mild winter (zones 2 and 5) show the greatest discrepancies, since the building 
works in free-floating mode almost all day. Conversely, in the hot Australian summer, the cooling system is expected to be 
switched on all day, to control temperature oscillations according to the set point temperature. In this case, the set point 
temperature varies among the climate zone: it is 25.5°C for zones 2 and 5, and 24°C for zones 6 and 7. 

4.2.2 Condensation and mould growth risk 

The internal hourly profiles in terms of relative humidity and temperature (averaged between day and night zones) were 
used to assess the hygrothermal behaviour of the two wall assemblies. Table 4 shows results for each scenario (pass/fail 
matrix). Generally, it is possible to observe that a timber-frame wall is more likely to encounter failures and that hot and 
humid climates are more critical.

Table 4: Hygrothermal assessment results for the selected performance criteria (A, B, C, D). X = fail.

Wall type Climate A B C D

CLT-based 2 Brisbane X ok ok X

CLT-based 5 Sydney X ok ok X

CLT-based 6 Melbourne ok ok ok ok

CLT-based 7 Canberra ok ok ok ok

Wall type Climate A B C D

Timber-frame 2 Brisbane X ok ok X

Timber-frame 5 Sydney X ok ok X

Timber-frame 6 Melbourne X ok ok X

Timber-frame 7 Canberra X ok ok ok

   

Table 5 reports detailed information on the failure events, such as the failure duration in time (day per year in which critical 
thresholds are exceeded) and the position where the failure occurs (layer interface). The detailed study of the failure events 
shows that the CLT failure are less frequent (Table 4) but more critical: the risk of mould growth on the internal surface is 
classified as unacceptable (red light of the traffic scheme), highlighting the health hazard associated. In the timber frame 
wall, instead, the risk of condensation is higher in all climates, but the mould growth index is lower. This is probably due 
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to the drying process: massive walls perform better but, when condensation occurs, the drying process is slower and less 
responsive compared to lighter solutions. 

Table 5: Details of the failures occurring in the two solutions. Only failed criteria are included. 

Scenario Failure A Failure D

 Day/year Interface Risk level

CLT - 2 32% Indoor / CLT RED

CLT - 5 16% Indoor / CLT RED

TF - 2

42% Indoor / OSB RED

23% OSB / Air cavity YELLOW

22% Air cavity / Insulation YELLOW

31% Insulation / OSB RED

TF - 5 11% Indoor / OSB YELLOW

TF - 6 36% Insulation / OSB YELLOW

TF - 7 24% Insulation / OSB -

The CLT-based wall presents major failures in the two warmer climates (Sydney and Brisbane), with the relative humidity 
(RH) value above the thresholds and high risk of mould growth. Both cases failed at the interior face of the CLT. This may 
be due to the sensibility of wooden elements to humidity over extended exposure times, as well as to the high outdoor RH 
of the climates. The timber-frame construction presents failures across all climates, highlighting the need for a thorough 
investigation of its hygrothermal behaviour during the early design stage. Brisbane represents again the most sever climate 
with the highest failure rate; the assembly is not able to balance the outdoor high RH and indoor moisture production (latent 
load). The Sydney scenario shows a moderate failure on the internal wall surface, while the cooler climates (Melbourne and 
Canberra) fail at the interface between the insulation layer and the external OSB sheeting. The condensation and mould 
growth risk are higher on the cool side of the insulation in direction of the water vapour flow. 

The differences in the performance for the two wall solutions can be ascribed to the following reasons:

• Component vapour permeability. The OSB sheeting, “encapsulating” the insulation, is characterized by low vapour 
permeability and contributes to trap moisture in the stud frame cavity. The CLT-based solution is instead a moisture-
open solution as it lacks such an effective seal. 

• Thermal performance. The CLT-based solution performs thermally better than the timber-frame one, where the 
R-valuereal (which accounts for thermal bridges) is significantly lower than the one calculated as per Australian 
code DTS provisions, section J (ABCB, 2015). For this reason, the timber-frame solution is subjected to higher 
outdoor/indoor temperature gradients. Therefore, condensation or mould growth is more likely to happen with this 
construction under the right conditions (e.g. cold outside, humid inside).

5. CONCLUSIONS

In this paper the hygrothermal behaviour of two timber-based envelopes under transient conditions was analysed and 
the risk for mould growth investigated. The results suggest a higher reliability in terms of performance of massive timber 
envelope solutions over the lightweight solution, within the Australian climatic context. Results suggest that the hygrothermal 
behaviour of timber envelopes is a critical issue in Australian climates and further developments are needed to better 
understand the criticalities and the possible solutions. Moreover, the results indicate that the most widely used basic wall 
type (timber frame) is highly critical and in urgent need of better development. Based on the analysis, it is possible to already 
highlight the OSB sheeting as a very weak point of the timber frame wall, due to the low permeability. Increasing the thermal 
performance of the wall assemblies and using more permeable materials is highly recommended to decrease the risk of 
mould growth. 

The main limitations of this study can be summarized as follows:

• The wall cross-sections under examination did not include functional layers such as fire barriers or internal finishing. 
Further studies are required to investigate other wall configurations and their behaviour under these conditions. 

• Both transient analyses used meteorological data based on past climatic averages, but did not account for the 
worst-case scenario (a prolonged hot and humid summer).

• The condensation risk assessment was run in one-dimension on a typical cross-section. The moisture flow at timber 
studs and thermal bridges have an influence on condensation, this requires further in-depth analysis. 

Building with timber across Australian climatic contexts: an hygrothermal analysis
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Future studies carried out as part of the wider research project will aim to overcome the above limitations. In addition, 
the authors’ research will look at the positive contribution that thermal mass has proven to have in warm climates and how 
thermal summer performance can be implemented in timber-based envelopes. 
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Abstract: The aged population in Australia is expanding rapidly. To cater for the Australia’s ageing population, there is 
a significant increase in demand for aged care facilities over the coming decades. The indoor environmental quality (IEQ) 
affects users’ physical health and psychological wellbeing. However, systematic research on the relationship between 
users’ perceptions and IEQ of aged care facilities has yet to be developed. In this pilot study, a residential aged care 
facility in Melbourne was selected as a case study for investigating the differences between the measured IEQ data and 
the users’ perceived individual comfort. A questionnaire survey was conducted to collect the perceptions of users on IEQ. 
Environmental sensors which enable web-based data monitoring were deployed. The measured data were then analysed 
together with the questionnaire survey results for drawing a comparison with the users’ perceptions. It was found that the 
measurements by environmental sensors are realistic and the survey questionnaires are appropriate for the study. For the 
future surveys, the language barrier needs to be considered for non-English speakers.

Keywords: indoor environmental quality; residential aged care facility; thermal comfort; design for ageing.

1. INTRODUCTION

The aged population in Australia is expanding rapidly. According to a recent report, population over 65 years old is expected 
to increase from 2.5 million in 2002 (13% of the population) to 6.2 million in 2042 (25% of the population) (Pash, 2017).  
To cater for the expansion of Australia’s aged population, there is a significant increase in demand for aged care facilities 
over the coming decades. About 83,500 new residential places for older adults are required in the next 10 years (LASA, 
2018). The indoor environmental quality (IEQ) affects users’ physical health and psychological wellbeing. Older adults are 
more susceptible to extreme indoor environment conditions due to their weaker immune system (Yang et al., 2016). Their 
lower activity level which leads to lower metabolic rate and higher sweating threshold also affects their preferred indoor 
environment (Wong et al., 2009). However, systematic research on the relationship between users’ perceptions and IEQ of 
aged care facilities has yet to be developed. There is a need to investigate the possible gap between the measured IEQ and 
the perceived individual comfort of various users. This is the final goal of the project.

In this pilot investigation, the Rathdowne Place Residential Aged Care Facility completed in 2014 was selected as a 
case study to test the measuring devices and to verify the method It is located less than 3 km north of Melbourne’s Central 
Business District and has five storeys and 162 en-suite single bedrooms in total. Communal areas, including dining and 
living areas, are located in the central portion of each typical floor with bedrooms on both ends. The building is centrally 
air-conditioned and windows are often closed with limited natural ventilation. 

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp. 19–26. ©2018, The Architectural Science Association 
and RMIT University, Australia.
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2. METHODS

The investigation has been approved by the Human Ethics Advisory Group (HEAG) of the University. A questionnaire 
survey was conducted to collect the IEQ perceptions of users in terms of thermal comfort, visual comfort and indoor air 
quality (IAQ). The questions were asked on a 7-point Likert scale. The questionnaire survey was conducted at communal 
areas during the lunch time on 7th and 8th February 2018 for the summer season. Users participated in this survey included 
residents and staff members. A total of 29 users (16 residents and 13 staff members) were involved. All resident participants 
were over 70 years old and one-fourth of them were male (Table 1). Majority of staff participants were female and most 
of them were below 39 years old (Table 2). Before the commencement of the survey, participants were provided with the 
Plain Language Statement and were required to sign the Consent Form. Participation in the survey was voluntary and the 
confidentiality has been protected. 

Table 1: Proportion of resident participants in terms of gender and age

Table 2: Proportion of staff participants in terms of gender and age

Environmental sensors with batteries which enable web-based data monitoring were deployed for measuring various 
IEQ parameters including indoor air temperatures and relative humidity. The measured data were then analysed together 
with the questionnaire survey results for drawing a comparison with the users’ perceptions. Measurements are recorded at 
five-minute timestep. Sensors do not have onboard storage, so data measured were transferred to an assigned gateway, 
which is a communication relay device transmitting the data in real time to the online portal. This environmental monitoring 
system is still under development, so the technical specifications are subject to further enhancement and upgrade (Table 3).

Table 3: Ranges and precision of the sensors

IEQ Parameters
Range

Precision
Minimum Maximum

Dry bulb temperature (°C) -40 125 ± 0.2°C

Radiant temperature (°C)  -55   85 ± 0.5°C

Relative humidity (%) 0 100 ± 2%

Illumination level (lux) 5 100,000          N.A.

Environmental sensors were strategically located to collect data on the third and fourth floors (3/F and 4/F) of the 
building, covering dining areas, living areas, activity areas, lift lobbies and offices. There are 8 sensors on 3/F (Figure 1) and 
7 sensors on 4/F (Figure 2). Corridors and residents’ bedrooms are not covered in this investigation. 

Gender No. of Participants Percentage

Male 4 25%

Female 12 75%

Age No. of Participants Percentage

70-79 5 31.3%

80-89 7 43.7%

90-99 4 25.0%

Age No. of Participants Percentage

<30 8 61.5%

30-39 3 23.1%

40-49 0 0.0%

50-59 1 7.7%

60-69 1 7.7%

Gender No. of Participants Percentage

Male 5 38.5%

Female 8 61.5%
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Figure 1: Locations of sensors on 3/F
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Figure 2: Locations of sensors on 4/F

Figure 3: 3/F Sensors: in the activity room (306) and in the dining area (403)

Figure 4: 4/F Sensors: next to TV (407) and in the domestic kitchen (402)
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3. RESULTS 

3.1 Measurement

The centralised air-conditioning system maintained the indoor temperatures of the dining areas  relatively stable between 
22.1oC and 23.7 oC. In contrast, the outdoor temperature had a more drastic variation between 17.8 oC to 36.3 oC on 7th 
and 8th February 2018.

The outdoor conditions (i.e. air temperatures and relative humidity) based on weather data, indoor conditions measured 
by environmental sensors on 3/F are shown in Figure 5 together with ASHRAE 55-2017 thermal comfort standard limits. 
Referring to ASHRAE Standard 55-2017 and CBE Thermal Comfort Tool (Tyler et al., 2017), most of the measured indoor 
conditions were outside the thermal comfort zone below the lower temperature limits based on the assumptions of 0.1 m 
s-1 air speed, 1.1 met metabolic rate and 0.5 clo clothing for summer. The measured results reflect that the indoor thermal 
conditions do not comply with ASHRAE 55-2017 Standard for Predictive Mean Vote (PMV) ±0.5 or Predictive Percent 
People Dissatisfied (PPD) 10% leading to potential thermal discomfort among users.

 Figure 5: Outdoor and indoor (3/F) air conditions compared to ASHRAE Standard 55-2017 (Air speed = 0.1 m s-1, Metabolic rate = 1.1 
met, Summer clothing level = 0.5 clo, Mean radiant temperature was assumed to be the same as the air temperature; CBE Thermal 

Comfort Tool was applied to generate lower and upper temperature limits for PMV ±0.5 or PPD 10%)

H.W. Chau, L. Aye, M. Noguchi, C. Newton, J. Zhou and C.M.N. Woo
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3.2 Survey 

3.2.1 Thermal comfort 

More staff members were dissatisfied with the overall thermal comfort than residents (Figure 6). Considering that all the 
residents were above 70 years old and the majority of the staff members were below 30 years old (Tables 1 and 2), so due 
to the differences in metabolic rates, gender, mobility and activities, some staff tended to feel slightly warm, warm and even 
hot, whereas more residents felt slightly cold, cool and even cold in the same indoor environment (Figure 7).

Figure 6: Overall thermal comfort satisfaction: residents (left) and staff members (right)

During the questionnaire survey, the types of clothing the participants wore were recorded. Residents commonly wore 
long-sleeved shirts and some residents, especially female residents, even wore thick sweaters. However, more female 
residents tended to feel cool or even cold than male residents (Figure 7 left). The different thermal comfort perceptions 
between male and female residents is worthy of further investigation. In contrast, nearly all staff wore short-sleeved shirts. 
How to address different thermal comfort requirements between residents living there and staff working there is a challenge. 

Figure 7: Thermal satisfaction: residents (left) and staff members (right)

A Pilot Study on Users’ IEQ Perceptions in a Residential Aged Care Facility in Melbourne
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3.2.2 Visual comfort 

Female residents had diverse perceptions of the overall visual comfort in relation to illumination and daylighting, ranging from 
the most dissatisfaction to the most satisfaction. More than half of the resident participants in the survey were satisfied with 
the overall lighting comfort (Figure 8 left). Since the survey was conducted at the communal dining areas, so the lighting 
comfort along the corridors or in residents’ rooms was not reflected in this survey. Comparatively, the staff were more 
satisfied with the lighting comfort, especially the male staff (Figure 8 right).  

Figure 8: Overall visual comfort satisfaction: residents (left) and staff members (right)

3.2.3 Indoor air quality 

Female residents had more diverse perceptions of the overall indoor air quality, ranging from the most dissatisfaction to the 
most satisfaction (Figure 9 left). Dry and stuffy indoor air were the areas of concern to some residents. Comparatively, the 
staff were more satisfied with the indoor air quality, especially the male staff (Figure 9 right). 

Figure 9: Overall satisfaction with indoor air quality: residents (left) and staff members(right)
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4. DISCUSSION 

The indoor air temperatures of the communal dining areas were well maintained within the range between 22. 1oC and 23.7 
oC on 7th and 8th February 2018 according to the environmental sensors (Figure 5) despite the hot summer season and 
the west orientation of the dining areas. This demonstrates the good performance of the building envelope and the central 
air-conditioning system to maintain relatively constant indoor temperatures and avoid the risk of overheating in summer, 
however, it is still outside the thermal comfort zone according to ASHRAE Standard 55-2017 (PMV ±0.5 or PPD 10%) and 
CBE Thermal Comfort Tool (Tyler et al., 2017). 

The questionnaire survey indicated that female residents were more likely to feel cold than male residents and some 
younger staff might felt warm or even hot within the same indoor environment even though the staff mostly wore short-
sleeved shirts compared to long-sleeved shirts or thick sweaters worn by residents. It is difficult to cater for each user’s 
personal requirement of thermal comfort, however, some areas specifically used by the staff, such as the office, nurses’ 
station and domestic kitchen can be designed in such a way that the staff can easily adjust the localised indoor temperature. 
Similarly, residents’ rooms should be provided with user-friendly control panels for adjustment of the indoor temperature to 
suit the specific need of each older adult. 

The substantial variation of indoor relative humidity between 44.7% and 83.1% on 7th and 8th February 2018 is 
undesirable (Figure 5). The recommended range of relative humidity for any habitable space is between 40% and 60% to 
minimise the growth of allergenic organisms and the health risks caused by pathogens and biological contaminants (Sterling 
et al., 1985). There is an area of concern for a significant proportion of time having relative humidity over 60%, so the ways 
to maintain the indoor relative humidity to be below 60% should be explored. 

Different perceptions of visual comfort in terms of illumination level/ daylighting and indoor air quality between residents 
and staff were also observed through the questionnaire survey. Some residents had poor eyesight, which could lead to 
different lighting comfort compared to others, whereas some residents complained about the indoor air to be too dry and 
stuffy. These are the areas that can be further examined for enhancing the quality of the indoor environment to cater for the 
specific needs of the older adults. 

5. LIMITATIONS 

There are some limitations in this investigation. First, a small number of participants (16 residents and 13 staff members) 
were involved in the questionnaire survey, which was conducted during the lunch time. Residents preferred to enjoy their 
meals during lunch time, so some of them were reluctant to participate in the survey. Some residents had dementia and 
could not be capable to sign the consent form or to complete the survey. Language barrier was another constraint as some 
residents were non-English speakers and could only speak Italians. Comparatively, staff were more friendly and more willing 
to participate in the survey despite of their tight schedule to complete their job duties. The questionnaire survey was only 
conducted in communal areas on 3/F and 4/F from 7th to 8th February 2018 in the summer season. 

The environmental sensors recorded measurements at five-minute timestep, so the battery life was an issue. When 
sensors run out of battery, measured data will not be able to be transmitted resulting in data loss. Only indoor air temperature 
and relative humidity recorded by the sensors were used in this investigation for comparing with the users’ perceptions. 
Lux levels measured by the sensors were not used as they were mounted on walls. They did not measure the illumination 
levels on the work planes which are the resultants of the ceiling lights and daylight (Figures 3 & 4). Lux measuring devices 
are recommended to be on the work planes facing the light source.

6. CONCLUSIONS AND RECOMMENDATIONS  

This pilot study provides initial findings in relation to web-based data collected by environmental sensors and IEQ perceptions 
of users in a residential aged care facility in Melbourne. The sensors provide realistic measurements. The measured data 
of indoor air quality and relative humidity are outside the thermal comfort zone and do not comply with ASHRAE 55-2017 
Standard for PPD 10% leading to potential thermal discomfort for some users.

The questionnaire survey shows varying thermal comfort perceptions between older residents and younger staff working 
as well as between different genders. How to address the different thermal comfort requirements between various users in 
indoor environmental design is worthy of further investigation.

After carrying out this pilot study, there are areas of enhancement. First, the questionnaire survey can be extended to 
other floors apart from 3/F and 4/F and cover residents’ rooms in additional to communal areas. Another round of survey 
can be conducted in winter season to collect data for comparison with the summer conditions. Instead of conducting the 
survey during lunch time, better communication with the aged care provider is required for identifying appropriate time-slots 
for conducting the survey with residents and staff. Since some residents were reluctant to sign the consent form for the 
survey, so advance notice to residents’ family members may be necessary, which may increase the number of residents 
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who are willing to participate in the survey. To overcome the language barrier, appropriate persons who can communicate 
with residents in their own language, predominantly Italian, can be recruited to carry out the survey. 

To have better comparison between users’ perceptions and IEQ parameters, environmental sensors with higher 
reliability and other handheld measuring devices can be used to record other IEQ parameters, including indoor air quality, 
sound pressure level and illumination level. More residential aged care facilities with different building typologies in various 
locations (urban, sub-urban, regional areas) operated by other aged care providers can also be included for having a more 
comprehensive data set for further analysis. 
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Abstract: This study is an exploratory investigation into whether differences in sensory processing impact the way people 
on the autism spectrum perceive the built environment, focusing on the effects of individual indoor environment quality (IEQ) 
factors. Adults on the autism spectrum (n=83) and neurotypical control adults (n=134) participated in an anonymous online 
survey and were asked about their home and workplace environments, experiences of the general built environment, and 
general sensory sensitivity. Autistic participants, who reported significantly higher sensory processing scores than control 
participants, consistently reported significantly higher discomfort due to IEQ factors in both their home and workplace, as 
well as a greater cause for avoidance of buildings in the wider built environment. While the control group indicated that 
thermal comfort had the greatest effects on them, the Autistic group was more concerned with people, noise and artificial 
lighting based factors. These results indicate a need for further research into how and why some IEQ factors have a greater 
effect on people on the autism spectrum to be able to suggest solutions to create a more accessible built environment. 
Improving IEQ for the most sensitive of the population is likely to improve the built environment for all users.

Keywords: Indoor environment quality (IEQ); autism; discomfort, avoidance.

1. INTRODUCTION

In New Zealand, 24% of the population identifies as having a disability of some kind (Statistics NZ, 2014). While the New 
Zealand Building Code (NZBC) outlines the importance of a built environment that is accessible to people of all abilities and 
function, there is often a large gap between these intentions and the current built environment. Accessibility is one of the 
eight outcomes specified in the New Zealand Disability Strategy as a priority for change in 2016-2026 (Office for Disability 
Issues, 2016).

This paper reports on the first survey of a sample of New Zealanders, including those on the autism spectrum, to 
evaluate how they respond to various aspects of the built environment. The analysis reported here deals with individual 
Indoor Environmental Quality (IEQ) factors, such as lighting, acoustics and thermal comfort. 

1.1 Indoor Environment Quality (IEQ)

Exposure to poor IEQ can cause both short and long term effects, with links made to Sick Building Syndrome, mental health 
effects, allergies and asthma, and long-term illnesses (Bluyssen and Cox, 2002; Fisk, 2002). The indoor environment also 
affects the productivity of occupants, with Wyon & Wargocki (2013) reporting the reduction in productivity due to poor IEQ 
could be up to 5% in the lab and 10% in the field for adults, and could be over 20% for children in schools. Most studies of 
IEQ assess occupant comfort, well-being, and productivity in office work spaces, and not on the wider built environment, 
and therefore often only deal with the experiences of the working general population.

In their review of 303 studies of IEQ and productivity in office spaces, Al Horr et al. (2016) identified that thermal comfort, 
indoor air quality, layout and noise had the most significant effect on productivity. Similarly, Wargocki et al. (2012) analysed 
10 years of data from the online CBE survey (see “2.1 Survey”) and found that higher satisfaction with temperature resulted 
in the greatest improvement in self-estimated job performance, followed by noise and air quality. In an analysis on the data 
from 177 UK buildings from the Building Use Studies (BUS) survey, Leaman & Bordass (2007) found, in order of priority 
of importance to indoor environment satisfaction, temperature caused the greatest effect, followed by ventilation, lighting, 
then noise IEQ factors. Liebl et al. (2012) linked background noise that was of high intelligibility to a decrease in cognitive 
performance.

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp. 27–33. ©2018, The Architectural Science Association 
and RMIT University, Australia.
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1.2 The autism spectrum

The autism spectrum is a neurodevelopmental condition that affects social skills and communication, as well as patterns of 
restricted and repetitive behaviour. A person without autism or any other neurodevelopmental condition is often referred to 
as ‘neurotypical’; their brain has developed in a typical fashion (‘normal’ as a descriptor is avoided). Throughout this paper, 
the terms “Autistic” or “on the autism spectrum” are used to describe people on the autism spectrum, as these are the 
descriptors known to generally be preferred by the Autistic community (Kenny et al., 2016).

Autism is estimated to affect 1 in 66 people in New Zealand, based on American research, with a ratio of 4:1 male to 
female (Autism New Zealand, 2015). The estimate of incidence has been increasing over the past half century, though there 
is debate as to whether this is due to changes in diagnostic criteria picking up more people, a true increase in incidence due 
to environmental or other factor, or combination of the two. Approximately two thirds do not have an intellectual impairment, 
and approximately three quarters use verbal communication. In 2016 in the UK, only 16% of autistic adults were in full-time 
employment, with only 32% in any kind of paid employment (The National Autistic Society, 2016a). 

1.2.1 Sensory Processing

Differences in sensory processing are now widely recognised among people on the autism spectrum, being part of the 
diagnostic criteria for ASD in the most recent revision of the diagnostic manual. These differences are observed in autistic 
people at all ages, and are not dependent on intellectual ability (Crane et al., 2009; Leekham et al., 2007; Minshew and 
Hobson, 2008; Tavassoli et al., 2014).

These sensory differences mean that the threshold for sensory overload is lower in people on the autism spectrum than 
in the general population. For example, while a nearby jet engine is likely to get a strong reaction from most people in the 
general population, for a person on the autism spectrum the same reaction could be caused by ordinary everyday noises, 
such as the hand dryer in a bathroom. In children, sensory overload is often seen as a meltdown or behavioural difficulties 
(The National Autistic Society, 2016b). In adults, who have often learned to manage their visible reactions, such noises (or 
other stimulus) can still cause hidden distress, anxiety and even pain. 

1.3 Autism-friendly design

Despite there being extensive research into the differences in sensory processing in people on the autism spectrum, and 
extensive research into the effects of the indoor environment on the general population, there is limited systematic research 
that bridges these two areas. Design guidelines have been developed to create “autism-friendly” buildings, however these 
are often highly specific and are primarily used in specialist schools and residential centres for children on the autism 
spectrum who have very high support needs (Beaver, 2010; Humphreys, 2005; Vogel, 2008). Allowances for sensory 
processing difficulties are specified in all design guidelines, though to different degrees.

In the IEQ literature, lighting has often been assessed as a lower priority than other indoor environment qualities. However, 
in most of the autism-friendly design guidelines, there are some common specifics that regularly appear, including reduction 
of glare and avoidance of fluorescent lights due to flicker (Beaver, 2010; Hewitt et al., 2009; Humphreys, 2005). In early 
experimental studies, there was an observed increase in repetitive behaviours under fluorescent lights in children on the 
autism spectrum (Colman et al., 1976; Fenton and Penney, 1985). Acoustic consideration is also regularly specified in 
autism-friendly design guidelines, including the reduction of background noise, consideration of materials, and reduction in 
reverberation time (Beaver, 2010; Hewitt et al., 2009; Humphreys, 2005; Mostafa, 2008).

This study focuses on identifying issues that are currently faced in the built environment by adults on the autism spectrum. 
As IEQ literature primarily focuses on office environments, and autism-friendly design primarily focuses on educational 
settings, both areas of research largely overlook the wider built environment that is used by all people day-to-day. This is 
an exploratory study to identify specific areas of IEQ in need of further research to improve the built environment to meet 
the needs of all users.

2. METHOD

Participants completed a 15-20 minute long anonymous online survey regarding their perception of the indoor environment 
of their home, workplace, and the wider built environment. This included questions on discomfort, distress and avoidance, 
the effects of different IEQ factors, and their general sensory sensitivity. For this paper, the focus is on the survey sections 
regarding individual IEQ factors.

2.1 Survey

The survey for this project was based upon the two largest IEQ surveys used worldwide, the Building Use Studies Ltd.’s 
BUS Methodology, and the Centre for the Built Environment’s (CBE) Occupant Indoor Environment Quality (IEQ) Survey 
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(Dykes and Baird, 2013). Questions about individual IEQ factors are asked in three sections of the survey. Participants 
asked to rate how much discomfort they felt different IEQ factors caused them in each of their home and work environments 
on a scale from “1 - No discomfort” to “7 - A lot of discomfort”, as well as how much individual IEQ factors caused them to 
avoid buildings on a scale from “1 - Not at all” to “7 - A lot”. 

Similar to the CBE survey, this survey uses display logic, where questions are displayed to the participant based on 
answers to a previous question. For example, to be asked about which IEQ factors caused them to avoid buildings, the 
participant must have earlier answered either that they had avoided buildings due to the indoor environment, or desired to. 
Participants were asked about avoidance of buildings as part of a wider section on the general built environment,

The selection of which IEQ factors to ask about was based on Oseland’s (2007) guide to post-occupancy evaluation 
survey design, which analysed 20 POE surveys, including the CBE and BUS above, and listed the most common IEQ 
factors addressed. As the guide applies to office spaces, evaluating a single building, for this survey the selected factors 
were relevant to a wide range of building types, including the home and public buildings. 

A general sensory processing section was also included in the survey to check for differences in sensory sensitivity 
between the Autistic and Control groups, as well as measure general variance. Fifteen items based on an established 
sensory processing tool were each asked on a 5-point frequency scale (coded 0-4). When summed, this gave a maximum 
sensory processing score of 60, where a higher score means a higher level of sensory sensitivity. Differences in sensory 
processing outside hypersensitivity and over-responsivity are outside the scope of this project. To ensure that the survey 
would be accessible to participants on the autism spectrum, when developing the survey content consideration was given 
to the list of recommendations for research with autistic participants published by the Australian Cooperative Research 
Centre for Living with Autism (Autism CRC), which includes clear and concise language, consistency, and opportunities for 
elaboration (Autism CRC, 2016).

The data collected in the survey were ordinal, and many of the distributions were identified as skewed or non-normally 
distributed early in the analysis, therefore the data was treated as non-parametric in the analysis. For a measure of central 
tendency the median was used instead of the mean, and for testing between groups, Mann-Whitney U tests were used.

2.2 Participants

A total of 276 responses were collected over two months. The Autistic group (n=83) was defined as participants who 
identified as being on the autism spectrum. A further 59 participants identified having another condition that affected their 
sensory processing (e.g. blindness, epilepsy, ADHD) or as being related to someone on the autism spectrum, and were 
excluded from the Control group (n=134). For group analysis, only the Autistic and Control groups are considered. 

Participants were recruited through social media, local businesses, word-of-mouth, disability advisory organisations, and 
autistic-led self-advocacy organisations. Autism New Zealand and Altogether Autism both shared the survey throughout 
their networks, including at adult support groups, local offices, and a conference.

There was a higher proportion of female responses (n=227) than male responses (n=44), with the 5 participants who 
identified as gender diverse being in the Autistic group. There was a similar distribution in ages between the Autistic and 
Control groups. Participants in the Autistic group were more likely to rent their homes (60%) compared to the Control group 
(28%). 60% of the Control group identified as being in paid full-time employment, compared to only 25% of the Autistic 
group. In total, 85% of the Control group were in either paid employment (full or part time) or self-employed, compared to 
55% of the Autistic group.

3. RESULTS

The Autistic group reported significantly higher sensory processing scores than the Control group (U = 10032.0, p <.001). 
Scores from the Autistic group ranged from 12 to 60, with a median of 43, while scores from the Control group ranged from 
0 to 45, with a median of 20. This difference in sensory processing was consistent with other studies (Crane et al., 2009; 
Leekham et al., 2007; Minshew and Hobson, 2008; Tavassoli et al., 2014). 

While 96% of the Control group completed the workplace section of the survey (n=129), only 83% of the Autistic group 
did (n=69). This is likely due to the documented low employment rates for people on the autism spectrum, which were also 
found this study. The odds of an Autistic participant having ever avoided buildings was 8.8 [95% CI 4.0, 19.7] times greater 
than the Control group (nA = 65, p <.001). 93% of the Autistic group completed the avoidance section of the survey (n=77) 
compared to 63% of the Control group (n=85). Therefore, while nearly all of the Autistic group qualified for this question, 
only two thirds of the Control group qualified, who are likely the most sensitive of this group (Table 1).
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Table 1: Discomfort at home and work, and avoidance of buildings caused by 12 IEQ factors by condition

Home Discomfort Work Discomfort Avoidance

MA MC U MA MC U MA MC U

People 2 1 3257.0† 5 2.5 2087.0† 7 5 1854.5†

People noise 4 1 2326.5† 5 3 2663.5† 7 6 2082.5†

Indoor/other noise 3 1 2786.5† 4 3 2798.0† 5 4 2392.0*

Glare 3 2 3368.9† 4 2 2928.0† 5 2 1859.0†

Electric light 3 2 3755.0† 4 3 3189.0† 5 4 2014.5†

Natural light 2 1 3633.5† 2 2 4247.5 1 1 2474.0*

Temperature 3 3 4996.0* 4 4 4114.0 5 5 2696.5

Air quality 3 1 3529.0† 3 3 3856.0 5 5 2983.5

Air movement 2 2 4209.5* 3 3 4301.0 3 4 2630.0

Smells 3 2 3446.0† 3 2 2934.5† 6 5 3007.5

Privacy 2 1 4022.5† 4 3 3180.5* 5 4 2349.5*

Colour 1 1 4783.5 2 2 3293.0* 4 2 2053.5†

Note. * = p <.05, † = p <.001. 95%. MA = Autistic group median, MC = Control group median

Overall, the Control group reported very low discomfort across all IEQ factors in the home environment (Table 1). 
Responses from the Autistic group were also primarily at the low end of the scale, however consistently higher than the 
Control group, reporting significantly greater discomfort in eleven of the twelve factors. The Control group reported a similar 
level of discomfort from most IEQ factors in the workplace environment as the Autistic group reported at home, primarily in 
the low- to mid-range of the scale. In the workplace, the Autistic group reported significantly greater discomfort in eight of 
the twelve factors than the Control group. Similarly, of the participants who identified that they avoid buildings, eight of the 
twelve IEQ factors caused respondents from the Autistic group to want to avoid buildings significantly more frequently than 
the Control group respondents. People, people noise, indoor/other noise, privacy, glare and electric light all had significant 
differences between the two groups across all three IEQ sections. 

Both people and people noise have the largest magnitudes for both groups in the avoidance section, being the only IEQ 
factors with a median at the maximum end of the scale for people on the autism spectrum (Table 1). Despite people noise 
causing the Control group very low discomfort in the home, as a cause of avoidance it was their highest rated factor. In 
contrast, for the Autistic group, people noise was the IEQ factor that caused the greatest discomfort at home, while being 
equally highest with the people factor in both the workplace environment and as a cause of avoidance.

Responses to glare and electric light also had large differences between the Autistic and Control groups across all three 
IEQ sections (Table 1). Glare was rated equally across all three sections by the Control group, however for the Autistic group 
it was associated with increased discomfort in the workplace, and was highly rated as a cause for avoidance in the wider 
built environment. While there was a significant difference between the Autistic and Control groups at home and as a cause 
of avoidance, natural light had the lowest scores across all of the IEQ factors (Table 1).

Temperature was the only IEQ factor that had the same median for both the Autistic and Control groups across all three 
sections, with no significant difference between the groups in any environment (Table 1). It was the highest rated IEQ factor 
by the Control group at both home and work, while the Autistic group rated other factors as causing greater discomfort 
in both environments. A similar pattern is also seen in the air quality and air movement factors. As a factor, smells had 
a significant difference as a cause of discomfort in both the home and workplace environments, however did not have 
a significant difference as a cause of avoidance (Table 1). It was also the only factor that was rated at the same level of 
discomfort in both the home and workplace environments by both groups.

4. DISCUSSION

Based on the large and significant difference in sensory processing scores, the Autistic group in this study can be considered 
to be representative of the differences in sensory processing found across people on the autism spectrum. When examining 
the results of the IEQ factors across the home, workplace and avoidance sections, individual IEQ factors can be considered 
in two ways: in terms of magnitude (the size of the medians), or in terms of the difference between the two groups.

Given that many people live alone or with family, it was expected that other people are not such a problem at home but 
are a much greater problem in workplaces and other buildings where groups of people congregate. The large differences 
in discomfort and avoidance of people was expected, given that people on the autism spectrum often struggle with crowds 
and large numbers of people. Future research could examine whether it is density or number of people that is the largest 
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problem. For example, in a large space with a medium number of people, there is lower density but higher numbers, while 
a smaller number of people in a small space would have high density despite having fewer people. This relationship could 
also assist in understanding the effects of people noise, which may be more dependent on number than density. 

Noise is regularly reported as a factor that has a high impact on productivity and satisfaction in IEQ research (Al Horr 
et al., 2016; Liebl et al., 2012; Wargocki et al., 2012), which agrees with the findings in this study, where the noise-
based factors were consistently rated highly. As people noise primarily consists of other people talking and is often highly 
intelligible, which has particularly high impact on cognition and well-being (Liebl et al., 2012), which likely explains why it was 
rated higher than indoor/other noise. While noise is difficult for all people, neurotypical people still have a greater ability to 
manage background noise than people on the autism spectrum, which the evidence shows have difficulties in being able to 
‘tune out’ background noise effectively (Sarris, 2016), which could explain the large differences between the groups. Having 
identified that people and people noise are large problems for people on the autism spectrum, investigation into the move 
towards flexible desking, open plan offices with minimisation of footprint is needed, as these issues are likely to worsen in 
these new office environments, and further impact the low employment rates for people on the autism spectrum.

In existing research, there is disagreement on the relative importance of lighting on productivity and satisfaction, with 
Leaman & Bordass (2007) listing lighting as a factor of moderate importance behind thermal comfort, while others do not 
specify lighting as a factor with large effects on productivity, although they do not claim it has no effect either (Al Horr et al., 
2016; Wargocki et al., 2012). Therefore, the finding in this study that the lighting factors have a moderate magnitude, albeit 
behind thermal and air quality environment factors for the Control group is in accordance with typical research findings. Both 
groups consistently rated natural light as a factor that caused little or no discomfort across both environments and was not 
a cause for the avoidance of buildings. A limitation of this study was how natural light was asked about; too much natural 
light usually manifests as glare, which was asked about separately and did have large group differences and magnitude, 
while usually too little natural light this would be asked about in terms of dissatisfaction as opposed to discomfort.

Lighting is referenced in many ‘autism-friendly’ design guidelines, most regularly in reference to the avoidance of 
fluorescent lighting and glare (Beaver, 2010; Hewitt et al., 2009; Humphreys, 2005; Vogel, 2008). The consensus on the 
avoidance of fluorescent lights appears to primarily be as a result of anecdotal evidence, with two studies performed in a 
time where fluorescent lights operated at a much lower frequency than today and were more susceptible to visible flicker 
(Colman et al., 1976; Fenton and Penney, 1985). In today’s high-frequency ballast compact fluorescent lights, the flicker 
is not perceptible to the eye, however some researchers find that the sub-visible flicker can still cause visual discomfort in 
peripheral vision (Wilkins, 2015). However, while fluorescents should not visibly flicker in their specified lifetime, they can 
and do deteriorate at end of life, so the issue today could be more to do with poor maintenance than the lights themselves 
(Hewitt et al., 2009). There are also claims that fluorescents are too bright and unnatural by people on the autism spectrum, 
which could be a result of the ‘white’ light being produced by a limited light spectrum. Today, the building industry is moving 
toward LED lighting due to an emphasis on energy savings, which is even more directional than fluorescent lighting, however 
does have a more even colour spectrum. Investigation into the cause of artificial lighting problems and the implications of 
the move towards LEDs on people on the autism spectrum is needed.

Many studies have found that temperature had high impact on satisfaction and productivity, followed closely by ventilation 
and indoor air quality (IAQ) (Al Horr et al., 2016; Leaman and Bordass, 2007; Wargocki et al., 2012), which is consistent with 
the findings of this study for the Control group, where these factors were rated highly, particularly temperature. However, the 
profile of responses was different for the Autistic group, who consistently rated these factors similarly to the Control group, 
but rated other factors higher. It is not clear whether this is because thermal comfort is less of a problem for the Autistic 
group, or whether there they have greater issues with other factors. While temperature and IAQ are well documented in 
IEQ literature, they are rarely mentioned in autism-friendly design guidelines unlike lighting and acoustics.  This may mean 
that no further consideration of thermal comfort for people on the autism spectrum is required than what already exists for 
neurotypical people, compared to other IEQ factors where further research and consideration for differences is needed.

Few problems with privacy in home environment were expected given that most people live in residential settings as 
family units or in small groups, while privacy has a much larger effect in the workplace where large numbers of people are 
often working in limited space. The large variation in the effect of smells between environments, rated as a mid-range cause 
of discomfort for both groups in both the home and workplace but rated highly as a cause of avoidance by both groups, 
and being the only factor that had a significant difference between groups at both the home and workplace but not as a 
cause of avoidance, may indicate that it is a factor that is particularly sensitive to building type.

Given the strong emphasis on colour as an important factor to consider in many design guidelines for ‘autism-friendly’ 
buildings, the relatively low medians for both groups and small differences was initially unexpected (Beaver, 2010; Hewitt 
et al., 2009; Humphreys, 2005; Vogel, 2008). However, when considering the environment, these guidelines are primarily 
for educational settings for children. Typical classrooms often are bright and visually stimulating, with bright posters and 
student work adorning the walls, so guidelines encouraging reduction of this are important for this type of environment. 
In the home environment, where the medians for both groups indicated no discomfort, the lack of significant difference 
for colour is likely due more to the typical design of a home environment, where bright or harsh colours are not frequently 
applied to surfaces. Again, comparatively workplaces and other buildings are also generally more subdued, so colour may 
be a less substantial problem in these environments than the classroom environment where great emphasis is placed in 
design guidelines.
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While this study is limited to self-selected people on the autism spectrum who are able to use written communication 
to complete the survey, it is likely that many of the findings will be generalisable to people on the autism spectrum who 
are younger or have an intellectual impairment or other issue which prevented them from participating in this study due to 
the large difference between the groups in sensory processing score.  Other limitations of the study include a gender bias 
towards females, and that the sample is non-random based on recruitment through social media and snowballing.

5. CONCLUSION

This study has been an initial step in understanding the effects of various IEQ factors on people on the autism spectrum, 
considering both the home and workplace environments, as well as the wider built environment. By surveying peoples’ 
perceptions of the built environment, this study identified that people on the autism spectrum experience greater adverse 
effects of IEQ. Participants on the autism spectrum reported that people, people noise and indoor/other noise IEQ factors 
were the greatest causes of discomfort and avoidance, with much greater effects on them than neurotypical people, 
followed by glare and electric light.  While the control group consistently rated temperature highest, the autistic group rated 
it similarly but rated other factors higher, indicating that thermal comfort may not be the most important factor for people 
on the autism spectrum.

The large group differences observed across many IEQ factors indicate the need for further study into understanding 
the nature of these effects and explore methods to improve environments to be more accessible to people on the autism 
spectrum. We must understand the mechanisms why different IEQ factors cause greater issues to be able to suggest 
solutions. While people on the autism spectrum have clear differences in sensory processing, there is still variance in 
sensory sensitivity among the general population. Across many of the IEQ factors, similar patterns in magnitude were 
often seen between people on the autism spectrum and neurotypical people. A question raised from this is, if a building 
was designed that took into account the needs of people on the autism spectrum, how would this impact on neurotypical 
people? In particular, would they also be more comfortable in an environment that takes into account the greater sensory 
sensitivity of people on the autism spectrum? If so, designing environments that are accessible to the most sensitive of the 
population would likely improve environments for all users.
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Abstract: The authors and their collaborators have surveyed the 4,662 occupants of 57 medium sized commercial and 
institutional buildings around the world. All were surveyed using the BUS Methodology’s standard two-page questionnaire. 
The overall aim of these surveys was to assess the occupants’ perceptions of a range of factors related to their performance. 
The objective of this paper was to explore the influence of demographic factors such as age, sex, and working location on 
their scores for comfort overall, productivity and health; together with a range of Indoor Environment Quality (IEQ) factors. 
Significant differences were identified between the perception scores for all of these factors between the under and over 
30s and between male and female respondents, the former group rating themselves better in both cases. Evidence of a 
downward trend in perceived productivity was also found as the numbers sharing an office increased. Some current survey 
protocols related to length of time worked in the building were reinforced.

Keywords: Building Performance; Occupants’ Perceptions, Post-Occupancy Evaluation.

1. INTRODUCTION

The benefits offered by post-occupancy evaluation of buildings are abundant, ranging from simple occupant comfort 
evaluation to an holistic analysis of a building’s performance upon occupancy. It offers an opportunity to investigate the 
pros and cons of design decisions as well as an understanding of the nature of occupants’ perceptions of a particular 
space. Building performance is a complex concept that has been difficult to measure and to incorporate into building design 
(Mayouf et al., 2014). Hence, oversights of the design phase that become evident during occupancy are left to the facility 
managers to resolve. The responses and feedback from occupants enable facility managers to correct or improve building 
performance. This information assists in a robust facilities management throughout the lifespan of any building (Riley, 2013, 
e-news, 2010). 

Building occupants are complex and present different dimensions of comfort and satisfaction expectations. The 
complexity of their uniqueness lies in the diverse backgrounds which influence their perceptions of satisfaction with their 
building. As noted by Frontczak & Wargocki (2011), people differ and respond differently to the same conditions. Hence, an 
understanding of occupants is integral to a satisfactory and even sustainable building performance.

The BUS Methodology (Building Use Studies, 2016) has over the years, provided the means by which comprehensive 
study of users’ needs can be carried out in buildings. This questionnaire is popular for occupant surveys in both commercial 
and institutional buildings (Bunn and Marjanovic-Halburd, 2016; Deng et al., 2017; Rasheed and Byrd, 2018) and was used 
to collect the information analysed in this paper. Following on from previous analyses reported at the 2016 ASA Conference 
(Baird & Wareing, 2016), the present authors have undertaken further analysis of the influence of some demographic 
and locational factors on occupant’ perception scores for their buildings. The objective was to explore the influence of 
‘background factors’ such as age, sex, and working location on their scores for comfort overall, productivity and health; 
together with a range of Indoor Environment Quality (IEQ) factors.

2. METHODOLOGY

The analysis was carried on a database of 4,662 occupants of 57 medium sized buildings around the world – 41 housing 
mainly commercial office activities and 16 housing tertiary academic teaching and research activities – all of which had 
been surveyed by the authors and their collaborators using the standardised two-page office version of the questionnaire 

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp. 35–42. ©2018, The Architectural Science Association 
and RMIT University, Australia.
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developed by Building Use Studies. While most questions required a response on a 7-point scale, the ‘background’ questions 
were more specific and quantitative, concerned with the age and sex of the respondent, the number of occupants in their 
work area, whether or not they sat next to a window, how long they had worked in the building, etc. 

The analyses were carried out with SPSS v23. The mean differences of perceived comfort/satisfaction scores were 
compared using one-way ANOVA. The results were considered statistically significant when p < 0.05 (95% confidence 
level). The Tukey Test for significance difference (also called the Honestly Significance test) was used to identify where the 
significant difference lies amongst the group means. This test identifies significant differences in means or groups of means 
by comparing all possible pairs of means (Statistics how to, 2016). This allowed the identification of significant differences 
in occupants’ perceptions in relation to their “background”.

3. RESULTS AND DISCUSSION

The occupants were asked whether they were under or over 30; male of female; sat next to a window; shared their office 
(and with how many others); had worked in the building for less or more than a year; and in their present work space for 
less or more than a year. 

The influence of these background factors on their perception was analysed under two major categories namely:

• Perceived comfort overall, productivity and health 

• Satisfaction with indoor environment quality (IEQ) temperature and air quality, lighting, noise

3.1 Influence of occupants’ background on perceived comfort, health and productivity.

In this section, the influence of the occupants’ age, sex, location in relation to a window, and length of time worked in the 
building and in their particular area, were considered in respect to the occupant’s perceptions of their Comfort Overall, 
Productivity, and Health. The specific questions asked were:

“All things considered, how do you rate the overall comfort of the building environment?” A 7-point scale ranging from 1 
(unsatisfactory) to 7 (satisfactory) was specified here.

“Please estimate how you think your productivity at work is decreased or increased by the environmental conditions in 
the building?” using a 9-point scale ranging from 1 (-40% or less) to 9 (+40% or more).

“Do you feel less or more healthy when you are in the building?” A seven-point scale ranging from 1 (less healthy) to 7 
(more healthy) was specified here.

The findings are presented Table 1.

G. Baird, E. Rasheed and S. Wareing
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Table 1: Differences in perceived Comfort Overall, Productivity and Health scores arising from some demographic and locational 
factors.

Comfort Overall Productivity Health
N mean SD N mean SD N mean SD

Age under 30 1032 5.14 1.312 997 5.48 1.715 1018 4.07 1.352
Age over 30 3124 4.74 1.513 2990 5.04 1.655 3070 3.88 1.306
Significance score* 0 0 0
Diff significant? Yes Yes Yes

Sex  -  male 2104 4.95 1.455 2057 5.27 1.637 2072 4.08 1.279
Sex  -  female 2041 4.73 1.491 1921 5.00 1.714 2005 3.78 1.346
Significance score* 0 0 0
Diff significant? Yes Yes Yes

Window: next to 2143 4.85 1.494 2047 5.18 1.685 2105 4.00 1.313
Window: away from 2031 4.82 1.459 1957 5.10 1.681 2003 3.85 1.328
Significance score* 0.629 0.168 0
Diff significant? No No Yes

Worked in bldg <1yr 1303 5.09 1.384 1255 5.42 1.644 1280 4.04 1.262
Worked in bldg >1yr 2889 4.72 1.502 2765 5.02 1.685 2846 3.88 1.342
Significance score* 0 0 0
Diff significant? Yes Yes Yes

Workspace < 1yr 1987 4.87 1.462 1912 5.15 1.687 1966 3.90 1.308
Workspace > 1yr 2178 4.81 1.489 2083 5.14 1.682 2139 3.96 1.336
Significance score* 0.308 0.63 0.249
Diff significant? No No No

*denotes result of Tukey Test of significant difference

3.1.1 The influence of the age of respondents

As noted in Table 1 the over 30s were in the majority in our sample. It can be seen that the under-30 group rated all 
three factors significantly better, on average, than the over-30s. While the overall trend is clear, the large SD values do 
indicate a wide spread of responses. It is tempting to speculate that the potentially more experienced over 30s are more 
sensitive to comfort issues, more aware or concerned with the impact of IEQ on health, and have more realistic or higher 
expectations about productivity; while the under 30s are less sensitive to comfort and health issues and over confident of 
their performance?

3.1.2 The influence of the sex of respondents 

Here, the numbers in each category were roughly equal and while the differences in the mean values are not particularly 
large and their spread is relatively wide, male respondents score all three factors higher than their female counterparts. 
Why do female respondents perceive themselves to be less productive, less healthy and less comfortable on average than 
their male counterparts? With apologies for the male/female stereotyping, could it be that there is a higher female sensitivity 
to health and comfort issues and perhaps a more realistic or modest sense of their productivity, while male reticence 
concerning health issues or admitting to discomfort, in combination with a tendency to an overinflated opinion of their 
productivity, are coming into play?

3.1.3 The influence of proximity to a window

Here too, the numbers in each category were roughly equal. While being next to a window yielded slightly better average 
scores for all three variables only that for perception of health was significant. It is somewhat surprising that perception of 
comfort was not compromised by being next to a window (with the potential for cold downdrafts, solar heat gains, glare, 
outside noise, etc.). Perhaps the health aspect of being able to refocus on distant external views is the more significant 
factor in these otherwise thermally comfortable buildings (averaging close to 5 for comfort overall on a 7-point scale).

3.1.4 The influence of length of time worked in the building

Respondents were asked “How long have you worked in this building” and given the alternatives of less than or more than 
one year - the latter category outweighing the former. Significant differences were uncovered, with the less-than-one-year 
group perceiving their buildings to be better in respect of comfort overall, productivity, and health. Arguably, the less-than-

The influence of demographic and locational factors on occupants’ perception scores for their buildings.
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one-year group was still being influenced by the novelty of what for them would be a new building or perhaps the excitement 
of a new job if they had recently joined the organisation housed there. This finding tends to reinforce the survey protocol of 
not administering the questionnaire in a building till it had been occupied for a year or more in order to avoid the potential 
‘honeymoon period’ of a new building. It may be even better practice to only survey those who had worked in the building 
for more than one year.

3.1.5 The influence of length of time worked in their present work area

For this aspect respondents were asked “How long have you worked in your present work area?” and again given the 
alternatives of less than or more than one year.  The numbers in each category were roughly equal in this instance. However, 
by contrast with the previous findings about the influence of length of time worked in the building, none of the factors 
exhibited significant differences. Length of time in the respondents’ present work area did not appear to influence their 
perception of comfort overall, productivity, or health. Judging from the numbers, a significant proportion of those who were 
in their present workspace less than one year had worked in the building for more than one year, leading to the supposition 
that conditions throughout the building tended to be perceived as relatively uniform. 

3.1.6 The influence of number of people in the respondent’s workspace on occupants’ perceived comfort, health and 
productivity

For this aspect, which has become the subject of much debate in recent years as increasing numbers of offices are 
designed to be open plan, respondents had to specify whether they were the sole occupant, or shared with 1, 2-4, 5-8 
or more than 8 others. As indicated on Table 2, all three aspects exhibit a general tendency for their scores to worsen as 
the numbers of people sharing increases. However, there was no significant difference in the average score in the case 
of comfort overall between the variously sized workspaces – and no particular reason comes to mind why one would 
be expected. Only productivity and health exhibited significant differences – most markedly between sole occupant and 
sharing with more than eight.

Table 2: Differences in perceived Comfort Overall, Productivity and Health scores arising from numbers of occupants sharing an office

Comfort Overall Productivity Health

N mean SD N mean SD N mean SD

Sole occupant 892 4.96 1.519 857 5.33 1.606 876 4.05 1.248

Shared: I other 331 4.88 1.465 316 5.24 1.646 323 3.90 1.221

Shared: 2-4 others 696 4.78 1.432 653 5.17 1.729 674 3.93 1.306

Shared: 5-8 others 615 4.81 1.462 587 5.14 1.705 610 3.99 1.421

Shared: >8 others 1560 4.79 1.475 1509 5.00 1.705 1545 3.84 1.359

Significance score* 0.78 0 0

Difference significant? No Yes: Sig. Dif. (0.00) between 
Alone and Shared >8 others

Yes: Sig. Dif. (0.03) between 
Alone and Shared >8 others

*denotes result of Tukey Test of significant difference 

3.2 Influence of occupants’ age and sex on satisfaction with IEQ factors

Having noted the significance of their influence on comfort overall, productivity, and health, this section looks in more detail 
at the influence of age and sex on the occupants’ perceptions of a wide range of indoor environmental quality (IEQ) factors – 
27 in all – concerned with the perceptions of thermal and air quality issues in both winter and summer, together with lighting 
and noise. The left hand column of Tables 3 and 4 list the individual factors in shorthand form. In each case respondents 
were asked to score each factor on a 7-point scale, noting that these varied in terms of where on the scale the ‘best’ score 
was located. 

3.2.1 The influence of age on occupants’ perceptions of IEQ (see Table 3)

Both age groups found the winter and summer temperatures and air overall to be on the comfortable or satisfactory side 
of the 7-point scale, with average scores well above the mid-point. The under 30s scored temperature overall significantly 
better than the over 30s in both winter and summer (4.67 cf. 4.50 and 4.62 cf. 4.38 respectively) all reinforcing conventional 
wisdom that older people prefer warmer temperatures. Similarly, the under 30s scored air overall significantly better than the 
over 30s in both winter and summer (4.65 cf. 4.40 and 4.60 cf. 4.36 respectively). Both groups indicated it was too cold in 
winter and too hot in summer. As far as factors related to air were concerned the under 30s perceived it to be fresher and 
less smelly than the over 30s, with little difference for humidity and draught. 
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Table 3: Differences in perceptions of IEQ factors between those aged under and over 30 years old.

Factor Age under 30 years Age over 30 years Significant Diff?

N meana SD N meana SD Score* Y/N

Temperature and Air in Winter

Temp Overall in Winter 986 4.67 1.675 2971 4.50 1.718 0.006 Yes

Temp - too hot/cold4 958 4.63 1.219 2843 4.48 1.284 0.002 Yes

Temp - stable/variable4 972 4.37 1.814 2842 4.53 1.719 0.013 Yes

Air - still/draughty4 940 3.59 1.585 2880 3.58 1.704 0.876 No

Air - dry/humid4 950 3.32 1.221 2809 3.27 1.192 0.446 No

Air - fresh/stuffy1 965 3.92 1.621 2887 4.02 1.570 0.09 No

Air - odourless/smelly1 945 2.98 1.536 2842 3.20 1.529 0 Yes

Air overall 982 4.65 1.526 3013 4.40 1.665 0 Yes

Temperature and Air in Summer

Temp Overall in Summer 769 4.62 1.688 2507 4.38 1.729 0.001 Yes

Temp - too hot/cold4 747 3.58 1.208 2464 3.47 1.210 0.031 Yes

Temp - stable/variable4 750 4.28 1.691 2434 4.35 1.661 0.328 No

Air - still/draughty4 733 3.32 1.434 2402 3.32 1.493 0.993 No

Air - dry/humid4 740 3.62 1.358 2408 3.59 1.344 0.493 No

Air - fresh/stuffy1 749 3.95 1.597 2437 4.10 1.614 0.029 Yes

Air - odourless/smelly1 734 3.17 1.563 2398 3.30 1.548 0.041 Yes

Air overall 761 4.60 1.548 2503 4.36 1.641 0 Yes

Lighting

Lighting Overall 1043 5.37 1.486 3113 5.12 1.584 0 Yes

Natural light – too little/much4 1045 3.76 1.438 3110 3.89 1.344 0.009 Yes

Sun&Sky Glare-none/too much1 1036 3.35 1.808 3098 3.66 1.823 0 Yes

Artificial light - too little/much4 1042 4.46 1.112 3124 4.23 1.029 0 Yes

Art’l lightGlare - none/too much1 1036 3.49 1.552 2990 3.47 1.504 0.686 No

Noise

Noise Overall 1038 4.66 1.642 3089 4.27 1.760 0 Yes

Fromcolleagues-too little/much4 1046 4.16 1.310 3104 4.52 1.251 0 Yes

Other people-too little/much4 1038 4.16 1.348 3076 4.45 1.223 0 Yes

From inside - too little/much4 1045 3.94 1.338 3073 4.22 1.198 0 Yes

From outside - too little/much4 1041 3.65 1.484 3066 3.94 2.005 0 Yes

Interruptions – none/frequent1 1002 3.77 1.648 2994 4.22 1.646 0 Yes

a - unless otherwise noted a score of 7 is ‘best’; superscript 4 implies 4 is best; superscript ¹ implies 1 is best 
* - denotes the score on the Tukey Test

    Lighting overall achieved the best average score of all the IEQ factors for which a 7 would be the ideal, with under 
30s rating it slightly but significantly better at 5.37 compared with the over 30s at 5.12. The over 30s scored the amount of 
natural light close to ‘perfect’ at 3.89 (cf. an ideal of 4 in this case) with the under 30s at 3.76 scoring it rather less. Glare 
from sun and sky appeared to be less of a problem for the under 30s, though both groups had mean scores just below the 
mid-point of the scale (3.35 and 3.66 respectively). As far as artificial light was concerned both scored the amount on the 
generous side, the under 30s more so than the over 30s (4.46 cf. 4.23), perhaps an indication of eyesight deterioration with 
age. With mean scores of 3.49 and 3.47 (cf. an ideal of 1.00) glare appeared to be the same issue for both groups.

    Both age groups found noise overall to be on the satisfactory side of the 7-point scale with mean scores of 4.66 
and 4.27 for the under and over 30s respectively, where a score of 7 would be the ideal. The under 30s scored this factor 
significantly better than the over 30s. It is tempting to speculate that the older group is more noise sensitive or perhaps less 
tolerant of noise than the younger group, and this was borne out by responses to the more detailed questions. These asked 
respondents to score whether there was too little or too much noise from colleagues, other people, inside, outside, and 
interruptions - a mean score of 4 representing the ideal. While all of the scores were around that value, ranging from 3.65 
to 4.52, the over 30s perceived there to be more noise from all five sources than the under 30s and the differences were all 
significant, averaging around 0.33 of a scale point.

The influence of demographic and locational factors on occupants’ perception scores for their buildings.
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3.2.2 The influence of sex on occupants’ perceptions of IEQ (see Table 4)

Males appeared to be much more comfortable than females in winter with mean scores of 4.81 compared to 4.26 (ideal 
score 7). This pattern was repeated for summertime though the difference in the scores was much less (4.50 cf. 4.35) and 
while the average score for males had dropped considerably (from 4.81 to 4.50) the female average had increased slightly 
(from 4.23 to 4.35). Are men less willing or able to adjust their clothing for the seasons?

   Both sexes perceive the wintertime temperature in their workspaces to be on the cold side, the females more so (4.69 
cf. 4.35); and conversely, too hot in the summer, this time the males more so than the females (3.39 cf.3.62). Perhaps 
Cool-Biz has yet to catch on in every office? While both sexes perceived temperatures to be very slightly more variable in 
summer compared to winter, males consistently found it more stable (4.11 and 4.20 in summer and winter respectively) 
than females  (at 4.59 and 4.79). 

    As far as the set of factors related to the air was concerned females perceived it to be draughtier than males in both 
winter and summer, more especially in winter. Both groups thought the air was on the dry side whatever the season. Males 
perceived the air to be both fresher and to have less odour in winter and in summer than females. Perhaps surprisingly, 
both groups perceived the air to be marginally stuffier and slightly smellier in summer by comparison with winter (maybe 
the contrast with the outside air in summer conditions?). Overall, males were much more satisfied with the air in both winter 
(4.74) and summer (4.55) than females (4.19 and 4.26 respectively). 

    Once again, lighting overall scores highest of the IEQ factors with males perceiving it to be slightly, but significantly 
better than females with average scores of 5.28 and 5.08 respectively. Both groups scored the amount of natural light close 
to the ideal score of 4.00 with males closest at 3.95 cf. 3.76 for females; while scores for glare from this source were similar 
at around 3.6. Artificial lighting was perceived to be on the “too much” side of the mid-point of the 7-point scale by both 
groups at 4.35 for females and 4.22 for males. Correspondingly, females perceived there to be more glare than males – 
scoring it 3.65 cf. 3.30 on a scale where 1 would be the ideal.  

    Both age groups found noise overall to be on the satisfactory side of the 7-point scale with mean scores of 4.43 and 
4.29 for the males and females respectively, where a score of 7 would be the ideal.

    Both rated noise from colleagues around the same value - on the “too much” side of the relevant scale with scores 
of 4.40 and 4.46. Females were slightly ‘more sensitive’ to noise from others than males (4.43 cf. 4.33) but there was no 
significant difference in the case of noise from inside or from outside. Both groups returned a mid-scale score for unwanted 
interruptions (males 4.02; females 4.21) where 1 would be the ideal in this instance. Overall, males were more satisfied with 
noise conditions and arguably slightly more tolerant of noise from others and from unwanted interruptions.
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Table 4: Differences in perceptions of indoor environmental quality factors between male and female respondents.

Factor Male Female Significant Diff?

N meana SD N meana SD Score* Y/N

Temperature and Air in Winter

Temp Overall in Winter 2015 4.81 1.637 1930 4.26 1.737 0 Yes

Temp - too hot/cold4 1936 4.35 1.140 1854 4.69 1.367 0 Yes

Temp - stable/variable4 1943 4.20 1.737 1856 4.79 1.707 0 Yes

Air - still/draughty4 1943 3.34 1.575 1866 3.82 1.739 0 Yes

Air - dry/humid4 1931 3.30 1.142 1816 3.26 1.255 0.322 No

Air - fresh/stuffy1 1967 3.77 1.547 1872 4.23 1.588 0 Yes

Air - odourless/smelly1 1946 3.04 1.507 1829 3.25 1.553 0 Yes

Air overall 2014 4.74 1.588 1971 4.19 1.634 0 Yes

Temperature and Air in Summer

Temp Overall in Summer 1724 4.50 1.724 1543 4.35 1.717 0.014 Yes

Temp - too hot/cold4 1688 3.39 1.103 1515 3.62 1.312 0 Yes

Temp - stable/variable4 1679 4.11 1.652 1497 4.59 1.648 0 Yes

Air - still/draughty4 1660 3.25 1.446 1469 3.40 1.509 0.005 Yes

Air - dry/humid4 1664 3.59 1.326 1476 3.61 1.369 0.644 No

Air - fresh/stuffy1 1679 3.90 1.585 1499 4.26 1.617 0 Yes

Air - odourless/smelly1 1664 3.14 1.513 1461 3.42 1.584 0 Yes

Air overall 1711 4.55 1.648 1545 4.26 1.584 0 Yes

Lighting

Lighting Overall 2095 5.28 1.501 2050 5.08 1.618 0 Yes

Natural light – too little/much4 2101 3.95 1.352 2043 3.76 1.373 0 Yes

Sun&Sky Glare-none/too much1 2090 3.61 1.826 2032 3.55 1.822 0.28 No

Artificial light - too little/much4 2098 4.22 0.996 2042 4.35 1.105 0 Yes

Art’l lightGlare- none/too much1 2093 3.30 1.485 2031 3.65 1.525 0 Yes

Noise

Noise Overall 2093 4.43 1.740 2021 4.29 1.732 0.009 Yes

Fromcolleagues-too little/much4 2100 4.40 1.279 2038 4.46 1.261 0.129 No

Other people-too little/much4 2085 4.33 1.280 2017 4.43 1.234 0.009 Yes

From inside - too little/much4 2090 4.14 1.258 2017 4.17 1.221 0.465 No

From outside - too little/much4 2086 3.83 1.341 2009 3.91 2.326 0.152 No

Interruptions – none/frequent1 2014 4.02 1.598 1970 4.21 1.715 0 Yes

a - unless otherwise noted a score of 7 is ‘best’; superscript 4 implies 4 is best; superscript ¹ implies 1 is best 

* - denotes the score on the Tukey Test

4. CONCLUSIONS

It is clear from the results that the age and sex of the occupants had influenced their perception scores for comfort overall, 
productivity and health. The reasons for the under 30s group rating these factors better than the over 30s is a matter of 
speculation at this stage but worth further exploration – in addition to being statistically significant, the differences were 
relatively large. In the ‘war of the sexes’ male respondents scored themselves higher on average than females. Occupants 
seated close to a window averaged better scores for health than their colleagues but neither comfort overall nor productivity 
were affected.  Again, one can speculate on the reasons for these differences but for present purposes it reinforces the need 
to retain these questions and to take account of the age, sex and location of respondents in undertaking and interpreting 
the results of occupant surveys.

     Similar questionnaire survey protocol issues arise in relation to length of time occupants have worked in the building 
and their workspace. Comfort overall, productivity and health were all scored higher by those who had been in their 
building less than one year, whereas length of time in their workspace made no difference. One should consider excluding 
respondents who had worked in the building less than a year, even though the building itself may have been in use for many 
years.

     

The influence of demographic and locational factors on occupants’ perception scores for their buildings.
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Turning now to the controversial question of shared work spaces, the data indicates a general tendency for perception 
scores to diminish (i.e., worsen) as the number of people sharing increases. While this was not significant in the case of 
comfort overall, a significant difference was evident between sole occupancy and sharing with more than eight others in 
the case of health, but not with lesser numbers. However, in the case of perceived productivity the downward trend was 
immediately evident and the differences significant. This is not necessarily an argument for the superiority of a particular kind 
of workspace – perhaps more of a reminder that no one size fits the needs of every organisation and its people. 

The influence of age on IEQ factors was reasonably evident in the comparisons between the two groups. The under 
30s were generally more satisfied with temperature and air overall in both summer and winter and with lighting and noise 
overall as well. Conventional wisdom might suggest that natural aging processes are coming into play here but we are not 
in a position to do more than speculate on the reasons for these differences. What we can say is that our survey protocols 
should continue to take account of them.

Overall, males scored the temperature and air quality factors better than females. Interestingly, while both sexes found 
it too cold in winter and too hot in summer, in winter it was more of a problem for females while in summer it was more of 
a problem for the males. One is tempted to speculate this might be a clothing issue, but the question was not asked in the 
survey used here. Further analysis of the occupants’ comments may reveal more. 
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Abstract: The New Zealand Ministry of Education (MoE) has begun measuring the light, temperature, noise and CO2 level 
of 21 selected schools using a single sensor. This sensor is being developed as a method for routine measurement in order 
to understand the performance of New Zealand’s school buildings. This study used a Climate Based Daylight Modelling 
to appraise the MoE methodology, to determine what can be learned from the use of a single sensor in one location in a 
classroom, to estimate the lighting comfort across a space. Daylighting is focused upon because it has the most spatial 
variation in a space. The findings of this study support the assertion that a one-point sensor measurement on a vertical 
wall could predict illuminance across the centre of the horizontal work plane; and provide a useful benchmark to estimate 
the light distribution across a space. However, regardless of how representative of a space a one-point measurement 
is, it is difficult to quantify the daylight distribution over time throughout the space. If various daylight indicators are well 
documented and analysed alongside the measured data, a strategically positioned one-point sensor on the vertical wall 
could be useful in predicting the daylight quality of a space.

Keywords: Daylight, Temperature, Measuring, Sensors, Classrooms

1. INTRODUCTION

Daylight is a vital environmental variable that largely define the quality of the indoor environment. Classroom studies (Barrett, 
Davies, Zhang, & Barrett, 2015; Heschong Mahone Group, 1999) focusing on skylighting as a way to isolate daylight as 
an illumination source, and separate illumination effects from other qualities associated with daylighting from windows. 
It establishes a statistical connection between daylighting and student performance and between skylighting and retail 
sales. Using multivariate linear regression analysis, the study examined 21,000 school records from 3 school districts in 3 
states and daylighting conditions in over 2,000 classrooms. Data indicate students with the most classroom daylighting 
progressed 20 percent faster on math tests and 26 percent on reading tests in one year than those with the least. Similarly, 
students with the largest windows progressed 15 percent faster in math and 23 percent faster in reading than those with 
the least. In classrooms where windows could be opened, there was a 7 to 18 percent faster educational progress than 
those with fixed windows, regardless of air conditioning. These findings are reported to be consistent regardless of curricula 
or teaching styles. Appendices provide data charts, a report from one of the classroom-level analyses, sample illumination 
readings, classroom plans and sections, and photographs of schools and classrooms. (GR have shown that poor daylight 
could significantly impact on students learning performance and health. The Architectural Energy Corporation (2006) state 
that, psychological and energy efficiency are the two vital benefits of daylight. The psychological benefit is evident in studies 
by Heschong Mahone Group, (1999) and Nicklas & Bailey, (1997), which showed that there was an increase in student test 
scores in daylight classrooms compared to non-daylight classrooms. A review of indoor environmental quality in schools 
by; Ackley, Donn, & Thomas, (2017) suggest that daylight is of primary importance in schools, because it helps to enhance 
visual comfort, and reduces a building’s energy consumption through minimizing the use of electric lighting. 

The distribution of daylight within a space differs widely due to the sun movement, differences in seasons and changing 
weather conditions. Therefore, the proper location of a sensor and the number of sensors required within a space is very 
important in determining the quality of data derived. In a real-world scenario, there could be many constraints in placing 
multiple sensors in many classrooms. Hence, measuring illuminance at locations that are more reliable, such as walls, and 
ceilings and the use of limited number of sensors becomes necessary to use as a proxy for illuminance performance on the 
work plane.  

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp. 43–52. ©2018, The Architectural Science Association 
and RMIT University, Australia.
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This study reports the results of simulating the spatial distribution of the yearly daylight quality of a typical classroom 
model. The reason for focussing on daylight is because, the depth and building configuration of a space could impact on the 
distribution of daylight across a space. Also, simulation tools help to calculate the annual daylight performance of a space 
to predict the illuminance distribution within a space. The goal was to investigate whether a limited number of sensors can 
reveal the distribution of visual comfort across a space and where might be the most representative placement of a single 
sensor within a classroom.

2. LITERATURE REVIEW

Daylight Sensors in Classrooms

Light, temperature, noise and CO2 sensors have been deployed in many school buildings around the world to assess 
the quality of the indoor environment provided by the building. But the proper location of a sensor within a space such 
as a classroom could be a difficult task, because the activities of students in the work plane may affect the sensors.  This 
assertion is supported by Mardaljevic, (2001) who state that, “for any occupied space, not a least a school classroom, it is 
practically impossible to obtain a reliable time-series of illuminance measurements taken at desk height without cordoning off 
the area around the sensor – an intervention that would be difficult to both approve and enforce”. Therefore, it is necessary 
to consider other means of predicting illuminance on the working plane. Studies (Mardaljevic et al., 2016; Mistrick et al., 
2000; Ranasinghe & Mistrick, 2003) have suggested that aside from the work plane, the walls and ceiling of a classroom 
could be appropriate to place daylight sensors, these studies have also stated the advantages of properly locating sensors.  

Ranasinghe & Mistrick, (2003) argue that specific illuminance at a task is influenced by the location of a sensor relative to 
the daylight aperture. They hypothesize that the best performance of a sensor is derived when it is mounted to minimize its 
view of the window.  Also, mounting a sensor with wide spatial sensitivity on the ceiling will make it difficult to track daylight 
when the sensors receive more direct light from the daylight aperture (Ranasinghe & Mistrick, 2003). A study by Mistrick & 
Thongtipaya, (1997) in a small office setting showed that when a sensor’s view of the window is minimized or completely 
eliminated, there is a higher correlation between the sensor’s sensitivity and the daylight level; because, the sensor will 
receive light from the wall, and the horizontal surface of the space. 

On the location of sensors on vertical walls to predict horizontal illuminance, an earlier study by Mardaljevic, (2001), 
suggest that, measured Illuminance at one or more points on a vertical wall could predict the horizontal illuminance in the 
working plane provided that the evaluation excludes very high illuminance values. This implies that any instances of direct 
sun on the work plane or on wall surfaces should be avoided. This assertion is supported in a latter study by Mardaljevic et 
al., (2016) were they showed that illuminance levels on the wall could be a proxy for work plane illuminance in classrooms. 
Using the Radiance 2-phase CBDM, they placed sensors in the centre of the work plane of a 11.2m by 7.9m and 3.0m 
floor to ceiling side-lit classroom, while 10 vertical sensors were placed on the long wall and six on the short wall. They 
found a 0.97 correlation between the work plane illuminance with that of the wall and the North elevation showed the best 
correlation. They concluded that, “vertical wall illuminance can serve as a proxy for horizontal desk illuminance”, and that the 
relationship between the illuminance performance of the work plane with that of the wall is distinct to the type of space and 
can be determined using the Climate Based Daylight Modelling (CBDM). Despite these findings, the validation of predicted 
measures of daylight performance in classrooms have proven to be a challenging prospect.

To interpret the illuminance values of this study, Useful Daylight Illuminance (UDI) and Daylight Autonomy (DA) are the 
illuminance-based metrics explored. UDI is defined as the fraction of time in a year when the indoor horizontal daylight 
illuminance at a given point falls within a given threshold (Mardaljevic and Nabil, 2005). In studies related to schools, the 
lower UDI threshold is set to 300 lux, which is in line coherently with international recommended standards (Costanzo, 
Evola, & Marletta, 2017). In this study, the UDI threshold is set to >300-<2000 lux. DA is the percentage of the annual 
daytime hours of occupancy at a point which is sufficient to exceed a benchmark illumination level (Standard IES LM-83–1., 
2012). DA can show that for a significant percentage of the annual working hours, there is adequate daylight in a particular 
point in a space, but it cannot show if this point underperforms during the winter period or in the morning hours (Kleindienst, 
Bodart, & Andersen, 2008). In this study, the DA is set to >300 lux. To understand the distribution of daylight in a space 
over time, combining UDI and DA would produce highly detailed analysis and helps to easily absorb and interpret a large 
data set of illuminances (Kleindienst, Bodart, & Andersen, 2008). 

3. METHODOLOGY

The New Zealand Ministry of Education (MoE) has begun measuring the indoor environmental quality (IEQ - light, temperature, 
noise and CO2) of 21 selected schools using a single sensor. This is the beginning of a plan to develop this type of sensor 
as a routine measurement in many more schools aimed at collating evidence-based performance data of New Zealand’s 
school buildings to guide investment decisions. A central data logger which simultaneously measures the IEQ variables is 
placed in one sampling point at the centre of the short wall of a two-side lit classroom and on the long wall of a one-side 
lit classroom. The measurement protocol also includes monitoring of the daily outdoor temperature. The dataloggers are 
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calibrated by environmental experts and researchers to a known ‘standard chart tolerance level’.  

 

Figure 1: Picture showing one of the MOE data sensor placed in a classroom, Source: (MoE, 2017)

The measurement interval is about 10 times in every 1min. The data loggers are positioned in accordance with international 
recommendations (ISO, 2001), avoiding windows and HVAC systems proximity if any. The lighting measurement considered 
both artificial lighting and daylight together, as it is the actual condition of occupied classrooms during the day. To determine 
the quality of the artificial lights in each classroom, one-time lighting measurements were taken at night with all windows 
closed. A central server transmits the measured data wirelessly through a cellular network to an online IEQ database. A 
3D camera is used for the visualisation of the interior space of the classrooms, and a drone is used to video the external 
surroundings and capture the building footprint. Other building daylight indicators are also well documented. Considering 
that the volume of the MoE environmental data will be enormous, the use of a single measuring point makes it a subject 
of concern to researchers, scholars, and policy makers. This study uses daylight computer simulation modelling tools to 
appraise the MoE methodology. 

In recent years, computer simulations have proven to provide realistic and reliable data for real world analysis. Studies 
(Au & Donn, 2010; Bian & Ma, 2017; J Mardaljevic, 2000; Reinhart & Walkenhorst, 2001) support this assertion by stating 
that simulation provides realistic measures of predicting daylight within a space and can be used for a “real world analysis”. 
The simulation tools used in this study are Grasshopper for Rhino and Honeybee.  Grasshopper is a free, parametric 
modelling graphical algorithm editor, while Honeybee is a free, open source environmental plugin for Grasshopper 3D 
(Roudsari & Pak, 2013). The steps used in Grasshopper to run the analysis were; parametrically iterating the geometry for 
simulation, examining the input file and running the simulations. A Climate Based Daylight Modelling (CBDM) was used 
to run the simulations of this study, because measuring one moment of daylight may not represent the overall quality of 
daylight in a space, due to its spatial distribution. CBDM uses realistic sun and sky conditions derived from standardised 
climate data to predict illuminance (Mardaljevic, 2000; Reinhart & Herkel, 2000). The climate specific data used for this study 
was that of Wellington, New Zealand. In Wellington, February is the hottest month with an average temperature of 19°C 
while July is the coldest month with an average temperature of 10°C. May is the wettest month with an average of 50mm 
of rain (MetService, 2018). 

Two classroom iteration design, annotated as Plan A and Plan B were modelled in this study. Plan A (two-side lit) is an 
empty typical classroom space of length 12m, width 8m with a height of 3.2 m. In New Zealand, typical classrooms are 
referred to as standardised classrooms, which have a reference design guide and found in most schools across the country. 
Four continuous sets of windows, each measuring 1.5m in width and 1.8m high with a sill level of 0.8 m were located on the 
12m walls respectively. These windows were on both the North and South-facing walls. Plan B (one-side lit) has the same 
design configuration of Plan A but the windows were only North Facing.  A horizontal calculation grid extended across the 
work plane of the entire room at a height of 0.8 m with a 1.6m spacing for the columns and rows of the calculation points. 
On the vertical wall was the one-point measurement sensor located at a 1.5m height at the centre of the long and short walls 
respectively, and replicating the similar position used by the MoE to collect the one-point sensor measured environmental 
data. 

Figure 2: A Typical Plan and Elevation of the Simulated Classroom

Measuring the Daylight Performance of Classrooms: Can a One Point Sensor Measurement Predict the Daylight Distribution 
within a Space?
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Illuminance values were retrieved at 24 sensor points on the horizontal work plane annotated as A1 to F4 respectively, 
and from the one-point sensor on the vertical walls. For daylighting distribution evaluation in classrooms, internal illuminance 
in lux was considered as the most appropriate parameter for indicating the quantity of admitted daylight. It was assumed 
that both Plan A, and B had no internal and external obstructions such as furniture, partition walls, blinds and occupants, 
buildings, tree, etc. The ceiling reflectance was 0.7, wall reflectance 0.5, and floor reflectance of 0.3 in the space. Light 
transmittance of all glazing elements was 70% for adequate daylight transmittance. Neufert, (2000) states that a 1.9 to 2 
m space is required per student in a standard classroom design, hence the classroom should occupy about 40 students. 

4. RESULTS 

Having completed the Climate Based Daylight Modelling, Honeybee stores the annual simulation results in csv-files, the 
file is opened using Notepad and the data transferred to Excel for evaluation. The researcher determines how the results 
are displayed visually or numerically. In this study, Sparkline’s were used to show illuminance distribution trends in the two 
iteration plans (A and B) respectively. A Sparkline is a tiny chart in the cell of a worksheet that is used to show trends in a 
series of values by providing a visual representation of the data. Sparklines can readily show patterns in a large set of data 
to show the relationship between two or more values, comparison of maximum and minimum values, and where there is 
a decrease or increase in a set of values. In this study, summer time, winter time, annual illuminance of sensor points, and 
average annual illuminance in the horizontal plane were compared with that of a one-point sensor on the long and short 
walls (vertical) respectively. Useful Daylight Illuminance and Daylight Autonomy of sensor points on the horizontal plane were 
also compared with that of a one-point sensor on the long and short walls respectively. The findings of the simulations are 
reported below.

4.1 Daylight Distribution In Plan A

Summer Time Illuminance Distribution

Figure 3 shows summer time illuminance distribution in sensor points across the horizontal plane of classroom A with that 
of a one-point sensor measurement on the long and short walls respectively. From the 24 sensor points on the horizontal 
plane, 20 sensor points (A, B, C, D 1-4, and E1, E2, E4, and F3) showed a relationship with the illuminance pattern of the 
short and long walls respectively. This relationship was relatively strong in 14 sensor points (B3, B4, C, D, 1-4, and E1, E2, 
E4, and F3). The centre of the horizontal plane (C and D, 1-4) showed a very strong relationship with the illuminance trend of 
the long wall. Only 4 of the 24 sensor points in the horizontal plane showed a different trend from that of the vertical sensors.

Figure 3: Comparison of Summer Time Illuminance Distribution on the Horizontal Plane with that of a One Point Sensor on the Long 
and Short Walls respectively

A. Ackley, M. Donn and G. Thomas



47

Winter Time Illuminance Distribution

In Figure 4, and from the 24 sensor points on the horizontal plane, 13 sensor points (A 1-4, B1, B2, B3, C1, C2, C4 and 
F1, F2, F4,) showed a relationship with the illuminance pattern of the short and long walls respectively. This relationship 
was relatively strong in 4 sensor points (B3, C1, C2, and C4) for the long wall and 6 sensor points (A 1-4 and B 1-2) for the 
short wall. The centre of the horizontal plane (C1, C2 and C4) showed a very strong relationship with the illuminance trend 
of the long wall. 

Figure 4: Comparison of Winter Time Illuminance Distribution on the Horizontal Plane with that of a One Point Sensor on the Long and 
Short Walls respectively

Annual Illuminance Distribution

In Figure 5, the 24 sensor points in the horizontal plane showed a spatial annual distribution patterns of illuminance. There 
is a trend between illuminance pattern in 8 sensor points (B3, C1, C2, C4, E3, F1, F2 and F4) on the horizontal plane with 
that of the long wall, while 6 sensor points (A 1-4, B 1-2) showed a relative trend with that of the short wall. Again, the centre 
of the horizontal plane (C1, C2 and C4) showed a relatively strong relationship with the illuminance trend of the long wall as 
well as sensor points F1, F2 and F4 respectively. 

Figure 5: Comparison of Annual Illuminance Distribution on the Horizontal Plane with that of a One Point Sensor on the Long and Short 
Walls respectively

4.2 Daylight Distribution In Plan B

Summer Time Illuminance Distribution

In Figure 6, and from the 24 sensor points on the horizontal plane, 20 sensor points (A, B, C, D 1-4, and E1, E2, E4, and 
F3) showed a very strong relationship with the illuminance pattern of the short and long walls respectively. The centre of the 
horizontal plane (C and D, 1-4) showed the strongest relationship with the illuminance trend of both the long and short wall 
respectively. Only 4 of the 24 sensor points in the horizontal plane showed a different trend from that of the vertical sensor.

Figure 6: Comparison of Summer Time Illuminance Distribution on the Horizontal Plane with that of a One Point Sensor on the Long 
and Short Walls respectively

Measuring the Daylight Performance of Classrooms: Can a One Point Sensor Measurement Predict the Daylight Distribution 
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Winter Time Illuminance Distribution

In Figure 7, and from the 24 sensor points on the horizontal plane, 14 sensor points (A 1-4, B1, B2, B3, C1, C2, C4, E3 and 
F1, F2, F4,) showed a relationship with the illuminance pattern of the short and long walls respectively. This relationship was 
very strong in 10 of the 11 sensor points (A 1-4, B1, B2, B3, C1, C2, C3,) for the long wall and the short wall respectively. 
The centre of the horizontal plane (C, 1, 2 and 4) showed the strongest relationship with the illuminance trend of the vertical 
walls. 

Figure 7: Comparison of Winter Time Illuminance Distribution on the Horizontal Plane with that of a One Point Sensor on the Long and 
Short Walls respectively

Annual Illuminance Distribution

In Figure 8, and unlike Plan A that showed spatial annual distribution patterns of illuminance, Plan B showed a trend 
between illuminance patterns in 14 sensor points (A 1-4, B 1-3, C1, C2, C4, E3, F1, F2 and F4) on the horizontal plane with 
that of the long wall and short wall respectively. Again, the centre of the horizontal plane (C, 1, 2 and 4) showed a strong 
relationship with the illuminance trend of the long and short wall respectively. 

Figure 8: Comparison of Annual Illuminance Distribution on the Horizontal Plane with that of a One Point Sensor on the Long and Short 
Walls respectively

4.3 DAYLIGHT AUTONOMY (DA) AND USEFUL DAYLIGHT AUTONOMY (UDI)

Figure 9 shows a compassion of DA (>300 lux) and UDI (>300<2000 lux) in all 24 sensor points on the horizontal plane with 
that of the one-point sensor on the long (LW) and short (SW) walls respectively. There was no significant difference in the DA 
and UDI of sensor points on the horizontal plane with that of the long and short walls respectively. Aside from E3, F1 and 
F3, all sensor points on the horizontal and vertical walls showed a DA and UDI for more than 50% of the time. This implies 
that a large proportion of the classroom had illuminance value within the specified DA and UDI threshold. In classroom B, 
while some points on the horizontal plane had a DA and UDI trend like that of the vertical walls, other points showed a very 
different trend. Points A, B and C 1-4 showed DA and UDI for less than 50% of the time. This implies that a proportion of 
the classroom had illuminance values that were less than the specified DA and UDI threshold. Generally, and considering 
that classroom B is a one-side lit classroom, it had lower illuminance values than classroom A, which was a two-side lit 
classroom with higher illuminance values. 
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Figure 9: UDI and DA Comparison on the Horizontal Plane and Vertical Walls in Plan A and B respectively

4.4 ANNUAL AVERAGE ILLUMINANCE DISTRIBUTION

Figure 10 shows a comparison of annual average illuminance distribution across the 24 sensor points on the horizontal 
plane with that of the one-point sensor on the long and short wall respectively. In Plan A many points showed a strong 
relationship between the average illuminance on the horizontal plane and that of the long and short walls respectively.  
Similarly, plan B also showed the same trend in the average illuminance comparison of the horizontal plane to that of the 
vertical wall. It is noted that, points E3, F1, F2, and F4 had higher illuminance values than other points in both Plan A and B. 

Figure 10: Comparison of Annual Average Illuminance Across Sensor Points in the Horizontal Plane and the Vertical Wall in Plan A and 
B respectively.
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4.5 SUMMER TIME ILLUMINANCE COMPARISON 

Figures 3 to 7 showed that illuminance values across the centre (C1) of the horizontal plane had a very strong relationship 
with that of the long and short walls. Hence, point (C1) at the centre of the horizontal plane of Plan A was plotted with that 
of the vertical walls to reveal the relationship of these points. Figure 11 showed that there is a strong correlation between 
illuminance at the centre of the horizontal plane with that of the long wall (R=0.8), and the short wall (R=0.5) respectively. 
This implies that, illuminance in the vertical plane could predict illuminance at the centre of the horizontal plane.

Figure 11: Comparison of Summer Time Illuminance at the Centre of the Horizontal Plane with that of the Vertical Walls.

5. DISCUSSION

The results show that illuminance distribution across most points in the horizontal plane, in plan A and B, during the summer 
and winter periods had a strong relationship with the illuminance trend in the long and short walls respectively.  This 
relationship was significantly stronger in Plan B than A in both summer and winter time respectively, because plan B was a 
one-side lit classroom, which had lower levels of direct sunlight penetrating deep into the spaces. It was also observed that 
sensor points on the horizontal plane that showed a trend with sensors on the vertical walls in plan A, were similar to the 
sensor points in Plan B that showed the same trend. Unlike plan A, plan B showed a stronger annual relationship between 
sensors on the horizontal plane with the sensors on the vertical wall. Generally, the annual illuminance distribution did not 
show a very strong correlation in many sensors on the horizontal plane with the vertical sensors on the walls; compared to 
the strong relationship observed when illuminance values of the summer and winter periods were analysed distinctively. The 
annual comparisons showed the spatial annual distribution patterns of illuminance. This was observed to be due to high 
illuminance values, mainly near the windows. This reveals that, even small variations in sensor points relative to the daylight 
aperture could produce significant differences in the illuminance values.

From the analysis of UDI and DA, it was observed that there was no significant difference in the DA and UDI of sensors 
across the horizontal plane with the one-point sensor on the long and short walls respectively. While sensor points in 
Plan A showed illuminance values that were within the DA and UDI threshold, sensor points in plan B showed that many 
illuminance values were far below the specified DA (>300) and UDI (>300<2000) thresholds respectively. The annual average 
illuminance trend in sensor points on the horizontal plane were significantly correlated with sensor points on the long and 
short walls respectively. From the results of summer time comparison between illuminance on the horizontal work plane and 
that of the vertical wall, it can be inferred that there is a correlation between illuminance at the centre of the horizontal plane 
and the illuminance of the one-point sensor on the long and short walls respectively.  The sensors closer to the windows 
showed a wide variation in the resulting daylight distributions. Due to the significant amount of direct daylight from the 
window, the sensors closer to the window had a poorer correlation between the illuminance of the single point sensor on 
the wall and that of the horizontal work plane (points that admitted direct sunlight deviated from the trend line). However, 
the agreement between the single point sensor on the wall and the work plane illuminance improves in the sensors that are 
sufficiently distanced away from the window. These findings agree with the literature which stated that, sensors positioned 
more distanced from the window performed better. These findings reveal that, illuminance values derived from a one-
point sensor mounted at the centre of the vertical wall (long or short) can be very good for predicting the illuminance on 
the horizontal work plane (direct light from windows is limited), which could be useful in understanding and estimating the 
distribution of light within a space. 

The scenario described by these results are that; 

• if a one-point sensor is mounted at the centre of a vertical wall, and depending on the building configuration (a 
two-side lit classroom, and a one-side lit classroom respectively), the illuminance values derived could predict the 
illuminance values across the centre of the horizontal work plane;
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• if for example, the illuminance values derived from the one-point sensor measurement on the vertical wall is assumed 
to be 350 lux, it could be estimated that a similar range of illuminance value will be derived across the centre of the 
horizontal plane – provided very high illuminance values are filtered;

• using this assumption, it could be estimated that points away from the centre of the horizontal plane and nearer 
to the windows would have higher levels of illuminance value than the value derived from the one-point sensor 
depending on the distance to the daylight aperture; 

• the points farer away from the window especially in a one-side lit classroom will have lower illuminance values;

• applying this estimation principle with a detailed analysis of the building design characteristics and site-specific 
conditions, a one-point measurement on the vertical wall could provide a useful benchmark to estimate the quality 
of daylight within a space.   

For the next stage of this investigation, the objective will be to compare physical data derived from placing multiple 
data loggers in an experimental occupied and unoccupied classroom with that of a one-point sensor measurement on the 
four walls. Also, the distribution of temperature, noise and CO2 will be investigated. If reasonable association can be made 
between measured illuminance data on multiple points in the horizontal plane, and a one-point sensor measurement on the 
vertical walls, then that would support the proposition that a limited number of sensors could predict daylight distribution 
within a space.  

6. CONCLUSION 

This study investigated the research question of: can a one-point sensor measurement predict the daylight distribution 
within a space? Using an advanced climate based daylight modelling, the methodology used by the New Zealand Ministry 
of Education to collate environmental data in classrooms was explored. The results support the assertion that a one-point 
sensor measurement on a vertical wall could predict the illuminance values across the centre of the horizontal work plane; 
and provide a useful benchmark to estimate the daylight distribution within a space. This study has revealed a range of 
critical considerations inherent in a one-point daylight measurement; by exploring different daylighting trends and patterns, 
to show the possibility of using limited sensors to measure real-world feasibility. However, the variance in the annual 
illuminance distribution (Figures 6 and 9) suggests that, it is difficult for a single point in a space to be representative of the 
daylight quality in an entire space, given the varying nature of daylight indicators such as; the position of the sun in a point 
in time, building orientation, form, reflectance’s of the interior surfaces, window configuration, glass transmission, reflection 
from nearby deciduous vegetation, and seasonal changes in shading. Also, the actual conditions of an occupied classroom 
such as the use of artificial lighting may differ from some of the assumptions of the simulated typical model. Therefore, it can 
be concluded that, regardless of how representative of a space a one-point measurement is, it is difficult to quantify how 
well daylight is distributed overtime in a space. If the various daylight indicators are well documented and analysed alongside 
the measured one-point data, a strategically positioned one-point sensor on the vertical wall could be useful in predicting 
the daylight quality of a space.
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Abstract: It is commonly assumed that high levels of occupant comfort and energy efficiency are mutually exclusive. To 
challenge this misconception and to demonstrate that it is possible to maintain comfort without increasing energy use, a 
case study was carried out in an exemplary low energy building in Australia. This study was performed under the umbrella 
of the International Energy Agency’s Energy in Buildings and Community Programme (IEA-EBC) Annex 69 – Strategy and 
practice of adaptive thermal comfort in low energy buildings. Longitudinal field observations were made for eleven months 
between 2017 and 2018, through instrumental indoor climate measurements (temperature, humidity and airspeed) and 
the collection of building operational data (operation of HVAC and windows), coupled with right-here-right-now occupant 
comfort surveys delivered to the participant’s smartphones. Time-and-place matching of the collected objective and 
subjective data enabled the quantitative analysis of the relationship between building operational decisions, climatic factors, 
and occupants’ perception of comfort.  

Keywords: Thermal comfort; mixed-mode; PMV; continuous monitoring

1. INTRODUCTION

The advancement of Heating, Ventilation and Air-Conditioning (HVAC) technologies made it possible to tightly regulate 
indoor climate so that it varies little over diurnal or seasonal timescales. However, this created a problem in the enormous 
amounts of energy spent to guarantee a narrow band of thermal environments indoors irrespective of the prevailing outdoor 
conditions. The greatest proportion of building energy use is attributed to the provision of building services during the 
operational phase. For example, in the Australian commercial property sector, HVAC is the largest end-use of energy, 
responsible for typically more than half of commercial building energy use (DCCEE, 2012).  In a typical sealed office building, 
a centralised HVAC is programmed to maintain indoor temperatures within a very narrow range, oftentimes narrower than 
even the relevant authorities and standards recommend. For example, Mendell and Mirer (2009) reported that in US office 
buildings indoor temperatures in summer were cooler than the comfort thresholds prescribed in the relevant international 
standards (e.g. ASHRAE, 2017; ISO, 2005), and paradoxically, were even cooler than in winter. Likewise in Australia, a very 
narrow range of indoor air temperature (22.5 ±1.5°C in summer) is written into typical commercial office building leases 
(Roussac et al., 2011), despite ample empirical evidence from around the world indicating that tight and energy-intensive 
control of indoor temperatures does not translate into high occupant satisfaction (Arens et al., 2010; Hoyt et al., 2015).

While many building operators have been focusing on maintaining a steady and tight indoor temperature all year round, 
the research literature on adaptive thermal comfort suggests that the acceptable range of indoor temperatures drifts in sync 
with the outdoor seasonal cycle (e.g. de Dear and Brager, 1998; Humphreys, 1978). According to the adaptive comfort 
concept, the indoor comfort zone tracks prevailing outdoor weather – shifting up in warm weather and down in cool weather. 
The important implication is that, as long as indoor temperature is maintained within the acceptable range appropriate to the 
season, it is possible for people to achieve comfort. This means there is no need to always maintain a steady indoor thermal 
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environment. Accommodating this natural adaptability of occupants within the building’s HVAC operation strategy can have 
very positive implications for energy efficiency, because an accepted engineering rule of thumb equates 1°C difference in 
the set-point temperature with 10% energy HVAC energy (e.g. Roaf et al., 2010). 

The international research community has been focusing on this fundamental question of how to better understand 
the mechanisms of adaptive thermal comfort in buildings. Since 2015, researchers from fourteen different countries have 
been working together under the International Energy Agency’s Energy in Buildings and Community Programme (IEA-EBC) 
Annex 69 – “Strategy and Practice of Adaptive Thermal Comfort in Low Energy Buildings”. The ultimate objective of the 
Annex is to reduce energy use in buildings by the application of the thermal adaptation concept in design, evaluation and 
control of indoor built environments. One of the key research activities of Annex 69 is to conduct case studies of office 
buildings in participating countries, focusing on the best practices of building performance in both occupant comfort and 
energy efficiency. The case studies are specifically aimed to present compelling evidence that low-energy buildings can 
deliver high standards of comfort to their occupants, dispelling the “hair shirt” myth about sustainable built environments. As 
of 2018, a total of eleven low-energy buildings in eight different Annex participating countries are being studied. This paper 
presents preliminary results of a case study conducted in Australia.  

2. METHODS

Sustainable Buildings Research Centre (SBRC) at University of Wollongong was selected as the Australian case study 
building. The SBRC is a net zero energy, 6 Star Green Star (GBCA, 2018) accredited building, representing ‘World 
Leadership’ in environmentally sustainable design practices. The SBRC is a two-storey building comprising offices and 
laboratories, however, in the present study research data were only collected in office areas. The building uses a mixed-
mode ventilation system, which is automatically controlled by the Building Management System (BMS). Natural ventilation 
is achieved through the use of operable windows, while the mechanical ventilation uses an under-floor air distribution 
system. The building ventilation mode is automatically controlled as a function of both the indoor and the outdoor dry-bulb 
air temperatures. Windows can be used only if the outdoor wind velocity does not exceed 30 km/h. 

The building hosts university academics, professional staff and postgraduate research personnel and it offers various 
adaptive opportunities to its occupants (e.g. adjustable floor vents and operable windows).  Furthermore, occupants are 
not required to follow a strict dress code and are encouraged to adapt their clothing insulation as function of the indoor and 
outdoor conditions.

Between June 2017 and April 2018, longitudinal field observations were made in the SBRC building, monitoring 
the building’s indoor environmental performance in winter, swing and summer seasons. During the monitoring period, 
autonomous monitoring stations, SAMBA (de Dear et al., 2016), were placed at various sampling points throughout the 
occupied zones of the building. SAMBA units sensed indoor thermal comfort parameters (air and globe temperatures, 
humidity and air speed) at 5-minute intervals (time-stamped), then transmitted data through the cellular network to the 
University of Sydney IEQ Lab’s server. Hourly outdoor climate observations were acquired from the Bureau of Meteorology’s 
weather station closest to the sample building. Building operational data such as details of HVAC modes, occupancy 
schedules and window operation status were retrieved from the Building Management System (BMS).   

     

Figure 1: Office areas of the sample building (left) and indoor climate measurements using a SAMBA unit placed on a workstation (right) 

A total of 31 occupants of the building were recruited for the study. Being a longitudinal research design, the participants 
were required to respond to our online comfort survey on multiple occasions over the 11-month monitoring period. Throughout 
the field observation period, SMS messages containing a link to an online comfort questionnaire were periodically (1~3 
times per week, during normal office hours) sent to the participants. The questionnaire was designed to require less than 
one minute to complete (Parkinson et al., 2013), addressing simple questions; (1) whether or not the participant is in the 
building, (2) the participant’s location in the building at the time of the survey, (3) thermal comfort perception (i.e. sensation, 
preference and acceptability), (4) the kinds of adaptive comfort strategies in use, and (5) simple classification of activity 
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and clothing type being worn. Each of the survey responses was time-stamped at the point when the questionnaire was 
completed. The structure of the smartphone questionnaire used in the study is summarised in Table 1. 

All the information collected throughout the longitudinal field investigation (i.e. indoor/outdoor climate observations, BMS 
data, survey responses) was matched together for the subsequent quantitative analysis. A total of 909 samples were logged 
and became the basis for our analysis. 

Table 1: Summary of the online questionnaire 

Question Answer

Are you currently in your building? - Yes
- No (survey terminates)

Where are you right now? - Open office, east
- Open office, west
- Cubicle, east
- Cubicle, west
- Flexi office

How do you feel, right here right now? - Cold
- Cool
- Slightly cool
- Neutral
- Slightly warm
- Warm
- Hot

Here and now, would you prefer to be - Cooler
- No change
- Warmer

Is the thermal environment acceptable? - Yes
- No

Which comfort strategies are in use, 
here and now?

- Adjust clothing
- Use personal fan
- Use personal heating
- Adjust floor diffuser
- Consume hot/cold beverages or food
- Override BMS to open window

Which best describes your clothing right 
now?

- Very light
- Light
- Slightly light
- Slightly heavy
- Heavy
- Very heavy

Which best describes your activity 
during the preceding half hour?

- Relaxing, seated
- Working, seated
- Working, standing
- Walking about
- Exercising

3. RESULTS & DISCUSSION

Wollongong, the city where the sample building is located, has characteristics of coastal climate with humid, subtropical 
summers and mild, temperate winters. Figure 2 depicts daily outdoor temperature changes across the entire field-monitoring 
period. Based on daily minimum and maximum temperature records obtained from the closest Bureau of Meteorology 
station, daily mean temperatures and 7-day running mean temperatures were calculated and illustrated in this figure. The 
average of daily mean outdoor temperatures in winter and in summer during the monitoring period were 14.3 and 22.2°C 
respectively. As can be seen in Figure 2, the outdoor maximum temperature occasionally exceeded 35°C across the 
summer monitoring period. 

The SBRC, from its first year of operation, has always been consistently meeting its net zero energy target. In particular, 
between 2015 and 2017 the building photovoltaic system generated annually on average 233 MWh (SD 6 MWh) of energy, 
while the average overall building energy consumption was 123 MWh (SD 16 MWh).

Longitudinal field study of thermal comfort in a low energy mixed-mode building
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Table 2 briefly describes the key indoor climatic and comfort indices measured/calculated at the time when each 
smartphone questionnaire was completed.  Descriptive statistics including the range, mean, and standard deviation of each 
comfort parameter are listed in this table. The indoor operative temperature To fell within the range of 18.5 and 29.9°C during 
the study period. The range of self-reported clo-value (0.4~1.4 clo) indicated that our participants were flexible in choosing 
their clothing. Mean metabolic rate (met) of the participants was 1.3, indicating that most of the participants were sedentary 
and engaged in typical office activities at survey times. On average, the Predicted Mean Vote (PMV) was 0 (neutral), and the 
Predicted Percentage of Dissatisfied (PPD) estimated that just over 11% of the participants would be dissatisfied with the 
indoor thermal environment. The actual thermal sensation (Thermal Sensation Vote TSV) of the participants was well aligned 
(mean = 0.1) with the predicted value (PMV = 0).  

Figure 2: Daily outdoor temperatures (°C) of Wollongong during the field study period (data obtained from Bureau of Meteorology) 

Table 2: Summary of indoor climate and thermal comfort indices recorded at survey times (n=909)

Indices Min. Max. Mean Std. Deviation

To (°C) 18.5 29.9 23.9 1.7

RH (%) 17 78 53 13

Vair (m/s) 0.01 0.56 0.08 0.05

clo 0.4 1.4 0.6 0.2

met 1.0 3.0 1.3 0.2

PMV -1.9 +2.4 0.0 0.6

PPD 5.0 89.7 11.6 10.6

TSV -3 +3 0.1 1.0

Percentage breakdowns of the participants’ thermal comfort perception recorded via smartphone surveys are summarized 
in Table 3. PMV values calculated for each sample were rounded up/down to the closet point on the 7-point thermal 
sensation scale, and then the distribution was added into this table for comparative purposes. It is typically assumed that 
votes in the middle three categories of the 7-point thermal sensation scale are expression of thermal satisfaction (i.e. slightly 
cool -1, neutral 0, slightly warm +1) (Fanger, 1972). Applying this assumption to the current subjective data, 86.7% of the 
occupants expressed satisfaction with the building’s thermal condition. This satisfaction rate was also well aligned with the 
thermal acceptability (88.9%) as registered directly in the comfort questionnaire (Table 1). However, there was about 12% 
discrepancy between the actual (86.7%, according to the TSV distribution) and the predicted value (98.6% according to the 
PMV distribution), which will be further looked into in the subsequent section of this paper. Overall, the results indicated that 
the building was successful in delivering ‘satisfactory’ thermal conditions to its occupants by well exceeding the typically 
used 80% acceptability target (ASHRAE, 2017). 
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Table 3: Summary of indoor climate and thermal comfort indices recorded at survey times (n=909)

Comfort indices Rating scale Percent

Thermal Sensation Vote (TSV) - Cold (-3)
- Cool (-2)
- Slightly cool (-1)
- Neutral (0)
- Slightly warm (+1)
- Warm (+2) 
- Hot (+3)

1.2%
1.9%

15.4%
56.3%
14.0%
5.5%
2.4%

Thermal Preference (TP) - Cooler
- No change
- Warmer

16.4%
66.7%
16.9%

Thermal Acceptability (TA) - Acceptable
- Unacceptable

88.9%
11.1%

Predicted Mean Vote (PMV) - Cold (-3)
- Cool (-2)
- Slightly cool (-1)
- Neutral (0)
- Slightly warm (+1)
- Warm (+2) 
- Hot (+3)

0%
0.2%

19.6%
64.9%
14.1%
1.2%

0%

The discrepancy between the actual (TSV) and predicted (PMV) thermal sensations observed in Table 3 was further 
investigated by fitting a linear regression between the two variables. It is well known that in mixed-mode buildings the 
mode of operation (i.e. air-conditioning AC vs. natural ventilation NV) can affect occupant subjective perception of indoor 
thermal environment (Deuble and de Dear, 2012). For the current analysis, the entire data set was grouped according to the 
operational mode of the building at the time each questionnaire was completed; AC mode (n = 416) and NV mode (n = 461). 
The relationship between TSV and PMV is shown in Figure 3, and the results of regression analysis are given in Equations 
1 and 2. When the building was in AC mode, the participants’ TSV conformed to the PMV values relatively well (regression 
coefficient of 0.89). However, a large discrepancy was observed during NV mode of building operation. According to 
Equation 2, a shift of one unit in PMV corresponds to only 0.59 unit change in TSV. In other words, the occupants’ actual 
thermal sensations changed about 40% less than predicted by the PMV model during this mixed-mode building’s NV 
operations. The current result highlights discrepancies between the actual and predicted comfort level of occupants in 
mixed-mode buildings (especially during NV mode), reinforcing earlier findings by Deuble and de Dear (2012). 

Figure 3: Thermal Sensation Votes (TSV) regressed on Predicted Mean Votes (PMV) by building operation mode (AC vs. NV)

TSV = 0.89 × TSV + 0.18 (AC mode; n = 416; R2 = 0.26; regression coefficient p<0.001) (1)

TSV = 0.59 × TSV + 0.02 (NV mode; n = 461; R2 = 0.12; regression coefficient p<0.001) (2)

Longitudinal field study of thermal comfort in a low energy mixed-mode building
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The previous analysis (Figure 3) ignores thermal adaptation processes that might have played a role in shaping the 
participants’ perception of comfort over the period of the field monitoring. According to the fundamental concept of the 
adaptive model, the perception of thermal comfort is affected by past and current thermal experiences (Brager and de 
Dear, 1998). Given that the current study was conducted across different seasons, it was reasonable to assume that 
adaptive processes were in play within our longitudinal field observations. In the next analysis, a relative temperature 
scale (Temperature offset from neutrality, Tdiff) was used to adjust for adaptive processes within each of the samples. The 
temperature difference between indoor operative temperature To and neutral temperature Tn (calculated by ASHRAE 55 
adaptive model: Tn = 0.31 × prevailing mean outdoor temperature + 17.8) was calculated for each of our samples (i.e. Tdiff 
= To - Tn). Therefore, positive values of Tdiff represent indoor thermal condition in which To was warmer than the adaptive 
model’s neutrality, whereas negative values indicate To was cooler than Tn. In order to investigate how the participants’ 
thermal sensations changed across different indoor temperature conditions, a linear regression was fitted between TSVs 
and Tdiff.  The regression model performed separately on the two sample groups (AC and NV mode) were presented in 
Figure 4 and Equations 3 and 4. The slope of the regression line can be interpreted as thermal sensitivity of occupants. For 
example, a steep slope represents those who are sensitive to temperature variations, whereas a gentle slope represents 
those who are highly adaptive (or tolerant) to changes in thermal conditions. Figure 4 implies that our participants were 
more tolerant of indoor temperature variations when the building was operated in naturally-ventilated mode than in air-
conditioned mode. According to Equation 3, 2.5 degrees of temperature change accounts for one unit change of thermal 
sensation during AC mode. On the other hand, during NV mode, it requires 3.6 degrees of temperature change to shift up/
down thermal sensation by one unit (Equation 4). The results indicate that the occupants were about 40% more sensitive to 
thermal conditions during AC mode than during NV mode. The NV sample group’s regression coefficient of 0.28 was almost 
identical to the mean regression gradient of 0.27 observed in the NV building samples of the ASHRAE RP-884 project (de 
Dear and Brager, 1998), which later became the basis of the current ASHRAE 55 adaptive model.  The AC sample group’s 
regression coefficient of 0.40 was smaller than that of 0.51 observed in the AC building samples of the ASHRAE RP-884 
project (de Dear and Brager, 1998). The ASHRAE 55 adaptive model almost perfectly estimated the neutrality of our 
participants (by examining the point of intersections between the regression lines and TSV of 0 in Figure 4). 

Figure 4: Thermal Sensation Votes (TSV) regressed on Predicted Mean Votes (PMV) by building operation mode (AC vs. NV)

TSV = 0.40 × TSV - 0.01 (AC mode; n = 416; R2 = 0.29; p<0.001) (3)

TSV = 0.28 × TSV + 0.02 (NV mode; n = 461; R2 = 0.15; p<0.001) (4)
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4. CONCLUSION

As part of IEA-EBC Annex 69, a longitudinal field study was conducted focusing on thermal comfort in an exemplary low 
energy building. Time-and-place matching of multi-dimensional data (i.e. smartphone survey responses, instrumentally 
measured indoor climate parameters, outdoor meteorological observations, and building operational information) enabled 
quantitative analysis of the relationships between those parameters. This Australian case study conducted in the SBRC 
building challenged a misconception that occupant comfort and energy consumption are mutually exclusive, and the result 
of our analysis clearly demonstrated that it is possible to achieve high level of occupant comfort without spending copious 
energy in HVAC operations. The results also indicated that subjective perception of indoor thermal environment can be 
influenced by different modes of building operation (i.e. AC or NV). Further investigation into this topic is suggested for future 
research. 

ACKNOWLEDGEMENTS

This study was conducted as part of IEA-EBC Annex 69 - Strategy and Practice of Adaptive Thermal Comfort in Low 
Energy Buildings. The authors thank Sustainable Buildings Research Centre (SBRC) and all occupants of the building for 
participating in this study. 

References

Arens, E., Humphreys, M., de Dear, R. and Zhang H. (2010) Are “class A” temperature requirements realistic or desirable?, Building and 
Environment. 45, 4–10.

ASHRAE. (2017). ANSI/ASHRAE Standard 55-2017: Thermal Environmental Conditions for Human Occupancy. American Society of 
Heating, Refrigerating and Air-Conditioning Engineers, Inc.

Brager, G. S. and de Dear, R. J. (1998) Thermal adaptation in the built environment: A literature review. Energy and Buildings, 27(1), 
83–96. 

de Dear, R. J. and Brager, G. (1998) Developing an adaptive model of thermal comfort and preference. ASHRAE Transactions, 104(1), 
145–167.

de Dear, R., Parkinson, T. and Parkinson, A. (2016) Pervasive and real-time Indoor Environmental Quality (IEQ) monitors. Proceedings of 
9th Windsor Conference: Making Comfort Relevant, Windsor, UK

DCCEE (2012) Baseline energy consumption and greenhouse gas emissions in commercial buildings in Australia – Part 1. The Depart-
ment of Climate Change and Energy Efficiency.

Deuble, M. P. and de Dear, R. J. (2012) Mixed-mode buildings: A double standard in occupants’ comfort expectations. Building and 
Environment, 54, 53–60.

Fanger, P. O. (1972) Thermal comfort: analysis and applications in environmental engineering. New York: McGraw-Hill.

GBCA (2018) Green Star Project Directory. Available from: <https://www.gbca.org.au/project-directory.asp> (accessed 19 June 2018).

Hoyt, T., Arens, E. and Zhang, H. (2015) Extending air temperature setpoints: Simulated energy savings and design considerations for 
new and retrofit buildings. Building and Environment, 88(Supplement C), 89–96. 

Humphreys, M. A. (1978) Outdoor temperatures and comfort indoors. Building Research and Practice, 6(2), 92–105.

ISO (2005) ISO 7730: Ergonomics of the thermal environment - Analytical determination and interpretation of thermal comfort using 
calculation of the PMV and PPD indices and local thermal comfort criteria. Geneva, Switzerland: International Organisation for Stan-
dardisation.

Mendell, M. J. and Mirer, A. G. (2009) Indoor thermal factors and symptoms in office workers: Findings from the US EPA BASE study. 
Indoor Air, 19(4), 291–302.

Parkinson, T., Candido, C. and de Dear, R. (2013). “Comfort Chimp”: a Multi-Platform IEQ Questionnaire Development Environment. 
Proceedings of CLIMA: Energy efficient, smart and healthy buildings. Prague, Czech Republic.

Roaf, S., Nicol, F., Humphreys, M., Tuohy, P. and Boerstra, A. (2010) Twentieth century standards for thermal comfort: promoting high 
energy buildings. Architectural Science Review, 53(1), 65–77. 

Roussac, A. C., Steinfeld, J. and de Dear, R. (2011). A preliminary evaluation of two strategies for raising indoor air temperature setpoints 
in office buildings. Architectural Science Review, 54(2), 148–156.

Longitudinal field study of thermal comfort in a low energy mixed-mode building



60



61

Impact of facade design on indoor air temperature 
and thermal comfort in residential buildings

Shanshan Tong
Department of Building, School of Design and Environment, National University of Singapore 
4 Architecture Drive, Singapore 117566
bdgtong@nus.edu.sg

Nyuk Hien Wong
Department of Building, School of Design and Environment, National University of Singapore 
4 Architecture Drive, Singapore 117566
bdgwnh@nus.edu.sg

Erna Tan
Department of Building, School of Design and Environment, National University of Singapore 
4 Architecture Drive, Singapore 117566
erna7tan@nus.edu.sg

Jianxiu Wen
Department of Building, School of Design and Environment, National University of Singapore 
4 Architecture Drive, Singapore 117566
bdgwj@nus.edu.sg

Abstract: This study aims to investigate the impact of building façade design on indoor air temperature and thermal comfort 
in naturally ventilated residential buildings in tropical climate. Firstly, field experiment was carried out in residential buildings 
in Singapore. In each unit, indoor air temperature, relative humidity and wind speed were measured continuously for one 
week. The impacts of window-to-wall ratio (WWR) and orientation on the hourly indoor air temperature were analysed. 
It was observed that the north-facing room could be 3oC hotter than the east-facing room on sunny afternoon in July. 
Secondly, the thermal comfort inside the measured units were assessed using the Predicted Mean Vote (PMV) model 
developed for tropical climate. The impact of façade orientation and WWR on indoor thermal comfort was analysed. Thirdly, 
computer simulation using Energy plus was conducted to investigate the impact of WWR, orientation and length of shading 
device on indoor air temperature. Based on obtained results, facade design recommendations were provided for better 
indoor comfort in tropical climate.

Keywords: Thermal comfort; façade design; tropical climate; naturally ventilated building.

1. INTRODUCTION

In the urbanized tropical country of Singapore, people tend to spend substantial of time in buildings. Therefore, the indoor 
air quality and comfort has been a major concern for public health and quality living. Air-conditioning is extensively used to 
achieve indoor thermal comfort in Singapore due to its hot and humid climate. In residential buildings, air-conditioner was 
found to be the largest electricity end-user among various household appliances, accounting for 35-45% of total electricity 
bill in all the public and private housing types, except for 1-room and 2-room HDB apartments (Xu and Ang, 2014).

However, utilizing natural wind and fans for indoor cooling and ventilation is a much more sustainable strategy, compared 
with air-conditioning. Moreover, natural ventilation and fan ventilated space is still preferred by some residents, particularly 
for senior citizens, as it reduces the occurrences of sick building syndrome (e.g. headaches; eye, nose, or throat irritation; 
dizziness and nausea), which is frequently linked to flaws in heating, ventilation and air conditioning systems.

A lot of research efforts have been spent on the passive design of building envelope to achieve indoor thermal comfort 
and energy efficiency in residential buildings in Singapore. Field experiments were carried out to investigate the potential 
benefits of different passive building envelope designs, such as rooftop garden (Wong et al., 2007), solar-reflective roof 
(Tong et al., 2014) and secondary roof (Tong and Li, 2014). The impacts of floor level, façade orientation and shading 
device on the thermal performance of building envelop and indoor thermal comfort were also studied (Wong and Li, 2007). 
In addition, simulation studies were conducted to analyse the impact of other parameters on the thermal performance 
of building facade, such as thermal insulation, induced natural ventilation flow, window-to-wall ratio (WWR) and shading 
devices (Wang et al., 2007).

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
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Currently, more than 80% of population in Singapore live in the public housing flats developed by the Housing Development 
Board (HDB). The rest live in the flats developed by the private developers such as condominium and landed flats. In this 
study, field experiment was carried out to investigate the thermal performance of HDB flats and condominium units. The 
impacts of WWR and orientation on indoor air temperature and thermal comfort were investigated. Furthermore, simulation 
was performed to study the impacts of WWR, shading device and orientation on the indoor air temperature using validated 
model. Finally, façade design guidelines were proposed based on measurement and simulation results.

2. FIELD MEASUREMENT

2.1 Experiment setup

Field experiment was carried out in two residential units to measure the thermal performance of façade in public and private 
housing in Singapore. 

In phase 1, a residential unit located on the 8th floor of a 12-story HDB block was selected. The HDB block was built in 
1990’s, with the measrued façades facing east in the living room and facing north in the bedroom respectively, as shown 
in Figure 1 (a). The WWRs of two façades in living room and bedroom were 0.5 and 0.45 respectively, as shown in Figure 
1 (b) and (c). 

      

(a)                                             (b)                                             (c)

Figure 1: (a) Floor plan of HDB unit, (b) east-facing living room and (c) north-facing bedroom.

Air temperature, relative humidity and wind speed at 1.1 m high and 30-cm distance from the interior surface of facade 
were measured. Data was collected at 1-minute interval from 12 July to 20 July in 2017.

In phase 2, a unit located on the 6th floor of a 7-story condominum block was selected. As shown in Figure 2, the façades 
in living room and bedroom were facing west, with the WWRs being 0.8 and 0.5 respectively. Similarily, air temperature, 
relative humidity and wind speed at 1.1 m high and 30-cm distance from the interior surface of facade were measured from 
23 September to 1 October in 2017.

       

(a)                                             (b)                                             (c)

Figure 2: (a) Floor plan of west-facing condominium unit, (b) living room and (c) bedroom.

2.2 Experimental results and analysis

The façade performance of the measured facades was analyzed. Firstly, the hourly air temperature near different facades on 
the hottest sunny day during the measuremen period were analyzed and compared. Secondly, air temperature and indoor 
thermal comfort during the measured period of 1 week were analyzed and compared.

The hourly outdoor solar radiation and air temperature collected at the meterological station near the HDB and 
condominium units on the selected days were presented, as shown in Figure 3 (a) and (b) repectively.
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(a)                                                                                                     (b)

Figure 3: Outdoor weather conditions on selected sunny days: (a) 19 Jul and (b) Sep 25.

2.2.1 Impact of orientation

The two measured facades in the selected HDB unit has similar WWRs (0.5 and 0.45) and different orientations (east and 
north). The selected sunny day was 19 Jul, 2017, with the peak air temperature of 31.1°C and maximum solar radiation 
of 851 W/m2 at 13:00. Based on the collected results, the impact of orientaion on indoor air tempereature and thermal 
comfort was analyzed. 

As shown in Figure 4, air temperature at 1.1 m near the north-facing window was much higher than that near the 
east-facing window in the afternoon, with an average temperature difference of 2.4°C between 13:00 and 18:00 and the 
maximum temperature difference of 3.1°C at 17:00. The daily maximum air temperature was 34.1°C at 17:00 in north-
facing bedroom and 32.1°C at 11:00 in east-facing living room. The daily minimum temperatures were very close at the 
two locations, being 27.7°C in living room and 28.2°C in bedroom at 08:00 respectively. On average, the north-facing living 
room is 0.9°C hotter than the west-facing living room.

Figure 4: Comparison of hourly air temperature near the north-facing and east-facing façade.

The external and internal surface temperatures near the two measured facades were also compared, as shown in Figure 
5 (a) and (b). The surface temperature of both walls were very close from 1:00 to 8:00. The peak temperature of east-facing 
wall appeared 4-5 hours earlier than the north-facing wall. 

For the external surface, the daily maximum temperature reached 36.0°C at 16:00 in the north-facing wall, and 34.9°C 
at 12:00 in the east-facing walls. The daily minimum temperatures appeared at 08:00, which were 27.8°C in north-facing 
wall and 27.5°C in east-facing wall respectively. For the internal surface, the daily maximum temperatures reached 34.0°C 
at 17:00 in the north-facing wall and 32.8°C at 14:00 in the east-facing walls respectively. The daily minimum temperatures 
were very close, which were 28.1°C at 09:00 in the north-facing wall and 28.0°C at 9:00 in the east-facing wall. It is 
observed that, heat was transferred from external to internal wall surface from 9:00 to 18:00, and the situation was reversed 
during the rest of the day. 
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                  (a)                                                                                                (b)

Figure 5: (a) External and (b) internal surface temperatures of the north-facing and east-facing wall.

The thermal comfort inside the unit was predicted using the equation below (BCA, 2016): 

11.8753 0.4232 0.5789PMV T V= − + −  (1)

Where:

PMV = Predicted Mean Vote; T = indoor air temperature (°C), and V = indoor wind speed (m/s). This equation was adopted 
to predict the thermal comfort in naturally ventialted units in Singapore. The PMV index predict the mean response of a 
large group of people according the ASHRAE thermal scale (ASHRAE, 2004), as listed in Table 1. The indoor environment 
is assumed to be comfort while PMV falls between -0.5 and +0.5 (BCA, 2016).

Table 1. PMV sensation scale

Sensation Cold Slightly 
Cool

Neutral Slightly 
Warm

Warm Hot

Value -3 -1 0 1 2 3

It is observed in Figure 6 that the measured air temperature in north-facaing living room was evidently higher than that in 
east-facing bedroom. The maximum temperature difference reached 4.7°C on the sunny afternoon. Moreover, according 
to the comfort criterior (-0.5<PMV<+0.5), only 58% of the time was comfortable in the north-facing bedroom, and 72% of 
the time was comfortable in the east-facing living room. The north-facing room shows a rather low percentage of thermal 
comfort in July. 

Figure 6: Continuously measured air temperature and PMV in the HDB unit.
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2.2.2 Impact of WWR

The impact of WWR on the thermal performanc of façade was analyzed based on measured results in the west-facing 
condominium unit. Air temperatures near the facade in living room and bedroom with their respective WWRs of 0.8 and 0.5 
were compared. As shown in Figure 7, air temperature in the living room was continously higher than that in bedroom, with 
the an average difference of 0.6°C. The daily maximum temperature appeared at 14:00, which were 33.4°C in the living 
room and 32.2°C in the bedroom respectively. The daily minimum temperatures appeared at 07:00, being 29.3°C in the 
living room and 29.0°C in the bedroom respectively.

Figure 7: Comaprison of air temperatures near windows in living room and bedroom.

The air temperature and calculated PMV in two rooms of the condonimum were presented in Figure 8. The temperature 
difference between the living room and bedroom reached 7.2oC on sunny days. According to the comfort criterior 
(-0.5<PMV<+0.5), 49% of the time was comfortable in the living room with WWR of 0.8, and 63% of the time was comfortable 
in the bedroom with WWR of 0.5. 

Figure 8: Continouse air temperature and PMV in Condo unit.

3. COMPUTER SIMULATION

Computer simulation study was conducted to predict the impacts of WWR, orientation and shading device on the indoor 
air temperature near the façade in the tropical climate of Singapore. Computer simulation was performed using EnergyPlus 
software, and the computer model was validated by the experimental results.

3.1 Model validation

The experimental data collected in a previous study was used to validate the model. As shown in Figure 9, two west-facing 
facades located on the same floor with different WWRs were modelled. All the modelled units were naturally ventilated with 
the air-conditioning system off. In addition, the dimension of this block was measured and the material information was 
collected to build up the geometric and physical model. Weather data collected at a nearby weather station was used as 
background weather input, including solar radiation, precipitation, wind speed, air temperature and precipitation.
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(a)                                                          (b)                                        (c)

Figure 9: (a) Simulated block and adjacent buildings, (b) and (c) Two selected units for validation.

The exterior wall of simulated block has a U-value of 3.21 W/m2K and it consists of three layers: 5-mm cement plaster, 
150-mm reinforced concrete and 15-mm cement plaster. The interior wall was made of 100-mm hollow concrete. The 
window was made of 12-mm clear glass. The comparison between the measured and simulated air temperatures near the 
two facades were presented in Figure 10. Two indicative parameters were used to evaluate the accuracy of simulation. One 
is the mean bias error (MBE), and another one is the cumulative variation of root mean square error (CVRMSE), which are 
calculated by

(2)

 (3)

where Mi and Si are the hourly measured and simulated results respectively. The MBEs in all the predictions were between 
2% and 4%, and all the CVRMBEs were less than 7%. According ASHRAE criteria (ASHRAE, 2002), the model is validated 
if MBE is less than 10% and CVRMSE is below 30%. Satisfactory agreements were obtained between the measured and 
simulated results.

Figure 10: Comparison between the simulated and measured air temperatures.

3.2 Parametric study

After validation, the geometry model of HDB block and its corresponding material properties were used as a base model in 
parametric study. The orientation, WWR and shading device of the base model were varied to analyse their impacts on the 
thermal performance of building façade.

3.2.1 Impact of WWR and orientation

The change in annual air temperature due to the change in WWR was simulated and shown in Figure 11. In general, the 
indoor air temperatures near the façade increase linearly with the increase in WWR in all the eight orientations. When WWR 
is 1, the facades with east and west orientation show the highest annual indoor air temperatures of 34.2oC, followed by 
northeast, southeast, northwest, southwest, north and south orientations. East-facing and west-facing façades are more 
exposed to solar heat gain compared to the other orientations, and south and north-facing façades have the lowest annual 
indoor air temperatures.
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Figure 11: Impact of WWR on the annual air temperature.

The impact of orientation on the hourly indoor air temperature during a representative day (Apr 30) (Hong et al., 1999) 
was investigated as well. It was observed in Figure 12 that air temperature increase evidently with the increase in WWR for 
all the four orientations. When WWR increases from 0 to 1, peak air temperature increases by 12.6oC, 15.0oC, 13.6oC and 
10.0oC near the facades facing east, west, north and south respectively. Moreover, there is an obvious time lag for peak air 
temperature when the WWR decreases. The peak air temperature near the wall with WWR of 1 occurred 3-5 hours later 
than that near the full height window with WWR of 0. 

Figure 12: Impact of WWR on the hourly air temperature on April 30.

3.2.2 Impact of shading device

The impact of horizontal shading over windows with a fixed WWR of 0.4 and different orientations was simulated and 
analyzed. As shown in Figure 13, air temperatures near east and west orientations show the highest values, followed by the 
northeast, southeast, northwest, southwest, north and south orientations. When the length of horizontal shading increases 
from 0 to 1.0 m, the annual temperature reduced by 0.8-1.1oC for the eight orientations.
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Figure 13: Impact of shading length on the annual air temperature.

When the shading length increases from 0 to 1 m, the peak air temperatures near the facades with east, west, north and 
south orientations reduce by 1.9oC, 2.3oC, 2.3oC and 1.0oC respectively, as shown in Figure 14. The occurring time of peak 
temperature is not much affected by the length of shading device. In general, the longer overhang provides larger cooling 
effect and shading from solar radiation, but the cooling effect becomes negligible when the shading length is beyond 0.8 m. 

Figure 14: Impact of shading length on hourly air temperature.

4. CONCLUSIONS

In this work, the impacts of WWR, orientation and shading device on indoor air temperature and thermal comfort in naturally 
ventilated under tropical climate was analyzed. It is observed from field experiments that the air temperature in north-facing 
room could be 4.7oC than that in the east-facing living room in July. Moreover, the increase in WWR from 0.5 to 0.8 also 
reduced the duration with thermal comfort from 63% to 49%. 

It is found from the parametric study that the daily peak air temperature could be reduced by 12.6oC, 15.0oC, 13.6oC 
and 10.0oC respectively, when the WWRs of facades facing east, west, north and south orientations reduces from 1 to 0. 
When the shading length of 1 m is added on the façade with WWR of 0.4, the peak air temperatures near facades with east, 
west, north and south orientations reduce by 1.9oC, 2.3oC, 2.3oC and 1.0oC respectively.

S. Tong, N.H. Wong, E. Tan and J. Wen



69

ACKNOWLEDGEMENTS

This project is funded by Building and Construction Authority (BCA) - Green Buildings Innovation Cluster (GBIC), with 
funding from the National Research Foundation (NRF) Singapore (WBS: R-296-000-169-490).

References

ASHRAE (2002) Measurement of energy and demand savings, ed., ASHRAE, Atlanta, G.A.

ASHRAE (2004) Standard 55-2004. Thermal environment conditions for human occupancy. Atlanta, GA: American Society of Heating, 
Ventilating and Air-Conditioning Engineers.

BCA (2016) BCA Green Mark for Residential Buildings Criteria GM RB: 2016, in G. M. Department (ed.), Singapore.

Hong, T., Chou, S. K. and Bong, T. Y. (1999) A design day for building load and energy estimation, Building and Environment, 34(4), 
469-477.

Tong, S. and Li, H. (2014) An efficient model development and experimental study for the heat transfer in naturally ventilated inclined 
roofs, Building and Environment, 81, 296-308.

Tong, S., Li, H., Zingre, K. T., Wan, M. P., Chang, V. W. C., Wong, S. K., Toh, W. B. T. and Lee, I. Y. L. (2014) Thermal performance of 
concrete-based roofs in tropical climate, Energy and Buildings, 76, 392-401.

Wang, L., Wong, N. H. and Li, S. (2007) Facade design optimization for naturally ventilated residential buildings in Singapore, Energy and 
Buildings, 39(8), 954-961.

Wong, N. H. and Li, S. (2007) A study of the effectiveness of passive climate control in naturally ventilated residential buildings in 
Singapore, Building and Environment, 42(3), 1395-1405.

Wong, N. H., Tan, P. Y. and Chen, Y. (2007) Study of thermal performance of extensive rooftop greenery systems in the tropical climate, 
Building and Environment, 42(1), 25-54.

Xu, X. Y. and Ang, B. W. (2014) Analysing residential energy consumption using index decomposition analysis, Applied Energy, 113, 
342-351.

Impact of facade design on indoor air temperature and thermal comfort in residential buildings



70



71

Is new housing a health hazard?

Shruti Nath
University of Tasmania, Launceston, Australia
Shruti.Nath@utas.edu.au

Mark Dewsbury 
University of Tasmania, Launceston, Australia
Mark.Dewsbury@utas.edu.au

Kirsten Orr
University of Tasmania, Launceston, Australia
Kirsten.Orr@utas.edu.au

Abstract: The National Construction Code has been regularly enhanced since 2002 with an effort to reduce greenhouse gas 
emissions. Many aging, and very young Australians spend most of their time within their homes. Coincidently, in Australia, 
asthma is the leading cause of disease in children aged 0 – 14 years, accounting for 17.9% of the total burden in boys 
and 18.6% in girls. Many researchers have supported a connection between damp housing and sensitivity to dust mites 
and other childhood respiratory symptoms. Within Australia’s temperate and cool temperate climates, the commensurate 
change in energy efficiency requirements in the national building regulations may have inadvertently created ideal interior 
environments that promote mould growth. If the built environment is promoting mould growth, leading to sick building 
syndrome, it is a matter of serious concern that could be resulting from design or technical flaws in the building fabric. This 
concern, which has been raised by medical scientists, requires the action of architects to provide guidance on methods 
to passively, or actively, manage air-borne moisture within homes and workplaces. This paper attempts to bridge the gap 
between architectural and medical science perspectives in this area of study.

Keywords: National Construction Code; greenhouse gas emissions; sick building syndrome; childhood respiratory 
symptoms; condensation; mould.

1. INTRODUCTION

The house is the principal form of Australian dwelling and also a large consumer of energy and a significant contributor to 
greenhouse gas emissions worldwide (Harrington et al., 1999; McLeod, 2013; Dewsbury, 2015; Ren and Chen, 2015b). 
Since 1998, the Australian state and federal governments have developed legislation and building regulation to reduce 
greenhouse gas emissions (AGO, 1998; ABCB, 2003; COAG, 2009; Harrington, 2014).  The focus has been to create more 
thermally comfortable internal environments through enhancement of envelope based energy efficiency requirements for 
new commercial and residential buildings, thereby reducing simulation based heating and cooling energy needs (Geard, 
2011; McLeod, 2013; Ren and Chen, 2015a). Dewsbury (2015) stressed the need for a policy framework to reduce 
greenhouse gas emissions and improve thermal performance in the Australian housing sector. The Nationwide House 
Energy Rating Scheme (NatHERS) is established quantify and evaluate building envelope thermal performance (Ballinger 
and Cassell, 1995; Thwaites, 1995). A focus on Star Ratings for residential buildings has evolved based on reducing heating 
and cooling energy use. However, the materials and systems used to improve the external envelope demand further careful 
consideration to avoid the creation of significantly unhealthy interior environments (Dewsbury and Law, 2016b; Dewsbury 
and Law, 2016a; Dewsbury et al., 2016a; Dewsbury et al., 2016b; Dewsbury et al., 2017; Law and Dewsbury, 2018). 

Higher quality indoor environments requiring less conditioning energy demand high-quality water, air and water vapour 
control layers. In climates that require heating, water vapour must be allowed to passively leave the building envelope. Many 
have confused vapour control with ventilation or infiltration or building breathability (Ambrose and Syme, 2017). When water 
vapour is trapped within the envelope the relative humidity and dew-point temperature increase, enabling moisture to form. 
The combination of a warmer home, a higher relative humidity and the presence of moisture combine to achieve perfect 
mould growing conditions (Crook and Burton, 2010; Dewsbury and Law, 2016a). Additionally, there is sufficient medical 
evidence that occupant health is adversely affected by wet or mouldy buildings, which are classed as sick buildings (Davies 
et al., 2004; WHO, 2009; Fukutomi and Taniguchi, 2015). 

2. BACKGROUND

The National Construction Code (NCC) (formerly the Building Code of Australia) is a national standard administered by the 
Australian State and Territory jurisdictions (ABCB, 1996). The NCC Volume I and Volume II, incorporates provisions for the 
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design of energy efficient Class I and Class II residential buildings (ABCB, 2010). The National Greenhouse Strategy committed 
Australia to develop a minimum energy performance requirement for new houses and provided opportunities to develop 
performance measures, or ratings, such as the Nationwide House Energy Rating Scheme (NatHERS) (ClimateWorks, 2010). 
Australia has actively responded to greenhouse gas emission abatement strategies (ClimateWorks, 2010; IPCC, 2014) and 
a range of measures have been developed by industry and government to achieve a reduction in greenhouse gas emissions 
in the residential sector (Head et al., 2014; IPCC, 2014; Dewsbury, 2015). One such measure is the residential house energy 
star-ratings for new Australian houses (Delsante, 2005; McLeod, 2013; Dewsbury and Law, 2016b).

The NCC does not regulate condensation and mould (Dewsbury et al., 2016c) despite concern from building regulation 
stakeholders that deficiencies in the regulations can lead new Class 1 and Class 2 buildings to experience unacceptable 
levels of condensation and mould (Dewsbury and Law, 2016a; Dewsbury et al., 2016c; Viggers et al., 2017). Internationally, 
in the last ten to thirty years, the building regulations of New Zealand, United States of America, Canada, United Kingdom 
and Europe have increasingly included regulations pertaining to the management of water vapour and the mitigation of 
condensation and mould (Dewsbury and Law, 2016a). The Australian Building Codes Board and Industry based partners 
have increasingly identified a national condensation problem in Australia (Dewsbury and Law, 2016b; Dewsbury et al., 
2016b). 

High humidity and poor ventilation, leading to condensation and mould, is a problem in many homes in Australia (Ambrose 
and Syme, 2017). Detailed analysis of Australian regulations is essential to compare thermal performance and energy 
efficiency of the internal spaces constructed prior to 2003 and now, and to understand the main cause of condensation 
problems which may not previously have existed. Changes in building materials and construction techniques to improve 
energy efficiency may be creating unhealthy internal environments (Ambrose and Syme, 2017). There is a strong need to 
frame Australian building regulations to mitigate condensation and mould in residential dwellings. Condensation and mould 
problems may continue to increase if we continue to improve energy efficiency without understanding the water vapour 
control and management detailing that is required of the built fabric (material properties) (Ambrose and Syme, 2017). This 
suggests an urgent need to determine if any relation exists between energy efficiency and condensation problems in new 
residential buildings.

2.1 Chronological development of House Energy Rating schemes

In the 1980s, the Five Star Design Rating (FSDR) scheme was developed and adopted in NSW, Victoria and South Australia 
(ABCB, 1994). The FSDR certified houses that met a number of requirements mainly based on glazing area, thermal mass 
quantity and insulation levels for energy efficient design (McLeod, 2013). During the 1990s, individual states began to 
develop their own House Energy Rating Scheme (HERS). HERS are methods of rating the energy performance or energy-
efficiency of a house (Williamson et al., 2006; Kordjamshidi, 2011; Daniel et al., 2015). The most effective HERS was for 
the state of Victoria but was not suited to all climates of Australia. Therefore a more flexible Nationwide HERS (NatHERS), 
was developed that could be applied to the different climate zones of Australia (McLeod, 2013). The aim was to create a 
standard rating system throughout the country to determine a house’s energy efficiency (Geard, 2011; NatHERS National 
Administrator, 2012; Daniel et al., 2015; O’Leary et al., 2016). Later HERS was implemented in NSW as the Energy Smart 
Rating Scheme and was adopted by local councils (ABCB, 2010).

The regulations for households are formulated by the NatHERS, which is adopted in the National Construction Code 
(NCC) and sets the minimum performance requirements for housing thermal performance in the form of a star rating 
(ABCB, 2010; 2013; 2015; 2016). NatHERS has established the framework for three endorsed thermal modelling software 
programs (Geard, 2011): AccuRate; First Rate; and BERS. Building energy efficiency compliance with the NCC can be 
demonstrated by any one of these programs. In order to achieve the NCC energy efficiency standards, houses generally 
need to use insulation and weather sealing (airtightness) measures (McLeod, 2013; Dewsbury, 2015). As the amount 
of envelope insulation and application of airtightness measures have increased, the internal air temperature within cool 
temperate and temperate climate houses has also increased (Ambrose and Syme, 2017; McLeod and Swainson, 2017). 
Coincidentally, a 2016 study of condensation in Class 1 and Class 2 buildings identified a nationwide concern (Dewsbury 
and Law, 2016b).

Indoor environments are a significant determinant of occupant’s health. Many people spend considerably more time 
at home, where the impact of the indoor environment can be a significant health determinant (Howden-Chapman et al., 
2007; Samuel, 2009)2007; Samuel, 2009. As regulation regarding the interior environment has not developed in parallel 
with energy efficiency regulations, internal environments may be increasingly unhealthy due to increased presence of mould 
(Dewsbury and Law, 2016b; McLeod and Swainson, 2017). 

2.2 Healthy indoor environments

Indoor Environmental Quality (IEQ) comprises of Indoor Air Quality, Thermal comfort, Acoustic comfort and Visual comfort 
(Lipták-Váradi, 2017). Problems with the IEQ of a building have direct effects on the comfort, health and productivity of 
the occupants (Lin et al., 2007; Heinrich, 2011; Hernberg et al., 2014; Ezzati and Baumgartner, 2017). Wet buildings, or 
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buildings with moisture or the visual presence of mould, fall into the category of sick buildings, as mould spores significantly 
impact on human health. 

Extensive international research has quantified the conditions for mould growth and sporing within buildings. Figure 1 
shows a graph from Viitanen & Ojane (2007), which defines substantial mould risk as possible when the temperature is 
between 20°C and 50°C and the relative humidity is above 77%. This pattern is re-affirmed by other research scientists 
(Viitanen and Ojane, 2007; Krus et al., 2010; Vereecken et al., 2011; Cederlund and Josefsson, 2015; Vereecken et al., 
2015). This research will be further developed to include mould growth algorithms within condensation risk software tools 
produced in Germany (WUFI).

Figure 1: Viitanen and Ojane graph showing mould risk ideal temperatures and relative humidity

PUBMED, MEDLINE and EMBASE databases were searched for epidemiological studies on the adverse health effects 
of indoor air pollutants among Australian children (prenatal - 14 years) published between January 1995 and January 2018. 
Searches employed three groups of keywords in combination: dampness, fungi, fungus, mould; health, asthma, wheeze, 
cough or respiratory; and house, home, or dwelling. The literature reveals sufficient evidence for asthma exacerbation, 
cough, wheeze, and upper respiratory tract symptom health outcomes being associated with indoor dampness or mould. 
The current Australian evidence based on long-term health effects of indoor air pollution in children is weak, with few 
studies conducted. There have not been any detailed studies conducted in Southern Australia on health issues related to 
condensation problems in homes for vulnerable age groups – the elderly and children. However, several international studies 
on school children have identified health implications from condensation and mould in the built environment (Fukutomi and 
Taniguchi, 2015). Coincidentally, Asthma is the leading cause of burden of disease in children aged 0–14 years in Australia, 
accounting for 17.9% of the total burden in boys and 18.6% in girls (Poulos et al., 2005; Poulos et al., 2007). Dewsbury et al 
identify significant health, social and economic costs in their scoping study for the Australian Building Codes Board (2016a). 
Moulds are ubiquitous and mould spores are a common component of household environments (Ezzati and Baumgartner, 
2017). However, when the amount of mould or mould sporing is greater than the background environment, it has been 
found to lead to several medical conditions impacting on short and long term human health (WHO, 2009; Crook and Burton, 
2010). A detailed study of contemporary residential construction systems in Southern Australia is needed to prevent the 
uncontrolled development of indoor environments that support the growth of mould. 

3. METHODOLOGY

To establish whether the current regulatory approach may be inadvertently making housing unhealthy requires five 
stages of research, namely: (1) thermal simulation of pre- and post- NCC and NatHERS housing to establish the likely 
temperature changes within housing from 1996 to 2016; (2) analysis of typical materials used to improve housing thermal 
conditions, including air-tightness; (3) analysis of what data is available regarding interior relative humidity values; (4) detailed 
condensation risk analysis of the built fabric; and (5) detailed mould-growth simulation. This paper will discuss the first three 
parts of this process. Future papers will discuss the final two components of this research. 

3.1 Changes in building regulation

To evaluate how house temperatures may have changed, a house was selected for thermal simulation. The selection of 
the house plan was informed by advice from the Housing Industry Association, Master Builders Association and Building 
Designers Association. The house was simulated with no thermal improvements and improvements commensurate with 
NCC changes since 2003, shown in Table 1.
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Table 1: Insulation levels from BCA 2003 to NCC 2016

Building Regulation
Insulation levels (R-values)

Roof External Walls Floor

Pre 2003 - - -

BCA 1996 (amndt 12) - 2005 3.8 1.9 1.0

BCA 2006 - 2009 4.3 2.4 1.5

BCA 2010 - 2014 4.6 2.8 2.75

NCC 2015 - 2016 5.1 2.8 2.75

3.2 House thermal simulation 

The AccuRate software was used to simulate the house plan. The software calculates the interior temperature and likely 
heating/cooling energy that may be consumed throughout the year and allocates a star rating. The thermal simulation of 
the selected ‘average sized house’ was completed using the AccuRate Sustainability Software (version 2.3.3.13). The 
simulations were completed and applied the six NatHERS climates represented in Tasmania. 

3.3 Condensation risk simulation

The ISO 13788 compliant software JPA Designer was used to simulate the built fabric systems to assess the risk of 
interstitial condensation. This software has been used to complete simulations for typical external wall systems shown in 
the NCC. The simulations included the change in insulation levels and air-tightness measures, as described in the NCC.

This method was selected to ascertain what building materials may be in use that could exacerbate or increase the 
relative humidity or promote the presence of moisture or mould growth. A review of common construction materials used 
to improve the thermal performance of the building envelope and personal discussions with product manufacturers was 
undertaken. Data from published reports (Ambrose et al., 2013; Ambrose and Syme, 2017) and buildings measured by 
UTAS (Dewsbury et al., 2016b) were reviewed to ascertain relative humidity values in new housing.  

4. RESULTS & DISCUSSION

The results from the AccuRate simulations, JPA simulations, building material usage and measured relative humidity values 
is shown and discussed below. 

4.1 House thermal simulations

The results from the AccuRate simulations are provided in a text file format, which was imported into Excel for statistical 
analysis. The data includes a simulated temperature for each conditioned and unconditioned zone in the house. The 
analysis completed included histogram methods. Figure 2 shows the temperature data from the typical house modelled 
from the BCA pre-2003 house simulations and NCC 2016 house simulations. A careful analysis of the data shows a 
dramatic increase in room temperatures (16°C - 22°C) within the simulations from the pre-insulation requirement of 2001 to 
the current requirements of the NCC 2016. 
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Figure 2: Comparative statistical analysis of temperature data

4.2 Condensation risk simulations

Figure 3 shows an example of the condensation risk diagram produced by the JPA software. The diagram on the left shows 
the results for BCA pre-2003, where the water vapour is condensing within the membrane and within the cladding system. 
The diagram on the right shows the simulation result for a typical NCC 2016, where the water vapour is still being trapped 
within the wall frame. If this includes a vapour impermeable membrane, the amount of moisture trapped in within the wall 
frame can be in excess of 5kg/m2. The materials used to construct the external envelope and how the envelope managed 
water vapour transport had the greatest impact on condensation risk within the built fabric. 

Figure 3: Condensation Risk simulation diagram using JPA software

At face value the data shows temperatures conducive for moulds to grow as discussed by Viitanen and others above. 
Yet within new buildings, the design and construction professions and building occupants have expressed concern about 
an increased presence of moisture and mould. This would indicate that other factors may be at play. 
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4.3 Relative Humidity in Houses

The analysis of the relative humidity values within new homes provides insights. Data from the CSIRO Indoor air study 
(Cheng et al., 2010) and previous UTAS research measuring interior environments in new homes was analysed. Generally, 
the relative humidity in a home is expected between 40% and 55%. However, as shown in table 2, the relative humidity 
values within living zones was as high as 86% and within roof spaces greater than 95%. As the relative humidity increases, 
so does the dew-point temperature. 

Table 2: Measured Relative humidity values

CSIRO UTAS measured houses

House 1 House 2 House 3

House interior RH% 35% to 65% 41% to 71% 23% to 80% 40 to 86% 

Roof space RH% 70 to >95% 31 to >95% 38 to >95%

The internal temperatures are rising due to the use of materials that are vapour impermeable. The increase in relative 
humidity increases dew-point temperature and increases the risk of moisture and condensation. Additionally, as shown by 
Viitanen & Ojane (2007) above, these higher levels of relative humidity, combined with the warmer interior environments are 
providing ideal climates for mould growth. 

5. CONCLUSION

There is sufficient evidence available from the field of medical science to prove that exposure to mould is linked to asthma 
exacerbations, and that mould might be a trigger for the development of asthma. The connection between damp housing 
and sensitivity childhood respiratory symptoms has been well established by many medical experts. There is an urgent need 
to identify high relative humidity, excess moisture and condensation causing materials in current housing.

Within other developed nations, regulations and simulation tools have been developed to understand the hygrothermal 
properties of building materials, and construction systems that provide thermal bridges or high water vapour conditions that 
lead to uncontrolled moisture and mould in buildings. To date, this field of building science has not been applied in Australian 
building regulations.  By using commercially available condensation risk software, this research has demonstrated that 
contemporary regulatory compliant construction methods may be leading to a significant increase in temperature, relative 
humidity and moisture, and likely mould growth, within the external envelope of new houses. 

There are limitations in JPA software as it follows the hybrid steady state Glaser method. The next stage if this research 
will use the Wufi software, which simulates heat and water vapour flows within wall systems for each hour of a calendar 
year (8760 hours), and for multiple years.  The results from the Wufi simulations will provide guidance to industry and 
government about how to best manage heat and moisture transport in new buildings, while buildings are still in the Design 
& Documentation phase. 

Finally, human health is foremost when it comes to assessing the overall comfort of the built environment. If for any 
reason the built environment is leading to sickness or a negative impact on occupant health, then it is a matter of serious 
concern and could signify a design or technical flaw in the building system. This field of Architectural science that must be 
appropriately addressed by Architects and building designers.  
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Abstract: This paper presents the process of developing and testing a cloud-based post-occupancy evaluation (POE) 
app to enhance students’ experience in real-time data collection and utilisation. A pilot POE study was developed and 
conducted as part of student class activities in a lecture theatre during an undergraduate course. Three parameters on 
perceived indoor conditions - temperature, humidity and air freshness - were selected in correspondence with physical 
parameters. A cloud-connected wireless sensor network was used to collect physical measurements (quantitative data) 
such as temperature and relative humidity through TelosB sensors, and a smart phone app was used to collect data on 
occupants’ perceptions (qualitative data) and to update the data repository in real-time. An immediate visualisation of the 
collected data was presented during the pilot study, explaining how the cloud-based POE app works and how further 
statistical analysis can be conducted. The pilot study confirmed that the cloud-based POE app is capable of capturing 
occupant feedback with great speed and convenience. The immediate visualisation of both quantitative and qualitative 
data also encouraged the student participants to enhance their experience in real-time data collection and utilisation in 
the building science course. Further statistical analysis and reporting capabilities of the real-time system can fill the current 
methodological gap of POE data collection and utilisation in building management.

Keywords: Post-occupancy evaluation (POE); real-time; indoor conditions; students’ experience.

1. INTRODUCTION

Post-occupancy evaluation (POE) has matured as one of the major parts of building performance evaluation over time. 
It uses a rigorous process and clear performance criteria to find the difference between performance criteria and actual 
performance of buildings-in-use. POE has also gained more and more attention in the building industry as energy and 
environmental assessment rating systems have expanded their scope from building design and construction to building 
operation. Although it has long been argued that many building professionals have been trained and are experienced in 
creating buildings, without having been obliged to carry out the POE process to ensure building performance (Bordass and 
Leaman, 2005, Riley et al., 2010), the study of building performance and POE has been developed within the architecture 
and building disciplines in higher education, particularly emphasising experiential learning principles. A student-centred POE 
approach can allow students to develop first-hand knowledge of building-user interactions and the way these interactions 
influence building performance (Gupta and Chandiwala, 2009, Woo, 2015). This paper presents the process of developing 
and testing a cloud-based post-occupancy evaluation (POE) app to enhance students experience in real-time data collection 
and utilisation.

2. CURRENT POE PROTOCOLS

A conventional post-occupant evaluation (POE) can be conducted using either objective or subjective methods or a 
combination. While objective methods include physical measurements and a utility audit in a numeric format, subjective 
methods include occupant surveys, interviews and walk-through inspections. Occupant surveys, either standardised 
or customised, seem to be the most commonly used method in recent POE projects (Li et al., 2018). Surveys using a 
self-administered questionnaire or web-based survey make large samples feasible, thus they can be useful in describing 
the characteristics of a large population (Babbie, 2010). They also increase the likelihood of honest responses when 
compared to formats involving interaction with another person, such as a face-to-face or telephone interview (Neuman, 
2006). Correspondingly, systematic POE protocols for conducting occupant surveys in concert with indoor condition 
measurements have been developed in building-related disciplines so as to investigate the relationship between quantitative 
building performance and qualitative occupant evaluations; in other words, between objective and subjective data. 
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The current protocols use a standardised survey as a subjective method and numerous sensors and equipment as an 
objective method. Standardised survey methods have been developed from a paper-based and face-to-face questionnaire 
into a web-based survey, mostly questioning participants about occupant environmental perception or satisfaction. In the 
recent protocols, a web-based occupant survey with indoor condition measurements using a portable monitoring cart (e.g. 
CBE’s Occupant IEQ Survey, the building Occupant Survey System Australia – BOSSA) seems to be typical. However, 
essentially ubiquitous internet access and internet-connected mobile devices have changed the nature and ways of collecting 
both subjective and objective data. In the context of non-desk-based environment, a multi-platform IEQ questionnaire was 
developed as part of a residential research in Australia, and it was claimed to be one of the first survey tools with direct 
support for mobile devices and the first application of this technology within the discipline (Parkinson et al. 2013). Although 
no additional software is required for this questionnaire, this can be considered more research-oriented tools than user-
friendly interfaces as it eventually redirects survey participants to a mobile-optimised online questionnaire. According to 
the Australian Bureau of Statistics (2016), the number of households with access to the internet at home increased from 
66.6% of all households in 2007–2008 to 86% in 2014–2015, providing access to a wide range of information as well as 
being a crucial means of communication for individuals, communities, businesses and governments. Accordingly, a range 
of devices such as desktop and laptop computers, mobile and smart phones and tablets are used to access the internet. 
Active internet users in particular, mostly people in younger age groups, prefer sharing their feedback with peers instantly 
in a visualised format. In response to these background conditions we developed a cloud-based POE app to capture 
occupant building evaluation data in real-time. 

3. RESEARCH DESIGN

3.1 A cloud-based post-occupancy evaluation app

The proposed live POE platform is composed of data collection, data analysis and reporting components for: (i) data 
collection; (ii) data processing; and (iii) browser-based reporting. A cloud connected wireless sensor network is used to 
collect physical measurements (quantitative data) such as temperature and humidity. A smart phone app is used to collect 
data on occupant perceptions (qualitative data) and to update the data repository in real-time. The web server used in this 
project is Amazon Web Server (AWS). These components are summarised below. The authors (2018) present additional 
details about the system architecture and development process in their paper, ‘Drive towards real-time reasoning of building 
performance: Development of a live, cloud-based system’.

3.1.1 Sensor Network

The sensor network used to collect data in the current version of the system is based on the TelosB platform. The TelosB 
mote has an IEEE 802.15.4 radio interface. The temperature sensor has the range of -40°C to 123.8°C, accuracy of ± 
0.5°C and resolution of 0.01°C. The humidity sensor has the range of 0-100% RH, accuracy of ± 3.5% RH and resolution 
of 0.03% RH. The network is composed of five TelosB motes, including one mote that acts as the central coordinator of 
the sensor network through a cloud connection (TH00, TH02-TH05). Figures 1 and 2 illustrate the placement of the sensors 
inside the lecture theatre where the pilot study was conducted. The central coordinator updates the values from all nodes 
to the cloud server, together with the time stamp and node ID, every five seconds. This frequency was decided based on 
the nature and time period of data collection, but can be adjusted as per the requirements and data collection set up.

Figure 1: Sensor locations (room)                                            Figure 2: Sensor location (balcony)
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3.1.2 Mobile App

POE and human-computer interaction (HCI) design principles were taken into account when developing the smart phone 
app. To develop an app to capture subjective occupant evaluation data, three parameters on perceived indoor conditions 
- temperature, humidity and air freshness - were selected, corresponding with physical parameters. The main aim of 
developing the mobile app was to achieve a high response rate, so a brief, quick-to-complete survey was designed, rather 
than one that would bore or tire respondents. A five-point semantic differential scale using two adjectives with a neutral 
point (e.g., 1=hot, 3=comfortable, 5=cold) was selected to quantify occupant perceptions of indoor conditions. For thermal 
sensation, a neutral state means ‘comfortable’ or ‘acceptable’, indicating an absence of discomfort due to heat or cold. 
Participants were also asked to rate their overall satisfaction with the thermal conditions. For the overall satisfaction level, 
a four-point Likert scale was chosen (e.g., 1=very dissatisfied and 4= very satisfied) to force respondents to provide a 
response without a neutral position.

Simplicity (as an observational technique), ease of use and interactivity were given top priority, as per the guidelines for 
successful user-centred design (Dix, 2009). Navigation design elements, global structure and direct manipulation features, 
which facilitate users’ experience through engagement and fun (Dix, 2009), were also carefully thought through based 
on the target users and the application area. The design, therefore, uses minimal text and encourages users to enter 
their perception by means of symbols representing their feelings. For example, comfortable conditions are represented by 
symbols for positive emotions, and uncomfortable conditions by symbols for negative ones, as shown in Figure 3, below.

    

Figure 3: Mobile app graphical user interface (GUI)

The app supports the collection of occupant perception data through (i) a wall-mounted Android device, and (ii) a hand-
held smart phone device (iOS or Android). The Android tablet version of the app was tested on Samsung Galaxy Tab 4 and 
Tab A. The Android mobile phone version was tested on Samsung Galaxy S8, S7, S6, S5, S4, J7 and J5 phones. The iOS 
app was tested on iPhone 5, 6, 6s, 7 and 8. The iOS app was made publicly available on the App Store. The Android build 
was directly distributed among the participants.

3.2 Data collection pilot study

A pilot study was developed to enhance students’ experience in real-time data collection and utilisation in a building science 
course using the cloud-based POE app. The pilot study was incorporated into students’ activities on a Monday morning 
during the scheduled lecture. It was crucial to set a time when all potential participants were able to attend, as one of the 
project objectives was to test the new cloud-based post-occupancy evaluation app, which includes both physical indoor 
condition measurements (e.g., temperature and relative humidity) and building users’ evaluation. This student activity was a 
voluntary and non-assessed in-class activity under the relevant course content, ‘Building performance evaluation’. 
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3.2.1 Lecture theatre

The location of the pilot study was a lecture theatre on campus (Figure 4, below). The lecture theatre, as a conventional type 
of teaching space, consists of a tiered-floor room with a flat balcony above. The area of the room is 166.33m2 and the area 
of the balcony is 147.12m2, with 160 seats (RMIT University, 2009). The lecture theatre is carpeted, and has mechanical 
heating/cooling/ventilation systems, artificial lighting and light dimmers, but no windows. No seasonal changes in indoor 
conditions are expected. 

   

Figure 4: Lecture theatre                                                           Figure 5: Debriefing

3.2.2 Ethics approval

As human research was involved in the pilot study, particularly with student participation, human research ethics approval 
had to be obtained prior to conducting the research. During this process, an issue arose that there might be a risk that 
students with older or less expensive phones would be unable to participate and would thus feel excluded. As advised by 
the ethics committee, alternatives were prepared and provided: a spare tablet for student use and a hard-copy version of 
the survey. In order to reduce risk further, the researchers undertook a quick investigation on the types of mobile devices 
students used before the pilot study.

3.2.3 Procedure

A description of the project and information on the participants were provided and explained to students prior to the class. 
Also, a quick survey on students’ mobile operating systems was set up and administered through Google Forms. This quick 
survey demonstrated that a majority of students (70% of respondents) used iPhones. Instructions on how to install the app 
on their mobile devices were given to students for the preparation of their in-class activity via the student learning platform. 

On the day of the pilot study, most students were ready to use the cloud-based post-occupancy evaluation app. Before 
conducting the survey, the project was explained, including its objectives, as well as information on the participants and 
on the app – specifically regarding how it works and how to set it up. Once students were ready to use the app, they were 
required to answer questions on temperature, humidity, air freshness and overall satisfaction with thermal conditions (refer 
to Figure 3, above). A debriefing session followed immediately after the survey (Figure 5, above). It took about 30 minutes 
to give the project brief, administer the survey and debrief the participants. 

4. RESULTS AND DISCUSSION

This section presents the main findings of the pilot study and discusses issues that arose. The sensor measurements of 
room temperature and relative humidity and the occupant perceptions of indoor conditions that were collected in real-time 
will be illustrated. The main focus of this paper is, however, on the process of developing and testing the cloud-based POE 
app rather than providing an in-depth analysis of the collected data. 
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4.1 Indoor conditions 

Figures 6 and 7, below, illustrate the sensor measurements of temperature and relative humidity. Four sensors placed 
in the lecture theatre to measure physical parameters showed consistent values throughout the data collection (TH02-
TH05), reporting a room temperature of 22oC and a relative humidity of 51%. The master sensor (TH00) connected to the 
computer showed higher temperature values due to excess heat generated by the equipment (e.g., the computer and A/V 
equipment). Slight variations were recorded in the sensor placed on the balcony (+2oC and -3% to +17% humidity, TH05). 
One reason for this could be the height of the sensors’ locations, or the occupancy of the space. Note that sensor TH01 
was not used in the pilot study. 

Figure 6: Sensor measurements of room temperature

Figure 7: Sensor measurements of relative humidity 
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4.2 Occupant perceptions

A total of 79 responses were recorded during the survey. The dummy data submitted to explain the data collection process 
was excluded, leaving 78 useful records of occupant perception data, as shown in Figure 8, below. Occupant perception data 
indicated an average overall satisfaction with the indoor conditions in the lecture theatre through data visualisation. Although 
some fluctuations in air freshness were observed it was not possible to examine these further due to the unavailability of 
physical measurement data (e.g., CO2 concentration). Time-correlated user perceptions were simultaneously included in the 
physical measurement data (in Figures 6 and 7) with the intention of revealing any spikes/significant observable correlations. 
However, in the given set up such variations were not readily apparent. Although the current format of real-time correlated 
data, both physical measurements and occupant perception, can provide instant data visualisation, it does not provide the 
ability to analyse the collected data in real-time. Further statistical analysis is required to determine correlations among the 
data sets, as well as causal relationships and validity.

Figure 8: Occupant perceptions of indoor conditions

5. CONCLUSION

Current POE protocols consist of a standardised web-based survey as a subjective method and indoor condition 
measurements using a portable monitoring cart equipped with numerous sensors as an objective method. Standardised 
surveys ask questions about occupants’ perceptions of or satisfaction with their indoor conditions. Internet access 
and mobile devices have, however, changed the nature and ways of collecting both subjective and objective data. The 
increased accessibility of the internet enables people to access a wide range of information, providing a crucial means 
of communication. Active internet users in particular, mostly people in younger age groups, prefer sharing their feedback 
with peers instantly in a visual format. Because of these factors, a pilot POE study was developed and conducted as part 
of students’ class activities to enhance their experience in real-time data collection and utilisation in the building science 
course. 

A smartphone app was used to collect data on occupant perceptions, and a cloud-connected wireless sensor network 
was used to collect physical measurements in a lecture theatre. An immediate visualisation of the collected data was 
presented during the pilot study, explaining how the cloud-based POE app works and how further statistical analysis 
can be conducted. The sensor measurements of room temperature and relative humidity demonstrated acceptable 
indoor conditions with slight variations due to sensor locations and space occupancy. Although three parameters on 
perceived indoor conditions - temperature, humidity and air freshness - were selected in correspondence with physical 
parameters, the sensors used in the pilot study were able to collect limited data, specifically on temperature and relative 
humidity. Consequently, occupants’ perceptions of air freshness could not be examined further or correlated with physical 
measurement data. 

This pilot study was briefer and simpler than conventional POE protocols in order to test the new POE app and to fit in 
with the students’ course. Interestingly, there was no resistance to participate in the survey, even though students had to 
download and use the app on their personal mobile devices. It was confirmed that data collection using the app followed by 
an immediate data visualisation of the collected data could engage students in class activities and enhance their experience 
in real-time data collection and utilisation in the building science course. Although the current version of system architecture 
does not provide an immediate analysis of statistical correlations between sensor-measured and occupant feedback data, 
it is expected that further statistical analysis and reporting can fill the current methodological gap in POE data collection and 
utilisation in building management.
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Abstract: This study preliminarily investigates the impact of highly reflective building façade material on the thermal and 
visual performance of surrounding buildings in the tropics. A 9-story commercial building with curved stainless-steel façade 
was observed and indicated as the source of reflective glare. Field measurement was conducted on nearby a 4-story 
school building which is directly affected. Indoor globe temperature, glass and wall surface temperatures, and illuminance 
were measured in six selected classrooms. Parameters such as weather condition, horizontal location, vertical location, 
and shading were analysed based on the data collected from the on-site measurement. The measurement data on a sunny 
day and a cloudy day were selected and compared. From the measurement data, it is found that weather condition plays 
a vital role in determining both indoor thermal and visual performance; while horizontal and vertical locations also have a 
considerable effect. On the other hand, horizontal overhangs can help to reduce air temperature, surface temperature and 
illuminance value which can help to achieve a better indoor thermal and visual environment.

Keywords: Reflective material; building façade; thermal performance; visual performance.

1. INTRODUCTION

Using highly reflective materials such as glass or mental claddings has become more popular for high-rise buildings in 
Singapore. However, the preference for reflective materials produces glare that may affect the thermal and visual environment 
of the surrounding developments. Moreover, when the skyscraper has curved shapes and reflective walls, discomfort glare 
will occur and result in increased temperature and illuminance in the surrounding developments.

Previous studies have been carried out to observe the relationship between the building façade and glare. Araji and 
Boubekri (2008) studied the impact of window size on vertical illuminance and glare; while Konstantzos and Tzempelikos 
(2015) analysed daylight glare probability in offices with dynamic window shades through experiment and computer 
simulation. Ochoa and Aries (2012) looked into the design optimization criteria for windows which can provide high visual 
comfort. Konstantzos and Tzempelikos (2014) investigated the correlation between Daylight Glare Probability and indoor 
illuminance by conducting experiments in a full-scale office which was designed with dynamic shading controls. Meanwhile, 
Ishak and Wong (2018) examined the effect of building façade reflectivity on outdoor visual comfort in the tropical climate.

However, there is a lack of studies on the impact of highly reflective building façade on the indoor thermal and visual 
environment of surrounding buildings, especially in the tropics. Therefore, this study embarks with the following objectives: 

• to study the impact of highly reflective building facade on the indoor thermal environment of surrounding building; 

• to study the impact of highly reflective building facade on the indoor visual environment of surrounding building; 

• to analyse the impact of urban parameters (vertical location, horizontal location, and shading) and weather 
parameters on the impact of highly reflective building facade.

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.87–94. ©2018, The Architectural Science Association 
and RMIT University, Australia.
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2. FIELD MEASUREMENT

The case study is a 9-story commercial building which is developed with a curved stainless-steel façade, as shown in 
Figure 1; this has been determined as the source of reflective glare based on received complaints from nearby buildings 
several years back. Hence, field measurement was conducted in one of the nearby building, a 4-story school. The distance 
between the affecting building (building A) and the affected building (building B) ranges from 30 to 60 meters, as illustrated 
in Figure 1.

In Singapore, the daily temperature profile is relatively uniform with small diurnal change. The relative humidity is high, 
and the rainfalls are abundant. The daily average outdoor dry-bulb temperature lies between 25-32°C (Hong 1999). As April 
is the warmest month among the whole year, the field measurement was conducted from 1st of April to 4th of May 2018 in 
this study.

Figure 1: Affecting curved façade with metal cladding (Sources: Onemap and Google map)

Based on site visits and feedback from the management team of the building B, six classrooms were selected for the 
field measurement, three rooms for each level 2 and 3. These rooms are affected by the reflective glare due to the stainless-
steel façade of the building A. Figure 2 displays the location and alignment of the selected measurement points in the 
building B. To note, there is an overhang shading at the 4th floor. Moreover, due to the concave design at point 3-3 and 
point 2-3, the shading effect from the overhang at these points are more apparent than others. The field measurement was 
conducted during the school vacation period; hence, the air conditioning system was off.

Figure 2: Details of measuring points allocation at affected building (Sources: Onemap and Google map)

The surface temperature of the brick wall (outside and inside) and window (outside) were measured by using HOBO 
thermocouple sensors and data loggers. The aluminum tape was posted on both the internal and external glass surface at 
the measured point to provide thermal insulation. Globe temperature sensors and data loggers were installed 30cm away 
from the internal side of the window to measure the globe temperature near the window area. To mitigate the glare issues 
caused by the reflective metal façade, the affected building has been installed with 3MTM sun control window film on the 
windows facing the reflective façade. Based on our test, the internal illuminance is approximately 7% of the corresponding 
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external illuminance measured. Hence, Illuminance sensors and data loggers were installed on the external side of the glass 
surface to measure how much illuminance coming to the external surface of each classroom. All sensors were installed 
at 1.6 m height; except for those sensors logging the wall surface temperature, which were installed 10 cm below the 
windows. All data loggers were set at 1-minute logging interval.

3. RESULTS

29th of April and 1st of May were chosen to show how different weather condition affects thermal and visual performance 
significantly. 29th of April was a clear sunny day with high incoming solar radiation during the daytime. Whereas 1st of May 
was a cloudy day with relatively low solar radiation and rainfall from 10 am to 5 pm. 

Figure 3: Solar radiation and rainfall on 29th of April and 1st of May

To understand the impact of reflective façade of building A on building B, selected measurement points were compared 
under different weather conditions. Indoor globe, glass surface, and both internal and external wall surface temperatures 
were analysed to understand the building thermal performance. Meanwhile, illuminance level was analysed to assess the 
visual performance.

Figure 4 to Figure 8 show the measurement results of the indoor globe, external glass surface, internal and external 
wall surface temperatures, and illuminance on the 29th of April and 1st of May. Overall, for all the five parameters mentioned 
above, the differences among the six measured points were less significant on a cloudy day (1st of May) compared to a 
sunny day (29th of April). The illuminance trends for the six points on a cloudy day were more analogous to the trend of 
incoming solar radiation compared with the illuminance trends on a sunny day. While for the sunny day, an obvious increase 
in illuminance from 7:00 to 9:00 can be observed. Based on sunpath simulation, the affecting façade is directly exposed to 
the sun during 7:00 – 9:00 while the affected building is not exposed to the sun during the same period. Table 1 summaries 
the average results during 7am-7pm and 7am-9am on the two selected days.

Figure 4: Results of the globe temperature on 29th of April and 1st of May
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Figure 5: Results of the external glass surface temperature on 29th of April and 1st of May

Figure 6: Results of the external wall surface temperature on 29th of April and 1st of May

Figure 7: Results of the internal wall surface temperature on 29th of April and 1st of May
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Figure 8: Results of the illuminance on 29th of April and 1st of May

Table 1: Summary of measurement results

Parameters Period Date 2-1 2-2 2-3 3-1 3-2 3-3

Globe 
temperature

(°C)

Daytime

(7am-7pm)

29th April 28.50 28.37 27.59 29.24 28.86 29.64

1st May 27.55 27.51 26.73 27.83 27.68 28.19

7am-9am
29th April 27.63 27.26 26.41 27.95 27.44 27.95

1st May 27.33 27.29 26.43 27.59 27.40 27.88

External 
glass 

surface 
temperature

(°C)

Daytime

(7am-7pm)

29th April 31.71 31.29 30.80 32.49 31.77 31.84

1st May 28.20 28.01 28.27 28.53 28.30 28.46

7am-9am
29th April 29.56 28.47 28.49 29.80 28.77 28.81

1st May 27.88 27.71 27.75 28.14 27.93 28.06

External 
wall surface 
temperature

(°C)

Daytime

(7am-7pm)

29th April 31.56 30.89 29.98 31.57 31.50 31.12

1st May 28.40 28.20 28.41 28.37 28.39 28.31

7am-9am
29th April 28.00 27.24 27.22 28.12 27.48 27.54

1st May 27.58 27.40 27.55 27.67 27.52 27.63

Internal wall 
surface 

temperature

(°C)

Daytime

(7am-7pm)

29th April 28.46 27.88 27.83 28.57 28.39 28.87

1st May 27.83 27.44 27.46 27.81 27.88 28.11

7am-9am
29th April 27.22 26.66 26.63 27.42 27.19 27.53

1st May 27.67 27.20 27.09 27.72 27.84 27.94

External 
illuminance

(lux)

Daytime

(7am-7pm)

29th April 8906.24 7839.86 6590.31 10360.54 9237.54 7684.78

1st May 3802.79 3734.38 3860.03 4364.08 4392.07 3744.65

7am-9am
29th April 11837.83 7002.17 5924.92 11108.75 7571.25 6338.75

1st May 3669.25 3478.00 3351.08 4196.42 3974.00 3334.08

* The results of the points at the same level were compared. The highest values were highlighted in red colour; the medium values were 
highlighted in orange colour; and the lowest values were highlighted in blue colour.
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4. DISCUSSION

4.1 Impact of weather condition

4.1.1 Building thermal performance

Point 3-1 was selected to demonstrate the impact of weather condition. As shown in Table 1, during the daytime, the globe 
temperature was 1.4°C higher on a sunny day compared with a cloudy day. While the increase in external glass surface 
temperature, external wall surface temperature, and internal wall surface temperature were 3.96°C, 3.20°C, and 0.94°C 
respectively. Table 2 describes the daily average indoor globe temperature, the external glass surface temperature, the 
external wall surface temperature and the internal wall surface temperature on both selected days. One can observe that 
the external surface temperature can increase up to 2°C when during a sunny day. Higher solar radiation during the daytime 
also results in a higher internal wall surface temperature throughout the whole day. 

Table 2: Average temperatures for the whole day.

Indoor globe 
temperature (°C)

External glass surface 
temperature (°C)

External wall surface 
temperature (°C)

Internal wall surface 
temperature (°C)

29th April 28.49 30.12 30.13 28.70

1st May 27.62 27.82 28.10 27.95

Difference 0.87 2.30 2.03 0.75

4.1.2 Building visual performance

From Table 1, it can be observed that the illuminance level was reduced to more than half on a cloudy day during the 
daytime. While during 7am-9am, the average illuminance level was reduced to almost 1/3 on a cloudy day compared with 
a sunny day.

4.2 Impact of horizontal location and shading

To analyse the impact of horizontal locations on the respective indoor thermal and visual environment, two groups of 
measurement points were selected and compared, namely group 1 (2-1, 2-2, and 2-3), and group 2 (3-1, 3-2, and 3-3). 
Globe temperature, glass surface temperature, external and internal wall surface temperatures and illuminance at those 
points were analysed.

4.2.1 Building thermal performance

Globe temperature

As shown in Table 1, for group 1, the highest indoor globe temperature occurred at 2-1, followed by 2-2 and 2-3 on both 
the two selected days. Whereas for group 2, the highest indoor globe temperature occurred at 3-3, followed by 3-1 and 
3-2. From 7 am to 9 am, the building A façade was directly exposed to the sun, which caused reflected sunlight entered the 
affected classrooms. For the two groups, the points which are nearest to the affecting façade (point 2-1 and 3-1) showed 
the highest globe temperature during 7am - 9am on 29th April.

Glass surface temperature

During the daytime on 29th April, the glass surface temperature at point 2-1 which is closest to the affecting façade was 
higher than the glass surface temperature at point 2-2 and 2-3. The same phenomenon can be observed in group 2. From 
Figure 5, it can be observed that the trend of external glass surface temperature at point 2-1 and 3-1 shows a noticeable 
increase from 7 am to 9 am on 29th April.

Wall surface temperature

On 29th April, for group 1, both external (W2) and internal (W1) wall surface temperatures were decreased as the distance 
between the measuring point and the affecting façade increases. But for group 2, point 3-3, which is at the concave wall, 
showed the lowest external wall surface temperature during the daytime but the highest internal wall surface temperature 
throughout the whole day. Point 3-1 which is nearest to the affecting building showed an obvious increase in external wall 
surface temperature from 7 am to 9 am. 
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4.2.2 Building visual performance

On 29th April, for the two groups, the illuminance level was decreased as the distance between the measuring point and the 
affecting façade increases. For point 2-1 and 3-1 which are nearest to the affecting building façade, the internal illuminance 
peaked at 8 am when the affecting façade was directly exposed to the sun. From 7 am to 9 am, the average illuminance 
level for point 2-1 and 3-1 was higher than the average illuminance level during the daytime, whereas for other points, the 
average illuminance during the daytime was higher than that during 7am - 9am.

4.3 Impact of vertical location and shading

To analyse the impact of vertical location on the respective indoor thermal and visual environment, three groups of 
measurement points which located at different levels but share the same horizontal location were selected and compared, 
namely group 3 (point 2-1 and point 3-1), group 4 (point 2-2 and point 2-3) and group 5 (point 2-3 and Point 3-3). Compared 
with the other groups, those two points in group 5 are designed with concave. The following discussions were based on the 
results collected from the sunny day (29th April).

4.3.1 Building thermal performance

Globe temperature

As shown in Table 1, during the daytime, the points located at the higher level showed higher globe temperatures compared 
with the points located at the lower level. This is mainly because level 2 is at a lower level, and the reflected sunlight from the 
affecting façade may be blocked by the trees. During 7am - 9am, the average temperature difference between the points 
which within the same group (0.31°C for group 3, 0.18°C for group 4, and 1.54 °C for group 5) were lower than the average 
temperature difference during the daytime (0.73°C for group 3, 0.49°C for group 4, and 2.06°C for group 5). The two points 
in group 5 which are designed with concave showed the largest temperature difference.

Glass surface temperature

As shown in Figure 5, the glass surface temperatures of those three points located at level 3 were higher than that of the 
corresponding points at level 2. The average temperature difference between the points which share the same horizontal 
location were 0.78°C for group 3, 0.48°C for group 4, and 1.04°C for group 5 during the daytime, and 0.24°C for group 3, 
0.30°C for group 4, and 0.32°C for group 5 during 7am - 9am.

Wall surface temperature

As shown in Figure 6 and Figure 7, during the daytime, both external (W2) and internal (W1) wall surface temperatures of 
the points at level 3 were higher than that of the points at level 2. For the points which share the same horizontal location, 
the two points which are designed with concave (point 2-3 and 3-3), also showed the highest temperature difference both 
in external and internal wall surface temperature during the daytime.

4.3.2 Building visual performance

Overall, the three points which are located at level 3 had higher illuminance values compared with the three points which 
are located at level 2 during the daytime. The average illuminance difference between the points which are within the same 
group was 1454 lux for group 3, 1398 lux for group 4, 1094 lux for group 5 during the daytime. During 7am - 9am, the 
illuminance level at point 2-1 was 729 lux higher than the illuminance level at point 3-1. Whereas for another two groups, 
the illuminance level at  level 3 was higher than the illuminance level at level 2, the difference was 569 lux for group 4, and 
414 lux for group 5.

5. SUMMARY

The internal and external heat sources are two main contributors to the increase in air and surface temperature, where 
the internal heat source comprises occupants, lighting, and equipment. It is important to note that the measurement was 
conducted during the school vacation period. Hence, the selected classrooms were not occupied with all air conditioners 
and other electrical systems turned off. Thus, the internal heat sources are excluded from the analysis.

Weather condition plays a vital role in indoor thermal and visual performance. The average external glass and wall surface 
temperature can increase up to 2°C on a sunny day which has high incoming solar radiation compared to a cloudy day. 

Horizontal location also affects the indoor thermal and visual environment. Points which are located near the affecting 
façade tend to have worse thermal and visual performance.

In addition, vertical location is another significant factor that will affect both the indoor thermal comfort and visual 

Study on the thermal and visual performance due to highly reflective façade in Singapore



94

comfort. Data analysis has provided a conclusion that temperatures and illuminance at the higher level will be higher than 
that at the lower level. This can be explained by the fact that the level 2 of the affected building is near the ground and the 
reflected sunlight from the affecting façade can be obstructed by ground objects such as trees.

Furthermore, in the field measurement, it was found that the shading provided by the eave of flat roof affects the indoor 
globe temperature and façade surface temperature significantly. It also helps to reduce illuminance level to achieve a better 
indoor visual environment according to the design standard.

6. FUTURE PLAN

Future study will be focusing on the relationship between design parameters and glare. More field measurements will be 
conducted in other types of buildings. Parametric study through computer modeling will also be conducted to propose a 
guideline for building designers.
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Abstract: Medium Density Housing (MDH) is one of the strategies to address problems within New Zealand’s housing 
situation, namely the shortage of affordable urban housing. Land shortage and/or increasing land cost, overall low productivity 
and high production cost in the construction sector have been identified among the main drivers of this situation. This paper 
addresses MDH from a perspective of dwelling design, by adapting typologies to specifically suit hillsides, which tend to be 
less expensive land types; further it focusses on options to increase construction productivity by way of pre-fabrication, and 
it explores concrete based construction systems for increased building performance and productivity within the NZ context. 
This is of particular relevance to the implementation of MDH as a denser typology of dwellings, which often entails the use 
of higher performing components. Generic hillside MDH typologies and a MDH case study design were developed for a 
Wellington site, by way of cross-referencing construction systems, performance requirements and hillside typologies. The 
case study design was further examined with options for site logistics. Trade-offs between productivity (small vs. large pre-
fab panels) and complexity/cost of site logistics became obvious and led to a proposal for a multifunctional stay-in-place 
formwork system, which could increase performance and productivity in NZ housing construction.

Keywords: Medium Density Housing; pre-fabrication; formwork; concrete.

1. PROBLEM STATEMENT AND RELEVANCE 

Urban implementation of Medium Density Housing (MDH), understood as multi-unit dwellings of limited height, and as 
opposed to standalone housing (Bryson and Allen, 2017, p.47), is expected to ease problems which dominate debate on 
New Zealand’s housing situation, namely the shortage of affordable urban housing. Low density land use, increasing land 
cost, but more so overall low productivity and high production cost in the construction sector have been identified among 
the main drivers of this situation (Wilkinson et. al., 2011). 

When taking an overview of the current construction sector (in terms of output capacity and average quality) within 
New Zealand (NZ), a shortage of skilled labour and of overall capacity is being broadly discussed. Pre-fabrication as a 
method to increase productivity and construction quality has been on the NZ agenda for several decades. Despite the leap 
forward driven by Computer Numeric Controlled (CNC) production techniques, pre-fabrication currently represents only a 
small part of the NZ housing production. An industry survey conducted by industry association Prefab NZ (2018) not only 
indicates that construction businesses operating mainly by use of pre-fabrication currently represent only 2% of overall GDP 
generated by the construction industry. With regards to building materials usage, the same study states that the number of 
businesses in pre-fabrication using concrete based components is more than three times higher than those using timber 
and steel. However, for steel the highest growth rates have been identified. When comparing these three material groups, 
it appears that widespread timber construction is even more dominated by small scale businesses operating mainly with 
manual labour, resulting in fairly low productivity. On the other hand, pre-fabrication of concrete wall panels is common 
practice backed by established and fairly competitive industries, yet with a potential for further leveraging productivity. Here, 
only a few construction systems (mainly plain concrete wall panels and core-insulated wall panels) are commonly used, 
with only little uptake of innovations for increasing physical performance and productivity. This is of particular relevance to 
the implementation of MDH as a denser typology of dwelling, which often entails the use of higher performing components. 
Intertenancy walls and slabs for example need to achieve (or exceed) the minimum performance requirements defined 
by the New Zealand Building Code (NZBC), namely with regards to acoustic separation or fire safety. The standards 
required by NZBC for acoustic privacy for example are less onerous than those observed in countries, where urban MDH 
represents a norm rather than an aspiration. Filling this performance and productivity gap can be seen as an opportunity for 
construction businesses using pre-fabrication and is a main objective of this paper. 

The current market for housing construction in NZ is dominated by apartment blocks or towers on the one hand and 
detached single family houses on the other. In simplified terms, one can associate these building types with their preferred 
materials, namely steel (or concrete/steel composite) for high rises and timber framing for single family houses. MDH as 
an alternative typology of dwelling is high up on the political agenda, but the different, more complex consenting and 
construction processes prove disadvantageous for the implementation of MDH in urban or suburban centres. In conjunction 
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with increasing land cost, these aspects reinforce the dichotomous urbanisation model of downtown vs. suburbia, often 
referred to as ‘the missing middle’ scale of housing typologies (Bryson and Allen, 2017, p.16). Against this background, this 
paper addresses aspects of MDH from a perspective of dwelling design, by adapting typologies to specifically suit hillsides, 
which tend to be less expensive land types; further, it examines options to increase construction productivity as a way of 
reducing building cost; finally and most importantly, it explores concrete based construction systems for increased building 
performance and their potential for adaption and uptake within the New Zealand context.

2. STATE OF RESEARCH, PROPOSITIONS, METHODOLOGY 

Current NZ research on MDH often examines criteria of social acceptance and/or market response to MDH and urban 
intensification (for example: Allen, 2016) with the purpose of improving design for societal acceptance; it examines definitions 
of MDH to inform industry and NZ policy making (Bryson and Allen, 2017). With regards to dwelling typologies suitable 
for hillsides there are well established bodies of knowledge at national and international level, including Hoffmann (1967) 
and Schneider and Heckmann’s (2011) Floor plan manual housing. Similarly, there is substantial systematic research on 
construction design for pre-fabrication and associated construction technologies, including Knaack, Chung-Klatte and 
Hasselbach (2012) and, specifically on concrete systems, by Boegl and Gierer (2012).

However, there appears to be a research gap in cross-referencing and adapting these bodies of knowledge against the 
specific background of the NZ construction environment. A further aspect identified as a research gap is how site logistics 
influence design decisions and choices of construction systems. Different to other countries and construction industries, 
for small to medium scale housing projects it is not common practice in New Zealand to have crane and scaffolding 
available throughout the duration of a construction site. Instead, mobile cranes are more commonly used, and their use is 
a substantial cost factor. Restrictions of material availability/cost, transportation and access seem to favour the established 
construction methods using small elements, including timber sticks and concrete blocks. These methods are unlikely to 
achieve the productivity increases required to ease the NZ housing crisis. While pre-fabricated concrete wall panels are 
already broadly used for MDH projects in NZ, their availability and size is often limited by logistical constraints driven by 
weight and transport. Moreover, common detailing and finishing (with interior insulation) do not fully use the material’s 
potential for good indoor climate and long-term performance. 

2.1 Research propositions

With the above mentioned research gaps in mind, this paper has two main propositions: 

• Establishing an interrelation between the properties of concrete based construction/pre-fabrication systems and 
different typologies of Medium Density Housing on hillsides can increase performance and productivity for dwellings.

• Exploration and adaption of (international) pre-fabricated, concrete based construction systems can further increase 
performance, productivity and scope of concrete based systems in the NZ context, while providing added functional 
value.

2.2 Methodology

This paper focusses on MDH for hillsides. Some of these sites are under smaller economic pressure due to their increased 
development and construction cost, forming a potential opportunity for both cost efficient and qualitatively desirable housing. 
Rather than looking at dwelling design or construction aspects in isolation, the interrelation between choices of construction 
systems/materials and design/siting are examined, considering also aspects of site and construction logistics as major 
drivers for cost and productivity in residential construction. In the light of the research gaps and propositions, the research 
focussed on concrete based materials and construction systems. 

As a first step, a range of NZ available concrete construction systems (as far as relevant for the identified segment of 
construction) was captured and placed into a framework of relevant design performance criteria, including aspects of code 
compliance, such as thermal and acoustic performance. Given the focus on pre-fabrication, conventional in-situ concrete 
was excluded. The range included standard reinforced pre-cast concrete panels, lightweight reinforced pre-cast concrete 
panels, core-insulated reinforced pre-cast concrete panels, pre-cast concrete panels with an exterior insulation and finish 
system (EIFS), standard concrete masonry blocks, with and without an EIFS, blocks with an insulated and ventilated rain-
screen façade, and finally a proprietary insulated concrete form block (ICF, a system of modular and interlocking stay-
in-place formwork from extruded polystyrene, for infill with standard reinforced concrete). The rather common practice 
(in NZ) of concrete masonry blocks with interior insulation and lining was excluded from the range due to its problematic 
characteristics in terms of moisture management and risk of condensation. Furthermore, some waterproofing and flooring/
slab construction systems were captured. 
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In a second methodological step these systems were overlaid and applied to a range of four typologies for placing a built 
volume into a hillside (raised off the ground, embedded into the ground, separated from the hill face with a retaining wall, with 
base-isolation, Figure 1) and the resulting advantages and disadvantages in relation to the design were diagrammatically 
captured. 

Figure 1: Four typologies for placing a built volume into a hillside (source: author)

Starting from design criteria defined by vertical access, a range of dwelling typologies for arrangement of multi-unit 
dwellings on hillsides was developed and the impact on vertical and horizontal access as well as implications on construction 
assessed (Figure 3). In a further step, a specific architectural solution (case study design) was developed, based on 
a horizontally and vertically shifted row house typology (Figure 2). The chosen site for the case study is located in the 
Wellington suburb of Miramar, an area previously examined by Wellington City Council for its urban infill potential, as part of 
the urban development strategy (2007). Two plots spanning between Akaroa Drive and Maupuia Road were hypothetically 
unified at the north-western tip of this area, forming a site of ca. 1,450m2. The surroundings are dominated by detached 
houses and some MDH (row housing) in proximity, where Floor Area Ratios (FAR) of up to ca. 0.65 can be found. The site 
is characterised by a substantial slope of 14m over 45m depth from one side to the other, with the slope facing south-west. 
For its inherent challenges, it seemed particularly suitable for gaining insight into the research topics and propositions. 
Aspects of planning and urban policy were not specifically addressed as part of this study, however, it is understood that 
the current district plan for the inner Wellington suburbs would imply a resource consent for the case study project, since by 
nature of MDH (as understood here) more than two units non the same plot are proposed. MDH is mostly defined by broad 
typological and building height criteria (Bryson and Allen, 2017). The case study project, while distinct in its design, aimed 
to establish relations to the nearer urban context, in terms of typology (shifted row houses), volume (three storeys) and land 
use (FAR ca. 0.56). Aspects of building cost were addressed at high level only, not by quantitative methods. 

Based on the previously assessed range of construction systems, three systems were chosen for an in-depth assessment 
in terms of implications on design and site logistics. This included two modifications from international systems, which 
seemed best suited to respond to the requirements of the NZ context. The site logistics aspect proved to be of high 
relevance on the design and systems choice, so that the limitations of different cranes in terms of weight and range were 
included in the assessment of the case studies. 

Figure 2: Case study design and site plan. (source: author)
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3. FINDINGS

By nature of the inter-scale character of the research, findings were made on different scales. On an urban scale, implementing 
MDH on hillsides, in particular as an infill within an existing, sub-urban or under-defined urban context is a way to make 
more efficient use of existing infrastructure (building services, transportation, social services). A more onerous (thus more 
costly) construction on hillsides should at least be off-set by increased liveability/spatial quality - the research findings on 
the level of dwelling design address this aspect (section 3.1). Interspersing dwelling units in a spatially inventive way can 
provide qualities associated with the aspirational model of house living as opposed to apartment living, with less land usage, 
potentially increasing acceptance of MDH. However, both the greater proximity of units and the conditions of hillsides pose 
challenges for construction techniques and site logistics. Higher performing materials and technical solutions need to be 
adopted as to maximise economy of construction in line with structural integrity and earthquake resistance. These aspects 
are addressed in section 3.2, which explores novel systems for increased productivity and performance.

3.1 Hillside typologies

Based on a body of project precedence, volumetric typologies of hillside dwellings were established, resulting from three-
dimensional shifting of units with typical floor-to-ceiling heights. The findings demonstrate the importance of sectional 
organisation and vertical access/circulation as a driver for hillside typologies, including easy-accessible stairs and elevators. 
Typologies include (Figure 3): 

a) Arrays of vertically organised dwellings, with vertical access contained within units. Horizontal and vertical shifting 
allows for site adjustment both in plan and section, defined by width of units and suitable increments (typically half or full 
storeys). The resulting inter-spaces can generate house-living qualities including car parks and individual greenery/exterior 
spaces. All units have individual access.

b), c) Arrays of horizontally organised dwellings are derived from vertically stacked, horizontally organised units with 
shared internal or external vertical access and circulation. By horizontally shifting units, a linear sequence of stairs allows 
for adaption to hillsides and private greenery/exterior spaces on roofs. Stair parameters, e.g. dog-leg b) or linear c), and 
storey heights are the key design criteria. Shared vertical access between flats is space-efficient, but implies less flexibility 
for adaption to diagonal slopes.

d) Clustered dwellings combine external and internal vertical access and circulation, allowing for a flexible response to 
orientation and siting by mixing types a), b) and c). Units may be shifted and arrayed both vertically and horizontally, defining 
transitions from semi-public to private spaces, while offering flexibility. External spaces can be created both level to the 
adjacent ground or on roofs of shifted units.
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Figure 3: Hillside dwelling typologies. (source: author)

The typological research was used as a basis to identify generic design criteria and drivers for complex sectional 
organisations, required for integrating spaces or qualities commonly associated with aspirational housing models into MDH 
on hillsides. Based on a vertically and laterally translated row house typology, a design specific to the case study site was 
developed, comprising a total of six units in an array of three identical buildings. On a design level, house living qualities are 
created, namely with individual entrances, individual and private external areas, and winter-gardens. In terms of construction 
research, the configuration of units comprises both intertenancy slabs and walls with associated acoustic and fire rating 
requirements. The case study design was used to examine the applicability and scope for pre-fabrication on a hillside, 
considering site logistics, too.

3.2 Exploring pre-fab construction systems for increased productivity and performance

The generic cross-referencing of construction systems, performance requirements and hillside typologies showed a high 
versatility of pre-fabricated concrete construction systems for raising buildings on hillsides; embedding buildings requires 
systems suitable for adequate waterproofing and absorbing ground pressure. The most relevant findings were made by using 
the case study design for further cross-referencing with options for site logistics. Trade-offs between productivity (small vs. 
large pre-fab panels) and complexity/cost of site logistics (manual site logistics vs. crane and other heavy machinery) became 
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obvious. Vehicles or site equipment considered included both flat deck and low loader trucks for panel transportation, the 
concrete pump truck, as well as 100t and 55t mobile cranes or an eight tonne tower crane for panel assembly. The range 
of cranes was visually captured on site diagrams in relation to certain sizes and weights of pre-fabricated panels (Figure 4).

Figure 4: Site logistics for core-insulated concrete panels and stay-in-place formwork. (source: author)

For progressing the research objectives of increased land use, construction productivity and increased performance 
standards, the following performance criteria were defined for a series of conceptual construction design iterations: Pre-
fabricated (external) wall elements were to be insulated to a standard exceeding NZBC; instead, the standard Greenstar 
Level 7 by New Zealand Green Building Council was used as a reference; they needed to provide high indoor climate 
comfort, and  they were to be manufactured including an external finish, in order to avoid scaffolding and accelerate the 
construction process; finally, they were to be installed within the logistical constraints of the case study site, which meant 
the upper access road could be used for a 100t mobile crane, the lower one only for a 55t mobile crane. These criteria 
lead to a first iteration, based on a proprietary system of core-insulated, reinforced pre-cast concrete panels (type Nirvana, 
available in NZ). While meeting all requirements, it became obvious that the panels needed to be limited in size (only a single 
storey in height), even when using the 100t mobile crane, due to their substantial weight – thus somewhat defeating the 
objective of speedy and cost-efficient site works. 

In order to reduce panel weight, while still delivering an insulated and finished wall system, a review of relevant literature 
and proprietary systems directed the focus on innovations in formwork as a driver for construction speed and productivity. 
Bennett (2002) dedicates an entire section to formwork and discusses innovative formwork in the European and American 
context, where re-usable proprietary formwork is the norm, including sliding, tunnel and table formwork. These systems 
however did neither respond to the targeted scale of projects (MDH) nor the specific NZ construction context where re-
usable, highly engineered formwork is not a standard. Among NZ available systems reviewed was a system of insulated 
concrete forms (ICF), i.e. small scale polystyrene blocks forming a stay-in-place formwork with thermal insulating properties. 
Munsell (1995) writes (from an American perspective) enthusiastically about this type of construction system, then newly 
introduced to the US – however, it appears the ICF system did not revolutionize home construction there, as the title 
suggested. In addition to the rather labour intense assembly process of the blocks, the restrictions and physical properties 
defined by the material are likely reasons for polystyrene stay-in-place formwork systems (blocks, sheets etc.) today being 
mostly used for basements and foundations. While thermally well insulating, the material has physical properties not ideal 
for resilient indoor comfort (low thermal capacity and mechanical durability, very little moisture absorption).  

More recently, other materials and introduction of CNC fabrication have allowed for new systems to emerge, using larger 
panels, made from timber fibres and cementitious binders, which offer more suitable physical properties, including Austrian 
system Velox (2018). Rather than stacked on site, these panels are typically pre-fabricated using CNC fabrication. Elements 
are manufactured to suit, within a geometrical envelope of technically feasible and economical dimensions. An interior and 
exterior layer of cementitious timber fibre board are tied together by proprietary plastic ties, before filling with rebar and 
in-situ concrete. In addition, this system allows also for insertion of other functional layers, such as extra insulation to the 
exterior face of the concrete core. 
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While ICF or other stay-in-place formwork currently represents a niche of the construction market, it appears not much 
covered by current scholarly research. Nonetheless, it is interesting to note that the construction principle is described 
already in the highly influential volume A pattern language under the pattern heading ‘218 Wall Membrane’ (Alexander, 
Ishikawa and Silverstein, 1977). Here, timber or gypsum boards are discussed as a stay-in-place formwork for a robust, 
easy-to-make load-bearing wall and framing system. Whether in this ‘Wall Membrane’ (using timber or gypsum board as 
formwork) or in commercial ICF systems, these were clearly first steps towards a multifunctional character of stay-in-place 
formwork (interior and exterior finish, insulation). With physically more suitable materials and separate ties (Velox 2018) more 
scope for adding functional layers in response to the NZ context and construction market emerged. For this purpose, a 
type of stay-in-place formwork using cementitious timber fibre boards and plastic ties (type Velox, but various proprietary 
systems exist) was conceptually adapted and further developed. An exterior finish (by bonding a pigmented cementitious 
mineral fibre panel to the exterior face) and a layer of high performing insulation to the interior face of the outer timber fibre 
panel were added. This provides added functional value and better climate comfort properties than similar systems using 
polystyrene only. The interior face (timber fibre panel) is a suitable substrate for an interior render finish while buffering interior 
moisture/vapour peaks and providing better mechanical strength. For the overall composition of material layers, a suitable 
sequence of vapour permeability was considered (concrete and polystyrene insulation double acting as vapour control to 
avoid condensation).  

For the purpose of site logistics, the proposed system allows for much larger elements to be pre-fabricated and brought 
to site and installed due to the concrete filled in only on site. This would eliminate the need for any scaffolding and allow for 
installation of large, multi-storey panels by use of a medium size (55t) mobile crane in combination with a concrete pump 
truck. The stay-in-place formwork panels are much lighter than pre-cast concrete panels and can be installed either by 
medium cranes in large format or by hand when using an option for small, modular formwork panels. 

Figure 5: Case study multifunctional stay-in-place formwork, design and detail. (Source: author)

IMPLICATIONS

With regards to an increase of uptake and acceptance of MDH, interspersing dwelling units in a spatially inventive way 
can provide qualities associated with the aspirational model of house living as opposed to apartment living, while reducing 
land usage. Filling the performance and productivity gap within the current NZ construction industry can be seen as an 
opportunity for businesses using pre-fabrication, as to increase physical performance of building components - a requisite 
of improved MDH uptake. As for performance criteria quantitatively defined in the NZBC, it appears that certain physical 
criteria including thermal capacity (thermal mass), condensation risk and temporary moisture absorption/diffusion (moisture 
management) should be further considered for MDH, due to their relevance for indoor comfort and hygiene. With regards 
to construction performance and productivity, the inclusion of (multi-)functional layers (such as insulation, moisture 
management, finishes) within a flexible stay-in-place formwork system has a high potential for productivity and performance 
increase in MDH construction. The raw materials for the formwork panels include timber and cement, a material mix very 
suitable for NZ resourcing, and they can be processed using standard two dimensional CNC cutting techniques. The above 
characteristics suggest the proposed system has the potential to make a substantial positive impact, as it responds well to 
the requirements of the NZ context and to the research propositions made at the project outset. Further research should 
include hygro-thermic simulations of material layering and economic modelling to examine potential productivity gains. 
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Abstract: Greenhouse gas (GHG) emissions have increased for the last three consecutive years in Australia, and this 
directly threatens our ability to meet our 2030 GHG emission reduction target under the Paris Agreement. Despite progress 
in reducing building-related GHG emissions, little focus has been placed on the indirect GHG emissions associated with 
building material manufacture, and construction. Cross laminated timber (CLT) is an alternative construction material that 
has been subject to numerous comparison studies, including many life cycle assessments (LCA). The aim of this paper 
is to provide a review of the recent literature on the environmental performance of CLT construction for Medium Density 
Residential (MDR) buildings and to identify knowledge gaps that require further research. Studies reviewed were sourced 
from web-based research engine, direct searches on global wood promotion websites, and the review was limited to 
peer reviewed publications. This review provides a useful basis for informing the exploration of important gaps in the 
current knowledge of how CLT buildings perform from an environmental perspective. This will ensure a comprehensive 
understanding of the environmental benefits of CLT construction and inform decision-making relating to structural material 
selection for optimising the life cycle GHG emissions performance of buildings.

Keywords: Cross laminated timber; life cycle assessment; greenhouse gas emissions; construction.

1. INTRODUCTION

The latest quarterly update of the National Greenhouse Gas Inventory December 2017 reveals that Australian GHG 
emissions have increased by 1.5 percent compared to the previous year (Department of the Environment and Energy, 2018). 
Unfortunately, this increase in national GHG emissions has been consistent for the last three years, thus making it more 
difficult to achieve the 2030 target of reducing GHG emissions by 26-28 per cent from 2005 levels (Australian Government, 
2015). Moreover, this 2030 target is conservative and will result in Australia emitting about 85% of its IPCC Carbon Budget 
in only 14 years. Accordingly, there will potentially remain only 15% of this budget for the following twenty years, until 2050, 
at which stage, the national population is projected to reach between 33 and 40 million (Krockenberger, 2015). It is therefore 
reasonable to express concerns regarding the ability for Australia to successfully meet the Paris Agreement, and it highlights 
the current emergency for the nation to rapidly reduce GHG emissions.

1.1 Carbon footprint of buildings

According to the Intergovernmental Panel on Climate Change (IPCC), buildings (residential and commercial) accounted for 
19% of energy-related global GHG emissions in 2010 (IPCC, 2014). More recent studies estimate the global GHG emissions 
contribution from buildings at between 30-40% (Ibn-Mohammed et al., 2013; GABC, 2017; Sandanayake et al., 2018). 
Recent studies, using life cycle assessment (LCA), have identified the source of those large GHG emissions and revealed 
that indirect emissions, in comparison to direct emissions occurring during the use stage of buildings, are responsible for a 
major and increasing proportion of the total GHG emissions. This share is found to range from 71% in Ireland (Acquaye and 
Duffy, 2010), to 89.5% in Australia (Yu et al., 2017), and even up to 96.6% in China (Chen et al., 2017).

Referring to the European Standard EN15978 (2011), Figure 1 shows that the building life cycle includes four distinct 
stages from which GHG emissions result. The use stage (B), relates to the time in which the building is occupied, and its 
operation produces direct GHG emissions from the energy it uses. In addition, indirect GHG emissions are produced by 
Stages A, C and D, relating to the ‘product’ and ‘construction’ stage, the ‘End of Life (EOL)’ stage and the ‘Benefits and 
loads beyond the system boundary’ stage, respectively.

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.107–114. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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Figure 1: Life cycle stages. Source: adapted from EN 15978:2011 (2011)

For decades, construction regulations relating to the reduction of GHG emissions have focused on the building use 
stage and have largely disregarded potential GHG emission reductions in the three others stages, in particular Stage A. 
Indeed, the product and construction process stage not only represents a significant share of the indirect GHG emissions 
(Crawford and Stephan, 2013), it is also a stage where decisions regarding materials and construction processes can be 
most easily changed for better long-term GHG emissions outcomes. Thus, an increasing number of studies have promoted 
a more holistic approach to GHG emissions reduction, using LCA inter alia (Hafner, Winter, and Takano 2012; Crawford et 
al. 2016).

1.2 GHG emissions of conventional structural materials

The construction of conventional buildings in most parts of the world uses highly emissions intensive materials, such as 
concrete and steel for their main structural elements. In 2014, it was estimated that energy-related GHG emissions from 
iron, steel and cement manufacturing represented 9% of global GHG emissions (GABC, 2017). Concrete has benefited 
from considerable research aiming to reduce GHG emissions, particularly those related to producing Portland cement 
(Schneider et al., 2011; Gartner and Sui, 2017). Yet, it is estimated that by 2050 the global GHG emissions share associated 
with Portland cement will represent 26% if current manufacturing processes remain unchanged, or still 20% even if cutting-
edge processes are implemented (Gunner, 2017).

Steel production has seen similar progress regards to GHG emissions reduction, through replacement of formulas (Van 
Wesenbeeck et al., 2016), or innovative processes, such as molten oxide electrolysis (Allanore et al., 2013). Yet severe 
technology hurdles have cut short implementation in industry, and iron and steel production are currently estimated to 
account for 6.7% of global GHG emissions. This is anticipated to rise if disruptive innovations and international collaboration 
aren’t implemented (Shatokha, 2016). Therefore, the global GHG emissions share associated with concrete and steel is 
projected to remain significant and a substantial barrier to achieving necessary GHG emissions reduction targets within 
the building industry. Furthermore, most conventional materials, including the two mentioned above are of mineral and 
non-renewable nature. When considering that the Australian building stock is predicted to double by 2050 (ASBEC, 2017), 
severe stress on raw mineral resources is highly likely.

1.3 Cross-laminated timber: an alternative structural material 

In London, a breakthrough occurred when Waugh Thistleton Architects designed the Stadthaus, a nine storey tower in North 
London, UK (Thompson, 2009), using Cross Laminated Timber (CLT). CLT is an Engineered Wood Product (EWP) panel 
composed of layers of solid timber called lamellas, typically 12 to 45 mm thick and 40 to 300 mm wide, glued together. The 
novelty of CLT comes from the 90° orientation of each layer of lamellas to adjacent layers, thus achieving better structural 
rigidity and dimensional stability in both direction of the panel. CLT panels are typically 57 to 320 mm thick, ranging from 2.2 
to 2.95 m wide and up to 11.9 m long depending on transport constraints (England and Iskra, 2016).

CLT is a bio-sourced, and thus renewable material. Therefore, it could potentially mitigate the risk of raw mineral resource 
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depletion related to the use of conventional structural materials, such as steel and concrete. Besides other advantages 
such as safety and construction time savings, previous studies have also demonstrated other potential environmental 
benefits. An Australian study published by Durlinger et al. (2013) with a case study of Melbourne’s Forté building, commonly 
accepted as the most significant CLT construction in Australia, confirmed these benefits with a Global Warming Potential 
(GWP) 13%-22% lower than a building of similar design using concrete.

Durlinger et al.’s study is one of several studies that have used LCA to assess the environmental performance of CLT 
construction and compare it with conventional construction, most often Reinforced Concrete (RC) construction. These 
studies vary widely in the LCA methodologies used and their complexity, but all try to answer the same question: What is 
the potential for CLT construction to reduce the GHG emissions associated with buildings?

2. CRITICAL REVIEW OF PREVIOUS STUDIES

While CLT brings clear benefits over steel and concrete in terms of minimising non-renewable material depletion, the extent 
of other environmental benefits is less certain. This certainty is needed to ensure it provides a viable solution to mitigate 
environmental issues, such as the release of GHG emissions, associated with the built environment. A critical review was 
conducted on selected previous international LCA studies comparing conventional and CLT construction.

2.1 Methodology

The review of LCAs of CLT construction was based on the systematic approach used by Booth et al., including two stages: 
scoping review and mapping review. First, the scoping review was used to assess the number and quality of publications 
on the relevant topic and reveal primary gaps within the literature. Secondly, the mapping review maps existing literature 
and identifies secondary gaps, which leads to a summary assessment and identification of areas for future research (Booth 
et al., 2016).

The search process included three main steps. First, an initial search using keywords, as listed in Table 1, in Google 
Scholar, Scopus and Web of Science databases. The first one hundred results from each search from each database 
were considered, resulting in an initial batch of nine international articles (including P1-3, P5-8, as per Table 2). Secondly, 
further research through Google Scholar alerts and the ResearchGate community resulted in four more relevant publications 
(including P4 and P9). Finally, meetings and discussions during conferences resulted in one more research report. Therefore, 
a total of 14 relevant studies were identified for further analysis.

Table 1: Keywords used for searching for LCA studies of CLT.

Comparative cross laminated 
timber life cycle assessment

Comparative CLT LCA 
buildings

Life cycle approach cross 
laminated timber CLT

Environmental impacts cross 
laminated timber CLT

GWP climate change mitigation 
MTC mass timber construction

Cross laminated timber CLT 
zero energy

Cross laminates timber CLT 
passive house

Cross laminated timber CLT 
positive low energy building

2.2 Selection of studies for review

To guarantee the quality of this review, only peer reviewed studies were selected. This process removed two studies from 
the review selection, a Masters thesis from Canada and one industry report from Australia. As this study focusses on the use 
of CLT in the building context, only studies that considered entire buildings were analysed in further detail. This, excluded a 
US study from the review. Furthermore, the quality and consistency of this review is maintained by further limiting the scope 
to CLT construction and so excluding an Australian study that focuses on Laminated Veneer Lumber. A final study from 
Germany that treats about a single dwelling house has also been excluded as it represents a unique case compared to all 
other studies that assess multi-storey buildings ranging from 4 to 21 levels. The nine remaining studies have been reviewed, 
as detailed in Table 2.

Life cycle analysis of cross laminated timber in buildings: a review
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Table 2: Nine published LCA studies of CLT construction selected for review.

Publication Author(s) (Year) Title Country

P1 Robertson et al.(2012) A Comparative Cradle-to-Gate Life Cycle Assessment of Mid-
Rise Office

Canada

P2 Darby et al. (2013) A Case Study to Investigate the Life Cycle Carbon Emissions 
and Carbon Storage Capacity of a Cross Laminated Timber, 
Multi-Storey Residential Building

United Kingdom

P3 Durlinger et al.(2013) Life Cycle Assessment of a Cross Laminated Timber Building Australia

P4 Grann(2013) A Comparative Life Cycle Assessment of Two Multi-Story 
Residential

Canada

P5 Dodoo et al. (2014) Lifecycle Carbon Implications of Conventional and Low-Energy 
Multi-Story Timber Building Systems.

Sweden

P6 Skullestad et al.(2016) High-Rise timber Buildings as Climate Change Mitigation 
Measure - A Comparative LCA of Structural System 
Alternatives

Norway

P7 Guo et al.(2017) A Comparison of the Energy Saving and Carbon Reduction 
Performance between Reinforced Concrete and Cross-
Laminated Timber Structures in Residential Buildings in the 
Severe Cold Region of China

China

P8 Rajagopalan and Kelley(2017) Evaluating Sustainability of Buildings Using Multi-Attribute 
Decision Tools

United States of 
America

P9 Teh et al.(2017) Replacement Scenarios for Construction Materials Based on 
Economy-Wide Hybrid LCA

Australia

3. LITERATURE REVIEW

Results of all previous studies, except for some scenarios of P2 and P9, show Global Warming Potential (GWP) benefits 
for CLT construction compared to conventional construction. However, a comparison of final results regarding GWP from 
these nine papers is extremely difficult. Indeed, the difference in GWP benefits of CLT ranges from +15%, meaning that 
CLT buildings result in more GHG emissions than RC ones, to -278%. This broad variation is a result of variations in 
study parameters such as local climate, building legislation, energy mix, but also assessment methods including system 
boundaries, carbon estimation, data quality and overall LCA approach.

3.1 Building characteristics

The wide range of buildings assessed, as shown in Table 3, is one source of variation in the results of the various studies. 
Two major variables are observed, first the presence or not of a RC basement that reduces the potential GWP reduction of 
CLT buildings that can be achieved through reduced footings. Second, the number of levels also increases the RC share in 
a CLT building, since footings are dimensioned according to building height and stress load. For example, hybrid structural 
systems with concrete cores are often used for taller CLT buildings. Table 3 shows the mix of structural materials (CLT, RC 
and steel) assumed for buildings modelled in each study.
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Table 3: Building details, uses and construction status of the nine published studies selected for review.

Building details Use Status

P1 1 CLT vs. 1 RC, 5 levels, RC basement 100% Commercial RC built
CLT hypothetical

P2 1 CLT vs. 1 RC, 5 & 8 levels, no basement 100% Residential CLT built
RC hypothetical 

P3 1 CLT vs. 1 RC, 10 levels, no basement 89% Residential and 11% 
Commercial

Both built

P4 1 CLT vs. 1 RC, 4 levels, RC basement 100% Residential CLT built
RC hypothetical 

P5 1 CLT vs. 1 Timber post & beam vs. 1 Timber modular, 4 levels, no 
basement

100% Residential All hypothetical

P6 4 CLT vs. 4 RC, 3, 7 ,12 & 21 levels, RC basement 100% Residential All hypothetical

P7 4 CLT vs. 4 RC, 4,7,11 & 17 levels, No basement 100% Residential RC built
CLT hypothetical

P8 1 CLT vs. 1 RC vs. 1 Steel frame, 9 levels, No basement 50% Residential and 50% 
Commercial

All hypothetical 

P9 New building stock replaced by CLT, 10 levels, No basement 100% Residential and 100% 
Commercial

All hypothetical

3.2 Regional variation

When analysing CLT buildings from the most comparable papers P2, P3 and P7, since they are mostly residential, without 
a basement and of similar height, one can observe that their results regarding total GHG emissions fluctuate from 0.16 
tCO2e/m2 to 5.98 tCO2e/m2. This large variation can be explained first by the difference of climate. Operational energy (OE) 
demand to reach comfort in severe cold Harbin, China (P7), far exceeds that in the more temperate London, UK (P2). In 
addition, variation of building codes and thermal stringencies potentially escalates this variation. For example, for an external 
CLT wall in a cold climate (P5), under Swedish conventional design a minimum of 245mm of rock wool, estimated at R5.4, 
is required. In comparison, under a Chinese improved design (P7), the building requires only 50 mm of EPS, estimated at 
R1.78.

Finally, the energy mix for each of the locations also plays a significant role in the resultant GHG emissions. While the CLT 
building in P3 located in Melbourne, Australia, should benefit from a milder climate than in P2 (UK), the carbon intensity of 
the Victorian energy mix, mostly generated from brown coal, dramatically increases GHG emissions compared to London 
where coal represents less than 40% of the total energy mix, with hydro and wind representing more than 20% (Department 
of Energy and Climate Change, 2013). When comparing results from international studies, these regional variations are 
critical to consider, and furthermore, they will evolve as construction standards change, the energy mix becomes cleaner, 
and climate changes.

3.3 System boundary

One of the main reasons for the variation in the GHG emissions of CLT construction amongst the nine selected studies is the 
system boundary considered. LCA enables a holistic approach when studying the life cycle of a product, however for many 
studies a streamlined approach is used, excluding many life cycle stages. Table 4 shows that only four studies out of nine 
consider the full life cycle of the buildings, from ‘cradle to grave’. While a cradle to gate system boundary can be justified 
to detect carbon ‘hotspots’ at Stage A (Figure 1), the major drawback is that this can potentially lead to conclusions about 
the GWP benefits that can be counterbalanced in later stages of the building’s life. For example, study P3 shows that CLT 
construction has 30% lower GWP than RC construction at Stage A (cradle to gate). However, when considering Stages A 
to D (full life cycle) and EOL scenario without carbon sequestration, CLT is shown to have a GWP 15% higher than RC. This 
is concerning given that this information can be used to inform material choices. It is therefore critical to analyse the full life 
cycle implications of the use of CLT in buildings to be able to more reliably draw conclusions on the net GWP benefits of 
CLT construction.
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Table 4: System boundary and lifetime horizon for the nine published studies selected for review.

System boundary

Publication Lifetime horizon and 
comments

Publication Lifetime horizon and 
comments

Publication Lifetime horizon and 
comments

P1 50 years, Stage A5 
excluded

P2 50 years, Stage B 
excluded

P3 50 years

P6 60 years, Stages A4 & 
A5 excluded

P4 60 years

P9 Not applicable, Full 
Stages A1 to A5 included

P5 50 years

P7 50 years

Note: Publication P8 doesn’t mention system boundary and lifetime horizon.

3.4 Assessment of carbon cycle

Amongst the nine studies reviewed, there is a clear division regarding the method used in assessing life cycle GHG emissions. 
Five studies out of nine consider a percentage, ranging from 0% to 100%, for carbon sequestration. Carbon sequestration 
is the process performed by trees in removing atmospheric CO2 and storing it as carbon in wood fibres. This carbon, called 
biogenic carbon, is removed from the atmosphere as long as the wood product is used. According the EOL scenario, all 
biogenic carbon is either returned to the atmosphere (0% sequestration), and this is the case for bioenergy, or is reused in 
another wood product (100% sequestration) for the life of the secondary wood product. Depending on the percentage of 
sequestration, GHG benefits fluctuate largely and have led to confusion on the GHG emissions balance of CLT construction.

Three other studies, did a full assessment of the life cycle of biogenic carbon, two of them followed the IPCC 
recommendations in considering biogenic carbon as neutral GWP. Alternatively, Grann (2013) (P4), hasn’t followed the 
IPCC recommendations and has included the change of forest albedo at harvest site, as well as considering concrete 
carbonation in their RC scenario. This study also explores various EOL scenarios, including landfill, bioenergy and reusing or 
recycling, resulting in a thorough assessment of the biogenic carbon life cycle, which differs from most of the other studies. 
Compared with a sequestration percentage, which can be confusing information for decision makers, Grann’s approach in 
assessing the full biogenic carbon life cycle results in more accurate, detailed and valuable outcomes regarding the GWP 
benefits of CLT construction.

3.5 LCA method and data

Out of the nine selected studies, eight studies apply an LCA approach and one, P8, uses a survey approach with its 
conclusion limited to identifying potential ‘hot spots’ associated with CLT construction. Seven studies out of the eight that 
use LCA, used a process-based approach, which is often considered acceptable for comparative studies, but ill equipped 
to provide a comprehensive estimation of GHG emissions associated with CLT construction.
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Harvey (2012) stated that ‘to rely entirely on a process-based approach will underestimate the true embodied energy 
and subsequent environmental burdens, since interactions beyond some relatively low order [processes] will be omitted 
(that is, there is a truncation error)’. This finding has also been reinforced by Lenzen and Treloar (2002) who estimated, 
in a comparative study of a wood frame versus RC building, that a process-based approach underestimated the GHG 
emissions by a factor of two, compared with an economy-wide input-output (IO) approach.

This IO method has been further developed into hybrid methods that integrate both the precision of the 
process-based method and the comprehensiveness of the IO method, and this is the method used by Teh et 
al. (2017) (P9). Unfortunately, due to the limitation of this study’s scope, the system boundary has been restricted to 
cradle to gate and so missed the opportunity to reveal a broader economy-wide estimation of the GHG emissions from CLT 
buildings. 

The quality and relevance of data regarding CLT products has been an ongoing challenge evidenced by these nine 
studies. Since CLT is a relatively new construction material, with only a limited, but growing, number of manufacturers, 
data regarding its environmental performance is rare, which has resulted in approximations or considerable limitations in 
assessment of its environmental performance.

4. CONCLUSION

This paper has provided a review of studies on the environmental performance of CLT building construction. The review 
of nine studies reveals that most conclude that CLT construction results in lower GHG emissions than conventional RC 
construction. However, there is a wide range of results due to the variety of buildings assessed, regional variations, the 
treatment of biogenic carbon, LCA approach used, and data source. Only one study uses a comprehensive hybrid LCA 
approach, but even this study suffers from limitations, i.e. a limited scope. This study has highlighted the need for further in-
depth analysis of the environmental performance of CLT construction using a hybrid LCA approach, complimented with CLT 
production process data, comprehensive consideration of concrete carbonation and biogenic carbon. This would provide 
a more realistic estimation of the potential for CLT construction to reduce GHG emissions associated with buildings. The 
new knowledge generated would form an important element of the decision-making process for the selection of structural 
materials, potentially integrated with the framework for assessing the environmental benefits of mass timber construction 
proposed by Crawford and Cadorel (2017).
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Abstract: Globally urban housing is moving toward a vertical high-density typology. Addressing the high-density issue 
in Bandung City, the local government aims to improve the sprawling unplanned-settlement by redesign the area and 
provide medium to high-rise development in place of sprawled landed housing. A case study of Walk-up apartment project 
in Tamansari, Bandung is discussed in this paper to elaborate further about unconventional approach to housing design 
and subsequently in the construction practise. The project was designed by Akanoma studio, adopts an innovative design 
approach. Design concept was developed based on the understanding of site context and general issues in Bandung, 
among of them are urban water issue, site topography, and waterfront area within the site. One of the design strategy is 
to design the building as a stilt structure to maximize absorption area while minimizing site intervention. The design was 
implemented through a design and built method which is not common in Indonesia’s construction practise. During the 
construction process, issues and challenges are arising. This paper employed deep interview with the stakeholders involved 
and literature study.  This paper aims to study the implementation process of Rumah Deret Tamansari and its challenges. 

Keywords: walk-up apartment, Bandung, design and built, construction project

1. INTRODUCTION

According to UN-Habitat (2014), since 1900 the world urban population has been increasing. There is a remarkable increase 
in the absolute numbers of urban dwellers, from an annual average of 57 million between 1990-2000 to 77 million between 
2010-2015. The number of urban population has increased to 4 billion (54% of total population) in 2015 from 2.3 billion 
(43% of total population) in 1990. The increase in urban population has not been evenly spread throughout the world, by 
far, Asia as the highest number of people living in urban area, followed by Europe, Africa and Latin.

Indonesia, as one of the developing country, has the fourth-largest population in the world. Urban population in most 
of Indonesia’s major cities has also been increasing, the percentage of urban population increase from 49.8% in 2010 to 
53.3% in 2015 (Indonesia statistics). Bandung as one of Indonesia’s major city has been undergone urbanization since its 
early time. In the past few years, the population of Bandung has been increasing, from 2.42 million in 2011 to 2.49 million in 
2016 as shown in Figure 2. As Bandung’s population increases, the land area occupied by the city had also increased from 
1,900 Ha during its first established as municipality by the Dutch in 1906 to currently 16,767 Ha (2017). Now, the city area 
could not be further enlarged due to limited land area and the subsequent adjacent areas had also occupied by another 
cities and regencies. 

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.115–120. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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Figure 1: City of Bandung increasing population graphic (source: summarized from Bandung Dalam Angka 2016-2017)

The growth of urban population thus far could not properly be accommodated by the city government. This has led to 
informal settlement in the urban area. In fact, according to Indonesian Ministry of National Development Planning, in 2017, 
there are 38,431 Ha informal settlement area in Indonesia. Informal settlement commonly known as “kampung kota” in 
Indonesia, literally translate to city’s village due to the physical characteristic of the kampung kota that somewhat not too far 
from the village, sprawled, unplanned, and informal, despite of its location in the city. In Bandung, the most significant city 
expansion was occurred in 1946, a year after Indonesia independence. Informal settlement development was also started 
during this period, one of the biggest informal settlement area in Bandung is Tamansari district. 

Figure 2: The existing of Tamansari Settlement prior development, from left to right: zero setback of the river, the narrow alley with 
topography down to the river, narrow alley only for motorbike and pedestrian access inside the kampung kota, and semi-permanent 

structure for housing in Tamansari. (source: Personal, 2018)

In recent years, kampung kota redevelopment program has been one of city government focus. One of the program is in 
Tamansari area. The government called for proposal to be developed in Tamansari as part of the kampung kota improvement 
program. After a lengthy process, the proposal by Akanoma studio was selected to be developed. The project known as 
“rumah deret” Tamansari. Green design concept is not a new concept in Indonesia, however, its implementation most of the 
time is far from ideal. Generally, construction practice in Indonesia mostly still adhere to the conventional method, it is yet to 
familiarize with green building features and the proper way to implement it. This paper aims to understand the challenges in 
design and built practice in Indonesia. 

2. PROJECT OVERVIEW 

Rumah Deret Tamansari is part of Indonesia’s government public housing programme. Throughout the years, housing 
programme in Indonesia has been facing challenges in many aspects. One of the major challenge in housing programme in 
Indonesia is location. City government’s public housing was to build on a government land, however due to lack of control 
and planning, some of government land are illegally occupied. In the case of Rumah Deret Tamansari, the project is located 
at Tamansari district, this area initially was planned as a green infrastructure for the city, however, in the course of time the 
area had developed into unplanned informal settlement, one of the main reason is its strategic location. Tamansari informal 
settlement comprises of various typologies and functions, majority of the area is occupied by housing, up to 58% of the total 
area (Bandung Municipality, 2014). 
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Proposals were called by Bandung city government for Tamansari. The project Feasibility study was also done for the 
project to be able to understand the site context and address any related issues properly. Tamansari project was eventually 
awarded to Akanoma studio. Akanoma studio is a local architecture firm based in Bandung known for its specialization in 
affordable and sustainable housing led by Yu Sing. Upon its practice, Akanoma hold four main principles; (i) Architecture 
for all, (ii) Nusantara’s Architecture contextualization, (iii) to rebuilt nature-culture-architecture interdependence, and (iv) to 
develop eco-tourism. 

In this project, Akanoma’s role is to design the main concept for the project in the form of architectural massing, main 
building system that could accommodate more than current existing residents. The aims for this project is to improve the 
residence life, productivity and be more sustainable in general. Akanoma ‘s concept for this project was derived from the old 
Sundanese village structure. Akanoma attempts to adopt the Sundanese local wisdom to generate green building concept 
for Tamansari project, this is in alignment with one of Akanoma principles; Nusantara’s architecture contextualization. 
The concept was applied both on site planning and building design (Figure 3). In site planning, the key concepts are (i) 
optimization of absorption area up to 70 % in respond to Bandung water issue by adopting stilt house structure and 
infiltration well, productive trees planting along the Cikapundung river as a frontage, (ii) high pedestrian accessibility in a form 
of connecting corridors, ramps and staircases, and (iii) the main access road serve as the fire engine access while in the 
normal time function as commercial area accommodating the local traders. In term of building concept, the key concepts 
are (i) using local material, (ii) continuous circulation employing staircases and ramps, (iii) local craftsmen as aesthetic 
expression, (iv) creating harmony with nature by employing green material, and (iv) creating area for planting and gardening 
to improve residence productivity and greeneries within the residential environment.

Figure 3: Future Development of Rumah Deret Tamansari with more green areas, river as main orientation, accommodating triple the 
number of the current residents (source: Akanoma Studio, 2017)

In view of development control and regulation, despite of being city government project, the project brief given to 
Akanoma was too broad. The city government did not provide elaborate brief for the project. To certain extend this give 
Akanoma freedom in their proposal. However, lack of development control and elaborate brief could create future issue in 
the development and implementation stage. During the development stage, some development control such as plot ratio 
and building coverage were reviewed, this will affect the project and slow down the implementation process. 

3. METHOD

This paper employed an in-depth interview with the project architect and stakeholders involved. The primary data are the 
first-hand data obtained through an interview with the architect of the project. The objective of the interview is to understand 
the architect’s view on the implementation of the design concept in relation to the construction practice.

Participants involved in the interviews are Lim Yusin (the project architect), the main contractor, and the Project leader of 
the Department of Housing, Settlement, Land and Parks, City of Bandung. The interviews were conducted in separate time. 
The interviews were done informally more like a discussion about the project and their view of design and built in Indonesia, 
particularly pertaining to Tamansari project. Furthermore, the interview was tried to get an insight from different views of the 
stakeholders with their respective background and capacity in the project, regarding the vision and aims of the project and 
challenges that might or already risen during the implementation.
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4. RUMAH DERET TAMANSARI PROJECT IMPLEMENTATION

Rumah Deret Tamansari project initiation was started in 2015. It was started when the mayor of Bandung called on several 
Indonesia professional architects to do a conceptual proposal on many typologies, i.e. local wet market, housing, etc. 
The architects were given freedom to propose their ideal concept based on their principles. Each typology has its own 
issues and characteristic. The housing typology is located at Tamansari district, it aims to redevelop the area toward urban 
densification and improve the residence life quality. The main brief is to accommodate 3 times the number of current 
residence; 65 households.

4.1 Resident acceptance

Once the design concept was completed, an audience was held between the Mayor and design architect pertaining to the 
continuation of Tamansari project. The project preparation process took up to 2 years. The conclusion was to implement 
the project as a design and built contract, a tender will be called to select a contractor which will also serve as project 
architect to develop the conceptual design. A design and built contract was selected to expedite the project in a way that 
design development and construction could be done simultaneously, coordination between project architect and contractor 
on site could be done more efficient as they will be under the same organization. The development planned was comprises 
of four residential towers accommodating 3 times the number of current residence, the construction process will be done 
in two phases. Two out of four towers will be constructed in each phase.

 A socialization to Tamansari current residents was held at the Mayor’s hall. The design architect was given opportunity 
to present the concept to the residents. They were given a chance to do preparation progressively to prepare the site 
for construction. The current resident will be relocated to a temporary public housing which eventually relocate back to 
Tamansari once the development is finish.

According to Cilaki (2017) based on a survey conducted for Tamansari feasibility study, most of the residents want to 
improve their environment. However, the residents find that Tamansari development was too sudden, various reactions 
emerge from the residents. There is some resistance from some of the existing Tamansari residents despite the land belong 
to city government, they refused to be relocated and denied Rumah Deret Tamansari project. According to survey, 79% 
of the resident opted to move out and refuse to be relocated to a public housing due to their future public housing unit will 
be under lease hold with monthly rent fee. They found this troublesome in a long term, in view to their unstable income. 
There are also 4% of residents accepted the project and willing to be relocated to a public housing, while there another 
17% are still unsure about their plan. Some of them opted to remain stay and deny the development due to their stable 
business on site, such as laundry business, students hostel and rental housing, and home scale clothing industry. Some of 
them demand government to cancel Tamansari development and demand financial compensation as the residents have 
learned from a previous development project at a nearby location where a relocation was done and the affected residents 
are financially compensated. Those various resident reactions have become constraint for the Tamansari project. Residents 
rejection has a significant impact on the project timeline. A lawsuit from five residents had consumed 1 year and caused 
the project to be delayed. Despite the law suit had been settled and majority of the residents are agreeable to be relocated, 
there still 2% of the residents insist to stay because they have their source of income within the development site.

4.2 Contractor and architect capacity

Rumah Deret Tamansari project was a design and built project, which become a trend in Indonesia’s construction projects. 
Sometimes this method is not preferable for project architects as the project will be tendered to contractor and architect 
will be under contractor. Most of the time leading contractor will be driven by economic motive and try to finish the job only 
to fulfill contractual obligation. 

In the case of Tamansari, awarded contractor is a consortium comprises of companies with various background. They 
compete with three other tenderers which are unsure whether they could deliver the project in the given timeline, relatively 
limited budget yet expected to be higher standard for public housing project.

Once awarded, internal coordination was held, while the contractor was leading the project, the task distribution clearly 
segregated between contractor and project architect.  The proposed cost and timeline was reviewed and coordinated to all 
stakeholders to ensure that it meets the city government timeline.

Project architect task is to develop the conceptual design, a detail and thorough check was done to ensure that it 
complies with the standard and building code. The developed design has to go through the City Architecture Assessor 
Board, an independent body assembled by the Mayor comprises of professionals and academics. The assessment 
concern is technical and architectural requirements, such as, firefighting requirements, public spaces provision, Tower 
blocks distances pertaining to natural lightings and safety, and privacy issue between blocks. The process was followed by 
all consultants; C&S and MEP as they required to develop based on the final design.

After undergoing 6 months development process, the project architect finished the task. Only after three months 
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afterwards, the C&S started to do their task. However, there are still some minor changes as the resident is also participated 
and gave their inputs. Structure calculation was delayed as the C&S was not using the latest city government standard.

There is significant change from the initial conceptual design pertaining to building height. The initial walk-up concept 
could not be achieved as the building height is change to 7 floors and a fire lift is required. In the development stage it was 
decided to use a prefab system to expedite the construction, however this lead to major change in various detailing.

On the contractor side, they took longer for the preparation as they need to deal with the lawsuit process from some 
of the residents. There is also resistance for the final develop design pertaining to the location of a worship facility which 
located under residential units. This caused a drawback as the drawings had undergone lengthy process and procedures.

4.3 Coordination and city government control

Coordination with city government was done under DPKP3, a division responsible for housing coordinated with planning 
and design division. Eventually the project was delay for almost a year as the contractor is required to submit several 
compliance drawings and documents pertaining to the projects. Some of the residents take this to their advantages to deny 
the project.

On the other hands the initial brief from the Mayor to accommodate three times of the existing residents could not be 
achieved as the current plot ratio and site coverage of the site could not achieve the development quantum. The revision 
of plot ratio and site coverage required an appeal to the authority and go through a discretion procedure. However, the city 
government could not appeal with the required document to be able to pass the discretion process. 

Miscoordination between stakeholders and the internal conflict between authorities due to different understanding and 
interpretation of codes and regulations had caused drawback for the project, hence contractor and project architect could 
not run the project properly.

5. DISCUSSION

In a broader context, Tamansari housing project has a political aspect, to certain extent, this affect the project timeline and 
phasing. The timeline was considered too rush. Some preliminary studies, such as, traffic impact analysis, and environmental 
impact analysis could have been anticipated and done in the early stage. However, some of them are missed or not properly 
done due to time constraint. Coordination in the inception stage between city’s government and concept designer is 
important to minimize misinterpretation, particularly in the fundamental aspects such as spatial programming and the main 
idea or vision of the project. Detail data and information are also paramount important to support the project.

To support better implementation, a better structured information and preparation need to be given to the current 
residence. Programme socialization need to be done progressively such that it could give proper understanding to the 
residence. Lack of information could lead to misunderstanding and misinformation between government and residence.

Implementation of a design and build project required a preparedness and solid coordination of all stakeholders particularly 
designer and contractor. There is a certain expectation in how fast a project can be built, yet merely rely on construction 
speed may lead to sacrificing the quality of the project. The construction process also need to meet the required standard 
and specification as per the initial concept done by the designer.

6. CONCLUSION

Initiatives pertaining to urban or neighbourhood improvement have been emerging in Indonesia. The trend was aligned 
with most of the current young leader vision and they are eager to quickly implement the ideas. Likewise, the construction 
practices have to evolve to adhere to the current design trend and the fast pace project. A fast pace project required an 
efficient and effective construction methods. However, there is still a gap in the construction industry to fully accommodate 
the new design approach.

Conventional construction method tends to approach the project pragmatically, most of the time the main concern is 
how to execute the project quickly with minimum effort. On the other side, there are still many aspects to be improved, 
among them are the planning and project systems, especially in the critical stages such as pre-concept and designing 
stage. One lesson can be learned from Tamansari project is that challenges could come from within the system itself. In this 
project, some ideas were deemed not comply to the rule either due to its innovative nature such that there is yet a building 
code or standard to adhere to it or contradicting code and policy within the authorities. 

Recommendation can be made for future project; a comprehensive and integrated information are required to start 
or initiate a design idea, segmented government divisions have to be change toward a more integrated and collaborative 
system to be able to support the project better.
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Abstract: The Circular Economy (CE) poses an immense challenge to the construction sector. For the first time in the 
history of modern construction key stakeholders are required to consider the end-of-life pathway for building components 
and materials. CE principles essentially necessitate that any material is productive and without the potential to contaminate 
in all stages of its life-cycles. These conditions disrupt established construction methods that we have relied on to fix 
materials together and achieve a water-tight building envelope. This paper reports on an ongoing research project that 
is working to design and deliver CE building solutions. The initial phase of this study has focused on re-designing light 
timber framed buildings for optimal resource recovery and material reuse. Through design-led research experimentation a 
range of recoverable structural frames, cladding and wall lining solutions have been built and tested. The experiments have 
culminated in the identification of a series of key lessons and challenges the industry will face as it attempts to move towards 
a CE. This paper outlines what problems occur, why, and how they might be resolved through design. 

Keywords: Digital fabrication. Closed-loop design. Digital-timber. Circular Economy. 

1. INTRODUCTION

Traditional construction methods result in the production of vast quantities of waste material in all stages of a building’s life-
cycle. While significant progress has been made to address issues of waste during the construction phase of a building’s 
life, major long-term sustainability issues remain. This paper briefly summarises the need to transition the building industry 
to a Circular Economy (CE) with reference to existing literature. Real world examples are then illustrated and critiqued to 
justify the studies specific focus on recoverable timber structural solutions and locate the work in reference to both practice 
(the industry) and academia. The paper then transitions to discuss the testing of designed solutions that emerged from 
the experimentation in respect to their potential to aid in transition the sector to a CE. This discussion is in reference to the 
applied (physical) experimentation that was carried out with a particular focus on material/joint durability, modulation and 
assembly/disassembly duration. Notable issues have been discussed and then re-articulated into a series of future aims for 
the ongoing study. 

2. BACKGROUND

2.1 A Circular Model  

Climate scientists and sustainability experts have specifically pointed towards the building sector as a key area of 
concern in respect to waste. It is said that “achievement of the global sustainability agenda and prevention of impending 
negative environmental impacts depends on how well the construction industry is able to reduce its CO2 emission[s], 
virgin materials consumption and waste to landfill” (Ajayi et al, p. 185–186, 2015). This is predominantly a result of the 
building and construction industry being largest single consumer of raw materials and producer of waste products on the 
planet. Consequently architects, designers and governments have collectively grappled with this problem for many years. 
Unfortunately, very little progress has been made. This is exemplified by the goal that was set in 2002 by the New Zealand 
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government to “reduce construction and demolition waste going to landfills by 50% of the 2005 figure by 2008” (Storey et 
al, p. 81, 2005). A review of the 2017 Ministry of Business, Innovation and Employment (MBIE) Waste Levy Review finds 
that levels of waste have instead increased by more than 29 per cent from 2005 levels (MfE, 2017). Thus, although it is 
recognised that change is necessary, there remains no evidence of widespread waste reduction in the building industry.

The Circular Economy (CE) is seen as new way to approach these complex and seemingly unchangeable building waste 
problems. The CE is not a product or system but instead a set of ideas and principles that direct designers to consider the 
entire lifecycle of a product at the time of design. This means preemptively designing for all possible use-cases and ensuring 
that at no stage, from manufacture to decomposition, the product can cause damage to the natural environment. A CE is 
in direct opposition to the linear ‘take, make, dispose’ model we live in today. And as such, this new CE framework is often 
referred to as ‘cradle-to-cradle’ design. Designing in this manner ensures that those who do not have the resources to 
correctly dispose of materials at the end of their useful life do not have to. The products are instead designed to be easily 
recovered, reused and/or recycled. Strictly following CE ideas has the potential to eliminate waste, significantly decrease 
our reliance on virgin materials and ultimately stabilize the cost of resources. CE ideas are said to “represent a systemic shift 
that will build long-term resilience, generate business and economic opportunities, and provide environmental and societal 
benefits” (MacArthur, 2017). 

For buildings the CE represents an opportunity to entirely reimagine the way we manufacture, deploy, adhere, recover 
and reuse construction materials. It calls for the abolishment of single use and non-recyclable composite materials as 
well as the transition to reversible and non-damaging material connections. Furthermore, these changes are not isolated 
to an academic agenda, instead they reflect industry claims that “if buildings and internal components were easier to 
disassemble, there would be greater materials salvage and possible reuse” (Storey et al, p. 75, 2005). Such modifications, 
however, utterly disrupt modern building regulations and agenda’s. For example, it has become common to seal the 
building envelope with epoxy based expanding foams and bitumen and tar adhesive backed tapes to obtain higher levels of 
energy efficiency. These processes complicate material recovery as they contaminate all materials they touch and have no 
reuse potential once removed. Likewise, many building codes around the world now require all structural timber members 
to be treated against moisture and insect attack. The chemicals used to do this can include copper, chrome, arsenic and 
boron (CCA). Collectively they prevent even dust and chip wood particles from breaking down and can poison the insects 
that would typically accelerate the decomposition of timber materials. If a building was to be truly ‘circular’ such chemical 
treatments would also have to be abolished. 

2.2 Built Examples of CE Building Design 

To establish a foundation for the applied experimentation this research examined a selection of existing buildings that 
aimed to reduce end-of-life building waste and fit within a CE framework. The two preeminent and selected examples 
were the Loblolly House - designed by Kieran Timberlake Architects, and the ICEHouseTM - designed and built by William 
McDonough + Partners. Both demonstrate a coordinated attempt by the architect to eliminate life cycle building waste 
using prefabrication, dry jointing and mass standardisation. The Loblolly house employed an extruded Bosch Rexroth 
aluminum frame that is typically meant for the construction of machine frames for machinery. These aluminum components 
replaced all conventional above ground structural timber framing in the Loblolly dwelling. This highly recyclable product 
has fully integrated connection points for bolted components, reducing the demand for traditional adhesive or damage 
inflicting fixing methods. For example, if traditional construction-based aluminum or steel framing was used all connections 
would have been required to be welded, screwed, or riveted. These junction specifications all result in damaged and 
contaminated components, slowing down the process of deconstruction and lowering the value of recovered materials. By 
using the Bosch system however all structural joints can be bolted and quickly reversed without inflicting any damage on 
the materials. Furthermore, the flexibility for attachments is extensive and allows lateral bracing components to be added 
on demand in a way that does not require partition material to be adapted or rigidly fixed. 

A similar approach to eliminate end-of-life building waste can be found in the ICEHouseTM and its WonderFrame structural 
system. WonderFrame is a triangulated three-dimensional structural matrix formed from two different aluminum profiles. As 
with the Loblolly solution, to achieve circular economy status, the ICEHouseTM replaces conventional structural solutions with 
a modulated metal frame (WonderFrame) that is designed to separate building layers and facilitate material recovery though 
simplified dry jointing. In both instances the new structural frame is capable of resisting lateral forces, supporting loads 
horizontally and vertically, of being resilient through multiple extended life-cycles and is appropriate for many different design 
use cases. Each solution, however, does have its respective limitations in terms of cost performance, use-case flexibility and 
embodied energy. In respect to cost, the Bosch Aluminum frame can be upwards of NZ$50 per metre versus the NZ$4.50 
cost of conventional dressed timber (Finch, 2018). This radical price difference makes adoption of the Loblolly technique for 
eliminating waste utterly impractical for mainstream building. The WonderFrame solution is estimated to cost less (although 
no technical information is available) based on raw material costs but is compromised by its bulky spaceframe form and 
high embodied energy costs. The thickness of the assembled spaceframe is upwards of 450mm deep and is required to 
be the same depth on all horizontal and vertical structural elements. In cases of constrained building sites when space is of 
a premium this thickness is restrictive.  

These two examples demonstrate tangible steps towards circular economy construction methods. However, the impact 
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of each of these solutions on the mainstream building industry remains token. Kieran Timberlake architects have completed 
only two buildings (including the Loblolly House) that used the Bosch Rexroth system, and these are both more than 10 
years old (Timberlake, 2018). Likewise, the WonderFrame solution has only successfully been implemented once (in 2016) 
during the temporary ICEHouseTM demonstration (McDonough, 2018). As evidenced above, the relatively high cost of these 
new solutions and flexible architectural module limitations have likely contributed to low adoption rates. Furthermore, the 
impact of high levels of waste production on the environment, human health and raw material cost are only just beginning 
to be understood as a key built environment design criterion (Ajayi et al, 2015). The lack of priority given to the management 
of materials at ‘end-of-life’, even throughout the recent trend towards ‘more sustainable buildings’, is highlighted by the 
significant increase of C&D landfill between 2005 and 2017 (MfE, 2017). Consequently, there remains a need to identify 
construction systems that achieve circular economy success while also ensuring appropriate financial and functional 
sensibilities if widespread C&D waste reductions are to be achieved.  

2.3 Design Research Direction and Basis 

Analysis of precedents also highlighted the focus on the design of the structural system as a key area for unlocking end-
of-life material recovery. The reason for this focus was assumed to be a consequence of modulation. For example, by 
specifying a massively modular structural product that adheres to a regular module there is a significant flow on effect to 
other building materials. This is reinforced by the fact that the ICEHouseTM arguably allowed superior material recovery, 
versus the Loblolly system, as each layer was discreetly attached and modulated on the same base dimensions. Using this 
observation, the scope of the research was refined, and an initial start point was determined (i.e. the structural core). The 
design-led research was thus to design a series of structural solutions that met circular economy guidelines, made sense 
in today’s economic climate and that integrated a more flexible architectural module. Although these were the initial aims of 
the study (design a CE system) the research outcomes also generated useful knowledge in terms of the practical application 
and limitations of designing for a CE. This information is novel and useful for both practitioners and academics alike as it 
represents observations from applied experimentation. That is, the solutions designed by the researcher were built using 
the real materials and their resulting physical limitations (if any) examined in great depth.  

2.4 Research Methodology   

The approach to design-led research within this study is deliberately pragmatic in the sense that it aims to develop a 
construction assembly approach that is ready for the market today. From the outset of the research, the intention was 
to use cost economics, material analysis and real-world assembly tests to iteratively develop an alternative method of 
assembly that could be easily adopted by the industry. Furthermore, to reflect the pragmatic intentions of the research, a 
design-led methodology was established that centred on the use of detailed scale and prototype models. This methodology 
reflects a need to explore a wide and diverse range of possible solutions as well as the pragmatic issues associated 
with designing for cyclic reuse. A process of reflecting upon existing conditions, digital sketch modelling and then rapid 
testing through the fabrication of computer numerically controlled (CNC) laser cut sketch models enabled expansive and 
unconstrained experimentation. However, as noted previously, this paper does not focus on reporting the system that was 
designed, but instead highlights significant lessons that could be useful for others attempting to deliver CE architecture. For 
this reason design outcomes have not been comprehensively and independently detailed in this paper (see a brief summary 
of the principle outcome in section 3). Specific tests and detail areas are presented when necessary, as exemplars of 
specific lessons. Furthermore, because of this, the paper does not fully document the design-led research methodology 
that produced the experiments/outcomes. It does, however, reflect upon the design process and how decisions made 
during this phase can place restraints on the outcomes and effectively limit their potential to fit within a truly circular 
economic model. 

3. ANALYSIS (LESSONS) 

To support the validity of claims, lessons and observations in the following section the design of the system is briefly 
documented here. The primary output of the study was X-Frame; a modulated plywood structural diagrid that aimed to 
use homogenous jointing (plywood only) and eliminate the need for the rigid fixing of sheet material to the frame for lateral 
bracing. X-Frame also aimed to work effectively in horizontal and vertical configurations (floors and walls). This was deemed 
necessary to facilitate more economical reuse with greater formal flexibility. Additionally, X-Frame integrated the capacity 
for the reversible and adhesive free fixing of claddings and linings to both sides of the frame. This included the ability to 
articulate and organize services through the structure without the need for additional fixings or penetrations in the structural 
elements. X-Frame was developed over eight months and underwent hundreds of design iterations, dozens of scale model 
tests, four full scale fabrication assembly tests and one integrated pavilion installation test (Figure 1). It is important to 
note that all design experimentation was undertaken in consultation with structural engineers and registered architects. 
Preliminary experimentation of alternative prefabrication approaches, as well as a brief feasibility study of the economics of 
structural timber reuse was also carried out and reported upon in 2017 (Finch et al, 2017).

Circular economy construction: lessons from applied experimentation
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Figure 1. X-Frame Pavilion Test (October, 2017).

3.1 Modulation, Assembly and Spatial Lessons 

Well considered modulation and assembly parameters can address the economic constraints faced by the WonderFrame 
and BOSCH solutions. Building on what these existing solutions do well (i.e. integrated lateral bracing capacity to aid in 
separation of discrete building layers) the design-led research examined a wide range of possible modulation conditions. 
Modulation approaches were categorized to be block/brick, panel, frame and module – following established guidelines for 
defining ‘prefabricated’ systems (PrefabNZ, 2018). These building approaches were then collectively examined under three 
key performance measures of a successful Circular Economy as identified by Braungart, McDonough and Baker-Brown 
(2009: 2017):

• Can the specified materials be reused directly or processed in a way that is not harmful or energy intensive?

• Does the method of assembly facilitate deconstruction without contamination, damage or compromise?

• Do the formal properties of the materials lend themselves to reuse in a wide range of situations? 

Frame and frame/panel hybrid construction methods were found to be generally superior to others (module, brick/
block) in respect to modulation and fixing integration. However, whole panel construction can suffer the same CE limitations 
as conventional light timber framing (LTF) depending on how the structure is finished. To hide the oriented strand board 
(OSB/chipboard) product on the exterior of structurally insulated panels (SIPs), timber battens will often be added and then 
a monolithic plasterboard finish applied (Burgess et al, 2013). SIP construction also uses expanding foam sealant and 
adhesives around the perimeter of each panel to ensure a snug, airtight fit. This further complicates the reuse potential of 
SIP construction materials as expanding foam essentially contaminates the purity of jointing conditions and is problematic 
for a CE product.

Regarding waste production, deconstruction and material reuse, large scale modulated construction is believed to have 
the potential to enable full reuse and discrete building modules; yet there is a significant lack of evidence to support the 
assumption that these larger modules could be reused (Burgess et al, 2013). Key assembly details, like the issues with 
frame and panel construction (monolithic linings, etc.), could ultimately lead to no significant waste reductions. There is also 
likely to be a lack of economic potential for reuse brought about by fixed spatial and geometric conditions of large scale 
modulated construction. Welded steel box frames that can enclose whole spaces have a fixed width and height. Without 
careful detailing, the non-reversible nature of the welded joint would mean that anyone wishing to reuse the module would 
have to accept the exact spatial conditions being imposed. This is then likely to reduce the resale value of the large module 
as it is appropriate for a less diverse range of applications. A smaller modulation, however, like a traditional clay brick, can 
be scaled up or down depending on the spatial arrangement desired and, therefore, arguably has a higher amalgamated 
reuse value.

3.1.1 Modulation to Eliminate Manufacturing Waste

Modulation conditions can also be important in ensuing no waste is produced at the time of manufacture. For example, 
‘X-Frame’ (one of the design-led research outcomes) utilised a diagrid geometry with a based on a 900mm module. This 
allowed maximum use of available sheet material at the time of fabrication (with two 1180mm long members at 45-degree 
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angles forming a 900mm module) while also fitting within functional architectural geometries. Digital processes can also be 
used to radically change the geometry of an individual structural component to deliver superior material efficiency. Specific 
structural elements can be formed as to only have the minimum necessary material around a given functional moment. A 
‘functional moment’ might include a bolt hole, tenon, mortise or a slotted connection. The minimum material quantity can be 
determined by the capacity of the material to resist the applied loads for each functional moment. The result is components 
that are significantly lighter and, depending on the resulting geometry, more cost effective to fabricate. 

3.1.2 Offset Management 

To further simplify a module-based structure each module needs to be detailed at both ends to remove the need for any offset 
or additional components when two (or more) vertical elements intersect. Rather than introducing more components, each 
module should have the inherent capacity to be placed at a point of intersection. This development simplifies construction 
processes as builders do not need to locate a specific prefabricated component to complete an intersection at the time of 
initial construction. Likewise, at the time of renovation or structural modification, changes are made easier by the existing 
structure’s ability to accept new elements.

3.2 Impact Constraints

This project focused primarily on developing light-weight structural frames from timber and steel that could allow materials 
to be recovered undamaged at the end of a buildings life. However, some waste statistics suggest that the larger waste 
problem is masonry and monolithic systems – a class of buildings for which light-weight timber structural frames are 
inappropriate. Yet the proportion of timber to masonry rubble in construction waste streams varies significantly by the 
popularized building method in a given location. For example, in New Zealand, timber and wood fibre products make 
up 38% of all waste from the building sector by volume with concrete and clean fill contributing to approximately 25% of 
the waste stream (Inglis, 2007). This figure appears to be comparable to American statistics where 44% of all disposed 
material is reported to be dimensional lumber (again, by volume) (FDEPA, 2018). However, if this waste stream is examined 
by weight it looks radically different. Here concrete is seen to represent over 50% of all waste (FDEPA, 2018). Given that 
concrete weighs on average 500% more per cubic metre then dimensional lumber (Concrete - 2400kg vs. 90x45mm Kiln 
Dried Pine - 400kg per cubic metre) this is not unexpected. 

However, while is important to understand waste production from the point of view of both volume and weight, these 
figures can misrepresent the actual impact of different materials in the building and construction waste stream. As an 
example, almost all concrete rubble is deposited in clean-fill sites or used directly as infill, sea walls, and aggregate for 
roading. Clean-fill deposition of masonry is possible because the material is largely inert when demolished and is therefore 
classified as a non-toxic solid waste. The condition on depositing this material in cleanfills or reusing it directly is that it must 
be free of the following (Bryce et al, 2002):

• combustible, putrescible, degradable or leachable components

• hazardous substances 

• products or materials derived from hazardous waste treatment, hazardous waste stabilisation or hazardous waste 
disposal practices 

• materials that may present a risk to human or animal health such as medical and veterinary waste, asbestos or 
radioactive substances 

• liquid waste.   

When compared to concrete, modern timber products are typically laden with chemical additives to prevent insect attack 
and/or rotting caused by prolonged exposure to moisture. In New Zealand this treatment is mandatory for all timber that is 
used structurally or that is exposed to high levels of surface moisture. Chemicals used to treat the timber vary depending on 
the expected exposure of the material to adverse conditions. Exposed structural timber members, including rigid waterproof 
timber sheathings (manufactured from plywood) and all subfloor framing and some structural roof elements, will often be 
treated with Copper, Chrome and Arsenic (CCA). When landfilled this timber has the potential to leach chemicals into the 
environment in concentrations up to 500 times higher than recommended background safe levels (Finch, 2018. Parisio, 
2006). 

3.3 Methods

3.3.1 Information Technology (IT) and CAD/CAM (Computer Aided Design and Manufacture)

Digital fabrication allows materials to be formed into components in a highly detailed manner, repetitively, at an affordable 
price. This is an advantage in respect to CE performance as it can allow components to be ‘self-assembling’ i.e. they have 
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integrated notches, openings and clasps that enable materials to join quickly and without the need for supplementary materials 
such as adhesives. A selection of design out-comes leveraged this technology, in the form of computer numerically controlled 
(CNC) routing of plywood sheets.  The key advantage offered by computer-aided manufacturing and the advantage being 
exploited here was the sophisticated detailing of timber components to integrate assembly parameters. This often took the 
form of mortise and tenon joints, as well as slotted and tabbed components with plywood pins. Critically these joints did 
not damage either the primary structural material or the joining component when separated after use. Integrated fastening 
capability effectively simplified the construction and deconstruction process. Most structural connections and load-bearing 
joints can be inherently fulfilled by simply positioning the frame components in the desired shape and conveniently located 
connection details receiving each element. Integrated joints like these are made possible through precision CNC cutting 
with carefully controlled tolerances. However, over the extended length of each use cycle, diverse environmental conditions, 
such as humidity and temperature, can affect the dimensional properties of the material. In a worse-case-scenario this 
would mean the swelling of plywood joints resulting in inseparable components and the irreversible damage to the structure 
during disassembly. A systems reliance on friction jointing is also a potential weakness through multiple reuse cycles. It was 
noted that plywood pins were more reliable over multiple reuse cycles versus mortise and tenon only connections.

3.3.2 Reductive Manufacturing

Reductive manufacturing technologies, such as CNC routing, inevitably produce large quantities of waste. This is a 
consequence of the pre-sized sheet material (in this instance 1200mm by 2400mm sheet plywood) conflicting with the 
desired forms being cut. Although the design can be highly optimized to make use of the available material, there is always 
some degree of wastage (sometimes only the sawdust created by the thickness of the cutting piece). The most optimized 
experiment undertaken by the authors (X-Frame 9) resulted in 11% of the plywood sheet becoming waste. Interestingly the 
final system (X-Frame 9) produced less than 1% of solid waste during fabrication (per plywood sheet). However, the effective 
area of plywood sheet turned to sawdust neared 10%. This excluded devalued timber products from the tree-felling, initial 
milling, transportation and transformation of the timber log into plywood. Hence, the fabrication processes itself has been 
earmarked as a critical system limitation.

3.4 Material Environmental Durability 

One approach to simplify the way in which materials go together and thus to reduce contamination and accelerate damage 
free disassembly is to use a single material for joining and fixing. An example of this is to use CNC cut plywood components 
to joint other CNC cut plywood elements that assemble to form a structural matrix (as noted in 3.2.1). This approach 
could be recognised as a cost effective and highly environmentally appropriate approach to the CE challenge. Plywood, 
however, like all ‘natural materials’ is subject to expansion and contraction due to environmental moisture. An excessively 
dry environment may cause shrinkage of connection elements to a point that results in assembly and structural failure. And 
although plywood is a hybrid natural/engineered product it can still be challenging to predict how the material will change 
in a given environment. For example, the shrinkage of plywood is not uniform as it is typically subject to very low rates of 
longitudinal and tangential shrinkage (approximately half that of conventional timber). Yet plywood is subject to the same 
radial shrinkage rate as solid timber. The result of these dimensional variances is that joint stiffness can change over time. 
To reduce the impact of this variation all structural load bearing plywood connections can be designed to adhere in more 
than one timber orientation. This can ensure that if there is shrinkage across the thickness of the material the joint remains 
in contact due to the comparatively low shrinkage across the length of the material. 

Designing for a CE also disrupts the way in which we ensure the sustained durability of a given building material. For 
example, to achieve the necessary durability rating in respect to structural timber components’ resistance to moisture, the 
members must be treated (in New Zealand the treatment level mandated is H1.2 – this varies internationally). In conventional 
timber this is achieved by soaking the material in a bath of boron. The resulting product has a pink dye added to it to identify 
it as H1.2 treated timber. Pinus radiata structural plywood is available off-the-shelf in untreated or H3.2 CCA (copper, 
chrome, arsenic) or H3.1 LOSP (Light Organic Solvent Preservative) treated varieties with H1.2 treated product available on 
bulk order. In an ideal circular economy process, any treatment would be a natural derivative or process (such as AccoyaTM) 
and applied only after the components have been manufactured. This ensures that the sawdust waste produced during 
manufacture remains uncontaminated and can be effectively contained within a biological resource cycle. Such natural 
solutions are however a major financial hurdle as the technology is yet to mature. 

4. CONCLUSIONS

4.1 Continuations  

The design-led research undertaken here has proven to be a pertinent way of developing and evaluating CE building 
solutions. Further research critical to the successful implementation of CE solutions is the design detailing of the waterproof 
envelope. This aspect has not been addressed in this study and is an area of modern construction that we rely heavily on 
single use fixings, adhesives and sealants – all methods that must be eliminated in a circular economy. Similarly, further 
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research should work to improve the economic and statutory viability of implementing CE solutions in the mainstream 
building sector. 

4.2 Final Remarks  

This paper works to highlight some of the challenges that architects in practice and academia will face when attempting to 
deliver CE appropriate solutions in the building industry. Adopting CE design principals is seen as the only full-proof solution 
to reduce, and ultimately eliminate, end-of-life building waste. The two precedents examined in this paper (ICEHouseTM and 
the Loblolly House) are both highly experiential solutions that are very effective in reducing waste but have major mainstream 
adoption issues in terms of cost and flexibility. Based on the successful aspects of these precedents a design-led research 
program was conducted that included extensive hands-on examination of material and module performance. It was found 
that the chosen method of manufacture of a prefabricated building solution has an almost predetermined impact on the 
effectiveness of waste-free built systems. This manifests in 11% of the structural material being significantly devalued at 
the time of manufacture (when using modulated plywood/CNC solutions). Disposing of one tenth of the primary structural 
product for a build at the time of fabrication is environmentally and economically nonsensical. 
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Abstract: Cross- Laminated Timber (CLT) is a contemporary engineered panelised wood product and its use in construction 
globally is growing due to various benefits. The aim of this research is to design, develop and create a prefabricated 
envelope system for mass timber construction using CLT. The research capitalises on customisable building panels as they 
can be fabricated off-site. The design of a prefabricated envelope system is seen as the next frontier in productivity gains. 
The prefabricated system is designed iteratively and developed using parametric based CAD software (Computer Aided 
Design). CAD software facilitates the creation of a prefabricated envelope system for Mass Timber Construction (MTC) by 
establishing geometric relationships that respond to the unique nature of any construction site. The prefabricated envelope 
system is devised of proprietary joints specific to different types of cladding and unique environmental conditions. The 
exploration process includes fabricating the iterative schemes to test joint and hinge movement at the correct scale. The 
final designed envelope system can be optimised and fabricated off-site, delivered to the site, and erected quickly without 
need for scaffolding. The design and process results in an immense reduction of overall construction time and costs. 

Keywords: Cross-Laminated Timber; prefabrication; construction; optimisation

1. INTRODUCTION

1.1 Cross-Laminated Timber

Cross-Laminated Timber (CLT) are structural building panels that are produced from wooden boards. The boards are 
finger-jointed to the correct size, and glued and pressed together. The wooden boards are cross laminated into billets 
consisting of 3, 5 or 7 layers from which the finished panels are cut using a Computer Numerical Control (CNC) machine 
(Kremer and Symmons, 2015). 

CLT is a readily available structural timber product which offers an immense range of benefits within the construction 
industry including load-bearing capabilities, resistance in shear and tension, a high level of design flexibility and fast on-
site construction (Fitzgerald, 2012). CLT offers sustainable aspects also, including reduction of CO2 emissions and being 
produced from a renewable timber resource, providing a smaller environmental footprint compared to concrete or steel 
(Kuilen et al., 2011)2011.

However, the architectural uptake of CLT panels has been slow in New Zealand due to lack of technologies that take 
advantage of their properties. The flexibility in manufacturing different sizes of CLT has advanced significantly, however 
further developments are possible. A considerable opportunity for the mass timber manufacturing community is to make a 
CLT panel ‘smarter’ through the inclusion of a prefabricated envelope cladding system- offering advantages in timeframes 
of on-site construction and a reduction of health and safety issues.

The present paper explores what might be possible in designing a prefabricated envelope cladding solution to capitalise 
the additional benefits of CLT. The research runs from design conceptualisation through prototyping, assessing the 

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.129–135. ©2018, The Architectural Science 
Association and RMIT University, Australia.



130

feasibility of potential solutions in both a manufacturing and on-site assembly context. In the following sections, research 
was undertaken to ascertain the current state of CLT construction, allowing for an iterative testing process to aid thinking 
concerning what might be possible in gaining additional prefabrication and construction efficiencies (Design Approach: 
Sustainable Principles & Construction Methodology, 2016).

1.2 Prefabrication

The construction industry is very established in its working methodologies and spends less time innovating when you 
compare it to other industries, like manufacturing. However, prefabrication techniques that have been underutilised in the 
past are providing significant gains in the modern era. Prefabrication consists of mainly two facets, volumetric modular and 
panelised variants (i.e. CLT, prefabricating framing, and cassette floors). The focus of the present study is on panelised 
construction, specifically using CLT. Due to its structural nature, CLT offers the potential for development of prefabricated 
envelope cladding systems to improve further the advantages of off-site construction (Hashemi et al., 2016).

One of the most realised benefits of using prefabrication is the decrease in time spent on-site (Hashemi et al., 2016). 
Off-site construction enables construction to commence in a controlled factory environment, therefore the interference of 
weather and the burden of site accessibility is mitigated as an issue. Off-site construction decreases time spent on site by 
up to 70% (Wong et al., 2003). The system/solution outlined in the present study further decreases time spent on site, and 
differentiates itself from other prefabrication techniques, by providing a building system that does not require scaffolding to 
install. Scaffolding can increase the cost of construction jobs by up to and estimated 50%, even if this is just “re-roofing or 
painting,” (Meadows, 2015). The elimination of time and costs of erecting and disassembling scaffolding provide significant 
benefits over other health and safety systems. 

Quality is also a factor that can be better controlled within an off-site environment,  “higher quality is achieved through 
closer coordination of labour, materials, machinery and sub-trades in controlled conditions,” (Bell, 2012). The quality of 
the design is successful due to the precision of construction that can be controlled off site, in an environment that is less 
weather dependent, leading to better quality and healthier buildings. 

1.3 Designing using parametric tools

Parametric based Computer Aided Design (CAD) software, or solid modelling design, can be paired with prefabrication for 
contemporary solutions in the construction industry. Parametric CAD can produce customised designs to the requirements 
of the client, variations to the site or with specific project context, or any other variability in the design. Designing through 
such software allows designers to be involved from conception through to manufacture, resulting in more flexible schemes 
that can be programmed to change easily through the entire process (Holzer et al., 2007). 

The use of 3D printing allows for Rapid Prototyping (RP), testing and experimenting, without the initial need to consider 
materiality and scale, nor having to work in a controlled factory environment (Bogue, 2013). The iterative process starting 
from a digital model and, through to 3D printing prototypes, helps to investigate and validate the iterative design schemes. 
CNC manufacturing for production is now becoming common, especially as the market grows for engineered timber 
products (Marriage and Sutherland, 2014). The use of RP for mass timber is vitally important, as each building project will 
have a unique set of physical attributes, which means each CLT panel on the project may also be unique. The use of RP 
allows the trialling of the envelope system with varying geometric forms to determine if fixings and cladding solutions are 
effective.

2. METHOD

2.1 Methodology

Software

The parametric software used within the design of the prefabricated envelope system is Grasshopper, based in the 
programme Rhinoceros 3D. Grasshopper is a visual scripting software that links 3D geometries in Rhinoceros to parametric 
or changing variables. Grasshopper was created as a visual tool for designers with no previous scripting ability, to easily 
create parametric outputs (Stavric and Marina, 2011).  The software is an essential part of the design to production workflow 
and provides a visual or simulated feedback loop that can constantly re-inform the digital data based on the manufacturing 
processes. 

Procedure

The design followed an iterative design process approach where testing and research was constantly and critically analysed 
and developed. The research followed four main stages, the result of the second phase being reported in this paper. Firstly, 
the analysis and research of existing joints, structural systems, materials and construction techniques related to mass 

E. Fell, G. Marriage, K.Sweet and P. Kremer



131

timber construction and CLT that helped to inform the design process. Second was a research through design process, 
including iterative modelling of a comprehensive prefabricated envelope and panelised system developed from the research 
in the first phase. The third phase, which is not yet researched, will be the implementation of the designed system on two 
different building typologies, a small infill house and a larger scale apartment building in order to ascertain the feasibility of 
the system in a designed project. Finally, the design will be tested as a 1:1 scale prototype model. The detailed model will 
consist of CLT panels, all building elements including insulation, proprietary joint systems, and different cladding options. 

3. RESULTS & DISCUSSION

3.1 Results through experiments and testing

Many factors, such as form, function, operation and assembly, were critically analysed and assessed during the iterative 
design of the prefabricated envelope solution. The design initially investigated an inclusive system of all elements required 
for a complete building envelope. CLT panels were used as the structural component upon which insulation, waterproofing 
membranes, cavity battens, and cladding were all integrated as additional add-on elements (Figure 1). The design was 
fabricated to test the system as a whole as well as the potential construction method. The design incorporates continuous 
insulation on the outside of the CLT panel, due to the desire for the CLT panel to be exposed from the interior in an 
attempt to take advantage of its aesthetic properties. The method of using continuous insulation outside of the structure 
is underutilised in New Zealand yet is a proven and effective method used across Europe. The proven techniques used in 
Europe were adopted as part of the totality of the design building system.

Figure 1. Testing of initial design scheme physical model

After considering the design in its entirety, it was realised the design needed to slowly develop at a detailed level to 
sufficiently analyse each building component. Developing the scheme at a detailed level ensured that each building element 
was designed carefully to suit the requirements of an off-site construction system. Developing a joint system between the 
CLT panels and cladding system was the first initial phase for designing at a detailed scale. Using CLT panels as the basis, 
joints were designed using parametric software. Parametric software helped to produce many iterations of the scheme that 
otherwise would not have been realised due to the fast and iterative nature of the software. A customised joint between 
two CLT panels was designed where the joint simultaneously adapted through the direct relationship with the CLT panel 
rotation (Figure 2). 

Figure 2.  Plan views of parametrically designed joint in-between two CLT panels adapting due to parametric input
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The design process also included the development of the CLT panel edge details, creating customised notches that 
would be intended to CNC in the construction process to receive the jointing system. The proposal was tested physically 
through 3D printing at a 1:10 scale to show the slight changes and variances (Figure 3). 

Figure 3.  Photo of fabricated parametric joint with adaptive joint in-between CLT panels

Analysis of the physical prototype revealed that the joint should be standard to fit with any panelised design, rather than 
a customised joint for each rotation. Hinges were then re-considered and modelled on door and furniture joints. The newly 
designed hinges were attached to notches within the CLT panels, allowing for the connection between each CLT panel to 
rotate sufficiently (Figure 4).

Figure 4.  Designed and fabricated hinge testing between two developed CLT panels 
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The new approach was to focus on the joint and iterative development considering the movement of hinges. The act 
of designing digitally prohibited the understanding of hinge movement and connections, as there is no physical properties 
in the digital simulation. Therefore, each iteration was 3D printed at a 1:1 scale to test and fully understand the correct 
movement of the hinges. Physically exploring the movements provided an empirical understanding of how the joints worked 
(or did not) and were vital for decision making in the next iteration (Figure 5).

Figure 5.  Hinge movement and testing 3D printed physical models 

 
With a working and acceptable resolution of the hinge and panel joint, the system then incorporated how external 

cladding could interlock with the joint and how this would connect with the CLT panels (Figure 6). It was noted that 
customised cladding systems needed to be addressed within future iterations based on the cladding being only speculative 
at this point in the research. 

Figure 6.  Plan view of photos of fabricated joints with speculative interlocking cladding 

In further iterations of the design, the system incorporates a cladding system- interlocking with the joint attached to the 
CLT panels. The design was developed to ensure the joint simultaneously rotated and adapted to the rotation of the CLT 
panels, resulting in customised and flexible design outputs (Figure 7). 

Figure 7.  Digitally rendered joints with interlocking cladding and stacked CLT 
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Additionally, CLT panels were added both horizontally and vertically, testing how the system reacts to a stacked CLT 
panel design and how the CLT panel can remain exposed from the interior. The system can easily change through re-
informing the data, resulting in customised outputs (Figure 8).  

Figure 8.  Plan view showing flexibility of design output using parametric software

The results lead to two different cladding orientations – vertical cladding and horizontal cladding. In further considerations, 
the design led to the development of rigid wood fibre insulation, which integrates a ribbed cavity system (Figure 9).

Figure 9.  Plan of potential system using rigid wood fibre insulation with ribbed cavity 

The ribbed rigid insulation enables flexibility within the design cladding options. The development of the joint system 
relative to the cladding type and insulation is still underway; therefore, future exploration involves rectifying and completing 
the design. Developing the scheme to incorporate a viable construction and transportation process is highly important and 
relevant for this system.

3.2 Future Research

The design of two prototypes will also occur once the system has been finalised. The prototypes will be implemented on 
two building typologies including a smaller infill building; and a high-density apartment block. In future research, careful 
consideration will be given to developing the design to suit transportation requirements and issues impacting upon site 
assembly/erection of the system without the use of scaffolding. Lastly, a 1:1 prototype model depicting the system using 
CLT panels, different cladding options, and the proprietary metal joints, will be constructed to test the viability of the solution 
in a real-world application.
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4. CONCLUSIONS

4.1 Conclusions, observations and future research

The aim of this research is to design and develop a prefabricated envelope system for a disruptive new construction 
technology, CLT. Results of the present study include the reduction of time spent on site, efficiencies (time, quality and 
cost); safety risk lowers due to no scaffolding, and ease of construction on sites hard to access. The proposed design is 
a universal system that uses many cladding options, which takes the guesswork out of testing as it is conducted here for 
the market to use as a resource. The system complements and builds on previous work – therefore adding to the body of 
knowledge that will increase the likelihood of greater adoption of CLT and the cladding system. The constant integration of 
parametric software increases the precision. 

Future intentions with the design and development of this research includes testing using a 5-axis CNC machine to 
reduce limitations and tolerances, with potential to creates forms with the CLT that currently has not been explored. Testing 
the system through 3D printing does not prove the viability of the scheme due to the incorrect materials and machine 
processes. CNC testing will be used at a 1:1 scale with CLT panels to prove the viability of the materials and accuracy of 
the machine, rather than testing only through 3D printing. The design and construction of a scaled prototype relating to two 
different building typologies- an infill build and a high-density apartment block, will test the viability of the solution.

Overall, the prefabricated envelope system creates many efficiencies due to being designed and developed at a very 
detailed and precise scale. The design and development of the prefabricated envelope system aids in the uptake of 
engineered timber; specifically, CLT. Using the latest CAD software, the system begins to revolutionise the construction 
industry; shedding light on new opportunities for prefabrication within architecture. 
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Abstract: The New Zealand population is growing fast. In 2017 it was 4,776,500 and has a 90% probability of increasing 
to 5.30–7.88 million by 2068. This raises the need for more houses that can be built easily, cheaply and fast and be aligned 
with the contemporary needs of the growing population. This paper focuses on prefabrication as a method of construction 
that can help the New Zealand housing industry to meet this growing need for more houses. This paper is part of a larger 
study investigating the use of prefabricated Accessory Dwelling Units (ADUs) as a potential solution to the shortage of 
housing in New Zealand. This paper reviews 182 manufacturers of prefabricated buildings and components throughout 
New Zealand to achieve a better understanding of the services they offer, product innovations, and limitations. All data is 
culled from manufacturers’ websites. An initial analysis reveals that prefabrication in New Zealand is currently focussed on 
components such as trusses and panels and not on whole buildings. The paper ends by considering what needs to happen 
if existing manufacturers involved in prefabrication have a role to play in meeting New Zealand’s housing needs.

Keywords: Prefabrication; New Zealand population; housing shortage.

1. INTRODUCTION

The New Zealand (NZ) population has increased significantly over the past fifty years and this trend is predicted to continue 
at least through the second half of this century. The population of approximately 4.8 million in 2017 is predicted to reach to 
6.0 million by 2043, with 75% living in urban areas (MacPherson, 2016). As a result of this population growth, New Zealand 
is currently facing a shortage of 71,000 houses, increasing by 40 houses a day (Miller, 2017). 

Given the urgent need for more houses, it is important to uses the most efficient construction methods and housing 
types. This paper is concerned with the use of off-site site construction, but it is recognized that other approach could also 
play a role in providing additional housing e.g. increase densification through the use of high-rise buildings instead of single-
story houses. If prefabrication is to play a greater role, then what prefabrication resources are currently available? This paper 
explores the current state of the prefabrication industry in New Zealand. 

This paper firstly defines prefabrication and briefly compares it to traditional methods of construction. It is worth noting 
that in 2013, 32% of new NZ houses incorporated some form of prefabrication (Moradibistouni and Gjerde, 2017). The 
paper then investigates the current status of manufacturers of prefabrication in different regions of New Zealand. The aim is 
to gain a better understanding of the current industry situation and opportunities for future investment and research.

2. PREFABRICATION

Prefabrication is a method of construction where the elements of a building, ranging in scale from a component to a 
complete building, are manufactured at some distance from the final location. These elements are then purchased and 
carried to the final location where they are assembled and normally attached to pre-prepared foundations (Seratts, 2012, p. 
i). The history of prefabricated systems dates back to beginning of nomadic life. Ancient peoples who had to migrate, due to 
environmental conditions or external threats, needed houses that were easy, fast and cheap to assemble, disassemble and 
transport (Herbers, 2006, p. 14). Despite this early history and later milestones of prefabrication such as the first iron-framed 
house built in England in 1830, the idea of manufacturing a house in a factory was only truly realised after WWII (Herbers, 
2006, p. 14; Vale, 1995). In New Zealand, the first prefabricated house, pre-made in a builder’s yard, was imported in 1806 
as a gift for Te Pahi, the Maori chief. By 1833 prefabricated house kit sets individuals were being imported into New Zealand 
(Vale, 2002). 

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.137–144. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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Figure 1: Different types of prefabrication. (Source: Moradibistouni and Gjerde, 2017)

Prefabrication methods can be classified in different ways. In this paper, the five categories of component, panel, 
module, hybrid and complete building used (Figure 1) are based on Bell (2009). 

Given the construction industry is the fifth largest industry in New Zealand, the benefits of prefabrication could help the 
country meet the urgent need for more houses and respond to environmental and energy-related concerns (Moradibistouni 
and Gjerde, 2017). Table 1 summarizes the potential advantages of prefabrication in comparison with traditional building 
methods.

Table 1 shows that prefabrication can potentially be faster, cleaner, and have fewer defects and unexpected accidents, 
while also using energy and water more efficiently. However, the industry could need more financial support to deal with the 
high capital cost of establishing factories. There may also be barriers for home owners to overcome, as there is an idea that 
prefabricated houses are temporary, low-quality buildings (Vale, 1995). The industry also needs appropriate Government 
support to ease the processes of manufacture, sales, transport, and final assembly or installation (Moradibistouni and 
Gjerde, 2017). 

As a first step, it seems important to study existing prefabrication manufacturers in order to understand their abilities and 
limitations. This could help the industry and government to see what they have and what they need for the future in order 
to achieve prefabrications’ true potential.

Table 1: Advantages of prefabrication

Advantages % Benefit Source

Reduction in CO2 emissions   35% Gorgolewski, 2005, pp.125-126 

Reduction in environmental impacts 30-70% Same as above

More energy efficient  50-55% Britto, 2008, p.14; Bell, 2012, p.16 

Less construction waste  40-90% Same as above

More water efficient  30-50% Britto, 2008, pp.14; Phillipson, 2001, pp.3 

Reduction in use of raw material  40-50% Phillipson, 2001, p.3; Gorgolewski, 2005, 
pp.125-126 

Reduction of defects on completion  60% Same as above

Growth in performance of materials and labour  50% Same as above

Reduction in the energy consumption  50% Phillipson, 2001, p.3 

Reduction in construction costs  15-30% Phillipson, 2001, p.3;  Britto, 2008, pp.14 

Reduction in construction time  35-57% Same as above

Fewer total number of man-hours required 40% Stephen, 2012, p.16 

3. METHODOLOGY

In order to better understand prefabrication manufacture data on 182 manufacturers of different types of domestic scale 
prefabrication has been collected through a web-based search of manufacturers. The main source of names of companies 
involved in this sector was Prefab NZ (2018) a non-profit membership organization that informs, educates and advocates 
for innovation and excellence in offsite design and construction in New Zealand. From the Prefab NZ database, a list of 
85 manufacturers of prefabricated buildings was compiled. A further 72 manufacturers of frames and trusses were taken 
from the Frame and Truss Manufacturers’ Association of New Zealand (FTAM NZ) (2016). Twenty-five other companies 
emerged as a result of a web-based search using keywords related to prefabrication. At the end of this process, 102 
companies out of the 182 were selected based on relevance of their services to manufacturing a prefabricated domestic 
scale building. This list was later shortened to 51 companies that had the most conformity with the goals of the larger study, 
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which is establishing whether there is a role for the prefabrication of Accessory Dwelling Units (ADUs) to provide affordable 
and livable houses for New Zealanders. ADUs are secondary residential unit providing the basic needs of dwellers, with 
no dependency to the primary unit (Smith, 2017). This process removed companies that did not have the specified criteria 
needed for the research, as explained below. 

• Include only companies directly manufacturing or building one or more types of prefabrication. This excluded 
companies who simply cut or shape elements (such as timber or steel) without factory assembly or those on-site 
builders with the ability of constructing a prefabricated home. 

• Exclude companies who produce general products for prefabricated buildings, as well as other type of buildings, or 
those who produce machines or software for prefabricated manufacturers.

• Kitchen category only includes those companies who manufacture whole or some part of a kitchen (e.g. a sink fitted 
into a cabinet) and send to site it as a module. 

• Bathroom category only includes manufacturers that assemble the whole bathroom at their factory and send it to 
site as a module.

After filtering manufacturers of prefabrication elements, the 51 which had the most conformity stayed in the list. Apart 
from type of prefabrication, there are various factors, such as additional services and guarantees, types of standard, and the 
level of flexibility offered to their customers that need to be investigated to gain a better understanding of manufacturers of 
prefabrication in New Zealand. Despite the importance of all these factors, in this paper only two factors (type of service and 
location of factories throughout New Zealand) are investigated due to their importance. The larger study, which is currently 
underway, will investigate all these factors.

These were then classified into eight categories: component; panel; module; container; completed building; kitchen; 
bathroom; and other, based on the type of services provided for clients. Company websites in each category were then 
searched for information about installation services, construction materials, whether products are for the do-it-yourself 
(d-i-y) market, and the adherence to standards and codes. The search also looked for any guarantee and design services 
offered to customers, the flexibility of each company’s services and any limitations, such as service. 

4. ANALYSIS

The results of this survey include a numerical analysis of the number of manufacturers of the different types of prefabrication, 
their dispersion over the country and the quality of the websites.  

4.1 Number of manufacturers offering each type of prefabrication in New Zealand

Based on this data, Figure 2 illustrates the type of services provided by manufacturers and the number of factories that are 
able to produce each type.

Figure 2: Percentage of total and number of manufacturers producing each prefabrication type

Figure 2 shows that the largest number of these factories (22) are specialists in component-based prefabrication – these 
are mostly truss- and frame- manufacturers. The next most common type of prefabrication is the panelised system (12 
manufacturers), and together these two types make up 64% of all manufacturers. Those who manufacture complete houses 
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and bathrooms are the next most common (4 each). There are three manufacturers respectively of modules, containers, 
and kitchens, with one additional company that provides modular prefabricated wiring systems. 

The majority (64%) of manufacturers deal in the type of system (components and panels) with the lowest degree of 
prefabrication. Only four (8%) manufacturers offer the highest degree of prefabrication, completed buildings. 

Components and panelised constructions still have considerable benefits in comparison with on-site methods. However, 
when it comes to comparing them with other types of prefabrication such as modular construction or hybrid systems, they 
need more work on-site, which means more time on site and the increased possibility of defects in the final building. As 
a general point, a higher degree of prefabrication means less on-site time, higher quality, but requires greater care during 
transportation and assembly to avoid breakages and damage (Khatavkar, 2015; Steinhardt, 2013; Patel, 2015). However, 
it should be noted that more work on factory is needed for higher degree of prefabrication.

4.2 Dispersion of prefabrication manufacturers in New Zealand

Where the manufacturers of prefabrication houses are located in New Zealand is important as transportation limits are 
critical when it comes to expansion of this sector (Rippon, 2011). Prefabricated elements can be very vulnerable to defects 
caused during transportation. Moreover, transport limitations potentially affect design in terms of the maximum weight and 
dimensions of buildings or building elements (Lu, 2007; Javanifard, 2013). 

Based on New Zealand road rules, the heaviest load that can be carried without applying for oversized load approval 
is 45,000-50,000 kg, Based on the number of trailer axles, the maximum width, height and length of the load can be 
respectively 2.5-2.55m wide, 4.25-4.30m high and 20m long (Stockdale, 2016; Petterson, 2016; NZ Road Transport 
Forum, 2018; NZ Transport Agency, 2017 (a), (b), (c)). This means is that the further the site is from the factory the more 
complicated moving the load becomes, especially in a country consisting of three islands connected by ferries. 

New Zealand can be divided to 16 regions, which can be combined into the 2 bigger groups of North and South Islands 
(Stewart Island, the third island, lies to the south of the South Island). In 2017, approximately 3.7 million people lived in the 
North Island, (77% of the total population), compared to 1.8 million (23%) living in the South Island (Statistic NZ, 2017 (b)). 
Table 2 shows number of households in 2013 and 2018 and a projection for 2038 for each region Statistics NZ, 2015), as 
well as the presence of prefabrication manufacturers identified in this paper.

M. Bistouni, B. Vale and N. Isaacs



141

Table 2 shows that in 2018 the Auckland region has highest number of households (31% of total), followed by the 
Canterbury region with 17%, and Waikato and Wellington regions each having 10% of all households. Table 2 also shows 
the Auckland, Canterbury and Waikato regions will have the highest predicted average growth in number of households 
from 2013 to 2038, this being by 1.7%, 1.1% and 1% respectively, compared with the average predicted annual growth 
of 1.1% for all New Zealand. Moreover, the table shows that 6 regions out of 16 have no factory producing any type of 
prefabricated building or building component. Based on Table 2, the need for houses in the Auckland, Canterbury, Waikato, 
and Wellington regions in higher than for the other regions.

Table 2: Households and prefabrication manufacturers in the regions of New Zealand 

Regional
Council
 area

Households at 30 June
‘000)

Households
percent 

Change 2013–38 Is there any
manufacturer 

2013 2018 2038 2018 Count 
(‘000)

Average
Annual
(percent)

Yes No 

Northland 65.2 69.2 774 4 12.1 0.7 √

Auckland 4,98 558.7 752.1 31 254.1 1.7 √

Waikato 160.9 173.2 205 10 44.1 1.0 √

Bay of Plenty 109.1 115.4 133.7 7 24.6 0.8 √

Gisborne 17.5 18.1 19.4 1 1.9 0.4 √

Hawke’s Bay 61.4 64.2 68.6 4 7.2 0.4 √

Taranaki 45.7 48.4 54.3 3 8.6 0.7 √

Manawatu-Wanganui 92.4 95.4 100.3 5 7.9 0.3 √

Wellington 185.4 195.8 220 10 34.6 0.7 √

North Island 1,235.5 1,338.3 1,630.8 75 395.3 1.1

Tasman 19.3 20.6 23.3 1 4 0.8 √

Nelson 19.8 21.3 24.3 1 4.5 0.8 √

Marlborough 18.6 19.3 20.6 1 2 0.4 √

West Coast 14 14.6 15.3 1 1.2 0.3 √

Canterbury 218.2 239.4 288 13 69.9 1.1 √

Otago 83.3 87.8 98.8 6 15.5 0.7 √

Southland 39.4 41 42.7 2 3.3 0.3 √

South Island 412.7 444.1 513 25 100.3 0.9

New Zealand 1,648.5 1,782.7 2,144 100 495.6 1.1 51 100

Source: Statistics NZ, 2015

Table 3 shows the number of manufacturers based on type of prefabrication in each region.

Table 3: Number of manufacturers and type of prefabrication in each region

Region
Number of manufacturers producing each type of prefabrication

Comp
-onent

Panel Module Container
Completed
building

Kitchen Bathroom Other Sum

Northland 1 2 3

Auckland 6 1 1 2 2 1 13

Waikato 1 1 1 3

Bay of Plenty 2 1 3

Taranaki 1 1 2

Manawatu-Wanganui 1 1 2

Wellington 5 2 1 1 9

Marlborough 1 1

Canterbury 5 4 1 1 1 1 13

Otago 2 2

Sum 22 12 3 2 4 3 4 1 51
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 Table 3 and Figure 3 shows the Auckland and Canterbury 
regions each have 13 factories undertaking prefabrication, 
26% of all factories in New Zealand, which is more than any 
other region. Wellington region has 9 manufacturers (18% of 
total). The Waikato region, which based on Table 2 will need 
more houses than any other region except Auckland and 
Canterbury, has only 3 factories or 6% of total, same as in 
the Northland and Bay of Plenty regions.  Considering the 
type of prefabrication each factory can produce, those in the 
Auckland and Canterbury region can offer six options to their 
customers, which is more than any other region. On the 
other hand, the only manufacturer in the Marlborough region 
produces panels while both manufacturers in the Otago 
region produce modular bathrooms. 

Table 3 also shows there is no manufacturer of complete 
prefabricated building in both the Wellington and Waikato 
regions. This is important due the fact that completed 
prefabricated buildings are bigger than any of the other 
prefabrication types and harder to transport from another 
region.

It also needs to be mentioned that each type of 
prefabrication has its own benefits and potential weaknesses, 
and suitability for different situations. For example, if the site 
is hard to access, components or panel based prefabrication 
may be the best option. However, if the site is easily 
accessible and the priority is spending less time on the site, 
a higher degree of prefabrication may be the best. 

Generally speaking, it can be said that prefabrication 
delivers higher quality and efficiency in comparison with on-

site construction methods. Most of this quality and efficiency 
come from having more control over construction process 
in the factory. So, comparing types of prefabrication, it can 
be said that more work done in the factory (higher degree of 
prefabrication) is equal to higher overall efficiency in comparison 
with lower degrees of prefabrication (Moradibistouni and 
Gjerde, 2017).

4.3 Website review

The online web-based search also discovered some points which may affect the willingness of potential customers to 
pursue the prefabrication route. Notable website issues included:

• Most company website are not straightforward when it comes to communicating with customers. Technical 
terms are often used without clear explanation. For example, some of these companies stated they could provide 
prefabricated buildings, but they did not discuss the type of prefabrication on the home page. This could cause 
customers to check all the links on the websites to understand what exactly will be provided by the company, and 
the time to do this could deter people.

• Some company websites are very concise, lacking basic and critical information.

• The terms used by manufacturers are not consistent. Some use different terms for a specific type of prefabrication. 
This is a critical point as each type of prefabrication has its own benefits and disadvantages and is often best used 
for a specific situation.  

5. DISCUSSION AND CONCLUSION

Population and energy demand in New Zealand is growing fast and this will require the nation to face some major issues, 
including shortages of energy sources and household accommodation. The idea behind this paper was to consider some 
of the uses of using prefabrication to overcome these issues. This is due the fact that prefabrication method is more efficient 
in terms of time, safety, use of sources of water and energy while it is safer with fewer defects in comparison with traditional 
methods of construction. 

Figure 3: Manufacturers and type of prefabrication in each 
region 
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This paper is part of a larger study which is investigating the use of prefabricated ADUs as a potential solution to the 
shortage of housing in New Zealand due their efficiency in terms of resource use and benefits. The larger study investigates 
all manufacturers’ specifications, including additional services and guarantees, type of standards and other rules they 
comply with, and the degree of flexibility they give to their consumers through an online web-based search. 

This paper focuses on two important factors – the number of manufacturers of the different types of prefabrication and 
dispersion of manufacturers throughout the country. 

Considering number of manufacturers in each group, the majority (64%) produce components or panels. Products of 
these factories made the on-site construction process faster and more efficient in comparison with traditional methods. 
However, to overcome the current shortage of houses will need higher rates of production – achievable through factories 
producing houses with higher degree of prefabrication such as modular, hybrid and completed systems. These higher 
degrees of prefabrication need less on-site work and potentially have fewer defects on completion. The reason for the 
predominance of component and panel manufacturers has not be established, but may be due a lack of consumer interest 
in the higher degrees of prefabrication. This disinterest may be a result of a lack of understanding of the benefits of more 
completed types of prefabrication. One other possibility is the high capital cost of setting up a factory to manufacture these 
larger items. However, there are other factors, such as transport limitations and assembly constraints, which may make 
consumers more interested in the more easily transported and assembled component-based and panelised prefabrication 
systems. 

The analysis of the dispersion of manufacturers of prefabrication through New Zealand found most are (70%) are located 
in the North Island. This is similar to dispersion of New Zealand population, where majority (77%) live in the North Island. 
Considering the number of houses in different regions in 2018 and predictions for 2038 shows that Auckland, Canterbury, 
Waikato and Wellington regions will need more houses than any other regions. These 4 regions respectively host 13, 13, 
3 and 9 prefabrication factories.  One view is that the higher population of North Island can explain the concentration of 
manufacturers in this area as more people can translate as more need for houses and more potential customers. It is also 
the case that three out of four regions which are predicted needing more houses in future are located in North Island. Given 
prefabrication transport limitations, it is also possible that industry owners prefer to stay close to the greater numbers of 
potential customers in order to offer better options with lower delivery times.

Prefabrication can help the New Zealand Government to provide enough high-quality houses for New Zealanders at 
present time and in the future. However, the governments need to educate people about benefits of houses with higher 
degree of prefabrication to encourage them to ask more of these method which can motivate manufacturers to produce 
more houses with higher degree of prefabrication. In a same way, manufacturers need to design their websites more 
clearly as the industry suffering miscommunication between involved parties. This clarification could ease the process of 
understanding of benefits of prefabrication for customers. 

Another important point, which need more investigation, is the potential for having all types of prefabrication manufacturers 
in each region. This would give wider options to customers. However, number of people in each region, as potential 
customers, and assumptions about number of houses the region may need in the future, need to also be considered. Given 
the fact that more prefabrication manufacturers are in the North Island, and they are mainly component and panel focused, 
further investigation is needed in this area. 

References

Bell, P. (2009) Kiwi prefab : prefabricated housing in New Zealand : an historical and contemporary overview with recommendations for 
the future Architecture and Design, MArch thesis. Victoria University of Wellington. 

Bell, P. (2012) Prefab + Green : past, present and future, prefab NZ, Wellington.

Britto, J. and al, e. (2008) Business plan for green modular housing, School of Environmental Science & Management.

Gorgolewski, M. T. (2005) The Potential for Prefabrication in United Kingdom Housing to Improve Sustainability, in J. Yang (ed.), Smart & 
Sustainable Built Environments, Oxford: Blackwell.

Herbers, J. (2006) Prefab Modern, ed., Harper Collins.

Javanifard, N. and al, e. (2013) Modular Prefabricated Residential Construction Constraints and Opportunities PNCCRE, University of 
Washington Washington 

Khatavkar, J and Joshi , Y. P(2015) Use of potential prefabrication and non-traditional technology in construction of structure in disaster 
prone areas, International Journal of Civil Engineering and Technology, 6(4), 127-135. 

Lu, N. (2007) Investigation of the designers’ and general contractors’ perceptions of offsite construction techniques in the United states 
construction industry, ed., Clemson University, Clemson. 

MacPherson (Liz ) National Population Projections: 2016(base)–2068, Statistic New Zealand New Zealand 23.

MBIE, M. o. B., Innovation and Employment (2017) Energy in New Zealand, Ministry of Business, Innovation and Employment, New 
Zealand, 12.

Prefabrication: New Zealand manufacturers of prefabricated buildings and components 2017



144

Miller, C. (2017) MBIE figures show nationwide housing shortage of 71,000,NZ Herald, NZ Herald, New Zealand.

Moradibistouni, M. & M. Gjerde (2017) Potential for Prefabrication to Enhance the New Zealand Construction Industry, Back to the Future: 
The Next 50 Years, (51st International Conference of the Architectural Science Association (ANZAScA)), edited by M. A. Schnabel, 
Wellington, 9.

NZ Transport Agency (2017 (b)) Heavy trailers and combination vehicles (full, semi, simple, pole, A- and B-train), NZ Transport Agency, 6.

NZ Transport Agency, (2017 (a)) Heavy rigid vehicles, NZ Transport Agency, 4.

NZ Transport Agency, (2017 (c)) Vehicle dimensions and mass guide to factsheet 13 series, NZ Transport Agency.

Patel, R. and Sharma, N. (2016) study of prefabrication in India, International Journal of Advanced Research in Engineering, Science & 
Management, 2(5).

Petterson, J. (2016) Review of the Land Transport Rule: Vehicle Dimensions & Mass 2002 Regulatory Impact Statement New Zealand 
Government, New Zealand, 73.

Phillipson, M. (2001) New and Improved Technologies and Techniques Defining the Sustainability of Prefabrication and Modular Process 
in Construction, BRE Scotland. 

Rippon, J. A. (2011) The benefits and limitations of prefabricated home manufacturing in north America, Faculty of Forestry. Road 
transport forum NZ (2018) New Zealand’s Truck Fleet. Available from: Road transport forum NZ <https://www.rtfnz.co.nz/new-
zealand-road-transport/new-zealands-truck-fleet/> (accessed 02/06/2018).

Serrats, M. (2012) Prefab houses designsource, 1st. ed.. ed., New York : Harper Design, New York.

Smith, K. S. S., N. Saville. Fraser, R (2017) ADU Potential: Have we the potential to use our existing housing stock of homes to create 
a bigger stock of affordable, fit for purpose homes?,Building Better Homes, Center for Research, Evaluation and Social Assessmnet 
(CRESA), New Zealand.

Statistics NZ (2015) Subnational family and household projections: 2013(base)–2038. Available from: Statistics NZ, <https://www.stats.
govt.nz/information-releases/subnational-family-and-household-projections-2013base2038> (accessed 01/06/2018).

Statistics NZ (2017 (b)) Three in four New Zealanders live in the North Island. Available from: Stats NZ <https://www.stats.govt.nz/news/
three-in-four-new-zealanders-live-in-the-north-island> (accessed 06/01/2018).

Steinhardt, D. A., Manley, K. and Miller, W. (2013) Profiling the nature and context of the Australian prefabricated housing industry, School 
of Civil Engineering and Built Environment, Queensland University of Technology.

Stockdale, M. (2016) Review of the Vehicle Dimensions & Mass Rule, NZ Automobile Association, New Zealand, 5.

Vale, B. (1995) Prefabs: The history of the UK Temporary Housing Programme Planning, History and Environment, ed., Spon-Chapman 
and Hall, London.

Vale, B., P. Bryan (2002) The English at Point England, Construction History, 18, 99-110.

M. Bistouni, B. Vale and N. Isaacs

https://www.rtfnz.co.nz/new-zealand-road-transport/new-zealands-truck-fleet/
https://www.rtfnz.co.nz/new-zealand-road-transport/new-zealands-truck-fleet/
https://www.stats.govt.nz/information-releases/subnational-family-and-household-projections-2013base2038
https://www.stats.govt.nz/information-releases/subnational-family-and-household-projections-2013base2038
https://www.stats.govt.nz/news/three-in-four-new-zealanders-live-in-the-north-island
https://www.stats.govt.nz/news/three-in-four-new-zealanders-live-in-the-north-island


145

Learning from the past to build tomorrow: an 
overview of previous prefabrication schemes 

Milad Moradibistouni
Victoria University of Wellington, Wellington, New Zealand
Milad.bistouni@vuw.ac.nz

Nigel Isaacs 
Victoria University of Wellington, Wellington, New Zealand
Nigel.isaacs@vuw.ac.nz

Brenda Vale
Victoria University of Wellington, Wellington, New Zealand
Brenda.vale@vuw.ac.nz

Abstract: The world population growth can potentially lead to a shortage of appropriate houses in many countries. It 
can also increase the cost of land, which will directly affect the price of houses. Given the advantages of prefabrication, 
this method has the potential to provide numbers of high-quality houses in a short time. However, despite many historic 
attempts to produce prefabricated houses, there have been many failures. This paper presents a review of previous house 
prefabrication schemes to better understand the factors involved in their failure. Prefabrication schemes in five different 
time periods have been reviewed. The review looks at the construction-related needs in each period, the way the method 
of prefabrication responded to those needs, and any weaknesses of the method. The review ends by suggesting the most 
important factor for the potential of prefabrication is the current negative perceptions of stakeholders, including house 
owners and financiers. These negative perceptions come from early prefabrication schemes which focused on quantity 
and speed over quality and aesthetic aspects, and the fact these schemes were often linked to shortages of conventional 
building materials. 

Keywords: Prefabrication; housing; housing shortages; material shortages

1. INTRODUCTION

A building can be constructed using different methods and materials. Choosing the best amongst the various options is 
affected by factors such as availability, cost, and location of site. As an example, in most vernacular architecture indigenous 
materials are used as these are cheap, readily available, and have the most conformity with climate (AIA, 1976). Despite the 
effect of materials and climate on the choice of construction method, it is also affected by needs and aims of the building. 
For example, the choice might be different if the aim is to create an energy-efficient or zero energy building, or where time 
is the main constraint and the building has to be ready as quickly as possible. 

This paper has studied the construction-related needs of societies in five different time periods and the way prefabrication 
responded to those needs. It has also looked at any successes of the industry and investigated the reasons behind any 
failures to see what factors need to be considered to ensure the success any future prefabrication venture. This paper is 
mainly shaped around the history of prefabrication in UK, United States of America and New Zealand while also noting 
important examples from other countries.The first step in this analysis is to define prefabrication and its different types.

2. PREFABRICATION

Prefabrication is often regarded as synonymous with standardisation. Le Corbusier compared the process of building a 
house with a car production line and believed that the construction industry could be streamlined if the process of building 
a house became more like that of making a car, thus moving production from the site to the factory (Vale, 1995, p. 64). 
Prefabrication has come to mean a method of construction whereby building elements, ranging in size from a single 
component to a complete building are manufactured at a distance from the final building location. These elements are 
then sold and carried to the final location, usually by motor vehicles, where they are assembled and attached to pre-made 
foundation (Seratts, 2012, p. i). 

These can be classified based on the materials and systems used or the degree of prefabrication (Moradibistouni and 
Gjerde, 2017). Based on the degree of prefabrication five groups emerge (Figure 1).

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.145–152. ©2018, The Architectural Science 
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146

• Component: this group comprises simple pre-cut and pre-shaped elements, and the more complicated sub-
assemblies, made by combining more than one element (Bell, 2009). This group has the least degree of prefabrication 
but has more flexibility in terms of the final house. It usually needs more onsite work with more potential for defects 
(Boafo, 2016).

• Panel: panels are two-dimensional elements made up of a limited number of components, joined together in the 
factory. Panels are easy to transport using a flat back trailer and offer a high level of flexibility with less on-site work 
compared with components. Panels can be simple pieces which need more on-site work or made in more complete 
forms that include cladding, doors, windows and even wiring and plumbing (Bell, 2009; Elitzer, 2015).

• Module: modules are three-dimensional units made up of panels joined together in the factory. Modules, which are 
approximately 80-95% completed before leaving the factory, are very useful for buildings with a repetitive geometry 
(Boafo, 2016).

• Hybrid prefabrication: a combination of the modular system, usually for service zones, and the panelised system, 
for the building envelope. This combination makes transportation easier while decreasing the possibility of defects 
as the complex service zone is factory made (BRANZ, 2013). 

• Complete Building: the entire building is factory constructed and moved by a heavy haulage vehicle to the site, 
where it is attached to the permanent foundations (Steinhardt, 2013).

Figure 1: Different types of prefabrication. (Source: Moradibistouni and Gjerde, 2017)

3. METHODOLOGY

This paper is part of a larger study investigating the potential use of prefabricated Accessory Dwelling Unit (ADU) as a 
potential solution to the shortage of housing in New Zealand. An ADU is a secondary residential unit providing the basic 
needs of dwellers, with no dependency to the primary unit (Smith, 2017). This paper is a literature-based investigation 
that explores the potential for prefabrication to act as a resource-efficient method of construction by looking at what has 
succeeded and failed in the past. This paper explores the history of prefabrication in five different historical periods: before 
WW I; during both World Wars; between the two World Wars; after WWII; and the present time. The scope is limited by 
only considering prefabrication related to housing. The similarities of this effect in both World Wars means that here they are 
treated together. 

The paper discusses how prefabrication helped the construction industry in the selected countries to meet market needs 
by exploring the potential benefits and weaknesses of the prefabrication method used during those periods. In doing this 
it focuses on the reasons behind failures to see what can be learned from them. In each period the reason prefabrication 
was chosen as method of construction is outlined and the ability of this method to respond to those needs is investigated.

4. PREFABRICATION BEFORE WW I (BEFORE 1914)

The history of prefabrication dates back to the beginning of nomadic life and times when people had to migrate due to 
external threats or environmental conditions. The main reason people looked to prefabrication was their need to have houses 
which were easy to assemble, disassemble, and transport (Herbers, 2004, p. 14). These early prefabricated shelters were 
made of some pre-cut structural elements, usually timber, joined together using precut holes and/or ropes and covered by 
an envelope of leather, woollen fabric or other natural materials. Examples of these shelters can be found in the civilization of 
the early Persians, North American Indians and Mongolians, respectively called Black Tent, Tipi and Yurts. Other examples 
can be found in different ancient nations (Giller, 2012).  
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In the same way emigration to British colonies in the 18th and 19th centuries, led to the development of transportable 
prefabricated houses and housing components. The reason behind these prefabricated buildings was again the need for 
houses which could be easily transported and assembled, often on an unknown site. Most of these houses were made 
of timber and were covered by canvas and later clad with weatherboarding (Smith, 2009). These houses could even be 
assembled by unskilled owners. Once the immediate need for housing was satisfied and sufficient building skills accrued 
in the new colonies, the need to ship prefabricated houses was less urgent. One result of this is that little can be learned 
about failures as firms just disappeared. 

5. PREFABRICATION DURING THE WORLD WARS (1914-1918 AND 1939-1945)

During both World Wars, most factories changed their function to serve the war effort. In the UK, and other countries, the 
draft reduced the availability of men to operate factories or build, leading to a significant shortage of houses, while the focus 
on the manufacture of war goods led to a shortage of building materials (English Heritage, 2011). Particularly in WWII, there 
was a need for methods of construction with less on-site work which used materials more efficiently (Harrison, 1945). This 
gave a spur to prefabrication as this method was potentially able to reduce use of raw material by 40-50% and construction 
time by 35-57% (Phillipson, 2001, p. 3; Gorgolewski, 2005, pp. 125-126; Britto, 2008, p. 14). 

One of the most prominent prefabricated structures built during WWI was the Nissen hut, designed by Canadian engineer 
Peter Nissen, as a cheap, portable shelter for the British Army. The building, which was made of corrugated sheet metal 
pulled into a half cylinder and fixed on brick foundations, could be used for different functions such as a shelter, hospital, or 
armoury (Florian, 2013; Decker, 2005, pp. 5-7). The Nissen hut has been claimed as the first mass-produced prefabricated 
building (Mallory, 1973. 81). It was easy and fast to transport and be assembled by unskilled workers but had weaknesses. 
The biggest was the lack of thermal insulation which made the hut cold in winter and hot in summer (George, 1937, p.63). 
During WW II, the idea behind the Nissen hut was optimized and better insulation was added. In the USA this became the 
Quonset hut (Decker, 2005, p. 7). The shortage of houses during both World Wars, coupled with the shortage of materials 
during and afterwards, helped to bring the benefits prefabrication to fore. The effect of this on housing is described in the 
next section,

It is estimated that by the last year of WWII, after six years of war, 475,000 houses in the UK were destroyed or uninhabitable 
(Barr, 1958). In 1944 Prime Minister Winston Churchill released his plan for constructing approximately 300,000 permanent 
and 500,000 temporary houses without increasing demand on conventional building resources and skilled labour (English 
Heritage, 2011; Finnimore, 1989). By switching production to the factory, prefabrication could potentially increase the 
efficiency of use of materials and labour by 50% while using 40% fewer man-hours (Chiu, 2012, p. 16). 

The result was the development of non-traditional houses, many of which drew on the systems used for war time huts 
and other buildings. This led to problems related to sound and thermal insulation, and the fire resistance of houses (Hayes, 
1999, p. 54; Stevens, 1995; Nash, 1954). There were also serious concerns over the quality of prefabricated houses as 
there was an attitude of valuing quantity over quality in their design and construction (Hashemi, 2013).  More importantly, 
the 1944 temporary houses in the UK were designed to last approximately 10-15 years, but most were used for much more 
than this period of time, which led to defects and leaks (BRE, 2004). In fact although “some 156,623 temporary bungalows 
were produced for rent under the aegis of the 1944 temporary housing program [in the UK]” (Vale, 1995, p. 1), the program 
was wound up because it was considered to be too expensive. The prefabricated temporary houses had cost more than 
expected.

6. PREFABRICATION BETWEEN THE TWO WORLD WARS (1918-1939)

After WWI the shortage of both houses and materials gave a spur to prefabrication. In 1927 for the first time in Scotland 
more than 20,000 non-traditional houses with some type of prefabricated system were completed (Stationary Office, 2001). 
Some, like the Atholl and Weir systems, had walls of steel plate, using the skills developed building ships for the war effort 
(Ministry of Works, 1944, pp. 80-84). The poor quality of joints, ventilation and lack of sufficient thermal mass and resistance 
meant these houses needed a lot of heating. However, there were other ventures in prefabrication in this period. The first 
is the many systems that used concrete, beginning with Atterbury’s 1918 standardized prefabricated hollow concrete 
slab houses at Forest Hills Gardens (Pennover and Walker, 2009, pp. 255-265). Concrete was so used so often by house 
prefabricators in the USA that in the 1934 review of 98 illustrated systems of prefabrication by Bemis and Burchard, and 
based on the major material in hybrid systems, found 50% were concrete, 38% steel, 10% wood and 1% plastic (Vale and 
Skinner, 2018). These developments in concrete prefabrication were to lead to the many panel based systems developed 
for apartment housing because of the speed these offered, though many also suffered from poor indoor environments and 
lack of comfort. 

Another boost to prefabrication between the wars came from the need to provide temporary accommodation for workers 
on big infrastructure projects, such as in the USA the dams built under the aegis of the Tennessee Valley Authority. These 
demountable houses were of wood and came in sections that could be transported on the public highways (Huxley, 1943, 
p. 112). This in turn gave rise to associating prefabrication with temporary and trailer based housing.

Learning from the past to build tomorrow: an overview of previous prefabrication schemes



148

7. PREFABRICATION AFTER WW II (AFTER 1945)

After World War II, the need for a new method of construction which was faster and more efficient continued in the face of 
a shortage of conventional building materials and labour (Turner, 2015; Waskett, 2001). In addition to needing more houses 
in less time and using non-conventional materials and unskilled workers other reasons, especially in the UK, include worry 
about the shortage of work and the need to find jobs for the demobilized troops; and the emergence of support by the 
Ministry of Works for prefabrication (Gay, 1987). 

From 1945 to 1947, the UK government gave a heavy subsidy on non-traditional construction methods so as to 
encourage their use (Hayes, 1999). However, once the subsidies were cut in 1947, prefabricated buildings failed to compete 
economically with traditional methods, in part because they needed the application of new technologies in different stages 
of manufacturing, transporting and assembling. 

Prefabrication is most efficient when used for larger numbers of buildings, but it has higher start-up costs than 
conventional house construction. The costs of creating suitable designs, factories in which they can be made by a specially 
trained workforce under appropriate management systems, and systems to transport and place on-site all have to be paid 
for before even one house has been completed. This capital investment continues to be a problem for prefabrication-based 
construction companies, which in turn can lead to financial institutions treating prefabrication companies as having greater 
risk than conventional construction businesses. 

Stakeholders were still struggling with the post-war financial crisis and shortages of materials and workforce (Finnimore, 
1989; Hayes, 1999). Moreover, in the 1950s off-site construction was hampered by site delays, the inability to stay within 
expected costs, and the inability to estimate realistic on-site man-hours (Hayes, 1999). As Mckean (1995) and Pirrozfar 
(2013) have noted, there was also a conflict between manufacture-based production of houses and the aesthetic side of 
architecture. Hashemi (2013) also pointed to a lack of policy in post-WW II for monitoring buildings constructed using new 
technologies. These weaknesses combined to cause, such as the 1968 collapse of Ronan Point, a 21-storey prefabricated, 
panelised London tower block, which affected the success and acceptance of prefabrication (Pearson, 2005).

8. CONTEMPORARY PREFABRICATION

Current shortages of affordable housing in countries like New Zealand are again raising a case for using prefabrication 
construction methods. However, there are other reasons for looking again at prefabrication. At present, humanity is using 
energy and environmental resources at a rate that is equivalent to using the resources of 1.6 planets, and without change, 
it will be 2.0 planets by 2050 (Global Footprint Network, 2016). Additionally, Conti (2016) has predicted that world energy 
consumption will increase by 48% by 2040. Moreover, in 2015, the average concentration of CO2 in the atmosphere (399 
ppm) was an increase of 40% in comparison with that of the mid-1800s and the highest level reached in the last 800,000 
years (Hong Kong Observatory, 2016). Construction methods are important as “…the buildings sector and people’s activities 
in buildings are responsible for approximately 31% of global final energy demand and approximately one-third of energy-
related CO2 emissions.” (Global Energy Assessment, 2012)

The construction industry plays an important role in the use of energy and its environmental impacts, making it 
necessary to use methods of construction which use resources more efficiently and in a more environmental friendly 
manner. Theoretically, prefabrication could be a good replacement for traditional methods as it uses resources of energy 
and water 50-55% and 30-50% more efficiently respectively, and can also reduce CO2 emissions by 35% (Britto, 2008, 
p.14; Phillipson, 2001, p.3). However, the current negative perceptions of stakeholders toward prefabrication, which seem 
to have originated from the past experiences, some of which have been mentioned above, is probably the biggest obstacle 
to the wider use of prefabrication

“People have got the idea that it [prefabrication] means jerry-building, tumbledown shacks, caravans, shoddy work, 
ribbon development, draughts and leaks and everything that’s bad in the building. The Government itself seems to hold the 
confused opinion that prefabrication means something temporary” (Vale, 1995, p.17).

9. PREFABRICATION AND THE FUTURE

World population is growing fast. The population which was approximately 2.5 billion in 1950 reached more than 7.5 billion 
in 2018 and is predicted to rich to more than 10 billion by 2050 (United Nations, 2004). Close to 65% of global population 
is predicted to live in cities by 2040 compared to 55% in 2012, and this is also forecast to equal a 25% increase in energy 
demand (ExxonMobil, 2016, p. 12). These data show there will be a growth in number of houses needed. For example, New 
Zealand is today facing a shortage of 71,000 houses. As a result of population growth, this shortage of houses increased by 
40 houses a day in 2017 (Miller, 2017). The world community needs methods of construction able to provide more houses 
in less time – a role for prefabrication.

In addition to the shortage of houses, population growth has more direct effects on the construction industry. Dunkerey 
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argues the increase in demand for urban land has a direct relationship with population growth, leading to increases in 
cost of land. The easiest way of overcoming this, would be converting other types of land, such as rural, to urban land to 
accommodate more people. However, this conversion relies on an expansion of the road network and the provision of new 
infrastructure supplying services such as electricity, sewage, and drinking water, as well as other services such as policing, 
which can put an extra economic pressure on governments (Dunkerey 1983, p. 6). Although Dunkerey’s (1983, p. 6) view 
was “land location is specific, and existing urban plots cannot be reproduced” there are other ways of reusing or expanding 
the use of existing urban land. 

One is the use of Accessory Dwelling Units (ADU). ADUs are smaller, secondary residences, placed on the existing plot 
of a primary residence. They usually appear where there is existing infrastructure (Ross, 2016, p. 17). ADUs can be classified 
into four types according to Smith (2017).

• Partitioned ADUs: these units are the result of dividing an existing dwelling into two or more units by using 
partitions inside the existing house envelope.

• Converted ADUs: converted ADUs are the result of converting an existing independent space, such as a garage 
or basement to a living unit.

• Attached ADUs: this group of ADUs is the result of constructing or attaching a unit to an existing house.

• Standalone ADUs: these ADUs are constructed completely from foundation to finishes, and as a separate building 
from the primary dwelling but on the same lot.

A recent study shows that partitioning existing house into smaller units could add over 180,000 new houses to the NZ 
housing market with no impact on unused residential land (Smith, 2017). 

Matching the benefits from the different types of prefabrication parallel to the different types of ADUs shows the high 
potential for prefabricated ADUs. Panelised prefabricated systems could be used to build partitioned and converted ADUs, 
while modular prefabricated systems can be used for building attached and standalone ADUs. 

However, aside from potential benefits, there are some considerations regards to build and use of ADUs. One of these is 
restrictions related to building an ADU on a lot which already includes a house. This means the ADU must be ready quickly 
in order to minimise the effects on the residents, or they must be moved out of the primary house during the construction. 
This can put financial pressure on the project. Moreover if, for example, the ADU is going to be located on the backyard, 
the way the ADU is to be placed (e.g. lifted by crane), must be considered at the first design stages. Different councils 
and legislation may set different requirements, such as the maximum allowed site coverage. This variety of rules makes 
design of ADUs more complicated. The possibility and efficiency of using ADUs are under investigation in the larger study 
commenced in 2016.

10. EVALUATION AND CONCLUSION

The aim of this paper was learning from the past by reviewing part of the history of the prefabrication industry so as to see 
what prefabrication in the future might offer. The intention was to see what the needs of societies were in different periods 
of time and to look at possible benefits of prefabrication in relation to those needs Table 1 collects together the main results 
of this review. 
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Table 1: Review summary

Time period Most important needs Responses of prefabrication to needs Reasons for failures

Pre-WW I (1914)
Ease of transport and 
assembly

Use of timber as being light and easy 
to assemble

-

During WWI & II 
(1914-18 &  
1939-45)

Speed in supplying 
buildings with less on-site 
work, efficient use of 
materials and less need 
for skilled labour

Systems created which provided less 
than ideal interior environments such 
as the Nissen Hut. 

Prefabrication produced temporary 
house quickly

No proper sound and thermal 
insulation and fire resistance; 
valuing quantity over quality; using 
prefabricated houses for more than 
their expected lifetime

Between WWI & II 
(1918-1939)

Houses in quantity and 
produced at speed

Demountable houses

Proliferation of many different 
competing systems using different 
materials

Lack of comfort

Not putting efforts into a few 
systems and perfecting these

Post-WW II (1945)
Shortage of houses and 
of conventional building  
materials and labour 

Experimental systems such as steel 
frame and concrete panel were 
developed, including for high rise 
blocks

Site delays, cost overruns, 
aesthetic concerns, and cutting 
financial support (subsidies for 
prefabrication).

Present time  

Housing shortage

Need to make efficient 
use of resources and be 
more environmentally 
friendly

Research shows prefabrication could 
be 50-55 % more efficient in use 
of energy, 30-50% more efficient 
use of water and could reduce CO2 

emissions by 35%

Negative perceptions of 
stakeholders toward prefabrication 
originating from historical 
experiences

Future 

More efficient use of 
developed lands to 
provide houses for 
growing population

Prefabrication could be used to create 
different types of ADUs 

-

Table 1 shows that pre-WWI, the most important concerns regarding prefabrication were much like those of the early 
nomads – the ability to move houses, often over considerable distances using animal (for example yak) or wind (ship) 
power. Such buildings needed to be easy and quick to assemble. During and immediately after both World Wars due to the 
urgent need for more houses, the priority of governments was supplying houses in quantity rather than focusing on quality, 
the former in some cases leading to building temporary houses. Because of that hurry, most of the prefabricated houses 
that resulted did not have the quality people expected or the quality the industry potentially could have delivered. As the 
urgent need for more houses disappeared, just when quality could have become the focus, governments cut support for 
prefabrication, and without the subsidies the industry was uneconomic. At the same time, a general perception was formed 
linking prefabrication with the low quality and temporary houses of the war years and the years between them. The result 
was disinterest in prefabrication, which meant less chance of benefitting from its advantages.

In the present time, there is a need for a method of construction that can use energy and materials more efficiently. 
Moreover, due to rapid population growth, the world will soon be faced with a major shortage of houses, as has already 
happened in some countries. Due to its modern benefits prefabrication could provide the next generation of houses in 
the form of prefabricated ADUs by using already developed land. However, learning from the past, the quality, design, 
and aesthetic aspects of prefabricated buildings should be considered as important as the quantity and mass production 
aspects of prefabrication. Clear and explicit rules need to be defined for prefabricated buildings, with monitoring of their 
production, transportation and assembly. Another important factor to be considered is the importance of the support, 
mostly financial, of the fledgling prefabrication industry by governments. The main reason for this need of financial support 
is the fact that while payments in traditional buildings can be done in different stages, in small amounts, in prefabricated 
building most of the payment should be done at the beginning of the process, one-stop shopping. Moreover, financial 
institutions prefer to invest their money on traditional made houses as they believe that prefabricated houses are not good 
investments. Finally and most importantly there is an urgent need to show what this industry can already do in terms of 
producing quality houses to change any negative perceptions toward prefabrication based on its history. 

References

Aia, D. W. and Bertaud, A. (1976) Indigenous architecture as the basis of house design in developing countries: A case study evaluation 
of traditional housing in Bhutan, HAB</cja:jid> Habitat International, 1(3), 207-217.Barr, A. W. C. (1958) Public authority housing, 
Batsford, London.

Bell, P. (2009) Kiwi prefab : prefabricated housing in New Zealand : an historical and contemporary overview with recommendations for 
the future Architecture and Design, Victoria University of Wellington Victoria University of Wellington. 

M. Bistouni, N. Isaacs and B. Vale



151

Boafo, F. E., Kim, J. H. and Kim, J. T (2016) Performance of Modular Prefabricated Architecture: Case Study-Based Review and Future 
Pathways, Sustainability, 8.

BRANZ (Building Research Association of New Zealand) (2013) Prefabrication Impacts in the New Zealand Construction Industry,SR279, 
Building Research Association of New Zealand 

BRE (Building Research Establishment)(2004) Non-traditional houses: Identifying nontraditional houses in the UK 1918, Garston: Building 
Research Establishment, UK.

Britto, J. and et al (2008) Business plan for green modular housing, School of Environmental Science & Management.

Chiu, S. T.-L. (2012) An analysis on:the potential of prefabricated construction industry, Department of Forestry, University of British 
Columbia, Vancouver.

Conti, J. J. (2016) Annual Energy Outlook with projections to 2040, U.S. Energy Information Administration (EIA).

Decker, J. C. (2005) Quonset Hut : Metal Living for a Modern Age, Princeton Archit.Press, Guildford; Boulder, 166.

Dunkerey, H. B. and Whitehead, C. M. E. (1983) Urban land policy : issues and opportunities, Oxford Univerity Press, New York.

Elitzer, J. (2015) Do You Know The Difference Between Prefab And Manufactured Homes?, Modular Home owners.

English Heritage. (2011) Domestic 4: The Modern House & Housing, English Heritage, United Kingdom.

ExxonMobil,  (2016) The outlook for energy : a view to 2040, ExxonMobil, Irving, Texas.

Finnimore, B. (1989) Houses from the factory : system building and the welfare state, 1942-1974, Rivers Oram Press, London.

Florian, U. (2013) The Hut on the Garden PlotInformal Architecture in Twentieth-Century Berlin, Journal of the Society of Architectural 
Historians, 72(2), 221-249.

Gay, O. (1987) Pefabs: a Study in Policy Making, Public Administration Public Administration, 65(4), 407-422.

George, A. F. C. (1937) Fuller company, general contractors, 1882-1937; a book illustrating recent works of this organization, George A. 
Fuller Company, New York; Washington.

Giller, J. (2012) Reinventing the Tent: An Exploration of Fabric Construction, in W. McLeod (ed.), Victoria University of Wellington

Global Energy Assessment (2012) Global Energy Assessment - Toward a Sustainable Future, Cambridge University Press, Cambridge, 
UK and New York, NY, USA and the International Institute for Applied Systems Analysis, Laxenburg, Austria.

Global Footprint Network (2016) National Footprint Accounts, 2016 Edition. Available from: Global Footprint Network <www.footprint 
nework.org> (accessed 25/09/2016).

Gorgolewski, M. T. (2005) The Potential for Prefabrication in United Kingdom Housing to Improve Sustainability. Smart and Sustainable 
Built Environments, in J. Yang, Smart & Sustainable Built Environments, Oxford: Blackwell.

Harrison, D. D., Albery  J.M. Whiting, M.W. (1945) A Survey of Préfabrication London.

Hashemi, A. (2013) Review of the UK housing history in relation to system building, Alam Cipta, 6(1), 47-58.

Hayes, N. (1999) Making Homes by Machine: Images, Ideas and Myths in the Diffusion of Non-Traditional Housing in Britain 1942-54, 
Twentieth Century British History, 10, 282-309.

Herbers, J. (2004) Prefab modern, New York, NY : Harper Design International, New York, NY.

Hong Kong Observatory (2016) Hong Kong in a warming world, Observatory, Hong Kong.

Huxley, J (1943) TVA Adventure in Planning, Cheam: the Architectural Press.

Mallory, K. and Ottar, A. (1973) The architecture of war, Pantheon Books, New York.

McKean, C. (1995) A Scottish Modernism, 1933-1939, History Workshop Journal, (40), 165-172.

Miller, C. (2017) MBIE figures show nationwide housing shortage of 71,000,NZ Herald, NZ Herald, New Zealand.

Ministry of Works (1944) Post-War Building Studies No. 1: House Construction, London:  HMSO.

Moradibistouni, Gjerde. (2017) Potential for Prefabrication to Enhance the New Zealand Construction Industry, Back to the Future: 
The Next 50 Years, (51st International Conference of the Architectural Science Association (ANZAScA)), edited by M. A. Schnabel, 
Wellington, 9.

Nash, P., Hird, D., and Tonkin, P. S. (1954) The Spread of Fire in U.S.A. Type Temporary Bungalows, Department of Scientific and 
Industrial Research and Fire Offices’ Committee: Joint Fire Research Organisation, USA.

Pennover, P. Walker, A. (2009). The Architecture of Grosvenor Atterbury, New York: W.W. Norton and Co.

Pearson, C. and Delatte, N. (2005) Ronan Point Apartment Tower Collapse and its Effect on Building Codes, Journa of Performance of 
Constructed Facilties, 19(2), 172-177.

Phillipson, M. (2001) New and Improved Technologies and Techniques Defining the Sustainability of Prefabrication and Modular Process 
in Construction, BRE Scotland. 

Piroozfar, P. and Farr, E. R. P. (2013) Evolution of Nontraditional Methods of Construction: 21st Century Pragmatic Viewpoint, Journal of 
Architectural Engineering, 19(2), 119-133.

Learning from the past to build tomorrow: an overview of previous prefabrication schemes



152

Ross, J. (2016) Accessory Dwelling Units: A Smart Growth Tool for Providing Affordable Housing,Housing news network, Housing news 
network, 4.

Scottish Office Building Directorate (2001) A guide to non-traditional and temporary housing in Scotland 1923-1955, H.M.S.O., Edinburgh.

Serrats, M. (2012) Prefab houses designsource / Marta Serrats, 1st edition, New York : Harper Design, New York.

Smith, K. S. S., N. Saville. Fraser, R (2017) ADU Potential: Have we the potential to use our existing housing stock of homes to create a 
bigger stock of affordable, fit for purpose homes?,Building Better Homes, Center for Research, Evaluation and Social Assessmnet 
(CRESA), New Zealand.

Smith, R. E. (2009) History of Prefabrication: A Cultural Survey Third International Congress on Construction History, Cottbus, 10.

Steinhardt, D. A., Manley, K. and Miller, W. (2013) Reshaping housing – the role of prefabricated systems Queensland University of 
Technology School of Civil Engineering and Built Environment , Science and Engineering Faculty 

Stevens, A. J. and McIntyre, I. S. (1995) Timber frame housing systems built in the UK 1920-1965Publisher?

Turner, C. P., Richards (2015) Homes through the decades NF 62, NHBC Foundation 48.

United Nations (2004) World population to 2300, Department of Economic and Social Affairs , United Nations 254.

Vale, B. (1995) Prefabs: The history of the UK Temporary Housing Programme Planning, History and Environment, Spon-Chapman and 
Hall, London.

Vale, B. Skinner, R (2018) R.G.S. Beatson: from student work to Auckland houses, Proceedings of 2018 SAHANZ Conference, 4-7th July 
2018, Victoria University of Wellington.

Waskett, P. (2001) Current Practice and Potential Uses of Prefabrication, DTI Construction Industry Directorate.

M. Bistouni, N. Isaacs and B. Vale



153

Parametric skinning of complex-graphs: an airborne 
textile structure test-case

Stanislav Roudavski
The University of Melbourne, Melbourne, Australia
stanislav.roudavski@cantab.net

Abstract: The research project presented in this paper aims to extend the repertoire of architectural design and construction. 
To achieve this purpose, research-through-design methods are used to match a commonly desired target geometry with 
a realistic and efficient materialisation strategy. The proposed approach has been tested through construction of practical 
prototypes that eventuated in a full-scale structure that performed well in a variety of outdoor conditions. The outcome of 
this work is a workflow for semi-automated skinning of complex graphs such as trusses or space frames. The project tests 
this workflow through an application to a topologically complex L-system. The L-system graph is parametrically skinned 
with a continuous, adjustable envelope. The outcomes of this skinning are materialised in fabric to produce a twelve-metre-
long, wind-supported, airborne inflatable structure. This workflow is a novel extension of existing approaches to skinning 
and fabrication of structures based on complex graphs because it allows a hitherto unavailable, fabrication-ready geometric 
definition of joints between cylindrical and conical tubes of varying diameters. It is significant as a reusable approach to the 
geometric construction of such joints in a variety of materials and across multiple scales. Furthermore, it is interesting as an 
innovative prototype of possible wind-supported architectural structures.

Keywords: parametric modelling; space frames; textile structures.

1. INTRODUCTION

The aim of the research theme that encompasses the project discussed below is to extend the creative and technical 
repertoire of architectural design by supporting structures that can be influenced by their environment, during inception, 
refinement, construction or useful life. This capability is important for all forms of accountable, environmentally-sensitive 
design. As a particularly rich and challenging case, the project aims to investigate the feasibility and implications of 
architectural structures that can be supported by wind, without the need for artificially induced inflation (Figure 1, Figure 2). 
This research responds to the theme of higher habitation density by considering possible increases in the efficiencies of 
space-use through the deployment of non-destructive, on-demand and just-in-time architectural structures. In this pursuit, 
the textile structures have many important advantages. They can be cheap, lightweight, easy to install and relocate, available 
only when required, dynamic and aesthetically rewarding. Those inflated by wind, as it is innovatively proposed here, also 
encourage reconsideration of central architectural tenets such as that of permanence and continuous accessibility. With 
some reasonable sacrifices of predictable accessibility when the winds are unfavourable, they have a promise to be both 
efficient and sustainable. The complete discussion of these aspects is beyond the scope of this paper that, instead, focuses 
on one of the technical challenges of the ‘wind-architecture’ project: the need to manufacture continuous airtight skins for 
complex geometric configurations.

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.153–160. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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Figure 1: 12m-long self-inflating structure during a test flight. (source: Roudavski, 2017) 

1.1 Gap

The geometry shown in the photographs (Figure 1, Figure 2) was produced algorithmically, by recursively iterating through 
L-system (Prusinkiewicz & Lindenmayer 2004) production rules (for an overview of dendriforms in architecture, see Md 
Rian & Sassone 2014).This approach is compatible with the overarching goals of the project because it allows automatic 
generation of geometry in response to constraints. However, automatic and fabrication-ready skinning of tree-like geometries 
produced by L-systems is not readily available.

Commercial modelling software that supports L-system generation including Maya or Houdini presumes that the 
geometry will be used for rendering rather than for fabrication. Therefore, they output roughly defined polygonal tubing with 
irregular stems and joints. The resulting geometry cannot be easily adopted or rationalised for fabrication. Fabrication is also 
not targeted by the research software implementing various L-systems in other fields, such as biology or computer science.

The Rabbit plugin in Grasshopper can create skeletons for L-systems and supports custom tube profiles. Its tubing can 
be linearly scaled between the start and the end of the L-system but does not support generation-driven or other custom 
scaling or properties. Furthermore, it also uses polygonal geometry for tubing, compromising precision and introducing 
artefacts that make unwrapping difficult. No graph-informed selection or manipulation of geometry is supported and the 
graph system itself is only a limited implementation of L-systems.

To sample the space of possible geometries, the ’wind-architecture’ project produced multiple prototypes driven by a 
variety of L-system-based and other methods that included boid-like guidance for growth (e.g., Neubert et al. 2007),vector 
fields for the manipulation of the branching (e.g., Ling & David 2015),space-colonisation approaches to branch distribution 
(e.g., Runions et al. 2007, Palubicki et al. 2009) and A* path finding. This variety of experimental structures emphasised the 
need for an automated and controllable skinning routine.

S. Roudavski
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Figure 2: The airborne structure seen from above, with people for scale. (source: Roudavski, 2017)

The challenge presented in prototype above (Figure 1) is further exacerbated by the fact that this structure is not purely 
dendritic but includes closed loops. Skins for strictly dendritic structures, such as those produced by classic L-systems can 
be represented as distorted spheres. If one disk is cut out, such a surface can be turned inside out through the resulting 
boundary; an important consequence for the assembly of textile structures through stitching or other methods.

The classification theorem of closed surfaces states that any such surface is homoeomorphic to one of three families: 
1)  the sphere, 2)  the connected sum of g (genus) tori, for g≥1; and 3)  (not relevant here) the connected sum of real 
projective planes (e.g., Zeeman 1966).The orientable surfaces in the families 1 and 2 can be grouped and the sphere can 
be considered the sum of 0 tori (or genus 0). Topologically closed surfaces of g≥1, of the wind-supported structure shown 
above are one example, cannot be turned inside out without self-intersection.

Complex surfaces that incorporate multiple tori (or multiple holes) are common in architecture. Living trees can also 
fuse and this process of inosculation is common in some species such as figs. Other natural structures, such as sponges, 
are characterised by the presence of very many holes. A typical approach to constructing such geometries in man-made 
structures is through assembly from parts. The sequence of assembly can matter but the process is forgiving because 
individual rigid parts are often designed in a way that supports disassembly.

Soft structures, such as those made with heat or chemical bonding cannot be easily disconnected. Stitched parts are 
also difficult or impossible to disconnect, depending on fabrics, types of seams and locations of the seams. Assembly 
procedures for rigid structures are constrained because such structures cannot undergo topological manipulations such 
as folding, inversion or stretching. In soft structures, as it is clearly demonstrated by the techniques of tailoring, surface 
manipulations are an essential method of construction. In general, soft structures can be turned inside out completely, if 
they are spheres with a disk removed. Or partially, if they are of genus n+1.

Manual workflows for assembly of soft structures do exist in fashion design and, in a limited way, in the design of 
architectural inflatables, sails, parachutes and kites. Some software for fashion patterning does exist (e.g., Clo or Tuka) but 
due to its many limitations the predominant techniques in garment design involve hand-fitting material on a human body or 
a mannequin. Such manual fitting is even more common with scales and configurations beyond the human body. These 
procedures can be fast and very sophisticated. They cope well with well-studied shapes of the human or, with more time 
and effort, with finely controlled but topologically simple shapes of sails and parachutes. When more complex shapes are 
attempted, as is commonly done in large inflatable kites that frequently aim to represent known entities such as animals, the 
control is sacrificed, the forms become crude and the surfaces wrinkled.

1.2 Hypothesis

Given this gap, the research described in this paper hypothesises that it is possible to produce a design-and-construct 
workflow that will extend the existing state-of-the-art by skinning and patterning topologically complex forms, as defined 
above, automatically.

Parametric skinning of complex-graphs: an airborne textile structure test-case
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2. EXPERIMENT

2.1 Methods

To develop an example of such an approach, the project relies on the practice-driven method of research-through-design. 
The application of this method involved the development and outdoor field-testing of a completed design, at full scale. 
The construction of such an object necessarily involves multiple versions and partial prototypes that explore the space of 
possible designs seeking a workflow that can accommodate the following requirements:

• accept a topologically complex graph;

• produce a continuous, adjustable skin;

• accept varying tube diameters;

• accept conical tube sections;

• use developable geometry;

• produce rational, fabrication-ready patterning;

• produce instructions for fabrication and assembly; and

• assemble in fabric without creases.

2.2 Workflow

The process begins with the production of a line graph that can serve as an input. The current implementation can accept 
an arbitrary graph but the test structure was defined as an L-system. A four-branch version of this L-system (Figure 3) can 
be defined as follows.

Premise: FA; (1)

Rules: A=”[-FB][+FC][^FD][&FE]; B=+F[A]; C=-F[A]; D=&F[A]; E=^F[A];

where F is move forward, + is turn right; - is turn left, & is pitch up, 
^ is pitch down and ” is length multiplier

This definition supports interactive parametric control of the number of generations, step size, step angle and can be easily 
customised and automated further.

Figure 3: Four-branch L-system at the 6th generation. (source: Roudavski, 2017)

S. Roudavski
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After the configuration of the graph is established (e.g. in Houdini or elsewhere), the graph can be parametrically repeated 
in Grasshopper 3D, with limited control.

Figure 4: Steps of the skinning algorithm applied to a typical element. (source: Elias, 2017) 

From here, the skinning workflow is as follows (Figure 4): top left) pipe all straight sections of the L-system linework; pipes 
may vary in radius in accordance with user-specified parameters; in the fabricated prototype (Figure 1), the pipe radius is 
directly proportional to the length of each base segment; top-middle) extend the pipes beyond the joints; top right) position 
a bisector plane at the elbow joint and copy a parallel plane to the tripod joint then split the pipes; bottom left) loft between 
the resulting edges to create diagonal tubes; bottom middle) draw three bisecting planes to resolve the intersection between 
diagonal tubes; bottom right) repeat for the other branches.

This approach relies on NURBS geometry rather than on polygons and can produce clean and precise intersections. 
Resulting parts can be easily unrolled, adorned with offsets for stitching, labelled, nested into the dimension of the desired 
rolls of fabric and output for fabrication and assembly.

Parametric skinning of complex-graphs: an airborne textile structure test-case
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Figure 5: The interior showing seams and relative scales. (source: Roudavski, 2017) 

2.3 Outcomes

The principal outcomes of the project in reference to the hypothesis stated above included, in reverse order: 1) a use-case 
airborne structure that performed well in a variety of conditions; 2) a workflow for the fabrication and assembly of such 
structures; 3) a workflow for semi-automated skinning that can be applied to a variety of complex graphs; and 4) a use-case 
workflow for the automatic generation of such graphs.

2.4 Discussion

The practice-based method of investigation proved useful because it has brought into consideration a range of issues 
specific to the construction of complex non-rigid geometries. Existence of these geometry, material- and performance-
specific challenges was not obvious to the team before the engagement with the practical work. They, and the solutions 
proposed here, are also novel in the context of architectural construction and even in the more sophisticated fields of 
parachute-, sail- or kite-making.

To give an example, an airborne structure’s balance requires symmetry not only at the level of geometry but also at the 
level of material where weft/warp orientation can introduce uneven distortion and unstable aerodynamics. Consequently, 
symmetrical parts of the structure had to be mirrored on the material and assembled accordingly. This assembly was 
complicated by a range of characteristics.

Firstly, the large scale of the structure, especially in the latter stages of assembly, made it difficult to correctly orient 
or attach new modules. Common piece labelling and case-specific edge-labelling techniques were used but proved only 
partially helpful because the labels could not be easily accessed in hard-to-understand distorted segments. The process 
was easier in a large assembly space. There, partial unfolding of the already-sewn portions of the structure into volumes 
similar to the shape of the final inflated form made understanding much easier. Errors were further minimized by the pinning 
of seams prior to sewing. When errors occurred, pinned modules could be re-arranged and re-attached correctly with 
relative ease. Once the assembly was completed, the structure could be inflated with a fan on the ground, allowing for the 
substantially easier detection of twisted or damaged parts. Remaining errors had to be identified during the first flight and 
corrected after that.

S. Roudavski
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Figure 6: The deflated structure arranged on the flat for inspection. (source: Roudavski, 2017) 

The construction was also difficult because the structure must be deflated for assembly (Figure 6). Deflation introduces 
severe distortions, including complex folding and self-wrapping, making it harder to recognize the geometry and introducing 
errors. The process is further complicated by the form and operation of industrial sewing machines that are produced within 
a narrow range of dimensions and presume that material will be folded and moved during stitching. Such manipulations 
were challenging, especially towards the end of construction when the structure was large and unwieldy. However, strategic 
order of assembly and the ability to isolate parts of the structure for stitching helped to overcome this difficulty.

The need to isolate parts and access the internal surface of the structure that cannot be completely turned inside out 
highlight another typical challenge. In response, the project developed a sewing workflow that relied on a customized 
sequence of assembly that only required topologically adequate portions of the overall structure to be turned inside out. 
The tripod modules were assembled first. Then these tripods were connected into generations, as inherited from the original 
L-system. Finally, the generations were connected to each other, starting from the last as its branches had most narrow 
tubes and continuing in the reverse order (Figure 5). These portions could be threaded through other parts of the structure 
in a way that made them accessible to the sewing machines. This assembly workflow cannot be correctly simulated in 
currently available software that struggles with large structures, folding, friction, distortions and folding.

3. CONCLUSION

Seeking to fill a specific gap in current research and practice, this paper discussed a successful workflow for automated 
production of skinning for topologically complex forms. While this work is integrated into a larger research theme, this paper 
focused on a very specific aspect. Therefore, the role of this conclusion is to briefly highlight the achievements of this project 
in relationship to its field by emphasising its innovativeness and significance.

3.1 Innovation

The project provides a novel extension to the existing approaches to skinning and fabrication of structures based on 
complex graphs because it allows a hitherto unavailable, automated and fabrication-ready geometric resolution of surfaces 
that can include cylindrical and conical tubes of varying diameters. The workflow uses fabrication-friendly NURBS surfaces 
and has been tested in a full-scale structure. This award-winning structure itself is an innovative outcome that has not 
been previously achieved in architecture or in the fields that design and build airborne structures, as has been confirmed 
via extensive peer review during Artevento | Festival internazionale dell’Aquilone in Cervia, IT in 2017, the world-leading 
gathering of kite designers.

Parametric skinning of complex-graphs: an airborne textile structure test-case
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3.2 Significance

The proposed workflow is significant because it can be used to produce skinning for a variety of structures that can have 
different functions, scales and be intended in a broad assortment of materials. The project outcomes indicate that an 
innovative idea of wind-supported architectural structures might be feasible. Thus, the project serves as a demonstrator 
that succeeds in integrating several capabilities – such as complexity, dynamism or adaptation – that are necessary for the 
production of environmentally-sensitive evidence- and performance-driven structures.

3.3 Future work

Future work will aim to extend this experiment with other types of structures and seek to apply the abstracted principles 
of environmentally-sensitive structures attempted in this stage to functionally useful or habitable structures. This work has 
begun.
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Abstract: Engineered timber is rapidly growing in popularity in both the Australian construction industry and abroad. While 
projects utilising the material as their main structural element are often lauded as being faster, safer, and ultimately cheaper 
than more traditional systems, there is limited scientific literature to support this. This research attempts to bridge this gap 
by reviewing and comparing construction costs associated with a five-storey case study building in Melbourne, Australia. 
The paper considers the construction of this building in three distinct scenarios: an engineered timber superstructure, a 
reinforced concrete superstructure, and a hybrid of both. While featuring different structural materials, each scenario is 
designed to be comparable in the areas of fire and acoustic rating, structural sizing (e.g. wall thickness), and compliance 
with the building code. A complete bill of quantities is prepared for each scenario, with the rates of the concrete project 
benchmarked against rates available in published references to confirm accuracy. Findings show the scenario featuring 
an engineered timber superstructure to be the fastest and cheapest to build, with potential time-savings of almost 50%, 
and cost savings of up to 10% compared to a complete reinforced concrete structure. This demonstrates that the use of 
engineered timber in this context is cost and time competitive against traditional concrete systems. Further research is 
needed to establish if this holds true in other contexts.

Keywords: Engineered timber; mid-rise construction; pre-fabrication; cost benefits

1. INTRODUCTION

For millennia timber has been widely considered a practical and flexible building material, with historical uses ranging from 
the construction of boats and ships, to the construction of residential dwellings and large scale commercial structures 
(Guðnadóttir, 2011; Latham, 1957, p. 1; Shroff, 2016). However, this reputation has not always been favourable, with a 
number of significant historical events directly impacting the use of timber around the world. These events, including (but 
not limited to) the Great Fire of London in 1666, the subsequent Rebuilding of London Act 1667, and the later development 
and commercialisation of cement and steel production during the industrial revolution (Vallencourt, 2016) resulted in the 
almost complete abandonment of timber as a structural material in mid-rise construction (4-8 storeys) around the Western 
world. Basic structural requirements were quickly met with other, seemingly safer substitute materials such as concrete and 
steel. These products became known for their ability to work in composite action, and industry proceeded to mass produce 
robust reinforced concrete structures with operational lives in excess of 50 years (Norman et al., 2006).

Since this time, population growth around the world has seen reinforced concrete systems utilised as a main structural 
material for vertical development. The adaptability of the material, and its strength in both tension and compression has 
resulted in widespread use throughout the construction industry regardless of the final form of a project. With a large 
proportion of this sustained growth focused in urban areas, a need has arisen for residential densification (Coffee et al., 
2016). This process continues to be facilitated through the development of mid-rise residential projects throughout the 
suburbs of major cities. With suburban planning schemes and councils generally opposed to high-rise construction, mid-
rise development is often seen as providing the best possible return on investment for those who fund these projects 
(Boroondara City Council, 2017; Cervero, 2003). 

Until recently, the large majority of suburban mid-rise residential projects in Melbourne, Australia have employed traditional 
concrete systems as the main form of structure (Hughes and Crisp, 2008). This material is seen as familiar, safe, and low-
risk by developers, and as such has enjoyed prolific use in the sector. However, there are grounds to suggest that concrete 
is not as well suited to residential buildings than it is to commercial projects. Commercial projects benefit from the flexibility 
that concrete can provide, with its large spans, minimal columns, and high load tolerances. Residential projects – on the 
other hand – place more importance on the acoustic and fire separation of units than on large open floor spaces and ease 
of large-scale customisation (Winters, 2016). In fact, it could be argued that concrete structures must be retrofitted with 
non-load bearing stud walls to meet the demanding criteria of a residential development. 

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.161–168. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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With this in mind, it is clear that while being a safe and familiar option, reinforced concrete is not necessarily the most 
suitable structural system for mid-rise residential projects. The ideal structural system for these buildings sees all inter-
occupancy unit party walls as load bearing. This configuration can be considered to be an optimised system, with fire, 
acoustic, and structural requirements addressed with fewer materials and simpler construction. For example, the same 
linings used to provide fire separation between units can play an effective role in acoustic insulation. This simplification in 
construction allows for higher levels of prefabrication, resulting in fewer trades on site and significantly shorter construction 
times (Smith, 2010). 

This gap in the market presents an opportunity for the resurgence of timber. Recent decades have seen the development 
and commercialisation of new, engineered timber products capable of performing more efficiently in load bearing functions, 
and more predictably in fire resistance when compared to reinforced concrete. These products can be produced in either 
flat plates or linear sections and feature a production and assembly processes that is highly sustainable, with timber 
components often storing more greenhouse gases (GHGs) than the emissions associated with their production (Darby et 
al., 2013; Skullestad et al., 2016). Beyond this, characteristics inherent in every piece of timber differentiate the material from 
all others; not only does it boast significant thermal and acoustic insulating properties, but also its calming, warm aesthetic 
has been shown to provide a less stressful and healthier working and living environment (Knox and Parry-Husbands, 2018; 
Tsunetsugu et al., 2007).

With engineered timber products quickly gaining popularity around the world there is increased discussion about its 
use in Australian construction projects. However, with little history of local use, there are very few precedents to provide 
insights into the construction cost and program benefits. This paper aims to bridge this gap. This paper calculates and 
compares the time and cost implications of building with a number of structural methods, including traditional systems (i.e. 
reinforced concrete), engineered timber systems, and a hybrid of both. This comparison aims to provide a clear and concise 
geographically-relevant example for use in assessing the financial viability of employing these materials in future Australian 
mid-rise residential construction projects.

2. RESEARCH METHOD

2.1 Approach

This paper compares costs associated with the use of engineered timber or reinforced concrete in multi-residential projects in 
Melbourne. The vast majority of research into timber construction completed to date has typically focused on environmental 
benefits of using the material, in several cases using quantitative methods to suggest that structures incorporating timber 
may be able to reach a carbon neutral status (Ola Eriksson et al., 2009; Petersen and Solberg, 2005; Sathre and Gustavsson, 
2009; Zuo et al., 2012). A smaller number of studies have explored the costing implications of timber. While most of these 
studies either draw on already-published data or adopt a case study approach, following and gathering information (both 
qualitative and quantitative) about a completed project, a notable Australian study takes a different approach (Blomgren 
and Willford, 2014; Forsythe, 2018; Mahapatra and Gustavsson, 2009; Pan and Sidwell, 2011; Sardén, 2005; Smith and 
Buchanan, 2008). In a recently updated study, Forsythe (2018) compares cost estimates for the construction of a an un-
built concept project in Sydney in three distinct structural systems; reinforced concrete, stud frame, and mass timber. 

This paper takes the parametric approach applied by Forsythe (2018) and adapts it to the local context of this research. 
To achieve this, we sourced a low-rise multi residential project in the inner suburbs of Melbourne, Australia. Once selected, 
we contacted the developer of the project to request a full set of drawings for the building. With these drawings, we 
prepared a bill of quantities of all structural materials used, along with a program for construction and an estimation of any 
other costs associated with the build based on the construction of the building with the currently specified materials and 
construction methods. We then prepared the same documents and estimates for the total construction costs of the building 
assuming the structure is built using the three alternative structural systems and materials discussed below. We consulted 
timber and structural engineers during the preparation of these costings to ensure their accuracy.

In total, the construction systems and materials investigated include:

• Option 1: Concrete footings (incl. any substructure) with complete engineered timber superstructure (RC-T1)

• Option 2: Concrete footings (incl. any substructure) and first floor with engineered timber for all floors above (RC-T2) 

• Option 3: Complete concrete structure (pre-cast, reinforced, and post tensioned) (RC-S)

L. Ritchie and A. Stephan
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2.2 Case Study Project

2.2.1 Site

The case study site is located in a rapidly growing suburb in the inner north of Melbourne. The site measures 13.6 metres 
by 34.6 metres with very little fall, and is subject to no unusual conditions such as soil contamination, existing vegetation, 
or demanding planning requirements. These attributes are typical, allowing the results from this theoretical project to be 
applied across many similar sites around Melbourne’s suburbs. 

2.2.2 Project

The Project consists of a five-storey structure comprising thirteen two and three bedroom apartments, with a ‘car-stacker’ 
car park and two commercial tenancies at Ground level. Each apartment boasts large open areas with spans of up to 4.4m, 
generous recessed balcony spaces, and multiple windows of up to 2.8m in length (23% of the façade area is made up of 
windows and doors). While the ceiling height of the ground floor measures 3.5m to allow for commercial requirements, the 
residential spaces largely feature ceiling heights of 2.5m, with clearances of 2.94m in the living rooms (where structural LVL 
is exposed as a ceiling).  The project achieves lateral stiffness from a single lift shaft that runs to the full building height of 
21.45 metres (including rooftop garden and common area), and features a floor plan that varies slightly on each floor, adding 
complexity to the vertical load-path of the project. An example plan has been provided in Figure 1.

Figure 1: Example floor layout for case study project

This project complies with the density and height constraints of the local council, and is classified as a mid-rise residential 
project. These attributes (in addition to those above) confirm the ‘typical’ nature of this project, deeming it suitable for this 
study.  

2.2.3 Structural typologies

The case study project has been considered in three distinct scenarios described in Table 1. 

Table 1: Structural Typologies

Scenario Substructure Level 1 Transfer Slab Remaining Superstructure Notes

RC-T1 In-situ Reinforced 
Concrete

Prefabricated Laminated 
Veneer Lumber panels

Prefabricated Laminated 
Veneer Lumber panels

Fire-rated plasterboard applied to all 
timber structure and fire sprinklers installed 
throughout to meet deemed-to-satisfy 
requirements.

RC-T2 In-situ Reinforced 
Concrete

In-situ Reinforced 
Concrete (post tensioned)

Prefabricated Laminated 
Veneer Lumber panels

Fire-rated plasterboard applied to all 
timber structure and fire sprinklers installed 
throughout to meet deemed-to-satisfy 
requirements.

RC-S In-situ Reinforced 
Concrete

In-situ Reinforced 
Concrete (post tensioned)

Reinforced Concrete 
(post tensioned slabs and 
precast columns)

Party walls (discontinuous steel stud) built on 
site. Fire sprinkler system installed to ground 
floor commercial tenancies only.

Engineered timber for apartment buildings in Melbourne, Australia: A construction cost comparison with traditional concrete 
systems.
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2.3 Comparability

It must be noted that for this comparison to be successful, all systems must deliver a similar environment and performance to 
the end user (Bowick et al., 2014). This means that acoustic and fire ratings, vibration and deflection properties, and quality 
of finish must remain consistent across the compared options, regardless of their structural composition. The comparison of 
systems RC-T1 and RC-S is a good illustration of the importance of functional equivalence: while RC-T1 and RC-T2 provide 
full enclosure and fire rating to every Sole Occupancy Unit (SOU) as a result of the form of the structural system, where all 
bounding walls are loadbearing and therefore fire protected, this is not the same for the concrete structural system (RC-S). 
This more traditional system is commonly designed to take advantage of its structural properties, delivering large open floor 
plates with minimal columns instead of walls. For the pricing of these systems to be comparable, the take off for RC-S must 
therefore include the cost of party walls capable of delivering similar acoustic and fire ratings to those in RC-T1.

It is important to note that all party walls or floors in the project are of a similar depth. This means that regardless of which 
system is chosen, the internal ceiling heights will remain as roughly 3.5m (Ground Floor) and 2.5m or 2.94m in the residential 
spaces. The net saleable area does not change.

2.4 Data Accuracy and Availability

All costs used in the preparation of this comparison have been sourced either directly through suppliers, or from widely known 
and published cost guides such as Rawlinson’s Australian Construction Handbook (Rawlinson’s Australian Construction 
Handbook, 2016). Construction program lengths have been estimated based on the experience of the Authors in the 
industry. Bills of Quantities and programs developed while conducting this research are available in open access from 
Figshare (https://doi.org/10.6084/m9.figshare.7038596.v1, Ritchie, 2018).

3. RESULTS

A breakdown and comparison of the take off for each scenario is provided in Table 2. 

Table 2: Elemental cost comparison of structural systems in Australian Dollars (AUD) (Note: Figure may not sum due to rounding)

Elemental Cost Comparison (AUD)

System RC-T1 RC-T2 RC-S

Preliminaries 482,600 560,400 870,000

Hire Costs (208,040) (225,710) (403,090)

Permits & Approvals (25,160) (25,160) (25,160)

Admin & Attendance (205,900) (256,900) (372,400)

Others (43,465) (52,665) (70,265)

Footings & Earthworks 220,131 225,219 256,600

Concrete Structure N/A 295,200 1,040,000

Timber Structure 1,565,100 1,247,900 N/A

Partitions N/A 1,704 426,600

Fire Sprinklers 93,500 93,500 22,500

Contingency and Profit 349,700 359,000 392,500

Total Construction Cost 2,715,543 2,787,522 3,009,300

Total Cost Per m2 1,645 1,690 1,847

Cost Variance Against RC-S -10% -7% -

Several notable comparisons emerge from these findings. The structural systems utilising engineered timber offer 
significant cost benefits to a project, with RC-T1 proving the cheapest system, followed by RC-T2, and finally RC-S. 
The same ranking is found for construction durations of 15 weeks, 19 weeks, and 29 weeks, respectively (for structural 
completion alone). 

3.1 Comparison of Results

Note that at a cost of $1,565,100 the timber structure of RC-T1 is approximately 7% more expensive that the combined 
concrete structure and partition costs of $1,466,773. This variance suggests that the savings afforded are not the product 
of the material cost, but instead the many benefits associated with its use. In this case study, significant differences can be 
identified between the three scenarios in the areas of preliminaries, footings, and fire sprinklers. These areas are discussed 
further below.

L. Ritchie and A. Stephan
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3.1.1 Preliminaries

The preliminary costs on any project are highly sensitive to the amount of time required to reach Practical Completion. These 
costs include site office rental, crane installation and rental, council permits, insurances, supervision fees, and others. They 
can vary depending on project conditions but generally account for roughly 11-15% of the whole project construction costs 
(which includes the costs of all trades required to deliver the building) in a traditional project. Noting the high sensitivity of 
preliminaries to project duration (and the impact the preliminaries on whole building cost), it is important to consider the 
project program that has been developed. 

Figure 2 depicts a comparison of the programmed construction time frames. It shows that RC-T1 and RC-T2 are faster 
than RC-S by 81 days and 60 days respectively. In fact, while it takes approximately 5.6 days to complete a floor under RC-
T1, RC-S lags behind, with a cycle time of 13.5 days. Where the panelised engineered timber system can simply be slotted 
together by a small team of labourers like parts of a jigsaw puzzle, the concrete system requires a variety of trades to form, 
pour, tension, and prop each slab. Other factors directly impacting the preliminary costs include: crane type and location, 
extent and hire duration of edge protection, and others.

Figure 2: Comparison of on-site construction durations (Note: Totals may not equal the sum of components shown here due to the 
overlapping of construction tasks in the schedule.)

3.1.2 Footings and earthworks

There is a notable difference in footing and earthworks costs between timber and concrete structures. In this case, this 
difference is wholly the result of the variation in the material weights of structural systems. The heavier a building is, the larger 
and stronger the footings must be to provide sufficient load distribution to the earth below the building. Applying this concept 
to the case study project, an approximate dead load of the building can be estimated by multiplying the approximate volume 
of each material required by its density. This calculation is presented in Table 3 for each of the compared systems.

Table 3: Estimated loads from each structural system

Approximate Building Dead Loads

System RC-T1 RC-T2 RC-S

A: Volume of LVL (m3) 590.6 454.5 0

B: Density of LVL (t/m3) .65 .65 .65

C: Volume f Concrete (m3) 147.9 285.7 728.9

D: Density of Concrete (t/m3) 2.4 2.4 2.4

E: Tonnage of Reinforcement 19.1 33.8 127.9

Total  [AxB+CxD+E] 758 1,105 1,877

Engineered timber for apartment buildings in Melbourne, Australia: A construction cost comparison with traditional concrete 
systems.
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3.1.3 Fire Sprinklers

Sprinkler based fire protection has been provided as required under the deemed-to-satisfy provisions within the National 
Construction Code for all three scenarios. This requirement sees the complete fire sprinkler coverage throughout both 
RC-T1 and RC-T2, and limited to the ground floor in RC-S. Note that while compliant under the 2016 edition of the NCC, 
amendments coming into effect in early 2019 may extend the requirement for sprinklers to all structural materials resulting 
in less variance in this area. 

4. DISCUSSION AND CONCLUSION

This paper has provided a comparison of the cost and time variance achieved through the use of three distinct structural 
systems. The system utilizing the most structural timber (RC-T1) was found to be the fastest to construct, with time-savings 
of almost 50% when compared to the traditional concrete scenario (RC-S). While less pronounced, this trend was also seen 
in the cost comparison, with construction costs for the first scenario found to be 10% less than the traditional concrete 
design.

The only comparable Australian paper is a study by Forsythe (2018). His 2018 comparison compared the construction 
costs of a theoretical design in three different systems: reinforced concrete, Cross Laminated Timber (CLT), and stud frame. 
Note that as with RC-T2 in this paper, both timber options were assumed to start with the walls of the first suspended 
floor (supported by a reinforced concrete substructure and first floor slab). The findings of Forsythe’s comparison align well 
with this paper, recording a timber cost benefit of 6% compared to reinforced concrete. Note that Forsythe’s comparison 
suggests a larger saving (13%) for the stud frame option, indicating that further research may be valuable in this area. 

4.1 Supply chain maturity

It is clear that the utilisation of optimized timber structural systems can have significant benefits for the developer and builder 
of a project, but is the supply chain mature enough to supply structural timber sections at the necessary volume? While 
this could be considered as another paper in itself, the experience of the Authors in the industry suggest that the Australian 
timber supply chain is able to supply engineered timber panels to meet current demand, and is quickly growing to meet the 
expected rise in future demand. 

4.2 Sustainability and environmental impacts

It is widely known that the production process of cement and steel are highly energy intensive, with extraction, processing, 
and transport requiring large industrial equipment and vehicles. While the production of engineered timber products also 
requires a significant amount of energy, the amount necessary is significantly less than for other materials. An example of 
this variance can be seen in a life cycle analysis prepared by Durlinger et al. (2013) for Melbourne’s ‘Forte’ – a nine storey 
CLT building. This study reported that even with all CLT imported from Europe, the building’s Global Warming Potential was 
30% lower than that of a comparable concrete building. When the carbon sequestration of the timber used was taken into 
account these savings increased to 52%.

A unique feature of timber, the term “carbon sequestration” refers to the absorption and storage of carbon during the 
growth of a tree. Once harvested (for use as a construction material), this stored carbon is effectively locked out of the 
atmosphere for the life of the product. This feature is particularly beneficial in plantations, where trees are re-planted once 
they are cut down, essentially re-starting the sequestration process. As identified by Skullestad, et al. (2016), this removal 
of CO2 from the atmosphere directly impacts the rate of human-generated climate change. The possible benefits of this 
fundamental material property become clear when considering the capacity of the material to hold carbon. As outlined in 
a 2006 report, Pinus Radiata – a popular softwood – sequesters roughly 504kg of carbon (or 1t of CO2) per ton of timber 
(Ngel Balboa-Murias et al., 2006, p. 34). With this figure in mind, we can calculate that the quantity of sequestered carbon in 
RC-T1 is equal to 193.48t, which is equivalent to the amount of CO2 generated by running 41 standard passenger vehicles 
for one year (US EPA, 2017).

4.3 Limitations and Future Research

There are a number of limitations involved with this research including sample size, the consideration of off-cuts and general 
material wastage, and the necessity for a number of project-specific assumptions in the preparation of the bill of quantities 
for each system (e.g. the type of crane used). With this in mind, there is scope for considerable further research in this 
area. Future research may seek to confirm the findings of this paper, consider other construction systems (e.g. pre-cast 
concrete or steel frame), or conduct a comparison for other building typologies or scales such as commercial uses or high-
rise residential. 

L. Ritchie and A. Stephan
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4.4 Conclusion

This paper has provided a comparison of construction costs across three distinct structural systems used in mid-rise multi-
residential buildings around the world. Our intention in completing this research was to confirm whether the construction 
cost savings associated with mass timber construction interstate and overseas were also true in a Melbourne context. 
These results can be used to aid feasibility studies, and inform the choices of developers and builders when seeking the 
best possible structural system with which to deliver their project.
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Abstract: Since 2010 the University of Tasmania, Architecture & Design has fabricated structures using a custom sheet-
based digital fabrication construction system. This paper highlights how present and emergent digital technologies have 
been applied to the design, fabrication and assembly of a small experimental structure known as the Digished. The DigiShed 
has been designed to optimise the characteristics of wood-based sheet products processed with CNC-driven digital 
fabrication. An analytic comparison is made with an equivalent lightweight timber framed structure. Augmented Reality has 
been used to communicate each component’s physical location within the structure and the overall assembly sequence. 
The assembled DigiShed has subsequently been used as a canvas for students to investigate design parameters for a 
cladding system using Incremental Sheet Forming (ISF), a process where a robot arm deforms a flat metal sheet into a 
three-dimensional form. The paper speculates how the results of the research might be applied to larger and more complex 
structures. 

Keywords: digital fabrication; monocoque construction; incremental sheet forming; augmented reality. 

1. INTRODUCTION

The University of Tasmania, Architecture & Design has extensive experience of integrating an experiential teaching philosophy 
based around ‘making’ with research activities focused on digital technologies (Burnham and Wallis, 2012). The paper 
will describe how a small experimental structure, known as the DigiShed, has been used to analyse a digital fabrication 
construction system known as FabTab™, experiment with augmented reality (AR) in supporting manual component 
assembly, and the use of Incremental Sheet Forming (ISF) to fabricate cladding panels.

The research has been undertaken by lecturers and students in an Advanced Design Research unit in the Masters of 
Architecture.  This unit encourages students to conduct research aligned with one or more of the methodologies defined by 
Frayling; ‘research into design’, ‘research through design’, and ‘research for design’ (Frayling, 1993). The research activities 
described here are focused on ‘research through design’, within which,  Frayling describes three approaches: materials 
research, development work and action research. Development work, Frayling suggests, may include, “customising a 
piece of technology to do something no-one had considered before and communicating the results.” Action research is, 
“where a research diary tells in a step-by-step way, of a practical experiment in the studios, and the resulting report aims 
to contextualise it.” Students have undertaken literature reviews and primary research activities in order to establish critical 
analytic and design parameters.     

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.169–176. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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1.1 The TradShed

In first year Building Technology in Design units students build small sheds in order to develop a tangible understanding of 
lightweight timber frame construction compliant to Australian Standard 1684.2 (Council of Standards, 2010). The sheds are 
wrapped with a breather membrane, lined, insulated and clad. The completed sheds are subsequently used by students to 
test a hypothesis of their choosing relating to thermal performance. The Tradsheds, as they will be called in this paper, thus 
play an important role in introducing principles of building technology and thermal performance (Figure 1).  

                      

Figure 1: TradShed: framing; isometric, insulaed and wrapped; clad in batten/board hardwood. 

1.2 ‘FabTab™ and Socially Productive Applications of Digital Fabrication

Since 2010 digital fabrication has been integrated into making activities, primarily through the use of a custom sheet-based 
digital fabrication construction system (Tubby et al, 2012). FabTab™ is the outcome of project-based research, community 
focused practice, design studio teaching, and collaborations with industry and community partners. FabTab™ comprises 
a three-dimensional arrangement of CNC cut plywood components, connected with multiple tab and slot joints (MTSJ) 
and assembled with rubber mallets and screws. The development of FabTab™ was influenced by work conducted by 
Shigeru Ban Associates (2010), Sass and Botha (2006), Wikihouse (2012) and Facit Homes (Johnson, 2014). Designs are 
developed using a custom Sketchup plugin. 

FabTab is a semi-monocoque construction, taking advantage of the characteristics of a rigid, structurally certified, 
dimensionally stable sheet material, primarily 12mm CD structural plywood. Three basic approaches to semi-monocoque 
construction can be seen in the projects to date: firstly, the stiffeners are internal, serving as fixed furniture on the interior 
(Figure 2a); secondly the stiffeners are external, providing a cavity for insulation (Figure 2b); thirdly, the stiffeners are internal 
and external, providing both furniture internally and a cavity for insulation externally (Figure 2c). 

        

Figure 2a,b and c: Castle 5, Castle X and Scout-hut examples of semi-monocoque construction system.

A core and enduring motivation for the development of FabTab™ has been to allow people with limited building experience 
to assemble habitable structures with basic hand--tools. FabTab™ has been applied in several socially productive projects 
which have provided formal construction training for unemployed youth. The Castle, a collaboration with a local Youth 
Shelter, has deployed autonomous micro-dwellings to the backyards of households in need of additional space (Burnham 
and Green, 2011). Castles have been purchased by Housing Tasmania as part of their Affordable Housing Action Plan. In 
2016 six flat-packed kits (each comprising 612 components) were shipped to Scouts Western Australia where the Scouthuts 
have been assembled by Youth Justice Program participants. These projects have demonstrated that dimensionally precise 
components, arranged within structurally and spatially defined parameters, can provide an empowering and accessible 
building experience. 

R. Burnham, R. Green, L. Taylor, O. Jones, L. Wilkes and K. Stokes
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1.3 The DigiShed

The motivations for the design of the DigiShed were twofold: to expose students to a contemporary construction system 
and to extend FabTab™ research in preparation for a larger and more complex commercial project. The DigiShed is a 
digitally fabricated equivalent of the TradShed, rather than an identical replica. The DigiShed, comprised of 67 components, 
responds to the opportunities of digital fabrication and the inherent characteristics of plywood; an expression of its underlying 
philosophy and the resulting logic (Figure 3). The factors influencing the design of the DigiShed are: 

• External dimensions relate to the maximum a CNC router can cut from a standard sheet.  

• Curved profile responds to simplicity in junction detailing and to Bushfire Attack Level (BAL). 

• Configuration of cavity stiffeners complies with structural wind-loading requirements. 

• External plywood skin to freduce roof depth and facilitate alternative cladding options. 

• Cavity depth facilitates R3.0 insulation throughout the envelope.

• Floor construction comprised of an interlocking two-way grillage structure. 

.  

              

Figure 3: DigiShed assembly sequence, floor assembly and completed structure.   

2. COMPARATIVE ANALYSIS OF THE DIGISHED AND TRADSHED

The comparative analysis was undertaken in order to quantify the implications  - material, structural, thermal, buildability and 
cost-benefit - of two radically different construction systems. Two versions of the DigiShed will be analysed; one including an 
outer skin of plywood (as built) referred to as DigiShed 2 and one with only an inner skin of plywood referred to DigiShed 1. 

2.1 Characteristics and Specifications 

The characteristics (Table 1) and comparison of the sheds (Table 2) are shown below. 

Table 1: Characteristics of the Tradshed and DigiShed

Wall Construction Floor Construction Roof Construction

TradShed Compliant to AS 1684.2 (including steel speed bracing)

Internal lining 10mm Plasterboard 12mm Plywood 10mm Plasterboard

Structure Pine framing (90.35) Pine Floor Joists (120.35) Pine Rafters (90.35)

Insulation R2.5 Fibreglass Batts R2.5 Fibreglass Batts R2.5 Fibreglass Batts

Breather Membrane Breather Membrane

Cladding Batten/Board Hardwood Batten/Board Hardwood

DigiShed  (2 skins) Components fabricated using CNC router (35mm screw fixing throughout)

Internal lining 12 mm CD Plywood 12 mm CD Plywood 12 mm CD Plywood

Structure 12 mm CD Plywood 12 mm CD Plywood Grillage 12 mm CD Plywood

Insulation R3.0 Fibreglass Batts R3.0 Fibreglass Batts R3.0 Fibreglass Batts

External sheathing 12 mm CD Plywood 12 mm CD Plywood 12 mm CD Plywood

Breather Membrane Breather Membrane

Cladding Colorbond Custom Orb Colorbond metal sheet Colorbond Custom Orb

DigiShed: : a small structure designed, fabricated and assembled with three emergent technologies
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Table 2: Comparison of the Tradshed and DigiShed 

External dimensions 
 
 
mm (l, w, h)

Internal 
Volume    

m3

Material 
Volume 

m3

Mass 

 
kg

Material 
wastage

%

Embodied 
Energy

MJ

Cost $ 
Materials;  
 
Labour

TradShed 2400; 2390; 3000 7.84 0.32 250 10% 1020 967; 3185

DigiShed (2 skins) 2200; 2100; 3080 8.12 0.864 475 12% 4940 1602; 3550

DigiShed (1 skin) As Above As above 0.656 342 15% 3556 1192; 2550

2.2 Embodied Energy 

Process Energy Requirement (PER) measures the amount of energy required manufacture a material. Kiln Dried soft wood 
has a PER of 3.4 MJ/kg, plywood 10.4 MJ/KG and plasterboard 4.4 MJ/KG (Department of Envirnment and Energy, 2018). 
Plywood production involves energy intense processes including peeling, drying, gluing, pressing, cutting and sanding of 
the sheets.  The Digished (double skin) embodies around 5 times the amount of energy in the Tradshed and the DigiShed 
(single skin) embodies 3.5 times the amount of energy in the Tradshed. These figures include waste material. 

2.3  Structural Characteristics 

The structural characteristics of Australian Standard AS1684.2. are embodied in the TradShed, a skin-on-frame system. 
Solid timber rafters, wall studs and floor joists transfer static and dynamic loads through the structure to the foundations. 
Steel strapping is used for lateral bracing and to provide hold-down.  While a detailed structural analysis of FabTab™has 
not yet been completed, advice and guidance has been by a consulting engineer in terms of overall characteristics and 
specific parameters. 

The DigiShed is a semi-monocoque construction system - used widely in aircraft, boat and car manufacture - where 
loads are largely transferred to the floor through the skin (Hassan M.P., 2012).  There is no independent structural frame or 
strapping. The floor of the DigiShed is composed of two skins of plywood separated by an interlocking grillage. The inner 
and outer skins are separated by ‘spacer’ components. A significant advantage of semi-monocoque construction is that 
the skin, as well as transferring loads, also encloses space. This approach differs from many other sheet-based digitally 
fabricated building systems where solid timber framing elements are essentially replaced with CNC cut plywood frames 
(Sass and Botha, 2006; Wikihouse, 2012). 

The TradShed requires either steel strapping or plywood sheathing to provide adequate bracing. The DigiShed is 
inherently braced by the plywood skin(s). There is a significant difference in bracing strength, between strap bracing (3kN/m) 
and 12mm plywood (6-8.7kN/m). DigiShed 2 has more than 3.5 times the amount of bracing required for N4 wind category 
and more than 5.5 times that required for N3. Digished 1 had 3-5kN/m more than what is required for N4 wind classification. 
Using the strongest speed bracing method available the TradShed would be compliant for an N3 rating. The grillage floor 
structure has been load tested and achieved a rating of approximately 4.5Kpa (441kg/m2). 

Connections between all DigiShed components involves Multiple Tab Slot Jointing (MTSJ) for perpendicular connections 
and what we have termed ‘supported dovetail’ jointing (incorporating a slot and tab joint within the dovetail pattern) for 
planar connections. Shear and upload testing of these connections is on-going and the results will be compared with 
AS1684.2 strapping.  

2.4 Material Wastage 

Material wastage involved in the fabrication of the sheds has been calculated as a percentage of materials supplied.  For 
the TradShed waste material was collected after docking of the framing material and was estimated to be 15%. DigiShed 
wastage is a result of component nesting efficiency, which is in turn a factor of component shape and dimension. For 
DigiShed 2 wastage is around 21.5%, based on a ratio of component area (63.32m2) to the area of the 28 sheets of plywood 
used (80.64m2). 

2.5 Condensation 

The wall constructions of both sheds, have been modelled with JPA Designer dewpoint calculation software, based on 
conditions in Launceston, Tasmania. The internal temperature has been modelled at 17° with a relative humidity of 60°, 
based on one or two occupants. Modelling for the TradShed indicates that in a worst-case scenario (low temperatures 
and high humidity) moisture in the air condensates between the breather membrane and the cladding, allowing moisture 
to either evaporate or run down the cavity to the ground. In a worst-case scenario  Modelling for the DigiShed indicates 
that the dewpoint would fall within the external plywood skin, suggesting that condensation could potentially lead to mould 
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and structural damage. Removing the external plywood skin removes the risk of interstitial condensation and the wall 
construction behaves similarly to the TradShed. 

2.6 Cost Benefit Analysis

The materials consumed by the DigiShed 2 and DigiShed 1 cost 66% and 23% respectively more than the Tradshed.  Costs 
for labour have been based on our experience of CNC operation and assembly by low-skilled labour for the DigiShed, and 
on Rawlinsons Construction Cost Guide (2012) for the TradShed. The Digished 2 labour costs were 11% more than the 
Tradshed, and DigiShed 1 labour costs were 20% less than the TradShed. The total construction costs (including both 
materials and labour) are as follows: TradShed $4152, DigiShed 2 $5152 and the DigiShed 1 $3752. The implication of this 
comparison is that TasFab™ construction is competitive with 1684.2 construction. 

2.7 Implications for Future Applications

The comparative analysis has led to changes in recent applications of FabTab™. Firstly, the outer plywood skin has been 
removed due to concerns over the apparent susceptibility to damage from condensation. This change results in an overall 
reduction in material and labour costs, although the roof structure needs to be slightly deepened to compensate for the 
loss of the second skin. The second change has been to further optimise sheet usage, resulting in changes to component 
designs. Subsequent redesign of components has reduced waste to around 15%. Cutting two sets of DigiShed components 
from the same file reduces the waste 12%, suggesting that larger structures result in improved material efficiency.  

3. AUGMENTED REALITY GUIDED MANUAL ASSEMBLY

Efficient component identification, location and sequencing are necessary to reduce assembly time and to avoid frustrations 
associated with sequencing errors. Visual identification of components is currently achieved by a reference code cut into the 
surface of the plywood. Component sequencing, placement and orientation  is currently communicated with an animated 
video where each component is highlighted in sequence and notes included where required (Figure 4). Feedback from 
assembly teams has been positive, with a strong preference for the animation over previous paper-based ‘step-by-step’ 
instructions. 

     

Figure 4: Screenshot from animated assembly and Fologram’s AR hologram with adjacent buttons.

 

3.1 Augmented Reality

Originally conceived in 1968 by Ivan Sutherland (Arth et al., 2015), Augmented Reality (AR), communicates three-dimensional 
design information in the form of a hologram accessed through a device such as the Microsoft Hololens. Whereas Virtual 
Reality (VR) immerses the participants completely within a digital environment AR differs in that both the real environment 
and virtual are merged (Milovanivic et al., 2017). AR requires less processing than VR but more sophisticated registration. It 
has been demonstrated that AR when integrated into Building Information Modelling (BIM), can be commercially viable and 
communicate a better spatial sense to clients (Oesterreich et al,. 2017). Most of the focus of AR research to date has been 
on the design phase, but several authors have demonstrated that AR can guide building or assembly procedures (Yuan et 
al., 2008; Reiners etal,. 1998) by superimposing virtual component position, location and sequencing over the real assembly 
environment. 

3.2 AR guided manual assembly workflow 

A collaboration with Fologram - a team of architectural designers and technology innovators - has inspired the development 
of an AR guided workflow for building assembly. The Sketchup model is exported into Rhino and processed through a 
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Grasshopper script. A dynamic hologram of the DigiShed structure is projected within the Hololens, at either full size or 
any desired scale. The full-size hologram can be registered precisely to the real assembly environment, ensuring that the 
position and orientation of every virtual component can be matched by the position and orientation of the corresponding 
real component. An array of virtual ‘buttons’, each tagged with a component reference code, are located adjacent to the 
DigiShed hologram (see Figure 4). Selecting a button with the appropriate finger gesture highlights the component in the 
virtual model, enabling participants to locate each component within the structure.  

3.3 Analysis and speculation 

The experience of using AR guided manual assembly on the DigiShed suggests several advantages over previous methods, 
some potential refinements as well as some practical concerns. Most significant is the   ability for the participants to observe 
and experience the completed structure, at any scale, and from any viewpoint. Observing the relationship between all 
building systems (eg. structure, battens, cladding, services etc.), by switching on and off layers in the virtual model enables 
participants to predict assembly steps beyond the immediate task, identifying potential conflicts.  Matching the progress of 
the physical assembly with the hologram contributes to a positive ‘poka yoke’, drawing attention to errors as they occur. 
Matching the location and orientation of the virtual and real reference codes is particularly helpful. An animated assembly 
video does not provide such recognisable feedback when an error is occurring. More generally the ability for all participants 
- whether designers, fabricators, clients or evaluators - to be in the same ‘space’ suggests that professional or cultural bias 
could be reduced.   

Component sequencing  is not embedded in the current Fologram program. A visual ordering of the buttons (eg. from left 
to right) would be possible but would not prevent errors. Sequencing could be incorporated into a step-by-step animated 
playback mode, sequentially adding components in the correct order. A troublesome aspect of the experience was the 
repeated removal of the headset, required in order to focus on the physical attachment of each component. Headset 
removal could also result in involuntary changes to software or hardware settings. More broadly the use of AR guided 
manual assembly raises significant question around design and construction documentation. If a design is documented 
digitally in three-dimensions and construction documentation is provided digitally in three-dimensions then two-dimensional 
documentation appears to become an abstract irrelevance. 

4. DIGITALLY FABRICATED CLADDING UNITS  

The curved, seamless profile of the DigiShed, designed to avoid detailing weaknesses that typically occur at orthogonal 
junctions, suggests an approach to cladding entirely different to the batten-on-board Tradshed cladding. A group of Masters 
of Architecture students were assigned the task of designing and fabricating a low-cost metallic cladding system for the 
DigiShed using Incremental Sheet Forming (ISF). The task would include primary research, identifying relevant variables 
inherent to ISF forming and the selected material, as well the development of patterning that satisfied both functional and 
creative ends. 

4.1 Fundamental Principles  

ISF is a process by which sheet-metal is incrementally deformed using a numerically controlled machine in order to produce 
complex 3D geometries. Geometries generated by CAD software are translated into a tool-path based on a series of 
contours.  The three-dimensional form is created by the ball nose tool pressing onto the material - the Kuka robot applies 
a force of 130kg - as it moves along the toolpath, gradually stepping down for each contour (Alves de Sousa, 2016). The 
advantage of ISF, compared to other sheet-metal forming processes, is that a single tool can produce a variety of forms 
without a die. The implication is that geometries can be generated and manufactured efficiently (Figure 5). 

             

Figure 5: ISF: spherical head tool; primary research; prototype tile; texture of final cladding panel
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4.2 Establishing Parameters for Initial Testing 

A literature review, in conjunction with preliminary testing to develop confidence and proficiency in file transfer and production 
set-up, led to the following criteria being established for tile prototyping.   

• The tool - a 23mm diameter spherical head - balances the need to reduce friction (Lu, B. et al., 2014) while still being 
capable of producing detailed patterning. 

• The material - 1.2mm aluminium sheet - is relatively low-cost and achieves a good balance between formability, 
thickness and hardness (Baily, D. et al., 2014; Nicholas, P. et al., 2016).  

• The ‘step-down’ between each contour - 0.5mm - selected for accuracy between geometries and smooth surface 
(Hamedon, Z. et al., 2018). 

• Vegetable oil selected as the preferred lubrication based on friction reduction and being a natural product 
(Weickowski, K., 2017).

• The tile size - 260x260mm - achieves a balance between reducing deflection while being sufficient to incorporate 
patterns and forms. 

• A feed rate of 700mm/minute achieves a balance between surface finish, speed, wall angles and formability 
(Hamedon, Z. et al., 2018). 

Despite best efforts to ensure consistent conditions for the forming process observations suggested that outcomes 
could not be assumed to always be replicated. The following ‘rules of thumb’ were observed. 

• An exponential relationship between wall angle and probability of failure.

• The resistance of the tile to bending increases with the depth of the form. 

• Maximum formability has a stronger relationship to the area being formed than to the wall angle.

• Proximity to perimeter support increases the sharpness of forming but increases risk of failure.

• Deformation of the sheet under pressure led to the profiles differing based on location. 

• Feed rate, lubricant and step-down were all found to be effective in producing a smooth surface. 

4.3 Patterning, Deformation and Tile Connections

The initial testing resulted in the selection of a ‘dimple’ pattern (Figure 3) as the most effective in terms of strength and 
reliable forming.  The distribution of dimples across the eight unique tiles is a combination of creative and functional factors. 
Firstly, the overall design is based on a photograph of Cradle Mountain, abstracted through Grasshopper into a pattern of 
multi-sized dimples, from 10mm depth to 35mm depth. Secondly, the convex surface of the larger dimples, when pressed 
against the structure creates a cavity between breather membrane and the surface of the sheet, eliminating the need for 
battens.   

A jig was fabricated to facilitate forming of a standard sheet (2400mm by 1200mm) of aluminium, overcoming restrictions 
created by the size of the test jig. This reduces waste and the time and complexity involved in machining tile to tile connections. 
The potential for sheet deformation over such a large area was addressed by a 150mm bed of compacted sand beneath 
the sheet. The edges of the tiles are formed with a single linear trench, forming the overlap connection with adjacent tiles, 
above and below.  

Each of the tiles took around an hour to be formed, with about 15 minutes required between tiles for set-up, including 
soothing the sand. The bed of sand was extremely effective in reducing sheet deformation, with the result that dimples 
across the tile were uniform in terms of depth. 

Having developed fundamental design and fabrication parameters, the next step will be to identify circumstances and 
design approaches where ISF panels can demonstrably improve on existing cladding alternatives.   

5. CONCLUSION 

The DigiShed demonstrates to students a radically different and contemporary approach to building based around three 
emergent technologies; a semi-monocoque construction system that optimizes material characteristics, an assembly 
process that promotes articulate communication between all project participants and the basis for a highly customizable  
cladding option. The comparison with the TradShed indicates that FabTab is structurally, economically and environmentally 
viable. The work undertaken on the DigiShed – for example the dewpoint analysis - has had direct implications for applying 
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the system to the design of a larger scale commercial project. The AR guided manual assembly has been demonstrated to 
be articulate, however the technology needs to be tested in a training environment with participants less familiar with the 
logic of the construction system and the technology itself. The ISF cladding panels merit further exploration, particularly 
in terms of customization, structural performance and In how they might contribute to the performance of the building 
envelope. It is in these areas that cladding formed by ISF might offer advantages over existing cladding alternatives.    
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Abstract: The adoption of digital workflows within the architecture and construction industries is wide spread. Advanced 
digital methods including parametric and associative tools, integrated and iterative optimisation and file-to-factory automated 
fabrication workflows are now common in architectural and design offices internationally. These tools offer unique, fast 
and flexible opportunities for designers to conceptualise, rationalise, communicate and fabricate a wide range of complex 
designs that were previously deemed too complex to produce. While there are many contemporary examples of digital 
workflows used in the development of architectural solutions, there are limited examples where these tools have been 
used to deliver architectural products with low-value materials for the built environment. There is a current market-pull for 
the use of timber products in Australia and a resource-push to utilise emerging low-value Australian plantation hardwood 
timber. This emerging resource is deemed low-value by the excessive amount of natural feature that prevent its use in 
structural and appearance grade products. This research demonstrates the development of unique timber architectural 
lining products utilising digital workflows to rapidly generate unique product design outcomes with low-value materials that 
can be manufactured according to user defined parameters.

Keywords: digital workflows; plantation hardwood; natural timber features.

1. INTRODUCTION

The adoption of digital workflows within the architecture and construction industries is wide spread. In their simplest form, 
digital workflows present as series of steps that can be used to control and manipulate outcomes by user defined parameters. 
Their main use in contemporary architecture and construction are to rapidly generate solutions for Computer Aided Design 
(CAD). This CAD focused outcome is useful in conceptualising different designs or constructions rapidly, in which further 
development and refinement can follow. In this research, digital workflows were used to rapidly develop unique architectural 
timber lining products from a low-value timber resource that traditionally has been rejected for use in Australian structural 
and appearance markets due to the presence of excessive natural features. These features include voids, gum vein pockets 
and lose or dead knots. A key reason for its rejection in appearance and structural timber applications is due to the 
associated handling and machining costs to manipulate the resource into something usable for secondary manufacturing of 
appearance products (Davis et al. 2017). It is therefore difficult to implement timber of low-value and quality into a product 
design and development process to develop products for the built environment that are economically viable to producers. 
This research demonstrates how a heterogeneous timber resource can be easily manipulated using digital workflows and 
thus improve Computer Aided Manufacturing (CAM) solutions that are economical for the Australian timber industry. 

The constant development of innovative materials and emerging resources presents challenges in the built environment. 
The current market-pull for timber products in Australia, driven by state-based Wood Encouragement Policies (Department of 
State Growth 2017) demands design innovation with Tasmanian wood. This market-pull steams from an existing Australian 
plantation hardwood estate of almost one million hectors that is underutilised for products in the built environment (Australian 
Bureau of Agricultural and Resource Economics and Sciences 2017). Approximately 80% of this estate is managed for 
pulp-log production, which produces timber—of a heterogeneous character—high in natural features that has historically 
been down-graded due to the excessive irregularity of the timber stock. This timber resource presents a challenge to 
meet the current market-pull with a resource-push if there is no efficient or innovative way of developing products from 
the varying resource with material-aware digital workflows (Derikvand et al. 2016). The intention of this research was to 
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demonstrate how digital workflows can develop rapid and unique design outcomes for a low-value timber resource that 
can be manufactured to meet user defined parameters for the built environment. Moreover, digital workflows were used to 
demonstrate how design innovation in the Australian Timber Industry can aid new product development (Kotlarewski et al. 
2016).

2. RESEARCH METHOD

2.1 Product development process

The nature of this study was to demonstrate the use of low-value timber in functional architectural applications through 
which digital workflows were employed to rapidly calculate a range of desirable product outcomes. The background and 
methods are explained sequentially, however the nature of developing a desirable product is iterative to tailor the final 
product’s performance, aesthetics and ease of manufacture. 

2.2 Background: timber acoustic products 

The literature states timber has acoustic performances when used in products and construction (Bootle 2010). However, 
timber panel products such as medium density fibreboard (MDF) and particle boards typically reflect sound and absorb 
minimal sound frequencies (Wassilieff 1996). Environmental acoustics are context specific and can be solved by introducing 
a variety of materials, surface shapes and or cavities in a dwelling (Everest & Pohmann 2009). In the built environment, 
timber is used for its strength, versatility, warmth and appearance. In recent times, timber panels such as plywood, MDF, 
particleboard, and other timber composite engineered wood products have been used as modular acoustic absorption 
panels. These timber products need to be acoustically designed for the specific environment in which they will be placed 
which usually consists of removing material from the stock product to create cavities for acoustic absorption. Panel 
characteristics such as the percentage of open area (cavities), panel thickness, the addition of insulation batts, air gap 
behind the panel, the surface finish, and the angle at which the cavities are machined at, need to be carefully considered. 
In this study, a base set of product design parameters (total time of manufacture, performance by percentage of open area 
and the design aesthetics) were used to quickly generate optimal CAM processes for Computer Numerically Controlled 
(CNC) machining with high feature timber in a digital workflow environment.

2.3 Material stock lamination

High in natural feature timber boards were randomly laminated together to investigate the potential for material-aware digital 
workflows to develop value-added architectural lining products. The material used was plantation hardwood Eucalyptus 
nitens. A nonbiased production of timber panels which contained large variations in timber boards with features was 
undertaken using a water-soluble crosslinked PVA to edge glue the boards together. The panels were machined to 16mm 
thickness. Figure 1 is an example of the stock laminated timber. Seven panels were created, providing a representation of 
the normal timber quality and feature distribution. 

Figure 1: Randomly laminated timber boards with nature features.

The timber stocks where laminated to dimensions of 1300x2500x16mm and 700x2500x16mm. The larger stocks 
replicated standard 1:1 sheet dimensions of 1200x2400x16mm and the smaller 1:2, after final machining with a CNC 
flatbed router. 
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2.4 Board feature capture

Each individual panel was photographed and converted to a static JPEG format. The images were imported into 
Rhinocerous3D/Grasshopper parametric modelling environment and analysed using image based feature recognition. 
This process compared RGB and grayscale brightness to identify dark spots in the timber stock that represent natural 
features—usually knots—to precisely locate them in relation to the overall board. Key reference points in addition to the 
timber features where included in the photography of the timber panels to substantiate the accuracy and location of the tool 
paths generated in the digital model. The location and size of the timber feature was used as an input within the parametric 
workflow, enabling material responsive design proposals to be generated and tested. Depending on the parameters set 
in the digital workflow, the outcome of each projected CAD solution was superimposed over the JPEG in Rhinoceros to 
present the tool paths for manufacturing, as shown in figure 2. Note figure 2 timber stock is different to figure 1.

Figure 2: Feature recognition and associated CNC tool paths.

The engagement of parametric design software (Grasshopper3D) within this process allowed for the interplay between 
natural material characteristics and desired product performance. The balanced relationship between visual and acoustic 
properties was necessary in assessing the outcome of the project. Critically, the machine time for material aware adaptive 
patterning was of considerable concern given that an increase in machining time directly impacts the products economic 
viability. Considering this, two strategies were identified as core considerations for the development of panel designs and 
fabrication. These strategies were feature avoidance and feature engagement. In both cases, locations of natural timber 
features—identified by the RGB processing—were utilised as core drivers for the panel patterning. They were used in 
conjunction with properties relating to the specified percentage of open area or surface modification as required by the 
desired acoustic absorption performance. This allowed for the fine-tuning of panel performance against the time required 
to CNC machine the unique design.

2.5 Feature avoidance

The feature avoidance strategy adopted an approach that the timber knots already provided either perforation or surface 
modification. By employing this approach, the resulting panels would contain a higher level of natural character. The example 
outlined in figure 2 demonstrates the pattern being generated around the knots, creating a curve-based design that resulted 
in a reduced machine time. This strategy proved more advantageous if the natural features had greater distance between 
them (not in clumped groups) allowing tool path generation to spread apart more evenly.

2.6 Feature engagement

The feature engagement strategy aimed to create a panel that was visually more consistent, by removing the natural feature 
within its machining approach. Figure 3 demonstrates the design and tool path generated for the removal of features. The 
generated design first identified and located the features, and secondly calculated the area by percentage to be removed. 
The intensity of additional holes could be specified in the digital workflow to increase the total percentage of open area to 
increase acoustic absorption performance.
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Figure 3. Feature recognition and associated CNC tool paths to remove natural features.

2.7 CNC setup

Panels were machined on a flatbed CNC router. The parametrically generated design drawings were converted to line 
based geometry and exported to V-carve to generate tool paths. Two machining strategies were employed, online cutting 
and pocketing. The tooling used was an 8mm compression spiral 2 flute endmill.  

2.8 Digital workflow analysis

Individually, the parametric solutions were quantitatively and qualitatively analysed to justify manufacturing constraints such 
as efficiency, function and aesthetics for each architectural lining product. This analysis is depicted in Figure 4 and includes:

• The time it takes to machine the proposed solution with CNC machinery.

• The associated performance of the panel, i.e acoustic absorption.

• The overall composition and aesthetics of the generated design.  

Figure 4. The visual analysis and depiction of the digital workflow.

This method of analysis helped reconcile the manufacturability, functionality and aesthetics of each product solution 
generated from the associated digital workflow. The time to manufacture was measured in hours, the maximum performance 
related to the open area of perforations by percentage machined into the timber panel and the desirable appearance was 
ranked by a score out of 3 (1 being poor, 2 acceptable and 3 exceptional). The time it took to manufacture a panel with the 
CNC router and the resulting open area were quantitatively measured whereas, the aesthetics of the panel were measured 
qualitatively. It is acknowledged that the score provided for the aesthetics is subjective to the user’s preference in design 
style and intensity of natural timber features however for this study the scores were denoted by majority ranking from each 
of the authors. 
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3. RESULTS AND DISCUSSION

3.1 Nature of the product: acoustic panels 

A series of digital workflow solutions were developed in this study for the low-value timber resource. The use of real 
timber stock images to develop CAD concepts allowed for rapid and unique material-aware decisions to be made in order 
to manufacture architectural timber lining products. The visual demonstration of a material-aware solutions displayed in 
CAD allowed the user to dictate and control whether or not timber features were removed or highlighted in the overall 
design. In addition, the user was able to control the overall design and appearance of the panel from the inclusion or 
exclusion of organic shapes and lines, the final CNC manufacturing process such as the appropriate tooling, depth of cut 
and the percentage of porosity for acoustic applications. The final product performance was not measured for acoustic 
absorption or validated in this study however they can be predicted through acoustic modelling, product characteristics 
and environmental data (this is beyond the scope of this study). Figure 5 demonstrates the designer’s ability to manipulate 
the porosity of an acoustic absorption panel by open area. The features identified for removal in the original image (figure 3) 
are outlined with green circles as four per cent total area. In figure 5, each line represents a different tool path and its depth 
of cut to create an undulating surface. The user can further manipulate the CAD to CAM solution by increasing the desired 
open area. In this scenario, the original pattern does not change, rather additional tool paths are overlaid to increase the 
total area for removal. 

Figure 5. Acoustic panel with a variation in open area to remove natural timber features.

3.2 Product analysis

The designs shown in figure 5 were analysed and the data presented visually in figure 6. An increase in product performance 
directly impacted the total time to manufacture a single product. The overall appearance of the product was subjective to 
user perception, however maximum performance and therefore open area perforated into the panel did affect the desirable 
appearance of the panel. An open area below 10% had minimal design appeal but could be manufacture in the shortest 
time. By contrast, panels with up to 20% open area became clustered and over whelming. Figure 6 demonstrates the 
balance between time of manufacture, product performance and design appeal.

Embracing natural timber features of plantation hardwood: Material-aware digital workflows in product design and development
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Figure 6. Analysis of digital workflow output. 

The results in figure 7 showcase the development of feature avoidance and engagement of natural timber features, 
thus demonstrating innovative and rapid ways in which a low-value timber resource can be utilised to support the current 
market-pull and resource-push in Australian built environments. Figure 7 presents the final design outcomes and data 
analysis of each panel.

Figure 7. Final manufactured product and analysis of digital workflow output.

The scope of this study was to demonstrate the ability of Rhinoceros and Grasshopper to design acoustic panels from 
a set of parameters whilst adapting to a timber resource that is high in natural features. The limitation of set parameters to 
simply avoid or engage with natural timber features in a panel to produce value-added products with low-value materials 
was successful. The use of entry level photography, basic Rhinoceros and Grasshopper skills and a flatbed CNC router 
demonstrated an efficient way to handle a low-value material for product development in the built environment. The accuracy 
and ability to manufacture unique and application specific timber lining products from a high feature timber resource—that 
is unsuitable for most product markets—is an example of how digital workflows can showcase design innovation in the 
Australian timber industry. 
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3.3 Further research 

Further research is needed to determine additional opportunities associated with an increase in defined parameters to 
develop acoustic panels that are machined at multiple layers, incorporate radii, champers, undercuts and compound joins. 
In addition, the unique nature of individual boards manufactured out of high feature timber would make it difficult to join 
panels along a large interior wall without having the panels look unrelated and visually compete against one another. There 
is an opportunity to develop feature and individual panel awareness for large scale fit outs to modulate the outcome. There is 
also an opportunity to develop efficient tooling parameters in the digital workflow to reduce the machining time of products. 

4. CONCLUSION

This study demonstrated the use of parametric modelling to value add to timber high in natural feature to produce 
architectural acoustic panels. Digital workflows successfully generated rapid design and CAD solutions to avoid and 
engage with natural timber features in architectural panels. Three base parameters were used in this study to explore and 
demonstrate the flexibility of design solutions that could be generated through digital workflows. The parameters were 
the total time to manufacture a panel, the acoustic absorption performance of the panel (determined by an open area) 
and the overall aesthetics of the generated solution. Seven different designs were produced in this study and measured 
quantitatively and qualitatively to determine the best product outcome that could be generated with the parameters set in 
the digital workflow. A key result of this research was the use of a low-value material that is deemed unacceptable for use in 
contemporary markets due to its excessive features and the associated cost in design, handling and processing to develop 
a useful product. This streamlined process has demonstrated the rapid development of architectural products controlled by 
user defined parameters to value-add to a material constrained by naturally occurring features, thus rendering it useful for 
product development in the built environment. 
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Abstract: The construction industry is one of the most important economic activities in the world, and research in this 
field has identified a positive relationship between project management skills and the success of construction projects. 
This research project systematically reviewed more than 380 documents in 14 academic journals from the construction 
and project management fields, searching for construction managers’ skills and competencies, and identifying key skills 
in educative terms for graduates. The final selection of articles was reviewed in detail and categorised into three themes: 
education, project manager competencies, and employment. Additionally, a database with 306 competencies, gathered 
from the reviewed studies, was quantitatively analysed, grouping them into overarching categories. One of the main findings 
from this systematic literature review is the importance (in quantitative terms) of a project manager’s personal attributes and 
leadership skills. This systematic literature review explores the current dichotomy the exists within the literature between 
research about key managerial competencies, and the lack of them within the industry and formal education institutions. 
Future research will explore how to bridge the gap between academic programs and industry needs.

Keywords: Construction, Competencies, Management, Project, Education, Skills.

1. INTRODUCTION

The construction industry is one of the most significant economic sectors in the world, accounting for 6% of global GDP. 
According to the World Economic Forum (2016), all economic value creation occurs within or by means of buildings or other 
“constructed assets”. A well trained and experienced project manager can create a significant difference in the outcome of 
a project, and research in this field has identified a positive relationship between applied management skills and the success 
of construction projects (Cooke-Davies, 2002; Rezvani et al., 2016). 

It should be noted that the roles of ‘project manager’ and ‘construction project manager’ need to be understood as two 
different professions. The role of project manager is focused on the whole project and does not require specific construction 
skills, however the role of the construction project manager requires, (i) interpersonal skills such as leading, communicating, 
negotiating and problem-solving within the construction industry, and (ii) specific technical expertise in construction across 
the entire project – from design development to project close. The construction project manager needs to manage risk, 
maintain sensitivity and responsiveness to environmental and community concerns as well as manage cultural differences, 
and national and international rules and codes (PMI, 2016). The construction extension to the Project Management Institute’s 
PMBOK Guide also introduced the unique knowledge areas for the worldwide construction industries: Project Health, 
Safety, Security, and Environmental (HSSE) Management, and Project Financial Management. Due to the dynamic nature of 
the construction industry, innovations, trends, and changes within the industry should be monitored and studied constantly 
to provide a well-defined scope of education in tertiary educational institutions, and to ensure that graduates are equipped 
to meet changing industry processes and needs. 

Whilst the research in relation to construction project management skills is diverse in terms of contexts, taxonomy, 
and timeframe, there is little overarching research that examines the broader complexity of project management skills and 
competencies and how these relate to curricular content and pedagogical frameworks to support industry needs. This 
paper outlines a systematic review and meta-analysis of the existing literature regarding ‘construction managers’ skills 
and competencies’, and provides a ‘big picture’ exploration of the literature and emerging trends. Conducted as part of a 
larger research project, this literature review and meta-analysis aims to bridge the gap between the academic process of 
educating and training project managers, and in so doing address what the graduate attributes are required to best meet 
industry needs. 

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.185–192. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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2. RESEARCH METHOD

For the systematic literature review, the SCOPUS database was selected as the target search database, as it is one 
of the largest research databases of peer-reviewed research articles with access to leading journals in the construction 
management and project management disciplines such as Construction, Management and Economics (CME), and the 
International Journal of Project Management (IJPM).  (Elsevier, 2018). 

As a point of departure for gathering construction managers’ competencies and skills, we tested different key word 
search-string macros in order to find those which proffered appropriate results, without excluding the targeted knowledge. 
The search was narrowed to construction and project management journals, including ‘construction education’ journals. 
The keywords searched for in the title and/or abstract were ‘competencies’ and ‘skills’. SCOPUS considers all the variation 
of the terms to provide more extensive search results (e.g. ‘competency’ and ‘competencies’). The search was narrowed 
to journal articles published in the last 15 years (2002-2017). Given the dynamic nature of the industry and the strong 
impact that external factors such as economic changes and technological advances can have on management practices 
and processes, a period of fifteen years was considered a sufficient timeframe so as to avoid outdated approaches. 
Additionally, conference articles and book chapters were excluded to avoid repetition of frameworks and ideas (journals 
present a common selection filter through similar peer-review processes). The search-string macros generated 362 
documents. A one-by-one review of all the documents’ titles and abstracts was conducted to generate a final document 
selection. The inclusion criteria involved, (1) evident connection to the construction industry (excluding IT and other fields), 
(2) competencies and skills of the construction project manager (excluding industry-related and organizational-business-
based competencies), and (3) education and training reviews of construction/project management. Based on the selection 
criteria, 53 documents were deemed to be relevant and selected for review. The qualitative review describes the objective 
of the studies, their main conclusions and methodologies, grouping the literature into three categories or themes, namely: 
education, project manager competencies, and employment. The quantitative analysis describes a database that was 
generated with all the reviewed frameworks that contained project manager competencies and skills, so as to highlight 
general trends within the literature.

Table 1 and Figure 1 present the details of the search enquiry and the final document selection. 

Table 1: Initial search and selected documents by source

Source Documents Total Selected Documents

International Journal of Project Management 96 22

Construction Management and Economics 74 8

Journal of Construction Engineering and Management 58 8

Engineering Construction and Architectural Management 45 2

International Journal of Construction Education and Research 27 4

Project Management Journal 22 6

International Journal of Construction Management 16 0

International Journal of Project Organisation and Management 12 1

Built Environment Project and Asset Management 8 0

Journal of Construction Education 6 1

Journal of Financial Management of Property and Construction 6 0

Journal of Modern Project Management 6 0

International Journal of Information Systems and Project Management 4 0

International Journal of Construction Supply Chain Management 3 1

J. Oliveros R. and P. Vaz-Serra
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 Figure 1: initial search in a time-frame.

3. LITERATURE QUALITATIVE ANALYSIS

3.1 Education

Within the literature relating to education, many authors address formal PM tertiary education structures, modifications, 
and improvement. Bredillet, Conboy, Davidson, and Walker (2013) describe the context of project management education 
in Australia, presenting two models that incorporate the different topics that should be pursued at Bachelor, Masters and 
PhD levels. On more philosophical grounds, Crawford, Morris, Thomas, and Winter (2006) discuss the challenge of moving 
from a trained practitioner into a reflexive practitioner by creating education programs that focus on a reflexive process 
and presentations, complemented with the traditional research dissertation and standard PM knowledge acquisition. The 
reflexive component responds to the perceived lack of project management understanding beyond the core structural 
knowledge. They argue that the decision-making process, which considers past events and intuition, is not part of the 
current formal PM training. Pant and Baroudi (2008) also advocate for the incorporation of soft-skills in project management 
education within Australia. They claim that the PMBOK (base of PM education) promotes hard-skills over soft-skills. Ojiako, 
Ashleigh, Chipulu, and Maguire (2011) examine the key components of students’ learning experiences. The first component, 
transferable skills, addresses parameters such as interpersonal skills, time management, curriculum coherence, critical 
thinking and communicating. The second component is virtual learning, which includes the quality of e-resources and 
how relevant and accessible information is managed online. Table 2 summarises the literature review related to project 
management education.

Table 2: Summary of the reviewed literature in PM education theme

Author Sub-category Description

Bredillet et al. (2013) PM education structure Organization of PM degrees in Australia

Crawford et al. (2006) PM education structure Move from trained to reflexive PM practitioner by changing educational 
programmes 

Pant and Baroudi (2008) PM education structure Incorporation of soft skills in PM education

Ojiako et al. (2011) PM education structure Students perspective on PM education

Bigelow et al. (2013) Impact on PM education Use of competitions as a learning tool. 

Córdoba and Piki (2012) Impact on PM education Use of group-based system inside the Project Management class

Glick et al. (2012) Technology Use of 3D models

Chipulu et al. (2011) Technology Use of virtual learning environments

Ellis et al. (2004) Technology Comparison of virtual learning and traditional learning for PM training

Pikas et al. (2013) Technology Framework for teaching BIM in construction management

Stoyan (2008) Alternative PM education ‘PM for all’ teaching method 

D. J. Fisher et al. (2005) Alternative PM education PM training programme inside a company

Good practices, and alternative ways to develop project management, expand the spectrum of possibilities beyond that 
of traditional education. The impact of the different factors, activities, and attributes of formal education on PM graduates’ 
performance was also found to be a focus of PM research within the literature examined. Bigelow, Glick, and Aragon (2013) 

Construction project manager skills: a systematic literature review
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explore the use of competition in construction education. Córdoba and Piki (2012) describe how project management 
education can be enhanced using student groups as systems, receiving tasks and generating deliverables through the 
development of project management courses. 

In relation to the use of technology and the adoption of technology enabled learning within PM education, four studies 
are noted. Glick, Porter, and Smith (2012) state that the use of 3D models within the course materials and methods for 
construction students increases the perception of learning, especially in relation to masonry and metals. Additionally, Chipulu, 
Ojiako, Ashleigh, and Maguire (2011) relate the student learning process with the use of virtual learning environments, finding 
that the adoption of virtual learning modalities supports the development of interpersonal skills. These findings contrast with 
those of Ellis, Wood, and Thorpe (2004) who in their comparison of traditional education and distance software-based part-
time learning in project management, found no significant difference in the performance of the two student groups.

3.2 Project Managers’ Competencies

Different frameworks have been developed for describing PM competencies. The AIPM and PMI have competency 
standards based mainly on the knowledge units of the project management body of knowledge. In a 2005 study, Dainty, 
Cheng, and Moore (2005) utilised a regression model to examined survey results and identify key competencies of project 
managers. Their research identified self-control and team leadership as the most predictive behaviours of effective project 
managers. Arditi and Balci (2009) describe a competencies-based measurement utilised to assess project managers in the 
construction industry. The competencies outlined by Arditi and Balci are grouped into five key areas - (1) Managing Change, 
(2) Planning and organising, (3) Interpersonal skills, (4) Result orientation, and (5) Leadership. Hanna, Ibrahim, Lotfallah, 
Iskandar, and Russell (2016) created a mathematical model to describe PM competencies. The model developed by Hanna 
et. al. posits the importance of the development of a PM’s cognitive problem solving side, rather than specific knowledge, 
technical and managerial capabilities. 

The importance of leadership as a key attribute of PM competencies is a major recurring theme among the research 
examined. A study by Müller and Turner (2010) examined leadership competency profiles for different types of projects 
and sectors.  Müller and Turner found a high expressions of one IQ sub-dimension (i.e. critical thinking) and three EQ 
sub-dimensions (i.e. influence, motivation and conscientiousness) in successful managers in all types of projects. Zhang, 
Zuo, and Zillante (2013) identify four dimensions of social competencies for construction project managers, i.e. working 
with others, stakeholder management, leading others, and social awareness. Related to the team leadership skills, team 
success was also part of the review. A recent study by Liu and Cross (2016) describe the factor that contribute to project 
team success. The study by Liu and Cross found that factors such as efficiency, knowledge, innovation, and harmony 
are crucial to project success. In a 2016 study examining the relationship between emotional intelligence, shared mental 
model (SMM) and team performance for IS developments, Xiang, Yang, and Zhang (2016) found that EI could enhance 
SMM. Pryke, Lunic, and Badi (2015) relate the project manager’s emotional sensitivity and expressiveness (particularly head 
gestures) with variance in the quality of leader-follower chemistry. Miao, Humphrey, and Qian (2016) present the connection 
between leaders’ emotional intelligence and subordinates’ job satisfaction. 

Specific construction and site competencies are also reviewed. Cottrell (2006) presents a regression model that relates 
job site productivity to process improvement initiatives (PIIs). The model demonstrates the strong relationship of project 
performance to a variety of PIIs including design completeness, the definition of a project vision statement, testing oversight, 
and project management experience and dedication. However, Cotrell finds that the difference in the competencies with 
the general project manager is not a significant factor for decision-making purposes. Arditi, Gluch, and Holmdahl (2013) 
described the differences in the managerial competencies between males and females. They concluded that the perception 
was similar across most of the competencies (17 out of 20), arguing that there is no evident difference in the managerial 
competency between men and women in the Swedish construction industry.
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Table 3: Summary of the reviewed literature in PM Competencies

Author Sub-category Description

PMI and AIPM Frameworks Standards-based on knowledge units

Dainty et al. (2005) Frameworks PM Competencies through survey and linear regression

Arditi and Balci (2009) Frameworks PM competencies to assess them in Construction

Hanna et al. (2016) Frameworks Mathematical model to differentiate exceptional form average PM

E. Fisher (2011) Frameworks Competencies based on qualitative research (in-depth interviews)

Müller and Turner (2010) Leadership Leadership competencies vary depending on the type of project

Zhang et al. (2013) Leadership Four dimensions of PM social competencies 

Davis (2011) Leadership Connection between emotional intelligence and interpersonal competence

Toor and Ofori (2008) Leadership Leadership competencies

Liu and Cross (2016) Team Team success factors

Xiang et al. (2016) Team Relationship between emotional intelligence, shared mental model, and team 
performance

Pryke et al. (2015) Team Effect of leader’s “head gestures” over the quality of leader-follower chemistry

Miao et al. (2016) Team Effect of leader emotional intelligence and subordinate’s job satisfaction

Cottrell (2006) Construction Relationship between job site productivity and process improvement initiatives (PII)

Ling (2002) Construction Model to predict Architects and Engineers performance in design-build projects

Jha and Iyer (2006) Complementary Difference between project coordinator and project manager

Arditi, Gluch, and 
Holmdahl (2013)

Complementary Comparison of male and female managerial competencies.

3.3 Employment

The employment of graduate PMs is explored through student background impact, recruitment, and expectations. Boahin 
and Hofman (2013) explore the effect of academic disciplines, students’ background characteristics and industry training 
on the acquisition of employability skills through competency-based training. Boahin and Hofman found that whilst gender 
appears to have no impact, pre-education has an effect on the acquisition of employability skills. Kalfa and Taksa (2015) 
question the existing development of “skills” in tertiary education to improve employability, arguing that the human capital 
model has many critics and that a new framework is needed. Bhattacharjee, Ghosh, Young-Corbett, and Fiori (2013) 
compare the expectations of students close to graduation with industry expectations in terms of the expected knowledge 
and skill of construction managers. Overall, the expectations of the industry and the perceptions of the students showed 
a high correlation in relation to required construction knowledge, but weak concordance in relation to the necessary 
interpersonal skills. Ahsan, Ho, and Khan (2013) in an analysis of advertising for the recruitment of project managers found 
that soft skills are more commonly listed than technical skills when recruiting for a PM job. 

Table 4: Summary of the reviewed literature in PM Employment

Author Sub-category Description

Boahin and Hofman (2013) Tertiary Education Effect of student’s pre-education on employability skills

Kalfa and Taksa (2015) Tertiary Education Theoretical/philosophical discussion of skills’ development on tertiary 
education

Bhattacharjee et al. (2013) Industry Comparison between students’ expectation with industry expectations

Ahsan et al. (2013) Industry Analysis of PM job advertising

4. LITERATURE QUANTITATIVE ANALYSIS

A compilation of all the competencies found in the literature was analysed in quantitative terms to show key trends through: 
(i) a description of the authors by the number of competencies, (ii) the competencies by category, and (iii) the competencies 
in a timeframe. Table 5 describes the number of competencies that were recognised by different authors. The magnitude is 
important because it shows the relative relevance of each competence within its framework and the spectrum of variability 
between the small and the large frameworks.

Construction project manager skills: a systematic literature review
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Table 5: Studies with competency frameworks

Author Year Skills

Gunderson D.E., Ra J.W., Schroeder H., Holland H.R. 2002 15

Dainty A.R.J., Cheng M.-I., Moore D.R. 2004 21

Jha K.N., Iyer C.K. 2006 29

Toor S.-u.-R., Ofori G. 2008 8

Arditi D., Balci G. 2009 20

Müller R., Turner R. 2010 15

Davis S.A. 2011 4

Fisher E. 2011 8

Arditi D., Gluch P., Holmdahl M. 2013 20

Bhattacharjee S., Ghosh S., Young-Corbett D.E., Fiori C.M. 2013 36

Pikas E., Sacks R., Hazzan O. 2013 39

Zhang F., Zuo J., Zillante G. 2013 9

Hanna A.S., Ibrahim M.W., Lotfallah W., Iskandar K.A., Russell J.S. 2016 47

Naveed M.H., Thaheem M.J., Khurshid M.B., Farooqui R.U.H. 2017 26

Total 306

A database of all the competency frameworks was generated to analyse the literature based on ‘competency units’. The 
competencies were divided into overarching categories: (i) construction knowledge; (ii) management and communication; 
(iii) financial and legal; (iv) environment, culture and digital; (v) personal attributes; and (vi) leadership. Figure 2 shows the 
presence of the five competency categories over the last 15 years. The graph rejects a possible scenario of having one or 
two articles that focus on a specific knowledge (for example BIM), as the relative representation across all categories has 
been relatively stable through the years. It also shows the relevance of personal attributes and leadership categories, which 
together represent more than 40% of the competencies. 

Figure 2: Competency database in a time-frame and in total

5. DISCUSSION AND CONCLUSION

The literature review highlighted that construction project managers’ competencies and skills are one of the predominant 
areas of focus in the literature examined. The strong representation of managerial competencies and skills within the 
research, reflects the impact that such skills have on the overall project success and the positive correlation between a 
project manager’s capacity and the overall project performance. It should be noted that the aim of the paper is to provide 
a descriptive and predominantly quantitative analysis of the existing literature -  presenting the main journals, authors, 
topics, and research trends in relation to PM competencies and skills, and PM education. Whilst this analysis enables an 
overview of the literature in relation to ‘what is being researched’ and ‘in what amounts’, it runs the risk of potentially hiding, 
or obfuscating, the qualitative relevance and impact of each attribute, and the results presented here should be viewed in 
relation to the defined scope of the research. 
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From the quantitative analysis it was found that PM personal attributes was a prominent area of research focus within the 
literature, and the category with the most competencies represented. The review shows that research has been focusing 
on personal attributes over those related to technical knowledge and general managerial skills. Whilst it is not possible to 
assess the relative relevance (quality) of each competency, the quantitative analysis indicates that personal attributes is 
focus priority within the research; and therefore, by implication an area of high relevance. From the competency-database 
generated, there is a wide spectrum of relevant personal attributes, including many competencies that are difficult to 
measure - from authority and analytical skills to empathy, emotional resiliency, flexibility, courage, honesty and integrity. The 
use of BIM and other technology-based expertise is not a general theme and many competency frameworks do not include 
them, except for one article that specifically addresses this issue and proposes a general plan of BIM education.

A framework to understand the cause-effect relationships of the many issues that are present in the PM competency 
literature could bring greater value to the research. Research in construction (especially in technological advances) influences 
the industry through formal Transfer of Technology (TOT), but also indirectly through the knowledge that graduates obtain 
from the formal education in which the technology is developed. This interrelated system of value-creation should drive 
the current research so as to provide a better evidence-base through which to understand the relevance, impact and 
effectiveness of changes in practice and education.

This paper is part of a larger research project that bridges the gap between formal education programs and industry 
needs in construction management for the Australasian region. This review confirms the gap in knowledge, the relevance 
of the different categories (construction knowledge, management and communication, financial and legal, environment 
and culture, and personal attributes); and the need to link skills and competencies with the existing formal curricular and 
pedagogical frameworks. The paper contributes to the research agenda by presenting an overview of PM competencies, 
and highlighting existing gaps within the knowledge base, and avenues for further research such as: further analysis of 
competencies in specific contexts, industry sectors, and geographical areas; research on methods through which to 
acquire the different competencies within formal education and experience-based situations; a model to connect existing 
technology with the acquisition of competencies to support project success; and innovative models to connect formal 
education with industry in order create a continual improvement process loop.
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Abstract: Current regulatory pathways to compliance in energy efficiency for Australian housing are via provisions in the 
National Construction Code (NCC). This paper first identifies performance evaluation criteria set out in the code presented 
as a comparative analysis across the different methods of achieving compliance. Jurisdictional and concessional variations 
are discussed and thereafter an examination of the effect of specific design and location factors that impact the commonly 
used deemed to satisfy route to compliance. A study is presented in the paper investigating typical South Australian 
temperate climate housing styles in terms of their expected energy performance and compliance. This is done to test for 
measurable differences or test where equivalence can be shown to be reasonably achieved. This study highlights the issue 
of alternative pathways, being different options of using software modelling or elemental compliance based on specification 
details. The sample set is a modest seven houses only but carefully chosen to show the compliance pathway results for 
different options across this sample set. Further measures of house energy performance evaluation and comparison are 
drawn from the literature. 

Keywords: NatHERs, Compliance, Energy Efficiency.

1. INTRODUCTION

In Australia, there are a range of scenarios for energy efficient housing design to do with compliance that an energy assessor 
and/or building certifier might be faced with, including but not limited to consulting with clients, architects, builders and 
the local regulatory approval authority on what is the desired outcome in terms of the final design. The primary regulatory 
mechanism is the National Construction Code (formerly the BCA). The regulatory approach to Energy efficiency is generally 
to measure compliance by adhering to prescriptive deemed to satisfy (DTS) provisions around elements of the building 
or by using thermal simulation to predict energy use within pre-determined location specific starbands as set out in the 
Nationwide House Energy Rating Scheme (NatHERs). This regulatory approach to achieving more energy efficient design 
of housing is seen as somewhat inconsistent in Australia as different approaches can be applied to the assessment of 
thermal performance. There have been few studies that compare the differences in pathways to compliance under the 
code provisions (Anderson 2009, Floyd 2014) whereas some energy rating experts and designers have advocated for the 
phasing out of the DTS Elemental pathway in favour of simulation based on thermal comfort models (Daniel et al 2017, 
Kordjamshidi, et. al. 2009).

The adoption of the current minimum 6 star energy standard in 2010/2011 across jurisdictions was a significant event in 
housing energy regulation. The mandated rating software used throughout Australia for residential construction is variously 
based on the CSIRO developed thermal calculation engine which is called CHENATH, and implemented through the ‘second 
generation’ software either AccuRate, BERS Pro, or FirstRate (FR5). Star ratings are easy to understand, which explains 
why they have become the common term for an energy efficiency compliance assessment. However, no methodology has 
been established to reliably correlate simulated household energy use for heating and cooling with actual likely use, either on 
individual dwelling, or aggregated basis.  Using simulation software at the design phase allows sub-standard performance 
to be diagnosed, and the best solution identified. On the other hand the settings and assumptions of NatHERs software 
has been a subject of debate and the modelled energy use has not generally corresponded well with existing energy use 
data from the limited surveys undertaken (Ambrose et. al. 2013, O’Leary et al. 2015). NatHERs simulation has also been 
criticised as being unsuitable for assessing low energy houses that are intended to use little or no heating and/or cooling in 
operation (Soebarto, 2000, Daniel et. al 2017).

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.195–203. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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2. METHODOLOGY

The methodology adopted in this paper is an investigation of the national regulatory mechanism, the National Construction 
Code. Current regulatory pathways to compliance in energy efficiency are first identified and performance evaluation criteria 
set out as a comparative analysis across the different methods. Jurisdictional and concessional variations are discussed 
and thereafter an examination of the effect of specific design and location factors that impact the commonly used deemed 
to satisfy route to compliance. 

A further comparative analysis based on a sample set of seven South Australian homes is presented with base results 
of testing compliance against the two options of deemed to satisfy provisions, outlined in section3 below (see figure 1). This 
study was part of a wider study of Industry adaption to NatHERs 6 star energy regulation in SA by the principal author who 
has undertaken energy ratings and HERs assessment training under the NatHERs protocols. The star rating was obtained 
by modelling in Firstrate 5 and each building was separately assessed under the elemental DTS provisions of the NCC. 
This shows the two methods compared in an action research approach were rating and assessments were independently 
verified by an accredited HERs assessor and certified building surveyor as duly acknowledged in section 8 of the paper. 
It should also be noted that star ratings were undertaken in non- regulatory mode and in both methods the focus is on 
building fabric, glazing and air movement rather than sealing and services ( as per figure 1, section 3 below). Using the 
non-regulatory mode of the software assessors can test any range of modelling options they wish but in regulation mode 
assessors must apply the agreed protocols in the Technical Notes that have been approved by all states and territories.

3. PATHWAYS TO COMPLIANCE

The regulatory approach to Residential Energy efficiency is generally to measure compliance by adhering to prescriptive 
deemed to satisfy(DTS) provisions around elements of the building or by formulation a performance based alternative 
solution that fits the objectives of the code or a combination of both as per:

• Deemed-to-Satisfy — BCA Elemental Provisions Method

• Deemed-to-Satisfy — Thermal Calculation Star Rating Method

• Alternative Solution — Verification using a Reference Building

In understanding energy efficiency provisions for housing the primary performance requirement is P2.6.1 – Building 
in Part 2.6 Energy Efficiency for which the ABCB has authored several Awareness Resource Kits (ABCB 2010). Part 
3.12.0 provides a roadmap for practitioners to demonstrate compliance to the DTS Provisions. There are two approaches 
provided for the thermal performance of the building, the energy rating approach (using house energy rating software) 
or the prescriptive elemental approach. Either approach fulfils the Performance Requirement P2.6.1. The Performance 
Requirement P2.6.2 (for domestic services such i.e. plumbing and electrical) may be satisfied using the DtS Provisions of 
Part 3.12.5.

Figure 1: Part 3.12 NCC Volume 2 Optional Requirements (source: ABCB 2010)

3.1 Software Simulation (3.12 option 1)

Using the Thermal Calculation method, a building is compliant if it does not exceed an annual energy allowance based on 
heating and cooling loads measured in mega joules per m2. Depending on location the energy usage calculation of the 
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building is given a Star Rating between 1 and 10 stars to reflect the overall thermal performance of the building. It is an 
assessment of the whole building, measuring the total performance rather than individual elements as in the Deemed-to-
Satisfy Elemental Provisions method. 

More factors are considered holistically: like flooring, walling, roofing, glazing size / type and location, orientation and 
ventilation (both natural and mechanical). Currently the minimum compliance requirement across Australia is 6 stars apart 
from the Northern Territory where it is 5 stars. These levels are only minimum requirements; the software programs provide 
results up to 10 stars. A thermal calculation (Star Rating) can be produced using AccuRate, FirstRate5 or BERS Pro 
software, which are all accredited for this purpose. Additionally, the design must comply with specific energy saving features 
such as the testing and installation of insulation, thermal breaks, compensation for downlights, floor edge insulation and 
building sealing

3.2 Elemental provisions (3.12 option 2)

This method involves checking the building against a standard set of parameters that meet the NCC requirements. The 
principal focus is on floor, wall, roof and ceiling construction elements as well as air movement. There are perceived 
advantages and disadvantages to this method of compliance.  One advantage is that it makes building assessment relatively 
quick and easy (the building does not have to be divided into zones) however, if the building isn’t achieving compliance, this 
method can make it harder to integrate necessary improvements.  This approach which is described as an ‘all or nothing’ 
approach can also create problems when innovative building products are specified, or when the construction cannot meet 
minimum requirements due to site, project budget or design restrictions.

3.3 Alternative (performance based) solutions

There also exists a Verification using a Reference Building assessment method (ABCB 2017). A building is modelled with 
the Elemental Provisions using thermal modelling software to create a target annual energy consumption. The building is 
then designed with your desired specification and this proposed building is also modelled in the thermal software.  If the 
proposed building uses the same or less energy than the reference target then it is deemed to comply. 

This process gives builders, architects and designers the freedom to design buildings that meet (or exceed) specifications 
while also being cost effective and compliant. Whilst the method has been promoted and utilised by energy raters since the 
more stringent 2010 measures were introduced it been called into question recently by the NatHERs (2017) administrator 
as NatHERs does not accredit tools for use under other NCC compliance pathways.

3.4 Assessment of Class 2 and 4 higher density dwellings

The NCC utilises a building classification system by function and use, where buildings are labelled “Class 1” through to “Class 
10”. Class 2 buildings are apartment buildings and a Class 4 part of a building is a dwelling or residence within a building 
of a non-residential nature. The sole-occupancy units of a Class 2 building or a Class 4 part of a building must for reducing 
the heating or cooling loads collectively achieve an average energy rating of not less than 6 stars; and individually achieve 
an energy rating of not less than 5 stars, using house energy rating software. The performance requirement is further set 
out in clauses of section J ( NCC volume 1) for general thermal construction, thermal breaks, floor edge insulation, sealing 
and measures for compensating for a loss of ceiling insulation,  other than where the house energy rating software used 
can automatically compensate for a loss of ceiling insulation. Hogg (2015) has identified several key issues with compliance 
particularly due to the limitation with orientation options for apartments. It is unclear whether the NatHERs thermal modelling 
approach as examined in this paper will remain relevant to multi-unit buildings, as recently announced major funding by 
federal and state governments for a new environmental performance rating tool for apartment buildings Australia-wide was 
been announced (Nabers 2017). The tool is now in its pilot phase to be available for public use by mid-2018. From an NCC 
compliance perspective the future NCC 2019 provisions may include more verification methods for these types of buildings. 
This is seen as a welcome development in this area as Floyd (2014) found energy assessors tested in a national benchmark 
study found rating an apartment very difficult with less than half the sample obtaining a rating within one star of the correct 
result.

4. DESIGN AND SITE CONSIDERATIONS

4.1 Glazing, Insulation and Infiltration

Glazing presents the biggest challenge in thermal envelope performance which is the basis of energy efficiency assessment. 
Here the contracting approaches are a stark reminder of the ‘all or nothing’ approach of the Elemental DTS method. Using 
this option 2 method fail in one and you fail in all. With the software the ability to compensate for underperformance in one 
area by over performance in another can be as discrete as a choice of one particular window selection over another. Since 
the 2010 BCA stringency changes the worksheet glazing calculator method has been the tool the ABCB developed for NCC 
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users to assist with demonstrating compliance with the NCC energy efficiency requirements for glazing using the Elemental 
assessment option. Practitioners may undertake to develop their own but need to demonstrate compliance with the NCC 
clauses, formulae and tables. 

A windows ‘u’ value is a measure of heat conductivity for the whole window. An assessor can generally tell in option 2 
whether conductance is way too high for a glazing unit if it is between 1.5 to 1.8 u value and then model it more accurately 
in the software. Prior to October 2014 existing National Fenestration Rating Council (NFRC) values in the software did not 
align with new NFRC values adopted. The mismatch has been addressed in recent changes and software releases. The 
change to NFRC values required major changes to the Chenath engine in software releases in 2017 and there are now 88 
default windows within the software.

The requirement for assessors using AFRC procedures is to refer to published performance values however this can 
sometimes be lacking or confused by slightly different terms (including “U-factor”, “U-Value” or “Uw” for Total System 
U-Value and “SHGC” for Total System SHGC). Such values may be used in 3.12.2 provided they measure combined glass 
and frame performance according to AFRC requirements. In practice often window selection is problematic at assessment 
stage and assessors may have to rely on ‘worst case’ default values for generic windows rather that manufacturers own 
data or corresponding data form the national Windows Energy Rating Scheme (WERS).

The Zoning tab in simulation software option 1 allows you to enter details of features that may increase air leakage into 
and out of the dwelling, ceiling penetrations that cause gaps in insulation, and the number and size of ceiling fans in the 
zone. Essentially the issue is that the application of the principles in NatHERs for the loss of ceiling insulation due to ceiling 
penetrations is inconsistent as it is modelled in the software for any penetration however within the Elemental approach the 
R value of the insulation of the remainder must be increased once the “free allowance” of 0.5% of uninsulated ceiling area 
is exceeded.

4.2 Shading and Ventilation

Both DTS options have somewhat different ways at looking at the effect of shading devices and in option 2 an assessor will 
have to do 2 reports for winter/summer ‘device’ if there are retractable devices. One other consideration for shading under 
the various compliance options is that in option 2 no shade concessions are provided for colder NCC climate zones 6 to 8. 
This is due to the conditioning requirement being heating dominated, so shade would not be as beneficial as it would reduce 
the amount of solar gain received. The shown in the glazing calculator (section 4.1 above) a P and H value is applied to each 
window to calculate the exposure of windows. P is the horizontal projection of the shading projection from the face of the 
glazing. In a NatHERs rating under option 1 shading is accounted for by wing walls that are projections are perpendicular 
to the plane of a wall and cast shade on that wall. Wing walls also affect the flow of wind around and through a dwelling. 
The Chenath simulation engine modifies air flow through a dwelling where there are wing walls which does not occur under 
option 2.

The CHENATH calculation engine in option 1 ratings uses a complex ventilation model, and there is no capacity to 
override the number of air changes per hour (AC/h) using this model. There has been some debate as to the efficacy of the 
engine in modelling real air movement particularly in hot climates (Isaacs 2017). When it comes to the Deemed-To-Satisfy 
assessment method particularly for warmer climates if you have a heat load problem ceiling fans reduce the ventilation 
requirement as per Table 3.12.4.1. In the Glazing Calculator, more ventilation from openings & ceiling fans increases the 
glazing allowance. In simple terms then under option 2 Elemental DTS, adding ceiling fans means you can have more glass. 
NatHERs has a number of modelling assumptions around ceiling fans and ventilation (i.e. opening of a window). In modelling 
exercises, as in section 5 of this paper its been found for temperate climates there isn’t much credit in ‘star increment’ 
compared to what can be achieved in Elemental under ‘air movement’.

4.3 Building Zones and Element Proportions

A stark contract between options is the zoning requirements of option 1, whereas option 2 considers the envelope to be the 
primary determinant of heat loss/gain against the performance requirement. The software used in option 1 is weighted in its 
calculations to living areas (as it should be), the Elemental approach has no relationship to zoning however an advantage 
is that designs that are cumbersome can benefit from this more basic approach of option 2. Net Conditioned Floor Area 
(NCFA) as a proportion of the External Wall Area is of paramount importance and NatHERs software performs an area 
adjustment to determine adjusted loads that determine the star rating, this does not occur in the Elemental approach in 
option 2. Because heat transfer is a function of surface area, the greater the ratio of the wall area to floor area, generally the 
worse the thermal performance, all other things being equal. For example in an earlier  study by EES (2002), for detached 
concrete floored houses in the Melbourne climate zone with a 25% limit on glazed area it was found that 10% of the sample 
failed to meet the 5 star performance target after application of a range of improvement measures. 

As with restrictions to glazed areas in option 2 it was proposed by EES that it may be appropriate to apply restrictions 
to NCFA/Wall area ratios. Restrictions (minimum levels) would need to be set such that above the adopted level there is 
likely to be an acceptably high certainty that application of the deemed to satisfy measures would provide adequate levels 
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of compliance to the performance standard. It should be noted that analysis in the EES study sample found (as would be 
expected) that there was a strong correlation between low floor area and low NCFA/Wall area ratio. 

4.4 Climate Zones and Postcodes

An important distinction between the 2 pathways is the differentiation in climate location. NCC climate zones 1 and 2 are 
assigned to locations with hot or warm and humid summers and warm or mild winters where a desire for cooling is likely 
for most of the year. Climate zones 3 and 4 have hot dry summers and warm or cool winters so that both cooling and 
heating may be desirable. In climate zone 4, a need for heating is for more of the year than a need for cooling. Climate 
zone 5 is considered a warm temperate climate with limited need for cooling or heating although, in balance, the need for 
heating is likely to be greater. Climate zones 6 and 7 are considered to be cool temperate climates respectively, with the 
winter cold enough to require significant heating. Climate zone 8 is an alpine climate where heating is the predominant 
need. This contrasts to NatHERs which divides Australia into 69 climate zones. This allows the software to appropriately 
consider the effects of Australia’s diverse climate when modelling the heating and cooling requirements of a home. Weather 
files have been compiled from Bureau of Meteorology records for each NatHERs climate zone and include information on 
air temperature, humidity, solar radiation and wind speed and direction. The weather file for each climate zone, called the 
Reference Meteorological Year (RMY), is compiled from at least 25 years of Bureau records. When conducting a NatHERs 
rating, the software uses the weather files to assess the impact of weather on the building’s internal temperature. This 
impact is calculated for every hour in a full 12 month period.

Individual State and Territory versions of the map are available on the ABCB website at www.abcb.gov.au. The climate 
zone maps are updated as local government area changes are brought to the attention of the ABCB. Climate zones are 
generally aligned with postcode boundaries for convenience, except where there is likely to be a topographical or other 
feature within the postcode area that impacts the local climate. In this scenario, alternative zones are offered for the same 
postcode. For example, if a postcode includes a mountainous area, an alternative climate zone may be used above a certain 
altitude. This impact has not been fully measured but there are some unintended consequences or anomalies in the fit of 
NatHERs climate zones to ABCB climate regions. For example, in South Australia the postcode for Victor Harbor a major 
coastal town and surrounds is 5211 as shown in figure 2 below:

  

Figure 2:  Example of distribution of regional postcode to NatHERs Climate region in SA (Source NatHERs 2015)

However using the Climate zone map designation for Elemental assessment the location of Victor Harbor is Climate 
Zone 6 (cool temperate) and not the Zone 5 (warm temperate) Adelaide zone. In effect, a higher specification requirement 
for the adverse winter performance in zone 6 can be gamed by choosing the software route that models the house under 
a milder climate of the Adelaide metropolitan region. It is worth noting that Victor Harbor is colder in the winter months 
consistently and would have a longer more intense heating season than Adelaide. What this means is that the choice of 
zone that is a result of compliance option chosen may suit a design that is better performing in heating rather than cooling 
and vice versa. Research conducted in South Australia has identified highly rated houses performing poorly in heat stress 
during summer months (Hatvani-Kovacs et. al. 2018, Soebarto & Bennetts 2014) and for the 2019 NCC there is now 
a proposed introduction of heating and cooling load limits into the NatHERs compliance pathway with the release of a 
consultation regulatory impact statement (ABCB 2018).
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5. DEEMED TO SATISFY COMPLIANCE STUDY OF SA HOUSES

A set of seven houses of typical Australian temperate climate design and specification that were constructed between 2014 
– 2016 have been assessed under both DTS methods outlined earlier in this paper. Table 1 below presents the results of the 
analysis and gives a pass or fail as to compliance showing how a house of exact same construction may be rated a pass 
in one method but a fail in the other. The houses are all typical of Australian mass market temperate climate house design 
being single storey free standing dwellings except for house 5 having a relatively small area of upper floor (3 upper rooms). 
House 3 also differed from the norm in that it was an extension, albeit a substantial extension adding twice the area of the 
existing retained older structure. All houses are in the metropolitan area of Adelaide which falls in NCC Zone 5 covering 
the temperate climate regions of South Australia which is a similar NCC zone in major parts of NSW, WA and Queensland.

Table 1: Results of SA houses compliance in both DTS star rating and elemental assessment

OPTION 1 
NatHERs Stars

OPTION 2 
Elemental 
Compliance

OPTION 2 
Glazing 
Assessment

OPTION 2 
Glazing 
Assessment

Glazing area 
% of storey

Net Conditioned 
area 

Conductance 
(u-value)

Solar heat gain

House 1 6.0 YES Pass Pass 15% 142.3

House 2 5.3 YES Pass Pass 20% 158.9

House 3 3.8 NO Fail Fail 15% 181.3

House 4 7.7 YES Pass Pass 20% 121.8

House 5 6.0 YES Pass Pass 24% 177.3

House 6 6.1 NO Pass Fail 29% 184.7

House 7 6.7 YES Pass Pass 20% 140.2

Note: shaded row indicates a house that has failed in one option and has passed in an alternative option.

As noted in the introduction, since 2010 using option 1 of part 3.12 requires that a minimum rating of 6.0 stars is 
achieved. Houses 2 and 3 do not achieve this hurdle rating however in the case of house 2 the compliance under the 
elemental provisions of NCC 3.12 is a pass. The rating report for house 2 shows results went down by about 0.6 stars 
when the non-wet area (and kitchen) floors were changed from concrete to carpet as per NatHERs Tech Note 1. This in itself 
would not be sufficient explanation of its fail in star rating. Roof colour has been left at the more likely/common “medium” 
rather than the NatHERs temperate (worst case) default of “light” however in temperate zones this does not appear to have 
any but a very marginal effect on the rating, as was also identified in the case of house 4. It was found in rating mode that 
a change of zoning of two principal and a smaller spare room to office and study spaces rather than additional bedrooms 
was a difference of 0.5 stars in rating result. 

House 3 presents the challenge of achieving compliance for extensions which has been the subject of more recent 
studies (Sustainability House, 2016). In South Australia, to assist designers and private certifiers, a separate Advisory Notice 
03/12 (DPTI, 2012) provides guidance on the application of the provisions to existing buildings where there are various 
methods of making an addition/extension comply with the energy efficiency provisions of the housing NCC, Volume 2. One 
such approach is to the whole house and include whatever is reasonably necessary to make it comply (such as applying 
the new glazing to the whole house) but then only require the extension to be constructed accordingly. This approach 
essentially designs the whole house for a 6-star rating and then amputates the extension that is to be constructed. This 
recognizes that the rest of the house already exists (but could be upgraded at some time in the future). The 3.8 star rating 
in table 1 represents a whole house rating using FR 5 and the whole house as constructed. Subsequent to the house 
achieving compliance through the building certification process and being built in 2014 a separate rating of the extension 
was commissioned which showed a rating of 6.4 for the extension. 

A post occupancy envelope audit was undertaken which included a staged set of air pressurisation tests to ISO 9972 
combined with thermal imaging analysis. The testing  reveals air leakage factors attributed to deterioration and degradation 
of the older portion which was built in the 1920’s, however a superior test result of above minimum code building sealing 
for the very recent extended portion of the single storey dwelling. Using an internationally accepted ACH@50 testing the 
existing portion showed a figure of 19.65 whereas the extended portion showed 5.27. When a whole of dwelling test in 
employed using standard calibration methods and multiple runs the ACH@50 figure is recorded as 10.91 which aligns with 
the code minimum value required for houses in the United Kingdom whereas a study by Ambrose & Syme (2017) showed 
overall average air change rate for new built Australian homes was 15.5 ACH@50Pa.

House 4 is by far the most highly rated house and exceeds the minimum star rating comfortably, it had high levels of 
insulation, has a glazing area that is not excessive and of high performance thermally broken double glazed High Solar Gain 
low-E –Clear glass. Features of this higher performing house included  high R-value external wall insulation, Hebel external 

T.R. O’Leary, D. M. Whaley and M. Belusko



201

walls and internal wall insulation, mainly for sound deadening and to a lesser extent improved thermal comfort levels. 
Particular attention was placed on reducing transfer of heat through the garage and into the house by including such items 
as; external garage wall insulation, R 6 insulation in the garage ceiling, weather stripping the garage door, and insulated 
garage (panel-lift) doors.

When rated under option 1 it was noticed that the roof colour (FirstRate 5 options of: light, medium or dark) made no 
difference to overall star rating. What this did do, however, was adjust the amount of heating and cooling required, yet the 
total amount of heating and cooling (which is what is used to determine the star rating) remained unchanged. For instance, 
with a light roof, less cooling was required, yet more heating was needed; conversely, a dark roof required more cooling but 
less heating. It is unclear how these numbers would vary in a house with much less roof or ceiling insulation. 

Houses 1, 5 and 7 all achieve the minimum 6.0 stars and pass the elemental provisions. Whilst the area of glazing of 
house 1 at 15% of storey area is the lowest it has achieved the very minimum 6.0 stars in its final design iteration. The 
original early design (back when it was approved) with higher performing double glazed windows and tiled northern living 
space achieved had achieved an 8.1 star result. The glazing was modified and in the software method is Aluminium single 
glazed Generic 01 (U=7.32, SHGC=0.77) except for front door sidelight (Gen 03 (U=5.75, SHGC=0.69). The report shows 
the results went down further and substantially from 7.2 stars to 6.0 stars when the floor finish to the northern living spaces 
went from “none” to “carpet” as required by NatHERs Tech Note 1. This is a more dramatic reduction is star rating than the 
effect of the technical note on house no. 2.

House 6 is perhaps the most interesting result in this study as it achieves a 6.1 star rating and passes the glazing test 
in option 2 in Conductance (U-value) however fails in Solar Heat Gain Coefficient (SHGC) allowance. Reviewing the glazing 
calculation for this house revealed a SHGC of 0.62 based on window type selection. On further examination the failure 
could be attributed to larger windows on either of the east and west elevations. These windows accounted for 16% (east) 
and 14% (west) of total SHGC element share which was an excessive 118% of the allowance. Removing the east window 
of 5.5m2 area brought the calculated outcome to a complying 99% whereas removing only the west window of 4.62m2 
brought it to 101% just over the compliance limit. It is known that solar heat gain can provide free heat in the winter but 
can also lead to overheating in the summer. How to best balance solar heat gain with an appropriate SHGC depends upon 
the climate, orientation, shading conditions and other factors. In this case it appears the lack of shading devices was a 
contributory factor and the house has by far the highest ratio of glass to floor area.

6. DISCUSSION

It is perhaps unsurprising given the different approaches that some houses may pass the compliance requirements of the 
NCC using one option and fail using an alternative option. Whilst the research on compliance pathways presented here has 
not focused on any benefit to cost considerations, as with other research findings (SuHo 2012) it may point to software 
simulation as finding cheaper cost to construct options when alternatives in design elements can be cross traded to achieve 
either minimum compliance or even better energy performance. As per Whaley et al (2017) there are in fact multiple ways 
to improve the energy efficiency of existing houses and a suggested path / optimised approach can be taken to reduce the 
cost of achieving this.

The selection of appropriate glazing is paramount in achieving compliance using both options and in the case of option 
2, the more prescriptive elemental pathway, it was shown that a single glazing unit could be the difference between a pass 
or fail. The requirements of NCC minimum energy standards (set out in part 3.12 under the deemed to satisfy provisions) 
are fundamentally determined by NatHERs assumptions and default values when software modelling is invoked.   The study 
shows some dramatic reductions in star rating because of different floor coverings, whereas in temperate climates at least, 
the roof colour selection appears to have very limited measurable effect.  

The selection of a climate zone between two different options shows certain anomalies though not highlighted specifically 
in any of the houses in the study due to the limitations. What can be seen is naturally a wide diversification of climate in 
Australia, however option 2 takes a pathway of least resistance with just 8 major climate zones to cover the entire continent. 
Either of the two options has the inherent problem of setting minimum thermal energy requirements derived from historical 
bureau of meteorology weather data that are translated to very local site specific requirements.

7. CONCLUSIONS

The approach adopted in this paper is to highlight the alternative methodologies in assessing Australian houses for minimum 
NCC energy compliance noting however the main theme of the ASA 2018 conference is higher density living. The study 
shown here does underline that the regulatory approach to achieving more energy efficient design of housing is somewhat 
inconsistent in Australia. Procurement options for dwellings particularly the single detached style and unique allotment 
housing of major Australian cities and regional areas can impact the pathway adopted for compliance. Several different 
approaches can be applied to the assessment of thermal performance and what passes the compliance test using one 
method in some cases may not (at least in current design) achieve a pass in an alternative method. 
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One striking difference in the choice of compliance options is that NatHERs modelling software goes beyond compliance 
as it can be used as a design tool. Using thermal simulation to model thermal energy characteristics to predict energy use 
for comfort is a powerful way to improve energy efficiency but also gives some flexibility over the ‘all or nothing’ elemental 
DTS method. There may be some misconceptions in the market and concerns with the software technically, however 
assumptions and settings could be further improved and modified, in the process supporting the uptake of house energy 
simulation during design.  The energy assessment sector should perhaps be looking to moving beyond just proving a 
compliance service but rather a design service and in supporting the design process there would be a natural motivation to 
continuously improve the NatHERs scheme in a virtuous circle supporting the residential industry. 

It is a plausible argument in conclusion, that there should perhaps be a move away from the elemental option and 
a focus only on one single pathway. A pathway which allows better modelling of thermal energy characteristics of both 
individual dwellings and high rise multi storey dwellings, that also has benefits of avoiding unwanted outcomes and reducing 
complexity for the sector.

ACKNOWLEDGEMENTS

The authors wish to acknowledge the provision of compliance and ratings input and advice from Allan E. Johanson & 
Associates, Certified Building Surveyors, Building Designers & Consultants, Adelaide, and SA 5090.

References

ABCB, BCA 2010 Awareness Resource Kit Module Three: Understanding Energy Efficiency provisions for Class 1 & 10 Buildings, 2nd 
edition Australian Building Codes Board, Canberra ACT 2601

ABCB, 2017 Australian Building Codes Board, ADVISORY NOTE 2017-3 Reference Building Verification Method V2.6.2.2

ABCB, 2018 Consultation Regulation Impact Statement Energy efficiency for residential buildings NCC 2019 - NatHERs heating and 
cooling load limits, www.abcb.gov.au/Consultation/Regulation-Analysis/Consultation-RIS

Ambrose MD, James M, Law A, Osman P, White S  2013 The Evaluation of the 5-Star Energy Efficiency Standard for Residential 
Buildings, CSIRO Energy Transformed Flagship and CSIRO Ecosystem Sciences PO Box 56, Highett. Vic. 3190, Australia

Ambrose M, Syme M., 2017 “Air tightness of new Australian residential buildings” Procedia Engineering, vol. 180, 33-40 (2017). 
Proceedings of iHBE 2016 International High- Performance Built Environment Conference (SBE16)

Anderson, Clyde 2009 testing of proposed bca2010 volume 2 house energy efficiency deemed-to-satisfy measures with bers pro energy 
ratings, Consultant report to the Australian building codes board (ABCB), July 2009

Daniel, L., Williamson, T., Soebarto, V., 2017, Comfort-based performance assessment methodology for low energy residential buildings 
in Australia, Building and Environment, Vol 111, (169-179), http://dx.doi.org/10.1016/j.buildenv.2016.10.023

DPTI, 2012 Advisory Notice Building 03/12, Applying energy efficiency measures to Class 1 building alterations and additions, Department 
of Planning, Transport and Infrastructure, Government of South Australia

EES, Energy Efficient Strategies 2002, Comparative cost benefit study of energy efficiency measures for Class 1 buildings and high rise 
apartments, Sustainable Energy Authority of Victoria, Melbourne.

Floyd, W., 2014  NatHERs Benchmark Study February 2014 Prepared for the Department of Industry by: Floyd Energy, Wayne Floyd

Hatvani-Kovacs, G, Belusko, M, Pockett, J & Boland, J 2018, ‘Heat stress-resistant building design in the Australian context’, Energy and 
buildings, vol. 158, pp. 290-299.

Hogg, J., 2015  Multi-Residential Developments - Energy Efficiency Compliance address to the Building Australia’s Future Conference,  
Gold Coast, QLD., Sept. 14 – 16, 2015 Australian Building Codes Board (ABCB).

Isaacs, 2017 The application of NatHERs software in Northern Australian climates, report for the Department of Environment and Energy, 
Australian Government, Canberra, ACT

Kordjamshidi, M., & King, S. (2009). Overcoming problems in house energy ratings in temperate climates: A proposed new rating 
framework. Energy and Buildings, 41(1), 125-132. doi:DOI: 10.1016/j.enbuild.2008.08.011

Nabers (2017) https://nabers.gov.au/public/WebPages/DocumentHandler.ashx?docType=3&id=1195&attId=0, Nabers for Apartments 
last accessed 07/06/2018

Nationwide House Energy Rating Scheme (NatHERs) (2010), http://www.NatHER.gov.au (last accessed June 12, 2018)

NatHERs (2014) Technical Note V1.2, Update for use with software using Chenath engine V3.13, http://www.NatHER.gov.au (last 
accessed May 23rd , 2018)

NatHERs (2017) Use of NatHERs tools for the National Construction Code Reference Building Verification Method

http://www.NatHER.gov.au (last accessed June 6th, 2018)

T.R. O’Leary, D. M. Whaley and M. Belusko

https://nabers.gov.au/public/WebPages/DocumentHandler.ashx?docType=3&id=1195&attId=0


203

O’Leary, T., Belusko, M., Whaley, D., Bruno, F., “Comparing the energy performance of Australian houses using NatHERs modelling 
against measured household energy consumption for heating and cooling”, Energy and Buildings, Volume 119, pp. 173-182, May 
2016

SuHo (2012) Sustainability House, “Identifying Cost Savings through Building Redesign for Achieving Residential Building Energy Efficiency 
Standards”, Department of Climate Change & Energy Efficiency, 2012.

SuHo (2016) Sustainability House, National Energy Efficient Building Project (NEEBP) , Phase 2 project 3 , Improving Compliance and 
Consistency in the Application of the National Construction Code Energy Performance Requirements to Class 1 and 10 additions 
and alterations

Soebarto V. (2000) A LOW-ENERGY HOUSE AND A LOW RATING: WHAT IS THE PROBLEM? Presented at ANZAScA 2000: Proceedings 
of the 34th Conference of the Australia and New Zealand Architectural Science Association, December 1-3, 2000, Adelaide, 2000.

Soebarto, V., & Bennetts, H. (2014). Thermal comfort and occupant responses during summer in a low to middle income housing 
development in South Australia. Building and Environment, 75, 19-29.

Whaley, D.M., O’Leary, T., Al-Saedi, B.: “Cost Benefit Analysis of Simulated Thermal Energy Improvements Made to Existing Older South 
Australian Houses”, Procedia Engineering, vol. 180, 272-281 (2017).

Investigating equivalence in compliance pathways to Australian housing energy efficiency



204



205

Review of Holistic Research on NetZero Energy 
Homes: Energy Simulation, Energy Monitoring, and 
Performance Improvement

Hong Xian Li
Deakin University, Geelong, Australia
hong.li@deakin.edu.au

M. Reza Hosseini
Deakin University, Geelong, Australia
reza.hosseini@deakin.edu.au

Peng Zhang
Western Sydney University, Sydney, Australia
p.zhang@westernsydney.edu.au

Mark Luther 
Deakin University, Geelong, Australia
mark.luther@deakin.edu.au

Anthony Mills
Deakin University, Geelong, Australia
anthony.mills@deakin.edu.au

Abstract: A NetZero Energy Home (NZEH) is designed, modelled, and constructed to produce as much energy as it 
consumes on an annual basis, with the required energy generated from renewable energy resources. This paper reviews 
holistic research on NZEHs from the perspectives of energy simulation, energy monitoring, actual energy performance, 
and operation/design improvement. HOT2000, developed by Natural Resources Canada, is utilised as the tool to simulate 
the energy performance of NZEHs. Using multiple NZEHs as the case projects, sensor-based monitoring systems are 
developed to evaluate the actual energy performance of NZEHs, and the results are used to analyse the discrepancy among 
different NZEHs and to compare with the simulated results. Based on comprehensive analysis and comparison, operation 
and design strategies are proposed to improve the performance of NZEHs. 

Keywords: NetZero Energy Home (NZEH); energy simulation; energy monitoring; performance improvement.

1. INTRODUCTION

The building design philosophy necessary to realize net-zero energy or carbon neutral housing has become a driving force 
toward achieving green building design strategies (Chang et al., 2011). The Canadian Home Builders’ Association (CHBA) 
defined an NZEH as a home “that is designed, modelled and constructed to produce as much energy as it consumes on 
an annual basis” (CHBA, 2015). Systematic and holistic research has been conducted by Li et al. (2016, 2017, and 2018), 
utilizing NZEH projects in Calgary and Edmonton, Alberta, Canada, developed by Landmark Group of Companies, as the 
case examples. In these NZEH projects, grid-connected solar PV systems are used as the only energy generation means 
to meet the energy requirement of NZEHs. During the design stage of NZEHs, energy simulation is utilized as an approach 
to quantitatively evaluate the energy performance of design options. Hong et al. (2000) described building simulation as a 
technique “available to architects, engineers and building managers concerned with energy conservation”, and conducted a 
comprehensive overview of building simulation. There are several energy simulation engines available, including EnergyPlus, 
ESP-r, TRNSYS, and HOT2000. HOT2000, developed by Natural Resources Canada (2016) and used as an official energy 
simulation tool in Canada, is utilized to conduct building performance simulation in the present research. Specifically, the 
Batch Version of HOT2000 is chosen as the simulation engine to achieve energy simulation automation. Additionally, 
RETScreen, also developed by Natural Resources Canada (2014), is used to simulate the energy performance of solar PV 
systems. 

The examination of actual energy performance is another domain of research on NZEHs, as the actual energy performance 
of an NZEH may vary from the design objective. Deng et al. (2014) conducted a comprehensive review on evaluating the 
energy performance of a zero-energy building and summarized the evaluation process as follows: simulate the energy 
performance during the design stage; after construction, monitor the energy performance using sensor instrumentation; 
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and validate the simulation results with the monitored data. Deng et al. (2014) also summarized the representative evaluation 
indicators, including energy consumption, system efficiency, and life cycle assessment, among others. In the present 
research, in order to assess the actual energy performance, sensor-based monitoring systems are developed and utilised 
to monitor the detailed energy performance of NZEHs, and the monitored results are used for comprehensive analysis 
and comparison with simulation. Furthermore, the actual energy performance of a given NZEH may differ from others; 
therefore, collective perspectives are necessary for NZEH studies. Also, the actual energy performance of multiple NZEHs 
is monitored and compared, and the energy performance discrepancy is identified among multiple NZEHs. Comprehensive 
information is extracted through the analysis and comparison of the simulated and monitored results, based on which 
operation and design suggestions are proposed to improve the performance of NZEHs. This research contributes to the 
body of knowledge of NZEHs.

2. ENERGY SIMULATION

In the present study, among multiple NZEHs, a single-family house located in Edmonton (latitude 53°34′ N, longitude 
113°31′ W), Canada, is first monitored using sensors. The average maximum, mean, and minimum temperatures in 
Edmonton over a 25-year period (1990–2014) are 34.1°C, 4.3°C, and −32.1°C, respectively, and thus space heating 
encompasses one of the primary challenges for NZEH design due to the cold weather. The building is east-oriented with 
a 12.94 kW grid-connected solar PV system installed on a south-facing roof. The summative characteristics of the NZEH 
design are as follows: (1) high-performance insulation is applied to the building envelope, including main (exterior) wall, roof, 
exposed floor, basement wall, and basement floor; (2) triple-glazed windows with different R-values are used for different 
orientations (i.e., lower values for south-facing windows and higher values for other orientations), and sun-stop film is 
applied on the west-facing windows to mitigate the solar radiation in summer; (3) heat pump technology is utilized for space 
heating and hot water heating; (4) heat recovery technology is used for ventilation and drain water; and (5) electricity is the 
only energy source in this NZEH, and the solar PV system is employed as the energy generation means. 

In order to examine the energy performance of different design scenarios, energy simulation is conducted for this NZEH 
following two steps. (1) By incorporating current building codes and industry partner practice, representative design scenarios 
are considered for main wall, roof, basement wall, exposed floor, basement slab, hot water tank, space heating furnace, 
and ventilator, resulting in a total combination of 16,200 design scenarios for this NZEH. (2) In order to achieve effective 
energy simulation, an automated simulation program is developed using the Batch Version of HOT2000, the flowchart of 
which is demonstrated in Figure 1. The automated simulation program results in 16,200 scenarios with regard to the energy 
performance of the NZEH design, and a representative result plotted according to the furnace type is illustrated in Figure 2.

Figure 1: Batch energy simulation using automated program. (source: Li et al., 2017) 
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Figure 2: Results of batch energy simulation. (source: Li et al., 2017) 

On the other hand, energy generation is simulated using RetScreen for this NZEH. There are 42 units of 308 W 
monocrystalline silicon (mono-Si) PV panels mounted on the south-facing roof, with a slope of 33° and azimuth of 0°, and 
connected with the grid. The energy generation system contributes the total power of 12.936 W that is used to offset the 
energy consumption of the NZEH. The energy generation of the PV system primarily depends on the weather conditions, 
with solar radiation as the determining factor. RetScreen predicts an annual energy generation of 17.466 kWh for this 
system, with the monthly distribution displayed in Figure 3, from which seasonal fluctuations can be observed (i.e., more 
energy generated in summer than winter). 

Figure 3: Sensor instrumentation of energy monitoring. 

3. ENERGY MONITORING 

In order to examine the actual energy performance of the NZEH design, a sensor-based monitoring system is developed and 
utilised to collect the detailed energy consumption data, while solar PV generation data is obtained from a third-party device, 
Solar-Log. Electricity is the only energy source deployed in this NZEH, and current transformer (CT) sensors are installed in 
the electrical panel to measure the electricity consumption of each channel. The collected data is stored locally on a single-
board computer, and then transmitted to a database server via a secure Internet connection. The schematic diagrams of 
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sensor instrumentation and data transmission are illustrated in Figure 4. Valid data has been successfully collected from the 
monitoring system since September, 2014. The annual energy performance and the monthly consumption and generation 
are displayed in Table 1 for this NZEH.

From Table 1, it can be observed that: (1) during the analysed period, the monitored NZEH consumed 16,381.24 kWh 
of electricity, while the solar PV system generated 15,711.86 kWh of electricity, which results in an energy deficit of 669.38 
kWh (4.1% of the total consumption); and (2) energy deficits in the winter season (Oct., 2014 – Feb., 2015) and energy 
surplus in the other seasons can be observed from the monthly energy balance presented in Table 3. 

Figure 4: Sensor instrumentation of energy monitoring. (source: Li et al., 2016) 

Table 1: Annual monitored energy performance. (source: Li et al., 2016)

Month Energy Consumption (kWh) Energy Generation (kWh) Energy Balance (kWh)

Sep-2014 968.05 1,386.47 418.42

Oct-2014 1,247.05 1,160.41 −86.64

Nov-2014 2,177.68 273.22 −1,904.46

Dec-2014 1,995.74 294.11 −1,701.63

Jan-2015 2,095.12 413.16 −1,681.96

Feb-2015 1,914.73 520.33 −1,394.40

Mar-2015 1,421.37 1,649.37 228.00

Apr-2015 1,128.65 1,795.31 666.66

May-2015 926.22 2,291.94 1,365.72

Jun-2015 747.93 1,981.05 1,233.12

Jul-2015 964.88 2,150.60 1,185.72

Aug-2015 793.84 1,795.90 1,002.06

Total 16,381.24 15,711.86 −669.38

4. COMPARISON BETWEEN ENERGY SIMULATION AND MONITORING

The actual energy performance of an NZEH may vary from the design objective, and thus it is necessary to verify the 
simulation results using the monitored data. In this research, the monitored annual energy performance is compared with 
that of simulated by category of space heating/cooling, domestic hot water heating (DHW), heat recovery ventilator (HRV), 
base load, and energy generation. The comparison is demonstrated in Table 2, from which it can be observed that: (1) 

H.X. Li, M.R. Hosseini, P. Zhang, M. Luther and A. Mills



209

this NZEH consumes 14.4% less than estimated; (2) the solar PV system generates 10.0% less than estimated; (3) space 
heating/cooling and HRV use more energy than estimated (27%); and (4) base loads and DHW consume less energy than 
predicted (−50.7% and −14.0% respectively). 

Table 2: Annual monitored energy performance.

Comparison
Energy Consumption

Energy 
Generation

HRV DHW
Space Heating/ 

Cooling
Base Loads

Individual

Measured (kWh) 644 2,120 9,300 4,317 15,712

Estimated (kWh) 599 2,465 7,322 8,760 17,466

(Measured-Estimated)/Estimated 7.5% −14.0% 27.0% −50.7% −10.0%

Overall
(Measured-Estimated) (kWh) −2765.0 −6,314.9

(Measured-Estimated)/Estimated −14.4% −10.0%

5. ENERGY PERFORMANCE DISCREPANCY OF MULTIPLE NZEHS

5.1 Overall energy performance discrepancy

The actual energy performance of a given NZEH may differ from others, and thus it is essential to study the discrepancy 
among multiple NZEHs. A total of six NZEHs in Edmonton and Calgary, Alberta, Canada, are monitored using sensors, 
including three single-family homes as well as one middle unit and two end units of a town-home. Only four of the six 
monitored NZEHs yield complete annual data; two result in incomplete data due to issues with third-party generation 
monitoring systems. Distinctive designs are applied to these single-family homes and town-homes, primarily for space 
heating: (1) electrical baseboard heaters are used for space heating in the town-homes; (2) air source heat pump furnaces 
are selected as the main equipment for space heating and cooling in the single-family homes; (3) air source heat pump 
hot water tanks are installed in both single-family homes and town-homes; (4) two different types (brands) of HRVs are 
used in these NZEHs in Edmonton and Calgary respectively; (5) roof-top solar PV systems with different energy generation 
capacity are installed in the monitored NZEHs; (6) high-performance insulation with different R-values is applied to the 
building envelope, including main (exterior) wall, roof, exposed floor, basement wall, and basement floor; and (7) triple-
glazed windows with different R-values are used for all the monitored NZEHs. 

The actual energy performance of the four NZEHs is listed in Table 3, from which it can be observed that: (1) two of the 
four NZEHs confront energy deficit, and the others have energy surplus; (2) the middle unit (Edmonton 3) of the town-homes 
generates slightly less electricity than each of the two end units; (3) the average energy balance, excluding the middle unit 
(which underwent a period of non-occupancy while listed for sale) reaches −1.4%, which is near the net-zero target; and (4) 
a single-family house (Edmonton 4, which is analysed in Section 3 above) consumes the most energy of all the town-home 
units, the cause of which may include the difference in house type, floor area, and occupant behaviour. 

Table 3: Annual monitored energy performance. (source: Li et al, 2018)

NZEH Case Energy 
Consumption`(kWh)

Energy 
Generation (kWh)

Energy Balance 
(Generation − 

Consumption) (kWh)

Energy Balance/
Consumption (%)

Edmonton 1 12,017 12,653 636 5.3%

Edmonton 2 13,288 12,564 −724 −5.4%

Edmonton 3* 8,325 11,388 3,063 36.8%

Edmonton 4 16,381 15,712 −669 −4.1%

Average 12,498  13,044 547 7.8%

*Including a period of non-occupancy (listed for sale)

The overall energy consumption is also broken down into space heating/cooling, ventilation, DHW heating, base loads, 
and others for the four monitored NZEHs, as displayed in Figure 5a to Figure 5d, from which it can be observed that: (1) 
space heating/cooling consumes approximately 50% of the total energy usage of the NZEHs; (2) DHW uses approximately 
10% of the total energy consumption, near to that of major appliances, including dryer, washer, range, dishwasher, and 
fridge; and (3) HRV consumes a small portion (4% to 5%) of the total consumption in the monitored NZEHs. 
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Figure 5a: Edmonton 1_Town-home (HRV not monitored 
separately). (source: Li et al., 2018)

Figure 5b: Edmonton 2_Town-home.  
(source: Li et al., 2018)

Figure 5c: Edmonton 3_Town-home.  
(source: Li et al., 2018)

Figure 5d: Edmonton 4_Single-family House.  
(source: Li et al., 2018)

5.2 Base load discrepancy

Base load, including the electricity usage for major appliances, lighting, electrical outlets, exterior usage, and garage, is an 
essential portion of the energy consumption for NZEHs. Among the six monitored NZEHs, three provide valid categorical 
data of base loads, and the other three cannot provide categorical information for base loads due to issues with the third-
party generation systems or with the sensor instrument design. The average and monthly base loads of the three NZEHs 
are displayed in Figure 6, from which it can be observed that: (1) the base load discrepancy can be observed for three 
NZEHs; (2) no seasonal fluctuation is observed for the base load; (3) the average base load of each house is less than 19.5 
kWh, which is predicted in the new version of HOT2000 (Natural Resources Canada, 2016); and (4) the overall average 
base load of the three monitored NZEHs is 12.33 kWh/day, accounting for approximately 63% of the 19.5 kWh predicted 
in HOT2000.
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Figure 6: Average base loads. 

5.3 Major appliance discrepancy

As part of the energy usage of base loads, major appliances consume a considerable amount of electricity. In this research, all 
five major appliances, including fridge, range, dishwasher, washer, and dryer, are instrumented with sensors in the following 
NZEHs: Edmonton 1, Edmonton 3, Edmonton 4, and Calgary 1. The average daily energy consumption of each appliance 
is displayed for the four NZEHs in Figure 7, from which it can be observed that: (1) as a continuous operating appliance, 
fridge uses the most electricity among the major appliances; (2) among the non-continuously operating appliances, dryer 
uses the greatest amount of electricity, equivalent to range; (3) washer consumes the least electricity; and (4) the energy 
consumption variation of each appliance can be observed for the analysed NZEHs. 

Figure 7: Major appliances. (source: Li et al., 2018)

6. DISCUSSION AND CONCLUSION

This paper reviews holistic research on NZEHs, from the perspectives of energy simulation, energy monitoring, performance 
discrepancy among multiple NZEHs, and the difference between the simulated and monitored results. The monitored results 
reveal that space heating is a dominant energy consumer in cold regions such as Edmonton, accounting for approximately 
50% of the total energy usage, although advanced heat pump technology is used for most of the NZEHs. In order to further 
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reduce the energy consumption of space heating, this research suggests: (1) scheduling the thermostat based on the 
occupant routine (e.g., set a lower indoor temperature in winter during non-occupancy periods), by which to reduce the 
indoor and outdoor temperature difference and the energy usage for space heating; and (2) adjusting the HRV operating 
mode according to the occupant routine and the number of occupants, by which to reduce the heat loss due to ventilation. 
For common HRVs, there are usually three operating modes, including 20 minutes of operation per hour, 40 minutes of 
operation per hour, and continuous operation, and a lower operating mode is recommended to be set for the daily non-
occupancy periods. 

Base loads are monitored and compared with that of simulated in HOT2000, and it is found that all the measured base 
loads are less than the energy sizing conducted in HOT2000, which has been changed from 24 kWh/day to 19.5 kWh/day 
in the new version (version 11) (Natural Resources Canada, 2016). The overall average base load of the three monitored 
NZEHs is 12.33 kWh/day, and this research suggests that further studies are required to minimise the difference between 
the monitored and predicted base loads in HOT2000. As one of the major appliances, dryer is found to consume the most 
electricity among the non-continuously operating appliances; the occupants may be advised to consider drying clothes 
naturally on a drying rack in such dry regions as Edmonton. Considering that the solar PV systems generate electricity 
during daytime, pre-scheduling such appliances as washer, dryer, and range to operate during this time is recommended 
to avoid the electricity transmission loss and the price difference between using electricity from the grid and supplying extra 
electricity to the grid. Based on the comparison among the monitored NZEHs, energy performance discrepancy is identified 
for base loads and major appliances, which is related to occupants’ behaviour. Further studies are recommended to identify 
the relationship between the energy performance discrepancy and occupants’ behaviour in future research.

Passive design is also found to be insufficient for the studied NZEHs. For example, the first monitored NZEH has a 12 
m-long south-facing wall; however, only a 1.2 m × 1.0 m window is installed on this wall. On the other hand, there are four 
large west-facing windows installed on a small wall of the same NZEH, which increases the cooling load in summer. In order 
to improve passive solar gain and passive lighting, more and larger south-facing windows are recommended, and fewer and 
smaller west-facing windows are recommended for this house model. This research also found that although triple-glazed 
windows are used for NZEHs, the R-value of windows is still low, between R4 and R5. On the other hand, high R-value 
(approximately R40) walls are usually used for NZEHs. To reduce the R-value difference between windows and walls, two-
layer triple/double glazed window systems are recommended for NZEHs, and more technical issues in this regard will be 
addressed in future research. 
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Abstract: This study investigated impact of building envelope design on energy consumption of Auckland public libraries 
under local climatic conditions.  Energy consumption data and library building envelope design data of the 30 libraries (55% 
of local library buildings) are used for this study.   The study investigated and identified relationships between daily mean 
energy consumptions per unit volume of library building indoor space (kWh/m3/day) and library building design data such 
as ratio of building surface to volume.  Building design data related to building envelopes were calculated according to 
building plans of the sample public library buildings.  This study converted monthly energy consumption data into annual, 
winter, heating-months and summer daily mean energy consumptions per unit volume of library building indoor space 
(kWh/m3/day).  This study focuses on impact strength of building envelope design on library annual, winter, heating-
months and summer mean energy consumptions and identifies quantitative relationships between the building design data 
and the energy consumption data, which can be used to proximately estimate the amount of saving energy consumption 
associated with the change of a design datum for the future library building development.  This study also identified some 
design issues related to energy efficiency of local library building design.

Keywords: Building energy, building envelope, building thermal design, library building design.

1. INTRODUCTION

Auckland has a temperate climate with comfortable warm, dry summers and mild, wet winters.  For public building in 
Auckland, the heating months are from May to September.  There are about 55 public libraries in Auckland.  30 Auckland 
libraries are randomly selected for this study.  Table 1 shows general information of the 30 sample libraries.  Original a 
whole year monthly energy consumption data and library building plans of the 30 libraries are recorded and provided by the 
Auckland Council.  This study uses the mean daily energy usage per unit volume of library building indoor space (kWh/m3/
day) as the basic energy consumption unit, which is more closely related to building thermal performance under the local 
climatic conditions.  Although different building design factors related to the main architectural feature, building elements 
and materials can affect the Library building energy consumption differently and simultaneously, the relationship between 
building design data and library energy consumption data can still be identified (e.g. increase of winter energy is associated 
with increase of ratio of building surface to volume).  With 55% of Auckland public library building design data and energy 
data, this study identified impact strength of different building elements such as roof, wall, window etc. on local library 
annual, winter, heating-months and summer mean energy consumptions.

Table 1: General Information of the 30 sample libraries.

General information Mean Range

Total floor area 1543  m2 395 – 12953 m2

Building height 1 store 1 – 4 store

Total annual energy 267942 kWh 38126 – 3295108 kWh

Total winter energy 77964 kWh 10717 – 930163 kWh

Total summer energy 59807 kWh 9180 – 757949 kWh

Total heating-months energy 125334 kWh 17026 – 1522650 kWh

2. METHODOLOGY

There are a number of previous studies related to impacts of different building design factors on energy efficiency.  These 
design factors are mainly related to building orientation, geometry and envelope. Most of those studies are based on 
computer simulations.  Some studies focus on building orientation, which impacts on solar radiation received (Gupta and 
Ralegaonkar, 2004; Morrissey et al. 2011) and shading (Capeluto 2003). Other studies focus on impacts of building shape 
(Marks, 1997; Mingfang, 2002; Aksoy and Inalli, 2006; Adamski 2007) with different orientations (Marks, 1997; Florides et 
al. 2002; Aksoy, 2006; Adamski 2007) on energy consumptions under different climates (Depecter et al. 2001).  All heat 

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.213–221. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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exchanges between indoor space and outdoor space are through the building envelope, which has the greatest impact 
on building energy consumption (Manioglu and Yilmaz, 2006; Radhi, 2008).  Some studies used real building energy 
consumption data and building design data to investigate relationships between them and impact of building design factors 
on energy consumption under local climatic conditions (Su, 2011).  This study explored impact of library building envelope 
design on energy consumption, which is based on real energy consumption data and building design data of Auckland 
public libraries.  This study converted monthly energy consumption data into annual, winter, heating-months and summer 
daily mean energy consumptions per unit volume of library building indoor space (kWh/m3/day).  The all design data related 
to library building envelop are based on the building plans of the 30 sample library buildings.  The study takes account of 
the following design data related to building envelope: 

• ratio of building surface to volume 

• ratio of roof surface area to building volume 

• ratio of wall surface area to building volume 

• ratio of window surface area to building volume 

• ratio of window to wall area 

3. ENERGY CONSUMPTION

Table 2 shows annual, winter (June to August), heating-months (May to September) and summer (December, January, 
February) daily mean energy consumptions per unit volume of library building indoor space (kWh/m3/day).  The mean 
winter energy consumption is 28.9% of annual energy consumption in the range between 25.7% and 39.2%.  Winter 
energy consumptions of all sample libraries are more than 25% of annual energy consumptions during the 25% time of a 
year (Figure 1).    The mean summer energy consumption is 23.6% of annual energy consumption in the range between 
16.5% and 25.7%.  Summer energy consumptions of 27 libraries (27 out of 30 libraries) are less than 25% of annual 
energy consumptions during 25% time of a year (Figure 1). The mean heating-months energy consumption is 47.2% of 
annual energy consumption in the range between 42.2% and 68.7%.  Heating-months energy consumptions of all sample 
libraries are more than 42% of annual energy consumptions during 41.7% of a year (Figure 1).  Generally, the sample 
libraries generally use more energy during the winter and heating-months than summer and other months.  Auckland has 
a temperate climate with comfortable warm, dry summers and mild, wet winters.  The thermal design of Auckland library 
buildings should focus on winter thermal performance and winter indoor thermal comfort for energy efficiency.

Table 2: Energy consumption (kWh/m3/day) of the sample libraries

General information Mean Range

Annual mean energy 0.0946 0.0429 – 0.2064

Winter mean energy 0.1079 0.0505 – 0.2230

Summer mean energy 0.0866 0.0333 – 0.1945

Heating-months mean energy 0.1030 0.0472 – 0.2175

Ratio of Winter to Annual 28.9% 25.7% – 39.2% 

Ratio of Summer to Annual 23.6% 16.5% – 25.7%

Ratio of Heating-months to Annual energy 47.2% 42.2% – 68.7%

B. Su
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Figure 1: Ratios of winter, summer and heating-months to annual energy consumption

4. IMPACT OF BUILDING ENVELOPE DESIGN ON ENERGY CONSUMPTION

4.1 Ratio of building surface to volume

The mean ratio of building surface to volume of the 30 sample library buildings is 0.36 in the range between 0.08 and 
0.56.  A library building with a high ratio of building surface to volume has a large external surface area per unit of indoor 
space from which to lose heat to the outdoors, and uses more energy for space heating and other appliances which can 
be affected by indoor thermal conditions during the winter months.  An increase in the ratios of building surface to volume 
of the sample library is associated with an upward trend in annual, winter, heating-months and summer daily mean energy 
usage per unit volume of library building indoor space (Figure 2 - 5).  For the energy data and building design data of the 30 
sample libraries, the gradient of trend lines of winter energy (0.0995) and heating-months energy (0.1099) are higher than 
annual (0.0993) and summer (0.0829).  Changing or reducing ratio of building surface to volume can impact winter energy 
and heating-months energy more than summer energy as winter energy and heating-months energy are bigger portions of 
annual energy than summer energy.  

Decreasing the mean ratio of building surface to volume in future Auckland library developments can reduce the mean 
energy consumption.  For example, based on the 30 sample library buildings (55% of local library buildings), the gradient of 
the trend line of winter energy consumption related to ratios of building surface to volume is 0.0995 and the mean winter 
energy consumption is 0.1079 kWh/m3/day.  Based on the sample library building design and energy data, if the mean ratio 
of building surface to volume of future Auckland library buildings is reduced from 0.36 to 0.26, future development with a 
mean ratio of 0.26 could potentially be reduced by 0.00995 kWh/m3/day (0.0995 × (0.36 - 0.26) = 0.00995) of the mean 
winter energy consumption and save 10% (0.00995 ÷ 0.0995 = 10%) of mean winter energy consumption.  The mean ratio 
of building surface to volume, the mean energy consumption and the gradient of the trend line of daily mean real energy 
usages associated with variation of the ratios of building surface to volume of the current Auckland public library buildings 
can be used as baseline to estimate energy consumption of future library development.

Most of Auckland public libraries are small and low-rise isolated buildings (Figure 6).  The mean floor area of the 30 
sample library buildings is 1543 m2 in the range between 395 m2 and 12952 m2 and the mean annual energy of 30 sample 
library buildings is 0.0946 kWh/m3day in the range between 0.0429 kWh/m3day and 0.2064 kWh/m3day.  Floor area of the 
18 sample libraries are less than 1000 m2.  The mean ratio of building surface to volume of those 18 small libraries is 0.41 
and their mean annual, winter, heating-months and summer energy are 0.1020 kWh/m3/day, 0.1154 kWh/m3/day, 0.1105 
kWh/m3/day and 0.0946 kWh/m3/day.  Floor area of other 12 sample libraries are more than 1000 m2. The mean ratio of 
building surface to volume of the 12 libraries is 0.27 and their mean annual, winter, heating-months and summer energy are 
0.0836 kWh/m3/day, 0.0966 kWh/m3/day, 0.0917 kWh/m3/day and 0.0747 kWh/m3/day.  Small library buildings with larger 
ratio of building surface to volume use more annual, winter, heating-months energy and summer energy.

Impact of building envelope design on Auckland public library energy consumption
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Figure 2: Annual energy (kWh/m3/day) and ratio of building surface to volume

Figure 3: Winter energy (kWh/m3/day) and ratio of building surface to volume

Figure 4: Heating-months energy (kWh/m3/day) and ratio of building surface to volume
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Figure 5: Summer energy (kWh/m3/day) and ratio of building surface to volume

Figure 6: Energy consumptions (kWh/m3/day) and building floor area (m2)

4.2 Building envelope elements: roof, wall and window

For the 30 sample libraries, 18 libraries are 1 story buildings, 11 libraries are 2 store buildings and 1 library is 4 store building.  
Most of Auckland libraries are small and low-rise isolated buildings.  A low rise building such as a house with 1 to 2 stories 
loses more heat through roof than wall during the winter.  Auckland houses with 1 to 2 stories loses about 40% of its heat 
through ceiling and roof and about 20% of its heat through wall during the winter.  The ratios of roof area to building volume 
of the sample library buildings are 0.03 to 0.37 with a mean ratio of 0.22 and the ratios of wall area to building volume are 
0.05 to 0.22 with a mean ratio of 0.14.  An increase in the ratios of roof area to building volume and the ratios of wall area to 
building volume is associated with an upward trend in annual and heating-months daily mean energy usage per unit volume 
of library building indoor space (Figure 7 – 8; Figure 10 – 11).  The gradients of the trend line of roof (0.1148 for annual, 
0.1248 for heating-months) are higher than wall (0.0327 for annual, 0.0549 for heating-months).  For Auckland small and 
low rise isolated library buildings, decreasing the ratio of roof area to building volume can cause a more positive impact on 
annual and heating-months energy consumption than decreasing the ratio of wall area to building volume.  Most windows 
of the sample library buildings are single glazed windows.  Only 6 libraries have double glazing window.  An increase in the 
ratios of window area to building volume of the sample library buildings is associated with an upward trend in annual and 
heating-months daily mean energy usage per unit volume of library building indoor space (Figure 9, Figure 12). The gradients 
of the trend line of window (0.1747 for annual, 0.1526 for heating-months) are higher than roof (0.1148 for annual, 0.1248 
for heating-months) and wall (0.0327 for annual, 0.0549 for heating-months).  Windows are commonly weak elements of 
building thermal performance.  The thermal resistance (R-value) of a single glazed window (0.15 m2 °C/W for aluminum 
window frame and 0.19 m2 °C/W for wooden or PVC window frame) is very low compared with walls (1.9-2.0 m2 °C/W) and 
roofs (2.9-3.3 m2 °C/W) insulated in accordance with the standard (SNZ, 2009).  For Auckland small and low rise isolated 
library buildings, decreasing the ratio of window area to building volume can cause a more positive impact on annual and 
heating-months energy consumption than decreasing the ratio of roof area to building volume and the ratio of wall area to 
building volume.

Impact of building envelope design on Auckland public library energy consumption
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Increasing the ratio of window to wall or floor for improving day lighting is in contradiction with decreasing the ratio of 
window to wall or floor for reducing heat loss and space heating energy.  The ratios of window to wall of the sample library 
buildings are in a wide range of 5% to 68% with a mean ratio of 34%.  The mean ratio of window to wall of the sample 
library buildings is over 30%.  Ratios of window to wall of 10 sample library buildings (33% of the 30 sample libraries) and 
7 sample library buildings (23% of the 30 sample libraries) are more 40% and 50%.  Natural day lighting should always be 
the main source of lighting in the local library, supplemented by electric light when the daylight fades.  The window design 
for library buildings should not only meet the minimum requirement of day lighting but also avoid the big ratio of window to 
wall or floor area which can create major heat loss during the winter, excessive solar heat gain during the summer, direct 
sunlight and glare, which is not good for library building energy efficiency.

Figure 7: Annual energy (kWh/m3/day) and ratio of roof area to building volume

Figure 8: Annual energy (kWh/m3/day) and ratio of wall area to building volume
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Figure 9: Annual energy (kWh/m3/day) and ratio of window area to building volume

Figure 10: Heating-months energy (kWh/m3/day) and ratio of roof area to building volume

Figure 11: Heating-months energy (kWh/m3/day) and ratio of wall area to building volume

Impact of building envelope design on Auckland public library energy consumption
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Figure 12: Heating-months energy (kWh/m3/day) and ratio of window area to building volume

5. CONCLUSIONS

Based on energy data of the 30 sample libraries, the mean winter energy consumption of Auckland public libraries is 28.9% 
of annual energy consumptions during the 25% time of a year, the mean heating-months energy consumption of Auckland 
public libraries is 47.2% of annual energy consumptions during the 41.7% time of a year and the mean summer energy 
consumption of Auckland public libraries is about 23.6% of annual energy consumptions during the 25% time of a year.  
Auckland public libraries use more energy during the winter and heating-months than other seasons.  According to current 
library energy consumption data, Auckland library thermal design should more focus on winter thermal performance and 
reducing heating-months energy for building energy efficiency.  

As Auckland has low population density and small communities, most of public libraries are small and low rise isolated 
buildings.  Based on the energy data and design data of the 30 sample library buildings, small library buildings use much 
more annual, winter, heating-months and summer daily mean energy per unit volume of building indoor space than the large 
libraries as the smaller library buildings have higher ratios of building surface to volume.  Current Auckland public library 
buildings with a high ratio of building surface to volume are not energy efficiency under the local climate.  For improving the 
energy efficiency of new library developments, designers should change the current library design convention from small 
and low rise isolated building to multi-stories building or integrated development.  

According to envelope design data and energy data for the 30 sample library buildings, the window area is the weakest 
portion of the envelope, having the lowest R-value, and more negative impact on winter, heating-months and summer 
energy consumption than roof and wall.  For the future Auckland library building envelope design, the first thing to do for 
building energy efficiency is to reduce ratio of window to building volume; and secondly, the roof area, which has more 
negative impact on winter energy than the wall area.  The ratios of window to wall of the sample library buildings are in 
a wide range of 5% to 68% with a mean ratio of 34%.  The small ratios cannot meet the minimum requirement of day 
lighting and the big ratios can create major heat loss during the winter.  The New Zealand building code should give some 
acceptable solutions for library window design related to ratio of window to wall or floor, which can balance the minimum 
requirement of day lighting and prevention of excessive heat loss.

Based on real energy consumption data and building envelope design data of the current Auckland library buildings, the 
quantitative relationship between building envelope design data and daily mean energy consumption data can be identified.  
The gradient of the trend line of decreasing daily mean energy associated with the variation of building envelope design 
datum such as the ratio of building surface to volume or the ratio of window area to building volume of the current Auckland 
library buildings can be used as baseline to estimate energy consumption of future library development.
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Abstract: The NABERS (National Australian Built Environment Rating System) program is well known for its work in 
the commercial sector.  Apartment buildings represent a significant opportunity for energy and water efficiency and in 
many ways resemble the commercial sector in terms of the presence of “base building” services that are provided to 
occupants and metered separately from the balance of energy use within the individual apartments.  However, the range of 
services provided varies widely, creating unique challenges in the creation of benchmarks for this sector. In this paper, the 
characteristics of the apartment sector are reviewed based on a data set of over 250 buildings in New South Wales, Victoria, 
Queensland and Western Australia.  Factors demonstrated to have significant impact include the number of apartments, 
the degree to which air-conditioning is provided centrally, the presence and servicing of the car park, the presence and 
servicing of a swimming pool, and the presence of lifts and gyms. The application of NABERS style benchmarks for energy 
and water to this sector is presented.  The sample distribution of ratings is shown to be a good match to expectation.  The 
paper concludes with a review of the next stages in rating application and development.

Keywords: NABERS; Apartments; Energy; Water; Rating.

1. INTRODUCTION

In 2016 over 2.3 million Australians lived in apartments, a number which has risen by 78% in 25 years (ABS, 2016) and 
yet remarkably little is known about their efficiency.  Apartment buildings are challenging from an efficiency perspective for 
many reasons:  

• The sector is immensely diverse, ranging from small buildings of only a few apartments through to large complexes 
consisting of hundreds of apartments in multiple towers, often integrated with other building types.

• In design and construction, apartment buildings rather awkwardly straddle both Volume 1 and Volume 2 of the 
National Construction Code.

• For both energy and water, the scope of services that are managed and paid for centrally vary dramatically, 
ranging from little more than a light bulb in the corridor through to full air-conditioning services being provided to 
all apartments, mechanically ventilated car parks, heated pools, gyms, and other facilities.  Furthermore, metering 
arrangements can vary, with some buildings using a single meter to measure all water use in the building, while 
others measure common area water use and apartment water use separately.  

• In operation, most are governed by strata management schemes, which are notorious for having limited skills and 
appetite to manage the technical systems that exist in larger buildings. In large complexes, there are often tiered 
arrangements of strata management and community associations managing a diverse range of building types and 
shared facilities.  

This paper provides an overview of development of the recently released NABERS Energy and Water ratings for Apartment 
Buildings.  In common with other NABERS ratings, NABERS for Apartment Buildings is an operational rating, in that it rates 
how the building (or buildings) actually performs as opposed to the design intent. The rating addresses the energy and water 
paid for by the strata management, typically covering common services provided centrally to all apartments, but excluding 
the energy and water use within the apartments unless this is not measured on an individual apartment basis.

There are few precedents for operational building ratings internationally, with the US Energy Star Portfolio Manager 
ratings being the most obvious comparison.   For apartments, Energy Star does have a comparable rating, being Energy 
Star for multifamily buildings, which is designed for buildings with over 20 residences (Energy Star, 2016).  However, this 
is a whole building rating rather than the base building rating presented here for Australia.  A closer parallel is work being 
undertaken by the author for apartment buildings in Dubai, which includes both a base building and a whole building rating1.  

1  This work is ongoing at the time of writing, but the base building rating is expected to be somewhat simpler than that presented 
here owing to the lesser diversity of construction date, size and climate in Dubai relative to Australia.

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.223–230. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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Work for this project was undertaken by Energy Action, working with Green Strata, on behalf of the NABERS team.  All 
three parties had significant contributions to the project outcomes.  

2. METHODOLOGY

In common with other NABERS ratings, the ratings are derived from empirical benchmarks of measured energy and water 
use.  A three phase process was used to develop the rating:

1. Data collection.  Green Strata and NABERS worked with a wide range of stakeholders to gather data from many 
strata managers, using a comprehensive questionnaire.

2. Rating development.  Energy Action undertook statistical analysis of the data to determine which potential causal 
factors showed the strongest influence on the data set, and from this analysis derived benchmarks; the rating was 
derived from these benchmarks and tested to ensure that it provides fair and balanced results throughout the 
sector.  In parallel with this, rules were developed that set consistent evaluation criteria for each rating input.

3. Test ratings.  Ten sites were subject to test ratings in order to test the ratings methodology

This paper primarily describes the rating development process. 

3. A NOTE ON TERMINOLOGY

Technically speaking, the data reported on in this paper is for the strata management of apartment complexes.  Such 
complexes may consist of one or more buildings; as it is the energy and water use of these buildings that is being rated, the 
terms building, complex and site are used as more natural points of reference in this paper.  However in all cases it should 
be understood that the underlying object being assessed is defined in terms of a single strata management agreement 
covering one or more buildings that contain apartments.

4. DATA COLLECTION

Data was collected over a six month period by the NABERS team and Green Strata in the latter half of 2017 and early 2018.  
The data collected included a wide range of questions in order to better understand the energy and water uses covered by 
the associated utility information.

5. DATA SAMPLE DEMOGRAPHICS

5.1 Sample size

The total data set was 250 points for energy and 156 points for water.  Each data point consisted of energy/water 
consumption information corresponding to an apartment complex plus a wide range of contextual data for the scale of the 
complex (number of apartments, number of bedrooms, number of car parks) and the services provided to the apartments 
by the strata management (e.g. air-conditioning, lifts, car park type, recreational facilities).  In practice not all data points 
could be used in the assessment, but the methodologies used ensured that the maximum amount of data was included.  
The primary reason for data not being used was that it was missing key information relating to service coverage.

5.2 Location

The data covered 4 states for energy (NSW, VIC, QLD, WA) and 3 for water2 (NSW, VIC, WA).  Other than Queensland data, 
the information came almost solely from the state capitals. Queensland data comes predominantly from the Gold Coast 
and the Sunshine coast, with a small number of points from Brisbane, Townsville and Cairns. Data was sourced from strata 
management organizations on a voluntary basis.

5.3 Number of apartments

The data sets contained a range of apartment building sizes from 3 apartments to over 650 apartments.  The distribution 
of the energy and water data sets was comparable, with the median number of apartments being in the region of 60-80.  

2  Water metering arrangements in Queensland make data impossible to collect in that state.
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5.4 Servicing features

The “typical” site in the energy data set tended to have lifts, a mechanically ventilated car park, a pool, no gym and no 
central air-conditioning services (Figure 1).  However there was a large amount of diversity in the data and many different 
combinations of servicing were observed.   

The typical site had a single water meter covering all apartments, no central air-conditioning or condenser water service, 
and a central domestic hot water system (Figure 2).  As with the energy data set, there were significant trends with size and 
cross correlations between services.

5.5 Cross correlations

There is a strong cross correlation between increasing services and the site size (Figure 3, Figure 4).  This strong cross 
correlation poses some challenges for benchmark development, as it makes the individual factors difficult to separate, and 
applies to both the energy and water samples.

Figure 1: Distribution of servicing features:  energy data set

Figure 2: Distribution of servicing features: water data set

NABERS – rating energy and water efficiency for apartment buildings
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Figure 3: Distribution of services in different sized buildings (arranged in approximate quartiles of the population based on the number of 
apartments in each site) for the energy sample.  “Self central DHW” refers to central DHW where the associated gas is meter.

Figure 4: Distribution of services in different sized buildings (arranged in approximate quartiles of the population based on the number of 

apartments in each site) for the water sample.  “Any Central DHW” refers to any central DHW irrespective of who pays for the gas.

6. BENCHMARKS

The benchmarks cannot be presented for commercial reasons.  However, in this section, the process used to derive the 
benchmarks is described and the outcomes presented.

6.1 Benchmarking process

The high level of diversity in the servicing nature of the data set created significant challenges in the determination of 
benchmarks.  On one hand, it is possible to look at the data as being multiple data sets describing differently serviced sub-
populations rather than a single data set. On the other hand, there is a high degree of cross correlation between different 
service features (Figure 4). As a result, individual subsets of data carry significant amounts of information that is relevant to 
other data subsets.

To meet this challenge, the analysis broke up the causal factors into primary and secondary factors, with central HVAC 
servicing and water metering configuration determining the major divisions for the energy and water ratings respectively 
(Table 1).
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Throughout the analysis, all assessments were based on energy or water use per apartment.  Apartment numbers were 
found to be the best primary normalization factor, with higher correlation and data availability than number of bedrooms; 
data on apartment floor area was not available.

Table 1: Service categorisations investigated for the energy and water ratings, identifying primary and secondary factors.

Rating Primary categories Secondary categories

Energy · No central air-conditioning

· Condenser water services to apartments

· Full central air-conditioning services to apartments

· Lifts/no lifts

· Heated pool/ unheated pool/no pool

· Mechanically ventilated car parks/ natural ventilated car 
parks/no car parks

· Gym/No gym

· Central domestic hot water/ no central domestic hot water

· Central gas metering/no central gas metering

Water · Central water metering (i.e. no water meters at 
apartments)

· Apartment water meters

· Central heat rejection service for apartment air-conditioning

· Central domestic hot water

6.2 Energy rating – primary factors

The primary factors for the energy rating relate to the centralised provision of air-conditioning to apartments.  In practice, 
this takes one of three forms:

• No central air-conditioning.  The majority of complexes are small and do not provide any central air-conditioning to 
apartments.

• Condenser water services to apartments.  Some medium to larger apartment complexes provide condenser water 
for the purpose of heat rejection (and in some case as a heat source) to water-source heat pumps located and 
metered within each apartment.

• Full air-conditioning services to apartments.  A small number of generally larger apartment complexes provide full 
air-conditioning services to apartments.  The small sub-sample size and limited geographic variation of this sample 
means that results for this subsector are preliminary only.

The final rating is formatted such that a complex multi-building site can be entered with a mix of apartments under each 
of the above categories.

Note that data on the provision of air-conditioning to common areas was gathered but not used, partly due to data 
quality concerns and partly on the principle that this is not an item that, philosophically speaking (this is consistent with, for 
instance, NABERS for Offices, which does not provide any compensation for the scale or servicing of common areas in an 
office building), should be corrected for.

6.3 Energy rating – secondary factors

The secondary factors considered within the rating assessment are:

• Lifts.  There was a statistically significant difference in energy use between apartments with lifts and those without, 
all other factors considered.

• Car parks. Naturally ventilated and mechanically ventilated car parks were found to have significantly differentiated 
energy use.

• Pools.  While smaller apartment complexes generally had no pools, larger complexes had pools that were either 
unheated or heated.  A plausible but statistically weak differentiation in energy use was identified between these 
categories.

• Gyms.  The presence of gyms was strongly cross-correlated with other related facilities such as spas, and as a 
result represents somewhat of an amalgamated recreational facility variable.  A good level of statistical significance 
was associated with the energy use of a gym facility.
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• Central hot water.  Central hot water was only present in a small number of apartment complexes and as a result 
no credible energy increment could be associated with this service.  As a result, it does not appear in the rating 
benchmark, and the rules permit exclusion of associated energy use via sub-metering to enable fair assessment of 
affected buildings.

• Central gas metering for apartments.  A moderate number of sites had central gas metering that included 
unmetered gas supplies to individual apartments, typically for cooking purposes.  Our statistical analysis was unable 
to demonstrate an adjustment for this that was either plausible or statistically significant.  As a result, it does not 
appear in the rating benchmark, and the rules permit exclusion of the associated energy use via sub-metering to 
enable fair assessment of affected buildings.

6.4 Water rating – primary factors

The primary factors for water are based on the two common water metering alternatives:

• Central water metering:  Under this configuration the water supply to the apartments and the common areas is 
covered by a single water meter with no downstream sub-metering of apartment water consumption.

• Apartment water metering:  Under this configuration the water consumption of the individual apartments is metered 
or sub-metered separately, enabling the common area water use to be assessed independently of the water use 
in the apartments.

A good level of statistical differentiation was found between these categories. The final rating is implemented in a format 
such that separate counts of apartments in each of the above categories can be used; this provides flexibility for the 
assessment of multi-building complexes.

6.5 Water ratings – secondary factors

The secondary factors for water are:

• Central air-conditioning.  If central air-conditioning services or condenser water are provided to apartments in the 
building, it is considered to have an associated water load arising from heat rejection, irrespective of whether the 
site uses evaporative heat rejection or not.  A good level of statistical differentiation was observed for this feature.

• Central hot water.  If the site has a central hot water system then the supply of this will be separate to any apartment-
level water meters.  As a result, this creates an additional water use measured at central services level.  A weak level 
of statistical differentiation as found for this service, due to the limited number of affected sites.

Pools were also tested for influence on the water use but were not found to produce a measureable difference. 

6.6 Converting from a benchmark to a rating

In common with the general approach of other NABERS ratings, the rating is derived by comparing actual site use to the 
benchmark, which represents the expected energy/water use for a site with similar services.  A site that uses the same 
energy/water as the benchmark scores 3 stars, while a site that has zero use would obtain a theoretical rating of 7 stars; 
the scale is linear based on these two reference points.

P. Bannister



229

7. RATING RESULTS

When the rating is applied to the sample data sets, the rating distribution matches expectation (Figure 5).

Figure 5: Distribution of ratings within the sample data set.

The rating distribution has been validated against the subgroups of buildings selected by primary and secondary factors 
relevant to the rating (e.g. all buildings with lifts, all buildings without lifts, all buildings with single water meters, all buildings 
with apartment water meters, etc.) with the midpoint rating being 3 in all cases; this was engineered into the construction 
of the benchmarks.  It has also been shown that the rating distribution midpoint is constrained within a range of 3- 3.5 
stars when tested against variables that were not explicitly included in the engineering of the benchmark, such as the total 
number of apartments and the state, providing a high degree of confidence that the rating scale is a fair representation of 
the sample data set.

8. USING THE RATING

The intent of the rating is simple:  prospective apartment owners can use the rating to easily understand how efficient the 
building they are interested in purchasing into is.   A rating of 3 stars is indicative of an average efficiency building; whereas 
1 and 5 stars indicate highly inefficient and efficient buildings respectively.  This information may influence purchasing 
decisions, and will also help strata management understand the efficiency issues associated with their buildings and direct 
investment appropriately.

The rating is simple to use, requiring an assessor to identify inputs for energy/water use and each of the associated 
primary/secondary factors.  Test ratings conducted thus far support that the majority of sites can be rated without 
modification to metering being required; two of ten sites show some difficulties in this area due to unmetered common area 
gas use; resolution of this issue is ongoing at the time of writing.

9. NEXT STEPS

The rating was launched on 5 June 2018, and is expected to have a rapid uptake due to significant interest from the City 
of Sydney and City of Melbourne in rating apartments within their jurisdiction. Training has already been conducted for an 
initial tranche of assessors to support this activity.

It is expected that there will be some refinement of the benchmark over the next 2-3 years.  This is particularly true for 
the full air-conditioning from central services subgroup, for which inadequate data was available in the original data sample.

NABERS Rating
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10. CONCLUSIONS

The energy and water use of the apartment sector is of critical importance to the environmental impact of the built 
environment in Australia. This paper has reported on the process and results of the development of the NABERS Energy 
and Water ratings for apartment buildings.  The complexities of the sector in terms of servicing and metering arrangements 
have been demonstrated, and it has been shown that the final ratings provide a good coverage and rational distribution 
across the sector.
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Abstract: This work was inspired by the crucial need for development of the Australian National Construction Code and 
its Regulatory Impact Statements (RIS) to be based on Australian building data. It is known that a cost-benefit analysis 
conducted via a RIS is very sensitive to variations in the window-to-wall ratio (WWR) due to higher glazing costs. Regrettably, 
there is currently no publicly available data on the WWR for Australian commercial buildings. The focus of this work is to 
characterise typical WWRs for Australian commercial buildings within the past 30 years, specifically offices, education, retail, 
aged care, hotels and hospitals. The methodology employed the use of photography of the external building envelopes 
across central and regional cities, followed by measurements of ratios for these buildings. It is the intent of the Authors to 
publish this work and for the WWR of the building types referenced be made publicly available to the wider community 
of architects, Environmentally Sustainable Design (ESD) consultants, building modellers, glazing manufacturers, insulation 
industries and policy-makers.

Keywords: Window-to-wall ratio; commercial buildings; glazing; façade 

1. INTRODUCTION

A survey of a spread of buildings across Australian central and regional cities was conducted in order to determine the 
average window to wall ratios (WWR) for hospitals, education, retail, hotels, aged care and office buildings (no samples were 
collected in Tasmania and the Northern Territory). This paper summarises the methodology, difficulties and summary of 
results for six building categories. This survey was commissioned by the Australian Department of Environment and Energy 
for use in the Regulatory Impact Statement (RIS) for the National Construction Code 2019 revision due to a lack of data 
on the WWR for Australian commercial buildings. The most relevant study regarding commercial building WWRs was for 
American buildings by Winiarski et al. (2003). 

2. METHODOLOGY

These buildings were studied largely through a combination of elevation drawings, Google Streetview, and the use of 
photography. For photographic sources, straight-on photos of each façade were taken with a point-and-shoot camera 
with a standard lens or a smartphone. In the case of office buildings, the analysis significantly relied on elevation drawings 
showing each façade. Elevation drawings were considered to be the most accurate source for WWR measurements. For 
aged care and hotel buildings, the lack of good quality photographs was compensated for with Google Streetview images. 
Table 1 presents the data sources used to obtain the WWR values. 

Table 1:  Distribution of data sources used for samples in all building categories.

Building Category Total Samples
Data Source

Photography Elevation Drawings Google Streetview

Office 28 16 12 0

Aged Care 30 15 0 15

Retail 27 27 0 0

Hospitals 29 29 0 0

Education 25 25 0 0

Hotels 26 18 0 8

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.231–240. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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Samples with known design or construction dates between 2006 and 2015 were prioritised in the selection process. 
In cases where the WWR was ascertained using the photographic method, the age of the building could not be verified. 
Ease of access was also a major factor in the selection of sampled buildings. Photographs were only obtained for buildings 
where public access was available. Google Streetview images could only be obtained for buildings that were not obscured 
by objects such as vehicles or foliage. Figures 1, 2 and 3 provide some examples of the various data sources and methods 
of measurement. 

In this study, the aspect ratio was assumed to be 1.0 (square) for all buildings. This means that equal weighting was 
given to each building façade. Where possible, focal length was accounted for indirectly by ensuring that the entirety of 
the building façade could be viewed on the image. Samples obtained through photographs or Google Streetview were 
reviewed as part of the quality assurance process. Photos where the focal length was too short or where photos of the 
building façade were taken at excessive angles were discarded from the analysis. The use of photography was limited to 
low-rise and medium-rise buildings to avoid issues with low-angle photos. Complex façades such as curved surfaces were 
disregarded in this study due to the inability to measure accurately the WWR when the photographic method was used. 

The proportion of window area was then compared to the overall façade area through the use of the BlueBeam Revu 
software measurement tool. The process for determining the WWR for each building was as follows:

• The gross opaque wall and glazing area of the façade was measured. 

• The area of each glazing unit was measured and summed. 

• The WWR for the façade was calculated by dividing the total glazing area by the gross wall and glazing area. 

• The above steps were repeated for each façade. 

• Once the WWRs were determined for all of the façades, the average, minimum and maximum WWR for the building 
was calculated.  

Figure 1:  Example of a building at the Royal Prince Alfred Hospital, NSW. The relative area of the glazing on this facade was measured 
and compared to the overall relative area of the facade.
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Figure 2:  Example of an elevation drawing for the north face of IP Australia, ACT. The relative area of the glazing on this facade was 
measured and compared to the overall relative area of the façade.

Figure 3: Example of a Google Streetview image for the aged care centre Aegis Ellenvale, WA. The relative area of the glazing on this 
facade was measured and compared to the overall relative area of the façade.

The proportion of buildings sampled in this study was compared to the building stock in Australia. The building stock 
information shown in Table 2 was obtained from reports published by the Australian Government Department of Climate 
Change and Energy Efficiency (2012) and the Australian Institute of Health and Welfare (2012). 

Australian Commercial Buildings Window to Wall Ratios
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Table 2: Population size (number of facilities) by building type in ACT, NSW, QLD, VIC and WA (Australian Government Department of 
Climate Change and Energy Efficiency, 2012 and Australian Institute of Health and Welfare, 2012)

Building Type State

Population Size (Number of Buildings)

Note that for the hospital category, the population 
size refers to a hospital complex which consisted of 

multiple buildings.

Percentage 
of Population 

Sampled in Study

Number of 
Samples in 

Study

Retail

Retail ACT 70 19% 13

Retail NSW 1330 0% 5

Retail QLD 935 0% 4

Retail VIC 1140 0% 2

Retail WA 484 1% 3

Hospital

Hospital ACT 3 67% 2

Hospital NSW 86 1% 1

Hospital QLD 62 3% 2

Hospital VIC 59 10% 6

Hospital WA 31 10% 3

Education

Education ACT 185 12% 22

Education NSW 3950 0% 4

Education QLD 2589 0% 1

Education VIC 3062 0% 2

Education WA 1236 0% 2

Office

Office ACT 200 2% 3

Office NSW 1979 0% 6

Office QLD 936 1% 7

Office VIC 1212 0% 4

Office WA 413 2% 8

Aged Care

Aged Care ACT 26 35% 9

Aged Care NSW 888 1% 8

Aged Care QLD 483 1% 3

Aged Care VIC 761 1% 5

Aged Care WA 245 1% 2

Hotel

Hotel ACT 13 15% 2

Hotel NSW 239 2% 5

Hotel QLD 210 1% 3

Hotel VIC 127 9% 11

Hotel WA 67 6% 4

3. DIFFICULTIES AND LIMITATIONS

There was some risk of façade bias in cases where not all façades were able to be photographed. This was either due to 
sub-optimal physical configuration (lack of space to photograph the building façade squarely) or security access issues. 
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In these cases, the Authors attempted to visually verify if the façade in question was significantly different from the other 
facades (no windows or fully glazed). In cases where the façade did not appear to be significantly different from the other 
facades, the same window to wall ratio measurement was applied to that façade. 

For data obtained from Google Streetview, images of all facades were not available for some buildings. To compensate 
for possible façade bias, extra samples were collected from the same region to reduce the impacts of any bias. 

While there was a spread of samples across the states, some states were still under-represented in each category. The 
Authors believe there is a need to collect a greater number of samples from relevant states to obtain a more representative 
ratio in future work. 

4. WWR RESULTS

The average WWRs for all building categories and sub-types are presented in Table 3. Also presented are the ‘minimum 
WWR’ and ‘maximum WWR’ as these numbers provide insight into the variation of the WWR across different façade faces. 
This is often reflected in standalone retail tenancies, which can have 3 facades with small to no windows, and, the front-
facing façade with large amounts of glazing due to the entrance. These variations are often masked when presented using 
the average WWR value.

Table 3:  WWR across different building sub-types

Building Category & Sub-Type Sample 
count

Average WWR of all 
samples in category

Calculated by taking the 
overall average across 

the WWR for each 
building.

Minimum WWR in 
category

Calculated by taking the 
overall average across 

the lowest WWR for each 
building

Maximum WWR in 
category

Calculated by taking the 
overall average across 
the highest WWR for 

each building.

Office 28 46% 31% 61%

Low rise office (<10 floors) 15 35% 18% 54%

Mid Rise office (10-25 floors) 8 63% 53% 70%

High Rise office (25+ floors) 5 57% 41% 69%

Aged Care 30 27% 15% 41%

Retail 27 30% 10% 52%

Outdoor Strip Retail 8 50% 13% 59%

Shopping Centre 5 28% 10% 45%

Standalone retail 14 18% 9% 51%

Hospitals 25 30% 14% 45%

Education 29 32% 11% 49%

ELC 3 26% 11% 46%

Primary school 7 24% 3% 44%

Secondary School 7 25% 7% 43%

University 12 44% 26% 58%

Hotels 26 27% 12% 40%

Business Hotel 18 32% 15% 47%

Motel 8 16% 5% 29%

Australian Commercial Buildings Window to Wall Ratios
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5. DISCUSSION

In order to understand the significance of the results presented in Table 3, the minimum number of buildings required for 
each building type was calculated using the standard deviation and mean of the data. The results in Table 4 show that 
only hotels and hospitals have a high confidence level that the WWR measured is within 20% of the sample mean. This is 
reflective of data sets with a relatively small population. The higher the number of buildings in the population, the greater the 
number of buildings that need to be sampled for high statistical confidence. 

For aged care, education, office and retail building types, a larger number of buildings should be sampled in future 
studies to increase the confidence level and reduce the standard error of the measured WWR. For building types that 
require additional sampling, the low statistical confidence is reflective of the larger population size. 

Table 4: Confidence levels and standard errors for the data set collected across the building types. 

Building Type Population Size Confidence Level Standard Error Minimum Number 
of Buildings 

Required

Number of 
buildings sampled 

in this survey

Hotels 656 90% 20% 23 26

Hospitals 241 90% 20% 8 25

Aged Care 2,403 70% 22% 29 30

Education 11,022 75% 20% 25 29

Office 4,740 70% 30% 29 28

Retail 3,959 70% 30% 42 27

The WWR for each building category was also tested across various states and the results are presented graphically 
in Figures 4, 5, 6, 7, 8 and 9. Due to the small sample sizes in some states, it was not possible to draw statistically valid 
conclusions. However, these results provide some insight for a gap analysis and inform the reader on locations where 
further data should be collected in the future. In particular, it was clear that ACT education, hospital and retail buildings were 
disproportionately represented in this study. 

With the exception of office buildings in NSW, the average WWR of all building types across the states surveyed in this 
study did not exceed 55%. This is reflective of the influence of the National Construction Code Section J (energy efficiency) 
on Australian buildings’ envelope, in this case the requirement for improved glazing thermal performance as the building’s 
WWR increases. This is because higher levels of fenestration increases solar heat gain and passive heat loss, resulting 
in increased thermal energy consumption. As the construction costs of high performance glazing units are significantly 
more expensive than opaque wall and external wall insulation constructions, it is not surprising that a relatively low WWR 
(approximately 30%) is observed across all buildings types. The high average WWR for NSW office buildings is influenced by 
large numbers of highly glazed high-rise office building samples surveyed. High-rise office buildings capitalise on windows 
to increase property value and tenant satisfaction by providing a clear view to the exterior scenery. 

Figure 4:  WWR for office buildings (blue column bars). 
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Figure 5:  WWR for aged care buildings (blue column bars). 

Figure 6:  WWR for retail buildings (blue column bars). 

Figure 7:  WWR for hospital buildings (blue column bars). 

Australian Commercial Buildings Window to Wall Ratios



238

Figure 8:  WWR for education buildings (blue column bars). 

Figure 9:  WWR for hotel buildings (blue column bars). 

The results from this study were also compared to the American commercial buildings WWR study published by Winiarski 
et al. (2007). This is tabulated in Table 5. It can be seen that the WWR for most Australian commercial buildings are similar 
to the WWR for American commercial buildings. 

A notable difference between Australian and American commercial buildings is the WWRs for low-rise and mid-rise office 
buildings. Table 5 shows that the average WWRs for American low-rise office buildings is 46% lower than its Australian 
counterpart, whilst the American mid-rise office buildings average WWR is 51% lower than its Australian counterpart. This 
could be due to the older buildings (post-1980s) surveyed in the American study by Winiarski et al (2007) compared to the 
newer buildings (post-2002) surveyed in this Australian study. Modern lightweight steel framed buildings generally have a 
higher WWR due to the purported increase in worker productivity and amenity when high levels of natural light are provided 
to occupied spaces (Robinson, A and Selkowitz, S., 2013). 
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Table 5: Comparison of the WWRs between Australian and American commercial buildings.

Building Category & Sub-Type
Average WWR of all samples in category 

(Australian Buildings)
Average WWR of all samples in category 

(American Buildings) (Winiarski et al, 2007)

Office 52% 35%

Low rise office (<10 floors) 35% 19%

Mid Rise office (10-25 floors) 63% 31%

High Rise office (25+ floors) 57% 54%

     

Aged Care 27% N/A

     

Retail 32% 11%

Outdoor Strip Retail 50% N/A

Shopping Centre 28% N/A

Standalone retail 18% 11%

     

Hospitals 30% 27%

     

Education 25% 22%

ELC 26% N/A

Primary school 24% 22%

Secondary School 25% 22%

University 44% 22%

     

Hotels 24% 29%

Business Hotel 32% 34%

Motel 16% 24%

6. CONCLUSION

In conclusion, a study of the WWR for Australian commercial buildings namely office, hospital, retail, education and aged 
care buildings in five states was conducted using a combination of photographs, Google Streetview and elevation drawings. 
The WWRs published in this paper can be referenced by the wider community of architects, ESD consultants, building 
modellers, glazing manufacturers, insulation industries and Australian policy-makers for buildings built after 1990, specifically 
in the early 2000s. This study also found that the WWRs for Australian commercial buildings are relatively similar to American 
commercial buildings. 

The most relevant application for this study is the development of Regulatory Impact Statements for policy changes to 
the National Construction Code, particularly where energy modelling of commercial buildings is involved. This is because the 
selection of WWR for building thermal simulation greatly affects the modelled energy performance and construction costs, 
directly impacting the perceived net benefit of the policy change. As such, it is important to use baseline comparison figures 
that represent the existing Australian building stock. 

This study also provides valuable information into any changes required in commercial building WWRs in order achieve 
Australia’s aspirations for decreased greenhouse gas emissions as well as lower commercial buildings energy intensity. Any 
life cycle assessment of the embodied energy in constructing a commercial building in Australia also requires knowledge 
of typical WWRs of the modelled buildings. These numbers can be used to support higher (or lower) WWR of various 
building topologies. However, further work should be conducted to improve data quality for WWRs based on the eight 
climate zones in Australia, as opposed to state-by-state basis. This will provide greater insight into the impacts of WWR by 
climate zone. For example, it is widely known that climate zones which are very hot or very cold should have lower WWRs 
or have high performing building envelope as the heat transfer between the conditioned building interior and ambient 
conditions are very large. The impact of WWR is also significant for buildings with higher surface-to-volume ratios, whereby 
a high performing building façade is necessary to maintain occupant comfort and reduce building operational energy. For 
architects and designers, the results from this study can be further developed to determine the optimal WWR for building 
amenity, especially with regards to access to natural light and worker productivity. 

There is opportunity to improve the statistical confidence of the WWR results in this study by analysing more data for 
aged care, education, office and retail buildings. Priority for future data collection should be given to states that were under-
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represented in this study.  In order to increase the accuracy of measurements, elevation drawings should be sourced in lieu 
of photographic and Google Streetview images which can be susceptible to issues such as façade bias and image quality.  
Future studies should also allow for different building aspect ratios when calculating WWRs. 
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Abstract: During the 1960s, the Bangladeshi-American structural engineer and architect Fazlur Rahman Khan proposed a 
design framework for the structural systems of tall buildings titled ‘premium-for-height.’ Khan argued that the challenge of a 
structural engineer is to design structural systems that minimise the ‘premium-for-height’ of tall buildings as defined by the 
increase in material per gross floor area with increasing building height. This framework has had a profound influence and 
is commonly cited in the literature. However, in meeting the challenges of climate change and higher density, minimising 
the initial embodied environmental flows of tall buildings, such as greenhouse gases, must also become a priority in design 
frameworks. This paper discusses the limitations of the ‘premium-for-height’ framework and the importance of considering 
initial embodied environmental flows of tall buildings during their structural design. Finite element modelling and advanced 
structural analysis are proposed to assess the structural performance of tall buildings. The Path Exchange (PXC) hybrid life 
cycle inventory analysis method is proposed to analyse the initial embodied environmental flows of structural systems. This 
research forms the basis of a revised framework for the design of structural systems in tall buildings.

Keywords: tall buildings; structural systems; premium for height; embodied environmental flows.

1. INTRODUCTION

The influence of human activity on climate change is evident. Recent anthropogenic emissions of greenhouse gases (GHG), 
the most significant driver of climate change, are the highest they have ever been (IPCC, 2014). Urgent and fundamental 
changes are required, particularly in the design and construction of buildings, to mitigate the effects of climate change. 

The building construction industry uses 40% of the materials entering the global economy and is responsible for 30% 
of landfill waste (Khasreen et al., 2009). Anticipated trends in population growth, urbanisation and changes to household 
sizes, wealth and lifestyle are likely to increase the energy use and GHG emissions of buildings. Nevertheless, using existing 
systems and technologies, buildings offer the greatest abatement opportunities for reducing global GHG emissions in the 
short term (IPCC, 2014).

Resources, such as energy, water and carbon, flow throughout the life cycle of buildings and can be categorised into 
embodied flows and operational flows. Embodied flows are resources involved in the construction of buildings and the 
production of building materials across their supply chains. Initial embodied flows represent the embodied flows of the 
building as-built, while recurrent embodied flows represent the resources required to produce and replace building materials 
throughout the period of analysis. Operational flows are resources involved in the operation of buildings which include 
heating, cooling, ventilation, domestic hot water, lighting, appliances and cooking. Regulations and current attempts to 
improve the environmental performance of buildings have principally focused on operational energy (Ibn-Mohammed et 
al., 2013). However, embodied energy can account for a significant portion (up to 60%) of the life cycle energy demand 
of a building (Treloar et al., 2001; Stephan and Stephan, 2014; Huberman et al., 2015). Additionally, improvements in the 
operational efficiency of buildings is often achieved using assemblies of high embodied energy such as thermal insulation 
and advanced façade systems (Huberman et al., 2015). Therefore, as the operational energy efficiency of buildings improves 
and the operational GHG emissions decrease, embodied GHG emissions will progressively form a higher proportion of a 
building’s life cycle environmental flows (Säynäjoki et al., 2012).

The increasing rate of urbanisation has seen an accelerated trend in the construction of tall buildings, with the aim of 
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increasing population density near employment opportunities. From 2000 to 2017, the total number of buildings taller than 
200 m increased by 400% (from 263 to 1,319) (CTBUH, 2017). The number and heights of tall buildings are expected 
to continue growing as a solution to the challenges of urbanisation and as a means of establishing compact cities that 
are attributed with less car dependency, better public transport services and better health outcomes (Roo and Miller, 
2000; Stevenson et al., 2016). However, such construction generates a high spatial and temporal concentration of GHG 
emissions, a phenomenon described by Säynäjoki et al. (2012) as a ‘carbon spike.’ In fact, tall buildings can have up to 
60% more embodied energy per gross floor area than low rise buildings (Treloar et al., 2001). This increase in resource use 
is mainly due to the cumulative effect of lateral loads on the behaviour of tall buildings, whereby more resources per floor 
area are required for tall building structural systems to withstand the increasing effect of wind and earthquake loads (Khan, 
1967). This has major implications for the environmental performance of tall buildings since the embodied GHG emissions of 
structural systems represents the greatest portion of the life cycle GHG emissions of tall buildings (Zhao and Haojia, 2015).

During the 1960s, the Bangladeshi-American structural engineer and architect Fazlur Rahman Khan (1967) proposed a 
design framework for the structural systems of tall buildings titled ‘premium-for-height.’ Khan argued that the challenge of 
a structural engineer is to design structural systems that minimise the ‘premium-for-height’ of a tall building as defined by 
the increase in material per gross floor area with increasing building height. However, in meeting the challenges of reducing 
climate change and addressing higher density, minimising the environmental effects associated with structural systems 
must become a design priority to achieve high environmental performance in tall buildings.

1.1 Aim and scope

The aim of this paper is to discuss the limitations of the ‘premium-for-height’ framework and the importance of also 
considering the embodied environmental flows of tall buildings, in addition to cost, during their structural design. The paper 
presents a revised framework to design the structural system of a tall building, given its geometric properties, based on 
embodied environmental flows, namely embodied energy (EE), embodied GHG (EGHG) emissions, embodied water (EW) 
and cost.

According to the European standard EN 15978:2011, a building’s life cycle can be divided into four stages: product 
stage, construction stage, use stage and end-of-life stage (European Committee for Standardization, 2011). Structural 
systems of tall buildings are designed to perform their intended functions throughout their design working life with minimum 
maintenance and no structural repair being necessary. As such, the operational flows of structural systems are considered 
by this study to be negligible. Moreover, it has also been shown that the energy used during the demolition of buildings 
comprises approximately 1% of the building’s total energy requirement (Ramesh et al., 2010). Therefore, demolition flows 
are also assumed to be negligible in this study. This work focuses on the environmental flows of a tall building’s structural 
system in the product stage and the construction stage. The focus on the embodied flows of structural systems is due to 
their predominant significance over operational flows and disposal flows (Zhao and Haojia, 2015).

1.2 Notions and definitions

1.2.1 Tall buildings

Among multiple possible definitions, this work adopts the definition for tall buildings proposed by Stafford Smith and Coull 
(1991) coupled  with a minimum height criteria as set by Emporis Standards (2018) for a high-rise building. As such, this 
work defines a tall building as a building whose height is at least 35 metres and whose structural design is significantly 
influenced, because of its height, by lateral forces due to wind or earthquake actions. This adopted definition emphasises 
the influence of dynamic lateral loads on tall buildings while underlining the importance of considering them from the 
beginning of the design process.

1.2.2 Structural systems

A structural element is a physically distinguishable part of a structure such as a wall, column, beam, slab or connection. 
A structural system refers to an arrangement of structural elements capable of resisting loads. Tall buildings are generally 
composed of two structural sub-systems: a lateral load resisting system, which predominantly resists wind and earthquake 
loads; and a vertical load resisting system, which predominantly resists gravity loads (Ali and Moon, 2007). It is important to 
note that the actions of these structural sub-systems and their resistance to loading are not mutually exclusive. Due to the 
complex nature of structural interactions, a vertical load resisting system moderately resists lateral loads and contributes to 
the overall lateral stiffness of a tall building and vice versa. This work identifies the following twelve structural systems for tall 
buildings: (1) Shear Wall, (2) Braced Frame, (3) Rigid Frame, (4) Outrigger and Belt, (5) Framed Tube, (6) Braced Tube, (7) 
Bundled Tube, (8) Tube-in-Tube, (9) Diagrid, (10) Space Truss, (11) Super Frame and (12) Exoskeleton.
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2. ‘PREMIUM-FOR-HEIGHT’ FRAMEWORK

2.1 Introduction

In the 1960s, Khan (1967) claimed that the design of tall buildings can be divided into two phases. The first phase involves 
designing the building for gravity loads without considering the effects of lateral loads. Therefore, the columns, beams 
and slabs are proportioned to carry the dead and live loads only. Since gravity loads cannot be reduced or dissipated by 
any structural manipulation, the first phase design sets the lower boundary of the overall proportions and total quantity of 
material per footprint area. As seen in Figure 1, a hypothetical glass dome can be used to illustrate the isolation of the tall 
building from lateral loads. All factors affecting the structural design of the tall building must be considered in the second 
phase, including the effects of wind loads and earthquake loads on the dynamic behaviour of tall buildings. To meet 
stiffness, strength and stability requirements, the structural designer may have to increase the sizes of columns or beams or 
both. The second phase, therefore, constitutes the upper bound of design in terms of material weight per gross floor area. 
Thus, the premium for height is defined as the difference in material weight per gross floor area between the boundaries of 
the two phases of design. As such, Khan (1967) claimed that the structural engineer’s challenge is to refine a known system 
or to find and develop new structural systems to reduce and, if possible, to eliminate the premium for height for any given 
building. The cumulative effect of lateral loads on the behaviour of tall buildings is clearly seen in Khan’s ‘premium-for-height’ 
framework as illustrated in Figure 1.

Figure 1 – ‘Premium-for-height’ framework as proposed by Khan (1967)

This framework has been used by Khan to design some of the world’s most iconic tall buildings including the John 
Hancock Center and Willis Tower in Chicago, Illinois. Khan’s framework has largely gone unchallenged and has remained 
unaltered since its introduction in the 1960s. The following section critiques the framework and highlights its limitations in 
selecting the structural systems and materials for tall buildings.

2.2 Limitations

In designing tall buildings, one of the most important design decisions relates to the choice of structural material. Reinforced 
concrete and steel remain the most commonly used structural materials for tall buildings. The choice of structural material 
is dictated by several considerations such as structural and non-structural design requirements, availability of materials in 
the local market and the experience of the local construction industry. Despite being a structural design framework, the 
‘premium-for-height’ framework does not facilitate the choice of structural materials. Consider a steel structural system and 
a reinforced concrete structural system in a comparative study to select the preferred structural material. If the tall building is 
50 storeys high, the designer might determine that the steel structural system will weigh 115 kg/m2 of gross floor area (GFA) 
and the reinforced concrete structural system will weigh 775 kg/m2 (GFA). This information alone is not sufficient to select 
the structural system of tall buildings since different structural materials have different effects on the construction process 
and the environment. As discussed in Section 1, an analysis of the environmental effects of both materials is required for 
the selection of structural systems while meeting the challenges of climate change and higher density. Neglecting the 
environmental effects of tall buildings and lacking the ability to assist in decisions related to structural materials are major 
limitations of the ‘premium-for-height’ framework. 
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The temporal patterns of GHG emissions further emphasise the need to consider the embodied GHG of tall buildings 
when designing their structural systems. GHG emissions released early in the life cycle of a product have a greater capacity 
to alter Earth’s radiative balance and warm its atmosphere than later emissions (Säynäjoki et al., 2012). This is due to 
the nature of GHG emissions in causing instantaneous and irreversible damage to the environment while lingering in the 
atmosphere for thousands of years (IPCC, 2014). With human activities propelling Earth towards sudden and irreversible 
environmental changes, designers should not wait to reduce GHG emissions in the long term, such as over the 50-year 
design working life of buildings. Design frameworks must consider the upfront environmental effects associated with the 
structural systems of tall buildings to meet short term climate change mitigation goals.

‘Premium-for-height’, as a measure of material per gross floor area, was considered by Khan (1967) to be a measure of 
cost effectiveness. In a comparison of structural systems, it is theoretically possible to have a building with a lower material 
per gross floor area yet have a higher cost per gross floor area due to other cost factors related to the construction process. 
For example, a diagrid structural system can achieve a favourable premium-for-height due to its closely spaced exterior 
columns and widely spaced diagonal members. However, this configuration creates an additional number of joints when 
compared to a framed tube, for example. The excessive number of joints increases construction cost which would not be 
reflected in Khan’s ‘premium-for-height’ framework. Therefore, if cost effectiveness is to be regarded as a premium-for-
height, as Khan intended it to be, a dedicated measure of total cost per gross floor area should be considered to account 
for all cost premiums.  

Additionally, despite its significant influence on the design of tall buildings, the ‘premium-for-height’ framework lacks 
integration into software tools currently available in the industry. If presented in a user-friendly software, information graphics 
can have a great influence in driving design practitioners towards the optimisation of structural systems. The proposed 
framework, presented in Section 3 and visualised in Figure 2, incorporates data visualisation techniques to facilitate structural 
design decisions.

2.3 Existing studies quantifying embodied environmental flows

Studies that consider embodied environmental flows in the structural design of tall buildings are presented in this section.

Four alternative steel structural systems for a 35 storey building were studied by Cho et al. (2012) designed to meet an 
equivalent lateral deflection limit. The structural systems were evaluated according to their embodied environmental flows, 
which were quantified using the process analysis approach as described in Section 3.2. The use of a steel braced frame 
resulted in a 21% reduction in embodied energy compared to the steel rigid frame. The results clearly show the importance 
of structural optimisation in the reduction of embodied environmental flows. 

A study by Foraboschi et al. (2014) assessed the embodied energy of structural systems for tall buildings composed of a 
reinforced concrete central core and either a reinforced concrete rigid frame or a steel rigid frame ranging in height from 20 
to 70 stories. By also using a process analysis approach, the study concluded that reinforced concrete frames result in up 
to 44% less embodied energy per gross floor area than steel frames for buildings between 20 stories and 70 stories high.

Moncaster et al. (2018) explored the methodological decisions related to the structural design of tall buildings and the 
resultant wide variation in approach. A case study tall building was used to demonstrate the effect and importance of 
the following methodological variations: temporal differences in the stages considered, special differences in the material 
boundaries and physical disparities in the data coefficients. The study iterated the need for more clarity and transparency in 
calculating life cycle environmental flows to guide the structural design of tall buildings.

The following section presents a revised design framework in which the structural and environmental performances are 
integrated to select the structural systems for tall buildings.

3. METHOD

3.1 Establishing structural equivalency

To assess the structural performance of a proposed design, the possible structural responses are studied and divided 
into two domains consisting of desirable and undesirable states. The boundary between these domains is called the limit 
state, and entering the undesirable domain is defined as failure. A distinction is made between ultimate limit states and 
serviceability limit states. Ultimate limit states are states that concern the safety of people and/or the safety of the structure 
(Standards Australia, 2002). Failure to remain within the ultimate limit state is almost always irreversible and catastrophic, 
endangering lives and causing a series of financial losses. Therefore, the probability of failure to meet the ultimate limit state 
must be significantly reduced. Serviceability limit states are states that concern the function of the structure, the comfort 
of people and the appearance of the construction works (Standards Australia, 2002). The primary aim of serviceability limit 
states is to ensure efficient and economical in-service performance without excessive routine maintenance or down-time. 
The criteria for serviceability limit states are normally based on limits of deflection or vibration for normal use of the structure. 
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The design of tall buildings is generally governed by serviceability limit state requirements rather than by ultimate limit 
state requirements (Mendis et al., 2007). Material requirements for reducing lateral displacements and accelerations to 
acceptable serviceable and comfort levels are higher than the requirements for maintaining actions and stresses below 
ultimate strength levels. As such, maximum deflection and acceleration at the top of a building, due to the dominance of the 
first mode of vibration on the overall behaviour of tall buildings, are of critical concern for the designer (Mendis et al., 2007). 
In assessing the range of structural systems for tall buildings, structural equivalency must be established by constraining 
lateral displacements and accelerations to acceptable serviceability levels in response to dynamic lateral loads. Acceptable 
lateral displacements are adopted to limit damage to non-structural components, such as facades, partitions and interior 
finishes, and to limit the secondary loading effects resulting from the additional overturning moment, which is referred to 
as the P-Delta effect. This method will adopt a commonly used lateral displacement limit as expressed by the following 
equation:

max

500l
H

∆ =
(1)

where: Δl = Lateral displacement limit in response to a 1 in 25 year wind or earthquake event in mm; Hmax = Maximum 
inter-storey drift in mm.

 Acceptable accelerations are adopted to reduce the effects of motion perceptibility by users of buildings. An 
internationally accepted standard for motion perception in tall building design does not exist. However, research has shown 
that accelerations within 0.05 m/s2 cannot be perceived by most people (Mendis et al., 2007). This limit will be adopted in 
this framework as a response to a 1 in 25 year wind or earthquake event. 

To ensure that the structural systems meet the performance criteria, the systems are modelled using a Finite Element 
Method (FEM) of structural analysis. The FEM procedure consists of idealising and modelling a building floor by means of 
discrete elements and nodes with six degrees of freedom being considered at each node. Once all the floors are modelled, 
a stiffness matrix and an applied load vector are generated. The system of equations thus formed for the whole structure is 
solved, and the displacements and accelerations at all the nodes of the system are obtained. The deflection and acceleration 
constraints at the top of the buildings are used to ensure that the range of structural systems under consideration are 
structurally equivalent according to the finite element models. Having achieved structural equivalency, the environmental 
effects of each structural system are assessed according to the method described in Section 3.2. 

3.2 Quantifying embodied environmental flows

Life Cycle Assessment (LCA) is a compilation and evaluation of the inputs, outputs and potential environmental effects of a 
service or product throughout its life cycle (Crawford et al., 2018). Listing the inputs and outputs associated with a service 
or product is referred to as a life cycle inventory (LCI). There are three broad approaches for compiling an LCI: process 
analysis, environmentally extended input-output analysis (EEIOA) and hybrid approaches (Crawford et al., 2018). Process 
analysis is a bottom-up approach, where a product is studied according to the series of processes that represent its life 
cycle. EEIOA is a top-down approach where economy-wide input-output tables are studied to quantify the material and 
non-material inputs and outputs required along the entire supply chain associated with their production. A hybrid approach 
combines the first two approaches by combining process data with macroeconomic data to avoid the inherent truncations 
in the process approach and the high levels of aggregation in the EEIOA approach. 

In this study, the Path Exchange (PXC) hybrid life cycle inventory analysis method was used to quantify embodied flows. 
Proposed by Treloar (1997), this method combines industrial data with average economic data to produce comprehensive 
embodied coefficients for building materials. The initial embodied environmental flows of a structural system is given by the 
following equation:

,
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where: EFss = Embodied flow of structural system SS in flow unit (e.g., embodied energy in GJ); Qm,SS = Quantity of 
material m in the structural system SS (e.g., t of steel); FCm = Flow coefficient of material m; TFRTB = Total flow requirement 
of the tall building sector in flow unit per Australian Dollar (AUD) (e.g., GJ/AUD); TFRm = Total flow requirement of the input-
output pathway representing material m (e.g. GJ/AUD); Css = Cost of the structural system in AUD.
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3.3 Quantifying Cost

The initial cost of the tall building structural system includes the materials, transportation and construction process. The cost 
of a structural system is given by the following equation:

, , ,
1

( )
M
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m

C Q UC C C
=

= × + +∑     (3)

where: Css = Cost of the structural system in AUD; UCm = Unit cost of material m; Ct,ss = Transportation cost in AUD; Ct,ss 
= Construction cost in AUD.

3.4 Comparing structural systems

In order to assess the range of structural systems that were considered, a score representing the premium-for-height would 
be assigned to each criterion. The criteria proposed in Section 1.1 are EE, EGHG emissions, EW and cost per gross floor 
area. Each criterion would be scored between 0 and 1, whereby a higher score would be achieved as the premium-for-
height was further reduced. 

The score assigned to a criterion for a structural system is given by the following equation:
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where: SSS,i = Score for criterion i for the alternative structural system SS; PII,i = Value for criterion i for the base case 
Phase II; PSS,i = Value for criterion i for the alternative structural system SS; and PI,i = Value for criterion i for the base case 
Phase I.

Figure 2 illustrates the analysis of a 50-storey diagrid structural system for the EGHG emissions, EW, EE and cost per 
gross floor area criteria. Comparing the scores of all 12 structural systems listed in Section 1.2.2 facilitates the selection of 
structural systems for tall buildings.

4. DISCUSSION

The ‘premium-for-height’ framework, developed in the 1960s by Fazlur Rahman Khan, has had a significant influence on 
the tall building community. For the first time, Khan’s framework proceduralised the structural design of tall buildings by 
attempting to decrease the material per gross floor area. 

This paper identified the following limitations of this framework: (1) neglecting the environmental effects of structural 
system; (2) lacking the ability to compare structural systems of different materials; (3) not considering the cost of structural 
systems unrelated to the cost of materials; and (4) lacking integration into software tools currently available in the industry.

The embodied environmental flows are seldom considered in the design of tall buildings. When considered, existing 
studies use a process approach to quantify environmental flows, typically underestimating them by a factor of up to four 
compared to a hybrid analysis (Crawford et al., 2018). Additionally, when establishing the structural equivalency between 
various structural systems, existing studies universally apply a simple static wind load to ensure an acceptable lateral 
deflection. However, the design of tall buildings is generally governed by the serviceability limit state requirements in 
response to the dynamic nature of lateral loads, such as wind and earthquakes.

It is possible that a reduction in the initial embodied environmental flows of a tall building’s structural system might result 
in an increase in environmental flows at later life cycle stages and/or in other building systems. The sole consideration of 
initial embodied environmental flows for the structural system of tall buildings is a limitation of this study. Future studies 
should consider the environmental flows for the entire tall building across its life cycle. 
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Figure 2 – Analysis of 50-storey diagrid structural system

5. CONCLUSION

This paper proposed going beyond Khan’s ‘premium-for-height’ framework by presenting a revised theoretical framework 
that considers the environmental effects of structural systems, in addition to their cost, during early design stages. A hybrid 
approach to quantify environmental flows is proposed as it is shown to be the most accurate and comprehensive method 
globally. Additionally, advanced structural analysis is proposed to consider the dynamic nature of wind and earthquake in 
establishing structural equivalency among alternative structural systems. 

The integration of structural design and environmental assessment, as proposed by this paper, has the potential to guide 
designers in making early stage design decisions that cost-effectively reduce the environmental effects of tall buildings. This 
research forms the basis of the revised framework for the design of structural systems in tall buildings.
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Abstract: Solar photovoltaic systems have been planned using rules of thumb and theoretical models, often in Excel 
spreadsheets, to size and explore the system required. These programs implement models based upon first principles 
and consider seasonal changes, location and orientation. Several are beginning to model battery storage. These methods 
depend on average data and ignore possible extreme behaviour. In this paper, we report on using grid energy data from 
a smart meter and harvested solar energy data collected from an existing domestic solar PV system. We use this data 
to explore the effects of varying solar system size and of adding a battery of various sizes. We examine the relationship 
between available solar energy, solar PV system size, grid data, house load and battery size using this data.

Keywords: Energy; estimation; PV system size; battery size.

1. INTRODUCTION

When solar photovoltaic system installations are being considered today, two questions arise. First, how big should the 
solar system be and secondly, should a battery be installed? And if so, how big should the battery be? These questions 
are sensible, but answers depend not on some physical optimum but on one’s objective. Nevertheless, there are many 
websites which offer “optimal” answers to these questions.

The load of electrical energy used by a house and the available solar energy are the prime determining factors. A good 
solution depends on striking the right balance between the house load, available solar energy, the solar PV system size and 
the size and power rating of the battery storage. This paper presents a study of a domestic installation, “the house”, which 
explores data collected from two sources, the smart meter recording imported and exported energy and the PV system 
recording the solar energy harvested.

Sizing battery storage for grid connected residential solar PV applications has been studied extensively   (Aichhorn et al. 
2012, Hassan et al. 2017, Muenzel et al. 2015A, Weniger et al. 2014, Xiao et al. 2014).  Most of the existing research deals 
with the prediction of energy generation, its time-of-use and load calculation.  The computation of available solar energy 
harvested by a PV system has also been considered (Weniger et al. 2014).  

While some work uses existing 30 minute interval data to build an optimal model, the data is often not directly used to 
calculate and anticipate load time-of-use.   Relevant to the work presented here, Muenzel et  al. (2015B) have developed 
algorithms for determining optimal battery sizing, for a particular PV array and based upon time-of-use.  Muenzel et  al. 
(2015A) considers the dynamic use of collected energy, periods of mismatch and missed opportunities for storage as well.  

This work is distinct because it is based on an existing PV system with actual generation and user patterns for a house 
with a hybrid EV rather than averaged or modelled data.  It utilises a year of Smart Meter data, solar PV data and EV 
charging data. Using actual data is worthwhile because averages may hide unexpected behaviour; so we still collect data. In 
this house, the cost of energy is constant throughout a 24 hour day. The main assumptions are that the battery is charged 
only from the solar PV system and not from the grid and that energy is drawn from the battery before drawing from the grid. 

The characteristics of the solar PV system were discussed previously in Horan and Luther (2016). Briefly, the solar PV 
system size is 3 kW feeding a house load which includes a hybrid vehicle. Heating is by gas ducted heating and cooling 
is by natural ventilation. A solar hot water service is used. In this paper, the term “the house” refers to this system. Battery 
storage is yet to be installed at the house. Introducing it adds a dimension to the analysis as PV system size and battery 
size can be selected independently. 

It is possible to use the smart meter and PV system data to identify the load presented by the house. Then, the solar PV 
system data can be scaled, and after subtracting the house load the energy imported from and exported to the grid can be 
modified.  In this way we can model the effect of PV system size. Similarly, given the grid data, a battery will capture energy 
until charged that would otherwise be exported and release energy that would be imported until discharged. So, we can 
model the effect of battery system size.

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.249–256. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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For a first attempt, we have ignored some details, such as the efficiency and power with which energy is stored in and 
recovered from the batteries, limited depth of discharge and so on. The purpose of the paper is to get a view of the “lie of 
the land” using recorded data.

The size of the solar installation at the house was as recommended by the supplier. So, we first examine some tools in 
section 2 that are used to make such estimates. In section 3, we model varying the system size to explore its consequences. 
Then in section 4, we examine the effect of battery size.

2. ESTIMATION TOOLS

Readily available common estimation tools (SRoeCo, 2017; SolarCalculator, 2018) for solar panels, available on-line, model 
a situation in which there is no one “optimal” solution. Formally, an optimal solution means one from which a deviation in a 
parameter from a certain value reduces the benefit. For a solar PV system, the energy harvested is in direct proportion to 
the system size, so there is no natural optimum. When batteries are added, the battery size can be too big in the sense that 
they are rarely fully charged, so there is a range close to the best size to be selected, given the PV system size. 

As there is no obvious optimum to be identified, different approaches are taken to the sizing question. One approach is 
to consider electrical usage during the day when the sun is shining and match PV system to this usage. Another approach is 
to consider annual usage of electrical energy and choose the size to generate this energy, achieving annual net zero energy. 
A third approach is to go “off grid” by adding battery storage and choosing a system size to match. Other attempts consider 
the impact of financing a system, but other than the option of batteries, the cost of a system again is directly related to size. 
And, in today’s environment of rapidly falling costs, this is not really a solution, as the financial indication may always be to 
wait.

However big a PV system is, the best it can do, in the absence of battery storage, is reduce the imported energy by 
a limited amount. Assuming 50% of the house load occurs during the day, and that the panels do not track the sun, the 
harvested energy can service, perhaps, 25% of the load. The excess harvested energy is exported. Introducing storage 
changes this, as excess energy can be stored and used later rather than exported.

Several estimation tools were examined, some on-line and some local spreadsheets. Unfortunately, for lack of detailed 
technical explanation, it is not always possible to know what the calculation model is in each case. But a good guess can 
be made given the data entered and results generated.

Williamson (2010) developed an estimation tool in 2010, based on the first approach matching daytime energy use. 
This tool allows for several locations, collector orientation (tilt and azimuth), annual or winter requirements and PV panel 
properties to be set. It computes the number of panels required and performs a life cycle cost analysis to determine a benefit 
to cost ratio. 

This tool caters for the daytime load either for all-year performance or else winter performance. In the case of this house, 
for year-round performance, it suggests a 1.5 kW system to cover the daytime load overall. To handle winter performance, it 
recommends a 2.5 kW system, the larger system ensuring that the winter daytime load is covered. In this way, the calculator 
aims to limit the size of a system because of the expense and absence of storage seven years ago. It also calculates a 
benefit to cost ratio, which is rather high when today’s costs are used.

Tindo Solar (Tindo, 2017), Australia’s only manufacturer of solar panels, provides a calculator using location, electricity 
price and feed-in tariff, the last quarterly electricity bill and portion of energy used during the day to determine a recommended 
system size, the daily harvest of solar energy, the exported energy and estimated savings for one year and 25 years. The 
recommended size for the system here is 3 kW, and suggests a saving $1,138 in one year. This was the justification for the 
system installed.

In the case of the second approach, (SRoeCo, 2017), a US example, the following formula is used:

where

S is the system size in kW;

Ea is the annual electrical energy consumption in kWh; and

hd is the solar hours per day at the location.

The two factors, 365 and 0.82 are the days per year and a derating factor to cater for inverter and other losses.
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For this house, 

Ea = 5,389 kWh; and

hd = 4.2 solar hours per day for a US city of similar latitude.

Hence, S = 4.29 kW. The site also provides cost estimates for such a system.

This calculation is based on the concept of annual net zero energy (Kılkış, Ş. 2012; Zero 2009), achieved by choosing 
the system size to harvest solar energy equal to the energy used in a year. In effect, the size of the photovoltaic system 
chosen achieves zero CO2 emissions, the exported energy displacing emissions generated elsewhere. As it stands, the 
above calculation ignores gas, the other major source of energy used in the house.

Another Australian example models battery storage as well (Solarcalculator, 2018). It takes as input the postcode, 
average bill and retailer. This is a sophisticated calculator, allowing the solar system size and battery size to be explored 
readily. It generates results which include system cost, annual savings, payback period and return on investment. It suggests 
an “optimal system size” but “optimal” is not defined. (It appears to mean that the size that matches the daytime energy use 
in the absence of batteries, and the additional capacity to charge batteries to meet nighttime requirements). It includes costs 
of battery and inverter replacement over a 25 year lifetime. For the house, it calculates that a PV system of 3 kW, saves $956 
p.a., returning 19.2% on investment and a payback period of 5.2 years. With a 5 kWh battery, the figures for a 3 kW system 
are $1,015, 7.4% and 13.5 years. For a 5 kW system and a 5 kWh battery, the figures are $1,526, 9.9% and 10.1 years.

Chilcott (2017) developed a software tool for estimating a system required to go “off-grid”. Inputs are average daily 
energy consumption, percentage of daily energy use, days of “autonomy”, when the house is entirely dependent on battery 
storage, and solar exposure for the site in winter and in summer. For the house, to achieve five days of autonomy followed 
by five days recharging, the battery capacity calculated is 75kWh and the solar array required is 21 kW!

3. VARYING THE PV SYSTEM SIZE

The photovoltaic system, subject of this study, is of 3kW size, twelve panels, area 20m2, flat on a Colorbond roof with a 5° 
pitch to the north. The panels are Australian made, from Tindo, fitted with micro-inverters, one on each panel. There are 
several reasons to choose micro-inverters. The panels operate independently, rather than as part of a string, so shading or 
panel failure does not cause system failure.  The output from each panel is 240V AC, which is safer to work with than up to 
1000V DC, fed from a string to the inverter, and a central inverter is not required. Furthermore, more panels can be added 
with ease if necessary. The disadvantage of micro-inverters is that there are more parts to fail, but it was thought that a 
choosing such a panel meant that the inverter was well matched. Ironically, two inverters failed after two and a half years, 
but this was not detected until the data was closely inspected as the remaining 10 panels continued to operate at normal 
levels. 

Each panel reports to a central controller. Individual panels are monitored for voltage, current and power. This data 
collected is stored every five minutes, although the collection interval can be set to longer intervals. A daily report for up to 
the past thirty days can be downloaded from the system. The thirty day limit creates problems with continuity of data if there 
are long absences from the property or oversight. A year long data record has been collected for analysis with a about five 
days (1.4%) missing.

This body of data is used as follows. The energy harvested plus the energy imported less the energy exported is the 
house load. This is taken as a constant for later modelling. Then, the harvested energy is scaled. At any given time, the 
energy is either exported or imported, but not both. Neither the grid energy nor the exported energy can be negative. So, 
increased harvested energy is first applied to reduce imported energy and when it is zero, it is then applied to increase 
exported energy.

At times, such as sunrise and sunset, or in poor weather conditions, when the photovoltaic system is not very effective, 
it is possible to have some exported and some imported energy in a given 30 minute time interval, but not at the same time. 
In this case, we have assumed that an increase of harvested energy will be distributed to reduce the imported energy to 
zero before increasing the exported energy.

The failing panels create a problem because the missing energy affects the calculation. Before failure, the system is 3 
kW in size; after, it is 2.5 kW. The calculation of the house load uses the original data, including that of the failing panels. 
Then the data from the faulty panels is removed to obtain a consistent record for scaling. So, as the size of the system is 
changed from 0 to 12 kW, the imported and exported energies are recalculated as the harvested energy grows (Figure 1). 

Figure 1. Energy and Cost as functions of system size

How big should my battery be?
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Figure 4. Energy Flows as a Function of Battery Size

Solar PV alone cannot reduce energy imports completely, because the sun is available throughout the year for 50% of 
the time, and, with fixed panels, the angle of incidence also cuts the available energy throughout the day. This figure can 
be influenced by moving as much energy use to daytime, but there is a limit to what is practical. Indeed, a significant part 
of the house load is charging the hybrid vehicle during the day about 60% of the time, so the imported energy is reduced 
more than expected. Ignoring costs, the exported energy suggests the use of battery storage. 

For the house load in question, the harvested solar energy is equal to the imported energy for a PV system size of about 
3 kW. Similarly, the net zero energy point when the exported energy equals the imported energy occurs for a system size 
of 4.2 kW. Finally, a 10kW system reduces running costs almost to zero.

4. THE EFFECT OF BATTERY SIZE

The electricity distribution company, in this case, Powercor, retains two years of Smart Meter data which any customer can 
download in a CSV file (Powercor, 2018). The file format is standardised by the Australian Energy Market Operator (AEMO 
2014), so is independent of the distributor. The data shows energy imported and exported in regular intervals, which, in this 
case, is 30 minutes. The exported energy is not the solar energy harvested, but rather, the harvested energy less the load 
of the house (Figure 2).

In Figure 2, the solid line shows the energy imported from the grid and the dotted line the energy exported to the grid on 
6 November 2014. The period from 16:19 to 19:12 (Eastern Standard Time) is when the electric vehicle is being charged, 
drawing at 2.4 kW, so the exported energy falls to zero before sunset (19:03 EST) and the imported energy rises. But the 
figure also shows a missed opportunity: a battery would capture the energy exported in the morning to charge the vehicle 
in the afternoon. Alternatively, one could view the grid as a “battery” storing the exported energy for later import at a cost of 
the difference between the purchase and sale price of electrical energy, say 21 to 28¢/kWh.

P. Horan and M.B. Luther
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Figure 2. Metered energy imported and exported

The Smart Meter data is sufficient to determine the effect of batteries used to store energy. Adding batteries diverts a 
portion of the exported energy to storage, and this supplies later demand. Ignoring losses, reducing the exported energy 
equally reduces imported energy. If the battery is discharged, it can accept energy up to its capacity, or less if it is partly 
charged. If the battery is fully charged, then excess harvested energy is exported to the grid once again. On the other hand, 
the energy stored in the battery will be used by the house until it is discharged. From Figure 3,

where

 Es is the harvested solar energy;

 Eh is the house load;

 Ei and Ee are the energies imported from and exported to the grid; and

 Eb+ and Eb- are the energies charging and discharging the battery.

Since both Ee and Ei flow on the same wire, as do Eb+ and Eb- one of each pair is positive and the other zero.

If the imported energy is zero and the battery is being charged and has a sufficient power rating to take all the available 
energy, Ee  = 0 then the solar energy, Es, services the load, Eh, and battery, Eb+:

But, if the battery is fully charged, or absent, all the excess energy is exported:

How big should my battery be?



254

Figure 3. Energy flows in the system

In other words, since  and  are the same in each case, the exported energy in the absence of a battery equals the energy 
charging the battery until it is fully charged plus the excess exported after charging. Similarly, the imported energy without 
a battery equals the energy recovered until the battery is discharged plus the shortfall to service the load after discharging. 
So, the effect of a battery can be calculated entirely from grid data, without knowing the house load or solar energy harvest. 

The grid data from the electrical distributor has been used to determine the total annual exported and imported energy 
as a function of battery capacity. The result is shown in Figure 4 for several PV system sizes. In the graphs, imported energy 
is represented by solid lines and exported energy by dashed lines. Each PV system size is associated with an imported and 
an exported energy line.  For each panel size, the gap between imported and exported energy is constant, regardless of 
battery size as this is the net energy imported to the house; that is, the total grid energy imported less the harvested solar 
energy. Lastly, as the panel size grows, the imported energy falls and the exported energy rises. The figure also shows, for 
example, that a 12kWh battery in a 3kW PV system will reduce the exported energy by 80% from 2106 kWh to 310 kWh.

  Figure 4. Energy Flows as a Function of Battery Size
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The 4.2 kW PV system is shown because this is the net zero energy (electrical) size for this house, when the imported 
energy equals the exported energy. The net energy from the grid over the whole period is zero. 

Considering the imported energy in Figure 4, it is evident that imported energy decreases the bigger the PV system is, 
but not markedly so. For example, doubling the system from 3 to 6 kW without batteries reduces the imported energy from 
3,622 kWh by 519 kWh. However, the exported energy increases by 3,368 kWh.

Introducing batteries reduce the imported and exported energies somewhat but there is a limit to what can be achieved 
for a given PV system size. Inevitably, in the winter months, some energy must be imported if the size is small. Increasing 
the system size and using large batteries will support the house load and avoid importing energy.

The performance of a 12 kW PV system was also analysed. With a 15 kWh battery, the imported energy for the period 
would be 104 kWh out of a house load of about 5,400 kWh. With a 30 kWh battery, the imported energy would be 3.2 
kWh. For this particular set of data, this would have occurred in a single interval on 19 May 2017 when the model shows 
the batteries would have been discharged by the hybrid vehicle drawing a total of 10.9 kWh. It is interesting that the battery 
would have been fully charged on 16 May and again on 22 May (Figure 5).

It is important to be somewhat cautious about modelling. This example suggests that the house could be disconnected 
from the grid with a 12 kW PV system, a 30 kWh battery and some load management, shifting the time when the vehicle is 
charged. But system losses and factors such as depth of discharge of the battery have been ignored. And, although actual 
data is used, it is still a particular historical instance; worse cases could be in store. But, it does offer a view of the lie of the 
land, tied to real-life data. 

For a PV system size of 12.5 kW and a battery size of 28 kWh, the Solar Calculator tool (Solarcalculator, 2018) suggests 
a cost of $38,000 for PV solar and batteries, saving $2,894 p.a., payback period of 13.1 years and a return on investment 
of 7.6%.

Figure 5. Modelled battery charge and discharge.

5. CONCLUSIONS

Determining what size solar PV and storage systems to install is not obvious. Estimation models seem to have one of three 
objectives. In the absence of battery storage, one method (Williamson, 2010) is to identify the house load  during the day 
and select a system size to match that, either for the whole year, or for the winter months. This results in a small installation 
in which solar energy is used locally and attempts to minimise what is exported. 

The second method is to base the estimation on achieving net zero energy (SRoeCo 2017). The solar PV system is 
chosen to deliver energy equal to the energy load of the house throughout the year. Although some of the energy is used 
locally as it is generated, the rest is exported and imported later.

How big should my battery be?
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The third approach is to determine what is needed “to go off grid” (Chilcott, 2017). The question is what size of PV 
system and battery storage is needed to service the house load for a given number of days without sun and then recover. 
This is a very conservative approach, because our modelling of the 12 kW PV system with a 30 kWh battery shows only a 
single event of importing energy in a year. Furthermore, this event could have been avoided with simple load management 
(delaying when the hybrid vehicle was charged). Perhaps it is unrealistic to supply all energy usage using only a PV system 
and battery storage. Intelligent demand management (and perhaps backup generation) is needed to smooth large swings 
in load and, consequently, stored energy, as Figure 5 shows.

System sizing depends on two things, the house load and the solar energy density at the site. The calculations in section 
2 suggest approaches to calculate suitable system sizes. The cost of the investment is used in some models to seek an 
optimum solution, but costs of systems are dropping rapidly, and interest rates may rise reducing the benefit. Perhaps the 
net zero energy size makes sense, as sufficient energy is harvested to cover the load without generating energy in excess.

Introducing batteries significantly increases costs, doubling or tripling the capital investment. Greater gains are achieved 
by smaller installations. For example, in the net zero energy case, a 6 kWh battery will reduce the imported and exported 
energy by 50%. Increasing battery size gains little; indeed, if a battery is too large, it will never become fully charged and no 
benefit is obtained from the extra expense. 

Finally, because we have used actual data, the calculation of solar PV size and battery size is challenged by the various 
day-to-day weather events. Interestingly, this suggests that approaches based on averages, assuming long periods 
without solar generation to charge batteries, and especially ignoring demand management, may be too conservative and 
overestimate such requirements.
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Abstract: Achieving Net zero energy (NZE) standards for high-rise residential buildings is a significant challenge. One of 
the challenges is the absence of detailed design guidelines for selecting systems, technologies and strategies necessary to 
achieve the goal. For this reason, design practitioners are not empowered to participate in the creation and the proliferation 
of Net zero energy high-rise residential buildings. This paper aims to address this challenge by proposing a framework for 
the creation of a reference guide that will enable the design of Net zero energy high-rise residential buildings in Australia. 
Referencing the National Carbon offset standards for buildings framework for definition and the cost-optimal framework 
of the European Union EPBD Directive 2010/31, the methodology addresses key issues of: reference building selection, 
energy performance assessment and enhancement approaches, building performance simulation strategies and cost-
optimal analysis based on the net present value approach. The methodology is applied to a case study high-rise residential 
building in Melbourne for testing and fine-tuning, with the aim of applying to similar high-rise residential buildings in four 
additional NatHERS–based climate zones in Australia. The findings will contribute to the development of a design reference 
guide for achieving Net zero energy performance in high-rise residential buildings in Australia. 

Keywords: Net zero energy, high-rise residential buildings, building performance simulation, Cost-optimal framework.

1. INTRODUCTION 

Most Australian cities are currently experiencing a significant increase in population leading to sharp rise in the number 
of high-rise residential developments (Hodyl, 2015; Tan, 2017). In addition, there is an increasing demand for energy in 
the residential sector. Records show that the total final energy consumed by the sector increased from 299 petajoules 
(PJ) in 1990 to 402 PJ in 2008 and under current trends, this energy demand is projected to increase to 467 PJ by 2020 
(Ryan and Pavia, 2016). To address the increasing energy consumption in the residential sector, various energy efficiency 
programmes and policy initiatives were introduced by the Australian government starting from 1992 with the “Equipment 
Energy Efficiency Programme”-E3 (Department of the Environment and Energy, 1992). However, recent reports on the 
state of energy efficiency in residential sector suggests that significant scope for improvement still exist (Horne et al., 2005; 
Melbourne Energy Institute, 2013){Melbourne Energy Institute, 2013 #272;Horne, 2005 #178}.

Leading jurisdictions around the world have identified Net zero energy performance standards as one of the key 
alternatives for combating rising energy demand in buildings and curbing the environmental impacts related to fossil fuel 
usage (US Department of Energy, 2015).  In concept, a Net zero energy building (NZEB) is a building that is highly energy 
efficient and can balance its annual energy needs with the use of renewables (Torcellini and Crawley, 2006; US Department 
of Energy, 2015). Although Net zero energy buildings have been defined in different ways in literature, in the context of 
Australia and as backdrop for this study, the definition is as “a grid connected, energy efficient building, whose annual 
energy consumption is fully offset by renewable energy generated on site”. The differences in terms and descriptions as 
stated in the “National Carbon Offsets Standards for Buildings” (Commonwealth of Australia, 2017) is recognized, in this 
case, a Net zero energy building as mentioned elsewhere in this manuscript is taken to be the same conceptually as a 
Zero carbon/carbon neutral building in the Australian context. Specific benefits and advantages of transitioning to a  zero 
emissions building code have been explored in detail in (ClimateWorks Australia, 2018, p. 14). 

The design of a NZEB can take a number of different pathways; a publication by Athienitis et al.(2010)  suggests there 
is currently no universal strategy for arriving at the NZEB goal. Evidence in literature supports this argument; for example, 
Aelenei et al.,(2017) suggested a three stepped process including passive design strategies, energy efficiency and renewable 
energy supply. The 2015 position paper by the International Energy Agency Task force 40 followed a similar approach (IEA 
SHC Task 40, 2015 ). Gvozdenovic et al.(2015), suggested a five-step approach of: adapting energy demand to building 
user; reducing energy demand; applying sustainable energy sources; implementing energy exchange and storage and lastly 
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use of fossil fuel as efficiently as possible. Wells et al.,(2018), suggested a four-step hierarchical strategy of: minimizing loads 
of building; use of passive design strategies; implementation of efficient services and use of renewable energy generation 
techniques. Considering the myriad of options and potential combinations of building envelope, active/mixed mode systems 
and renewable energy options that may be involved, it is no surprise that the design of Net zero energy buildings still present 
considerable challenges (Bucking et al., 2013; IEA SHC Task 40, 2015 ). Unlike the traditional building design process, the 
design of NZEB requires performance-based decision making at the early stages of the design process (Attia et al., 2012; 
Keeler and Vaidya, 2016; Scognamiglio et al., 2017, p. 104; Carlucci et al., 2018). Testing options and arriving at possible 
solutions and pathways also require the use of advanced computer simulation techniques which are often beyond the 
capability of the designers alone (Butera, 2013; Carlucci et al., 2018). 

If the design of NZEBs in general is complicated, the design of high-rise residential buildings to meet Net zero 
performance standards is even more onerous. Some of the difficulties identified in literature are: significantly higher energy 
consumption per square meter of floor area (Hamilton et al., 2017); large amount of energy required for operating central 
and communal facilities (Melbourne Energy Institute, 2013); limited opportunities for the applications of renewable energy 
technologies due to limited roof space (Eley, 2017) and overshadowing constraints due to neighbouring buildings (So et al., 
2014). Despite these challenges, achieving Net zero energy performance for High-rise residential buildings hold significant 
benefits for Australia including in the areas of addressing energy security, mitigating the rising cost of energy and meeting 
set environmental goals (ClimateWorks Australia, 2018).Through a critical review of national and international studies in 
this area, this paper aims to propose a methodology that could be adopted for the design of Net zero energy high-rise 
residential buildings in Australia. 

2. PREVIOUS STUDIES ON NZE HIGH-RISE RESIDENTIAL BUILDINGS

This section describes previous research on the design of Net zero energy high rise residential building that underpins this 
work. Empirical evidence from literature suggests that NZEBs are technically viable in almost all representative climates in 
the world (Kadam, 2001; Kapsalaki and Leal, 2011; Fong and Lee, 2012; Frattari, 2013; Kwan and Guan, 2015). However, 
many scholars maintain that feasibility largely depend (among other factors) on energy intensity and building height (Eley, 
2017). The consensus among researchers is that the potential of a building to achieve the NZE standard reduces as the 
number of stories increases (Keeler and Vaidya, 2016; Eley, 2017). As such, until recently, the maximum number of storeys 
that could reach NZE status was documented as between three to five storeys.

Duncan and Good (2009), investigated the maximum height a NZE could reach in Abu Dhabi. Taking ASHRAE 90.1-2004 
as the base standards, they concluded that buildings could reach as high as five floors if energy efficiency was maintained 
at a very high level. Keeler and Vaidya (2016) investigated the impact of height on the photovoltaic (PV) potential of buildings 
for eleven cities around the world. They found that the PV potential reduces with increased heights and negatively impacts 
the achievement of low Energy Utilization Intensity (EUI) necessary for NZE performance. They concluded that high-rise 
buildings would need to consider additional renewable energy options if they were to reach Net zero energy performance. 

A report by ARUP (2012), is the earliest example that suggested the potential of achieving NZE status for a taller 
residential building. The report demonstrated how a 10-storey residential building could achieve NZE status in California. 
However, it was not clear if similar strategies can achieve the NZE performance for a similar building in a different context.

Cho and Kim (2015) studied the potential of achieving NZE status for high-rise residential buildings in South Korea, they 
concluded that a combination of high efficiency PV modules and energy reduction strategies could deliver NZE status for 
the 22-storey case study building.  Another report by Pitt&Sherry (2016) also found that it is technically feasible and cost 
effective (considering social benefits) to achieve net zero energy performance for high-rise residential buildings in Australia. 
Using two actual buildings of 30 and 56 storeys as unit of analysis, the report concluded that a combination of very high 
energy efficiency strategies and use of building integrated photovoltaic (BIPV) is able to achieve the goal. 

Considering earlier researches that has been conducted in this are as briefly discussed above, some pertinent questions 
still needed to be answered so as to establish a strategy that would deliver NZE performance to high-rise residential buildings 
in Australia, including the potential of employing those strategies for other locations. Some of these questions include; firstly, 
what level of high efficiency do we require for NZE performance and how can this be achieved in the context of the different 
Australian climate zones referenced? This question appraises the earlier studies conducted by Duncan and Good (2009) 
and Cho and Kim (2015). Secondly, what are other renewable energy options and technologies that could provide enough 
to cover the balance of energy use after all energy efficiency options and strategies have been explored and how can these 
be organized? This question appraises earlier studies by Keeler and Vaidya (2016). These questions form the basis for the 
research problem. The following section is a discussion of the methodology developed to investigate the research problem.  

3. METHODOLOGY FRAMEWORK

Similar to other major real estate markets, most high-rise residential buildings In Australia are developed by commercial 
developers. Decisions relating to energy performance for those developments are therefore subjects of rigorous profit/
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investment considerations, especially in very competitive and limited budget environments. Also, due to non-price barriers 
to energy efficiency improvement such as split incentives- where those responsible for paying energy bills are not the 
same entity as those making the capital investment decisions, most developers are reluctant to carry out any proposal 
that demands higher levels of energy efficiency beyond what is mandated by the code (Melbourne Energy Institute, 2013; 
ClimateWorks Australia, 2018). Solution pathways for reaching the NZE targets would therefore need to consider this reality 
if it is to achieve market success. An optimal-cost approach is anticipated to fulfill this requirement by creating a better 
understanding of alternative investment options for different levels of building performance, and ultimately NZE performance. 

A cost-optimal model that draws from the methodology first proposed by the European Commission in the EPBD 
framework - EPBD Directive 2010/31 (Boermans et al., 2015) and further explored by Barthelmes et al.,(2014) is adopted in 
this study. As shown in Figure 1, the framework being proposed comprises of five key components. The following section 
gives further details of the framework. 

Figure 1: Proposed framework for investigating the research problem (adapted from: Barthelmes et al., 2014)

3.1 Reference Building 

Identification of a reference building forms the first step in the methodological framework as shown in Figure 1. Building 
contexts differ from one another as a result of variations in design, construction, materials, plant and equipment, occupancy 
and climate zone and others. Depending on how these variables are combined, each of them has a potential impact on 
energy, including an infinite number of performance outcomes (Pitt&Sherry, 2016). To provide a consistent baseline for 
comparison in terms of performance and make energy simulation easier, most built environment scholars suggests the use 
of reference/benchmark buildings - these are model buildings that are representative of real life building stock (Torcellini et 
al., 2008).  
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Reference buildings have been created for different purposes in literature (Huang et al., 1991; Stocki et al., 2007; 
Corgnati et al., 2013; Schaefer and Ghisi, 2016). Although creating one is a challenging task that may require several years 
to complete, some scholars attribute this difficulty to the diversity and limited data on existing buildings to draw from  (Huang 
et al., 1991; Torcellini et al., 2008). 

Data on existing high-rise residential buildings in Melbourne are limited and of variable quality (Fincher, 2007). Therefore, 
information on a representative high-rise residential building is currently not available. The selected case study/reference 
building is therefore based on convenience sampling, on the practical grounds of availability of data and access to building 
information. In addition, as the analysis is based on using actual energy data along with simulation predictions, the study 
will be adopting a retrofit approach rather than new-build. Figure 2 shows a typical floor layout and exterior image of the 
case study building. 

Figure 2: Left - Typical floor layout of case study building; Right – Exterior view of case study building 

The reference building is currently one of the few high-rise residential buildings in this area. The table below give further 
details of the building. 

Table 1: preliminary details of reference building

Building parameter  Description

Name

Location 

Alexander Lombard Tower 3 

40-70 Mt Alexander Road, Travancore, Victoria

Year of completion 

Number of floors 

2012

26 with a sky garden (excluding basement)

Total number of apartments

Number of bedrooms per 
apartment 

396

2

Systems 

 

Roof mounted solar panels 

Centralized and gas boosted DHW

Centralized water sourced heat pumps 

3.2 Energy Performance Assessment 

Energy performance assessment forms the second component of the framework. Estimating the energy consumption of 
a building can be done in different ways. Chua and Chou (2010), employed a model comprising of an envelope thermal 
transfer component and annual cooling energy consumption to estimate the energy consumption of a residential building 
in Singapore. Fumo (2014), reviewed other approaches based on artificial neural networks, machine learning and the use 
of whole building simulation software. This paper proposes an assessment method combining actual energy consumption 
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data and whole building simulation using DesignBuilder version 5.4 (EnergyPlus). Details of this approach is documented 
by Royapoor and Roskilly (2015). Questionnaire survey and measured environmental data of the interiors of selected 
apartments will also be used as a basis for calibrating the model and validating the data (Raftery et al., 2011).  A key 
necessity in accurately documenting a building’s energy performance is the identification of the different components/end-
uses that make up the consumption profile. A model developed by Ren et al. (2013), identifies the different components 
that must be considered in order to estimate the total energy consumption for a household in Australia. Although this model 
was specifically developed for household level energy consumption estimation, it offers valuable insight into how occupancy 
patterns influence most parts of the energy consumption equation, which is often missing in most other estimation models 
(see Figure 3). 

Figure 3: Module structure for the whole household energy consumption model (source: Ren et al., 2013).

A publication by Finch et al. (2010), documented energy consumption distribution in high-rise residential buildings. The 
data details distribution of energy end-use specific to high-rise residential buildings in British Columbia, Canada. As Ren et 
al., (2013) model is at household level, this detail is currently missing from the model. Therefore, for calculating total energy 
consumed in the reference high-rise residential building, the Ren et al. (2013) model is modified as shown in Figure 4. The 
calculation protocol for each of the different components have also been detailed in the Ren et al, (2013) publication and 
this will be adopted for this study. 
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Figure 4: Module structure for the high-rise building energy consumption calculation. (adapted from: Ren et al., 2013)

3.3 Energy Enhancement Measures

A very high level of energy efficiency is required for buildings to achieve Net zero energy performance. It is well documented 
in literature that the current levels of energy efficiency in most Australian residential buildings are low (Melbourne Energy 
Institute, 2013; Berry and Marker, 2015). It is therefore important to understand where the opportunities lie for improved 
efficiency for the case study building. Energy efficiency measures for both new build and retrofit buildings are well documented 
in literature. For example, De Boeck et al.(2015), identified areas of application for energy efficiency improvement in buildings 
as:

• Measures relating to whole building

• Measure relating to construction part of the envelope

• Measures relating to windows and shading

• HVAC systems

• Appliance and lighting. 

Janda (2011) argued that measures of energy efficiency must also include integrating users involvement into building 
performance decisions. Other scholars such as Donn et al.(2014), Deng et al., (2014), Athienitis and Brien(2015), Aelenei 
et al.,(2017) documented other energy enhancement measures that could be employed to enhance energy performance 
in buildings. Many of these measures are relevant to the reference building case and their contribution towards improved 
efficiency will be explored during the investigation phase. Earlier report by Pitt and Sherry (2016) also documented some 
performance indicators for the referenced locations and the different benchmarks adopted, these will also be adopted for 
further exploration in this study.
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3.4 Building Performance Simulation 

The design of NZEBs in general require establishing aggressive performance goals at an early stage in the design process 
(Attia et al., 2012). As such, building performance simulation (BPS) forms a crucial resource in understanding how different 
parts of the building, systems and technologies are performing, and for identifying the most suitable sets of technical 
solutions (Ascione et al., 2016). Building performance simulation is a computer based multidisciplinary and problem oriented 
mathematical model of given aspects of a building, it is used to provide a simplified and approximate solution of a real 
physical phenomenon (Carlucci et al., 2018).   BPS forms the fourth key component of the framework proposed in this 
paper. 

Building performance simulations are expected to deliver credible results when used to represent a given behaviour of 
an actual building; as such, accuracy is crucial when undertaking BPS. Evidence in literature suggests that BPS results are 
often laden with inaccuracies, and that achieving the required accuracy is often a challenging task (Pan et al., 2017; Carlucci 
et al., 2018).  Some of the challenges identified in literature are: 

• Issues relating to what to include in the conceptual modeling of the building

• Issues relating to the fidelity of the construction and development of the building model

• Issues relating to estimating the impact of uncertainty due to lack of information

• Issue relating to modeling weather and climate scenarios

• Issues relating to how to model occupant behaviour

• Issues of expanding the capability of the BPS tools

• Optimization issues

• Visualization and communication skills of BPS tools and 

• selection of suitable BPS tool

Solutions to some of these BPS challenges have been addressed in literature (Raftery et al., 2011; Mustafaraj et al., 
2014; Micono and Zanzottera, 2015; Monetti et al., 2015; Harish and Kumar, 2016; Kim et al., 2017; Pan et al., 2017). The 
use of BPS for modeling high-rise residential buildings also comes with additional difficulties. Pan et al. (2017) identified 
some of these as: 

• Weather conditions around high-rise buildings being more complex; 

• BPS for High-rise buildings requiring more thermal zones which tend to increase computation time significantly. 

Of key importance is the suggestion of reducing computation time by simulating a typical floor of the high-rise and then 
accounting for weather changes due to altitude using the power law equation (equation 1) to capture the wind velocity 
profile around the simulated building. 

  (equation 1)

Where Z is the height above the ground, Vz is the wind velocity at height Z, Vmet is the wind velocity measured at the 
meteorological station, Zmet is the height above ground of wind speed sensor of meteorological station, δ and δmet are the 
wind speed profile boundary layer thickness of the site and meteorological stations respectively; α and αmet are the wind 
speed profile exponent of the site and meteorological station respectively. The potential differences in results when simulating 
single/typical floor and applying the power law equation to account for differences in wind velocity for differing heights as 
suggested by Pan et al., (2017) versus simulating the whole building at once will also be investigated and reported.  

3.5 Optimal Cost calculations 

The EPBD recast (Boermans et al., 2015) suggested finding an economic optimum option when deriving pathways for 
reference buildings to reach the nearly zero targets for buildings within the European Union. The methodology advocated for 
the use of net present value (NPV) method for calculating global costs for the reference buildings. This approach is adopted 
in this methodology. Ferrara et al. (2018) discussed this approach in detail. The expected economic optimum solution for 
the reference building is demonstrated in Figure 5 below:
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Figure 5: Economic optimum and cost curve of different renovation pathways. (source: econcept.,2018)

The horizontal axis represents the primary energy use per year while the vertical axis represents the global costs. Point N 
on the graph represent a cost-neutral solution; A represents a conventional energy optimized retrofit while point O represent 
the cost-optimal NZE solution.

4. DISCUSSION

The availability of information on design strategies and approaches that can deliver NZE performance for high rise residential 
buildings is crucial both to the attainment of such goals and the proliferation of such high-performing buildings. The 
methodology proposed in this paper details an approach that combines both design considerations and cost. Similar 
approaches have been adopted in literature for deriving solutions for nearly zero energy buildings in Europe. For example 
Corrado et al., (2014) employed this approach to residential buildings in Italy. Dembo  et al.,(2013) also employed a similar 
approach for improving energy efficiency for new housing in Canada. Some of the key challenges with previous studies have 
been documented earlier in this paper as it relates to getting accurate data on building energy consumption and also BPS. 
Suggested solutions have also been proffered. The study expects to follow these documented approaches and report on 
the findings during the analysis stage of the research.

5. CONCLUSION

This paper has presented a methodology that can be employed for designing a Net zero energy high rise residential building 
in Australia. The next stage of this study will involve applying the methodological framework to the reference building 
and reporting on the feedback and lessons learnt from the process. The lessons are expected to help in fine-tuning the 
methodology further and establishing a reference tool that could guide design decisions when designing high-rise residential 
buildings to meet Net zero energy standards in Australia.  
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Abstract: This paper explores how Building Management Systems (BMS) are used to facilitate Continuous Commissioning 
(CCx) in large non-residential buildings. Professionals in the building industry (n=33) participated in an online survey that 
asked about the importance of BMS in facilitating CCx and their perceived level of satisfaction with current BMS capabilities. 
The characteristics of CCx reported by participants indicated the majority of participants use manual and bespoke methods. 
They also indicate limitations of BMS in providing continuous and automated streams of HVAC data trends which are 
essential for CCx. Participants reported the most important way BMS could facilitate CCx is through monitoring the required 
HVAC trends. However, the required data is not always immediately available. It is apparent that when BMS are initially 
installed, they are not set up to record and store the HVAC data trends. This prompts the question: how should BMS be set 
up to be best able to facilitate continuous commissioning?

Keywords: Continuous commissioning; building tuning; building management systems; energy efficiency

1. INTRODUCTION

The use and application of energy efficient technologies in buildings is a growing global trend. They are implemented 
to reduce the use of energy, not only to reduce greenhouse gas (GHG) emissions but to improve individual business 
profitability through reduced operating costs.  However, if these technologies are not correctly installed, commissioned 
and controlled in an efficient way, can they really make a valid impact on the energy efficiency of our buildings?  This paper 
reports on the method and results of one portion of a wider research project. It considers the characteristics of Continuous 
Commissioning (CCx) processes in New Zealand’s non-residential buildings and the role of Building Management Systems 
(BMS) in facilitating this process. The opportunity and the barriers to assessing and improving building operation efficiency 
are explored through the role of BMS in facilitating the CCx process.

Buildings account for over 20% of global energy consumption, making them a significant contributor to greenhouse gas 
(GHG) emissions (U.S. EIA, 2016). The EIA identifies the non-residential building sector to be “the fastest growing energy 
demand sector” with an average annual growth of 1.6%. In New Zealand, existing non-residential buildings consume 
approximately 16% of total electricity consumption, 38% of which is attributed to Heating Ventilation and Air Conditioning 
(HVAC) (Amitrano et al., 2014). They represented 9% of all energy use in New Zealand in 2016 (MBIE, 2017). Internationally it 
is estimated 85% of the current building stock will still be in operation in the year 2050 (CIOB, 2013).  It is therefore important 
to examine the operating energy performance of buildings to reduce energy consumption and thus reduce GHG emissions.

Building performance can be defined as the achievement of occupant satisfaction, while performing as efficiently as 
possible.  While it is important to ensure new buildings are designed to perform energy efficiently, there is a large performance 
gap between anticipated energy performance and how they actually perform in operation. It is estimated that the cost of a 
building’s design and construction accounts for 25% of the lifecycle cost, while the remaining 75% is attributed to building 
operation (Moore, 2014). CCx looks to resolve the energy performance gap through the continuous monitoring of building 
performance, specifically HVAC.

It is typically assumed existing buildings have been commissioned on completion and continue to operate optimally. 
Fullbrook and Arnold (2007) investigated a best practice approach to building completion commissioning in New Zealand, 
based on stakeholder perceptions. The primary issue reported was that commissioning is “often required to be compressed, 
and as a result is not done adequately”. Poor commissioning leads to poor building functionality, occupant dissatisfaction 
and lowered productivity due to a lack of measured performance (Grigg and Graves, 2004). If systems are not adequately 
reviewed or monitored to measure performance following a building’s practical completion, they are likely to be operating 
inefficiently causing unnecessary energy consumption and escalated operating costs.

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.269–276. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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1.1 Building management systems (BMS)

The World Business Council for Sustainable Development, claims that up to 15% energy savings can be achieved by 
feeding back the performance of HVAC equipment to BMS (WBCSD, 2009). However, the WBCSD also stated there is 
no evidence that building stakeholders are implementing BMS effectively, suggesting there is a BMS performance gap. 
Weinschenk reiterates this issue, stating there is a large gap in between what experts claim in regards to the effectiveness 
of BMS and what is actually happening in energy management practice (Weinschenk, 2015). The BMS performance gap 
suggests there are barriers to the effective implementation and use of BMS in achieving energy savings.

BMS are standard practice in large non-residential buildings (Lewry, 2014). For the purpose of this paper, the term BMS 
encompasses all building energy, control and monitoring systems. BMS are installed to control and govern the operation 
of a building’s HVAC. Their primary purpose is to meet the specified indoor air quality and thermal comfort needs of 
building occupants. The performance gap suggests the potential usefulness of BMS to improve energy efficiency is typically 
left under-utilised. The promise that BMS driven efficient operation of HVAC systems will produce a reduction in energy 
consumption and operational costs is not yet achieved. 

Makarechi and Kangari (2011) compare the importance of a BMS to the brain in a living organism, highlighting their 
common ability to control, record and store data within a central network. The components of a BMS can be categorised 
within a three-tier structure.  The first tier consists of physical equipment such as heating and cooling plant, system actuators 
and environmental sensors. The second tier is the infrastructure network including communication protocols and wiring 
networks (KMC Controls, 2012). The final tier is the software interface level, enabling the input of control and operating 
parameters. The software interface provides facility managers and contractors with the ability to make operating changes, 
check space temperatures and identify faults in equipment operation through monitoring and trending HVAC operation. 

HVAC data, including indoor environmental measurements, is processed on a day to day basis by a BMS to determine 
when indoor environmental comfort is achieved. By trending and storing this data in a BMS, the data can be used to assess 
the performance of HVAC operation against operating parameters and control strategies to identify the potential for energy 
savings. BMS are therefore an existing source of data offering a low capital cost opportunity to identify potential areas for 
energy and cost savings. 

1.2 Continuous commissioning (CCx)

Continuous Commissioning (CCx) is a building operation philosophy originating from Texas A&M University (TAMU). It is an 
ongoing or periodical process implemented to monitor and optimise building performance, specifically HVAC operation, 
with the aim of achieving continuous energy savings and occupant satisfaction (Figure 1) (Portland Energy Conservation, 
2003). Under this definition, the term CCx may also be known as building tuning, system optimisation, monitoring and 
targeting, measurement and verification, and Fault Detection and Diagnostics (FDD). 

Figure 1: Energy savings from continuous commissioning (Texas A&M University)

A 2004 US study carried out a cost benefit analysis of 150 existing buildings to find an average of 15% of annual energy 
savings could be achieved through an effective re-commissioning procedure (Mills et al., 2004). This is comparable to the 
potential savings indicated by WBCSD as achievable through effective use of BMS. In New Zealand, the Building Energy 
End-Use Study (BEES) concluded similar energy savings could be achieved through increased monitoring, management 
and maintenance of HVAC in non-residential buildings (Amitrano et al., 2014). The data presented by these publications 
suggest the focus of this research: can the type of data required for CCx be provided by a BMS. 
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Table 1: Typical continuous commissioning cyclic process

CCx Stage Description

1 Monitor HVAC Operation Ensure the required data is monitored and stored.

2 Extract Data Extract the data from the BMS.

3 Process Data Process the data into a usable form to apply CCx Assessments.

4 Analyse and Report Assess the data against control strategies or CCx Assessments.

5 Implement Control Strategies Implement performance improvements through control parameters.

6 Measure and Verify Measure and verify strategies through energy and new HVAC trends.

Table 1 shows the six defined stages of the cyclic continuous commissioning process. CCx requires trend data for 
assessments to be carried out and energy saving strategies to be implemented. BMS are potentially an important tool in 
this process as they are already installed in most modern large buildings to monitor HVAC and have the potential ability to 
record HVAC data required for CCx.

1.3 The missing link

The standard assumption is then that BMS already monitor and process data in their day-to-day operations, so they offer 
a potential, low-overhead means of implementing CCx in existing buildings. However, Hung (2010) carried out a study on 
barriers to the application of Fault Detection and Diagnosis to HVAC, identifying two of the key technical barriers to be: 1) 
missing data points and 2) insufficient data storage. These barriers were reflected in the assessment of a chiller system, of 
which not all assessments could be applied due to the unavailability of data in the BMS. A general assumption is made that 
if a building has a BMS, CCx can be carried out, however this example suggests this is not necessarily the case.

The process of setting up BMS to provide the required data and have the functions needed to implement CCx is a step 
missed by many CCx guidelines. A CCx guidebook prepared by TAMU (2002) claims the success of CCx is dependent on 
the type and condition of the facility’s BMS, but does not specify the BMS functions and performance requirements needed. 
Likewise, BMS specification standards and guidelines typically do not identify how a BMS should be set up for ongoing 
monitoring to facilitate the assessment of HVAC performance during operation beyond maintenance alarming. 

This paper presents intermediate results of a wider research project to identify the characteristics of CCx and explore 
user perceptions of BMS at the six stages of the CCx process. 

2. RESEARCH STRATEGY AND METHOD

Industry professionals in New Zealand participated in an online survey where they were asked to identify characteristics 
of their CCx process and rate the importance and perceived satisfaction of BMS at each stage of the CCx process (Table 
1). Seven-point interval scales were used to question the participants’ perceived importance and satisfaction of BMS 
throughout CCx; the mid-point ‘4’ was considered neutral for both scales. 

Importance was defined as a measure of a participant’s need for a BMS to facilitate CCx from “1 – Not at all important” 
to “7 – Extremely important”. Extremely important is considered essential to the CCx process, while rankings of importance 
below the neutral rank of ‘4’ are considered unessential to carry out that stage of the CCx process.

Satisfaction was defined as a measure of a BMS’s ability to provide what is required to facilitate CCx, from “1 – Extremely 
dissatisfied” to “7 – Extremely satisfied”. Extremely dissatisfied is considered to mean the BMS fails to meet any requirements 
at that stage of CCx; extremely satisfied is considered to mean that all requirements are typically met.

Participants were identified through industry directories based on their accreditation as experienced professionals in the 
field of building services control and operation, with association to system optimisation and energy efficiency. Participants 
were recruited via email. 33 responses were received (Table 2). All participants had a minimum of 2 years’ experience in 
the building services or building control industry, with over 75% of all participants having more than 10 years of industry 
experience. All participants self-identified as having some experience in continuous commissioning and 27% reported 
having more than 10 years of CCx experience. 

Table 2: Survey participant occupations

Building Services 
Engineer

Building Energy 
Specialist

HVAC Continuous 
Commissioner

BMS 
Contractor

HVAC 
Commissioner

Other

14 11 2 2 1 3

User perceptions of building management systems in the continuous commissioning process
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3. RESULTS AND DISCUSSION

3.1 Continuous commissioning tools used

Over 75% of participants reported using manual data processing such as an in-house spreadsheet, visual assessment in 
the BMS or a bespoke analysis tool (Figure 2). This predominance of manual and bespoke tools indicates there is limited 
standardisation to the way CCx is carried out.

The use of these primitive tools makes the specification of data crucial to the success of the CCx process. If the right 
data is not requested, accessible or output in a usable form from a BMS, there is a greater demand of time and effort, as 
well as an increased margin of error during data manipulation. While automated CCx tools potentially allow more time for 
analysis and less for data conversion they are often no more equipped to resolve and adapt to data inconsistencies. The 
right data is still required to carry out assessments and the BMS needs to provide it in a usable form. As few participants 
utilise automated and BMS embedded analytical CCx tools, the results reported here primarily reflect the role of BMS in 
manual and bespoke CCx processes.

3.2 Characteristics of continuous commissioning processes

Figure 2: Continuous Commissioning Tools used in New Zealand

Participants were asked about four characteristics of their CCx process. Firstly, the survey sought an indication of the 
current access capabilities of New Zealand’s BMS stock. Continuous commissioners are likely using BMS differently to 
maintenance and BMS contractors who check day-to-day operations without rigorous energy assessments. Current BMS 
may not be designed anticipating such assessments. The majority of continuous commissioners are using BMS directly. 
Seventy percent of participants reported having remote access to BMS. Twenty four percent reported having onsite access 
which is a likely a limitation to implementing CCx. Two participants reported having no direct BMS access (6%), obtaining 
data via external parties.  

Secondly, 68% of participants reported using a manual method to import data into their CCx tool, while 13% reported 
using an automatic method. The remaining participants (19%) reported they referred to data trends directly in the BMS, 
therefore no data import method was required. This suggests functional limitations of BMS restricting the method of data 
import/export. It is expected if an automated data export function was available and easily set up, it would be used to 
reduce manual processing time. 

Next, two-thirds of participants reported carrying out their CCx assessments periodically (65%), while one-third reported 
ongoing assessments (32%). Seventy-five percent of participants who reported using a manual data import method also 
reported carrying out data assessments periodically, while three out of four participants with an automated import method 
reported an ongoing assessment of data. 

Finally, the majority of participants reported they carried out a manual assessment of HVAC data (84%). Only (13%) a 
few reported having an automated data assessment method. The same participants who indicated the use of automated 
data analysis, carried out their assessments continually and have an automatic import of data.

Overall the characteristics of CCx processes reported by participants begin to suggest there are functional limitations of 
current BMS used for CCx in New Zealand. It is likely the high proportion of manual and periodic assessments is indicative 
of limitations of BMS in providing continual and automated streams of data. This is explored further in the following result 
sections. 
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3.3 Perceptions of BMS in the continuous commissioning process

BMS are perceived to play a pivotal role in the CCx process as highlighted by existing literature (Texas A&M University, 
2002). This section presents the reported importance and perceived satisfaction of BMS in facilitating the six stages of the 
CCx process. Score intervals have been grouped into five categories. ‘1’ and ‘7’ are the extremities, while the scores ‘2-3’ 
and ‘5-6’ are classified as somewhat dissatisfied/satisfied or somewhat unimportant/important, respectively.

3.3.1 Monitoring of HVAC operation

Figure 3 shows the reported importance and satisfaction of BMS monitoring the operation of HVAC. All participants identified 
BMS to be of high importance in facilitating this stage of the CCx process, with 79% of participants identifying BMS as 
extremely important, rendering it crucial to providing functions which effectively monitor the operation of HVAC equipment. 
However, the perceived satisfaction of BMS providing this function is relatively low, with only 6% of all participants claiming 
BMS extremely satisfy their needs at this stage. While 67% of participants indicate some level of satisfaction, the large 
difference in the distribution of importance and satisfaction scores indicates the needs of continuous commissioners are not 
being fully achieved by the current functions provided by BMS. 

Figure 3: User perceptions: monitoring HVAC operation

Participants were asked whether BMS typically provide the minimum data required to carry out CCx, followed by 
whether they eventually provide the minimum data (HVAC data trends). Figure 4 reports that the data required to carry 
out CCx cannot typically be obtained immediately by a continuous commissioner from a BMS. This suggests BMS are not 
typically set up to record and store HVAC trends when the BMS is initially installed. Despite this, 64% of participants report 
that BMS are able eventually to provide the minimum data required, therefore BMS data availability is a time dependent 
issue, achievable following a specification of the required data, rather than a functional limitation of BMS. It should be noted 
no participants have reported BMS as always eventually providing the required data, indicating not all required data points 
may be available even after being requested.

Figure 4: Data accessibility 

User perceptions of building management systems in the continuous commissioning process
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3.3.2 Data extraction 

The distribution of reported importance of BMS in facilitating the extraction of data (Figure 5) is similar to the reported 
importance of BMS in the monitoring of HVAC (Figure 3). There is a strong connection between the ability to monitor 
HVAC operation and to extract the data to utilise for CCx. However, the large variance in perceived satisfaction of these 
functions suggests while continuous commissioners are primarily satisfied with the data monitored by BMS, there is a 
greater proportion of dissatisfaction in the ability to extract this data. The perceived satisfaction of extracting data from 
a BMS is on average satisfactory, with an even distribution of participants being somewhat dissatisfied and somewhat 
satisfied, compared to 91% of participants indicating a BMS is somewhat important or extremely important at this stage 
of the CCx process. The distribution of reported importance and satisfaction scores highlights a need for improved BMS 
functionality to extract data to facilitate the CCx process.

Figure 5: User perceptions: data extraction

3.3.3 Data processing 

In order for assessments to be carried out on operation data, the data needs to be in a usable form. There is a clear 
variance in the distribution of reported importance of a BMS in processing data into a usable form (Figure 6). While 51% 
of participants report it to have importance, 49% of participants have a neutral viewpoint or see BMS as unimportant to 
facilitating this stage of CCx. This split suggests that the varying CCx process carried out by individual participants could 
be a factor determining the importance of BMS at this stage. While the raw survey data was assessed further to find a 
correlation between the CCx characteristics used by participants who reported low importance, there was no consistent 
factor. 55% of participants reported some level of dissatisfaction with the processing capabilities of BMS to provide data in 
a usable form. Participants who reported a level of dissatisfaction were more likely to have a manual data extraction method 
and manual CCx tool.

Figure 6: User perceptions: processing data into a usable form

3.3.4 Data analysis

Figure 7 shows a similar distribution of importance rankings for the role of BMS in analysing data compared to the role of 
BMS in processing data to a usable form, with responses again at both extremes of the scale. The relatively even distribution 
of high, neutral and low importance of BMS at this stage suggests the characteristics of each respondent’s CCx process 
may begin to influence the perceived importance of a BMS at this stage (Figure 7). However, at this particular stage of 
the CCx process, all participants but one, who reported a BMS as important (5-7), also reported a low or neutral level of 
satisfaction. The same participants reported the use of a manual data import method and analysis.

Figure 7: User perceptions: data analysis
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3.3.5 The Implementation of Strategies

The role of a BMS in implementing energy saving strategies determined by CCx assessments was reported as important 
by 66% of participants, with 36% reporting this as extremely important (Figure 8). This indicates while BMS are crucial 
to the extraction of data to carry out CCx, they are also crucial to implementing energy saving control strategies. The 
satisfaction of BMS in enabling this is comparatively lower. While 46% of participants perceive some level of satisfaction, 
36% of participants are not satisfied with the current functions of BMS in facilitating the implementation of control changes, 
although no participants were extremely dissatisfied. The distribution of reported satisfaction indicates there is room to 
improve the way BMS facilitate making control and operational changes to HVAC performance. 

As previously identified, the majority of continuous commissioners are using BMS directly. While the direct use of BMS 
is likely to vary at the implementation stage of CCx due to the potential requirement of re-programming BMS, continuous 
commissioners could be indicating a need for a more direct way for them to make operational changes to improve HVAC 
energy efficiency. This begins to suggest a need for the future design of BMS to anticipate use by professionals of non-
programming backgrounds.

Figure 8: User perceptions: Implementing Strategies

3.3.6 Measurement and verification

The perceived importance and satisfaction of BMS in enabling measurement and verification (M&V) refers to the ability 
of a BMS to provide evidence in energy savings following the implementation of improved control strategies. 60% of 
participants report BMS as having high importance in the measurement and verification stage of CCx (Figure 9). The 
perceived importance and satisfaction of BMS during the M&V stage of CCx was expected to be comparable to the initial 
stage of monitoring HVAC operation due to the assumption that the data required to carry out CCx, would be the same 
data which could be used to verify the performance of improved control strategies. However, M&V requires a measurement 
of energy and cost savings as a result of energy efficiency measures (Webster et al., 2015). Because of this it is likely the 
perceived satisfaction of BMS in enabling M&V is much lower than that of monitoring operation. 43% of participants are 
dissatisfied with BMS facilitating M&V, despite an acknowledgement of high importance. This begins to suggest BMS do 
not necessarily have energy metering functions to measure and verify the performance of CCx strategies. 

Figure 9: User Perceptions: Measurement and Verification

4. CONCLUSIONS AND FUTURE RESEARCH

The aim of these preliminary survey results was to understand continuous commissioning processes and tools in order to 
determine the importance of BMS in facilitating CCx and to get an indication of where BMS are not meeting the needs of 
continuous commissioners. The survey was conducted in New Zealand but the results are thought to be indicative of the 
current application of BMS technology to Continuous Commissioning (CCx) because the technology of BMS systems and 
HVAC equipment and even of the design guides for installing them are international.  

The majority of participants reported using manual or bespoke methods to implement CCx. This seems likely due to 
BMS not always being able to provide a continuous, automated stream of HVAC data trends, as reported by the survey 
participants. BMS were also reported as typically not being initially set up to record and store the HVAC data trends. While 
data monitoring was identified as the most important way for BMS to facilitate CCx, it is apparent that the required data is 
not always immediately available. It is also apparent that BMS are initially not set up to record and store HVAC trends and 
therefore not set up in a way which best facilitates CCx. This suggests that BMS installation manuals and capabilities are 
not focused on or aware of CCx potential.

User perceptions of building management systems in the continuous commissioning process
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In order to meet this expectation in the future, the wider research project aims to develop a specification outlining the 
data points typically required, and trending and storage requirements of CCx, in order for BMS to be procured in a way 
which facilitates continuous commissioning.
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Abstract: The minimisation of building energy needs for cooling is challenging as acting on the building envelope and 
services is not sufficient. To achieve significant cooling savings, the mitigation of the local outdoor climate is necessary. 
This is particularly relevant in Australian Cities. Here we show the cooling energy savings that can be achieved with local 
climate mitigation in Darwin and Western Sydney with greenery, cool roofs and cool pavements, water sprinklers and 
fountains, water technologies and greenery, or and water technologies and cool roofs and pavements. In Western Sydney, 
in the unmitigated scenario, the cooling energy needs 50 km from the coast are approximately 1.5 times than if the same 
unretrofitted buildings were in coastal suburbs. Cool roofs and pavements combined with water fountains yield to savings 
of 39% for the residential and by 32% for the office building. In Darwin, combined greenery, cool roofs and pavements and 
urban shading can reduce the annual cooling load by 7.2%. In both cities, our results indicate the need to improve both 
building quality and outdoor local climate. Acting on only one of the two sides is not sufficient to achieve nearly zero energy 
buildings in Australian climates.

Keywords: Urban Heat Island; Cooling; Energy; Building.

1. INTRODUCTION

Building energy efficiency has been pursued with a systematic approach since the 1970s, mostly addressing heating 
needs, by minimising heat transmission and ventilation losses and with efficient building services controllers. The reduction 
of cooling energy demand has been addressed with the control of solar loads, but it also requires mitigation of the local 
outdoor climate. This is particularly challenging in Western Sydney, where the air temperature can frequently be 7-10 °C 
hotter than in coastal suburbs (Santamouris et al., 2017). The urban heat island (UHI) effect and global warming increase the 
ambient temperature in cities (Akbari et al., 2015) affecting the thermal and energy performance of buildings (Santamouris, 
2014). Typically, UHIs are responsible for an increase in cooling needs of 13 % (Santamouris, 2014), with more significant 
differences exceeding 40 % in climates where the urban air temperature is often above the cooling setpoint temperature 
(Paolini et al., 2017). Urban cooling needs of more than twice the rural ones if natural ventilation is not possible in the 
urban areas, while it is in the rural surrounding (Kolokotroni et al. 2006). Extensive research has identified and tested a 
wide range of countermeasures to urban overheating, including reflective materials and greenery (Akbari and Kolokotsa, 
2016). The potential of known mitigation technologies to lower ambient temperatures has been evaluated through a large 
number of mitigation projects from various parts of the world and various climatic conditions, demonstrating that they can 
lower average peak temperatures on average by 2°C (Santamouris et al., 2017). In particular, by lowering the ambient 
temperature, mitigation strategies can reduce cooling needs (Santamouris, 2014). 
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Here we show the cooling energy savings that can be achieved with local climate mitigation in Darwin and Sydney 
with greenery, cool roofs and cool pavements, water sprinklers and fountains, water technologies and greenery, or and 
water technologies and cool roofs and pavements. We computed the cooling energy needs with dynamic building energy 
simulations for two typical residential and office buildings, focusing on the existing building stock, developed before the 
introduction of energy efficiency regulations. 

2. METHODS

2.1 Areas, mitigation scenarios and simulated buildings

The two buildings we simulated are representative of the Australian building stock for low rise residential and offices (Figure 
1). The residential building is a brick veneer single-storey house with a total floor area of 218 m2, and the office building is 
a three-storey building with a total floor area of 4,840 m2 (details of the design features and simulation settings are given in 
Table 1). These are uninsulated buildings with single glazing and very poor energy performance and they are an example of 
the existing unretrofitted building stock, antecedent the energy efficiency regulations introduced in 2003 (Clune, Morrissey 
and Moore, 2012), often designed and built irrespectively of the climate context. We performed the building energy 
simulations with the EnergyPlus software model (US Department of Energy, 2016), while we simulated the microclimate in 
the unmitigated and mitigated scenarios with the 3D model ENVI-metV4.1.3, as detailed in a companion paper (Haddad et 
al., 2018). We designed the mitigation scenarios considering the specificity of the context, and therefore these are different 
for Darwin and Sydney (Table 2). The areas here considered are the City of Darwin, NT (~ 112 km2) and eight precincts in 
Western Sydney, NSW (~ 4,094 km2), namely Bankstown, Campbelltown, Canterbury, Holsworthy, Horsley Park, Olympic 
Park, Penrith, and Richmond.

a) 

 

b) 

 
 

Figure 1: Residential (a) and office (b) building models. 

Table 1: Design features and simulation settings.

Building feature Residential building Office building

Roof Pitched Roof over attic: light metal. U-value 
= 6.38 W/(m2 K). Ceiling: Plaster Board, 
Timber Flooring, Ply Wood, U value = 0.41 
W/(m2 K)

Built-up roof: Roof membrane, roof insulation, 
metal decking. U-value = 0.45    W/(m2 K)

External wall Brick veneer U-value=0.516 W/(m2 K) Steel-Frame Walls (2X4 16IN OC). 0.4 
in. Stucco+5/8 in. gypsum board + wall 
Insulation+5/8 in. U-Value = 0.683 W/(m2 K)

Windows single glazing, U-value=5.89 W/(m2 K), g- 
value=0.861, wooden frame

Single glazing, U-value= 5.89W/m2K, g-value 
= 0.861, wooden frame

Floor slab ceramic & carpet, U-value = 0.4 W/(m2 K) ceramic & carpet, U-value=0.4 W/(m2 K)

Heating set point temperature (°C) 20 20

Cooling set point temperature (°C) 24 24

Internal gain (W/m2) 3.58 11.77

Ventilation Rate (ACH) 7 7

Infiltration Rate (ACH) 0.7 0.7

Density (People/m2) 0.02 0.05

A. Synnefa, S. Garshasbi, S. Haddad, R. Paolini and M. Santamouris



279

Table 2: Mitigation scenarios.

Scenario Darwin Sydney

Unmitigated (reference) Albedo: walls, roofs and concrete 
pavements = 0.2; asphalt pavements = 
0.05; soil=0.15. Greenery less than 10% of 
non-building area.

Albedo: walls, roofs and concrete pavements 
= 0.2; asphalt pavements = 0.05; loamy 
soil=0.15. Grass used as greenery.

Greenery Grass and tree cover increased to 30% of 
pavements and open spaces

Plantation of 192 mature trees

Cool materials (roofs and pavements) Global Albedo=0.6, greenery < 10% of 
non-building area

Increased global albedo=0.5 with cool roofs 
and pavements

Water NA 16 water fountains/precinct 

Greenery and water NA Combination of the two scenarios

Cool materials and water NA Combination of the two scenarios

Combined
Area albedo = 0.6, Greenery 30%, and 
shading (30 % less incident radiation on 
streets/ carparks)

NA

In Western Sydney, we modelled an area of 858 m x 780 m per precinct, while in Darwin we simulated the CBD only 
(780 m x 1,390 m). To calculate the energy savings per scenario and local government area, we retrieved the total net floor 
area (Geoscience Australia, 2016), which for residential buildings in Western Sydney is of 107 million m2, and 25 million m2 
for offices, while in Darwin it is of 5 and 3 million m2 for residential and commercial use, respectively.

2.2 Weather data

In Sydney, the unmitigated conditions are described by eight weather stations, while for Darwin we considered the Airport 
station as a reference (Table 3). All are synoptic stations (Australian Bureau of Meteorology, 2017a). For Darwin, we 
considered the year 2016, though we observed small interannual differences, while for Sydney we took into account the 
year 2016-2017 (1st May 2016 to 30th April 2017), namely a recent year comprising a sequence of heatwaves. In fact, 
typical weather years exclude by design climate anomalies such as heatwaves and the cooling load during heatwave years 
is significantly higher than the multi-year average (Paolini et al., 2017). For Sydney, global horizontal solar radiation was 
obtained from Macquarie University (Macquarie University, 2017), and we computed the diffuse solar radiation with the 
model by Reindl et al. (1990) and the incoming infrared radiation with a variant of the Prata model (Prata, 1996; Lindberg et 
al., 2008). In Darwin, shortwave and longwave radiation were directly measured (Australian Bureau of Meteorology, 2017b). 
For the mitigated scenarios we computed the mitigated ambient temperature with a regression established between the air 
temperatures in the mitigated and unmitigated scenarios during a typical summer day.

Table 3: Weather stations providing the data used in the study. For the stations of the Bureau of Meteorology (BoM) the station code is 
provided.

BoM Station code Station name Lat Long Location

14015 Darwin -12.411 130.878 Darwin

66137 Bankstown         -33.918 150.986 Western Sydney, 20-30 km from the coast

68257 Campbelltown -34.062 150.774

66194 Canterbury -33.906 151.113

66161 Holsworthy -33.993 150.949

67119 Horsley Park -33.851 150.857

66212 Olympic Park -33.834 151.072

67113 Penrith -33.720 150.678 Western Sydney, ~ 50 km from the coast

67105 Richmond -33.600 150.776

NA Macquarie Uni -33.765 151.115 Inner West Sydney
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3. RESULTS

3.1 Darwin results

The total, sensible, and latent cooling needs for the residential and office buildings, for the reference and each mitigation 
scenario and the corresponding percentage decrease have been calculated on an annual and seasonal basis. For the 
residential building and the reference case, the annual cooling load is 441 kWh m-2 (Figure 2a). Urban greenery can reduce 
the annual cooling load by 11.6 kWh m-2 (2.6%), cool roofs and pavements by 25.8 kWh m-2 (5.8%) and combined greenery, 
cool roofs and pavements and urban shading by 31.9 kWh m-2 (7.2%). Cooling load savings in the wet season are higher 
(by 22-28%) than in the dry period, in line with the higher air temperature reduction observed during the wet season. For 
the office building in the reference case, the annual cooling load is 577 kWh m-2 (Figure 2b). Urban greenery can reduce the 
annual cooling load by 8.3 kWh m-2 (1.4%), cool roofs and pavements by 24.3 kWh m-2 (4.1%) and the combined scenario 
by 30 kWh m-2 (5.1%). Again, the cooling load savings in the wet season are higher (by 37-67%) than those in the dry 
season. Then, the highest cumulative residential cooling load savings (170 GWh) are granted by the combined scenario 
(Figure 3).
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Figure 2: Cooling load (total, latent and sensible) of the residential (a) and office (b) building, for the reference case and each mitigation 
scenario and corresponding percentage decrease for the whole. 

88,4

214

265,2

0

50

100

150

200

250

300

Greenery Cool roofs and 
pavements

Combined scenario

An
nu

al
 co

ol
in

g 
lo

ad
 sa

ve
d 

at
 LG

A 
le

ve
l 

(G
W

h)

Figure 3: Total cooling load savings for each mitigation strategy for the City of Darwin. 
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Cool roofs and pavements may produce savings for 137 GWh, and urban greenery for 62 GWh. For commercial 
buildings in the combined scenario, the savings equal 95 GWh, while savings of 95 GWh and 26 GWh are achieved with 
cool materials and greenery, respectively. On average 68% of the annual cooling load savings occur during the wet season 
and the remaining 32% in the dry season. For the whole residential and commercial building stock of the City of Darwin, 
the total cooling load savings, on an annual basis, resulting from the application of greenery is estimated to be 88 GWh, 
from the application cool roofs and pavements, 214 GWh, and from the application of the combined scenario is 265 GWh.

3.2 Sydney results

All five UHI mitigation strategies have been found effective in reducing the cooling energy needs of the buildings in Western 
Sydney. Considering the aggregated results, the cooling load savings for residential and commercial buildings for the 
whole area of Western Sydney resulting from the application of greenery is estimated to be 1073 GWh. Cool roofs and 
pavements produce savings for 1639 GWh, water technologies for 1072 GWh, water and greenery for 1203 GWh and 
water technologies and cool roofs and pavements combined for 1726 GWh on an annual basis (Figure 4).

Figure 4: Global cooling load savings (GWh) for each mitigation strategy for the area of Western Sydney 

For the reference case, the cooling load of residential buildings ranges from 20.8 kWh m-2 in Canterbury to 32.7kWh m-2 
in Penrith (Figure 5a), namely 58 % more than in Canterbury. On average for all the locations combined, urban greenery 
and water technologies may produce cooling load savings of 25%, 37 % with cool roofs and pavements and 39 % adding 
water technologies (Figure 5b). Considering the office building, instead, for the reference case, the cooling load ranges 
from 66 kWh m-2 in Canterbury to 95 kWh m-2 in Penrith: the same office building needs 44% more energy for cooling if 
located in Penrith than in Canterbury (Figure 5c). All the mitigation strategies are found effective in reducing the cooling 
load of the office building. More specifically, the cooling load of the office building for the selected stations ranges from 
54 to 76 kWh m-2, for urban greenery, from 47 to 68 kWh m-2, for cool roofs and pavements, from 54 to 76 kWh m-2, for 
water technologies, from 52 to 74 kWh m-2, water technologies combined with urban greenery and from 45 to 65 kWh 
m-2, for water technologies combined with cool roofs and pavements. Considering a spatial average, urban greenery and 
water technologies can reduce the cooling load of a representative office building by 19%, cool roofs and pavements and 
combined water technologies and cool roofs and pavements by 30% and 32% and combined water and greenery by 22%.
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Figure 5: Cooling energy needs in Western Sydney. Spatial distribution of the residential building cooling energy needs (expressed in 
kWh m-2 y-1) for the summer of 2016-2017 in a) the unmitigated and b) with cool materials & water scenarios. 

4. DISCUSSION

The very different synoptic climatic conditions in Darwin and Sydney draw totally different situations in terms of building 
cooling energy needs. Darwin has a tropical savanna climate (Köppen classification), with a dry and a wet season and 
ambient temperatures exceeding the set point for cooling (here considered equal to 24 °C) for approximately 90 % of the 
hours. Sydney instead has a humid subtropical climate with very strong differences between coastal and inland suburbs, 
with interactions between local urban heat islands and synoptic circulation (Santamouris et al., 2017). Thus, in Darwin, the 
building energy needs are predominantly for cooling, while in Sydney the cooling season is of approximately half of the year. 
In fact, in the unmitigated scenario, the sensible cooling energy needs in Darwin (Figure 2) are more than tenfold those in 
Sydney (Figure 5). Given the high humidity, a large fraction of the cooling loads in Darwin is represented by the latent heat 
loads and the maximum total reduction with the most effective mitigation strategy is of 7% and 5% for residential and 
office buildings, respectively. In the Darwin context, to achieve greater reductions in residential and commercial building 
energy needs, the focus should be placed on improving the building stock’s energy performance. In Darwin, the absolute 
cooling savings in the combined mitigation scenario for residential buildings (~32 kWh m-2) equal the maximum cooling 
energy needs in the unmitigated condition in the Sydney area (in Penrith). However, the cumulative annual savings in the 
combined scenario account for more than 250 GWh, reducing the cooling needs of the building stock of a quantity roughly 
corresponding to 500,000 m2 of floor area in the unmitigated condition.

In Sydney, the situation is different, with lower yearly cooling loads than in Darwin, because of a shorter cooling season 
and especially because during the night the ambient temperature is lower than the cooling setpoint even in the suburbs 

A. Synnefa, S. Garshasbi, S. Haddad, R. Paolini and M. Santamouris



283

that reach peak temperatures during heatwaves, as previously analysed (Santamouris et al., 2017). In the Greater Sydney 
Area, in Penrith and Richmond (~ 50 km from the coast), the cooling energy needs are approximately 1.5 times those in 
Canterbury in the unmitigated condition, with mitigation reducing the energy needs to absolute values lower than coastal 
levels in the unmitigated scenario. Strong spatial differences in cooling energy needs within a few kilometres are widely 
documented, especially when the urban overheating brings the local climate beyond the cooling setpoint, especially during 
heatwave years (Kolokotroni et al., 2006; Paolini et al., 2017).

With mitigation, the cooling energy needs are below 15 kWh m-2 y-1 for a great part of Western Sydney, thus requiring 
the design of building services of lower capacity and could be further reduced acting on the building envelope and with free 
cooling, especially for commercial buildings. The cumulative annual cooling savings achievable with mitigation exceed 1700 
GWh, which with average efficiency of the thermal machines would a significant reduction of the total demand to the grid. 
In Sydney, the most effective mitigation strategies may reduce the cooling energy needs to very low levels, and the design 
of zero energy buildings seems an easily attainable target without on-site energy generation. In Darwin, instead, there is not 
a cool sea breeze reducing the ambient temperature during the night, and natural ventilation and free cooling are not viable 
options to maintain the setpoint conditions indoors. Both in Darwin and Sydney we considered uninsulated buildings with 
very poor building quality and thermal performance. These represent the building stock developed before the introduction 
of the regulation on energy efficiency in buildings. In fact, poorly performing buildings are the most exposed to the impacts 
of urban overheating (Paolini et al., 2017). Further investigation and development of this research will concern the balance 
between water use for mitigation and saved cooling water for electricity generation (van Vliet et al., 2012).

5. LIMITATIONS AND SOURCES OF ERROR

One of the limitations of this study is the consideration of a limited number of archetypes to represent the building stock. 
We can expect uncertainty in the absolute value of the cooling energy savings at urban scale (Caputo, Costa and Ferrari, 
2013) given the diversity of the building stock and the variance in the energy behaviour of buildings’ occupants (Yan et al., 
2017). Some information is available for Melbourne (Stephan and Athanassiadis, 2017), although a comprehensive archive 
of building archetypes with their statistical distribution (e.g., Ballarini, Corgnati and Corrado, 2014) requires further research. 
However, our results are relative to the unmitigated case, and we consider these perturbing factors as invariants, although 
we acknowledge non-linearity in the users’ behaviour. Here we focus mostly on the magnitude of the savings achievable 
with just local climate mitigation.

6. CONCLUSIONS

We analysed the cooling energy needs of residential and office buildings in two Australian Capital Cities with very different 
climates, Darwin and Sydney, in the unmitigated scenario and with local climate mitigation. We simulated mitigation with 
microclimate modelling considering different strategies for the different context. In Darwin, we considered a 30 % increase 
of greenery, an increase of the average albedo of the area to 0.6, and a combined scenario including street and car parks 
shading (by 30%). In Western Sydney, instead, we considered the plantation of additional trees, the use of cool roofs and 
pavements, the introduction of water fountains and a combination of the first two technologies with water. The combined 
mitigation scenarios compared to the unmitigated situation can produce cooling energy savings by 7 % in Darwin and 39 
% in Western Sydney for residential building, and by 5 % and 23 % for office buildings. In both cities, our results indicate 
the need to improve both building quality and outdoor local climate. Acting on only one of the two sides is not sufficient to 
achieve nearly zero energy buildings in Australian climates.
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Abstract: Urban overheating in synergy with global climate change will be enhanced by the increasing population density 
and increased land use in Australian Capital Cities, boosting the total and peak electricity demand. Here we assess the 
relation between ambient conditions and electricity demand in Sydney and Darwin and the impact of local climate mitigation 
strategies including greenery, cool materials, water and their combined use at precinct scale. By means of a genetic 
algorithm, we produced two site-specific surrogate models, for New South Wales and Darwin CBD, to compute the 
electricity demand as a function of air temperature, humidity and incoming solar radiation. For Western Sydney, the total 
electricity savings computed under the different mitigation scenarios range between 0.52 and 0.91 TWh for the summer of 
2016/2017, namely 4.5 % of the total, with the most relevant saving concerning the peak demand, equal to 9 % with cool 
materials and water sprinkling. In Darwin, the computed peak electricity demand is of 2 % with respect to the unmitigated 
condition. Greater savings could be achieved acting on the demand linked to hot and humid conditions.

Keywords: Urban Heat Island; Cooling; Energy; Building.

1. INTRODUCTION

Global climate change is expected to increase the annual average air temperatures from 1.8 K to 4 K between 1990 and 
2100 (IPCC, 2014). Considering only the variation in heating and cooling degree days related to climate change, an increase 
in per capita electricity demand of 6 % and 11 % during summer and spring, respectively, is predicted by 2100 for New 
South Wales (Balogun, Morakinyo and Adegun, 2014). However, global climate change will march in hand with an increase 
in global population and an increased market penetration of air conditioning, with the latter due to an increase in available 
income and increased frequency of hot spells (Santamouris, 2016). In addition, a local increase in ambient temperature is 
due to the urban heat island effect (Santamouris, 2015), for which a crescendo is also expected in some areas, given the 
growing urban population. All these aspects together will boost the electricity consumption and the need of additional power 
stations. The increase in the frequency and intensity of heatwaves connected to global climate change is also expected 
to mirror in boosted frequency and intensity of peak electricity demand. An “additional peak capacity costs of up to 180 
billion dollars by the end of the century under business-as-usual” is estimated in the USA, with an all year average increase 
of 2.8 % in consumption (Auffhammer et al. 2017). Data from Canada, Israel, Japan, Thailand, and the United States 
show an increase in peak electricity demand by 0.45-4.6 % / °C, with an electricity penalty of 21 (± 10.4) W per degree of 
temperature increase and per person (Santamouris et al., 2015). Considering the local impacts, the urban heat island effect 
contributes to an additional increase between 0.5 % and 8.5 % / °C. Usually, the threshold temperature above which the 
electricity demand increases ranges between 18 °C and 24 °C; and it equals 18 °C in the majority of cases (Santamouris, 
2014). In tropical climates, the largest fractions of domestic electricity demand are for air conditioning and refrigeration, thus 
directly related to the ambient temperature. The benefit of local climate mitigation in terms of electricity demand reduction 
has not been investigated for Australian cities.
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Here, we assess the relation between ambient conditions and electricity demand and we assess the impact of local 
climate mitigation strategies in the Darwin CBD area and in Western Sydney. These include greenery, cool roofs and cool 
pavements, water sprinklers, water and greenery, or and water and cool roofs and pavements.

2. METHODS

2.1 Areas of interest

The areas considered here considered are the CBD of Darwin, NT (~ 1 km2) and an area of Sydney, NSW (~ 4,500 km2) 
with approximately 4.2 million residents, where we modelled in total eight precincts in the Local Government Areas of 
Bankstown, Campbelltown, Canterbury, Holsworthy, Horsley Park, Olympic Park, Penrith and Richmond. We simulated the 
unmitigated and mitigated microclimates with the 3D model ENVI-metV4.1.3 (Haddad et al., 2018), considering site specific 
approaches (Table 1). 

Table 1: Mitigation scenarios.

Scenario Darwin Sydney

Unmitigated (reference) Albedo: walls, roofs and concrete pavements 
= 0.2; asphalt pavements = 0.05; soil=0.15. 
Greenery < 10% of unbuilt area.

Albedo: walls, roofs and concrete pavements 
= 0.2; asphalt pavements = 0.05; loamy 
soil=0.15. Grass used as greenery.

Greenery Increase of grass and trees cover to 30% of 
pavements and open spaces

Plantation of 192 mature trees per precinct

Cool materials (roofs and pavements) Global Albedo=0.6, greenery less than 10% 
of non-building area

Increased global albedo=0.5 by applying 
cool roofs and pavements

Water NA 16 water fountains/precinct 

Greenery and water NA Combination of the two scenarios

Cool materials and water NA Combination of the two scenarios

Combined
Albedo = 0.6, Greenery 30%, and Shading 
(30 % irradiance reduction)

NA

2.2 Electricity data

We received the semi-hourly electricity demand data from Power and Water Corporation for the Darwin CBD area (Darwin 
City) and the Frances Bay area. We focused on the period from February 2016 until December 2017 because of a variation 
in the metering system, a very sharp population increase in recent years in Darwin, and as the area is very small, the 
visitors may be a relevant fraction compared to the resident population. For Sydney, we obtained the semi-hourly electricity 
demand data for the whole NSW from the Australian Energy Market Operator (Australian Energy Market Operator, 2017), 
considering the summer periods (Dec-Feb) from 2013 to 2017. To determine the relation between environmental conditions 
and electricity demand, we used the genetic programming software tool Eureqa. Its engine was originally developed by 
Schmidt and Lipson (2009) and uses artificial intelligence to search a correlation that minimizes the error function given by 
the discrepancy between the data and the generated model. We used 75 % of the dataset for development and 25 % for 
validation.

2.3 Weather data

In Sydney, we considered the semi-hourly weather data for the unmitigated scenario given by nine weather stations (Table 
2) managed by the Bureau of Meteorology (Australian Bureau of Meteorology, 2017a). Lacking long term records of global 
horizontal solar radiation free of gaps, we considered the extraterrestrial global horizontal radiation from satellite measurements 
(University of Colorado and NASA, 2017) and we computed the solar position with an high-accuracy algorithm (Reda and 
Andreas, 2004). The simulated environmental conditions in the precincts showed a very good agreement with the BoM 
stations, that were directly used. We considered then a population weighted average temperature, with statistical data on 
population (Geoscience Australia, 2016). 
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Table 2: Weather stations providing the data used in the study. For the stations of the Bureau of Meteorology (BoM) the station code is 
provided.

BoM Station code Station name Lat Long Location

14015 Darwin -12.411 130.878 Darwin, NT

66137 Bankstown         -33.918 150.986 Western Sydney, 20-30 km from the 
coast68257 Campbelltown -34.062 150.774

66194 Canterbury -33.906 151.113

66161 Holsworthy -33.993 150.949

67119 Horsley Park -33.851 150.857

66212 Olympic Park -33.834 151.072

66062 Observatory Hill -33.859 151.202 Coastal, NSW

67113 Penrith -33.720 150.678 NSW, 50 km from the coast

67105 Richmond -33.600 150.776

NA Macquarie (radiation) -33.765 151.115 Inner West Sydney, NSW

In Darwin, we considered the dry bulb and dew point temperatures, and the solar radiation measured at the airport 
(Australian Bureau of Meteorology, 2017b) and we installed in the CBD a network of 15 stations that provided semi-hourly 
temperature data for approximately two months (11/09/2017 - 31/10/2017). Then we found a relation between the urban 
and airport temperatures and re-created a long-term data series for the CBD. The weather profiles in the mitigated condition 
were computed considering the ratio of the air temperature in the mitigated scenario in each precinct to the ambient 
temperature in the unmitigated scenario. In detail, we multiplied the semi-hourly ambient air temperature from the weather 
station times the mitigation ratio. In Sydney, for Observatory Hill and Northern Beaches areas we considered the same 
mitigation coefficients derived for Canterbury.

3. RESULTS

3.1 Electricity demand model

3.1.1 Darwin electricity demand model

We found a correlation between urban temperatures (Turb) and airport conditions as a function of airport air temperature 
(T), global horizontal irradiance (GHI), and wind speed (U).

Turb = 10.21 + 0.675*sma(T, 3) + 0.002*GHI + 0.055*T*sma(U, 7) - 1.729*sma(U, 7) – 
+ 1.832e-6*GHI2              (1)

Where sma (x, n) is the simple moving average of the previous n records of the quantity x. The developed correlation 
shows an R-squared correlation coefficient of 0.93, a median absolute error of 0.3 °C and for 99% of the values the error 
is less than 2 °C (Figure 1). There are some outliers due to the different time at which the urban area and the airport (~ 
6 km from the city) are reached by thunderstorms that induce a sudden temperature drop. The surrogate model can 
reproduce the trend and the peaks in the urban temperature profile, at times with a time shift of 30-60 minutes (Figure 1), 
with most of the discrepancies occurring during the night. Similarly, we found a parametrisation of the semi-hourly electricity 
demand (ELDem) expressed in MVA (Mega Volta Ampere) as a function of the temperature at the airport (T), the dew point 
temperature (Td), the global horizontal irradiance (GHI).
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Figure 1: Modelled vs. observed average urban ambient temperature in the CBD of Darwin (a), and five days of semi-hourly modelled 
and observed average urban ambient temperature in Darwin (b).

ELDem = 3.024 + 0.897*sma(T, 54) + 0.0003*Td*sma(GHI, 3) - 1108/(107.058 +  
+ 0.3116*delay(GHI, 285) + 0.0326*GHI*delay(GHI, 285) + sma(GHI, 12)      (2)

Where sma (x, n) is the simple moving average of the previous n records of the quantity x. Delay (x, n) indicates a delayed 
variable, namely for time step t, it considers its value n time steps before. Humidity has a nonlinear impact on demand, 
affecting the performance of the parametrisation in the intermediate temperature range, while the demand is monotonic 
with temperature (Figure 2).

Figure 2: Observed electricity demand vs. the urban ambient temperature (a); vs. absolute humidity (b); and modelled vs. observed 
electricity demand for Darwin CBD (c).  
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3.1.2 Sydney electricity demand model

The electricity demand plotted versus the ambient temperature shows the typical U shape, with an inflection point at 
approximately 18 °C (Figure 3). The correlation we found for the semi-hourly electricity demand (ELDem) expressed in MW is 
a function of the population weighted average temperature (T) for the areas and the extraterrestrial horizontal irradiance (G).

 Figure 3: For the period 2005-2017, observed electricity demand vs. the ambient temperature (a); electricity demand vs. the absolute 
humidity (b) at the station of Bankstown (barycentric); and modelled vs. observed electricity demand for NSW (c).

ELDem = 6157.6 + 73.9 × sma(T, 113) + 0.136 × T × sma(T, 10) × sma(T, 26) + 
- 4.335 × max(smm(G, 191), 0.024 × delay(G, 29) × sma(T, 10))       
(3)

Where sma (x, n) is the simple moving average of the previous n records of the quantity x. Similarly, smm is the simple 
moving median. Delay (x, n) is a delayed variable, namely it considers the value of quantity x n time steps before. Then we 
applied a ceiling and a floor to the computed results, corresponding to the 0.1th and 99.9th percentile of the demanded 
power. The mean absolute error is of 513 MW, symmetrically distributed, with differences between observed and modelled 
total demand equal to 0.1 TWh (~ 0.6 % of 17.4 TWh over the average summer period), and to 0.5 % of peak demand.

3.2 Electricity savings with mitigation

3.2.1 Electricity savings in Darwin

All the mitigation technologies reduce the electricity demand, because for the most part of the year the ambient temperature 
exceeds 18 °C, namely the temperature of minimum demand (Thatcher, 2007). The green mitigation technologies offer only 
a modest reduction with peak savings (0.3 MVA), while the maximum savings, equal to 0.8 MVA can be achieved in the 
combined mitigation scenario (Figure 4, Table 3), yielding to a reduction of the peak electricity demand by 2 %.

Figure 4: Electricity demand and absolute savings in the green mitigation scenario (a), cool materials scenario (b) and combined 
scenario (c).  
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Table 3: Statistics for the electricity demand in the unmitigated (observed and modelled) and mitigated scenarios, expressed in MVA.

Stat Unmit obs (MVA) Unmit mod (MVA) Green (MVA) Cool (MVA) Combined (MVA)

Max 40.8 39.6 38.9 39.3 38.8

Average 24.2 25.2 24.6 24.9 24.5

Median 23.7 25.7 25.1 25.4 25.0

Min 11.9 10.7 10.3 10.6 10.3

99th %-ile 37.5 36.8 36.2 36.5 36.0

1th %-ile 14.2 14.3 13.8 14.0 13.7

3.2.2 Electricity savings in Sydney

The total electricity savings computed under the different mitigation scenarios range between 0.42 and 0.78 TWh 
considering the average of the four summers and between 0.52 and 0.91 TWh for the summer of 2016/2017, with respect 
to the unmitigated demand of 17.4 and 18.2, respectively four-summer average and 2016/2017 (Table 4). The computed 
differences largely exceed the bias between observed and modelled electricity demand. The largest savings are achieved 
with the combination of cool and water mitigation, accounting to 4.5-5 % of the total summer demand. However, the most 
relevant benefit of the mitigation of local climate, in terms of electricity demand, is the reduction of the peak demand (Figure 
5, Table 5), equal to 9 % implementing mitigation with cool materials and water.

Table 4: Total electricity summertime savings in NSW with the investigated mitigation options.

Summer savings Green Cool Water Green & Water Cool & Water

AVG (TWh) 0.45 0.73 0.42 0.50 0.78

2016/2017 (TWh) 0.52 0.84 0.49 0.58 0.91

AVG (%) 2.6% 4.2% 2.5% 2.9% 4.5%

2016/2017 (%) 2.9% 4.7% 2.7% 3.2% 5.0%

Figure 5: Summer electricity demand reduction in NSW for the mitigation scenarios with greenery (a), cool materials (b), water (c), 
greenery and water (d) and cool materials and water (e). 
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Table 5: Peak electricity demand reduction in NSW with the investigated mitigation technologies.

Peak reduction (MW) Green Cool Water Green & Water Cool & Water

99.9th %-ile 736 1,170 701 821 1,251

99.5th %-ile 617 984 592 679 1,060

99th %-ile 551 910 525 617 980

4. DISCUSSION

Both in Darwin and in Sydney the surrogate model performs similarly to other models in the literature (e.g., Thatcher, 2007, 
with R2 = 0.82), with an R2 of 0.79 in Darwin and 0.81 in Sydney. For Darwin, the performance of the model is good with 
regard to the peak and the minimum electricity demand and poor in the intermediate demand range. While there is a weak 
correlation with the global horizontal irradiance, there is a strong influence of humidity on the demand. This explains peak 
electricity demand not occurring for the highest temperatures, but for hot and humid conditions, not surprisingly for a 
tropical climate (Figure 6). Therefore, in Darwin we compute only the peak reduction.

For Sydney, the model can predict the general trend of the electricity demand, but does not capture the fuzziness, 
likely due to other factors that we did not consider here, such as other climate parameters, and social variables such as 
population and holiday/working-day (Psiloglou et al., 2009). Incorporating these aspects with fuzzy algorithms could provide 
a further improvement of the model (Son and Kim, 2017). Moreover, further improvements can come from apportioned 
data for energy uses and relative to the specific local government areas. In Sydney, for ambient temperatures below 18 °C, 
the peak values are not reached for the lowest temperatures, but at approximately 10 °C. This might indicate the impact of 
poor weather on the electricity uses as well as on the generation off-the-grid (e.g., building integrated photovoltaic or solar 
collectors for domestic hot water), since the rainfalls are prevalent in the intermediate season. The ambient humidity does 
not seem to show a dominant impact on the electricity demand, despite several occurrences of high demand with high 
absolute humidity.

Assuming that the avoided electricity consumption is electricity produced by coal fired power stations in NSW (where 
80 % of the generation is achieved with this source), and considering that each kWh of coal-fired electricity delivered to the 
meter emits approximately 1 kg of CO2 (Koomey et al., 2010), we may read the data in Table 4 as millions of tons of CO2 
emissions saved over the summer period. The avoided electricity demand corresponds to approximately one average coal 
fired power station (500 MW) operated for the summer period at 70 % capacity with approximately 7 % losses, under the 
cool materials scenario.

In NSW the peak demand per capita (state average) is of approximately 2 kW, while in Darwin considering the resident 
population in the CBD (7,130 people, Australian Bureau of Statistics, 2017) it should be approximately of 5.5 kW. Therefore, 
the peak demand reduction in Sydney would be 0.18 kW and 0.11 kW in Darwin, so it is not negligible in absolute terms. 
However, Darwin CBD has a small area with several hotels and a rapidly expanding population, inducing high uncertainty in 
the estimation of the number of individual energy uses. Therefore, is not possible to normalise the demand as per capita, to 
compare different periods in case of significant changes to the population density and use long data series. This exemplifies 
the uncertainty when dealing with the electricity demand of small areas. As previously mentioned, the absolute humidity has 
a nonlinear influence on the electricity demand in Darwin (Figure 2). This occurs as to dehumidify, traditional AC systems 
need a coil temperature lower than the dew point temperature, removing the moisture by condensation and the air then 
needs to be reheated to be at comfort conditions, thus producing an excess load. Other type of building services, such as 
desiccant or hybrid air-conditioning systems seem promising in overcoming the issue (Abdel-Salam, Ge and Simonson, 
2013).

Future developments of this research include the representation of the fuzziness in the electricity parametrization. Access 
to utility data partitioned by energy use and relative to smaller areas is not straightforward, but it can provide additional 
insight. Two areas of uncertainty to be addressed are the normalization with population density (uncertainty in the number of 
individual energy users, especially for small areas) and energy fluxes between different grids, being sub- or interstate grids. 
Combined probabilistic and possibilistic approaches can support a further development of the electricity parametrization. 
Where the population and electricity demand are concentrated in the middle of the geographical area, the analysis is less 
affected by uncertainty and interannual variability than small areas where the fringes of the domain have the same population 
density and energy use of the area of interest. A full appraisal of the error propagation is also needed.

5. CONCLUSIONS

We analysed the electricity demand in two Australian Capital Cities with very different climates, Darwin and Sydney, in the 
unmitigated scenario and with local climate mitigation. We simulated mitigation with microclimate modelling considering 
different strategies for the different context.
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We analysed the electricity demand of the CBD of Darwin (and fringes of the Frances Bay area) and its relationship with 
climate parameters. We developed a regression model capable to predict the peak electricity demand as a function of 
ambient temperature, humidity and solar irradiance. We used this model to assess the benefit of local climate mitigation in 
terms of avoided peak electricity demand. In the combined mitigation scenario, it is possible to reduce the peak electricity 
demand by 0.8 MVA, namely 2 % of that in the unmitigated scenario. However, it is not practically possible to reduce 
ambient humidity without heating, especially in tropical and marine climates. Therefore, it would be necessary to act on the 
quality of building envelopes and on the technology and performance of building services.

In the Greater Sydney Area, with the most effective mitigation strategy, namely with cool materials and water, it is 
possible to reduce the peak electricity demand by 1.2 GW, namely 9 % of that in the unmitigated scenario. The total 
electricity demand over the summer period may be reduced by 4.5 % - 5 % of the demand in the unmitigated scenario. 
These avoided total electricity demand correspond to 0.8-0.9 million tons of avoided CO2 emissions of electricity produced 
by coal fired power plants.
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Abstract: The 5x4 Hayes Lane Project was built in response to some of the current housing issues being exacerbated by 
a rapidly expanding global and urban population. One of its main aims was to minimise operational GHG emissions without 
compromising liveability or lifestyle. It appeared on Grand Designs Australia in 2015 as an exemplar of environmentally 
sensitive design. The design intent was to eliminate fossil fuel-based energy through omission of gas to site, a high 
performance envelope, geothermal heat pump, energy efficient appliances, a roof and wall mounted grid-connected solar 
power system, and the purchase of 100% renewable energy from the grid. With the building having now been occupied for 
three years, this paper presents the results of an operational performance evaluation to understand whether the project’s 
minimisation of GHG emissions goal has been realised. Operational energy-related GHG emissions were calculated based 
on energy use and generation data collected from energy bills and on-site meters. The study found that the 5x4 Hayes Lane 
Project would have resulted in net operational GHG emissions of 13.8 kg CO2e per day without the purchase of renewable 
energy from the grid. While this is lower than average Melbourne households, there is still room for improvement. The findings 
of this study provide an opportunity to re-evaluate current building design and performance and set more ambitious, but 
achievable energy use and GHG emissions targets for future housing. The 5x4 Hayes Lane Project demonstrates a different 
approach for addressing some of the challenges that come with a need for higher density housing. It shows how infill 
housing can be used to capitalise on under-utilised land with high amenity and liveability while at the same time achieving 
improved environmental performance. However, it also shows that a substantial reduction in operational GHG emissions is 
not necessarily easy and ongoing monitoring and improvements are often needed to achieve optimal performance.

Keywords: Infill housing; greenhouse gas emissions; energy; life cycle.

1. INTRODUCTION

Housing currently being built across Australia is resource intensive and has a considerable effect on the natural environment. 
Modern construction materials, that are often resource intensive to manufacture, increasing transport distances for 
occupants, increasing house size, and high operational energy demands are some of the main factors that are contributing 
to this. An increasing demand for housing due to population growth is further exacerbating these issues.

Higher density, energy efficient housing in close proximity to public transport is being heralded as a more preferred 
solution than the low density, energy intensive urban sprawl that has been the hallmark of Australian cities for decades. 
Fuller and Crawford (2011) and Heinonen and Junnila (2014) have demonstrated that a significant reduction in energy 
demand and greenhouse gas (GHG) emissions associated with transport, and housing construction and operation are 
possible with this approach.

In 2014 construction of the 5x4 Hayes Lane Project in East Melbourne commenced. The client/builder, Ralph Alphonso, 
had a vision of creating a building that would be a catalyst for the broader uptake of environmentally conscious housing. 
His aim was to demonstrate a solution for dealing with some of the abovementioned housing issues being exacerbated 
by a rapidly expanding global and urban population. The 5x4 Hayes Lane Project is constructed on a previously under-
utilised inner-suburban site, measuring approximately 5m by 5m, located close to public transport. The project has a 
focus on minimising the GHG emissions associated with its construction and operation, thus addressing one of the main 
environmental effects associated with housing. 

The building was also designed as a ‘living laboratory’ where potential solutions for achieving significant reductions in 
GHG emissions could be explored and information on its ongoing performance could be analysed and used for further 
improvements. It also attempts to take a holistic approach to reducing GHG emissions through material selection (including 
carbon sequestration), more efficient construction processes (prefabrication) and operation (energy efficient appliances 
and renewable energy production), end-of-life (ability to reuse and recycle materials), transport (close proximity to public 
transport), house size (efficient use of space), and site location (use of brownfield site reduces land disturbance and 
maximises use of existing infrastructure), while not compromising liveability and lifestyle.

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.295–302. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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The 5x4 Hayes Lane Project‘s ambitions were for minimal GHG emissions, but targets do not necessarily guarantee that 
they will be achieved. This is particularly the case where innovative, complex or atypical solutions are being used where 
there is no long-term evidence that demonstrates a high level of certainty that targets can and will be met. A performance 
evaluation is the only way of determining whether or not these performance targets have been met. With the building having 
now been occupied for three years, it is an ideal time to conduct this evaluation and determine whether it has lived up to its 
original aims and what can be learnt from it to help inform more environmentally conscious housing for the future.

Therefore, this study was undertaken to quantify the operational GHG emissions performance of the 5x4 Hayes Lane 
Project (assuming the use of fossil fuel-based electricity imported from the grid) to determine the extent to which it has 
achieved its original goal of minimising operational GHG emissions. It also highlights the extent to which this form of housing 
can provide a viable solution to addressing one of the most critical environmental issues associated with current housing.

2. BACKGROUND

Global population is growing at a rate of around 83 million people per year and the majority (55%) of this population live in 
urban areas. The 7.6 billion people on the Earth today is expected to grow to 9.8 billion by 2050 (Worldometers, 2018). 
This brings a multitude of challenges, including housing provision, food, energy and water supply, waste management, 
health and wellbeing, and land availability. Current housing is already resulting in considerable issues, particularly for the 
environment, and these are likely to only get worse.

2.1 Current housing challenges and issues

2.1.1 Resource demands and emissions

The majority of future population growth is projected to occur in developing regions, such as Africa and Asia (United 
Nations, 2017). When combined with growing expectations of living standards in these regions, this has the potential to 
considerably exacerbate the issues already being faced. For example, studies have shown that the size of a house is a 
major driver for resource consumption (Fuller et al., 2009; Stephan and Crawford, 2016). The average size of housing in 
developed regions has more than doubled over the past 60 years (Fuller et al., 2009), as a result of increasing wealth and 
living standards. If this was seen as a right or preference in developing countries, without considerable improvements to the 
environmental performance of housing, this will create an exponential demand for natural resources and lead to even more 
rapid degradation of the environment. More and larger houses demand more resources, not only in the energy needed for 
heating, cooling and lighting but also through the manufacture of construction materials, equipment, furniture and fittings 
contained within the physical building structure. While improvements have been made over recent years to the operational 
energy efficiency of housing (Geller et al., 2006), a range of factors have offset many of the positive achievements in this 
area, including an increase in energy use due to larger houses, more technological advanced designs, and use of more 
energy intensive materials.

2.1.2 Transport emissions

Low-density housing solutions pervade many of the world’s largest cities. This has created a dependency on automobiles, 
especially as public transport networks and services are often non-existent or insufficient in many outer-suburban areas. 
Automobiles are the most emissions-intensive form of transport from a passenger-kilometre perspective (Duffy and Crawford, 
2013) and a major contributor to the transport sector’s significant proportion (14%) of global GHG emissions (IPCC, 2014). 
This continued low-density approach to the provision of housing will make it even more difficult to achieve the considerable 
GHG emissions reductions that are needed in the housing sector. 

2.2 Benefits of higher density

A number of urban and city planners advocate for an increasing urban density in an attempt to address many of the 
housing issues and challenges outlined above (Koob, 2017). Their argument stems from the ability to maximise the use of 
existing infrastructure, provide more efficient transport systems, and minimise the environmental effects associated with the 
provision of new services. An emphasis on higher density developments is becoming an increasing focus of housing policy, 
such as in Melbourne’s current planning document, Plan Melbourne (State Government of Victoria, 2014).

Addressing the challenges of housing a growing population must not be done in isolation of the environmental 
consequences of the solutions that are proposed. With demand for resources and associated environmental effects already 
beyond what the Earth can handle (Global Footprint Network, 2016), further population growth and housing development 
will only exacerbate these problems. It is thus imperative that future housing solutions aim to achieve minimal effects on the 
environment, particularly in relation to GHG emissions and the depletion of natural resources. Higher density housing has 
been demonstrated as a potential solution, reducing energy use and GHG emissions associated with transport, as well as 
reducing resource demands due to more efficient use of space and existing infrastructure.
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2.3 Approaches to higher density

One of the most common approaches to increasing the density of urban areas and housing an increasing population is 
medium to high-rise multi-residential apartment building. While detached housing represents the vast majority of new 
housing constructed in Australia, the proportion of apartment type buildings increased by 40% from 1991 to 2016 (ABS, 
2018).

An alternative approach is infill housing, which is housing constructed on vacant or under-utilised land in established 
urban areas (Oxford University Press, 2018). The land is often used for other purposes (e.g. car parking, gardens and 
recreation). Infill housing provides numerous benefits over typically larger, apartment type buildings. It often has a lower 
impact on the existing streetscape and due to what is often a less intensive construction process, can reduce any impact on 
neighbours. This approach is often preferred in quieter, sensitive residential areas (Preiss and Lucas, 2018). The 5x4 Hayes 
Lane Project demonstrates an approach to infill housing that also attempts to have minimal effect on the environment.  

2.4 Description of the 5x4 Hayes Lane Project

The 5x4 Hayes Lane Project (Figure 1) is constructed on a previously under-utilised inner-suburban site in East Melbourne, 
Australia. The 5m by 5m site is located close to public transport and was originally used as a garage for an adjoining 
property. The intention of the project was to minimise the GHG emissions associated with its construction and operation. 
Key elements of the design approach included reducing energy demand through a high performance envelope (including 
air tight construction and phase change materials), geothermal heat pump, and energy efficient appliances, offsetting any 
remaining energy use with a 4 kW grid-connected solar power system and 100% renewable energy from the grid.

   

Figure 1: Images of the 5x4 Hayes Lane Project. (source: authors)

The design of the building also involved careful selection of materials and systems to minimise its embodied GHG 
emissions (Crawford and Hollingsbee, 2014). Combined with a small GFA of 87 m2 and close proximity to public transport 
and amenities, this holistic design approach attempted to address many of the problems associated with existing housing, 
as outlined in Section 2.1. The project featured on Grand Designs Australia in 2015 as an exemplar of environmentally 
sensitive design. Now three years on, it is an opportune time to determine whether the project has lived up to its ambitious 
intentions.

3. RESEARCH APPROACH

This section outlines the approach used to assess the extent to which the 5x4 Hayes Lane Project has been able to achieve 
its original goal of minimising its operational GHG emissions. This analysis focuses on the operational performance of the 
building, including GHG emissions associated with the energy used within the building and those mitigated through the 
production of on-site renewable energy. The net operational GHG emissions for the building were quantified by subtracting 
the GHG emissions abated by the electricity exported by the solar power system from the total GHG emissions associated 
with the operation of the building. This analysis assumes the purchase of fossil fuel-based electricity from the grid.

3.1 GHG emissions from operational energy use

The GHG emissions associated with the operation of the building are those released as a result of the fossil fuel-based 
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energy consumed for heating, cooling, hot water, cooking, lighting and appliances. Energy used within the building is 
supplied by two sources: the electricity grid and the solar power system. The geothermal heat pump system was used to 
reduce energy demand for hot water (mainly for the hot tub), heating and cooling. Energy generated by the solar power 
system is first used within the building, when there is demand. Any excess is then supplied to a battery (which was installed 
in April 2017), and if this is at capacity, fed back into the grid. Energy use and export data from April 2015 to June 2018 was 
collected from the electricity retailer. In February 2018, energy meters were installed on each individual circuit and energy 
use data was then able to be captured at a much finer level of detail. Due to the short time period for which this data was 
available, it was not used for more than the purpose of estimating the proportion of energy use for each circuit to identify 
areas of major energy use. Details of the energy data available are shown in Table 1. To convert this delivered energy use 
to GHG emissions, an emissions intensity of 1.18 kg CO2-e/kWh for the electricity supplied by the Victorian grid (including 
Scope 2 and 3 emissions), was used (Australian Government, 2017).

Table 1: Energy data available for the 5x4 Hayes Lane Project.

Energy type Data source Period Data interval Description 

Grid import Electricity retailer 
consumption data

16/4/15-17/4/18 Daily Electricity data obtained in Excel format from electricity 
retailer 

Solar export Electricity retailer 
consumption data

16/9/15-17/4/18 Daily Electricity data obtained in Excel format from electricity 
retailer

Solar 
production

Enphase Energy online 
management system

5/5/15-28/6/18 Daily Web-based interface used to store and view data from 
micro-inverters on each solar module 

Solar 
consumption

Enphase Energy online 
management system

18/8/16-28/6/18 Daily Web-based interface to store and view data from micro-
inverters on each solar module

Total 
consumption

Carlo Gavazzi online 
management system

24/2/18-28/6/18 5 minutes Sub-meters attached to each (17) circuit and data stored 
and viewed via Carlo Gavazzi web-based interface

Due to the progressive installation and commissioning of the various energy and metering systems during and after 
construction of the building, data available is not necessarily aligned. For this reason, the main analysis has been limited to 
the period where the most critical data is consistently available (i.e. grid import, solar export, solar production), covering the 
period from 16/9/15 to 17/4/18.

3.2 GHG emissions abatement from energy production

The 4 kW solar power system is located on the roof and north façade of the building. The production of electricity from 
solar energy is assumed to result in negligible GHG emissions during operation of the system. The system contains micro-
inverters which enables each panel to be separately metered and also allows for a more advantageous array design for 
greater output. Electricity produced by the system is used to reduce the demand for grid-sourced electricity within the 
building. Any excess electricity produced and fed back into the grid also reduces the production of electricity within the 
electricity grid, most of which is produced from emission-intensive fossil fuels. 

GHG emissions avoided due to the electricity exported by the solar power system were calculated by multiplying the 
total electricity exported, by the emissions intensity of 1.18 kg CO2-e/kWh for the electricity supplied by the Victorian grid 
(Australian Government, 2017). The net GHG emissions were determined by subtracting the emissions avoided from all 
electricity exported by the solar power system from those associated with the electricity supplied from the grid. An overview 
of the energy flows associated with the building is shown in Figure 2.

Figure 2: Diagram of energy flows for the 5x4 Hayes Lane Project. (source: authors)
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4. RESULTS AND DISCUSSION

The energy use and associated GHG emissions for the building are shown in Table 2. These results cover a 944-day period, 
showing that the average daily energy use over this period was 25 kWh, which equates to 9,129 kWh per annum. Based on 
an average emissions intensity of 1.18 kg CO2-e/kWh, the average daily net GHG emissions associated with the operation 
of the building over this same period were found to be 13.8 kg CO2-e, or 5,049 kg CO2-e per annum. Compared to average 
household GHG emissions (18.1 kg CO2-e/day) for Melbourne (NAGA, 2012), the building performs reasonably well – 24% 
lower.

Table 2: Total energy use and GHG emissions for the period 16/9/15-17/4/18

Total energy  
(kWh) (daily)

GHG emission intensity  
(kg CO2-e/kWh)

Total GHG  
(t CO2-e) (daily)

Grid import (i) 15,817 (16.8) 1.18 18.7 (0.0198)

Solar production (s) 12,546 (13.3) 0 0

Solar export (e) 4,751 (5.0) -1.18 -5.6 (-0.006)

Net total ((s-e)+i) 23,612 (25.0) 13.1 (0.0138)

Figure 3 shows the energy imported from the grid (‘Grid Import’), solar energy exported to the grid (‘Solar Export’) 
and the net energy demand (‘Net Grid Import/Export’). This shows that energy use typically peaks in the winter months, 
and exported solar energy is at its maximum during the summer months, as expected. While the owner of the building 
purchases 100% renewable energy for the grid imported electricity, this was not factored into this assessment. It is worth 
noting that the project is somewhat atypical in that it has been occupied by a number of different people for various periods 
of time. This explains the spike in energy use during May and June 2017 and the sudden drop in July.

Figure 3: Energy use and production for the 5x4 Hayes Lane Project.

5x4 Hayes Lane Project: learning from a grand design
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While the individual circuit meters were only installed in February 2018, the data collected by these meters provides 
some insight into where energy is being used within the building. Figure 4 shows the proportion of total energy use for each 
of the 17 individual circuits for the period from 24/2/18 to 28/6/18.  

Figure 4: Proportion of energy use by circuit for the 5x4 Hayes Lane Project.

While the data from the circuit meters covers only one third of a single year, with variations expected for other times 
of the year and across years, the advantage is that electricity demand from individual circuits can be identified. Figure 4 
shows that the most significant demands for energy come from the ‘Geothermal Internal Heat Pump’ (35%), ‘Level 1 GPO’ 
(15%) and ‘Geothermal Pumps and Controls’ (11%). The heat pump is used to heat the hot tub, for heating and cooling the 
building and producing boosted hot water. This suggests that the energy associated with the operation of the heat pump 
and appliances (TV, kettle etc.) represent the greatest opportunity for further reducing GHG emissions.

In the future, with data covering a longer period, energy use and emission reduction efforts will be able to be more reliably 
targeted at specific uses within the building. The ability to monitor the source of energy for individual circuits may also be 
useful for managing demand of solar and grid-sourced electricity based on occupant behaviour and equipment usage in 
order to further reduce grid-sourced electricity.

4.1 Further research

A performance evaluation should ideally cover as wide a scope as possible, ensuring that what may appear to be positive 
improvements in one area have not simply resulted in reduced performance in other areas. An example of this might be 
where operational GHG emissions have been reduced at the expense of an increase in embodied GHG emissions resulting 
from the use of more, or more emissions intensive materials. As this study has focussed on the operational performance 
of the building alone, further evaluation of the project is needed to consider the other areas that it attempts to address and 
ensure that emissions are not shifted. This is the focus of future research that will eventually provide a net GHG emissions 
balance for the building and overall indication of the extent to which it has been able to reduce GHG emissions compared to 
more conventional housing. This future work will include: occupant transport (collection and analysis of energy use of travel), 
construction processes (analysis of collected on-site energy use and transport distances), material production (collection 
and analysis of energy use for manufacture of main materials), and infrastructure provision (emissions savings from use of 
existing infrastructure).

While this study provides an absolute indication of the operational performance of the project over a three-year period, 
there are further nuisances within the operation of the building that can be explored in the future. For example, occupancy 
of the building varied over this period. It has been available for short-term lease which has meant that over a dozen different 
people/groups have occupied it so far. This might make it difficult to identify specific building-related variables influencing 
overall operational performance due to the additional variable of different occupant behaviours. However, it does provide an 
excellent opportunity to gain further insight into how individual occupant behaviours can influence building energy use. This 
is an aspect of the project proposed for further exploration as detailed data has been captured on occupancy patterns and 
user behaviour. This will be invaluable when combined with individual circuit data, which while limited at the present time, will 
provide energy use data at 5 minute intervals to identify areas where further reductions in energy use are possible, helping 
to manage loads and optimise the use of the solar energy produced on site.
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5. CONCLUSION

The construction and use of housing is causing serious environmental concerns, resulting from material use, construction 
practices, operation, and eventual disposal. This is being exacerbated by a growing population and increasing standards 
of living. Higher density, smaller housing, located close to existing activity centres and public transport, that is operationally 
efficient and uses low impact materials are seen as important elements of the solution to these issues. The 5x4 Hayes Lane 
Project is one example of what this solution might look like, with one of its main aims to minimise operational GHG emissions 
over its life. This study used energy use and production data for the past three years to assess this project’s success in 
achieving this goal. It shows that over the past three years, the building has resulted in net operational GHG emissions of 
13.8 kg CO2-e per day (assuming the use of fossil fuel-based electricity imported from the grid). While this is lower than 
average GHG emissions for households in Melbourne, there is still room for improvement. Data from individual circuits 
showed that the geothermal heat pump is responsible for the greatest share of energy use. Improvements to the efficiency 
of the heat pump system and the pumps used for pumping water through the geothermal pipes are thus two areas where 
efforts to further reduce energy use within the building should be targeted. The high level of detail in the data being captured 
will also greatly assist in identifying the most critical areas of energy use so that improvement strategies can be prioritised. 
This aligns with the intention of the project, to be a living lab that is constantly being analysed and tweaked to improve its 
performance and inform future housing. 

This study also shows that despite all of the good intentions and best efforts, minimising operational GHG emissions is not 
necessarily easy. The findings of this study provide an opportunity to re-evaluate current housing design and performance 
and set more ambitious, but achievable energy use and GHG emissions targets for future housing. The 5x4 Hayes Lane 
Project demonstrates an innovative approach for addressing some of the challenges that come with a need for higher 
density housing. It shows how infill housing can be used to capitalise on under-utilised land with high amenity while at the 
same time achieving improved environmental performance without compromise of liveability and lifestyle.

While this study has not quantified the full breadth of GHG emissions-related benefits that the building offers, this will be 
the focus of future research that will consider the location-based emissions benefits (transport and infrastructure related) 
and the life cycle embodied emissions of the building itself.
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Abstract: The population growth and increased demand for housing in Auckland are causing a rise in the construction 
of housing infrastructure. This has contributed to Auckland’s sprawl and unaffordable housing market. One solution to 
sprawl is building in higher densities within the city centre. For higher density developments to effectively address sprawl 
and act as an affordable housing solution, they must accommodate a greater range of potential occupants. This research 
aims to provide recommendations and considerations when designing higher density housing for the overlooked, family-
type occupants. The family friendly design evaluation can be broken down into three scales of urban, building and unit 
considerations, and are derived from a combination of international guidance documents, case studies and post occupancy 
studies.

Keywords: Urban Sprawl; Higher density; family friendly.

1. INTRODUCTION

The rapid demand of housing in Auckland has driven up house prices and caused the city to be inundated with various 
developments of land into homes. Many of these dwellings are low density, isolated houses on their own section, which 
have contributed towards Auckland’s urban sprawl. In order to mitigate the issues associated with urban sprawl and 
unaffordability, this research explores redefining higher density dwellings, to also consider family occupants. It assumes 
that good quality higher density spaces in the CBD for families, will encourage more families to occupy the city centres. 
Auckland Council have expressed their desire for a greater mix of occupants in the city, having conducted their own 
research regarding families and their preferences of a home. The combination of survey results from both families living in 
higher density conditions and general families’ housing criteria, contributes ideas to why higher density dwellings are rarely 
considered an option for Auckland families. To address these concerns, existing data from guidelines, case studies and 
post occupancy studies have been evaluated in three difference scales of urban, building and living unit. Additionally, an 
understanding of the different family phases and transition between the stages, can also be addressed through exploring 
new ways of designing units. Allowing flexible, expanding and contracting units can provide families the freedom to control 
their living spaces to suit their requirements. 

2. TO SPRAWL OR NOT TO URBAN SPRAWL

Arbury in his paper “From Urban Sprawl to Compact City – An analysis of urban growth management in Auckland” (2009, 
p. 15) describes “urban sprawl” as the unplanned, uncontrolled, and uncoordinated spread of an urban area, with a heavy 
emphasis on “single use and isolation”. This also describes the current conditions of Auckland’s urban development. There 
are many contributing factors to urban sprawl, including the rapid demand of housing in Auckland, which has caused 
massive residential developments within and around the city. Curran-Cournane et al. (2013, p. 17) has identified the threats 
urban sprawl has to Auckland farmlands with fertile soil, as land is sold to be developed into housing instead of growing 
fruits and vegetables. Other sprawl concerns include environmental aspects such as increased emissions from commuting, 
and increased costs to provide infrastructural development (Arbury, 2009, p. 16). Although there are many negative aspects 
to urban sprawl, it is a by-product of our own beneficial and individual living preferences. 

2.1 The individual preferences

The increase of population and housing demands are not the only contributing aspect to urban sprawl, as the type of 
housing is also a significant factor. A 2015 Auckland survey, which is discussed later in this paper, identified “standalone 
dwelling” as the second most important aspect that families consider when looking for a home (Akehurst & Yeoman, 2015, 
p. 23). The desire for New Zealanders to possess their own isolated home dates back to the to the start of the European 
settlement and developed to the quarter acre New Zealand dream (Montgomery, 2015, p. 2). Although the quarter acre 
New Zealand dream is no longer viable, due to economic development, the goal of homeownership is still pertinent. There 
are many benefits of owning a suburban standalone dwelling from the individual perspective, including the provision of a 
space that is removed from the populated and polluted city centres (Arbury, 2009, p. 10). However, this immense demand 
for the isolated housing is considered unsustainable.

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.305–311. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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2.2 Collective consideration through a compact city

In order to mitigate the exhaust of land, a more efficient way of building and using land should be explored. This can be 
achieved through higher density developments or by implementing the concept of a compact city. A compact city is not 
only achieved through the process of intensifying existing developments from low density to high density, but also providing 
mixed-use developments to enable self-sufficiency within the area (Arbury, 2009, p. 17). However, the implementation of a 
denser living environment will be difficult to convey to people whom have been accustomed to low-density dwellings.

Hardin in his paper “tragedy of the commons” (1968, p. 1244), appropriately captures this housing situation as “we want 
the maximum good per person; but what is good?”. In this case, to one person it is living in a detached dwelling, on their 
own plot of land. To the other, it is the compact city that has minimum traffic congestion and maximum land space for food 
production. Although the extreme implementation of either options are not beneficial, a balance of both the rights of the 
individual and the city scale, need to be addressed in order to develop forward. An assessment of current higher density 
dwelling standards are conducted to identify why it isn’t a housing preference for families.

3. CURRENT STANDARDS OF HIGHER DENSITY OPTIONS WITHIN THE CITY

Higher density dwellings, are defined for this paper as the number of occupants or housing per square metre of land, where 
the greater the occupancy numbers per area, the greater the density. These includes townhouse, duplex and apartment 
developments. High-density dwellings can be defined as “apartments that are five or more storeys tall” (Carroll, Witten, 
& Kearns, 2011, pp. 354). Historically, Auckland’s high-density dwellings first spawned in the Central Business District 
(CBD) but also seeped into the suburban areas due to the lack of land in the CBD (Gatley and Barrie, 2007). The objective 
of introducing apartments into the Auckland CBD was for financial investment and was profit driven, resulting in quantity 
over quality (Carroll et al., 2011, p. 354). During the 1990s, the Auckland City Council recognised a need to manage the 
population growth, through containing numbers within the CBD. This saw the return of developers and higher-density 
dwellings (Gatley and Barrie, 2007). As a result, the Auckland population increased relative to the location where the high-
density dwellings were proposed, with a 92% population increase in the CBD over 15 years (Carroll, Witten, & Kearns, 
2011, p. 354). Auckland apartments are the creation of developers whom confirm that their design is only suitable for child-
absent households, i.e. singles, pre-family couples and mature couples (p. 354). Additionally, families also have a negative 
perception of developers, typically characterising them as “greedy” as they produce designs with a profit over quality focus 
(Research First, 2015, p. 23). 

Apartments with small units are more affordable when contrasted to houses, in terms of both buying and renting (Page, 
2007, p. 32). Past assessments made regarding families in high-rise dwellings have all concluded that “there is no evidence 
such living environments are suitable for children” (Carroll et al., 2011, p. 355). This conclusion needs to evaluate the original 
standards of an apartment and re-define the design features of an “apartment” before settling on the assumption that high-
density housing is unsuitable for families. If apartments continue to be developed in accordance with their original purpose 
in Auckland, they will continue to be unsuitable for families. This research paper looks at redefining the idea of an apartment, 
in order to include and facilitate a family’s needs.

4. FAMILIES CURRENTLY OCCUPYING HIGHER DENSITY DWELLINGS IN THE CBD

Although it has been stated that high-density dwellings in the city were not intended for families, it was found that families 
do occupy apartments. However, a majority of these families did not choose to live in apartments but rather live there as a 
result of their current situation. “Housing Intensification in Auckland, New Zealand: Implications for Children and Families” 
is a study conducted by Carroll et al. (2011, p. 353), which recognised that although there were various reasons to live in 
an apartment, such as location, convenience to amenities, and security, the main reason families occupy apartments is 
affordability. Families with difficult financial situations have no other option but to occupy cheap and poorly designed high-
density dwellings; regardless of environmental benefits (p. 355).

Due to the lack of design considerations associated with apartments, occupants naturally made trade-offs. These 
include: insufficient indoor and storage space, and the unlikeliness of private and adequately sized outdoor spaces for 
children to play. In this situation, occupants obtained what they considered more desired features, such as affordability, 
security for single parents and close proximity to work (Carroll et al., 2011, p. 363). If shared outdoor spaces were provided, 
it was unlikely that they were designed to be visible from the occupant’s unit due to the vertical displacement, preventing 
supervision. In both the apartment complex and its urban context, safety is also a concern. Provision of a space did not 
necessarily mean the needs of the families were met. Concerns were identified by a high-density occupant who, although 
had access to a private outdoor space in the form of a balcony, did not utilise the area due to the fear of their children falling, 
“I’m on the fifth floor, which is quite high so basically I rarely use it [the balcony] because of my children. I don’t want them 
out there whatsoever so basically I don’t use it” (p. 361). Although concerns were identified with regard to higher density 
dwellings, multiple studies confirmed occupants were content with their higher density homes (CityScope Consultants, 
2011).
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5. IDENTIFYING DIFFERENT FAMILY PHASES

A report conducted for Auckland Council identifies four different family stages; pre-family, young family, older family and 
mature family. According to the research, a family’s life stages influences their housing decision (Research First, 2015, p. 
12). This data was obtained through six focus groups, consisting of six to ten people from different suburbs of Auckland, 
as a means to obtain qualitative data (Research First, 2015, p. 5). As stated before, developers have confirmed apartments 
and higher density dwellings are designed for people in their child-absent stages of life (Carroll, Witten, & Kearns, 2011, 
p. 354). This is also reflected in the different family stages, where the pre-family groups are expected to move out of their 
apartment when they want to start a family, and some mature families wanting to move into apartments, as part of their 
downsizing when their children have moved out. 

5.1 Pre-family

A pre-family is defined by Research First (2015, p. 13) in their Qualitative Research Report, as a young couple or single 
person who do not have a child and are predominantly working or studying. Due to their circumstances, pre-families 
prefer to live close to their place of study or work and would compromise internal and outdoor space for a place that is in 
good location, with close amenities such as cafes, gyms and stores (Research First, 2015, p. 13). Pre-families believe an 
apartment is only a short term accommodation option, and is expected to move out and live in a “real house” when they 
mature and begin thinking about starting a family (2015, p. 13).

5.2 Young family

According to Research First (2015, p. 14), a young family’s concerns and decisions are based on various child-first aspects. 
This is reflected in the considerations that families make when deciding where to live. Close proximity to a “good school” 
is considered very important. The proximity to the main income earner’s work is also significant, but is less important than 
obtaining an affordable bigger property near a good school zone. Convenient local cafes, restaurants and shopping centres, 
are more important than a city-lifestyle. Families want to be away from potential urban safety concerns such as busy roads, 
and pollution. A sense of community through close proximity to family and friends, and their children’s school is desirable. 
From the report, they believe their children would need to be supervised when outside the comfort of their home. Due to 
these considerations, young families believe that the only appropriate dwelling for them is one with a large, private backyard 
(Research First, 2015, p. 14).

5.3 Older family

Research First (2015, p. 15) identify older families as households with high school-aged children. According to the study, 
the crucial difference between the young and older families is the reduced focus on the children’s needs as they grow older 
and become more independent. The predominant consideration of school zones for the young families is less important, 
and instead concerns revolve around how children will attend school independently (Research First, 2015, p. 15). As the 
family dynamic changes, the considerations that inform where they live also change.

5.4 Mature family

Mature families are defined as households without children as they have grown and moved out. Although mature families 
downsize in the number of household members, there are mixed beliefs with regards to the amount of space required. 
Some argue for downsizing as they do not require a large amount of living space and would substitute space for a dwelling 
which offers a better lifestyle, which may include being near parks, beaches, family, community centres, cafes and shops. 
However, there were some mature families that argued for the additional space to accommodate their grandchildren’s need 
to play and sleep when they visit (Research First, 2015, p. 15). 

5.5 Multi-generational family household

One consideration that wasn’t covered in the report was a household with the combination of multiple family stages, also 
known as the multi-generational family household. According to Lysnar and Dupuis (2015, p. 20) there are many reasons 
for the increase of multi-generational households, including immigrated (Asia) and local (Maori) cultural traditions, the global 
economic crisis impacting self-sufficiency, housing shortage and high cost of living. Therefore, due to the increased population 
and immigration, plus high demand of housing and affordable housing in Auckland, it is becoming more common to find 
households with three or more generations under the same roof. Lysnar and Dupuis (2015, p. 23) also identify the lack of 
dwellings designed to support multi-generational households. Therefore, further exploration of higher-density housing to 
support larger number and varied types of occupants, as a solution for the multi-generational household, is needed.

The exploration of higher density, family-friendly design considerations for dwellings in Auckland
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6. FAMILY HOUSING PREFERENCES

“The housing we’d choose: a study of housing preferences, choices and trade-offs in Auckland” is a two part survey, 
which provides a quantitative understanding of aspects that people consider when deciding where to live. The survey 
conducted by Akehurst and Yeoman (2015, p. 14) for Auckland Council, was completed by 1497 respondents. Out of the 
1497 respondents, 824 were families with children (2015, p. 54). The first part of the survey began by asking Aucklanders 
to identify the level of importance of different considerations associated with housing. These can be broken down into five 
categories:

• Local environment (e.g. A safe neighbourhood, In an unpolluted area, Away from busy roads) 

• Property features (e.g. Standalone dwelling, Freehold title, North facing)

• Dwelling features (e.g. Security, Natural light, Energy efficient)

• Convenience and access (e.g. Near family and friends, In a preferred school zone)

• Proximity to facilities (e.g. Near a park or reserve, Near the coast or beach, Near a gym) 

      Having extracted the family responses from Akehurst and Yeoman’s survey (2015, pp. 22-26), it was identified that 
families considered the following design features to be the most important aspects to consider when deciding where to live:

• Safe neighbourhood - (95% of families)

• Standalone dwelling - (82% of families)

• Preferred school zone - (46-63% of families)

• A large garden or yard - (53% of families)

• Number of bedrooms and bathrooms - (51% of families)

• Located near a public sports field - (22% families) 

The second part of the survey concluded that the overarching factor, which defines a family’s decision for where to 
live, is the cost of the dwelling (Akehurst and Yeoman, 2015, p. 49). Trade-offs between size of dwelling over preferred 
location and dwelling types, were concluded from the research. However, limitations in the size of the dwelling was met by 
affordability and therefore, it is unlikely that a family would be willing to live in a larger dwelling, in a compromised location 
and dwelling type, if the price is significantly increased (p. 38). This is reflected in the Barfoot and Thompson (2018) sales 
report. Three bedroom dwellings in the Auckland CBD were priced higher ($1,013,333) than three bedrooms in the suburbs 
(e.g. North Shore at $957,195) and had lower selling numbers of three, compared to 58. These results could also be due 
to the low numbers of central property available for purchase.

7. AVERAGE HOUSE SIZES AROUND NEW ZEALAND

The general theme governing why families reject apartment living is due to the lack of space; resulting in the belief that 
houses are the only suitable option to raise families in New Zealand. Therefore, establishing the average housing size can 
be used as a preliminary case study for what is considered to be a “reasonable” dwelling size for families. According to 
Quotable Value (QV, 2016, p. 1), the average size of a New Zealand house is 149m2. More specifically, Khajehzadeh and 
Vale’s (2016, p. 1) study of 189 three bedroom, New Zealand houses, found the average floor area to range between 79m2 

– 256m2. Auckland, however, was found to have a greater floor area average at 205m2, when compared to Wellington, 
198m2, and Canterbury, 179m2 (Goodyear and Fabian, 2014, p. 14). Therefore, based on these findings, a three-bedroom 
apartment floor area should range roughly between 150 - 200m2, to address the identified issue regarding the lack of space.

8. CONSIDERATION FOR DEVELOPERS

According to a study conducted by the City of New Westminster (2016, p. 8), there is no significant difference on the return 
on cost by increasing the development of two and three bedroom units. Although this is an international study, the results 
are assumed to still be applicable in the New Zealand context as the reason why there is no significant difference is general. 
This reason being due to the reduction of building costs through the decrease of expensive areas (e.g. the kitchen) and 
an increase of cheaper rooms to build (i.e. bedrooms). However, the issue with developing units with a greater number of 
bedrooms is the reduced profit per square metre sold and the difficulty of selling three bedroom units when compared to 
studios or one bedroom units. Therefore, establishing incentives or requirements for developers to offer more larger units in 
their developments, can be one step to accommodate more families in high-density dwellings.
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9. FAMILY-FRIENDLY DESIGN

Having defined the current higher density housing conditions and current family housing preferences, recommendations 
can be made to define a new means of designing higher density dwellings to facilitate families. The Auckland Council (2012, 
p. 54) has developed strategies with the aim of increasing the number of families living in the CBD. This involved updating 
the Auckland Design Manual website, to apply the principles from Toby and Matthews’ (2016) article, which briefly mentions 
what needs to be considered in order to facilitate the design of higher density, family-friendly housing. However, to further 
progress, Auckland Council will need to also update their current apartment guidance document, in order to incorporate 
design recommendations that accommodate family friendly requirements. These can be broken down into three scales of 
urban, building and unit size.

9.1 Urban considerations

9.1.1 Safe neighbourhood

According to the results of the housing preference survey, the most important feature that families consider when looking 
for a home, is that it is in a safe neighbourhood. Unfortunately, studies conducted by “Strategies with Kids and Information 
for Parents” or SKIP (2018) confirms design of Auckland’s city centre has not considered families or children. With the help 
of Plunket, SKIP directed a series of interviews with parents within the Auckland CBD. The results of the interview not only 
identify some of the current neighbourhood issues but also discussed design and conceptual solutions to address the 
identfied problems. These solutions include proposing more child friendly playgrounds or areas for children of various age 
groups and in numerous ways (i.e. dynamically, quietly, individually, in clusters, imaginatively or controlled), comfortable 
street furniture for parents to rest, and proposing more spaces for parents to feed and change their babies. Establishing 
safer streets by building away from roads or minimising traffic flow around family housing developments and associated 
amenities (i.e. schools, daycare and parks) will encourage greater independent travelling for children. This can be achieved 
by prioritising pathways over roads and converting residential roads into shared spaces. As stated appropriately by the City 
of Toronto (2017, p. 9), “a public realm that meets the needs of children also accommodates the population as a whole”. 
Therefore, the improvement of the Auckland CBD would not only benefit families living in the city but also others whom also 
occupy the area. 

9.1.2 Proximity to amenities

Another theme noted in the results of the housing preference survey was that majority of what a family looks for in a 
home is urban context related. These included a home that is in a close proximity to schools and sports fields. “High-
density housing for families with children” guidelines by the City of Vancouver (1992, p. 1), sets specific parameters for the 
close proximity of vital amenities, such as 800 metres walking distance away from school, day-care, supermarkets and 
community centres, and 400 metres for parks and public transports. Regulations regarding the development of higher 
density dwellings in certain areas is a possible option to explore. This could include mandating large housing developments 
within close proximities to schools, be built with family-friendly design features (i.e. larger sized units such as two and three 
bedroom units). Or requiring developments that want to be recognised as family-friendly, be developed on sites within a 
close proximity to schools and other relevant amenities.

9.2 Building considerations

9.2.1 Greater number of larger unit

The fifth most important feature identified from the results of the housing preference survey, was the number of bedroom 
and bathroom, or size of a dwelling. Therefore, some international councils have implemented recommendations to ensure 
minimum numbers of large units are built within new high density developments. The city of Toronto’s “Planning for children 
in new vertical communities” (2017, p. 30), recognises the importance of mixed-use occupants in buildings by ensuring a 
minimum of 25% large units within every development, 10% three bedrooms and 15% two bedrooms. Although larger units 
were intended for families, this didn’t necessarily guarantee they would occupy these units. This was an issue identified by 
in a post occupancy study, conducted by Hofer (2008, p. 76) in the False North Creek (FCN) high density development, in 
Vancouver. One conclusion of the study identified some units as “under-utilised”. The conclusion was derived from some 
respondents’ use of a second bedroom as an office or additional storage. Therefore, the study concluded that the building 
is not at its maximum capacity. However, this conclusion is conflicting as it also recognised the insufficient size and number 
of amenities such as day-cares and schools (p. 83). Therefore, when considering amenities for a family-friendly higher 
density dwelling neighbourhood, proximity is not the only concerning factor but also capacity. Further research into this 
perception is required as the underutilisation of the second bedroom could be considered futureproofing, to ensure there is 
additional space when the occupants decide to have a child. This factor raises the question of whether or not the occupants 
in these units will remain in FCN longer because of the additional space. This is important to recognise as the study identified 
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the most significant reason for a family leaving FNC in the next three years was due to the insufficient size and inflexibility of 
the unit’s space to accommodate the families’ changing needs (p. 82). Therefore, the retention of families in higher density 
dwellings could be relative to the flexibility levels of the apartment unit size.

9.2.2 Shared building amenities

The second part of the housing preferences survey explored the concept of trade-offs that people make when deciding 
where to live. The overall conclusion identified the most important consideration was cost and affordability. In addition to 
urban sprawl, Cullen (2005, p. 1) associates Auckland’s high demand of housing as one reason for why the market is now 
unaffordable. One case study has found implementing shared amenities in a higher density context, can be a means to 
provide more affordable units. The Nightingale development are a number of sustainable and affordable apartments. One 
method of achieving affordability is through providing a shared laundry and drying space, to reduce costs by removing 
the need to service and install multiple, individual washing machines and dryers into every single unit. These cost savings 
are returned to occupants in the form of discounted unit prices with slightly greater area of usable floor space (Perinotto, 
2015). It is important to recongise the simple action of providing shared amenities is not enough, as noted by families 
living in current high density conditions, where a balcony is provided but not utilised due to the lack of child-frienly design 
considerations. The effectivness of providing shared amenities is only beneficial if the spaces are well designed and are 
desired by occupants. In order to gage what share amenities would be successful to implement, a pre-design survey is 
conducted by the Nightingale architects with potential occupants. In this case, majority of potential occupants specified “a 
communal laundry on the roof and 2.5 square metres of living space” is preferred over “a private laundry”. 

One suggestion identified from Hofer’s post occupancy report (2008, p. 171) was to design shared amenities to allow 
supervision to occur, “like a play room with a glass partition to be adjacent to the gym so that she could watch her child while 
she worked out”. A good case study example, which achieves good supervision, is the Ramona apartments in Portland. 
The lack of private outdoor space in each unit, is compensated by providing a large centralised outdoor courtyard that is 
visible from most apartment units. The Ramona apartments also provides shared, open plan laundry rooms with a play 
area to entertain the children, while the parents complete their chores and supervise simultaneously (City of Toronto, 2018).

9.3 Unit considerations

9.3.1 Unit sizes

The importance of sufficient and high quality spaces is heavily stressed. For example, the Toby and Matthew’s Auckland 
family-friendly    article (2016) states that, “the total and per-room floor space of a given house is the primary consideration 
for child-friendly apartment design”. An appropriate family-friendly floor area size would consider space for play, large 
gatherings, enabling different levels of supervision and storage. Recommended minimum floor areas of a unit are associated 
with the number of bedrooms. According to the Auckland Council general apartment guidelines (2017, p. 85), the minimum 
floor area for a two bedroom apartment, assuming an occupancy of four people, is 75m2, and 100m2 for a three bedroom 
apartment, assuming the occupancy of six people. This recommendation is undersized when compared with a family-
friendly apartment guideline. The City of Toronto (2017, p. 40) recommends a minimum of 90m2 for two bedrooms and 
106m2 for three bedrooms. Although the recommended floor area from a family-friendly recognised guidance document is 
larger, these numbers still do not reflect the recommended unit size of 150m2 – 200m2 for a three bedroom unit, which was 
derived from the average floor areas of New Zealand houses. Therefore, further studies regarding if the average unit floor 
size was to significantly increase to closely reflect the floor area of a house, would this cause more families to consider living 
and raising their children in higher density dwellings.

9.3.2 Storage

Adequate storage is also a significant feature that Carroll et al. (2011, p. 361) recognised as insufficient in current higher 
density conditions, where one family’s solution was to pay “$120 a month for storage off-site”. One method of addressing 
the storage issue in the Nightingale case study, was to dedicate an area of the apartment ground floor to large storage 
areas, therefore, enabling occupants to store large items such as strollers and seldomly used objects. Other methods 
identified within the guidance documents, was to ensure a minimum area dedicated to storage, i.e. a minimum of 0.3m 
width, per occupant, entry coat closet and 2.5m2 wardrobes in every bedroom (City of Toronto, 2017, p. 42).

10. CONCLUSIONS

In conclusion, one method of addressing Auckland’s urban sprawl and unaffordable housing problem could be through the 
implementation of greater family-friend higher density housing options. With the current demand of housing in Auckland, 
and families considering low density, isolated housing on its own section, as their only appropriate housing option to raise 
their children, the exploration of family-friendly higher density dwellings is required. A common resolution for the lack of 
sufficient apartment unit space and the different phases of a family, was to develop flexible spaces. The exploration of 
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units which expand or contract to recognise a changing family size and their need for more space, is one strategy worth 
developing to support the idea of family-friendly higher density dwellings.

Further research of these recommendations would also be required, in order to confirm the effectiveness of these design 
features. A higher density, family-friendly designed dwelling could be tested against a standard high density development 
and a low density house, in order to test the families’ housing preference. 
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Regeneration of unused buildings within Wellington 
to attract family living, in response to the Wellington 
demographic
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Abstract: Studies have found that the population of Wellington is continuing to increase, therefore, creating an increased 
demand for housing. To accommodate this increasing population and housing demand, there has been a push towards 
creating higher densities. Research states that higher-density living is an effective response to increasing populations and 
housing demand, however, it raises the issue of higher-density housing neglecting family-friendly living. Therefore, this paper 
aims to identify why higher-density housing is not family-friendly, and how this can change to support family-friendly living. 

Keywords: Higher-density family housing

1. INTRODUCTION

The Wellington City Council (WCC) has created a ‘Wellington Urban Growth Plan’, which highlights the need for more 
housing to accommodate the increase in population. Hence, this conference paper proposes an adaptive reuse strategy to 
provide greater density in the city to accommodate the projected increase in population and housing demand. 

To create a proposal for an adaptive reuse strategy, it is critical to understand the population that the housing is going to 
accommodate. WCC have conducted a survey to understand who lives in Wellington central city, why they live there, and 
their feelings about living there, but this survey does not consider what families require in order to live in a higher density 
housing environment. Therefore, this paper will build on the findings from this survey, a review of literature and a survey 
which was conducted for this research in order to identify the conditions which could enable families to live in the central 
city of Wellington. 

There are many unused buildings, which potentially reduce the liveability of areas in Wellington. The suburb of Newtown, 
for example, has many unused buildings which increase the perception of an uninviting and unsafe environment. This 
however does have a positive aspect to it, as unused and underused buildings provide opportunity for regeneration, and a 
place to accommodate the increase in housing demand. Regeneration of these buildings, as family friendly dwellings, could 
lead to a regeneration of the area. Furthermore, in line with the Wellington Urban Growth Plan (Wellington City Council, 
2015), providing families with housing close to the central city will encourage use of sustainable modes of transport, which 
the WCC has proposed in order to create a more sustainable city. 

2. WELLINGTON’S INCREASING POPULATION AND HOUSING DEMAND

The population of Wellington continues to increase “as more people make the city their home” (Wellington City Council, 2015, 
p. 12). In 2013, the population of Wellington was 190,959 (Statistics New Zealand, 2013). According to the WCC (2015) 
the population is expected to increase to around 250,000 people by 2043. To accommodate this increasing population, 
the WCC expects that there will be a “need for an additional 21,400 residential dwellings by 2043” (2015, pp. 21). Of these 
residential dwellings it is expected that 25 percent will be low-density, 35 percent medium-density, and 40 percent high-
density, which will be located in the central city and along the Wellington growth spine (Wellington City Council, 2015). 

3. WELLINGTON CITY URBAN GROWTH PLAN

In response to the increasing population and housing demand, WCC, have created a ‘Wellington City Urban Growth Plan’. 
This,

provides a framework to manage the city’s future growth while protecting [the] environment and heritage, and 
building on the things that make the city special (2015, p. 6).

This plan seeks to support transformational growth areas, liveable and vibrant centres, real transport choices, housing 
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choice and supply, Wellington’s natural environment, and city resilience (2015). WCC plan to keep the city compact with 
continued apartment developments in the central city and medium-density housing options in areas near the city centres. 
Within the Wellington City Urban Growth Plan, there are a number of smaller frameworks which this plan consists of. Of 
these, the ‘Adelaide Road Framework’ presented a promising framework for the future development of Wellington City. This 
is because, Adelaide Road provides employment opportunities and a range of services. Furthermore,

it is close to the central city, Wellington Hospital, the Newtown shops, the Basin Reserve and Massey 
University’s Wellington campus (2008, p. 1). 

This framework has been developed through extensive research and analysis, as well as consulting the community to 
get their input on the planning of it. The ‘Adelaide Road Framework’ covers an area that,

extends from Rugby Street (on the south side of the Basin Reserve), south to the John Street/Riddiford Street 
intersection, and is bordered by Wallace Street in the west and the boundary of Government House to the east 
(Wellington City Council, 2008, p. 2). 

According to the WCC there is,

significant potential for further intensification and redevelopment, previous development in the area has been 
ad-hoc, resulting in poor urban form and a low level of ‘amenity’ and sense of place – in other words not very 
attractive (2008, p. 5). 

This is supported by the feedback that the WCC gathered from the community, whereby they identified the following as 
important towards improving the quality of Adelaide Road:

• Improving the Adelaide Road corridor – e.g. reducing congestion, ensuring a good public transport system, better 
parking provision, safer for pedestrians and cyclists, street plantings

• Increasing walkability, pedestrian and cycle friendliness

• ‘Greening up’ the area, making it more attractive and creating more public places

• Creating more of a mix of shops and businesses

• Creating more of ‘community’ feel to the area

• Ensuring new development is of high quality and supports the aims of the long-term vision

• Minimising the effects of increased residential development on traffic congestion

• Protecting and employment and service role of the area

• Minimising the impact of new development on existing residential areas and values heritage character areas/
buildings (2008, p. 10).

As indicated by the literature review discussed later in the paper, Adelaide Road is a fitting site for the development of 
family-friendly higher-density housing in Wellington. 

4. SURVEY OF CENTRAL CITY DWELLERS 

To ensure that the attractiveness of the city is maintained while increasing residential density, the WCC, conducted a 
survey of central city dwellers to identify what people living in Wellington central had to say about this topic. This survey 
was conducted between September to October 2015 and was managed by Nielson’s, a research company. Over 5,700 
invitations were sent out to households in the Wellington Central area along with two reminders to those who had not 
responded to the survey. From this the WCC managed to receive a 25% response rate (1,313 surveys).

4.1 Advantages of central city living

Analysis of the survey found that most people (85%) living in the central city were satisfied with living there. Residents 
identified that the advantage of living in the central was convenience to education, work, shops, services, restaurants, 
cafes, and bars. They also noted that living in the city can result in lower housing maintenance, well-designed buildings, and 
high levels of safety and security. People were also satisfied with the public spaces and walking environment which the city 
provided, however, it was noted that there was a lack of protection in these areas from poor weather conditions (Sowash 
& Hastings, 2015). 
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4.2 Disadvantages of central city living

Along with the advantages found in this survey, there were some disadvantages which respondents identified with central 
city living. Of these, the main disadvantage was the lack of outdoor space (one in three people stated this). Other issues 
identified by respondents as being disadvantages of central city living were; street noise, noise from other apartments, a 
lack of storage space, the cost of living in the central city, and lack of parking. The relative importance of these however, 
changed across different age groups. People aged between 18 and 49 said that the lack of outdoor space was a major 
disadvantage, whereas for people over 50 – who are more likely to be owner-occupiers chose apartments with sufficient 
private outdoor space, therefore, this was not an issue for them. 

5. FAMILY-FRIENDLY HIGHER-DENSITY HOUSING

In the past city planners have assumed that families do not wish to live in the city, therefore, housing in these areas have 
not been designed with family-friendliness in mind (Groc, 2007). This however has not stopped families from living in the 
city. As Kerr et al write, “for some of these families’ apartment living is a choice based on location and lifestyle” (2018, p. 2). 
With increasing house prices, some families are unable to afford housing elsewhere and are forced to live in an apartment 
(Kerr et al., 2018). This brings about various problems including insufficient space and diminished sense of control, that will 
be discussed below.

5.1 Insufficient space

A big issue for families living in apartments is insufficient space. As many apartments have not been designed for families, 
families living in apartments struggle to live comfortably. This leads to crowding and,

lack of privacy [which] can result in emotional stress and an inability to perform the types of activities believed 
to hold families together (Appold & Yuen, 2007, p. 571).

In response to this issue literature states that adaptability could be a possible solution because it,

helps contribute to users’ comfort and choice, encourages social interaction without conflict, and builds a 
sense of control over space (Cho et al., 2017, pp. 625).

5.2 Diminished sense of control

A recurring disadvantage that was found through the literature for families living in higher-density was their diminished sense 
of control (Fleming et al., 1987; Kerr et al., 2018; Groc, 2007). There are several areas within higher-density living that can 
affect one’s sense of control. The first of these is proximity to street with shops/shopping areas. Fleming et al. (1987), tested 
people living in an area with streets with shops against people in an area without store these to uncover how close proximity 
to shops impacted on one’s sense of control. From this study it was found that “residents of the streets with stores had 
lower feelings of control than did residents of the streets without stores” (Fleming, Baum, & Weiss, 1987, pp. 903). However, 
this is not to say that it is better to design housing away from shopping areas. What Fleming et al. (1987) discovered 
was that it was people’s inability to regulate social interaction that caused their diminished sense of control, therefore, by 
providing a housing option on a street with shops that provides residents the ability to regulate social interactions could be 
a possible solution.

Although mixed-use buildings can be advantageous in providing job opportunities, services, facilities, and shops within 
close proximity to residents, they can also create conflict (Cho et al., 2017). Because these building types are used by both 
public and private user groups, they can reduce residents sense of control as they are unable to manage who goes in and 
out of different spaces within the building. It is important to consider access in and out of spaces to define what is for public 
and private use, and private use only. Furthermore, it is critical that these buildings provide well for:

Public amenities (e.g., lighting, rubbish bins, public toilets, and signage) and their maintenance [because 
this] has a strong influence on the way residents perceive their public space, convenience, way-finding and 
security. Inadequate provision of such facilities, along with insufficient maintenance, may result in uninviting, 
underused or misused public spaces (Cho et al., 2017, p. 628).

The third aspect in higher-density living which can diminish one’s sense of control is the lack of design consideration to 
support parenting. Due to the way apartments have been designed in the past, the convenience of doing household work 
while children go outdoors to play is nearly impossible (Appold & Yuen, 2007). Furthermore, many parents are scared to let 
their children go out and play unsupervised in an urban public space due to safety, security and traffic (Groc, 2007). This 
has led to children living more controlled lives than in the past and they are limited to playing freely outdoors (Groc, 2007). 
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An example that depicts this well is of two couples and their children in Sydney. The first couple were living in an apartment 
before having a child and made the decision that they would adjust as their family expanded. This however became 
challenging when their baby arrived.

Anna revealed that she had been conscious and stressed out about sound and proximity since her son was 
born, aware of how loud her family could be and that the property is poorly soundproofed. This awareness of 
sound (and associated anxiety and guilt) was exacerbated during the night (Kerr et al., 2018, p. 4). 

In an attempt to reduce sound travelling to other apartments in the building, Anna and her husband made alteration 
to their house such as, “covering internal vents with cardboard” (Kerr et al., 2018, p.5). Another couple had other ways of 
managing sound. Firstly, they would have all their children in one room at a time and keep the doors closed to stop them 
running through the house. They also made alterations to their apartment such as putting carpet on the hard floor surfaces, 
and used the,

television more often than they would prefer, in an attempt to keep their children still and quiet during ‘non-
sociable hours’, such as early morning (Kerr et al., 2018, p. 5-6). 

From these two examples of families lived experiences in apartments it is evident that some parents will go to extreme 
lengths to prevent sound produced from their children travelling to neighbouring apartments. Furthermore, they will go 
against their values as parents in order to keep the peace between them and their neighbours.

6. HIGH-DENSITY OR URBAN SPRAWL?

There has been much controversy over which is the best way to accommodate increasing populations around the world. 
In the following, advantages and disadvantages of high-density will be explored to determine if it is the best option for 
accommodating increasing populations. 

6.1 Advantages of high-density

From the literature, it has been found that high-density housing provides extensive benefits not only for the household, but 
also for the environment. These benefits are categorized in the following, outlining reasons for why high-density is a more 
suitable option for responding to increasing populations and housing demand.

6.1.1 Ease of access to services and facilities

Ease of access to services and facilities was one of the many arguments for high-density housing and urban living across 
the literature (Dunse et al., 2013; Towers, 2005). Designing higher densities and housing within the urban environment, 
allows people to be closer to services and facilities. This in turn leads to other advantages such as increased use of local 
shops and communal services, efficient travel methods and less pollution.

6.1.2 Efficient travel methods

As a result of urban living and being with close proximity to services, facilities, and shops, the need to use a car is reduced 
as people are provided with more efficient methods of travel such as walking, cycling, or using public transport (Towers, 
2005; Cheng, 2010). This is supported by Svensson et al. (2017), who conducted a study to find out whether there were 
differences in physical activity between residential areas. Although this study investigated several types of physical activity, 
the one which is the most important for this paper, are walking and cycling. From this study it was found that people who 
lived in higher densities walked or cycled more than those in suburban areas. Hence, the proximity of services, facilities, and 
shops, not only saves money for households but leads to other benefits such as better use of time (Weiß, 2004).

6.1.3 Less pollution

Due to decreased motor vehicle usage, another benefit which high-density urban living provides is less pollution and 
improved air quality. This however, is not as simple as it seems. Increased densities reduce space for vegetation within the 
environment, which is key to purifying the air. Therefore, while designing high-density urban cities can decrease pollution, it 
is only possible if urban planning provides space for nature to grow. 

Another way that high-density urban living reduces pollution, is less lower requirements for heating, servicing, and 
distribution of food and goods. Because high-density housing is typically designed as multiple housing units joined together, 
they share mutual heating, therefore, each household uses less heating than a standalone house would (Towers, 2005). As 
for servicing, Towers (2005), states that, high density areas are easier to service because, 
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the cost of providing infrastructure services such as gas, electricity, water and sewage disposal progressively 
reduces as more and more homes can be served by each kilometre of pipeline (p. 57).

Finally, having services, facilities, and shops in close proximity makes the distribution of food and goods easier (Towers, 
2005), using less fuel to transport these to their location, resulting in less pollution.

6.2 Disadvantages of high-density

In comparison to the advantages of high-density, it was found that there are fewer disadvantages of high-density. It has 
been found that much of the reason for this negativity towards high-density, is to do with the experience and perception of 
it, that has been referred to earlier.

6.2.1 Aesthetics

Designing higher densities can become quite complicated as there is a need to think about aesthetics and how the area 
will be managed. High-density societies can become rather unattractive places if they are not well managed. Although 
increasing usage of communal facilities and areas is a positive aspect of higher-densities, it also offers the negative aspect 
of being more prone to wear and tear, and damage (Towers, 2005). Furthermore, increasing the density of a place can 
increase the noise which is produced from these areas, making them unattractive places to live. Therefore, some form of 
noise management often needs to be considered when designing for higher-densities. All these negative aspects of higher-
densities in some way affect the aesthetic (Dunse et al., 2013) of high-density living, and unless they are well managed, 
high-density societies will struggle to attract urban living.

7. NEED FOR URBAN REGENERATION

Due to the poor quality of some inner cities, many people still reject living there (Towers, 2005). Therefore, there is a need to 
improve the quality of living in these areas in order to attract people back into the cities and prevent urban sprawl. This can 
be accomplished through better management of the urban environment and through the reuse of many unused buildings. 
Through doing this it will not only create new housing but also intensify urban centres and reduce the need for transport 
(Towers, 2005).

7.1 Adapting unused buildings into housing

In many towns and city centres there are several unused buildings (Remøy & Voordt, 2014). These buildings provide 
opportunity for further housing in the city to accommodate increasing populations and housing demand. Many of these 
buildings such as offices, schools and colleges, churches, and pubs can be adapted for domestic use. The only issue 
with these buildings is the external envelope, particularly if they have a curtain wall as some re-cladding may be needed 
to “produce a domestic pattern of windows and solid walls and to add balconies” (Towers, 2005, p. 150). Schools and 
colleges, particularly the earlier buildings, can be adapted into housing as they have high ceilings, allowing the potential 
for a mezzanine to be inserted to maximise floor space (Towers, 2005). Churches, much like schools and colleges have 
high ceilings that can allow for mezzanine floors to be inserted to maximise floor space, plus, through wall divisions, it can 
create spaces of a house (Towers, 2005). Finally, pubs are easily adaptable as some already have a residential section on 
the upper floors, leaving the bottom section of the pub to be converted to self-contained flats and “attractive and unusual 
domestic spaces” (Towers, 2005, p. 151). 

7.1.1 Adaptive reuse case studies

As proof that buildings can be adapted into family-friendly higher-density housing solutions, the following will provide case 
studies of this. The first case study is Savonnerie Heymans designed by MDW Architecture. This building is situated on 
the site of a former soap factory (ArchDaily, 2012). One of the main conceptual factors of this project was to keep some 
of the existing industrial structure of the site. The architects achieved this by keeping the savonnerie, the chimney, and the 
post office. Each of these were given a new use for the redevelopment of the site. The savonnerie contains open lofts, the 
chimney filters the gases from the underground parking garage, and the post office houses triplexes (Mertens & Iraguha, 
2016). The second case study is Main East Side Lofts by 1100 Architect. Pre-war this building’s intended use was a factory, 
however, after World War I the design was never fully realized, and the building was instead used as a hospital, and later 
as housing for worker’s (ArchDaily, 2017). This project was composed of two parts: the renovation of the existing building, 
and a contemporary addition which “interprets the volume, rhythm, and proportions of the original building, but reimagines 
them in a contemporary language with new materials” (1100 Architect, n.d.).

Regeneration of unused buildings within Wellington to attract family living, in response to the Wellington demographic
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8. SURVEY

Using the information found through the WCC survey of central city dwellers, and the literature review, a survey was 
conducted to further understand what was needed to provide a higher-density family-friendly housing option in Wellington. 
This survey was conducted between July to August 2018 and received 212 completed responses. From these responses 
it was found that people’s perceptions of what makes a family-friendly home and the amenities that are important to 
have within close proximity were influenced by their background and experience of where they had lived. Furthermore, 
it was these perceptions which influenced the likelihood of them moving into higher density housing if it provided for the 
housing elements and amenities that they identified. For the younger half of the respondents they identified a healthy 
living environment, privacy, and good security as the most essential elements of a family-friendly home. For the older 
half of the respondents however, they identified these plus a sense of community, and access to a private green area. In 
terms of proximity of amenities, the younger half of the respondents identified proximity of public transport, supermarket 
or food stores, and schools to be most important. For the older half of the respondents they also identified these but also 
identified health services and access to nature as important amenities to have within close proximity too. Analysing the 
survey data further, it was found that the younger half of respondents had experience living in both high and low-density 
contexts, whereas the older half of respondents had not, and mainly experienced living in a low-density context. Hence, 
this information suggests that people’s perceptions are highly influenced by their background and experience. Due to the 
exposure of high-density living amongst the younger population, they appear to be more open to the idea of high-density 
living and what it offers opposed to the older population. 

9. CONCLUSION

The examination of information presented in the council documents, survey, and literature have contributed to the 
identification for a family-friendly higher-density housing strategy. Furthermore, information that was found on the adaptive 
reuse of a building has contributed significantly to how an adaptive reuse strategy could be successfully done in the context 
of Wellington. 

9.1 Considerations for higher density family-friendly housing

The following highlights considerations which the WCC documents, WCC survey, literature review, and survey found to be 
necessary for family-friendly living in higher densities.

9.1.1 Advantages of living in higher density housing for families

Higher density housing offers many advantages for families as this research has shown. Higher density housing can offer 
proximity to amenities which are important for family living. The site which has been chosen for this research is 114-
116 Adelaide Road, Mt Cook, located within the ‘Adelaide Road Framework’ area. This site is in walking distance to a 
supermarket, the Wellington Hospital, Newtown shops, schools, playgrounds, and cafes/restaurants. Because this site is 
in close proximity to amenities like those mentioned above, this leads to another advantage of higher density housing for 
families and that is efficient use of time. Because families will spend less time travelling from one place to another, they will 
have more time to spend with their family.

9.1.2 Disadvantages of living in higher density housing for families

Many of the disadvantages of living in higher density housing for families was found through the literature review, and 
the survey conducted by the WCC. The literature review stated that the reason why higher density housing is not family-
friendly is due to insufficient space and diminished sense of control. These disadvantages were the result city planners not 
designing higher density housing for families. The design considerations which families found important for family-friendly 
living in higher density housing were: the ability to control social interaction, defining public and private space (especially in 
the case of mixed-use buildings), child-friendly play areas, and sound-proofing. To add to this, the WCC found through their 
survey that the main disadvantage of living in the city was the lack of outdoor space followed by the street noise, noise from 
other apartments, a lack of storage space, the cost of living in the central city, and lack of parking.

9.2 What will enable adaptive reuse of buildings to increase dwellings in Wellington?

To enable the adaptive reuse of buildings in Wellington to provide for further housing, there is a need to understand the 
benefits of adaptive reuse. In the ‘Adelaide Road Framework’ the community identified a desire to minimise “the impact 
of new development on existing residential areas and values heritage character areas/buildings” (Wellington City Council, 
2008, p. 10). Therefore, by proposing an adaptive reuse strategy to provide further housing, the proposal will have minimal 
impact on the existing residential area as well as valuing the heritage character of the area. Furthermore, because the 
site was previously used as hotel, it will already contain services needed for housing, such as bathrooms, bedrooms and 
kitchens. 

A. Tatnell



319

10. FUTURE RESEARCH

The next step is to research more case studies to find out how other countries have achieved aspects of family-friendly living 
in a higher-density context like Wellington. Using this research, a family-friendly higher-density adaptive reuse strategy will 
be designed to propose a new housing typology in Wellington, and how this can be adapted to similar contexts.
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Abstract: This paper presents an ongoing study of a comparative design evaluation of three residential facilities for people 
with dementia in Victoria from the perspectives of the employed carers. Through photo elicitation and interviews with carers, 
the aim of this evidence-based research is to identify desirable characteristics of dementia support facilities for the delivery 
of care for residents in Victoria. The three facilities are evaluated in terms of scale, sightlines, domestic kitchen accessibility, 
homely atmosphere, wayfinding and colour contrast, toilet design, as well as access to outdoor space. The significance 
of this project is to identify key design factors that can promote the quality of life and wellbeing of residents in dementia 
support facilities.

Keywords: Design for dementia; dementia support facilities; residential care; design evaluation.

1. INTRODUCTION

This paper presents an ongoing study of a comparative design evaluation of three residential facilities for people with 
dementia in Victoria (Chau and Newton, 2017; Chau et al., 2018). Research on design for dementia has been evolving since 
the earliest work from the 1970s by Powell Lawton on the Weiss Pavilion at the Philadelphia Geriatric Centre which was not 
designed on the basis of staff efficiency but rather on the wellbeing of residents with dementia (Calkins, 2009). Perimeter 
bedrooms opening to a shared central social space rather than corridors helped orient residents. Additions such as plants 
and trellises helped to divide and deinstitutionalise spaces. Many design guidelines have since been developed for settings 
accommodating people with dementia with significant overlap in the key concepts (Calkins, 2018). In this paper, we link 
carers’ comments to some of these key concepts for designing better dementia care settings. 

2. METHODOLOGY

Three recently built dementia support facilities within residential aged care buildings in Victoria, Australia were selected as 
case studies: Facility A (inner urban), Facility B (regional) and Facility C (outer urban). All of them provide single bedrooms 
with ensuite and are managed by the same service provider who has agreed to collaborate and provide access to these 
facilities. Carers working in these facilities were invited to participate in this study. They were provided with mobile digital 
devices and invite to spend few minutes photographing spaces or spots within the dementia support facilities that they felt 
contributed to the wellbeing of residents. To comply with our ethics permissions, we asked that only physical spaces were 
photographed without including any person or resident in the photos. After photo elicitation, each carer was invited to a 
semi-structured interview to explain the photos taken and share the desirable characteristics of built environment for the 
delivery of support and care for residents with dementia from his or her own perspective. Three carers in each facility were 
involved, so a total of nine carers participated in this study. Through undertaking this evidence-based research, this study 
aims to identify desirable characteristics of dementia support facilities for the residents through responses from the carers. 
For the purposes of this paper, the photos taken by the carers were the starting point for discussion rather than a research 
focus. 

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.321–329. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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This study has been approved by the Human Ethics Advisory Group (HEAG) of the University. Before the commencement 
of photo elicitation and interviews, participants were provided with the Plain Language Statement and were required to sign 
a Consent Form. Participation in this study was voluntary and confidentiality protected. Interviews were audio-taped for 
transcription and analysis. The three facilities are evaluated in terms of scale, sightlines, domestic kitchen accessibility, 
homely atmosphere, wayfinding and colour contrast, bathroom design, as well as access to outdoor space. 

3. SCALE 

The three dementia support facilities range from 13 bedrooms of Facility A, 17 bedrooms of Facility B to 34 bedrooms of 
Facility C. Units with a higher number of residents may result in more aggressive behaviours (Nelson, 1995; Isaksson et al., 
2009), whereas, smaller units may lead to boredom and fewer opportunities for social interaction among residents (Morgan, 
1999; Zeisel et al., 2003). 

The smallest Facility A has two houses, one with 6 rooms and another one with 7 rooms. A carer at Facility A comments 
that ‘sometimes we don’t have enough [people] there to play a game’ and recommends that it is preferable to expand the 
facility to 20 bedrooms. They feel that the house with only 6 rooms was too small to operate effectively, so during lunch and 
dinner, carers get all residents together in one house instead of having meals in two separate houses. 

In contrast, Facility C has four wings with eight bedrooms in each wings and seven and nine bedrooms in the remaining 
two wings. Two connected dining areas cater for 17 residents each and can be divided by sliding doors. To cater for the 
needs of 34 residents is a challenge for carers, but the sliding doors work to reduce the disturbance during dinner:

It is really a big challenge for the staff. We have got thirty-four residents living in one area, we try to make it as 
roomy as possible. There is a barrier there like the door-like in-between…during meal times in the afternoon, 
the noise just vibrates everywhere and the residents get agitated, so we try to keep the noise at minimum. 
(from a Facility C carer)

The carers noted the scale of dementia support facilities needed to be in a reasonable size to facilitate social interaction 
among residents, yet should not be too large where noise disturbances are amplified and agitate residents. 

Figure 1: Floor Plans: Facility A (left), Facility B (middle) and Facility C (right)
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4. SIGHTLINES

Sightlines within dementia support facilities help orientation and reduce confusion (Fleming & Bennett, 2017). An easily 
understood environment minimises confusion and opens up opportunities for engagement (Fleming, 2017). Facility B and 
Facility C maintain high visual connectivity in communal areas (Figure 2). 

  

Figure 2: Communal areas of Facility B (left) and Facility C (right)

In contrast, each house of Facility A has a domestic kitchen in the centre with full-height partitions (Figure 3 left). The lack 
of visual access affects the spatial orientation of residents from a carer’s observation: 

It would make it a little confusing for some individuals because they walk around, and they cannot see where 
their rooms are…Regardless of where you stand, unless you are standing right in from of your room, the 
residents are not going to see their rooms from most positions in there… (from a Facility A carer)

The two houses of Facility A are connected by an activity room, which is also fully enclosed (Figure 3 left). The lack of 
visibility for this activity area causes concern from operational and safety perspectives: 

[The activity room] is very enclosed, I don’t like sitting here…[Residents] feel alone because we may be doing 
activities and they cannot see us…They need to see. If they cannot see that I am here, they will start to panic…
their anxiety will kick in, they won’t focus and they start to fall. (from a Facility A carer)

In order to enhance the sightlines within Facility A, some full-height partitions of the domestic kitchens can be removed, 
and the activity room can be fully opened to enlarge the communal areas for social interaction among residents. 

  

Figure 3: Facility A: Enclosed domestic kitchen (left) and activity room (right)
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5. DOMESTIC KITCHEN ACCESSIBILITY

Domestic kitchens in dementia support facilities serve as a practical and non-institutional alternative to traditional nurses’ 
stations (Weisman, 1990). It does not replace the central kitchen, but beverage and breakfast preparation contribute to the 
domestic character of the facility. Domestic kitchens of both Facility B (Figure 4 left) and Facility C are fully accessible to 
residents under staff supervision. 

Comparatively, domestic kitchens of Facility A were originally locked to avoid the entry of residents (Figure 4 right). The 
original intent was to create a safe environment for residents with dementia, but the measures to keep residents safe from 
hazards should not be obtrusive to avoid frustration and agitation (Fleming, 2017). As mentioned by a carer, a resident was 
eager to enter the kitchen: 

A lady used to jump the counter to get in there because she wanted to be in the kitchen.  Let her be in the 
kitchen if that is what she wants to do and we just need to supervise her. (from a Facility A carer)

  

Figure 4: Domestic kitchens of Facility B (left) and Facility A (right)

Therefore, the glass entry doors of the two domestic kitchens at Facility A are no longer locked. From the carers’ 
perspectives, accessibility to kitchens can address residents’ needs:

A lot of people with dementia like to open cupboards, shelves…so we make sure there is nothing there that 
is dangerous…[The open kitchen] encourages [residents] to get up and do things for themselves, sometimes 
when they have dementia they come in and out of it so, maybe one time, they want water and know that 
they’re doing… [in order to] encourage independence. (from a Facility A carer)

6. HOMELY ATMOSPHERE

Domestic ambience of the dementia support facilities reduces the image of institutional settings. This can evoke residents’ 
association to the familiarity of home (Carboni, 1990). To stimulate a homely atmosphere, comfortable chairs and couches 
are placed in living rooms. All three dementia support facilities have fireplaces as the focal point of the lounges. Although the 
facilities provide central heating, the visual simulation of an active fireplace alone is still attractive to the residents. (Figure 5):

[Residents] see the flame and all the colours and straight away in their minds, [the fireplace] is heated. …They 
will stand there with their hands, like they would years ago in front of the fire. So, it is a really good idea to have 
that. It is probably the best I have seen in a long time because [the fire place] relates to home. (from a Facility 
A carer)
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Figure 5: Living areas of Facility B (left) and Facility C (right)

Another effective way of simulating a home-like environment is to allow residents to bring their own furniture and fixtures 
to their bedrooms. This allows them the opportunity to personalise their bedrooms to enhance the familiarity of the space 
(Weisman, 1990):

[Residents] bring their own furniture…I think that is really good because…they feel like they are at home. (from 
a Facility A carer)

7. WAYFINDING AND COLOUR CONTRAST

Wandering is a common behaviour of residents with dementia (AIHW, 2012). A major reason of wandering is disorientation 
as a result of an illegible environment (Gilleard, 1984; Coons, 1988). To facilitate residents to orientate themselves, apart from 
having direct sightlines to key areas and maintaining an appropriate scale of the facility, environmental clues is another factor 
to consider. In Facility A, memory boxes are provided at residents’ room entrances. Personal belongings and decorative 
fixtures can be put inside the memory boxes to signify personal identity (Figure 6 left). Those items are normally placed by 
residents’ family members, rather than the residents themselves. A carer has the following feedback, which is worthy of 
further assessment of the effectiveness of the memory boxes:

I personally think some of the things have been put in there by family and that connection has been lost in all of 
that. Because the resident who wants those things, they don’t want them locked up, they want to touch them 
and feel them. They won’t be able to – the sensory part of it is gone. (from a Facility A carer)

Compared to Facility A, there is no memory box but wall signage close to bedroom doors in Facilities B and C (Figure 
6). In Facility C, personal pictures are also hanging on the walls next to bedrooms to facilitate residents to identify their own 
rooms, but according to a carer’s feedback, staff assistance is still required for some residents:

We put door signage with their names on [bedroom doors], and they have got pictures on the side of [the 
doors]…every time [residents] see their pictures on the walls, but most of them lost their ability, so staff needs 
to redirect them. (from a Facility C carer)

Comparative Design Evaluation of Dementia Support Facilities in Victoria from the Perspectives of Carers
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Figure 6: Facility A memory boxes (left), Door signages in Facility B (middle) and Facility C (right)

Wayfinding for residents with dementia can also be assisted by colour contrast, which is regarded as ‘one of the most 
powerful ways of optimizing helpful stimulation (Fleming, 2017). In addition to memory boxes, wall signage and picture 
frames, coloured bedroom doors are considered as an effective way for residents to identify their own bedrooms:

This is what we want - different coloured doors, so [residents] know, and we will know by the colour which one 
is his or her room…I could say to [a resident] to go to find the red door, the blue door…(from a Facility A carer)

Colour contrast is not only applicable to bedroom doors, but can apply to corridor design as suggested by a carer in 
Facility C which has four similar corridors resulting in confusion among residents: 

Now all the four corridors are the same colour…Residents with dementia like colour. Everything that blends in 
and is the same colour, they have trouble seeing. So, the more pop of colour, the more texture, they notice. 
(from a Facility C carer)

Different corridors can have different colour schemes and characters, which are helpful for residents to orientate 
themselves in the facility. Wall surfaces can also offer stimulation for the residents:

There is nothing on the walls they are so dull and boring for [residents], their minds are not engaged…(from a 
Facility A carer)

I would like to see something on the walls…I really like murals all over the walls. I’d even like a spongy material 
sort of thing [on the walls] and [residents] can touch it. (from another Facility A carer) 

8. BATHROOM DESIGN

Bathroom design should take colour contrast into consideration to address the deficiencies in vision associated with 
dementia and ageing. A contrasting toilet seat is particularly helpful for residents with dementia (Fleming, 2017). White 
colour is widely used in the toilets of both Facilities A (Figure 7 left) and C (Figure 7 right), which arouse carers’ concerns: 

[Residents] can’t see it all…They can’t see white. The toilet seat is all white. We are going to change all that. 
(from a Facility A carer)

It is all white. We actually had a resident before who cannot identify where the toilet is. We want to get – you 
know the rim of the toilet – to colour it… (from a Facility C carer)

Comparatively, the bathroom design of Facility B has better colour contrast (Figure 7 middle), which is well received by 
the carers working there:
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The toilet seat is in a different colour, it is grey which [residents] can recognise…It is because some people 
with some forms of dementia can’t see the white or very dull colours, so they would be looking for the seat. 
But this colour, we have no issue…In a lot of places, people will ask ‘where is the toilet’…but it is right in front 
of them but it is white and they just can’t see it. (from a Facility B carer)

    

Figure 7: Toilet Design: Facility A (left), Facility B (middle) and Facility C (right)

Apart from colour contrast, stainless steel railings also concern carers’:

[Stainless steel railing] is very cold and clinical. I do not like anything that is like that. Okay, it looks nice as steel 
and not to [residents] to hold because then they sometimes say ‘cold!’…I say ‘okay let me run the hot water 
over it’, then it is warm. So, we prefer either a warm one or a coloured one. (from a Facility A carer)

9. ACCESS TO OUTDOOR SPACE

Access to secured outdoor space is beneficial to residents in terms of their emotional and psychological wellbeing (Rappe 
and Kivela, 2005). Facility A has a balcony, which is the smallest outdoor space among the three facilities (Figure 8 left). 
Despite the size, the balcony is attractive to residents, especially during sunny and warm weather: 

[Residents] enjoy being out there or we will go out when it is just sunny and we will have a read to them and 
they love that...Sometimes we take the music out there and they will just listen.  (from a Facility A carer)

Facility C has the largest secured garden and along the building periphery, some covered outdoor areas are provided 
to encourage residents to stay outside while protecting them against rains and strong sunlight (Figure 8 right). Facility B 
has some bedrooms with direct access to outdoor space. A well-designed garden is in fact a therapeutic environment 
for residents with dementia by providing visual, tactile, olfactory and auditory stimulation through a combination of natural 
landscape, fragrance, sunlight, wind and birds. 

Comparative Design Evaluation of Dementia Support Facilities in Victoria from the Perspectives of Carers
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Figure 8: Facility A balcony (left) and Facility C covered outdoor space facing garden (right)

10. CONCLUSIONS

Through interviews with carers working in three dementia support facilities, key design factors that can promote the quality of 
life and wellbeing of residents are identified in terms of scale, sightlines, domestic kitchen accessibility, homely atmosphere, 
wayfinding and colour contrast, bathroom design and outdoor space. This research is focused on carer knowledge and 
does not address broader questions being asked in the literature of the value of segregating people with dementia (Calkins, 
2018). Future research would usefully include other facility users, including visitors, family members of the residents and 
the residents themselves in order to receive more feedback from different perspectives in different settings to improve the 
existing facilities and inform future design approaches. 
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Abstract: There is a growing recognition of the need for daily contact with nature, to live happy, productive, meaningful lives. 
Biophilic Design enhances human well-being by fostering connections between people and nature in the built environment. 
Achieving these benefits has the potential to improve quality of life and provide direct and indirect financial benefits e.g. 
reduced health care costs, reduced costs of crime and violence, improve productivity and workplace performance, and 
consequently wellbeing and quality of life. Biophilic Design holds that good design must integrate nature and natural 
elements. Biophilic design therefore, is a design philosophy that encourages the use of natural systems and processes in 
the design of the built environment. Biophilic Design is based on Edward O. Wilson’s Biophilia hypothesis, which proposes 
that humans have an innate connection with the natural world and that exposure to the natural world is therefore important 
for human wellbeing (Wilson, 1984). This paper is a review paper bringing current academic knowledge in the area of 
biophilia and their relationship to living and working in high-density cities.

Keywords: architecture, livability, biophilia, biomimetic design, restorative environments

1. CITY-FOREST

There is a global trend in architecture for high-rise construction with foliage and vegetation. The question here is to evaluate 
if this is purely an aesthetic trend or if it goes beyond, with restorative properties for human well-being. These benefits 
include much cited research on energy and environmental properties such as the impact to the heat-island effect (Gallo et 
al 1993), marking a return to nature benefiting occupiers mental and physical wellbeing with vegetation clearly growing on 
the outside as well as on the inside of buildings.

A plethora of towers covered with green foliage can be seen from Italy to Singapore including projects such as Bosco 
Verticale in Milano by studio Boeri to a trend in Singapore on residential, commercial and civic infrastructure with notorious 
projects such as Interlace by Rem Koolhas from SOM; the Pinnacle HDB at Duxton; the Marriot JW by Foster + Partners; 
the Royal Park Hotel by Woha; Habitat Sky and Sands Marina by Moshe Safdie; Gardens by the Bay by Wilkinson Eyre 
architects and Grant landscape architects to mention a few. The collaboration of Jean Nouvel with Patrick Blanc has set 
a trend for building vertical gardens on interior and exterior walls with recent projects such as One Central Park in Sydney.

The aesthetic qualities of these projects have attracted much interest from around the world, resulting in many architectural 
awards. Moving forward beyond aesthetics focused projects such as Gardens by the Bay in Singapore and various towers 
by Hamza & Yeang, have integrated sophisticated building systems to recycle waste including built-in incinerators, whilst 
others have included vertical farms as highly functional for human survival including food production. The use of recycled 
timber by Kengo Kum and Shigeru Ban who also uses recycled paper and cardboard as building materials) are particular 
notorious paper by the material warmth and likeness by their building occupiers. Human factors moving the green building 
agenda forward beyond aesthetics, building technology and science. If aligning design philosophies with human-cantered 
design and environmental wellbeing, the focus of interest naturally tilts towards environmental psychology; raising questions 
on the relationship between people, cities and nature?

This paper aims to review current stage of knowledge on the impact of natural green environments in buildings and the 
role of vegetation toward human wellbeing in high-rise and high-density living. 

Cities are expected to continue growing and to get denser. The world population is expected to reach nearly 10 billion 
inhabitants by 2050 and will also continue to expand its city footprint. Rapid urbanisation strains a municipality’s capacity 
to meet infrastructure and other urban service demands. Cities, as drivers of economic growth, are resource intensive. 
They occupy about 2% of the world’s land, consume 75% of land resources, and contribute to global climate change with 
their increased rate of greenhouse gas emissions. Cities continue to generate enormous quantities of waste and pollution, 
contributing to environmental degradation. With these staggering figures there is a sense of urgency in understanding the 
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impact of vegetation on the built environment and the health of those living within it. Perhaps the first step toward a new 
architectural movement of building city-forests.

Figure 1: Singapore’s skyline bird eye view: identifying 6 design solutions. Sketch by G. Aranda-Mena

2. LOVE OF LIFE

As background to this paper the concept of engaging with nature in cities. The term Biophilia is discussed from its 
philosophical and scientific foundations originating from the Greek language meaning ‘love of life’. It was coined by the 
social psychologist Erich Fromm and popularised in the 1980s by Harvard myrmecologist and sociobiologist Edward O. 
Wilson, who pioneered a new school of thought that focused on the concept, that as human beings, we have evolved a 
genetic tendency to prefer natural settings and situations that are important for survival, resulting in what he defined as the 
“urge to affiliate with other forms of life” (Wilson, 1984, pp. 85).

The term Biophilia may be a relatively new one, but the concept is not. People have been intuitively aware of it since 
ancient times, where natural objects, shapes and patterns have often acted as a source of inspiration for architects and 
designers (Ramzy, 2015). Research has found that humans prefer settings with running water, healthy green vegetation and 
flowers. Humans tend to feel at ease with shelter behind them and an open view in front of them (to provide perspective), 
enabling them to be at once protected from the elements, and able to see oncoming predators, prey and weather changes 
(Wilson, 1984; Kellert and Wilson, 1993). The human mind and sensory systems evolved largely in a biological landscape. 
Evidence increasingly supports that human fitness relies on a matrix of instrumental connections to natural features and 
processes. Furthermore, research has found that when humans have experiences of nature (e.g. natural daylight, fresh air 
and greenery), a range of positive neurological, physical and social benefits may result, which embrace improvements in 
both physical and mental health (e.g. DeVries et al., 2003; Nielsen and Hansen, 2007; MIND, 2007; Van den et al., 2007; 
Berman et al., 2008; Lewis, 1973; Lewis, 1995; Lewis, 1996; Relf, 1992; Ulrich, 1993).

Other examples of the benefits of biophilia include:

• Reduced stress, reduced depression and anxiety (e.g. Hartig et al., 2008; Ottoson and Grahn, 2005; Mayer et al., 
2009; Barton and Pretty, 2010); 

• Enhanced physical well-being, enhanced healing (e.g. Frumkin, 2003; (Lafortezza et al., 2009; Hassink and van 
Dijk, 2006);

• Improving adult work performance and productivity, increased attention recovery, enhanced workplace satisfaction 
(e.g. Kuo and Sullivan, 2001; Leather et al., 1998);
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• Development benefits to children - improving childhood development, attention and academic performance (e.g. 
Kahn and Kellert, 2002; Herschong et al., 2002).

• Improvements in positive mood, cognitive performance and creativity (Atchley et al., 2012); and

• Increased community connection, reduced crime (e.g. Reeve et al., 2015).

The above demonstrates a wide range of benefits. Other terms to describe natural elements in building included 
biobimetism and biomimetic design. However, biophilia embraces natural elements such as plants rather than man-made 
features, syntheses or thematic fabrications of structures, materials or compositions. Biobimetic design has been part of 
architecture since ancient times.

3. DESIGNING WITH NATURE

Biophilic Design is based on Edward O. Wilson’s Biophilia hypothesis, which proposes that humans have an innate 
connection with the natural world and that exposure to the natural world is therefore important for human wellbeing (Wilson, 
1984). There is a growing recognition of the need for daily contact with nature, to live happy, productive, meaningful lives 
(Beatley 2010). Biophilic Design enhances human well-being by fostering connections between people and nature in the 
modern built environment. Achieving these benefits has the potential to improve quality of life and provide direct and 
indirect financial benefits e.g. reduced health care costs, reduced costs of crime and violence, improve productivity and 
workplace performance, and consequently reduce the cost of sick-leave (Reeve et al., 2015). Biophilic design therefore, is 
a design philosophy that encourages the use of natural systems and processes in architecture and the design of the built 
environment (Kellert and Wilson, 1993).

Biophilic Design holds that good design must integrate nature and natural elements. Wilson argues that humans have 
co-evolved with nature and that we carry with us our ancient brains and our need to connect with and affiliate with nature, 
in order to be happy and healthy (Beatley 2010). However human interaction with nature is often lacking in modern day 
societies due to societal trends such as urbanism, building design and lifestyle (Kellert and Wilson, 1993). Biophilic Design 
incorporates natural features and systems into the built environment in order to provide human beings with this much-
needed exposure to nature. Biophilic Design works in harmony with environmental design considerations to create buildings 
that demonstrate ‘Restorative Environmental Design’ solutions (Kellert and Wilson, 1993). As Briefel (2016) succinctly states: 

“Biophilic Design can be a regular reminder to those of us who spend the majority of our days indoor that we 
are innately connected to the natural environment” (Briefel 16, p11)

Kellert (1993) describes Biophilic Design as an attempt to redress the way the built environment has exacerbated human 
separation from the natural world. He believes that by incorporating six defining features, nature can be brought back into 
modern architecture. Nature can be brought back into architecture through the inclusion of: Environmental features; Natural 
shapes and forms; Natural patterns and processes; Light and space; Place-based relationships; and Evolved human-nature 
relationships (Kellert, 2002) which mainly refer to mimetic design. Moving the agenda towards nature and natural elements 
Kellert (2002) defines three pillar concepts that serve as the tenets of Biophilic Design, namely: ‘nature in the space’, ‘natural 
analog’; and the ‘nature of the space’. Killert and Calabrese (2015) outline 24 attributes of Biophilic Design, which pertain 
to three experiences outlined in the following Table 1:

Table 1: Experiences and Attributes of Biophilic Design (after Kellert and Calabrese, 2015)

Pillars of Biophilic Design Design Attributes

1. Direct Experience of Nature

Animals Light

Weather Air

Natural landscapes and ecosystems Water

Fire Plants

2. Indirect experience of nature

Evoking nature Images of nature

Information richness Natural materials

Age, change and the patina of time Natural colours

Natural geometries Simulating natural light and air

Biomimicry Naturalistic shapes and forms

3. Experience of space and place

Transitional spaces Prospect and refuge

Mobility and way finding Organised complexity

Cultural and ecological attachment to place Integration of parts to wholes

Well-being in vertical cities: beyond the aesthetics of nature
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Meanwhile, leading proponents of Biophilic Design, Terrapin Bright Green (environmental consultants), have identified 14 
design elements or special patterns, which they clustered according to Kellert’s three pillars (Browning et al., 2014). These 
are not new inventions, but rather codify the science behind why human’s respond to certain traditional design elements 
(see Table 2). 

Table 2: 14 patterns of Biophilic Design: improving health and wellbeing (After Browning et al., 2014).

Pillars of Biophilic 
Design

Design Elements

 
Nature in the space 
(direct experiences 
of nature)

Visual Connection with Nature. A view to elements of nature, living systems and natural processes.

Non-Visual Connection with Nature. Auditory, haptic, olfactory, or gustatory stimuli that engender a deliberate 
and positive reference to nature, living systems or natural processes.

Non-Rhythmic Sensory Stimuli. Stochastic and ephemeral connections with nature that may be analysed 
statistically but may not be predicted precisely.

Thermal and Airflow Variability. Subtle changes in air temperature, relative humidity, airflow across the skin, and 
surface temperatures that mimic natural environments.

Presence of Water. A condition that enhances the experience of a place through seeing, hearing or touching 
water.

Dynamic and Diffuse Light. Leverages varying intensities of light and shadow that change over time to create 
conditions that occur in nature.

Connection with Natural Systems. Awareness of natural processes, especially seasonal and temporal changes 
characteristic of a healthy ecosystem

Natural Analogues 
(representations of 
nature)

Biomimicry or Biomorphic Forms and Patterns. Symbolic references to contoured, patterned, textured or 
numerical arrangements that persist in nature.

Material Connection with Nature. Materials and elements from nature that, through minimal processing, reflect 
the local ecology or geology and create a distinct sense of place.

Complexity and Order. Rich sensory information that adheres to a spatial hierarchy similar to those encountered 
in nature.

Nature of the 
Space (preferred 
spatial experiences 
found in natural 
settings)

Prospect. An unimpeded view over a distance, for surveillance and planning.

Refuge. A place for withdrawal from environmental conditions or the main flow of activity, in which the individual 
is protected from behind and overhead. 

Mystery. The promise of more information, achieved through partially obscured views or other sensory devices 
that entice the individual to travel deeper into the environment. 

Risk/Peril. An identifiable threat coupled with a reliable safeguard.

Following on from this, Beatley (2010) present three propositions or drivers for Biophilic Design:

• Biophilic Design can help strengthen commitments to place: Buildings that are greener, more nature-full, will 
attract greater interest and help to strengthen emotional bonds to place and community, in turn increasing resilience 
(see below) (Wolf, 2008).

• Biophilic Design can enhance individual and community resilience and adaptive capacity: Nature in 
buildings delivers considerable (and often underappreciated) health benefits, they enhance ability to successfully 
cope with and adapt to future stressors and shocks, building capacity.

• Biophilic Design can help build social capital and trust: Biophilic Design can facilitate bringing people 
together, expanding and strengthening social networks and capital. It can reduce ‘social isolation’ and support the 
development of friendships and social interactions (Beatley 2010).

These and other perceived benefits of adopting Biophilic Design strategies, to deliver what is often referred to as 
‘Restorative Environmental Design’ (Kellert, 2002), are discussed below.

4. RESTORATIVE ENVIRONMENTAL DESIGN

Evidence from more than three decades of research on the impact of nature on human health and wellbeing can justify the 
claim that Biophilic Design is beneficial, although academic literature looking specifically at Biophilic Design and architecture 
is still relatively rare (Gillis and Gatersleben, 2015).

‘Restoration’ is the process of renewing psychological resources that have been depleted (Hartig, 2008). 
Although the concept of Biophilic Design is relatively new, the plethora of research on nature and ‘Restorative 
Environments’ makes a strong case for the heath and wellbeing potential of incorporating Biophilic Design 
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attributes into the built environment. Indeed much of the small but growing peer-reviewed literature on 
Biophilic Design often cite research on Restorative Environments to support the health and wellbeing benefits 
of Biophilic Design (e.g. Ryan et al., 2014; Gray and Birrell, 2007; Kellert, 2002). 

Many restoration theories stem from the field of Environmental Psychology and have helped to lay the foundation 
for new building design paradigms that emphasise occupant health, nature and sustainability (Burnard and 
Kutner, 2015).

In Gillis and Gatersleben’s 2015 paper they review psychology literature on the health and well-being benefits of Biophilic 
Design and attempt to evaluate the evidence for each of the Kellert’s three Pillars, to support the theory that Biophilic 
Design is beneficial for psychological wellbeing. Gillis and Gatersleben (2015) found that the majority of work on Biophilic 
Design refers to ‘Environmental Restoration Theory’ as an underlying basis, with empirical evidence that support the use of 
plants, water, wood and natural elements in creating spaces that provide an opportunity for human wellbeing. Three design 
examples of research of the benefits of Biophilic Design strategies and restorative environments are given in the next section 
including: space, materials and scenery.

4.1 Greening the interior space (nature in space)

Since as early as the 1970s researchers have been experimentally studying the influence of greenery on human attitudes 
and functioning. This field of inquiry is often referred to as ‘restorative environmental research’ (Van den Berg, 2009). One of 
the main findings, for which a large body of empirical evidence has accumulated, is that natural (i.e. green) environments are 
consistently preferred over non-green (urban) settings, or environments dominated by artefacts (see Ulrich, 1993). These 
studies, which demonstrate the aesthetic and restorative effects of environments containing greenery i.e. positive effects 
of nature, especially plants, upon human health and well-being, has been extensively researched and documented (e.g. 
Burchett et al., 2010; Dannenberg et al., 2012; Elings, 2006; Kaplan, 1995; Kellert, 2002; Kuo and Sullivan, 2001; Nielson 
and Hansen, 2007; Shoemaker, 2002) and are frequently considered as supporting evidence for the ‘Biophilia hypothesis’ 
(Wilson, 1984; Kellert and Wilson, 1993).

For example, Burchett et al. (2010) examined the effects of plant presence on negative mood states in building 
occupants. Their research was the first empirical study to use internationally validated psychological measures for assessing 
the potential benefits of indoor plants. The presence of plants correlates positively with worker productivity (Lohr et al., 1996) 
as well as contributing to large reductions in negative attitudes and levels of stress among building occupants (for examples 
see: Burchett et al, 2010; Dannenberg et al., 2006; Bringslimark et al., 2007; Dijkstra et al., 2008; Grinde and Patil, 2009).

Research from the Environmental Protection Agency (EPA) in the USA has demonstrated that potted plants improve 
indoor air quality (EPA, 2003) for building occupants, but of particular interest, Burchett et al. (2010) revealed that just one 
plant within the workspace can significantly enhance staff morale and simultaneously promote well-being and improve 
performance. Their seminal research focused on the benefits of potted plants in reducing air pollution indoors. Plants played 
a central role in ameliorating volatile organic compounds (VOCs) emitted from plastic or synthetic materials (e.g. furnishings, 
furniture and equipment like computers and photocopies), and CO2 from occupants’ breathing. Following on from this, 
research has also demonstrated the many benefits of green roofs. Green roofs help to cool buildings, resulting in significant 
energy savings, they effectively retain storm water (often 75% of the rainwater falling on the roof is retained there), sequester 
carbon, create new habitats and result in much more natural, Biophilic views and spaces for building occupants to enjoy, 
resulting in restorative benefits as well (Getter and Rowe, 2006). 

Gray and Birrel (2014) undertook a study to look at the broad health benefits of specific types of Biophilic Design for 
workers in a building site office. Aspects of open plan design and green interior spaces were purposefully infused into a 
newly devised bespoke site office. Initial responses were clearly supportive of the newly introduced biophilic design elements 
to their workspace. Perceived benefits included: Enhanced collaboration amongst staff, including across teams; Improved 
morale; and Mitigation against stress. The research suggests that Biophilic Designed site offices can be linked to perceived 
social benefits and increased employee functioning including cooperation and mentoring, and to positive psychological 
effects, such as improved work satisfaction and higher morale, all characteristics of a high performance workspace and 
reinforced the findings of earlier research (Gray and Birrel, 2014).

4.2 Natural materials (natural analogue)

 It is well documented that people spend on average 90% of their time indoors (e.g. EPA USA, 1989; EPA USA, 2013). 
Because this constitutes the vast majority of our exposure time to airborne pollutants, and concentrations of many indoor 
pollutants are actually higher than outdoors, it follows logically that indoor environments significantly influence our health 
and well being (EPA USA, 2013). A study by Allen et al. (2015) of the scientific evidence published to date which specifically 
relates to indoor environmental quality and human health concludes that buildings designed using natural materials have 
lower levels of volatile organic compounds, formaldehyde, allergens, environmental tobacco smoke, NO2 and particulate 
matter. These findings demonstrate significant reductions in exposure to poor indoor air quality. Consequently cleaner 
indoor air has led to improvements in cardiovascular health and mental acuity (EPA USA, 2000; EPA USA, 2003). 
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Burnard and Kutner (2015) examined the relationship between wood use and human stress to determine the potential 
fit for wood in the restorative environmental design paradigm. Wood is a well-suited building material for Sustainable Design 
because it sequesters carbon throughout its life cycle and is derived from a renewable resource. Furthermore, because 
wood is a material that is well recognised as being natural, it is an excellent material for Biophilic Design and Restorative 
Environmental Design. Burnard and Kutner (2015) found very few studies that directly examine the restorative properties 
of wood as a material for interior environments, but those that do suggest interior wood use provides restorative benefits 
and positive health impacts to occupants. Indeed, a study by Pals et al. (2014), where students were asked to evaluate 
three virtual natural environments (one with metal furniture, one with wooden furniture, and one without any furniture), the 
researchers found students were drawn to the perceived coherence of the restorative characteristics of the wood furniture 
options. This is not to say that all interior fit-outs including furniture have to be made of wood but to owners and tenant 
occupiers should aim for a balance in the use of industrialised and natural elements or materials. 

4.3 The restorative impact of ‘scenery’ (nature of the space)

Growing research reveals a universal biological basis for visual preferences that often transcend individual and cultural 
differences (Hosey, 2016). Some call it ‘neuro-aesthetics’ or ‘bio-aesthetics’; it is a shared appreciation of the aesthetics 
of nature or the natural world and provides evidence for the benefits of incorporating ‘positive’ views to the outside world. 
These connections to nature can also be made using imagery that celebrates the aesthetics of nature or the natural world. 
Whether from the brushes of artists like Delro Rosco, whose artwork reflects his love for botanical subjects or Danielle 
O’Connor Akiyama, whose floral paintings reflect riotous parties of flowers, or the many modern landscape artists; nature-
inspired art can be used to deliver restorative impact. In three-dimensional we could allude to architectural exponents from 
the art nouveau, arts&crafts and Jugendstil movements such as Victor Horta in Brussels, Charles Rennie Mackintosh in 
Glasgow or Otto Wagner in Vienna. All inspired by nature and created natural forms and spaces as part of their building 
repertoire.

5. NATURE VERSUS ARCHITECTURE

Research indicates that experiencing nature’s restorative and emotional effects can stimulate conservationist attitudes 
towards the natural environment (e.g. Kals et al., 1999). As a growing body of research suggests, continued connections 
to nature are significant in promoting behavioural change that fosters stewardship and care towards the environment (e.g. 
Chawla and Derr, 2012). Sometimes described as ‘mutualistic’ decision-making (e.g. Ozer, 2014), incorporating nature 
(natural systems and elements) into buildings has been found to foster positive interaction between humans and the natural 
environment. If connections between buildings and nature are appreciable, then individuals are more likely to understand 
their personal connectedness to the natural world.

Strategies in architecture and building design that are visible, offer opportunities for an increased understanding of 
nature, thereby contributing to a greater affinity for it, encouraging behavioral change and reinforcing sustainability goals 
(Ozer, 2014). Biophilic Design strategies can be used to strengthen environmental behaviors and reinforce sustainability 
views and values. Architecture, interiors and the design professions can benefit from an approach project with biophilic 
principles and values built into proposals right from the outset. The design principles and guidelines are useful as tools for 
implementation; the challenge is to changing values, including those held by the architectural profession often dictated by 
a man-made aesthetic imperative.

To conclude, cities will continue to become increasingly vertical and denser. The opportunity with proactively incorporating 
natural elements into the built environment could intensify thus leading to a new architectural movement of creating city-
forests rather than our current concrete-jungles!
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Abstract: The recent rise of residential developments for the aged in Korea, combined with smart technologies is 
underpinned by a confluence of social and technological changes. Korea is one of the countries with significant increase 
in aging population. The rapid increase of the elderly combined with lack of supporting facilities have led to recent building 
developments in Korea in the form of silver towns, i.e. high-rise building units targeted specifically at the aging population. 
These developments incorporate information technology infrastructure, in which Korea has invested heavily in recent 
decades. The silver towns are increasingly being conceived, designed and marketed as smart living environment for the 
elderly. The research investigates changes in patterns of use in silver towns integrated with smart technologies from the 
perspective of aged residents.

Keywords: Aged living environment, Silver town, Smart technology, Elderly perspective.

1. INTRODUCTION

A significant increase in aging population has become a serious issue in Korea and it is expected that the nation will become 
an aged society within two decades. In addition, Korea has become a front-runner for information and communication 
technology (ICT) and smart city development supported by the government’s heavy investment in recent years. A fast 
transition of living environment from detached houses to high-rise apartments in a short period of time provides an easy 
access to build a platform of smart technology. These environment have led to recent silver town developments in Korea, 
which are high-rise apartment buildings for elderly-only living. 

The advanced smart device has been developed and employed to support the independent living of seniors in silver 
towns. However, most of the integrated smart technologies in silver towns have not been developed by focusing on the 
elderly, but for the people who are familiar with IT devices. Further, there has not been any previous studies regarding 
how the elderly residents perceive and use smart technologies in silver towns, even though the silver town has been in 
development for over two decades.

The research explores five selected silver towns consisting of four urban-type and one semi-urban-type silver town in 
major cities in Korea. The selected silver towns in chronological order produce various understandings of the current status 
of silver town development and diverse interaction with the elderly residents in terms of applied smart technologies. 

2. THE APPEARANCE OF SMART SILVER TOWNS

To respond to fast growing elderly population and its demands, the Korean government implemented a policy to encourage 
silver town development since 1993. Silver towns are designed for the elderly only living and integrated with smart technology 
to assist the elderly independent living. 

Silver town is the term used only in Korea; ‘silver’ refers to the grey hair colour of the elderly and ‘town’ represents where 
people live and work. It is generally similar to ‘retirement community’ or ‘assistant living’ in other countries.

2.1 Aging Population

Statistical data released by the US Census Bureau in 2016 (Figure 1) show that Korea became an aging society which 7% - 
14% of total population is aged 65 years or more since 2000. However, it takes 18 years to become an aged society where 
more than 14% of the population aged 65 years or more and the percentage of old population has tripled in Korea in just 
27 years. In contrast, other countries, except Japan, which has been an aged society since 2007, will be aged societies in 
the future. For example, United Kingdom is predicted to become an aged society from an aging society in 45 years while 
France will take 115 years. It indicates how fast aging population in Korea has changed and increased.

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.339–346. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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Figure 1: Number of years for percentage of population aged 65 and older to triple: selected countries. (source: He et al. (2016))

In addition, aged-child ratio, (number of population aged over 65/number of population aged under 15) x 100, 
demonstrates that Korea will have an unhealthy population structure. The index was 47.3 which already indicates that the 
nation is within an aged society but the index is expected to be 213.8 and 429.3 in 2030 and in 2050 respectively. The data 
shows that Korea will become a post-aged society in about a decade.

2.2 High-rise / High-density Living

Traditional detached house, named ‘HanOk’, was the main residential typology in Korea. It consists of a main building 
and an outbuilding which provide traditional living patterns. Modernization in the 1930s produced a new spatial structure 
resulting from integration of ‘Madang (a courtyard)’, which had an intermediate role between inside and outside spaces into 
internal space (Kim and Kim, 1995; Kim and Cho, 2008). 

The apartments have become the new residential building since 1950s. In less than a half century period, more than half 
of population have moved into apartment complexes according to the KNSO (Korea National Statistical Office). Moreover, 
the data released by Statistical Korea in 2016 (Future population prospects: 2010–2060, 2016), the proportion of apartment 
complexes reached 59.9% whereas the percentage of detached houses remained at 27.4%. It explains there is a the 
transition from detached houses to apartment living. In other words, there are growing trend towards high-rise and high-
density living.

2.3 Smart apartment in Korea

The high-rise and high-density living trend along with the well-established internet network (Top 20 countries with the highest 
number of internet users, 2016) and advanced IT technology of South Korea have been accelerating the development of 
smart apartments. Three major telecom companies (SK Telecom(Smart Home, 2015), LG U+ (IoT @ Home, 2016), KT 
Telecom (GIGA IoT Home, 2015) have released IT services for a smart apartment in collaboration with major South Korea 
Electronics companies (LG Electronics and Samsung Electronics)(Lee, 2018).

The IT services provided by those major companies in South Korea could be divided into four groups. The first group 
is energy management which optimizes domestic energy consumption automatically. The temperature and air quality 
controller measure and adjust the current condition of the apartment routinely without any user input to minimize power 
consumption and maximize the indoor environment. The second is safety. With a home CCTV powered by the advanced 
motion and gesture recognition algorithms, it can track children or pets then give an alert in an emergency. The third service 
is health care. The smart chair can measure how long the user stays at one location with a built-in pressure sensor to 
minimize their sedentary lifestyle. The last group is personal assistant. It significantly improves the accessibility of users to 
those smart technologies. The smart speaker with machine learning based natural language processing algorithm (NLP) is 
a great help for the people who have the difficulties to move their body including the elderly or the disabled.

3. PREVIOUS STUDIES

The transition from a traditional detached house to high-rise and high-density apartments in Korea is described in ‘The 
Republic of Apartments’ by Gelézeau (2007). 

The research regarding silver towns were limited or only relied on opened-source by silver town developers due to 
restricted access to the elderly residents and competitive condition of silver town development. Song and Nam (2011) also 
examined published documents to provide a feasible design of public space integrated with smart technology in silver town. 
Kwon (2015) analysed existing information of current silver towns to suggest guidelines for developers as well as future 
customers. 
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Technology developments have an effect on silver town development. Kim et al. (2007) identified that when the elderly 
understand that digital technology assist comfort living and support health services in seniors’ living environment, the elderly 
are likely to maintain independent living. Choi et al. (2010) explored how developed technology works in terms of security 
and living environment based on location-aware technology.

4. RESEARCH QUESTIONS

Based on rapid development of ICT, a high-rise and high-density environment enabling the application of developed 
technology have combined with a dramatic increase in aging population. It has led to silver town developments in response 
to the demands of seniors. However, previous research has not examined silver towns and the effect of smart technologies 
applied in silver towns from the perspective of the elderly due to competitive silver town development and privacy issues.

The main research question is: ‘What are the emergent patterns in the design and use of silver towns integrated with 
smart technologies from the elderly perspective?’

To examine the question, there are following subtasks, such as the range and intended purposes of applied smart 
technologies, patterns of use of smart technologies, and the changes in spatial layouts from the use of embedded 
technologies from the elderly perspective.

5. SELECTED SILVER TOWNS

Five silver towns are chosen in chronological sequence from 1998 to 2007, i.e. S town built in 1998, GS town in early 2003, 
B town in late 2003, and GH town in 2006 to GY town in 2007. Selected silver towns are all high-rise, high-density and 
urban-style, except for the semi-urban style of B tower. All silver towns have an on-site clinic and are affiliated with a general 
hospital within walking distance as well as well-organized leisure facilities to support the elderly residents’ independent living. 

S town(1998)          GS town(Early 2003)                     B town(Late 2003)                         GH town(2006)               GY town(2007)

Figure 2. Selected silver towns

As it is shown in Figure 2, four silver towns are taller than 15 floors including a basement, whereas the semi urban-style 
B town has 11 floors. GY town has the largest number of units, with 419 including 69 intensive care units while GS town 
contains 142 units.

Figure 3. Selected silver towns’ location
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Regarding geographical position, four silver towns are located in Seoul, the capital city and one silver town is located 
in Seongnam-Si, one of many satellite cities. As urban-style and semi urban-style silver towns, they have easy accessibility 
through public transport to enable not only the elderly residents but also visits from their family or friends, thus making the 
silver town more attractive. There is convenient access to the city centre and shopping centres to enjoy the urban lifestyle.

6. METHODOLOGY

A total of 500 survey questionnaires in Korean were distributed to selected silver towns in a random selection and 113 
surveys were returned by the elderly residents. The survey contained three main purposes such as the elderly residents’ 
awareness, frequent usage and satisfaction of integrated technologies, demographic information such as age, gender, and 
duration lived in silver town, and a request for a face to face interview to explore in-depth analysis.

30 elderly residents were interviewed in the interviewees’ convenience in Korean. The semi-structured interview questions 
consist of four key sections, e.g., interviewees’ personal information, understanding the elderly perception in regard to smart 
technology and its development, the senior residents’ interaction and perception regarding embedded smart systems, and 
the elderly preferences in terms of applied technology and opinions for further developments. 

A third of the interviewees authorized site observation for their individual units and it provided remarkable features and 
a better understanding because the individual units have not been exposed due to a privacy issue. Photos taken were 
underpinned from the outcome of the interviews in visual form and these were combined with collected floor plans and 
documents to provide further information.

7. SMART TECHNOLOGY INTEGRATED IN SILVER TOWNS

The smart technologies embedded in silver towns target elderly residents, even though there are limited smart systems to 
support senior’s independent living. Through survey and interview analysis, nine technologies integrated in silver towns were 
found. Among nine technologies, four technologies are active at all selected silver towns and two other technologies work 
at four silver towns. 

Table 1. Smart Technologies in Selected Silver Towns

Technologies/Location

Applied Technology Active Technology

Silver towns Silver towns

S GS B GH GY S GS B GH GY

Care in Unit

Nursing and emergency call • • • • • • • • • •

Movement detection sensor • • • • • • • • • •

Portable emergency pager • • • • • • • •

Real-time health check •

CCTV •

Environment 
Control in Unit

Remote inspection • • • • • • • •

Light control/Energy saving • •

Security in Unit Cardkey • • • • • • • • • •

Public Space CCTV • • • • • • • • • •

Smart technologies in silver towns are in accordance with the concerns of the elderly, such as health and security issues. 
For example, ‘nursing and emergency call’, ‘movement detection sensor’ and ‘portable emergency pager’ are related to 
health concerns and ‘card key’ and ‘CCTV’ are connected with safety concerns. 

The most necessary smart technology systems in silver towns are the card key and the nursing and emergency call 
system. The card key demonstrated high perception, frequency and satisfaction from the elderly residents. It is because 
the card key is a multi-functional key, it can be used to access the unit and other silver town facilities, electricity supply in 
unit, and delivery of the residents’ in and out status. Further, the key is easy to carry and simple to use. GS2 stated: “When 
I leave the house and I don’t have to turn the light off because when you take that out, the light goes off. I think they did a 
great job with that since old people forget easily. It gives me peace of mind”. GS3 also added: “If you put the card key in, 
then the nurse recognises that you are in. If you take that out, then it means no one is at home”.

The other system, nursing and emergency call system, also showed high perception and satisfaction but significantly low 
frequency due to the seniors’ healthy condition. The system is to provide an immediate access to a nurse or doctor at an 
onsite clinic in silver town to the seniors possibly in a sudden emergency but current residents’ healthy condition is against 
the usage of the system. Nevertheless, the system was selected by the elderly because health related issues have been one 
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of the concerns for them. S2 stated that “We must have it. Especially as there was a person who slipped in the bathroom. 
In that case, you just press the button and they come and help you. It is greatly useful here”.

Figure 4. S town unit and technology

S town unit comes from the first silver town development in Korea and the size of exclusive use space of around 
39.7m2. Even though the unit space is designed for a couple, there is a massive interference between smart systems and 
the belongings. For instance, the TV in the living room and other objects obstruct the emergency call button. It is hard to 
recognize that there is an emergency call button. In fact, the resident had never pushed the emergency call button since 
they have lived in the unit for more than 15 years.

CCTV in individual units was only applied in S town for immediate response in case of emergency. It was integrated in 
even intimate space such as bathroom and bedroom. The purpose of the developer was to support medical assistance 
because there is no intensive care unit at S town where the elderly requires significant medical support and an extra care. 
However, from the elderly perspective, it causes a severe invasion of privacy. It is no longer in use due to the privacy issue 
but the developer did not get rid of the CCTV. Therefore, it produces the other issue that some of the elderly residents do 
not feel secure and safe because they still believe that it is in operation. S4 emphasized that: “People thought that there is 
a serious invasion of privacy but the company said that it doesn’t show anything. They shouldn’t see it, right?”.

The real-time health check system is to offer a convenient medical check-up and make a remote health check at an 
individual unit possible. Surprisingly, the elderly demonstrated high awareness of the system which they have never utilised. 
There was a trial but the trial was unsuccessful due to a couple of reasons. The elderly were not familiar with a computer 
system for real-time health check and have the prejudice against the Internet. In addition, selected silver towns have an on-
site clinic and an affiliated general hospital within walking distance therefore, the residents prefer to meet a nurse or doctor 
face to face. 

Smart Silver Towns: Prospects and Challenges
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Figure 5. GH town unit and technology

GH town unit illustrated a one-bedroom and a medium-sized unit (53.7 m2) but much larger than S town’s one-bedroom 
unit. Elderly-centred design was applied in the bathroom, e.g., an adjustable basin and in the kitchen, e.g., a foot valve 
sink tap. The unit has a dressing room rather than having a second bedroom which is more suitable for a single user. Even 
though it provides larger space there is still a lack of storage space for the belongings. Moreover, allocation of furniture 
cause an interference with the system.

Among five selected silver towns, S town (Figure 4) and GH town (Figure 5) distinctively show that there are more 
advanced smart technologies in design as well as function. In GH town, two different types of nursing and emergency call 
systems are applied in the unit based on the purpose of the space. To support nursing and an emergency call system, a 
portable emergency pager is supplied to the resident. It was not provided to S town but to GH town residents. S4 explained: 
“It’s not like I am going to be healthy forever. If it is given to me I can put it in my pocket and walk around and use it in case 
of emergency”. In contrast, a portable emergency pager was not in high use but high awareness in other silver towns. It is 
because the pager is in the health-related category which is similar to nursing and emergency call system. GH10 explained: 
“It is the portable carrier hanging around the neck. It is hanging in the bed corner since I do not use it. No one knows the 
future but currently, I hang it at my side”. 

There is not a considerable change in spatial design due to the use of technology, but having smart systems in a silver 
town provides significant psychological relief which was emphasized by several interviewees. Furthermore, the mental 
stability mitigates the senior residents’ concerns and gives a confidence in regard to use of silver towns, e.g. a wireless 
device, portable emergency pager, extends the elderly residents’ psychological space as well as physical area of living.

8. CONSIDERATION IN DESIGN

From the elderly residents’ perspective, there are usage patterns and acceptance of smart technology at silver towns, but 
a number of issues have been demonstrated to be considered in silver town design.

Misperception is often found with smart systems that have similar functions. It happens in between the nursing and 
emergency call system and the portable emergency pager due to the emergency call function or another case is that the 
portable emergency pager is misunderstood as a tracking system because of wireless technology.

Self-adjustment shows when the elderly wants control over technology or modification on smart systems from their 
perspective. 

Health condition is strongly related to frequency of use. Some technologies, especially the systems that deal with 
health-related issues which is one of the biggest concerns of the elderly, are hardly used, even though they illustrated high 
awareness and satisfaction of smart technologies. 

Interference comes from a difference in spatial recognition between designers who applied smart technologies in the 
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silver town and the senior users. To design the elderly only living environment, it requires the understanding of the users’ 
perspective.

Privacy comes before the other issues from the elderly interviewees’ perspective, i.e., the elderly user would not consider 
CCTV in individual unit as a supporting technology due to invasion of privacy, even if its purpose is for medical support in 
an emergency situation.

9. CONCLUSION

The research is the first to examine the experience of senior residents regarding silver towns integrated with smart technology.

From the elderly perspective, range of active technologies in selected silver towns were found among technologies 
applied by the developers. In addition, the seniors’ preference regarding embedded smart technology in silver towns were 
understood. These demonstrate that there are different understandings of intended purpose and usage patterns regarding 
applied smart technology. 

The individual units showed there were physical design and size differences according to the different development 
period of silver towns but it was difficult to explore a significant design differences with general apartments due to usage of 
technology.

Two key aspects which have caused changes in patterns demonstrated by the elderly. The seniors’ preferences and 
demands in regard to use of smart technology and the feasible benefit, i.e., psychological stability, from processing and 
usage patterns of embedded technology in selected silver towns.

10. FURTHER RESEARCH

The further research aspect is to examine what are the demands from the next generation and how to correspond with their 
desires regarding smart supporting technology embedded in silver towns based on the understanding of the current elderly 
experience and perception. It is important to have sustainability in the elderly only living environment as well as elderly-
centred technology to support independent living.

Another aspect would be to compare the level of smart technology in general apartments and to explore which of them 
are associated with the elderly’s demands as well as preference to support elderly independent living.

Bibliography

Choi, Y.-S., Park, B.-T. and Choi, Y.-J. (2010) Design and Implementation of Location Based Silver Town u-Service System, Journal of 
Internet Computing and Services, 11(3), 53-63.

Future population prospects: 2010–2060 (2016), Korea National Statistical Office.

Gelézeau, V. (2007) ‘Ap’at’ǔ Konghwaguk [On the Republic of Apartments]’, University of Wisconsin–Madison.

GIGA IoT Home (2015). Available from: KT Telecom <https://product.kt.com/wDic/index.do?CateCode=6018> (accessed 5 July 2018).

He, W., Goodkind, D. and Kowal, P. (2016) An Aging World: 2015 International Population Reports, P95/09-1, Washington DC.

IoT @ Home (2016). Available from: LG U+ <http://www.uplusiotshop.com/MMall/app/main/main/MI10001/action.do> (accessed 5 July 
2018).

Kang, J. (2005) Mystery of “the republic of apartments”,The Hankyoreh.

Kim, J. (1997) Seoul: the making of a metropolis, ed., John Wiley & Sons.

Kim, J. and Kim, J. (1995) A study on typological analysis of traditional urban housing, Proceedings of the Architectural Institute of Korea, 
11(12).

Kim, M., Lee, J. and Lee, Y. (2007) A study of elderly preference on living arrangement using small group workshop method, Proceedings 
of the Architectural Institute of Korea, 7(1), 311-317.

Kim, S. (2006) Time of life, face of time,Heungkuk.

Kim, Y. and Cho, S. (2008) A study on the change process of unit plan multi complex housing, Proceedings of the Architectural Institute 
of Korea, 24(2).

Kwon, J. (2015) An analysis of the current situation and development trends of housing for elderly (SilverTown), Semyung University, 
Jecheon.

Lee, M. (2018) An Empirical Study of Home IoT Services in South Korea: The Moderating Effect of the Usage Experience, International 
Journal of Human–Computer Interaction, 1-13.

Silver town (2016),Urban planning glossary, City of Seoul Urban Planning 

Smart Silver Towns: Prospects and Challenges

https://product.kt.com/wDic/index.do?CateCode=6018
http://www.uplusiotshop.com/MMall/app/main/main/MI10001/action.do


346

Smart Home (2015). Available from: SK Telecome <https://www.sktsmarthome.com/> (accessed 5 July 2018).

Song, N. and Nam, K. (2011) A study on the smart design in public space of urban type silver town—focusing on the lifestyle of active 
seniors, Proceedings of Korea Digital Design Council, 11(3).

Top 20 countries with the highest number of internet users (2016), Internet World Stats.

S.J. Kim and J. Shin

https://www.sktsmarthome.com/


347

Towards an assessment framework for the 
environmental performance of alternative, multi-
residential housing models

Katie Skillington
The University of Melbourne, Melbourne, Australia
k.skillington@student.unimelb.edu.au

Robert H. Crawford 
The University of Melbourne, Melbourne, Australia
rhcr@unimelb.edu.au

Dominique Hes
The University of Melbourne, Melbourne, Australia
dhes@unimelb.edu.au

Abstract: Reducing the environmental impacts of building whilst improving urban liveability has become a key challenge 
for the Australian multi-residential sector, as recent projects have been criticised for their poor environmental performance 
and internal amenity. Alternative models for multi-residential development – such as the Nightingale Model – are a recent 
response to this challenge. Employing an ‘architecture of reductionism’, the Nightingale Model seeks to deliver superior 
environmental and occupant outcomes. However, given the infancy of the model, an assessment of its performance is 
yet to be conducted. Assessments of building performance are critical to developing new and emerging approaches, yet 
existing evaluation methodologies are plagued by limitations. The most notable limitation is the lack of holistic frameworks 
that concurrently consider life-cycle ecological impacts and occupant wellbeing. The absence of such frameworks limits the 
ability to identify interrelationships between areas of performance and may possibly promote problem shifting. To develop 
an approach that can address this key limitation – and subsequently assess innovative housing models targeting a holistic 
approach to building performance – the paper concludes with a series of recommendations for approaching the creation of 
an integrated framework of assessment, which will quantify impacts to ecological and human systems in parallel.

Keywords: Performance assessment; multi-residential; alternative housing models; Nightingale.

1. INTRODUCTION

The built environment and its allied processes substantially impact ecological systems due to their intensive resource 
use at various life cycle stages (International Energy Agency, 2013; Lucon et al., 2014). Compounding this issue are 
concerns regarding the liveability of urban environments, and the effect of buildings on occupant wellbeing. With a growing 
global population, there are legitimate concerns that without immediate action these issues will grow exponentially, leaving 
intergenerational damage. Therefore, improving the performance of buildings – both in relation to ecological impacts and 
occupant wellbeing – has become a key challenge for society. 

This challenge is particularly relevant to Australia’s growing multi-residential sector, which has recently been criticised for 
demonstrating poor environmental performance and internal amenity in built outcomes (City of Melbourne, 2013; Jensen et 
al., 2017). Although compulsory regulations and standards play some part in addressing these concerns, the market has 
also responded with new approaches, such as alternative models of housing development. The Nightingale Model (TNM) is 
one example of an alternative housing approach that has emerged from this context. A key tenet of TNM is its triple bottom 
line approach to sustainability, and a design approach utilising an ‘architecture of reductionism’ (Breathe Architecture, 2015). 
Nightingale projects eschew the excess Australian dwellings have become accustomed to – by rationalising apartment 
functions, employing a dematerialised aesthetic, and removing active cooling systems. However, given the infancy of TNM, 
no assessment of its performance or verification of its aims has been conducted, nor is there a significant body of research 
quantifying the impacts of employing dematerialisation as a design approach.

Assessments of building performance – particularly post-occupancy – are an important component of developing and 
improving current practice, as they provide the evidence required for stakeholders to form a robust understanding of the 
real-world implications of decision making (Palmer, 2009). This feedback can be used to improve upon new and emerging 
approaches, encourage innovation, and validate claims of superior building performance. As design approaches – such 
as dematerialisation as employed in TNM – may affect multiple areas of building performance concurrently, an evaluation 
mechanism that can accommodate this complexity is required. Designers need to be able to understand the consequences 
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of their decision making, to achieve a balanced approach that does not negatively impact on either occupants or the 
environment. To provide that understanding and enable further sophistication of the multi-residential building sector, an 
evaluation method that can identify performance gaps, trade-offs and interrelationships between the areas of building 
performance relating to human and ecological systems is required.

Following a short description of TNM and the context from which it emerged, this study critically examines existing 
building assessment practice. The objective of the study is to highlight limitations of existing methodologies that need to 
be overcome to establish a new approach for assessing the effects of multi-residential building design on both occupant 
wellbeing and ecological systems. The study concludes with a series of considerations for developing a new assessment 
methodology. The outcome of this study will inform an ongoing doctoral research project looking at the performance of 
multi-residential housing in the Australian context.

2. MULTI-RESIDENTIAL HOUSING IN AUSTRALIA AND THE NIGHTINGALE MODEL 

Australian patterns of urbanisation have traditionally been characterised by low-density urban sprawl around employment 
centres (McGee et al., 2017). As social changes have occurred and negative stigma attached to high rise living has 
dissipated, there has been a marked shift towards higher density forms of living, including apartments (Han et al., 2017)
a spatial mismatch in the demand and supply of higher density housing will arise if planning for resource allocations 
continues to be based on urban density targets without a complete understanding of the dynamics of housing mobility 
patterns. Therefore through the application of a unique 3-fold longitudinal study this paper examines the housing mobility 
patterns over time by measuring changes in housing characteristics of housing tenure, dwelling type and location using 
the Household, Income and Labour Dynamics in Australia (HILDA. Boosted by foreign investment in Australian property, 
new apartment construction has rapidly accelerated over the past decade, with the annual number of completions having 
tripled since 2009 (Rosewall and Shoory, 2017). But as the quantity of apartments has increased, overall quality issues have 
emerged. Insufficient daylighting, inadequate natural ventilation, suboptimal orientation, thermal inefficiency, high embodied 
energy, poor construction quality, and poor internal layout are some of the problems highlighted by recent research (Urban 
Design Advisory Committee NSW, 2000; City of Melbourne, 2013; Jensen et al., 2017). In response, revised regulations 
and standards – such as the Better Apartment Design Standards in Victoria and State Environmental Planning Policy No. 
65 (SEPP65) in New South Wales – have been introduced. The market has also responded in the form of alternative models 
of multi-residential development. One example is TNM, which was created in 2014 by Breathe Architecture following the 
completion of their project ‘The Commons’ in 2013. 

TNM uses a triple bottom line approach, focusing on improving the ecological, social and financial sustainability of 
multi-residential projects. For buildings licensed under TNM, there is a set of criteria that must be addressed, including 
active and passive design measures. As a summary, TNM pursues an “architecture of reductionism” (Breathe Architecture, 
2015), targeting simplicity and savings in function, materiality and impacts. This dematerialised approach to design intends 
to mitigate the development’s ecological footprint, by eliminating typical aspects of multi-residential buildings as shown in 
Figure 1. 

Figure 1: a summary of strategies that form part of the “architecture of reductionism” / dematerialised approach used in The Night-
ingale Model.

It is assumed that such strategies intuitively deliver savings in embodied energy, however these have not yet been 
quantified. Nor have the associated impacts – positive or negative – on operational energy, ecological systems, or occupant 
comfort. For example, as yet there is no information on whether the absence of mechanical cooling leaves the buildings 
unacceptably hot in peak summer conditions. Nor has there been an evaluation as to whether improvements to the thermal 
envelope results in higher embodied energy. To improve future iterations of TNM, its dematerialised design approach and 
the broader multi-residential typology, comprehensive assessment of its as-built performance is required. 

3. ASSESSMENT OF BUILDING PERFORMANCE

First emerging in the 1960/70s, building performance assessment has since developed into a unique field of research 
and practice. Assessments aim to provide information to stakeholders involved in building procurement on how various 
processes, practices and products of the built environment perform, and how they impact on aspects of the environment 
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and society (Cole, 2005; Palmer, 2009). Feedback from an assessment can be integrated into each stage of a building 
project, with rational decision-making underpinning the way that information is analysed and interpreted. Theoretically, 
this feedback is used to better inform design decision-making at various stages of the building procurement process, 
and iteratively improve built outcomes. Traditionally, assessments have been performed on a case-by-case basis using 
assessment methodologies that have been adapted to accommodate regional differences in building (Ding, 2008). However, 
as assessments are typically time and resource intensive, researchers are proposing the development of typology specific 
databases of performance information to help this area of research better infiltrate practice (Preiser and Schramm, 2005) .

A variety of assessment methods exist, including but not limited to: life-cycle assessments (LCA), building performance 
evaluations, post-occupancy assessments, multi-criteria assessment frameworks, and sustainability rating tools. While 
each have their own nuances, they are all examining the critically important relationship between a building and aspects of 
its context, whether that be financial, social or ecological. Motivations for undertaking an assessment vary, depending on 
the context, client and aim of the assessor (Figure 2). 

Figure 2: Motivations for evaluation. (Source: Preiser and Vischer, 2005; Mallory-Hill et al., 2012)

4. KEY LIMITATIONS IN EXISTING ASSESSMENTS OF BUILDING PERFORMANCE

When examining building assessment frameworks, tools and methodologies, it is apparent that this field of research has 
matured rapidly to provide a range of offerings to practitioners. Building performance assessment is continually evolving to 
overcome limitations in existing methods and accommodate new developments within the building and construction sector 
(Bragança et al., 2010). However, it is evident that key limitations remain within existing practice. The following section 
highlights key limitations of existing building assessment practice that would need to be addressed when developing a novel 
evaluation method that considers both occupant wellbeing and ecological impacts.

4.1 Siloing of performance areas and life-cycle stages

Existing assessment methodologies tend to use a ‘siloed’ approach, isolating evaluation to specific life-cycle stages, building 
systems or environmental impacts (Ding, 2005, 2008; Conte and Monno, 2012). Mono-dimensional evaluations ignore the 
inherent complexity of building design, construction, and occupation, and fail to account for interrelationships or trade-offs 
between impact categories. At a high level, separate assessment methodologies for occupant wellbeing and ecological 
impacts are arguably the most notable example of the division within existing frameworks. To ensure that buildings remain 
fit-for-purpose, measures to improve ecological performance must be considered in parallel to impacts to occupants, as 
there are many aspects of building design and construction that impact both occupant wellbeing and ecological systems 
concurrently. For example, the use of dematerialisation as a design approach might reduce the embodied energy of a 
building, but also simultaneously affect indoor environment quality (IEQ). Alternatively, a highly insulated building envelope 
may promote superior thermal comfort but require higher embodied energy. Despite researchers noting that synergies 
between performance criteria exist (Reijnders and Van Roekel, 1999; Cole, 2005), few existing frameworks examine multiple 
areas of performance in an integrated, robust fashion. 

From a life-cycle perspective, several assessment methodologies concentrate on operational impacts alone. This is 
despite research demonstrating that a full life-cycle approach is widely considered as one of the most comprehensive 
methods for assessing impacts on the environment or a building’s environmental sustainability (Crawford, 2007; Diakaki 
and Kolokotsa, 2009; Brejnrod et al., 2017). A bias towards the operational phase of a building’s life-cycle is particularly 
evident in industry-driven assessments, such as voluntary sustainability rating tools. By limiting focus to a single life-
cycle stage, designers risk shifting problems to other phases or areas of performance unwittingly. Furthermore, when full 
LCAs are undertaken, there remain areas of building performance that are not examined. In their analysis of LCA-based 
environmental assessment instruments, Reijnders and Van Roekel (1999)though there are some exceptions in Denmark, the 
United Kingdom and the Netherlands. Guidance type instruments tend to be more comprehensive. Scoring instruments are 
relatively comprehensive but also rather superficial and ad hoc. They require a more solid basis. Instruments based on life 
cycle analysis (LCA noted that LCA-based methodologies do not consider the full range of relationships that exist between 
buildings and their environment. From their research, they found that the most notable exclusion was factors relating to the 
indoor environment. Such factors may be significantly affected by decisions made to reduce life cycle impacts in isolation, 
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however no single framework exists to thoroughly assess life-cycle ecological impacts in conjunction with impacts on 
occupant comfort. Therefore, despite being one of the most comprehensive evaluation methods for examining the building 
and environment relationship, LCAs still suffer from a siloed perspective of building performance.

4.2 Underrepresentation of the multi-residential sector

Despite a range of legitimate reasons for assessing a building’s performance, practical applications of evaluations remain 
sporadic (Cohen et al., 2001). Notably, research within this domain typically focuses on non-domestic typologies, such as 
offices, institutional and education buildings (Leaman et al., 2010). Despite the increasing importance of the multi-residential 
sector, there is a lack of information on the performance of multi-residential buildings, and few methodologies appropriate 
for assessing this typology, particularly post-occupancy (Teasdale-St-Hilaire, 2013). From a practical perspective, home 
environments present unique challenges for researchers, the most significant of which is gaining access to dwellings (Leaman 
et al., 2010). Other practical challenges include: complex stakeholder relationships in building governance and procurement, 
residents’ desire for privacy, time intensity of accommodating one-on-one interaction with individual occupants, and the 
need for unobtrusive methods of evaluation. Furthermore, researchers must also respect the more intangible aspects of 
assessing residential environments. The home is symbolically and psychologically important to individuals (Graham et al., 
2015)time, and resources to selecting, modifying, and decorating their living spaces, and they may be devastated when 
their homes must be sold or are destroyed. Yet the empirical psychological literature says virtually nothing about the roles 
that homes might play in people’s lives. We argue that homes provide an informative context for a wide variety of studies 
examining how social, developmental, cognitive, and other psychological processes play out in a consequential real-world 
setting. The topic of homes is also well suited to collaborations with a diverse array of disciplines ranging from architecture and 
engineering to sociology and law. We illustrate the potential insights to be gained from studying homes with an exploratory 
study that maps the psychological ambiances (e.g., romance, comfort, togetherness, and it is not uncommon for individuals 
to invest significant amounts of money, time and thought into the selection, maintenance, and improvement of their homes. 
Therefore, the activity of entering this private space to objectively ascertain its benefits and disadvantages may not be an 
attractive proposition to an owner or occupant. Considering the comparative ease of assessing other environments, it is 
understandable that evaluation of multi-residential environments is under-represented in existing research. Nevertheless, 
multi-residential projects should not be excused from assessment, as understanding impacts to both occupant wellbeing 
and ecological systems is essential to improving outcomes in this underperforming typology. 

4.3 Assessing as-designed, rather than as-built

Selected methods, such as sustainability rating tools or frameworks for testing regulatory compliance, tend to base 
evaluations on simulations or as-designed specifications rather than post-occupancy data. Simulations are often regarded 
as being highly beneficial to informing designers of the consequences of their decisions prior to their implementation (Clarke, 
2007). Simulations also help to inform designers of the advantages and disadvantages of certain materials, approaches 
or strategies during the stage of building procurement where their role is most influential: the design phase. However, 
despite these benefits, complete assessments of a building’s performance should not rely on as-designed specifications. 
Evaluations based solely on simulations may ignore real-world impacts on building performance, such as external conditions, 
unforeseen changes during construction, and occupant behaviours. Researchers have demonstrated that a performance 
gap exists between simulated assessments based on as-designed specifications and true post-occupancy performance 
(Menezes et al., 2012; de Wilde, 2018) the construction industry is faced with the challenge to ensure that the energy 
performance predicted during the design stage is achieved once a building is in use. There is, however, significant evidence 
to suggest that buildings are not performing as well as expected and initiatives such as PROBE and CarbonBuzz aim 
to illustrate the extent of this so called ‘performance gap’. This paper discusses the underlying causes of discrepancies 
between energy modelling predictions and in-use performance of occupied buildings (after the twelve month liability period. 
Therefore, evaluation needs to be framed within the building’s operational context, to ensure that the impact of users and 
occupants is not neglected (Cole, 2005). Although time, funding and access can impede post-occupancy evaluation, it is 
a more robust method for determining whether a building has met the needs of its client, occupants, neighbourhood and 
environment (Palmer, 2009). 

4.4 Relative vs. absolute assessments

Communication of results from evaluations is a core component of building performance assessment frameworks and 
tools. A building performance assessment should aim to report results that are universally understandable, transparent, and 
accessible to the varying levels of technical proficiency held by different stakeholders. Currently, there is a strong emphasis 
on relative assessments. Relative assessments will typically report results relative to an average benchmark, often as a rate 
of improvement. Relative assessments and reporting can provide some useful context to a result that may otherwise be too 
abstract for the wider public to understand. Conversely, relative assessments alone may conceal specific or measurable 
impacts on the environment, hide differences in cultural expectations, and make it difficult to calculate global footprints or 
carrying capacities (Cooper, 1999). In contrast, reporting of absolute material and energy flows is more directly measurable 
by others, and can help to gauge progress towards proposed outcomes or facilitate international comparison. However, 
relative and absolute assessments are not mutually exclusive – both can be successfully used in combination with one 
another (Downton, 2011). 
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4.5 Reinforcing current best practice

Some evaluation methodologies use a list of pre-determined criteria that a project must attain to be awarded credits or 
points. Alternatively, tools that use relative assessments may compare a building’s performance to existing best practice 
on a closed scale of assessment. However, when a tool has no facility to award credits for projects that extend beyond the 
tool’s own perspective of best practice, there is little incentive for designers to innovate. As such, rather than encouraging the 
optimisation of performance to satisfy the needs of the multiple stakeholders impacted by development, these assessment 
methods simply reinforce current best practice and encourage point-scoring (Ding, 2008). Although this criticism is primarily 
levelled at sustainability rating tools, it is also applicable to any assessment method that communicates performance based 
on a closed scale. In developing assessment frameworks, it is essential that performance beyond the anticipated upper 
ceiling of the tool is accommodated to encourage innovation. Creating an ‘open’ rather than ‘closed’ scale of measurement 
(Cole, 1999) also helps to assess projects – such as TNM – that may not suit the rigid, formulaic nature of some building 
assessment frameworks. Furthermore, implementing an ‘open’ scale of assessment allows the methodology to transform 
at pace with the development of sustainable building practices. 

5. DEVELOPING A NEW FRAMEWORK FOR THE EVALUATION OF MULTI-RESIDENTIAL 
BUILDINGS

As previously identified, the key challenge facing professionals in the built environment sector is the need to reduce ecological 
impacts, whilst simultaneously improving the liveability of constructed spaces. To tackle this challenge, industry requires 
a comprehensive understanding of the performance of existing conventional and innovative building practices. Critically 
evaluating existing buildings can provide this understanding, by identifying performance gaps, trade-offs and interactions. 
However, as the previous section has detailed, existing evaluation methodologies suffer from several key limitations. Most 
notably, these limitations demonstrate that currently no single assessment framework can provide information on the 
interactions between ecological impacts and occupant wellbeing in a robust and detailed way. 

As environmental problems, building systems, and occupant expectations increase in complexity, more multi-dimensional 
and comprehensive approaches to understanding our built environment are required (Ding, 2008). Decision makers need 
to be able to address the functional aims of a project whilst not impeding on the quality of internal or external environments. 
This is particularly important to the Australian multi-residential sector, which is currently under scrutiny for demonstrating 
poor outcomes across an array of performance metrics. When reflecting on the specific example of TNM, the need for a 
multi-dimensional assessment methodology could not be more pertinent. The dematerialisation approach employed in TNM 
is motivated by a desire to reduce the embodied and operational resource consumption (e.g. energy, water, etc) of the 
building, yet there is no understanding of what consequences these decisions have on occupant wellbeing and comfort. 
With the current siloed nature of assessment tools, there is no immediately apparent mechanism that can help elucidate 
what relationships may exist between distinct areas of building performance affected by this approach. In order to better 
inform future practice, an assessment framework for TNM – and more generally multi-residential buildings – needs to adopt 
a holistic, full life-cycle perspective to building performance. Equally, occupant wellbeing should not be divorced from 
assessments of ecological impacts, with the two evaluated in an integrated way. An integrated assessment framework 
that looks at multiple criteria concurrently would provide the most holistic representation of a building’s performance, and 
would aid stakeholders in optimising built outcomes for both indoor and external environments. This is particularly relevant 
to future assessments of TNM, as it aims to be a catalyst in transforming the environmental performance of multi-residential 
development (Nightingale Housing, 2018). 

Therefore, it is proposed that a new method of assessment, which addresses impacts to occupant wellbeing and 
ecological systems in a single, integrated framework, is developed. From the analysis above, a series of approaches that 
will guide the development of this framework emerge:

• A toolkit approach: to overcome the individual limitations of the various assessment methodologies, it is proposed 
that a ‘toolkit approach’ (Cooper, 1999) is adopted. A ‘toolkit approach’ coordinates a range of methodologies to 
assess targeted performance parameters either sequentially or in parallel. Individual methodologies – such as life 
cycle assessments, indoor air quality evaluations, and so on – have gone through years of application, testing, 
debate and refinement. Although they present limitations individually, combined they can present a comprehensive 
view of building performance. The resulting multi-criteria assessment approach will permit assessors to select 
methodologies appropriate to the aim of the evaluation – for example, LCA for evaluating ecological impacts or 
IEQ assessment for evaluating occupant comfort. Careful attention to the combination of several methodologies is 
required when developing this approach, as differences in time-scale, functional unit and system boundaries will 
need to be resolved prior to assessment. It is also anticipated that the greatest challenge for an assessor using this 
‘toolkit approach’ lies in the analysis, interpretation and reporting of results. In this respect, the composer of the 
assessment framework needs to ensure that interpretation isn’t conducted in a piecemeal fashion so that results 
clearly convey a united message and underlying interrelationships are revealed;
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• Integrated result reporting: innovation in building performance assessment lies in the interpretation and 
communication of results (Leaman et al., 2010). In addition to reporting absolute results, description of results relative 
to globally relevant benchmarks gives context to the building’s performance beyond local boundaries. Results from 
a multi-criteria assessment, particularly those using multiple methodologies concurrently, can be integrated during 
final interpretation, and results expressed to demonstrate if interrelationships exist. Interrelationships between the 
performance of several criteria will be clarified using graphic tools suitable for multi-variable data (e.g. radar charts). 
Integrating the reporting of results will also aid stakeholders who may have a narrow understanding of building 
performance relevant only to their individual practice. By demonstrating how a building’s performance rates globally 
or how one area of performance may interact with another, stakeholders can begin to understand the effect of their 
decision making on the project, local context, and global systems;

• Post-occupancy: post-occupancy evaluations have been in decline since the 1990s (Dodson, 2011), likely due 
to perceived barriers in their use and the proliferation of logistically simpler simulation tools and methodologies. 
However, the effect of occupant behaviour and external conditions still needs to be considered when assessing 
building performance. For the most accurate representation of performance it is proposed that assessments take 
place post-occupancy, at least one-year post-commissioning to allow for building defects to be resolved and 
occupant adjustment to new building systems. In conducting post-occupancy evaluations in multi-residential 
contexts, relationship management with current residents is crucial to the success of the evaluation, as an assessor 
relies on their cooperation to gain useful data and access to dwellings. As such, the aims and purpose of the 
study shall be clearly communicated in straightforward terms to occupants, and unobtrusive methods of evaluating 
wellbeing within residential environments will be mobilised (e.g. wireless monitoring of IEQ parameters rather than 
intermittent spot measurements);

• Complexity vs. simplicity: in the pursuit of a single, comprehensive, and integrated framework there is danger in 
overwhelming the assessor with a large quantity of performance criteria to be examined. The method of evaluation 
and reporting of results needs to achieve balance between thoroughness (in which complexity is inherent) and 
simplification, to be operationally viable yet useful. When reflecting on the communication of results, the influence 
of an assessment is limited by the number of stakeholders who can understand the totality of its output. Therefore, 
beyond integrating the reporting of several performance areas, results shall be communicated via means that can 
be understood by stakeholders with a wide range of technical proficiencies, for example through diagrams, tables 
and benchmarking against known standards or other projects. In the context of assessments for multi-residential 
housing models, selection of the parameters for assessment will be dictated by the aims the models set out to 
achieve but still be logistically feasible, especially considering the likelihood of encountering issues relating to access. 

6. CONCLUSION AND FUTURE RESEARCH

The building and construction sector has the capacity to be a significant agent of change in the pursuit of a more sustainable, 
thriving future. To harness this potential, the implications of current practice – particularly in the underperforming multi-
residential sector – needs to be better understood. To form this understanding, building performance assessments of existing 
conventional and innovative examples of multi-residential buildings are required. However, as this study has highlighted, 
existing methodologies for assessing buildings are largely inadequate for providing a holistic picture of their performance. 
Key limitations include assessments isolating specific building systems, life cycle stages or areas of performance, lack 
of transparency in result reporting, the underrepresentation of the multi-residential sector in assessments thus far, and 
the tendency to not assess post-occupancy. Significantly, the interrelationships that may exist between areas of building 
operation, performance or procurement, or occupant wellbeing, are not adequately elucidated by existing methods of 
assessment. To advance the performance of multi-residential buildings, the sector needs to improve the way they are 
assessed. From the limitations identified, this study proposes a series of fundamental recommendations for developing a 
new method of evaluating buildings in this typology. 

This study forms the foundation of a larger doctoral research project investigating the performance of multi-residential 
buildings through the lens of TNM. The next phase of research will see the development of a framework that integrates 
assessment of several performance areas and employs the recommendations as outlined in this research. Ultimately, this 
research will conclude with a holistic assessment of the environmental performance of TNM, to subsequently inform the 
future development of design and construction processes in the multi-residential sector.
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Abstract: The incremental construction of low-income housing, in progressive urban settlements in Davao City, Philippines, 
was observed being directly related to the improvement on the degree of security of tenure. Housing as material expression 
of the status of its inhabitants, there is a need to further explore on the spatial configuration of low-income housing classified 
in five contiguous categories from formal to informal housing types. Space syntax analysis is used by architects to examine 
spatial configuration of houses as reflection of social and environmental outcomes of human movement and social interaction. 
Thus, the aim of this paper is to use space syntax analysis technique to explore spatial morphology of low-income housing 
cases from a simple shack in informal settlement to becoming more formal housing types; illustrate interior spatial pattern; 
and, interpret interior spatial configuration. Space syntax analysis of houses in progressive urban settlements is compared 
with a housing unit in a planned and completed socialised housing subdivision. This paper maintains a claim that housing, 
in low-income settlement in developing country, is socially constructed as demonstrated by the valuable contribution of the 
people, who shape, and whose behaviour is shaped by, the built environment. 

Keywords: Space syntax analysis; low-income housing; progressive urban settlements; Davao City.

1. INTRODUCTION

Half of the world’s population now lives in urban areas and its rapid increase is found in major cities of developing countries. 
In 2015, the United Nations declared that 54% of the world’s population lives in urban areas. While it is estimated that 
the figure will reach 66% by 2050, nearly 90% of this increase will be in Asia and Africa (United Nations, 2015). In this 
context of unprecedented urbanisation coupled with widespread urban poverty, higher density of spontaneous low-income 
settlements is observed in major cities of developing countries like in the Philippines. UN-HABITAT (2003, p. 4) claimed that 
from the point of view of the urban poor, formal planning was far from reality, instead, their existence and their precarious 
informal settlements were almost ignored. However, urbanisation as one of the global transformative trends in the twenty-
first century, cities are now viewed as source of solutions instead of being the avenue of environmental and social problems. 
In 2015, the United Nations Member States adopted a comprehensive Development Agenda. To address emerging 
concerns, it focuses on the root causes of poverty and inequality that undermines full human potential to achieve harmony 
with a healthy environment. The Agenda 2030 for Sustainable Development, which is aimed to end poverty, protect the 
planet and ensure prosperity for all, stresses the point that everyone do their part, with among other key actors, putting the 
people at the centre. In recognition of the spatial dimension of development, the aim is clearly translated in the incorporation 
of Sustainable Development Goal 11 (SDG11) ‘Make cities and human settlement inclusive, safe, resilient and sustainable’ 
(UN-HABITAT, 2017). With around a billion people live in slums and squatter settlements today and higher density is evident 
in major cities of developing countries, it is timely for architectural science to pay attention to this clear and present urban 
challenges in the twenty-first century. Thus, the need to study the social construction of housing and urban settlements 
demonstrated by the valuable contribution of the people, specifically by the urban poor who shape, and whose behaviour 
is shaped by, the spontaneous built environment in developing countries. 

2. BACKGROUND TO THE STUDY

2.1 Low-income housing: classifications, incremental construction and evolution

This paper maintains to focus on the phenomenon of low-income housing in progressive urban settlements. Informed 
by rigorous fieldwork and data analysis, low-income housing in Davao City, Philippines were classified into five different 
contiguous categories, and their incremental construction and evolution were modelled (Malaque III et al., 2014; 2015; 
2016). Firstly, in a comprehensive study of 74 households in 11 settlements, urban households were classified into five 
different types in a range of contiguous categories from formal (Type I) to informal (Type V) housing. Furthermore, it was 
observed that householders moved from one type to another until they became owners of formal housing, which was 
characterised as multi-step transition process (Malaque III et al., 2014). Secondly, focusing on housing cases in progressive 
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urban settlements, it was observed that the incremental construction of housing units resulted directly from improvement 
of householder’s security of tenure. This was exemplified how informal housing unit was upgraded with better materials 
and standard methods of construction as the inhabitant’s security of tenure improved. The physical condition of the house 
could deteriorate over time while the inhabitants focused on payment for land, however, the house was further refurbished 
to become a formal structure upon achievement of legal land ownership (Malaque III et al., 2015). Thirdly, connecting the 
incremental constructions of housing cases representing the range of housing types from informal to formal, the evolution of 
a house was modelled. This was demonstrated how a simple shack in a squatter settlement evolved to become permanent 
piece of formal architecture (which could be one- or two-storey residential building) within the city (Malaque III et al., 
2016). Parallel to these observations on incremental construction and evolution of housing units, this paper explores on 
the spatial configuration of houses using space syntax analysis as the third point of view to further observe an architectural 
phenomenon of low-income housing in progressive urban settlements. 

2.2 Space syntax analysis of the architecture of houses

Space syntax is ‘a research program that investigates the relationship between human societies and space from the 
perspective of a general theory of the structure of inhabited space in all its diverse forms: buildings, settlements, cities, or 
even landscapes’ (Bafna, 2003, p. 17). Furthermore, Bafna (2003, p. 18) explained that it is aimed to develop strategies of 
description for inhabited space to understand configured space itself, particularly its formative process and social meaning. 
Space syntax was originally developed by Bill Hillier and colleagues at the University College London, acknowledged by 
Vrusho and Yunnitsyna (2016); Mustafa et al. (2010); Bafna (2003); Dawson (2002); Monteiro (1997); among others. It ‘has 
been used by architects to examine the influence of the spatial layout of buildings and cities upon the economic, social, and 
environmental outcomes of human movement and social interaction’ (Dawson, 2002, p. 465). 

In terms of its application to the study of architecture and spatial configuration of houses, space syntax analysis was 
applied in the following researches. Firstly, Vrusho and Yunnitsyna (2016) used space syntax method to interpret interior 
spatial configurations and impact of culture. Results implied that Albanian dwellings are organised under social hierarchy 
and context, mechanical reasons and practical use of space. Secondly, Mustafa et al. (2010) used space syntax analysis 
in a comparative study to detect privacy between traditional and modern house layouts in Ebril City, Iraq. Results showed 
that better design solution in terms of privacy is offered in traditional house layouts compared with modern house layouts. 
Thirdly, Dawson (2002) used space syntax to examine spatial morphology of snow houses built by three Central Inuit groups 
in the Canadian Arctic, based on ethnohistoric and ethnographic accounts. Results demonstrated that variation in family 
structure and behavioural directives present in Inuit kinship systems are reflected in spatial configurations of snow house 
architecture. Fourthly, in the study of Monteiro (1997) on activity analysis in houses of Recife, Brazil, instead of analysing 
the pattern of space which is common in space syntax, what was analysed was the spatial pattern of activity in the home. 
Based on analysis of structure and arrangement of houses, spatial pattern of domestic activities of different social groups 
were compared. 

A house, aside from a place for living, cooking, eating, sleeping and others, ‘from the architectural point of view, it is an 
expression of how householders have accommodated their everyday activities through time’ (Vrusho and Yunnitsyna, 2016, 
p. 95). In the previous papers (Malaque III et al., 2015; 2016), the incremental construction and evolution of low-income 
housing were viewed as the material expression of status of the urban poor from living in informal settlements to becoming 
owners of more formal housing units during development, in relation to the degree and improvement of security of tenure. 
In this paper, to further explore the socio-spatial processes in progressive low-income settlements, space syntax is used 
to analyse interior spatial organisation of dwelling spaces provided and inhabited by the urban poor themselves through 
self-help housing. 

3. AIMS AND OBJECTIVES

The main aim of this paper is to demonstrate that housing, in low-income settlement in a developing country like the 
Philippines, is socially constructed as exemplified by the valuable contribution of the urban poor in housing provision through 
self-help. Hence, an understanding on the underlying social factors behind the formation of the built environment is hoped to 
lead towards sustainable inclusive cities and human settlement. Specifically, this study used space syntax analysis technique 
to explore spatial morphology of low-income housing cases from a simple shack in informal settlement to becoming more 
formal housing types; illustrate interior spatial pattern; and, interpret interior spatial configuration. Moreover, space syntax 
analysis of houses in progressive urban settlements is compared with a housing case in a planned and completed socialised 
housing subdivision incrementally developed in three phases. 
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4. METHODOLOGY

4.1 Case study area and selection of housing cases

This paper utilised fieldwork data from comprehensive study conducted in Davao City, Philippines presented in previous 
papers (Malaque III et al., 2014; 2015; 2016). Davao City has a population of 1.63 million based on the 2015 census 
(Philippine Statistics Authority, 2016). Located a thousand kilometres south of Manila, it is the only city outside the National 
Capital Region (also known as Metro Manila) that has a population of more than one million. Like other major cities in the 
country, Davao City is populated by impoverished rural immigrants who have settled in precarious informal settlements. 
Having the same pattern throughout the developing world, this prompts the need for this continued scholarship in housing 
research.

The data was collected between February and April 2014, in accordance with fieldwork protocols approved by The 
University of Adelaide Human Research Ethics Committee (January 2014), described in the previous papers (Malaque III 
et al., 2014; 2015; 2016). This paper focused to explore on the spatial configuration of a representative sub-set of nine of 
the 74 housing cases examined in the larger research project. The nine housing cases presented in Table 1 were selected 
from progressive urban settlements to represent the range of respective housing types identified in the previous papers. 
For comparative syntax analysis, a housing case located in a planned and completed socialised housing subdivision was 
included and presented in the results and discussion sections.  

Table 1: List of housing cases in progressive urban settlements.

Case number Household name Settlement location Housing type 

D42 Rafales Matina Aplaya Shanghai Village Type I – ‘formal’ housing

E43 Amad Toril II settlement Type II – ‘almost formal’ housing

D40 Domingo Matina Aplaya Shanghai Village Type III – ‘semi-formal’ housing

F47 Albios Piapi I settlement Type III – ‘semi-formal’ housing

A01 Abarquez Arroyo Compound Type IV – ‘in-transition informal’ housing

B27 Rabara Kobbler settlement Type IV – ‘in-transition informal’ housing

B30 Wagas Kobbler settlement Type IV – ‘in-transition informal’ housing

A19 Truya Arroyo Compound Type V – ‘informal’ housing

B24 Lamanilao Kobbler settlement Type V – ‘informal’ housing

4.2 Space syntax procedure of analysis

This paper adopted space syntax analysis technique explained by Bafna (2003) and used in the analyses of houses 
demonstrated in the works of Vrusho and Yunnitsyna (2016); Mustafa et al. (2010); Dawson (2002); and, Monteiro (1997). 
Initially, the first procedure was to draw justified graphs of each sample house, based from sketches of floor plans used in 
the previous paper (Malaque III et al., 2016), considering the main entrance of the house as the root. Spatial hierarchy was 
mapped considering the different levels of privacy inside the house used by Mustafa et al., (2010) in analysing privacy in 
house layouts in Erbil City, Iraq (Figure 1). Finally, space syntax analysis was carried out by measuring scale, integration, 
mean depth and relative asymmetry, such as demonstrated by Dawson (2002) in the analysis of Central Inuit snow houses. 
Measurements of mean depth and relative asymmetry were also demonstrated by Vrusho and Yunnitsyna (2016) in the 
analysis of Albanian dwellings. 

Figure 1: The layers of space within the house and between the house and the street. (Adopted from Mustafa et al., 2010)

Properties of spatial configuration comprising scale and integration are illustrated in Figure 2. Scale is the total number of 
nodes or bounded spaces contained in the configuration, which indicates the size and space requirements of the housing 
unit. Integration encompasses the number of rings and the number of communal spaces. Rings occur when spaces are 
connected into circuits that allow a single space to be accessed by more than one route. Communal spaces integrate other 
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spaces by connecting them in ways that create opportunities for social encounters. This means that well-integrated houses 
are those with greater numbers of rings and communal spaces. 

Figure 2: Properties of spatial configuration comprising scale and integration. (Adopted from Dawson, 2002)

Other parameters of spatial configuration considered are mean depth and relative asymmetry. Depth between two 
spaces, defined by Klarqvist (1993, p. 11), ‘is the least number of syntactic steps in a graph that are needed to reach one 
from the other’. Depth of one space in the house from the root (in the case of this research, the main entrance) is directly 
measured by counting the number of intervening spaces between the two spaces. Asymmetry is a spatial configuration 
property based on depth. The mean depth (MD) is calculated first by assigning depth value of a space in the house from the 
main entrance. The depth values are then summed and divided by the total number of spaces in the house (k) less one that 
is the main entrance as the root. Relative asymmetry (RA), demonstrated by Dawson (2002), is then calculated as follows: 

RA = 2(MD – 1) / (k – 2)

Furthermore, comparative analysis based on the measurements of spatial configuration was conducted between the 
houses in progressive urban settlements and a case in a planned and completed socialised housing subdivision.

5. RESULTS

5.1 Space syntax analysis of houses in progressive urban settlements

Type I – ‘formal’ housing units are built in accordance to the building code and located in settlements with secured land 
tenure. Type II – ‘almost formal’ housing units, on the other hand, are also built on land with secured land tenure, however, 
the houses require further improvements to comply with the building code standards (Malaque III et al., 2014). In the case 
of the Rafales house (Type I – ‘formal’ housing), and of the Amad house (Type II – ‘almost formal’ housing), which are in 
progressive urban settlements, these houses went through multi-step transition process from informal housing to become 
more formal housing units during development. Figure 3 presents the space syntax analyses of samples of Type I – ‘formal’ 
housing and Type II – ‘almost formal’ housing units. 

  
 (a)                                                                                                 (b)

Figure 3: Space syntax analysis of Type I – ‘formal’ housing (a); and, Type II – ‘almost formal’ housing (b).
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Type III – ‘semi-formal’ housing units are located in settlements with secured land tenure, however, the houses are not 
built in accordance with the building code or they have become dilapidated over time (Malaque III et al., 2014). In both 
cases, the Domingo and Albios houses presented in Figure 4, their settlements were once informal but the inhabitants 
availed land tenure assistance programmes from the government. Despite there was incremental construction of houses 
with better building materials parallel to improvement of security of tenure, the inhabitants in the time being are focusing for 
payments for the land, thus the apparent dilapidation of houses characterised as slum. Figure 4 presents the space syntax 
analyses of samples of Type III – ‘semi-formal’ housing units.

  

Figure 4: Space syntax analysis of Type III – ‘semi-formal’ housing.

Type IV – ‘in-transition informal’ housing units are located in informal settlements. However, the inhabitants of this 
housing type are in the process of upgrading their status towards more formal type by organising themselves to negotiate 
the purchase of their squatter land from the legal owners, or to avail government programmes for the improvement of 
security of tenure and development of site and services (Malaque III et al., 2014). Figure 5 presents the space syntax 
analyses of samples of Type IV – ‘in-transition informal’ housing units. 

    

Figure 5: Space syntax analysis of Type IV – ‘in-transition informal’ housing.

Type V – ‘informal’ housing units are self-built by the inhabitants not in accordance with the building code and illegally 
occupying squatter land with undeveloped site and lack of services (Malaque III et al., 2014). The incremental construction 
of an informal housing unit from a simple shack, exemplified by the case of Truya house, is shown in Figure 6 (a). Figure 6 
presents the space syntax analyses of samples of Type V – ‘informal’ housing units. 

                   
   (a)                                                                                                        (b)

Figure 6: Space syntax analysis of Type V – ‘informal’ housing.
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Figure 7: Space syntax analysis of Type I – ‘formal’ housing in completed socialised housing subdivision.

5.2 Space syntax analysis of a house in completed socialized housing subdivision

Low-income housing units in a planned and completed socialized housing subdivisions were delivered either through 
government housing programme, through private developer’s investment, or through joint ventures of both the government 
and the private sector. These housing units were basically classified as Type I – ‘formal’ housing for being built in accordance 
to the building code with secured land tenure (Malaque III et al., 2014). The chosen housing case (Gomez house) presented 
in Figure 7 was initially provided as a core house. Upon occupancy, the inhabitants installed the wall partitions, and later, 
the house was expanded by the addition of rooms.

5.3 Comparative space syntax analysis of houses in progressive urban settlements and in completed socialised 
housing subdivision

Table 2: Measurement of spatial configuration of houses in progressive urban settlements.

Housing type: Scale: Integration: Mean depth: Relative asymmetry:

     Housing case # Nodes # Rings # Communal spaces (MD) (RA)

Simple shack:

     Truya house   3 0 1 1.000 0.0000

Type V – ‘informal’: 

     Lamanilao house   7 1 3 1.833 0.3332

     Truya house   8 3 6 1.428 0.1427

Type IV – ‘in-transition informal:

     Wagas house   8 1 4 1.857 0.2857

     Rabara house   7 1 3 1.667 0.2668

     Abarquez house 10 0 3 2.670 0.4175

Type III – ‘semi-formal’:

     Albios house   9 1 3 3.375 0.6786

     Domingo house   8 1 4 1.714 0.2380

Type II – ‘almost formal’:

     Amad house   7 2 4 1.500 0.2000

Type I – ‘formal’:

     Rafales house 10 2 6 2.000 0.2500

I. Malaque III
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Table 3: Measurement of spatial configuration of a house in completed socialized housing subdivision.

Housing case: Scale: Integration: Mean depth: Relative asymmetry:

Gomez house # Nodes # Rings # Communal spaces (MD) (RA)

Phases:

1. Core house   3 0 0 1.500 1.0000

2. Wall partitions   8 1 3 2.143 0.3810

3. Present floor plan 11 2 5 2.100 0.2444

Tables 2 and 3 present the measurements of spatial configuration of houses in progressive urban settlements and 
a house in planned and completed socialised housing subdivision, respectively. Housing cases in progressive urban 
settlements include a simple shack and representative sub-set of nine cases to represent the range of respective housing 
types from informal to formal. On the other hand, a housing case in planned and completed socialised housing subdivision, 
though classified as Type I – ‘formal’ housing, went through phases of incremental construction from a core house to the 
present floor plan with wall partitions and further addition of rooms. 

6. DISCUSSION AND CONCLUSION

John Turner’s reinterpretation of ‘simple shacks in squatter settlements as the first stage in an incremental process of 
construction’ was acknowledged by Kellet and Napier (1995, p. 8). With the same observation in low-income progressive 
urban settlements, this research further provides a comparison with the incremental construction of a formal housing unit 
initially delivered as a core house. The simple shack of Truya house (Figure 6(a)) located in informal settlement and the core 
house of Gomez house (Figure 7) delivered in the regular housing market have the same spatial composition to include 
a core living space and toilet and bath. Despite with the same scale, considering the main entrance as the root, their 
respective relative asymmetry values are extremely opposite, presented in Tables 2 and 3. This is due to the location of the 
toilet and bath. In the Truya house, the makeshift toilet and bath was located outside for hygiene reason. During incremental 
construction process of a house in progressive urban settlement, toilet and bath will become an integral part of the entire 
house. In the Gomez house, on the other hand, the toilet and bath was built with the core house as its sanitary and plumbing 
lines were installed based on standards. 

In the multi-step transition process, when simple shack incrementally developed or evolved towards more formal housing 
types, measurements of spatial configuration of houses in progressive urban settlements have almost the same values with 
a formal housing unit installed with wall partitions upon occupancy and with the addition of rooms during expansion. Higher 
values of mean depth and relative asymmetry are only observed in two-storey structures such as the cases of Albios (Type 
III – ‘semi-formal’) and Abarquez (Type IV – ‘in-transition informal) houses. In most of the one-storey structures, mean 
depth values of two or below implies that private and intimate spaces within the house are closely accessible from the main 
entrance. The permeability or accessibility of interior spaces inside the house is also mapped through justified graphs of 
lines and circles, shown in Figures 3 to 7. 

The provision of living spaces in low-income housing, by the inhabitants through self-help, is progressive over the course 
of its development. A house, aside from being a material expression of the status of its inhabitants, from the architectural 
point of view, it is also an expression of how it accommodated the everyday activities of its inhabitants through time. 
Parallel to the incremental construction and evolution of low-income housing, this paper used space syntax to analyse 
how the urban poor provided their own living spaces from inhabiting in informal housing towards improving their housing 
status to more formal types. The incremental construction of low-income housing was observed as direct result of the 
improvement of householder’s security of tenure (Malaque III et al., 2015). The results of this study demonstrate that the 
spatial configuration of low-income housing units in progressive urban settlements is almost the same with those in planned 
and completed housing subdivisions, revealed through space syntax analysis indicated by scale, integration, mean depth 
and relative asymmetry values. Thus, this implies that the lack of security of tenure and the inability to afford housing 
structures conforming to the building code are not the hindrances for the urban poor to provide their own living spaces to 
suit their needs.  

This paper further demonstrates that low-income housing, in progressive urban settlement in developing country, 
is socially constructed. Moreover, this suggests that its architecture should not be viewed purely as an object. Despite 
spontaneous in nature, spatial configuration of low-income housing reflects direct human intervention by the inhabitants 
who shape it, and whose movement is influenced, and behaviour is shaped by it. Furthermore, this paper concludes the 
valuable contribution of the people towards sustainable urban development, especially in developing countries which are 
rich in human resources. Putting the people at the centre of urban development, finally, this paper recommends that the 
spatial configuration of low-income housing in progressive urban settlements, examined through space syntax, are to be 
considered in the design, planning and policy interventions pertaining to sustainable housing provision feasible in developing 
country condition. 
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Abstract: A large increase in the building stock will be needed over the coming decades to cater for forecast global 
population growth. Such an increase could result in tremendous strain on the environment, both from operating these 
new buildings and from the demand for resources required to construct and maintain them. Life cycle assessment is 
a tool that can be used in the design of new building projects, or during the refurbishment of existing ones, to assess 
and improve their environmental performance. Life cycle assessment is typically complex and time consuming, especially 
when used for analysing whole building projects. This is particularly the case when it comes to analysing construction-
related, or embodied, environmental flows. To facilitate ease of use for projects that are often highly time and budget 
constrained, product-based environmental flow coefficients are typically used, providing an indication of the environmental 
flows associated with a particular building (e.g. energy or greenhouse gas emissions). Construction-related coefficients 
are rare in Australia and those that do exist are out of date. In this study, we demonstrate a semi-automated approach for 
compiling coefficients for construction materials using the Path Exchange method. This forms the basis of a comprehensive 
database of construction material environmental flow coefficients that is urgently needed by the construction industry to 
inform environmental decision making. These values can be used independently or easily integrated within existing life cycle 
assessment tools to streamline improvements to the environmental performance of construction projects.

Keywords: Construction materials; environmental performance; hybrid coefficients; life cycle assessment.

1. INTRODUCTION

The unprecedented growth in world population, coupled with ever increasing standards of living is driving the need for 
new buildings. These in turn require significant amounts of resources for their construction, maintenance and operation, 
resulting in multiple environmental effects, such as climate change (IPCC, 2014) and resource depletion (Krausmann et al., 
2017)2017.

Life cycle assessment (LCA) is a tool that can be used to quantify the environmental performance of a building across 
its entire life cycle by measuring environmental inputs and outputs as well as associated environmental effects (European 
Standard 15978, 2011). This enables building designers to identify which component of their design or which life cycle stage 
has the greatest effects on the environment and to modify the design accordingly to improve its environmental performance. 
The life cycle inventory (LCI) stage of an LCA aims to map the processes and flows associated with a product, such as 
a building, and quantify its specific inputs and outputs. However, LCA has its limitations. When used to assess building 
projects, it is usually time-consuming and costly but can also become quite complex, involving thousands of processes that 
are contributing to the construction, maintenance, operation, and potentially decommissioning of a building. Therefore, the 
compilation of an LCI can be a tedious task. This complexity means that LCA is rarely conducted on a project by project 
basis and is not usually included within a project’s scope.

Coefficients, representing the environmental flows associated with a particular unit of material, are often used to 
streamline the compilation of an LCI for a building project, and subsequently used to assess its environmental performance. 
These coefficients represent the environmental flows (resources, waste or emissions) embedded within the material. These 
flows are thus commonly referred to as a material’s ‘embodied energy’ or ‘embodied water’, for example. They can be 
multiplied by the amount of a particular material used within a building to determine the total embodied flows associated 
with all uses of that material within the building. While coefficients facilitate the application of LCA, current coefficients of 
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embodied environmental flows for construction materials suffer from a range of limitations. Current coefficient databases do 
not include all the data and information that were used to compile them. This severely limits their validity and acceptability as 
a reliable representation of embodied environmental flows. Furthermore, some existing databases produce average values 
of coefficients based on multiple sources that are geographically, temporally and procedurally different. These average 
coefficients are devoid of any physical meaning and are highly unreliable. Most importantly, these coefficients tend to 
be systematically lower than the real value because the LCI technique used to compile them is not comprehensive and 
truncates the system boundary by up to 80% compared to more comprehensive LCI techniques, such as hybrid analysis 
(Crawford, 2008). Even when coefficients are compiled using a comprehensive hybrid LCI technique while maintaining 
geographical and temporal consistency, the limited number of materials covered is usually a major shortcoming.

The aim of this study is to outline and demonstrate a model for establishing a comprehensive database of construction 
material environmental flow coefficients for Australia.

2. STREAMLINING LIFE CYCLE ASSESSMENT FOR DESIGN DECISION-MAKING

Life cycle assessment is increasingly being used to better understand the environmental performance of construction 
projects. Building rating tools used in many countries (e.g. Green Star in Australia and LEED in the US) as well as government 
policy in a smaller, but increasing number of countries (e.g. de Klijn-Chevalerias and Javed, 2017), promote the use of life 
cycle assessment during the building design process. Yet, for the majority of projects, this comes at a hefty cost to the 
project budget. This is of even greater concern if relevant data doesn’t exist, often resulting in compromises on data quality 
or relevance if imperfect data is used. Streamlining the process of conducting an LCA is seen as critical for its broader 
uptake. While this can be facilitated by software tools, these still rely on high quality data to produce reliable and meaningful 
results. The data required can include the quantities of inputs (resources) and outputs (products, waste and emissions) 
associated with individual resource extraction, manufacturing, transport and construction processes. The most reliable 
approach for obtaining this data for specific construction materials is to work with the organisations involved (e.g. miners, 
manufacturers, builders) to collect data related to individual processes, using what is known as a ‘process analysis’. This 
data often comes in multiple forms, including energy bills, mandatory reporting, invoices etc.. However, this can be extremely 
time-consuming and costly, and impractical for an individual construction project given the imposed project constraints. As 
the characteristics of material production and construction processes generally change on an infrequent basis, this data can 
often be reused across multiple projects in the form of material environmental flow coefficients. This can minimise the data 
collection requirements for an individual project and help to streamline the use of LCA for environmental decision making.  

2.1 Existing databases of environmental flow coefficients

Numerous databases of environmental flow coefficients exist around the world. They tend to be limited to embodied energy 
or embodied carbon coefficients and can cover construction materials as well as other processes, such as transport and 
electricity production. The main differences between the coefficients provided by the different databases are the range of 
materials covered, geographical relevance, and the LCI technique used in their compilation. This last difference is one of 
the most critical factors affecting the reliability and completeness of any coefficient. The ‘process analysis’ LCI technique 
described above generally leads to the greatest truncation of the system boundary for a material due to the time involved 
and difficulty in collecting data in this manner (Crawford, 2011, p. 48). Input-output analysis solves the truncation issue by 
using top-down economic data to model environmental flows across economic sectors. While this data is used to allocate 
environmental flows to products produced by individual sectors and the top-down approach ensures comprehensive 
coverage of the system boundary, the high level of aggregation means that the resultant coefficients can be highly unreliable. 
A combination of ‘process analysis’ and ‘input-output analysis’ in the form of a ‘hybrid analysis’ can help to resolve the 
limitations of each of these individual LCI techniques. The only publicly available database of hybrid environmental flow 
coefficients is that produced by Crawford and Treloar (2010), now considerably out of date.  Table 1 provides a summary of 
some of the most commonly used databases.
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Table 1: Summary of key material environmental flow coefficient databases.

Database Flows and number of 
products covered

Country of 
relevance

LCI technique Latest 

Inventory of Carbon and Energy (ICE)1 Energy, carbon - 299 United Kingdom* Varies* 2011

Database of Embodied Energy and Water Values 
for Materials2

Energy, water - 58 Australia Hybrid analysis 2010

Embodied Energy and CO2 Coefficients for NZ 
Building Materials3

Energy, GHG emissions - 61 New Zealand Hybrid analysis 2003

Building Materials, Energy and the Environment4 Energy - 32 Australia Process 
analysis

1996

BEES5 Energy, GHG emissions - 230 United States Process 
analysis

2010

Balancing Act6 Energy, GHG emissions, 
water, land - 135

Australia Input-output 
analysis

2005

*Data sourced from various geographic regions, using different LCI techniques
1University of Bath (2011), 2Crawford and Treloar (2010), 3Alcorn (2003), 4Lawson (1996), 5NIST (2007), 6Foran et al. (2005) 

3. COMPILING HYBRID COEFFICIENTS FOR CONSTRUCTION MATERIALS

In this study, coefficients are compiled using the Path Exchange method of hybridisation, a technique first theorised by 
Treloar (1998) and formalised by Lenzen and Crawford (2009). A semi-automated model developed for the compilation of 
hybrid coefficients, with its own graphical user interface, was used to develop the coefficients. A detailed presentation of 
this model is available in Stephan et al. (2018). 

3.1 Data sources

All input-output data and associated environmental flow data used to develop the coefficients in this study were sourced from 
government departments, and cover the 2014-15 financial year. Input-output tables (representing monetary transactions 
between sectors of the economy) were collected from the Australian Bureau of Statistics (ABS) at a disaggregation level 
of 114 sectors (ABS, 2018b). Energy accounts were collected from the Department of Industry (2016), water accounts 
from the ABS (2016) and greenhouse gas (GHG) emissions accounts from the Department of the Environment and Energy 
(2015). All input-output data and associated environmental flow data were compiled in Excel tables and are available in open 
access on Figshare (Bontinck, 2018a). 

Other statistical information could be included to cover a broader range of environmental flows, such as waste using 
national waste accounts (ABS, 2014), pollutant emissions using the national pollutants inventory (NPI) (Department of the 
Environment and Energy, 2018), or raw materials using material flow data (Britt et al., 2016; ABARES, 2017; Department of 
Industry, 2017; ABS, 2018a).

The process database used in the analysis is the Australian Life Cycle Inventory Database Initiative (AusLCI), which 
is collected as a technological matrix from the LCA software Simapro. AusLCI is a set of process data collected from 
Australian sources, and supplemented with ecoinvent data when no local data is available, to reduce gaps in the process 
data (Grant, 2016). Additional processes were created during this analysis to represent processed materials, such as rolled 
steel or extruded aluminium.

3.2 Data processing

This section briefly outlines the data processing required prior to loading the raw data into the model to create the hybrid 
coefficients. The overarching aim of the model is to automate the creation and subsequent update of hybrid coefficients as 
much as possible. To that end, many aspects of the data handling are automated. However, the original data needs to be 
formatted in a way that allows the model to read it. The first step is therefore the preparation of the raw data collected as 
in Section 3.1.

The input-output tables require little preparation, as data is collected from the ABS in Excel format and already include 
the supply, use and import tables that the model requires. Raw environmental flow data are all processed in the same 
manner, following a four-step process illustrated in Figure 1. This process is used to allocate environmental flows as they 
are reported by government departments to economic sectors as they are reported in input-output tables. This is simplified 
by the fact that most departments follow a sector nomenclature that is based on the Australian and New Zealand Standard 
Industrial Classification (ANZSIC) (ABS, 2006), but the resolution at which data is reported can vary significantly. 
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As an example, the 2015 input-output tables are reported at a disaggregation level of 114 sectors, while the water 
accounts are reported for 31 sectors. Thus, a concordance matrix is required to match sectors as reported in input-output 
tables and in the raw environmental flow data (Step 2, Figure 1). In this example, some of the sectors within the water 
accounts cover multiple input-output sectors, and therefore the water consumption data must be allocated between these 
input-output sectors, using a normalised version of the concordance matrix (Step 3, Figure 1). An example might be the 
‘Metal ore mining’ sector as reported in the water accounts, which covers both the ‘Iron ore mining’ and ‘Non-ferrous metal 
ore mining’ sectors of the input-output tables. Here, the water consumption of the ‘Metal ore mining’ sector as reported in 
the water accounts is allocated using the expenditure in ‘Water Supply, Sewerage and Drainage Services’ as reported in 
the input-output tables for these two mining sectors. This is a fundamental hypothesis, as it assumes a direct correlation 
between expenditure in this sector and physical water consumption.

Finally, the normalised concordance matrix and raw environmental flow data collected in Step 1 are multiplied to obtain 
a satellite vector, or matrix, where environmental flows are allocated to their respective input-output sector (Step 4, Figure 
1). This process is repeated for each environmental flow, and adapted based on the data available.

Figure 1: Steps in processing the raw data to obtain an input-output satellite.

Process data is collected in a standardised format requiring minimal manipulation before loading into the model. The 
entire AusLCI database is collected from the LCA software Simapro as a matrix (PRé Consultant, 2014), including the 
so-called ‘shadow database’ described in the AusLCI Database Manual (Grant, 2016). The output of this process is a 
technological and stress matrix, which are very similar to an input-output table and its satellites.

Once the input-output and process data have been collected and formatted as required, they can be read by the 
model, which collates all the information in a single file object. Using this method enables the creation of a record and easy 
reproduction of an analysis, with the standardised format facilitating any subsequent update of the coefficients.

3.3 Compiling coefficients

Hybrid coefficients were compiled using the Path Exchange method of hybridisation discussed in detail by Treloar (1998) 
and Lenzen and Crawford (2009). Only the mechanics of the model are briefly discussed here. Readers are referred to the 
literature for a more detailed overview of the method. The calculation model used in this analysis compiles hybrid coefficients 
following a three step approach illustrated in Figure 2. 

Figure 2: Steps in compiling a hybrid coefficient.

In Step 1, the supply chains of the relevant economic sector and process under study are analysed using a structural 
path analysis (SPA). This method of analysis is very common to both input-output and process analysis and its mathematical 
framework is detailed in the literature (Defourny and Thorbecke, 1984; Lenzen and Crawford, 2009; Crawford et al., 2018). 
The outcome of the SPA is a series of mutually exclusive nodes, each representing a good or service provided from one tier 
to another within the supply chain analysed. The model analyses multiple flows at the same time and automatically ranks 
nodes in order of importance. This helps identify hotspots of emissions or resources requirements at various stages of the 
supply chain.
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During the hybrid coefficient compilation, only Step 2 of Figure 2 is not currently automated. Here, the user reviews the 
output of both SPAs and identifies equivalent nodes. A fundamental assumption in the compilation of the hybrid coefficients 
is that the process and input-output databases provide two representations of the same supply chains. This means, for 
instance, that the analysis of the process ‘concrete 20 MPa, at batching plant/AU U’ and the input-output sector ‘Cement, 
Lime and Ready-Mixed Concrete Manufacturing’ provide two representations of the production of concrete and its supply 
chain. If that is the case, then it is possible to identify process and input-output nodes that are equivalent, i.e. that are aiming 
to represent the same aspect of the supply chain. This process of identification is the essence of the second step of the 
hybridisation process, and is critical to avoid double counting.

The model uses the information provided by the user in Step 2 to calculate a hybrid coefficient for the material assessed 
(Step 3, Figure 2). The environmental flows associated with each process node selected are summed and form the process 
component of the hybrid coefficient. Simultaneously, the environmental flows associated with the corresponding input-
output nodes are summed and subtracted from the total environmental flows associated with the sector under study. The 
financial value of the material under study is used to convert the remaining environmental flow values from a flow per unit of 
currency to a flow per physical unit of material. This forms the input-output component of the hybrid coefficient. 

The benefit of using an automated model is that it retains all the information collected through each step, the original 
data, the result of the structural path analysis, and the selection of corresponding input-output and process nodes. The 
coefficient is compiled as a single file, which is significant in terms of transparency and reproducibility of the analysis, 
as coefficients can be exchanged as files, including all raw data and assumptions made in the hybridisation process. In 
addition, the use of an automated model provides the user with an opportunity to analyse process, input-output and hybrid 
data in more detail than was previously possible. For instance, it is possible to analyse the input-output component of the 
hybrid coefficient in detail or to easily compare pure process, input-output and hybrid values. 

4. RESULTS AND DISCUSSION

Four common building materials were selected and used to test the hybridisation model and assess the potential to produce 
a comprehensive database of hybrid coefficients. These include:

• cold rolled steel, represented by the input-output sector ‘Structural Metal Product Manufacturing’, and a process 
modelled by the authors using the AusLCI database;

• 20 MPa concrete, represented by the input-output sector ‘Cement, Lime and Ready-Mixed Concrete Manufacturing’, 
and the process ‘concrete 20 MPa, at batching plant/AU U’ using the AusLCI database;

• flat glass, represented by the input-output sector ‘Glass and Glass Product Manufacturing’, and the process ‘Flat 
glass, uncoated, at plant/RER U/AusSD U’ using the AusLCI database; and

• extruded aluminium, represented by the input-output sector ‘Basic Non-Ferrous Metal Manufacturing’, and a 
process modelled by the authors using the AusLCI database.

A summary of the results is reported in Table 2 (detailed results are available from Figshare (Bontinck, 2018b). It shows 
a significant variation in the proportion of the input-output (IO) component for the materials modelled. For instance, in the 
case of cold rolled steel, the input-output remainder represents 26% to 34% of the total, while in the case of flat glass, it 
represents 61% to 74%. These variations are significant and would warrant a more detailed analysis of the input-output 
component to better assess its significance. However, this falls outside the scope of this study.

Table 2: Summary of coefficients for common construction materials.

Material Functional unit 
(FU)

Hybrid coefficient

Water use (L/
FU)

IO % GHG emissions 
(kg CO2e/FU)

IO % Energy use (GJ/
FU)

IO %

Steel, cold rolled kg 61.2 26% 2.86 29% 0.040 34%

Concrete, 20 MPa m3 4,353 24% 339 17% 2.51 38%

Glass, flat glass kg 35.9 71% 2.45 61% 0.033 74%

Aluminium, extruded kg 218 66% 28.9 26% 0.36 33%

These values are generally higher than those reported in other similar databases. The main reason for this is due to the 
use of the hybrid approach, providing a more comprehensive coverage of each material’s system boundary. Table 3 provides 
a comparison of the hybrid, process and input-output values for each of the materials assessed. This presents particularly 
interesting information as it shows two distinct scenarios. In one scenario the hybrid and process results are very similar – 
this is the case for steel and concrete. In addition, for these two materials, the pure process results are significantly higher 
than the pure input-output results. This may be due to these materials being more resource and emissions intensive than the 
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average product from the input-output sector used to represent these materials. In the second scenario, the input-output 
results are higher than the process results, which may be due to materials being less resource and emissions intensive than 
the average product from the input-output sector used to represent these materials, or gaps in the process data.

Several parameters, as described below, will influence the process, input-output and hybrid values.

• The appropriateness of the cost value used to convert the input-output results from a flow per financial output into 
a flow per physical quantity of material. The variability and uncertainty associated with this parameter means that it 
could have a dramatic effect on the results. 

• The appropriateness of the input-output sector selected to represent the supply chain of the material assessed. An 
input-output sector that aggregates a range of activities, like ‘Basic Non-Ferrous Metal Manufacturing’ will include 
many transactions for which there are no corresponding process nodes, simply because that transaction does not 
relate to aluminium production, for example, but to other non-ferrous metals. 

• The comprehensiveness of the process model used to represent the production system of the material assessed. 
Some materials, such as concrete, or processes, such as electricity production, have been studied in great detail, 
and it is likely that the process models are of very high standard. This may not be the case for other materials that 
have not had such a focus, or which are new to the market. 

• The representativeness of the input-output and process nodes being exchanged. It is very difficult to assess with 
certainty whether a process and input-output node match, there is no standard approach, and therefore a judgement 
call must be made by the practitioner with the uncertainties that come with it. 

Table 3: Comparing hybrid, process and input-output coefficients.

Material Functional 
unit (FU)

Water use (L/FU) GHG emissions (kg CO2e/
FU) 

Energy use (GJ/FU)

Hybrid Process IO Hybrid Process IO Hybrid Process IO

Steel, cold rolled kg 61.2 48 24.2 2.86 2.57 1.50 0.040 0.032 0.023

Concrete, 20 MPa m3 4,353 3,586 1,476 339 321 157 2.51 2.13 1.91

Glass, flat glass kg 35.9 10.2 35.4 2.45 1.05 2.98 0.033 0.011 0.046

Aluminium, extruded kg 218 87.2 276 28.9 23.2 23.1 0.36 0.27 0.46

The advantage of using an automated model is that it facilitates further analysis of the results, at least for some of the 
parameters discussed above, and allows transparency on the decisions made for the others. For instance, the sensitivity of 
the cost value on the results could be assessed by varying the value and analysing the output, while the decisions made in 
terms of input-output and process node correspondence can be reported. 

5. CONCLUSION

There is a well-understood imperative to improve the environmental performance of construction projects. This will only 
become more critical as demand for buildings escalates amid a growing global population. Building designers and decision-
makers require information on the environmental performance of construction materials to enable them to select those that 
assist in reducing the environmental effects of a project. However, comprehensive, reliable and easily accessible data on 
the environmental performance of construction materials is lacking in Australia. While material coefficients are highly unlikely 
to accurately reflect the exact material used in a particular project due to variations in manufacturing processes, fuel mixes, 
production efficiencies etc. over time, their use can provide considerable time and cost savings in comparison to conducting 
a full LCA. With many practitioners relying on coefficients developed for other countries, which very rarely reflect Australian 
production practice, an up-to-date database of material coefficients for Australia is urgently needed. 

 This paper has described a semi-automated model for compiling hybrid material coefficients. The use of the Path 
Exchange method ensures that the coefficients produced are based on the most comprehensive system boundaries 
possible, avoiding the truncation issues inherent to coefficients compiled using a traditional process analysis. The model 
developed is novel as it not only streamlines the compilation of the hybrid coefficients, saving time compared to what was 
previously a highly manual process, but also enables more in-depth analysis of the results. 

Building designers and decision-makers will be able to use these coefficients in combination with a project’s bill of 
materials to provide an indication of the environmental flows associated with an entire project, using this information to inform 
improvements. These values can also be integrated into existing LCA tools to streamline the environmental assessment of 
construction projects.

The creation of hybrid coefficients using the semi-automated model has been demonstrated for energy, water and 
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greenhouse gas emissions for four common materials. The next steps include considerably expanding the number of 
materials covered as well as a broader range of environmental flows, including raw materials, waste and various pollutants. 
These will then be compiled into an updatable material coefficient database, providing the data that is urgently needed by 
the construction industry to inform environmental decision making.
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Abstract: Understanding occupant expectation and feedback is an important part of building performance evaluation. This 
paper explores occupant satisfaction change during a 10-year period in a green building located in the subtropical zone. 
Occupant satisfaction at two timestamps, three and ten years after project completion, were compared. It was observed 
that occupant satisfaction regarding indoor air quality (IAQ), noise and overall building comfort remained unchanged during 
the 10-year post-occupancy period. This finding suggests that perceived IAQ, noise, and overall satisfaction with buildings 
may not be biased by point-in-time of surveys, the year weather or sample characteristics. However, satisfaction scores 
regarding the two parameters of lighting and thermal comfort are likely to be subject to change over time. The change in 
satisfaction scores in relation to thermal comfort and lighting might be explained in various ways. The change of climate and 
sky conditions, and different sample characteristics were the two assumptions considered worthy of further investigations. 
The study found some evidence of a possible correlation between year weather and occupant satisfaction responses. The 
study also showed that green buildings with natural ventilation may be more susceptible to climate change impacts.  

Keywords: Building performance; green buildings; occupant satisfaction; thermal comfort.  

1. INTRODUCTION

The revolution of green buildings has brought major changes in the way buildings are designed, built, and managed with 
great emphasis on post-occupancy building performances (Yudelson, 2010). Green building design ideas have offered 
opportunities to create high quality spaces for building users (Xie et al., 2017). This means understanding user expectations 
and satisfaction levels underpin post occupancy evaluation (POE) studies (Gou and Siu-Yu Lau, 2013). Building users are 
utilized as a source of information on building performance evaluations (Huizenga et al., 2002). Recently, there has been 
a growing interest in the performance evaluation of green buildings and many studies have investigated whether green 
buildings enhance user satisfaction. However, a recent study by Khoshbakht et al. (2018) analysed the global performance 
of green buildings and highlighted some discrepancies in the reports of POE studies comparing green buildings with their 
non-green counterparts (see Table 1). In comparing several indoor environmental parameters, some studies have reported 
that green buildings outperformed their non-green counterparts in terms of thermal comfort (Abbaszadeh et al., 2006a; 
Brown et al., 2009; Baird et al., 2011), air quality (Huizenga et al., 2002; Issa et al., 2011a), lighting (Pei et al., 2015) and 
noise (Kim et al., 2015a).  However, a great body of research has shown evidence on dissatisfaction in green buildings in 
comparison with non-green buildings related to thermal comfort (Leaman and Bordass, 2007b; Ravindu et al., 2015), air 
quality (Altomonte et al., 2016a) , lighting (Brown et al., 2009) and noise (Lee and Kim, 2008). These contradictory evaluation 
reports of building performances were based on point-in-time or cross-sectional surveys which have raised the question of 
potential bias in POE studies. 

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.371–381. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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Table 1. Literature review summary of green building performance in comparison with non-green counterparts, adapted from 
(Khoshbakht et al., 2018).

Parameter Higher satisfaction in Green 
buildings

No significant differences Lower satisfaction in Green 
buildings

Thermal 
comfort 

(Abbaszadeh et al., 2006b) (Baird et 
al., 2012) (Brown et al., 2010) (Gou 
et al., 2014) (Issa et al., 2011b) (Kim 
et al., 2015b) (Lee and Kim, 2008) 
(Liang et al., 2014) (Lin et al., 2016) 
(Newsham et al., 2013) (Pei et al., 
2015) (Sediso and Lee, 2016) (Zhang 
and Altan, 2011) (Gou et al., 2012b)

(Altomonte and Schiavon, 2013) 
(Altomonte et al., 2016b) (Gou et al., 
2012c) (Menadue et al., 2014) (Paul and 
Taylor, 2008) (Leaman and Bordass, 
2007a)

(Ravindu et al., 2015)

(Leaman and Bordass, 2007a) 
(Leaman et al., 2007) (Gou et al., 
2012b) (Leaman et al., 2007)

Air quality (Abbaszadeh et al., 2006b) (Huizenga 
et al., 2005) (Issa et al., 2011b) (Kim et 
al., 2015b) (Lee and Kim, 2008) (Liang 
et al., 2014) (Lin et al., 2016) (Pei et al., 
2015) (Thatcher and Milner, 2016) (Kim 
et al., 2015b) (Tham et al., 2015)

(Altomonte and Schiavon, 2013) (Gou et 
al., 2012c) (Ravindu et al., 2015) (Sediso 
and Lee, 2016) (Gou et al., 2012c) (Paul 
and Taylor, 2008)

(Altomonte et al., 2016b) (Leaman 
and Bordass, 2007a) (Ravindu et 
al., 2015)

Lighting (Baird et al., 2012) (Issa et al., 2011b) 
(Kim et al., 2015b) (Pei et al., 2015) 
(Sediso and Lee, 2016) (Zhang and 
Altan, 2011) (Issa et al., 2011b)

(Altomonte and Schiavon, 2013) 
(Altomonte et al., 2016b) (Abbaszadeh et 
al., 2006b) (Gou et al., 2012b) (Gou et al., 
2012c) (Huizenga et al., 2005) (Leaman 
and Bordass, 2007a)

(Brown et al., 2010) (Lee and Kim, 
2008) (Brown et al., 2010)

Noise (Kim et al., 2015b) (Liang et al., 2014) 
(Pei et al., 2015) (Newsham et al., 
2013)

(Altomonte and Schiavon, 2013) 
(Altomonte et al., 2016b) (Abbaszadeh et 
al., 2006b) (Baird et al., 2012) (Gou et al., 
2012b) (Gou et al., 2012c) (Huizenga et 
al., 2005) (Leaman and Bordass, 2007a) 
(Paul and Taylor, 2008) (Ravindu et al., 
2015) (Sediso and Lee, 2016) (Zhang and 
Altan, 2011)

(Brown et al., 2010) (Issa et al., 
2011b) (Lee and Kim, 2008)

This study expands existing research on occupant satisfaction studies by investigating potential biases in occupant 
satisfaction studies to explain the discrepancies in green building performance evaluations. Previous occupant satisfaction 
studies in green buildings have been based on point-in-time surveys and no longitudinal POE studies have been performed. 
Concerns over the validity of point-in-time surveys include common method variance bias and causal inferences attributed 
to measurement methods (Rindfleisch et al., 2008). This paper complements prior research by reducing concerns through 
enhanced measures and multiple year studies. 

The study purports to investigate whether the weather has an influence on point-in-time POE results. The research aims 
to find correlations between occupant satisfaction and weather to conclude that the weather normalisation is necessary for 
POE studies to minimize the influence of that particular year’s weather conditions on occupant satisfaction scores. 

2. METHODOLOGY

Longitudinal user surveys were conducted in a building case study to analyse occupant satisfaction and the associated 
biases with subjective evaluations of building performance. POE surveys were performed to document occupant perceptions 
on indoor conditions and correlate the responses with the outdoor climate data. Section 2.1 provides the details of the 
building case study and section 2.2 gives an overview of the POE surveys. 

2.1 Building case study and location

The selected building is located at Bond University on the Gold Coast, Australia. Gold Coast is in South East Queensland 
with a subtropical climate. The mean daily temperature reaches 28.7 °C in summer and 12.0 °C in winter.  The air is usually 
dry and fresh except for a few months in summer with a monthly average relative humidity from 55% in winter to 70% in 
summer (Australian Government, 2018). As the building location is close to the ocean, the sea breeze lasts over the whole 
year, with annual maximum wind gust speed of 117 km/h. The use of natural ventilation could, therefore, be a suitable 
option on the Gold Coast due to the moderate climate. 

The School of Sustainable Development building is a three-storey structure comprising of studio spaces, workshops, 
a lecture room on the ground level, and meeting rooms, cellular offices, and an open-plan office for higher education 
research students on the top two levels (Figure 1). The building has a mixed mode ventilation system with manually operated 
windows and individual air conditioning units for each room. The air conditioning systems shuts down automatically if users 
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open doors or windows. 

The building is used by students and teaching staff in property and real estate, urban design and planning, project 
management, environmental management, construction management, and quantity surveying for both teaching and 
research purposes. No renovation works except for minor maintenance works such as painting have been conducted in the 
building since 2008. No changes to building set-points or asset management have been made during the 10-year period. 

Figure 1: School of Sustainable Development building, Bond University, Australia. 

Figure 2. Typical plan of School of Sustainable Development building. 

2.2 Field investigation

2.2.1 POE survey

POE is a process of building performance evaluation once it is occupied through a systematic assessment of user responses 
and satisfaction with buildings and designed spaces (Preiser, 2001). This study employs Building Use Studies (BUS) 
methodology for the POE study performed at two timestamps. The first survey data collection was performed in 2011, 
three years after the building was first occupied (Best and Purdey, 2012). The second survey was undertaken in 2017, ten 
years after the building was occupied. The survey consisted of a two-page paper BUS questionnaire (Cohen et al., 2001). 
The BUS methodology survey is a highly respected instrument, having been effectively applied in various research works 
worldwide (Leaman and Bordass, 2007b; Gou et al., 2012a; Khoshbakht et al., 2018). 

The BUS Methodology is a free tool for identifying features that work well and those that may be improved, and can 
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be used to optimise building operations. As a benchmarking tool, the BUS Methodology compares survey results with 
standardised benchmarks derived from the BUS Methodology building performance database to provide an indication of 
how the building performs relative to a sample of similar buildings. Benchmarking samples are selected based on common 
use type and geographical location. The survey questions require scores on a 7-point scale for different building parameters. 
The 7-point scale response has been designed based on the recommendations by ASHRAE Standards to cover a wide 
range of occupant satisfaction levels (ASHRAE Standard, 2010). The BUS Methodology survey consist of 45 questions 
including various building parameters such as indoor environmental quality, building design, and facility management. For 
the purpose of this research, only results related to Indoor Environmental Qualities (IEQ) including temperature, air quality, 
lighting and acoustics are presented. A more detailed description of the BUS Methodology questions is included in previous 
research by Gou et al. (2014). The selected survey questions cover seven key comfort variables:  summer and winter 
temperature, air quality, lighting, noise, and overall comfort. The results aim to understand occupant subjective thermal 
perceptions. 

The Comfort Index is calculated based on averaging the Z scores regarding seven key parameters: temperature in 
summer, temperature in winter, IAQ in summer and winter, noise, lighting and overall comfort (Baird et al., 2011). The 
Forgiveness Index is determined based on dividing the mean score for the variable comfort overall by the average of 
the mean scores for the seven variables mentioned above. The Forgiveness Index indicates occupant tolerances of 
dissatisfaction in buildings (Leaman and Bordass, 2007b). The Comfort Index and Forgiveness Index were introduced by 
the BUS Methodology as metrics of comparison between overall comfort and individual comfort parameters. The Comfort 
Index is calculated by averaging the Z scores for the seven key variables (Baird et al., 2011). The Comfort Index is calculated 
with the following formula: 

Comfort Index = (Z-score Ts + Z-score Tw + Z-score As + Z-score Aw + Z-score N + Z-score L)   (1)

Where: 

Z-score = places variables on a common scale with the mean of 0 and the standard deviation of 1; As and Aw = average 
satisfaction scores for air in summer and winter, respectively; Ts and Tw = average satisfaction scores for temperature in 
summer and winter, respectively; L = the average score of satisfaction for lighting; N = the average satisfaction score for 
acoustics. Z-scores indicate how much individual scores deviate from different bunches of data after standardizing scores 
from different groups of data. Z-scores show how far a particular score is away from the mean and indicate whether it is 
higher, equal, or lower than the mean score (Gou et al., 2013).  

The Forgiveness Index is calculated by dividing the mean score for the variable Comfort Overall by the average of the 
mean scores for the variables temperature in summer, temperature in winter, air in summer, air in winter, lighting and noise 
from the following formula: 

Forgiveness Index = Comfort Overall / ((As + Aw + Ts + Tw + L + N) / 6)         (2)

Where: 

Comfort Overall = the score of the overall comfort performance; As and Aw = average satisfaction scores for air in summer 
and winter, respectively; Ts and Tw = average satisfaction scores for temperature in summer and winter, respectively; L = the 
average score of satisfaction for lighting; N = the average satisfaction score for acoustics. 

Quasi-experimental design was chosen as a sampling approach in this study because a controlled selection of participants 
was impossible. The quasi-experimental design allocates participants in quasi-random forms (Jones et al., 2016). A one-
way analysis of variance (ANOVA) was used to evaluate means and variances. Statistical significance or p-values were also 
determined to investigate the significance of the change in satisfaction scores. 

3. RESULTS

3.1 Occupant satisfaction surveys

The comparison analysis of IEQ over the two timestamps, with 6 years of difference, showed that overall comfort regarding 
IAQ and lighting improved (Figure 2). Overall satisfaction with noise slightly improved, but noise interruptions and noise from 
colleagues achieved lower scores in the second survey. Thermal comfort satisfaction attained a higher score in winter, while 
in summer, in the second survey, satisfaction scores with overall thermal comfort were lower. The temperature in summer, 
in the second survey, was perceived warmer than the first survey, while in winter, occupants scored temperature as slightly 
colder in the second survey. 
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Figure 2: The change in satisfaction scores in 2011 and 2017 regarding indoor environmental qualities.

To identify the significance of the changes, the ANOVA analysis was used to examine the effect size of the mean 
differences (Table 1). An effect size (Rho) is an index which calculates the magnitude of the association between predictor 
variables (Ferguson, 2009). An effect size smaller than 0.20 is considered  negligible, and equal to or more than 0.20 is 
attributed as substantive (Cohen, 1992). 

Table 1. Mean scores, effect size and statistical significance of difference in means of IEQ parameters.

IEQ Parameters 2011 2017 ΔM Rho Sig.

IAQ summer 4.94 5.07 0.13 <0.20 >0.05

IAQ winter 4.82 5.86 1.04 <0.20 >0.05

Lighting 5.09 5.83 0.74 >0.20 <0.05

Comfort summer 4.88 4.57 -0.31 >0.20 <0.05

Comfort winter 4.97 5.86 0.89 <0.20 >0.05

Noise 4.97 5.16 0.19 <0.20 >0.05

Overall building 5.77 5.73 -0.04 <0.20 >0.05

Note: Numbers in italic are statistically significant. 

The inferential analysis revealed that the change in satisfaction scores was substantive in lighting and thermal comfort 
in summer, suggesting that satisfaction scores in other IEQ parameters such as IAQ, noise, overall building, and thermal 
comfort in winter remained unchanged during the study period. This finding shows that the time of survey has no significant 
influence on satisfaction scores regarding IAQ, noise, and overall building comfort. The survey also revealed the issue of 
cool or cold indoor conditions in winter were significantly reduced from 2011 to 2017. The overall satisfaction with the 
building (Overall Building in Table 1) in 2011 was 5.77, which was only slightly higher than the value of 5.73 in 2017. This 
indicated that overall satisfaction with the building gained almost similar scores after the 6 years. Table 2 presents the 
change in Forgiveness and Comfort Indices in the studied period. 
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Table 2. Survey results of the BUS survey results regarding Forgiveness and Comfort Index.

2011 2017 Avg.

Forgiveness index 1.2 1.2 1.2

Comfort index 1 1.5 1.25

The statistical analysis detected significant improvements in occupant Comfort Index, while Forgiveness Index remained 
unchanged during the studied period (See Table 2). The BUS database for Australian green buildings that use natural 
ventilation was used as a benchmark. The Forgiveness Index greater than 1 indicates a higher tolerance to the indoor 
environmental conditions. The results indicated that Forgiveness Index stayed unchanged, while Comfort Index increased 
from 1 unit in 2011 to 1.5 in 2017. This indicated that the occupant tolerance of discomfort conditions remained unchanged, 
while comfort slightly increased over the 10-year period.

3.2 Building context

To contextualise the results and present sample characteristics, information on occupant type, building use, and programs 
at the two timestamps is presented in Table 3. Although the sample characteristics are similar, there are some slight 
differences that could be considered as influencing factors on survey responses. The participants in 2011 were slightly 
younger than the group in 2017. In 2011, 89% of survey participants were 30 years or over, while in 2017 all the survey 
participants were 30 or over.  The proportion of female participants reduced by 10% from 37% in 2011 to 27% in 2017. 
The percentage of the survey participants who sat next to a window also reduced from 85% in 2011 to 73% in 2017. The 
percentage of participants who had worked in the building and at their desk area more than a year was 83% and 44% 
in 2011, respectively, which reduced to 67% and 33% in 2017. This indicates that the participating group in 2011 had 
worked in the building and at their desk area longer than the group in 2017. Group occupancy and office sharing with 
others were almost similar when comparing the two groups. One conspicuous observation is the behaviour change. A 
larger proportion of the participants in 2011 (56%) claimed they had some experiences of behaviour change once they 
started working in the building than the group in 2017 (21%). This clear difference in behaviour change may be related to 
visions towards sustainability and green building concepts. The studied building was the first green certified building in the 
city of the Gold Coast and perhaps the first green building for many of its 2011 occupiers, while the second survey was 
conducted 10 years later. This may explain the higher number of positive responses for the behaviour change question. 
Another parameter worth considering, particularly in relation to sustainability vision, is how occupants travel to work. The 
proportion of participants who chose car as a solo driver slightly increased from 2011 to 2017. Public transport, cycling, and 
walking to work also slightly increased in 2017. The teaching programs and building use remained unchanged with only one 
exemption that urban design and planning were no longer taught at the building at the time of the 2017 survey. Regarding 
personal control, participants in 2011 were slightly more concerned about the control of ventilation, lighting and noise, while 
room temperature control was slightly more important for the group in 2017.  
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Table 3. Building contextual factors.

Sample Percentage in 2011 (%) Percentage in 2017 (%)

Age 30 or over 89 100

Gender Female 37
Male 63

Female 27 
Male 73

Next to a window 85 73

Work in the building more than a year 83 67

Work at the present desk area more than a year 44 33

Behaviour change 56 21

Group occupancy and space share Alone 70
With one  0
With two to three  0
With four to six  20
More than six  10

Alone 67
With one  7
With two to three  0
With four to six  13
More than six  13

Request for changes from facility management 44 47

Importance of personal control Cooling 20
Heating 19 
Ventilation 22
Lighting 21
Noise 15

Cooling 25
Heating 25
Ventilation 21
Lighting 17
Noise 12

Journey to work Car (solo) 68
Walk 6
Motorcycle 3
Cycle 0
Bus 0
Train 3

Car (solo) 53
Walk 20
Motorcycle 7
Cycle 7
Bus 7
Train 7

Programs Property/real estate
Urban design and planning
Project management
Environmental management
Construction management and 
quantity surveying

Property/real estate
Urban design and planning
Project management
Environmental management
Construction management and 
quantity surveying

Although the sample characteristics were slightly different, major parameters including age, gender, window seat, work 
duration in the building and at the desk area, request for change, and the teaching program were similar. 

The most dominant difference may be the visions towards sustainability. The participants in 2017 used environmentally 
friendly means to travel to work and were more familiar with green building concept than those in 2011 by changing 
their behaviours when moving to a green building. However, this finding is only an observation and more studies of this 
kind are needed to correlate occupant responses with sample characteristics. Understanding the correlations between 
certain sample characteristics would help researchers to normalise their occupant survey results based on their sample 
characteristics and minimise potential bias. 

3.3 The influence of year climate

To test the hypothesis that the year climate may have influenced the survey responses, an analysis of climate data was 
performed to correlate the change in satisfaction scores with changes in climate. Figure 3 illustrates the hourly air temperature 
trend for a whole year in 2011 and 2017. It is clear that the prevailing air temperature in 2017 was one degree Celsius 
warmer than 2011, particularly in winter.  This finding is in line with the change in thermal comfort satisfaction change from 
2011 to 2017. 
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Figure 3. The fitted curve for hourly temperature for 2011 and 2017.

In order to investigate the change in lighting scores, an analysis of the climate data of solar exposure was investigated 
as an indicator of lighting quality (See Table 4). As seen from Table 1, solar exposure was slightly higher in 2017 than in 
2011, and this was again consistent with our survey results that occupants were slightly more satisfied with lighting quality 
in 2017 than in 2011.  

Table 1. Summary statistics of mean solar exposure (kW/m2).

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

2011 22.3 22.8 17.6 14.7 13.0 11.2 12.9 14.4 19.3 19.1 25.3 20.7

2017 25.6 25.8 17.6 17.0 13.2 11.9 14.1 17.1 20.9 18.6 24.2 27.1

Mean from 1981-2017 23.8 22.1 18.7 16.4 13.5 11.2 12.6 15.9 19.0 22.1 23.5 23.4

4.  DISCUSSION

The comparison analysis of IEQ showed that overall comfort regarding IAQ, and lighting improved for this specific case 
study. Overall satisfaction with noise slightly improved, but noise interruptions and noise from colleagues achieved lower 
scores in the second survey. Thermal comfort satisfaction attained a higher score in winter, while in summer in the second 
survey, satisfaction scores with overall thermal comfort were lower. The temperature in summer, in the second survey, 
was perceived cooler than the first survey, while in winter, occupants scored temperature slightly warmer in the second 
survey. The winter conditions in 2017 were warmer than winters in 2011 by 1 degree Celsius. Comparing summer and 
winter thermal comfort results in 2011 and 2017 with climate data revealed that thermal comfort survey results were in line 
with climatic conditions. As the winter conditions were slightly warmer, winter perceived temperatures were higher in 2017 
compared to 2011. 

The discomfort cool or cold indoor conditions in winter were significantly decreased during the studied period. The 
building has natural ventilation and occupant satisfaction scores are strongly correlated with outdoor climatic conditions. The 
change in satisfaction scores in relation to thermal comfort, particularly, and also lighting might be explained in various ways. 
In buildings with natural ventilation, satisfaction scores are strongly correlated with outdoor climatic conditions. The building 
has a changeover mixed mode ventilation, and changes in thermal comfort and lighting satisfaction might be attributed to 
the change in outdoor climatic conditions in the studied period. Thermal comfort is affected by outdoor temperatures and 
humidity, while lighting may be attributed to sky conditions of overcast and sunny days. Positive correlations between year 
climate and occupant satisfaction scores were observed regarding thermal and lighting comfort. 

Although more investigation is needed to provide a further evidence, our results only showed a positive relationship with 
occupant satisfaction and weather in thermal comfort and lighting. We found some evidence that occupant satisfaction 
surveys may be biased by year weather conditions in that year, while satisfaction with noise and air remained unchanged.  
However, more evidence from long-term POE studies is needed to confirm the correlations. This hypothesis of the correlation 
between occupant satisfaction and year weather, if proven, would emphasise the necessity of weather normalisation for 
user satisfaction studies in order to minimise the dilemma of using occupants to gauge a building’s performance.

The finding of this research challenges how occupant satisfaction should be measured and benchmarked. While occupant 
satisfaction with IEQ parameters is substantively affected by the characteristics of indoor working environments, there may 
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be some uncontrolled factors that influence satisfaction results that should be considered such as year weather. Weather 
in a given year may be warmer or cooler than normal climate. By accounting for the differences between the year weather 
and normal climate data, weather normalization reduces potential biases in benchmarking occupant satisfaction results. 
This could be significantly importance with consideration of climate change scenarios and the prediction of future building 
performances. Benchmarking policies and adaptation strategies are needed to ensure that future building performances 
are not compromised by climate change. This research showed that even a slight change in the climate may significantly 
impact perceived comfort, particularly in green buildings, which are more vulnerable to climate change impacts by utilizing 
features such as natural ventilation. 

5. CONCLUSION

The study showed some observations of the influence of year weather on occupant satisfaction, particularly parameters 
related to thermal comfort and lighting. In this study, occupant satisfaction levels regarding IAQ, noise and overall building 
comfort were similar in the two survey studies performed 6 years apart. This research found some evidence of the impact of 
climate change on POE results over time. However, more evidence is necessary to verify this hypothesis in the future with 
more long-term occupant satisfaction studies. As an important attribute, a new insight into the impact of climate change on 
building performance seems necessary to further improve the implementation of benchmarking policies.  
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Abstract: Globally population profiles are ageing and the proportion of elderly people with high-care needs is projected to 
increase at an even higher rate. Subsequently, there is an increasing demand for housing that can support independence 
and provide a high Quality of Life (QoL). Relationships are one of the significant contributors to QoL for the high-needs 
elderly. However, a loss of social connection and isolation is a growing social concern in the ageing-society. Housing design 
can have a significant influence on occupant relationships. Through a qualitative investigation of the experiences and spatial 
use of 30 high-needs elderly people, the research finds themes for relationships, which included; living with a spouse, having 
guests in the home, relationships with other residents and staff, and connections with the wider community and nature. In 
the design of dwellings, there should be attention to flexibility for providing sufficient space for social activities, and design 
for views and sound to provide control-of and connection-to visitors/neighbours and nature. Walkability and appropriate 
deployment of communal space should be sought in the design of the complex.  These considerations contribute to 
comfortable and meaningful relationships for the high-needs elderly, thereby enhancing their QoL.

Keywords: Design of housing and communities; relationships; high-needs elderly; quality of life.

1. INTRODUCTION

Globally population profiles are ageing, which is also the case in New Zealand. Particularly, elderly people with high-care 
needs are projected to increase at an even higher rate (Te Pou - The National Centre of Mental Health Research, 2011). 
Even when care needs arise, most people in New Zealand wish to live separately from their family to avoid being a burden 
(Davey et al., 2004).  Difficulties in maintaining home and increases in care requirements induce them to move to a dwelling 
that is more controllable and/or provides some levels of care and support (Statistics New Zealand, 2002).

Currently in New Zealand, there are three main housing types that allow the elderly to live independently and provide 
some level of care and support; public-sector housing (PU), private-sector rental housing for the elderly (PR), and retirement 
villages (RVs). RVs offer high levels of care and support, but are only viable options for home-owners and wealthy people 
(Glasgow, 2013). PU  includes that provided by the central government and local authorities. PR includes that run by 
Community Housing Providers and religious and charitable groups. PU and PR are options for those who cannot afford 
to live in RVs; however, the levels of care and support for residents are low in these types of accommodation, except for 
a limited number of PR (Kuboshima et al., 2017). There is a growing demand for all these types of housing (New Zealand 
Government, 2015; JLL, 2017). 

The quality of life (QoL) of the high-needs elderly has been studied internationally, and it has been reported that the main 
elements for QoL include; independence, meaningful activities, relationships, identity and quality of care (Tester et al., 2004; 
Murphy et al., 2007). Among these, relationships are a significant contributor (Yeun et al., 2017). However, often the elderly 
experience a loss of social connection (Toepoel, 2013; Kiwaki and Arai, 2015).  Isolation is a growing social concern in the 
urban ageing-society, the consequences of which include people dying alone (Klinenberg, 2001; Hand et al., 2017). Privacy 
can be a sensitive issue in cases of worsening health conditions and increasing care needs. It can also be influenced by 
the physical environments of housing (Hayward, 2012). This paper aims to clarify important considerations in the design of 
housing for the high-needs elderly, particularly with regards to improving their relationships.

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.383–390. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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2. METHODS

As part of a larger research project on QoL, an ethnographical study was conducted of 30 high-needs elderly people living 
in RVs, PU and PR in the urban areas of the Wellington Region of New Zealand. Ethnography is a qualitative method which 
is often characterised by a mix of observation with complementary interviews and to profoundly understand the reasons/
contexts behind the behaviour/event (Crouch and Pearce, 2012). It has much potential for post-occupancy studies in 
architecture and built environment (Lucas, 2016). In this study, data was collected for their spatial usage and perceptions 
through three procedures; documentation of physical environments, semi-structured interviews and full-day observations of 
residents combined with unstructured interviews. For the focus of this paper, limiting the range to information on relationships 
and related design features, interview notes/transcriptions and observation notes were analysed and emergent themes for 
relationships were coded, then synthesized to establish design considerations.

Participants were selected through a preliminary questionnaire of 804 residents, of which 387 responded. Fifty-nine 
possible participants were identified using inclusion criteria of; receiving personal care from professional caregivers; 70 
years or older; and willing to participate in the survey. Of these 30 actively participated.  In qualitative research, there is 
no specific formula for calculating sample size (Morse, 2000). An adequate sample depends on the methodology and the 
amount and richness of the data obtained. For example, a large number of participants (at least 30 to 60) are needed if 
only relatively shallow data can be obtained, and fewer participants in the study (perhaps only 6 to 10) are needed if a large 
amount of data for each participant is obtained (Morse, 2000). The survey in this research combines multiple qualitative 
interviews and observations, collecting rich data from each participant. Therefore, the sample size of 30 is considered 
sufficient to draw meaningful results.

Basic data on participants and housing complexes/units are summarised in Tables 1 and 2. Housing complexes studied 
are five PU complexes, three PR complexes and five RVs. All RVs had independent living units (RVIs), and two contained 
supported living units (RVSs) in addition.

Table 1: Summary of residents (numbers in italics show the number of residents)

Gender Age group Ethnicity Living 
arrangements

Type of main mobility aids

Indoors Outdoors

Male 
Female

13
17

70-79
80-89
90-99

6
19
5

European/NZ
Middle Eastern
Asian

28
1
1

Alone
With spouse

27
3

No aids
Walking stick
Walker frame/ 
trolley
Wheelchair

10
2
14

2

No aids
Walking stick
Walker frame
Wheelchair
Mobility scooter
Bicycle

5
5
13
4
2
1

Table 2: Summary of housing complexes/units (numbers in italics show the number of complexes/units)

Housing complex 
type

Number of units supplied Adjacent facilities

10-39 40-69 70-99 100-149 150-199 200-249 Has at least one communal 
lounge/ hall

PU complexes (n=5) 3 1 1 0 0 0 2

PR complexes (n=3) 2 1 0 0 0 0 2

RVI complexes (n=5) 1 2 0 1 0 1 5

RVS complexes (n=2) 2 0 0 0 0 0 2

Housing unit type Layout of bedrooms Access type Unit Floor Area

Bedsit 1-bedroom 2-bedroom 
or more

Outdoor 
access

Indoor 
access

0-50m2 50-90m2 90-130m2

PU units (n=6) 3 3 0 6 0 6 0 0

PR units (n=7) 2 5 0 5 2 5 2 0

RVI units (n=11) 0 1 11 9 2 0 2 9

RVS units (n=6) 0 6 0 0 6 4 2 0

3. FINDINGS: THEMES FOR RELATIONSHIPS

Themes for relationships emerged through analysis and have been incorporated into six broad themes: Living in a couple, 
Having guests stay in their home, Relationships to other residents, Relationships to on-site staff, Connection to the wider 
community and Connection to nature and animals. 
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3.1 Living in a couple

For one RVS resident, the reason of choosing her current dwelling was that; ‘With [this] apartment, we lived here together… 
Rather than have a room each, you know, like in a hospital situation…That was really important to be together.’

However, RVS units, which were typically one-bedroom, were often too small to comfortably accommodate two people. 
In particular, participants often experienced insufficient wardrobe and storage space for two people. While residents in two-
bedroom houses had enough wardrobe space by using the one in the second-bedroom (3 RVI residents), one-bedroom 
apartments typically did not contain enough wardrobe space. One man said; ‘Sufficient for one person, not quite for two 
(RVS resident).’ Some living with their spouse appreciated or desired two toilets (2 RVI residents), which allowed each of 
them to use each toilet.

For a couple with disabilities, being in the sight of each other was important. An open-plan kitchen-lounge provided 
views to each other, even when the husband with limited mobility spent a long time sitting in the lounge and the wife was 
in the kitchen.  One RVS unit had a sliding-door type partition between the bedroom and the lounge; ‘You can seal off the 
bedroom, or you can ... For instance, if I was unwell, and I’m in bed, my wife could sit here and still see me with the door 
open, or if I’m snoring a lot she could close it (RVS resident).’ On the other hand, the resident desired for greater privacy 
between a couple; ‘it would be nice to have somewhere where the two people can be together but apart, if you like. A bit 
of privacy for one.’ For example, a separate office could be added, which ‘need not be very large.’

3.2 Having guests in their home

The family connection was the most important in terms of catering for guests, and regular family/friends visits were 
appreciated for physical/mental support.  Having guests was also important for those with limited mobility, because; ‘I can’t 
get out to the big meetings anymore (PR resident).’

3.2.1 Welcoming guests

Being able to ‘see who is coming (2 PU residents)’ before their arrival was important to control and welcome visitors.  
Unfortunately, residents of indoor-access units typically did not have views of approaching guests (4 PR, 2 RVI residents). 
An apartment-resident who could not see the door from her sitting space said; ‘I can’t go to the door easily, so I just wait. 
The door is unlocked (RVI resident).’ When residents called out ‘Come in!’ while seated, their voice could not always be 
heard by guests because of the distance of the seat to the door or the presence of walls (1 PU, 1 RVI residents).  

Interphones were used in units with indoor access, which was useful to notify a resident of guest’s arrival (PR resident).  
However, residents who lived in an apartment with indoor access had an individual external door as well, which was 
preferred (PR resident, RVS resident). It was also preferred by her family and caregivers because; ‘they like to feel… it’s 
more homely... They can just come, and if I was not well also. It’s good to know they don’t have to get me up before they 
come (PR resident).’ 

Having a lounge separate from the bedroom was generally preferred for greater privacy when entertaining guests (5 PU 
residents, 4 PR residents). One woman who enjoyed socialising did not invite many guests because her bedsit room was 
‘more like a bedroom (PU residents).’ 

3.2.2 Accommodating large numbers of guests and small children

Some participants had many guests at a time in their own house, such as extended family members (PR resident) or 
personal groups (1 PR, 2 RVS residents). However, many dwellings were too small to accommodate a group of ten people 
and necessary extra chairs (RVS resident). Common indoor/outdoor space could be used to accommodate guests or 
chairs.  One woman had held parties using the open lawn space leading out from her lounge (PU resident). Another RVS 
resident used communal dining room near her unit, when ‘we have family meals and everyone brings something potluck 
(RVS resident).’  

Participants particularly enjoyed having grandchildren/great-grandchildren to visit. However, special attention was 
needed for their movements, ‘running around all over the place.’ One resident’s bedroom, where he normally stayed, was 
shut off to keep out children ‘because they’re very inquisitive (RVI resident).’ A man with limited eyesight had a concern with 
children; ‘my biggest worry is little children…  About this high, running and scampering along. And I’ve got to be very careful 
that I don’t run into them… (RVI resident).’ 

3.2.3 Having guests stay

Most residents of one-bedroom or larger units used the second bedroom for overnight guests (8/10 cases). Some of them 
used it frequently (once a month or more) (2 RVI residents), or for longer periods such as several weeks (2 RVI residents).  
The garage was also used to accommodate guests, by parking a car outside (RVI resident). One RVI resident furnished the 
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garage with chairs and a desk and stored a mattress for grandsons’ stay; ‘They like it out there… they read books, and they 
look at their computer all night.’ However, ‘It’s not insulated, so it’s OK in summer but not in winter (RVI resident).’ 

In contrast, there were no bedsit residents who had guests stay overnight.  One-bedroom units could accommodate 
one or two family members or intimate friends, using an extra bed or a sofa bed (1 PR, 1 RVS residents). It was important, 
because ‘if you [resident]’re sick, we [family] can come and stay (RVS resident).’  However, one woman didn’t have space 
for extra bed for her visiting son, who ‘used to stay here in his cushions… on the floor [in the lounge] (RVS resident)’

3.3 Relationships to other residents

Connection to other residents was important and contributed to a greater sense of security and safety. 

3.3.1 Socialising with other residents in communal spaces 

Activities in communal spaces allowed residents ‘to mix with the other residents (PR resident).’ In a previous complex without 
communal space, one resident ‘hardly ever saw them [neighbours] (RVI resident).’  However, others did not participate in 
collective activities for various reasons, such as limited mobility or poor eyesight (1 PU, 2 RVI residents) and privacy needs 
due to health issues (1 PU, 1 RVS resident) or simply preferences for socialising (2 RVI, 1 RVS resident). The physical 
environment also affected their participation due to issues such as; a long distance from each housing unit (3 RVI residents), 
slopes (1 PU, 1 PR, 1 RVS residents), a heavy front door (RVI resident) and darkness (RVI resident). One RVI resident had 
difficulties with walking to the communal space at 22 m distance; ‘I get breathless.’ Another also said; ‘it’s a long walk… I 
could see me having to give it up (RVI resident)’  

A resident of a RV with over 200 units felt a loss of sense of homeliness; ‘I liked the village as it was… it’s got bigger… 
they used to… more homely (RVI resident).’ This impacted the size of the communal spaces that could accommodate all 
residents when they were invited to communal meals or tea (2 PRs and 2 RVs). One resident said; ‘they gotta have it in three 
different sittings… you only get to know the people who go to the one sitting you would go to (RVI resident).’   

3.3.2 Informal meeting with residents

Encounters among residents often occurred near the entrance to their unit, such as in the corridor or on the porch. The 
view and proximity from the lounge to outside encouraged resident interaction; for example, a man, sitting in his lounge, 
found a neighbour pass in front of his unit and talked to him in the porch (PU resident).  One woman in a complex where 
many people sat in their porches said, ‘if you’re lonely you could walk around and there’s always somebody to talk to and 
it feels safe (PU resident).’

In RVS units, a common lounge near apartments was used frequently for sitting in the sun and reading; ‘This was 
a place to relax. We were close, because we felt “This is our room” (RVS resident).’ She used the space often (10-12 
times a month), sitting in the same chair. The other two armchairs also had dedicated occupants. Residents’ autonomous 
activities motivated resident interactions in a small lounge. For example, one resident liked to play the piano which attracted 
other residents; ‘when I do practice, within a matter of 60 seconds I have an audience. People come and sit around (RVS 
resident).’

3.3.3 Privacy and connection

At times, residents preferred to maintain privacy from each other, saying; ‘We’re not living in each other’s pocket (3 PR 
residents).’ Windows facing each other were not preferred (2 RVI, 1 PU residents). By contrast, the layout of units at an 
angle with a long distance between them was praised (RVI resident). A level difference was also effective for maintaining 
privacy. A RVS resident living on the first floor said, ‘I could stand here and nobody would see me.’ Effective unit layout also 
enhanced their sense of connection. One RVI resident said; ‘there’s quite a few feet between us… It’s not close enough 
to worry me… If my neighbours on my side don’t see my blinds go up in the kitchen, they know there’s something wrong.’ 

Some participants were annoyed by noisy neighbours in flats with no sound insulation (1 PU, 1 PR residents); ‘If somebody 
has their radio too loud it could be heard in the next flat (PU resident).’ By contrast, another resident missed the noise; ‘It’s 
very private. Very sound proof… I’ve lived in nosier places, so there could be more noise… very lonely (RVI resident).’ 

3.4 Relationships to on-site staff

The presence of the on-site staff provided residents with a greater sense of safety. One PU resident talked; ‘you only need 
to ring [the custodian] if there’s something wrong and he’d be here like a shot.’ The attendance of medical/care staff was 
appreciated in RVs, and desired by one PU resident; ‘I think in all these villages – of course we have to pay more if we had 
all these services – there should be a nurse.’ In RVS units, flexible manner of care provision was appreciated; ‘when I need 
care I get it…They’ll just see whatever I need… I just want to have as much independence as much as I can (RVS resident).’ 
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However, too many staff visits affected resident privacy. In RVS units where the staff pass frequently in corridors, the 
ability to ‘shut the door’ was important for residents to maintain privacy (2 RVS residents). One resident dreaded the thought 
of having to move into a rest home, where ‘I wouldn’t have a choice [to shut the door] (RVS resident).’ The manner of the 
frequent staff visits for care activities and tea service also affected their privacy. During the observation sessions, no staff 
member waited for the residents’ reply before opening the doors, one even entered without a knock (RVS resident).  In the 
situation a resident wears a hearing impairment, a knock would not notify them of the staff arrival, particularly when they 
were not wearing their hearing aids (RVS resident).  Often, hinged doors didn’t shut properly following a light push of a staff 
member, so the door was left half-open (2 RVS residents).  

3.5 Connection to the wider community

Most participants left their complexes to visit family or go into town regularly, which was; ‘what I look forward to (PU 
resident).’ Common activities in town included going to the café (12 participants), going to the club or RSA (4 participants) 
attending church (8 participants) and joining personal hobby groups (2 participants).  It was also ‘a change from [their 
complex] (PR resident).’ Many lived in complexes in their former neighbourhoods and half of the participants expressed an 
attachment to place. 

3.5.1 Accessibility and walkability

Thirteen participants drove a car. The car access between the gate and the unit was an issue in large complexes. One 
resident complained about confusing roadways; ‘There’s so many one-way streets here now you can’t get around… to try 
to direct someone through this to find this place is very difficult (RVI resident).’ Confusing unit-numbering systems were also 
annoying; ‘they’ve got numbers going that way, this way, that way, round that way and the streets are not named or nothing 
(RVI resident).’ He also desired a shorter route between resident units and the main road. 

For those who only walked, accessibility to the wider community was important. However, getting out of the dwelling 
was demanding for some. It was hard for those using a walker frame or a wheelchair to open and close the hinged exterior 
door while moving their mobility aids ahead of them (3 PR, 1 RVS residents).  One man had a difficulty in walking over the 
threshold of his exterior door which had a small level difference (PU resident).

Walking outside the complex entertained many residents (1 PU, 1 PR, 1 RVI residents); one of them walked regularly in 
town and passed many of his familiar venues such as shops and cafes on the way. The ability to walk differed by individual 
impairments, and having a space to rest was important for some; one RVI resident had difficulties in walking a distance of 
80 m: ‘I would be sitting down halfway.’ Many residents of a large RV with villas crowded in a line walked to the gate of the 
village and then returned to their house.  They expressed frustration, ‘you do the same route all the time (RVS resident).’  
Car safety was another concern in large complexes, especially those with a long driveway; ‘You get the occasional persons 
who don’t take any notice of the speed limit (RVI resident).’ One resident with a sight impairment preferred to walk on the 
road rather than on the footpath, because ‘it gives me more space to walk (RVI resident).’ A speedbump on the road was 
a hazard, and had previously caused him a fall.

3.5.2 Peacefulness and safety

‘Peace and quiet’ and safety was important for many (1 PU, 2 PR, 1 RVI residents). One RVI resident said; ‘I had a burglar 
[in his previous home]. It frightened me. I started to think I want to live safe.’ Current housing was preferred because ‘we 
have… no problems from… boys coming in (PR resident).’  The enclosure of the site and the locking the gate or common 
entrance increased the sense of safety (2 RVI, 1 RVS residents). One PU resident had school kids come through the 
complex at night and said; ‘I don’t believe that the Council… of putting a walkway down here that allows the public to walk 
through… Although they’ve got signs up saying No Access nobody takes any notice of it.’

3.5.3 Visits from people outside

Inviting people outside in communal areas was mentioned as a key contributor to a greater connection with the wider 
community (1 PU, 2 RVI residents). For example, in the PU complexes, ‘guest speakers’ such as ‘Age Concern’ and 
‘Resolve’ were invited. In RVs, people were invited for activities such as concerts, exercises, handcrafts as well as for giving 
talks.

3.6 Connection to nature and animals

3.6.1 Views to nature

Views to nature were generally preferred by participants. Many liked views to the mountains, hills and bush or vegetation 
(10 participants). These preferences related to having had similar views from their previous houses and past activities such 
as mountaineering and tramping; ‘out the lounge window, I can just see the tops of the Tararua Range, which I used to 

Designing for relationships: housing and communities that improve the quality of life of the high-needs elderly



388

walk across (RVI resident).’  Another resident pointed out the effective unit layout; ‘How many [villages] are set such that 
every house has a view without impinging upon the neighbour?… The house next-door was set back, so here we had 
uninterrupted view in that way (RVS residents).’  

3.6.2 Trees and birds

Some residents liked to see trees, shrubs and/or birds from their sitting space (2 PR, 2 RVI residents); one PR resident 
could ‘look out at the cherry trees and cyprus if I want to and that’s my favourite spot (PR resident).’ Native fauna and flora 
such as tuis, wood pigeons, kowhai and flax were also preferred (2 PU, 1 PR, 1 RVI residents). The presence of trees was 
pleasing, particularly in confined situations (RVI resident). Some people fed birds on their porch or a common deck (1 PR, 
2 RVS residents); ‘As soon as I open my curtains, they’re all sitting on the fence waiting for their breakfast (RVS resident).’   

However, trees and shrubs also limited the views and access to the sun. One PU resident said; ‘Smaller trees, bushes, 
they’re more suited.’ Garden maintenance was also a concern; ‘They only come out and trim them because they’re asked 
to, otherwise they would just let them go mad (PU resident).’

3.6.3 Pets

Some residents had or desired a cat (1 PU, 1 PR, 2 RVI residents). In PU where pets were prohibited, one resident regretted; 
‘it’s a bit of a shame really because cats for the elderly is very good, they have a calming effect.’ Some RVs were pet-
friendly, which was appreciated by residents. However, not all liked pets. A RVI resident was concerned that; ‘Cats might kill 
birds. I love to watch the birds.’ Another RVI resident shooed a cat constantly coming to her flower pots. A PR resident kept 
her cat on a harness in her porch. But the cord was a hazard for her neighbour with limited mobility who regularly visited her.

4. DISCUSSION: DESIGN FOR RELATIONSHIPS

Based on the findings, design considerations for both housing and communities have been identified.   

4.1 Personal dwellings

In the design of dwellings for people with restricted mobility, there should be careful consideration for access and control 
from the sitting area to the outside and, in particular, consideration for views and sound. Spatial organisation that allows 
residents to view visitors coming while being seated improves their sense of control.  The front door should be close enough 
for a voice to reach as well as be within sight of the sitting space. Views to open space and moving things such as people or 
even cars are preferred over views to other buildings. Views to neighbours can motivate conversation. Views to nature such 
as mountains, even partial views can lead to greater satisfaction. Where a house is joined to other houses, soundproofing 
walls is important; however, being too quiet can cause a sense of isolation. 

There should be enough space for visitors in the lounge and a separation of the lounge from the bedroom. Having 
enough space for a sofa bed (being stretched out) or a portable bed in the lounge allows guests to stay overnight, which is 
particularly valuable in one-bedroom units.  For visits with small children, there should be design consideration for the space 
where they will interact with residents.      

The design of a spare room has great potential to facilitate relationships. The second bedroom or the garage was found 
very useful for having guests stay.  For garages, there should be insulation in the walls and roof as well as appropriate 
windows for ventilation and natural lighting for greater flexibility of their use. As the loss of their spouse is a common event 
for the elderly in late life, there should be design consideration to accommodate the change in the number of residents. Even 
a one-bedroom apartment could accommodate a couple with added wardrobe space utilising design strategies to provide 
appropriate privacy between them; for example, adding only a small office can provide greater privacy.  

4.2 Transitional space between in and out of personal dwellings

Doors should not be too heavy to operate easily.  A hinged door with a door closer should be avoided, as it is difficult for 
those with a mobility aid to go through. There should be no level changes at entry thresholds; as even a one-centimetre lip 
can be a hazard. Individual doors leading directly to the outside are preferred over those to a corridor, for greater sense of 
homeliness and convenience.   

There should be enough consideration in the spatial organisation of exterior space and placement of windows to meet 
the needs for high levels of privacy and the desires for views to outside. The solutions include ensuring a level difference 
between the outside ground and the unit, and providing sufficient open space between paths and individual units. Open 
space can also work as an extendable space for accommodating numerous guests or small children who want to play or 
keeping pets; some separation of these spaces from the path is important to prevent residents tripping over children or 
leads.  
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Trees that bloom or attract birds should be placed in regard to the location of windows.  Proximity to the porch can give 
residents a chance to feed birds. The species should be considered for size, leaf cover and ease of maintenance. Tall trees 
should not be planted near resident units as they can block the sun.   

4.3 Complex design 

A complex size of over 200 units should be avoided for greater familiarity and sense of homeliness of residents. In the layout 
of units, attention should be given to the window angle and viewing distance to avoid residents looking into each other’s 
dwelling. For example, one strategy is avoiding parallel blocks. However, having the window in the kitchen facing to the 
neighbour’s window with a 6-meter distance was sufficient to enhance sense of connection and safety of residents, without 
infringing privacy. 

In the design of walking routes, routes should extend to the gate at a minimum or to the outside of the complex. There 
should be a variety in walking routes to meet the needs of individual mobility.  A circular route is better than walking the same 
route there and back. Spaces for resting should be deployed at short intervals, such as at every 20 m. Walkways should be 
wide enough to prevent falls from moving off the path due to unsteadiness. There should be sufficient outdoor lighting for 
greater safety, particularly given that many residents suffer from sight loss. Public access should be limited for heightened 
safety and security through the careful layout of pathways.  Long roadways should be avoided to prevent cars from running 
at high speed. Speedbumps should be used with caution as they are a potential trip hazard. In the transportation planning 
of a large complex there should be attention given to easy wayfinding and comprehensible unit-numbering systems. 

In complexes where residents are invited to tea/meals in the communal space, the room size should accommodate all 
residents while seated. Allowing communal rooms to be adjacent and open to the wider community can facilitate interaction 
with people from the outside. Small communal spaces adjacent to resident units can facilitate social activities that individual 
units could not accommodate. 

4.4 Accommodating diverse needs

The requirements for space vary by residents’ individual factors such as impairments and preferences.  Given that the elderly 
have more complex and severe impairments as they age, the design of their housing should assume accommodating as 
many/severe impairments as possible. To facilitate individual preferences such as those for socialising and for pets, one 
of the solutions is diversifying the design of dwellings and communities so as to expand the options for desirable living 
conditions.  

5. CONCLUSION

This paper has examined the important relationships of the high-needs elderly and the design considerations that can 
best accommodate them. In the design of dwellings, there should be greater consideration given to flexible means for 
providing sufficient space for social activities, and to design for views and sound from inside to outside so as to provide for 
control-of and connection-to visitors, passers-by and nature.  In the complex design, greater attention should be paid to 
walkability and accessibility to the wider community. These design considerations contribute to comfortable and meaningful 
relationships for the high-needs elderly and can thereby enhance their QoL.
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Abstract: Sprawling, low density development dominates and destroys natural landscapes and productive farm land at 
the edges of urban centres. Yet, suburbs continue to grow outwards, requiring continual development of green field sites 
to keep up with housing demand. Additionally, existing dwellings are demolished to make way for new developments with 
minimally increased density, creating waste in an industry that generates over 50% of New Zealand’s landfill. In spite of this, 
New Zealanders’ reported preferences for stand-alone dwellings on private sections and NIMBY attitude challenge higher 
density settlements, perceiving them as less safe, less visually appealing and less able to provide an enjoyable lifestyle. This 
research addresses the need for higher density living within the Wellington suburban context, while attempting to meet 
these challenges through the incremental implementation of accessory dwelling units that fit around existing dwellings. The 
implementation of this strategy has been tested within the Wellington suburb of Kilbirnie through the dimensional analysis 
of existing sites and the iterative design of accessory dwelling units. From this, possible new levels of density have been 
estimated within various areas of the suburb to investigate the feasibility of achieving higher density by adding small scale 
dwellings to front, side and back yard sites.

Keywords: Accessory dwelling units; suburban densification; incremental construction; New Zealand.

1. INTRODUCTION

1.1 The problem

Sprawling development dominates and destroys natural landscapes and productive farm land at the edges of urban centres, 
as well as increasing reliance on private vehicle transport and vehicle miles travelled (Dedek, 2014). Yet, in New Zealand, 
suburbs continue to grow outwards requiring the development of green field sites to keep up with population growth and 
the overwhelming demand for stand-alone housing compared to higher density alternatives (Bryson, 2017). 

Historically, and still prevalent today, New Zealanders have aspired to the ‘quarter-acre dream’, desiring stand-alone 
housing on private land (Bryson, 2017). A 2017 survey found respondents to perceive higher density settlements as less 
safe, less visually appealing, less value for money, less able to provide a good sense of community and less able to provide 
an enjoyable lifestyle (Bryson, 2017). In addition to this, the study found NIMBYism as a challenge for higher density housing, 
with participants reporting objections to having new housing with increased density built on their street (Bryson, 2017).  

Despite these attitudes, housing pressure has caused a surge in construction of medium density housing (Bryson, 2017), 
often achieved through the demolition and redevelopment of lower density sites (Gray Partners Ltd, 2014). The increased 
density of these sites must be weighed against the energy, resource and waste cost of demolition and redevelopment, 
contributing to an industry that is estimated to be responsible for 40% of energy use, 30% of greenhouse gas emissions 
and 136 million tonnes of waste annually (Yung and Chan, 2012). In New Zealand this issue may be more significant, with 
evidence suggesting construction and demolition waste represents up to 50% of waste sent to landfills and almost all waste 
sent to cleanfills, totalling to approximately 1.7 million tonnes annually (REBRI, 2014). 

1.2 The proposed solution

The sustainable development of cities must aim to meet present and immediate needs, without compromising the ability 
to meet changing and uncertain needs in the future (Coyle, 2011). Such needs are inclusive of environmental, economic, 
social and cultural aspects, requiring development strategies to consider the natural environments, resource use, economic 
vitality, community self-reliance, generational equity and individual wellbeing (Yung and Chan, 2012).  

The usefulness of buildings within urban centres contributes to the amenity of public and reduces the need for peripheral, 
car related  development (Dedek, 2014). Therefore, by redirecting growth inward, through densification rather than sprawl, 
centrally located neighbourhoods can be made more useful and desirable places to live (Dunham-Jones and Williamson, 
2008). This can be achieved most successfully in underperforming areas where infrastructure is already in place, most 
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significantly depending on proximity to public transport (Dunham-Jones and Williamson, 2008).  Densification of such areas 
not only ensures accommodation of population growth, but also access to a desirable public realm, with a mix of uses within 
walking distance (Dunham-Jones and Williamson, 2008). 

To address the issue of resistance to increased density, research into urban design has identified the importance of time 
as a dimension in design. Despite the inevitability of change in the urban environment, fast paced change can be distressing 
(Carmona et al., 2010). Alternatively, slow paced, incremental change is seen as comfortable and acceptable (Carmona 
et al., 2010). Change in the urban environment is therefore recommended to be moderated, avoiding comprehensive 
redevelopment, to prevent dislocation and preserve continuity with the past (Carmona et al., 2010). 

Strategies to increase density should therefore fit around existing dwellings and be designed in a manner that allows for 
incremental increases in density over time. One way this may be achieved, which will be further explored by this research, is 
through the implementation of accessory dwelling units (ADUs) within existing residential sites. This will not only contribute 
to the coherence and familiarity of the suburb, but will also ensure minimal demolition waste is created to achieve higher 
density on already occupied sites within existing suburbs. 

2. METHOD

The research analyses and compares existing planning rules within New Zealand to determine their current provision 
for increasing suburban density and the restrictions they pose for ADUs. Following this, a case study suburb within the 
Wellington region is selected, based on sustainable densification criteria from the literature reviewed. Through the use of 
Wellington City Council GIS data, the sites within this suburb are then analysed to determine common site typologies and 
their characteristics.

From the site typologies identified, a range of ADUs are designed based on iterative massing and plan experimentation 
to determine the approximate size and shape of sites needed. These site requirements are then used to test the feasibility 
of each site typology. From this analysis, the resulting density levels able to be achieved are estimated in dwelling units per 
hectare (du/ha) to determine the site typology able to provide the highest density through the addition of ADUs.

The design of ADU for the most successful site typology is then tested further on a range of test sites within the suburb. 
Analysis of resulting shading and sunlight access for the ADUs and surrounding existing dwellings is then done through the 
use of the software 3ds Max, to determine the impact of adding these dwellings to the existing sites. 

3. ANALYSIS OF EXISTING PLANNING RULES

3.1 Current provisions to address the densification of existing suburban areas

The problem of unmet housing demand in New Zealand has been largely addressed with respect to land prices and 
mortgage access, rather than through investigation and implementation of alternative housing strategies (Saville-Smith et 
al., 2017). Strategies that utilise existing residential land, such as the implementation of ADUs, have therefore drawn little 
attention (Saville-Smith et al., 2017).   In addition to this, little consistency in planning policies exists across jurisdictions 
and rules are reportedly poorly articulated, lacking coherent reasoning behind their objectives (Saville-Smith et al., 2017).  
Therefore, wide scale adoption of such strategies may be hindered rather than promoted by district plans. 

The addition of new builds on existing residential sites do not have title requirements, differing from site subdivision, 
however, they must still conform to district planning rules (Saville-Smith et al., 2017). Of New Zealand’s 67 local Authorities, 
44 permit the addition of a residential dwelling on an already built site, while another 7 permit the addition of a dwelling only 
for the purpose of housing family members (Saville-Smith et al., 2017).  Within each Authority, rules relating to the addition 
of an ADU typically vary according to zone, often depending on the existing character and density of the area (Saville-Smith 
et al., 2017). Variation and implications of these rules have been examined further through the comparison of the Auckland 
Unitary Plan and the Wellington District Plan (Table 1). 

3.2 Comparison of the Auckland Unitary Plan and the Wellington District Plan

Both Auckland and Wellington planning objectives are similar in their aim to achieve higher residential intensities within 
already developed areas that are close to existing centres, public amenities and public transport networks. However, 
despite these aims, both Authorities still additionally address growth through provisions for greenfield development of 
rezoned land for new suburbs. 

Both Authorities also aim to ensure that development conforms to the existing suburban character of existing areas, 
respecting existing built form and current levels of property amenity. Rules are most restrictive in areas with lower existing 
density, aiming to maintain and enhance the values of residential neighbourhoods and their spacious lot sizes, informed by past 
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development strategies.  One exception to this is the Wellington District Plan provision for ‘Medium Density Residential Areas’ 
which aims to achieve comprehensive redevelopment that results in moderate to significant increases in residential density 
without a need to maintain the existing character of the area.

Table 1: Comparison of the Auckland Unitary Plan and Wellington District Plan rules for ADUs.     

Number of 
dwellings 
permitted

Max site 
coverage

Max 
height 

(m)

Other dwelling size 
restrictions

Minimum outdoor space 
provision per dwelling 

(m2)

Auckland

Residential – Single House Zone 1 + 1 minor 
dwelling

35% 8 Minor dwelling must not 
exceed 65m2

Minor dwellings: 5 for 
one bed, 8 for two or 

more bed

Residential – Mixed Housing 
Suburban Zone

2 40% 8 Minimum dwelling size 
of 30m²

20

Wellington

Outer Residential Area 2 35% 8 Maximum height of an 
Infill Household Unit is 

4.5-6m 

50

Inner Residential Area 2 50% 10 none 35 (20 must be private)

Rules for ADUs are most restrictive in Auckland’s Single House Zone and Wellington’s Outer Residential Area, likely 
due the existing lower densities of these areas. In these areas, maximum site coverages are low, restricting the footprint of 
dwellings and promoting underutilisation of sites. The size of a second dwelling sited within these areas is also regulated, 
restricted by floor area in Auckland and by height in Wellington. The minimum provision for outdoor space is also high in 
Wellington’s Outer Residential Area, promoting past suburban ideals of large lot sizes. Outdoor space requirements are  
however minimised in Auckland for ‘minor dwellings’, recognising a difference in amenity provision for ADUs.

In the higher density suburban zones, classified as the Mixed Housing Suburban Zone in Auckland and the Inner 
Residential Area in Wellington, rules are less restrictive. The Wellington District Plan allows larger heights and site coverages, 
while posing no additional size restraints on dwellings. However, minimum outdoor space provision is greater in Wellington, 
with additional requirements for minimum private outdoor space, rather than allowing this to be shared between units. This 
again reinforces past suburban ideals for large amounts of private outdoor space.    

4. SELECTION OF A SITE SUITABLE FOR DENSIFICATION

Kilbirnie, a suburb in the outer residential area of Wellington City, has been selected as a case study for this research due to 
the area exhibiting a range of characteristics that are likely to support densification, following recommendations by Dunham-
Jones and Williamson (2008).  These include:

• Public transport infrastructure; Kilbirnie is located on a key transport route from the CBD to the airport, planned for 
investment and upgrade of public transport and roading as part of the Wellington City Council (WCC) 10 year plan 
(Macleod, 2014).

• A mix of uses in walking distance; Kilbirnie contains a central shopping area, schools, a number of sports and 
recreational facilities, a large area of public park land and borders the town belt.

• The ability to become an economic engine and destination: Kilbirnie has a large proportion of commercially zoned 
land located at its centre. 

Due to its location, existing infrastructure and amenity, a portion of the residential area within Kilbirnie was zoned by 
the WCC in 2010 for medium density housing (Gray Partners Ltd, 2014). However, despite this zoning change, very little 
development has taken place since then (Gray Partners Ltd, 2014). Financial feasibility studies have attributed this largely to 
the small scale of land parcels available, requiring developers to take a very long term stance to development, needing to 
acquire multiple adjoining lots as they become available for purchase to receive any substantial profit margin (Gray Partners 
Ltd, 2014). Due to this, the smaller scale implementation of ADUs on an individual plot scale may provide a more financially 
feasible solution to increasing density in the suburb. 
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4.1 Common site typologies identified

Three common site typologies have been observed within a range of residential areas within Kilbirnie (Figure 1). These 
consist of:

• Front yards, located within the front setback between existing houses and property boundary facing the street. 

• Side yards, located within the strip of land between neighbouring dwellings (measured between dwellings, across 
site boundaries)

• Back yards, located within the land behind existing dwellings, within property boundaries

Much of this land is underutilised, often created by planning rules within the district plan mandating minimum front and 
site yards, as well as maximum site coverage. Potential use of this land in achieving higher density housing without reduction 
in quality or amenity follows recommendations by Marriage (2014). This calls for the relaxation or deletion of restrictive, 
and perhaps outdated, District Plan mandates in New Zealand suburbs that create low density suburbs with considerable 
wastage of land. 

5. INITIAL DESIGN OF ADUS

Experimentation through iterative plan and massing studies has been undertaken to determine a minimum sized one or 
two bedroom dwelling, including kitchen, bathroom and living space, suitable for each site typology. Successful designs 
(Figure 1) have been selected based on size efficiency, integration of outdoor space and the privacy of window outlook for 
the ADUs and existing dwellings. 

5.1 Design of building form and fenestration for privacy and amenity

Due to current preferences for stand-alone housing with private outdoor space (Bryson, 2017), maintaining the privacy of 
existing dwellings and their outdoor space, as well as providing privacy for the ADUs has been considered as an important 
issue, driving the development of form and fenestration.  

For front yard dwellings, amenity of access to the existing dwelling is maintained by minimising the width of the ADU to 
ensure at least 2m of space along the side of the ADU to allow access to the existing dwelling’s front door. Privacy issues 
for the ADU are minimised by disallowing windows on the street facing side of the building and by creating an L-shaped 
form to frame the outdoor space and set back the windows from the existing dwelling. 

For side yard dwellings, privacy for the ADU is created by restricting windows to the front and rear of the building only. 
This ensures no windows along the length of the dwelling that may look into the side windows of existing dwellings. The 
long form may also work to improve the privacy of existing dwellings, preventing overlooking of outdoor space across the 
site boundary by creating a boundary wall. 

For back yard dwellings, the form and plan layout allows the ADU to wrap around the site and provide private courtyard 
spaces. Openings are therefore only created on walls looking into these courtyards and disallowed on walls bordering 
property boundaries, or the back of the existing dwelling. Garden walls are employed above eye height around these 
courtyards to provide further privacy. 
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Figure 1: Initial designs of ADUs for front, side and back yard sites. (source: author) 

The resulting minimum site dimensions for these dwellings for each site type as follows:

• Front yards: 5300mm x 9300mm

• Side yards: 3000mm x 15000mm

• Back yards: 7000mm x 9100mm

6. DENSITY ANALYSIS OF AVAILABLE SITES

The levels of density able to be achieved through the addition of ADUs on the identified site typologies have been estimated 
for a range of areas within the suburb, each with varying initial densities (Table 2). This has been done based on the available 
site sizes and shapes around existing dwellings, informed by the initial ADU plan and massing studies. Due to the varying 
configuration of sites and openings of existing dwellings for sunlight access, some of these sites are more feasible than 
others.
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Table 2: Levels of density achieved across the sites investigated.

Average 
width (m)

Average 
length (m)

Topography Number of 
suitable sites

Density (du/ha) Density 
increase

Area 1         Existing: 24.2  

Front yards 15.3 7.4 Flat 31 33.6 39%

Side yards 4.2 40.3 Flat 25 31.8 31%

Back yards 15.3 16.3 Flat 22 30.9 28%

Area 2         Existing: 31.5  

Front yards 9.1 4.7 Flat 3 33.6 7%

Side yards 1.5 34.9 Flat 1 32.2 2%

Back yards 9.1 12.0 Flat 46 63.0 100%

Area 3         Existing: 14.8  

Front yards 13.5 11.0 Flat-sloped 28 26.7 80%

Side yards 4.9 41.5 Sloped-steep 17 22.0 48%

Back yards 14.5 16.7 Sloped-steep 30 27.6 86%

6.1 Front yards

Front yard sites provide the most promise in terms of access, both in terms of access to the dwelling from the street and 
access to daylight. These benefits to the ADU however are likely in most cases to directly reduce these benefits for the 
existing dwelling on site, restricting their access from the street, and on smaller sites, reducing their daylight access. Despite 
this, a large number of the front yard sites in Kilbirnie already contain garage structures, showing acceptability for building 
on these sites. These negative impacts would also be limited to the immediate site, with minimal impact on neighbouring 
properties. Dwellings on these sites would also provide the opportunity to make use of underutilised land, typically unused 
as recreational yard or garden space due to its proximity to the street. This proximity to the existing road may pose issues 
for the ADU in terms of privacy and acoustics, however, this may be mediated through careful design of openings. 

The use of front yards has achieved increases in density in both Area 1 and 3 (Table 2). This has been most successful 
in area 3 where initial density was very low due to large section sizes allowing existing dwellings to have large setbacks from 
the street. Front yard sites have been largely unsuccessful in Area 2 due to the small distance of front yard setback between 
existing dwellings and the road in this area. Overall, the width of the site between neighbouring properties has typically been 
sufficient, causing the length of the site between the existing dwelling and the road to limit site usability. 

6.2 Side yards

Side yard sites provide the opportunity to minimise impact on existing urban patterns, impacting neither existing street 
setback patterns, nor the openness of existing back yards. Side yards are easily accessible from the street and are currently 
the least utilised sites, lacking the size or privacy for garden or recreational space. However, these sites are often used on 
one side of each property for driveway access to back yard garages which may limit building on these sites. These sites 
are the least available within the suburb and are typically only narrow strips, requiring close proximity to existing dwellings 
and restricting the possible width of ADUs. This would also limit daylight access to the ADU and the existing dwellings, 
although window openings are already minimal along the sides of existing dwellings. Another limitation of these sites would 
be a common requirement to locate the dwelling over the boundary of two existing properties to gain sufficient land width. 

The use of side yards has been moderately successful in increasing density in both Area 1 and 3 (Table 2), limited by 
the large proportion of existing dwellings located too close together to allow another dwelling to fit between. Area 3 typically 
provides the most width of these sites, however the steepness of many of these sites provide a challenge for long, narrow 
dwellings. Side yard sites have been unsuccessful in Area 2 due to very narrow side yards between existing dwellings, wide 
enough only for vehicle or pedestrian access to the back yard. Overall, length of these has not been an issue. 

6.3 Back yards 

Back yard sites present the most promising opportunity in terms of size and distance from existing dwellings, minimising 
possible negative impacts on daylight access and privacy for the ADUs and the existing dwellings. However, despite having 
the least impact on the site the ADU is added to, placing the structure close to property boundaries may cause this typology 
to have the greatest impact on neighbours’ properties and receive objection. Back yards are also the most currently utilised 
areas of land, providing space for recreation, gardens, garages and storage structures, especially in Area 1 and 2. In addition 
to this, private back yards reportedly provide a key amenity that makes lower density suburban living desirable (Bryson, 
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2017). Access to these sites is also the least convenient, requiring thoroughfare past the existing dwelling, although, this 
may be somewhat mediated by the prevalence of existing driveways along the side yards of most properties.  

Back yard sites have achieved the highest levels of density overall, creating the largest increases in density in both Area 
2 and 3 (Table 2). A smaller increase in density can be seen for Area 1, limited not by site suitability, but by the already 
existing implementation of ADUs and site subdivisions that utilise back yard sites in this area. Similarly to front yard sites, 
the width between boundaries is not typically an issue, but rather the length of the site between the existing dwelling and 
the back site boundary.

Therefore, back yard sites have been selected as the most successful site typology within the case study suburb of 
Kilbirnie. 

7.  TESTING OF BACK YARD ADUS 

The feasibility and suitability of the back yard ADU design has been tested and further developed through siting the dwellings 
on four neighbouring properties within three areas of Kilbirnie. Sunlight access and the impacts of shading have been 
analysed using the software 3ds Max to determine the success of the design, as well as the resulting impact on the existing 
sites and dwellings (Figure 2).  

Figure 2: Sunlight analysis of ADUs implemented in three sites within Kilbirnie. (source: author) 
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Sunlight studies show the implementation of the back yard ADU design is least successful on the North-South running 
backyards, as Northern sited ADUs shade the ADUs on the neighbouring back yards behind them considerably. These 
also have the greatest impact on shading the yards of the existing dwellings. East-West running sites are more successful, 
allowing sun into the courtyards of the ADUs in both summer and winter. These also have a lower impact on shading in 
the yards of the existing dwellings. The sloped site is the most successful, utilising the topography to step dwellings down 
the slope to allow maximum sunlight access to the ADUs and their courtyards. Overall, the ADUs on all sites have very little 
impact on the sunlight access of existing dwellings. 

8. CONCLUSION

The implementation of ADUs has been explored within the suburb of Kilbirnie to determine the levels of density able to be 
achieved through the incremental addition of units, while respecting existing dwellings. This attempts to address the need 
for higher density living, while meeting the challenge of construction and demolition waste, as well as New Zealanders’ 
preferences for low density, suburban living with private outdoor space. 

Available pieces of land around existing dwellings, characterised as front, side and back yards, all present significant 
limitations with respect to access, daylight and privacy. However, through sensitive architectural design, ADUs could better 
utilise this land to increase density without compromising quality of living within the suburb. The sizes of these fragmented 
sites have provided the biggest challenge, often insufficient for the minimum floor area needed for an ADU.

Siting ADUs on back yard sites has been found to be most promising, allowing sufficient land to site two bedroom ADUs 
with private courtyards. Sunlight analysis has found siting of these dwellings to be most successful on East-West running 
blocks of housing, as well as on sloped sites, to provide the most sunlight access year round to the ADUs, as well as the 
yards of existing dwellings. 

Further research will look at the development of construction strategies to implement these ADUs on existing sites, 
exploring the possibilities of prefabrication and addressing issues of site access. 
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Abstract: Economic growth often results in an increased demand for energy and resources. This is the case of Chile, 
a country that although has managed to become a leading economy in the South American region, is still strongly 
dependent on extractive industries and imported fossil fuels. In this context, the Chilean building sector is one of the largest 
consumers of energy and resources while responsible for a significant amount of its waste and greenhouse gas emissions. 
Although this has prompted initiatives targeting sustainable construction practices and building operational efficiencies, a 
comprehensive approach to account for the complete life cycle environmental performance of buildings remains an unmet 
need in part due to the lack of information on the performance of individual building materials. This paper addresses this 
issue by proposing a methodology to inform the compilation of hybrid life cycle inventories of Chilean building materials. The 
proposed methodology focuses on (a) gathering economic input-output, process-based, and environmental data, (b) data 
pre-processing, and (c) combining this information to generate hybrid coefficients based on the Path Exchange Method. 
The proposed methodology then used to calculate the embodied energy of seven locally manufactured building materials, 
demonstrating its capacity to inform the development of a comprehensive life-cycle inventory for Chilean building materials.

Keywords: Life-cycle assessment; hybrid analysis; inventory assessment; building materials; embodied energy; Chile.

1. INTRODUCTION

Over the past decades, the Chilean economy has been one of the fastest growing in Latin America, becoming the first 
country of the region to join the Organisation for Economic Co-operation and Development (OECD) in 2010 and being 
officially recognised as a high-income economy by the World Bank in 2013. A consequence of this unprecedented 
growth has been a substantial increase in its internal demand for energy and resources. Over the past 20 years, Chile has 
quadrupled its electricity requirements and more than doubled its gross demand for primary energy, putting the country in a 
situation of high vulnerability due to its strong dependence on imported fossil fuels (Giljum, 2004; Ministry of Energy, 2012). 
Acknowledging that energy efficiency is key for the future of the country, the 2050 National Energy Policy defined four pillars 
for strategic planning including quality and security of supply, energy as a driving force for development, environmentally 
friendly energy, and energy efficiency and energy education (Ministry of Energy, 2014).

In this context, the building sector has become a key target for environmental policy. According to official statistics, the 
Chilean construction industry was responsible for close to 26% of the total energy and material use of the country, 6% 
of its water consumption, 34% of its waste products, and 33% of its greenhouse gas (GHG) emissions (Government of 
Chile, 2013). This motivated the National Energy Policy to mandate for all new buildings to meet OECD standards by 2050. 
However, the lack of information and awareness about the environmental performance of building materials threatens to 
limit the benefits of this initiative as the effects of production activities can offset operational savings (Yohanis and Norton, 
2002; Crawford, 2011).

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.399–406. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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Life cycle assessment (LCA), also known as cradle-to-grave analysis, is the most common approach to evaluate the 
impacts and loadings of production activities on the environment from the extraction of raw materials until disposal or recycling 
(Crawford, 2011; Curran, 2013). This process comprises four main stages starting from the definition of the goal and scope 
of the assessment, life cycle inventory (LCI) analysis, life cycle impact assessment (LCLA), and interpretation of the results 
(International Standard 14040, 2006). LCI analysis, in this context, focuses on compiling information about the inputs and 
outputs of a production system to enable quantification of its environmental impacts (International Standard 14044, 2006), 
hence its importance in conducting an LCA (Islam et al., 2015). There are three main approaches to compiling such life 
cycle inventories, i.e., process analysis, economic input-output (EI-O) analysis, and hybrid LCA (Crawford, 2011). Whereas 
process analysis focuses on collecting information about the different processes involved in a production system often with 
primary data acquired from individual manufacturers, EI-O analysis uses macroeconomic data delivered by state agencies 
to quantify these embodied flows at a regional level (see Joshi, 2000; Suh and Huppes, 2002; Miller and Blair, 2009). Each 
of these approaches has its advantages and limitations in terms of accuracy and completeness. Process analysis enables 
compiling information with a level of detail that cannot be achieved using aggregated macroeconomic data; however, the 
resulting inventories are inherently incomplete due to the scope of the information included in the analyses. EI-O analysis, 
in contrast, provides a comprehensive system boundary that is nonetheless limited by the aggregation of data to industry 
sectors. In this context, hybrid analysis aims at overcoming these limitations by combining the specificity of process analysis 
with the completeness of EI-O analysis (Bullard et al., 1978; Treloar, 1997; Crawford, 2008; Crawford et al., 2018).

Although several studies have relied on LCA methods to quantify the impacts of different production activities of the 
Chilean building industry on the environment, these have been often limited by the unavailability of LCIs specifically developed 
for its construction sector and thus have resorted to international datasets that may not reflect the local context in enough 
detail (e.g., Oyarzo and Peuportier, 2014; Cardenas et al., 2015; Cataldo-Born et al., 2016). In parallel, field research 
conducted in the Bio-Bio region has compiled rich process data from primary sources and enabled the quantification 
of embodied energy and carbon emissions from both in the manufacturing of building materials and in the construction 
process (Muñoz et al., 2012; Muñoz, 2013; Muñoz and Quiroz, 2014). However, to date no comprehensive LCI of Chilean 
building materials is available. This paper addresses this gap by (a) identifying publicly available sources of environmental 
data, (b) explaining how EI-O and process data can be combined to provide a comprehensive system boundary when 
quantifying the environmental effects associated with the production of specific building materials, and (c) discussing the 
implications of developing this inventory. In this sense, this paper presents the methodology behind an ongoing initiative 
focused on developing a comprehensive hybrid LCI of locally manufactured building materials intended to inform strategies 
to improve the life cycle environmental performance of buildings in Chile.

2. METHODS

One of the factors delaying the development of comprehensive LCIs of Chilean building materials is the limited amount of 
reliable and relevant data. This section describes the approach used to compile LCIs of Chilean building materials. This 
includes an overview of the data used and an explanation of the data pre-processing and hybridization methods.

2.1 Data gathering

The first step in compiling the proposed LCI consisted of identifying and gathering relevant data that may be available. This 
section presents the sources and describes the characteristics of the EI-O, process, energy and cost data used for this 
study.

2.1.1 Economic input-output data

The two main sources of EI-O data for Chile are the OECD and the Chilean Central Bank. The OECD provides a series of 
harmonised industry to industry EI-O tables for all member countries and 27 non-member economies in US dollars (USD) 
from 1997 to 2011 (OECD, 2018a). The main advantage of these datasets is to enable structural analysis of industrial 
relationships at an international level. However, the number of sectors included in these tables is often less than those found 
in national statistics reports. Although there is no official program in place focused on delivering statistical data in the form of 
EI-O tables, five of these macroeconomic datasets have been generated by the Central Bank of Chile as part of the national 
public accounts program since 1985 (Central Bank of Chile, 2018). The last of these statistical reports, delivered in 2016, 
focuses on the state of the Chilean economy in 2013 and includes EI-O tables for 111 activities as well as related statistics 
for 181 products. These EI-O tables are publicly available including direct coefficients and Leontief inverse matrices as well 
as the input-output table in billions of Chilean pesos (CLP). This study uses this 2013 dataset as the level of disaggregation 
and date of delivery is expected to provide more accurate results than other available sources of information.

2.1.2 Process data

Currently, there is no process data reflecting energy consumption or other environmental flows by the Chilean industry 
nor regulation in place to promote the delivery of environmental product declarations (EPDs) by local manufacturers. 
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Nonetheless, a number of research projects and public-private initiatives have produced limited but rich information that 
can be used to assess the environmental flows embodied in the manufacturing processes of a set of local materials, namely 
(a) the International EPD system, (b) the DAPCO program, (c) the ECOBASE initiative and (d) a PhD thesis by Muñoz (2013). 
At the date this paper is being written, only two official EPDs were available in the international EPD system, for steel 
profiles and reinforcing bars both delivered by the same provider. In parallel, this study makes use of EPDs prepared under 
the DAPCO program, a public-private initiative joining ministries, industry, and academia with the objective of generating 
a comprehensive EPD portfolio for the Chilean construction sector. Although this portfolio is still to be made available to 
the public, some of these EPDs could be accessed directly through manufacturers’ websites. The ECOBASE initiative, 
developed under the DAPCO program, reports embodied environmental flows for different types of timber, concrete, clay 
brick, steel and gypsum boards. Lastly, Muñoz (2013) gathered field data from local manufacturers in the region of Bio-
Bio, central-southern Chile, making available embodied energy consumption in the production of sawn timber, cement, 
ready-mix concrete and clay bricks. Whereas the EPDs and ECOBASE factors combine field data with environmental 
flows generated using the LCA software SimaPro 8 and the ecoinvent LCI database, Muñoz (2013) reports primary data. 
This study uses information from these different sources, as summarised in Table 1, but may be extended to others when 
available (for details of all the environmental flows see Bunster and Crawford (2018a)).

Table 1: Embodied energy of selected building materials for Chile.

Material Energy (MJ/kg) * Year Source

Sawn pine 1.458 2013 Muñoz, 2013

Clay brick 4.000 2013 Muñoz, 2013

Cement 2.632 2013 Muñoz, 2013

Steel profiles 18.050 2017 International EPD System

OSB panel 9.889 2015 ECOBASE

Gypsum board 9.194 2016 DAPCO EPD

Glass wool 8.155 2016 DAPCO EPD

* Note: Values adjusted from original functional units using weights described in Table 2 

2.1.3 Energy data

The Chilean national energy balance (or BNE, for its Spanish acronym) is a collection of energy flows that accounts for 
the total supply of energy available in the country in a calendar year that enables quantifying how the main sectors of the 
economy use this supply. The BNE 2013 reported the annual energy use of Chile categorised in 26 fuel types and 26 
sectors (Figure 1) (for the complete 2013 dataset, see Ministry of Energy, 2018). 

Figure 1. Overview of energy flows in Chile for 2013, in Tcal (adapted from: Ministry of Energy, 2018).

Towards a comprehensive hybrid life cycle inventory for Chilean building materials
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2.1.4 Material costs

EI-O data quantifies annual transactions between industry sectors in local currency. Hence, to quantify the energy or other 
environmental flows embodied in these monetary exchanges the costs of different building materials need to be matched 
to the units used in the process data. In this case, this was done by accessing current prices of one of the largest retailers 
in the Chilean building industry (i.e., SODIMAC Constructor©) before adjusting them by a factor of 0.84756 to account 
for inflation rates from 2013 to 2018 based on OECD currency exchange records (OECD, 2018b) to match the period 
reported in EI-O data. Table 2 summarises these retail price projections based on the current weight and price of the retailed 
materials.

Table 2: 2013 retail price projections for different materials included in the assessment.

Material Product dimensions Product weight
Retail price 

(CLP in 2018)
Price projections 
(CLP/kg in 2013)

Sawn pine 2” x 2” x 3.2 mts 4 kgs 1,420 300.88

Clay brick 29 x 14 x 9.4 cm 3.9 kgs 490 115.36

Cement 65 x 45 x 18 cm 25 kgs 3,580 121.37

Steel profiles 10 x 10 x 6,000 x 1 mm 4.71 kgs 9,290 1,672.73

OSB panel 244 x 122 x 0.95 cm 20.24 kgs 9,190 384.83

Gypsum board 240 x 120 x 1 cm 10.5 kgs 4,990 402.79

Glass wool 0.05 x 0.6 x 10 mts 9.6 kgs 15,790 1,379.69

2.2 Data pre-processing

After gathering and selecting the data, the second step for the development of the proposed LCI is to adjust its format and 
structure before hybridisation. Three main issues exist in the data presented in Section 2.1. These include differences in file 
format, functional units and lack of straightforward concordances between different data sources. This section describes 
the pre-processing procedures conducted to overcome these issues.

2.2.1 File format

Whereas EPDs and Muñoz (2013) are delivered in pdf format, the data in the ECOBASE dataset can be accessed from 
macro-enabled worksheets in xlsm format.  This data was transferred into a series of spreadsheets (xls) to enable the 
functional unit transformations described in Section 2.2.2. After transformation, the data was stored as a series of csv files 
to be used in the data hybridization step.

2.2.2 Functional units

Different sources report environmental flows of manufacturing processes using different functional units, including MJ/m3, 
MJ/ton, kg oil eq./m3, MJ/m2 and kWh/kg among others, while EI-O tables report annual transactions in billions of CLP, and 
BNE annual energy consumption in Tcal for different fuels. All declared units were transformed to MJ/kg using the standard 
formulas and retailer data to establish volume to weight ratios when required (Table 2).

2.2.3 Concordance matrices

The last step of pre-processing involved identifying concordances between macroeconomic, energy and process data. 
The different industrial activities contained in Chilean EI-O tables are defined according to the United Nation’s international 
standard for industrial classification of all economic activities (CIIU for its Spanish acronym) (United Nations, 2009). 
Accordingly, this document was used to identify the activities that best matched the system boundaries described in the 
supporting documentation of process and energy data (Ministry of Energy, 2017) (see Bunster and Crawford (2018b)).

2.3 Data processing and hybridisation

The last step for compiling the proposed LCI of Chilean construction materials consists in the hybridisation of available data 
using the Path Exchange (PXC) method. This section presents the procedures involved in using this method to hybridise the 
process and EI-O data described in Section 2.1.
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2.3.1 Energy satellite

EI-O datasets are combined with sector-based environmental data, also known as ‘satellites’, to conduct environmentally 
extended input-output analyses. As no energy satellite is available to be used on the Chilean data, one was specifically 
developed for this study. The first step consisted of selecting EI-O activities that can be assumed to reflect the consumption 
ratio among different industry sectors. In this study, this was done using activities 45, 64 and 67, i.e., elaboration of fuels, 
generation of electricity and supply of gas and steam. The total expenditure for these three activities was used as a proxy 
to allocate the energy consumption described by the BNE 2013 (Section 2.1.3) and using a concordance matrix described 
in Section 2.2.3. Whereas the relationship between some EI-O and BNE sectors was straightforward (e.g., one to one 
relationship for copper mining) some industries required substantial disaggregation to allocate energy data (e.g., 46 to 1 
relationship for various industries) (for details, see Bunster and Crawford (2018c)).

2.3.2 Structural path analysis

The first step in the hybridization process involved conducting a structural oath analysis (SPA) of the EI-O data. SPA is a 
methodology that enables tracing back and quantifying the transactions involved in the total expenditure of an economic 
activity, thus unveiling the value chain behind the delivery of a product (Miller and Blair, 2009; Hong et al., 2016). This 
methodology is common practice in EI-O analysis and is often used to quantify the environmental flows behind industry 
sectors at a regional or national level (e.g., Lenzen, 2002; Chang et al., 2013). Treloar (1997) proposed using SPA as a 
means to hybridise EI-O and process-based flows, as it allows mapping and ranking the environmental intensity of the 
different industry pathways involved in the delivery of a product. SPA is the basis of the PXC method that was developed 
by Treloar (1997), and later validated in the building industry by Crawford (2008) and formalised by Lenzen and Crawford 
(2009). Recent work focused on automating this methodology using computer programming has been reported by Crawford 
et al. (2017) and Bontinck et al. (2017). While one of the software tools developed in these studies was used to conduct 
the SPA of the Chilean EI-O data (Stephan et al., 2018), the hybridisation process was conducted manually as described 
in the following section.

2.3.3 Generation of hybrid coefficients

After conducting the SPA, the environmental flows related to different EI-O transactions (i.e., nodes) can be visualised and 
thus exchanged with process data. Before conducting this PXC, the supporting documentation of the process data was 
used to identify the system boundaries associated with the embodied energy associated to each material. Based on this 
information, any EI-O node included in process data calculations (e.g., preparation of fuels, freight transport by road and 
raw materials mining) was identified visually and culled manually from the EI-O data. In parallel, any node included in an 
aggregated EI-O sector but not part of the manufacturing process was culled if it contributed more than 1% to the total 
(e.g., copper mining in the case of steel profiles). The culling process focused on nodes and pathways contributing more 
than 0.05% to the total energy of the EI-O sector; any other pathway was assumed to be part of the supply chain ignored by 
a process analysis. After this culling process, the energy intensity of the reminding EI-O nodes was summed and converted 
from energy units per CLP to the functional unit of each material using the factors described in Table 2. They were then 
added to the process-based values for each material to form the hybrid embodied energy coefficients.

3. RESULTS AND DISCUSSION

Figure 2 summarises the results of the compilation of hybrid embodied energy coefficients for the selected materials. While 
the mean contribution of EI-O data to the embodied energy of materials was 28.7%, the largest was for sawn pine with 39.2% 
of the total, and the smallest for OSB boards with 21.7% of the total. This demonstrates the considerable incompleteness 
associated with pure process analysis and the importance of using EI-O data to improve the comprehensiveness of 
embodied energy coefficients (for details, see Bunster and Crawford (2018d)).
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Figure 2. Hybrid embodied energy coefficients of the selected materials showing process and EI-O data components.

Previous studies have concluded that the energy consumed during the operational stage of Chilean buildings is 
significantly higher than that embodied in other stages of their life cycle (Muñoz and Quiroz, 2014; Oyarzo and Peuportier, 
2014). Although this may be a consequence of the poor performance of the existing building stock and the lack of a 
thorough thermal regulation (Bustamante, 2013; Bunster et al., 2017), the impact of the energy embodied in other stages 
of the buildings’ life cycles the may not be fully understood in the absence of a comprehensive LCI of locally manufactured 
building materials. In this sense, although preliminary, the results presented in this study suggest that the process data 
that is currently available to conduct this type of assessment in Chile does not account for the full extent of the energy 
embodied in the supply chain of different building materials. These differences might seem minor when looking at the 
amount of the energy consumed during the operational stage of building. However, as thermal codes become more 
effective in reducing the use of active space conditioning systems, and LCA more accurately reflects processes such as 
maintenance, replacement and addition of new materials, the impact of these differences increases and the need for more 
reliable environmental flow coefficients becomes even more important (Yohanis and Norton, 2002; Stephan et al., 2013, 
Crawford et al., 2016).

The accuracy of hybrid LCI analysis depends on the capacity of the EI-O model to replace the embodied flows missing 
in process data and avoid overestimation due to issues such as double-counting (Yang et al., 2017; Crawford et al., 2018). 
Although the nature of Chilean data results in high levels of uncertainty when conducting hybrid LCI analysis (evidenced by 
the high proportion of EI-O data), the results do account for stages of the supply chain that are otherwise ignored and thus 
result in more comprehensive embodied environmental flows. Furthermore, this approach can be used to overcome the 
limitations of environmental flow coefficients developed using generic process data and therefore fill gaps that otherwise 
limit the usefulness of LCAs of the built environment in the Chilean or similar contexts.

4. CONCLUSIONS AND FURTHER RESEARCH

This paper presents the methodological foundations for the development of a comprehensive hybrid life cycle inventory for 
Chilean building materials. It argues that current initiatives focused on minimising the impacts of the Chilean construction 
industry on the environment may be limited by the unavailability on reliable sources of information to assess such impacts 
beyond the operational stage of buildings. Accordingly, this paper identifies currently available sources of information to 
propose a method to compile life cycle inventories combining publicly available EI-O and process data with official energy 
consumption statistics and retailer cost information. The proposed method is a simplified version of the PXC method that 
consists of three main phases, i.e., data gathering, data pre-processing, and data hybridisation. The data gathering stage 
consists of searching and storing any available sources of information that may help to conduct the analyses. Then, the 
data pre-processing stage focuses on structuring and formatting selected datasets towards informing the generation of 
embodied flow coefficients through their combination. Significantly, in the Chilean case this stage requires the definition 
of ‘satellites’ and costing criteria to match embodied flows and macroeconomic data. Lastly, the data hybridisation stage 
focuses on generating these embodied flow coefficients by exchanging parts of the EI-O supply chain with available process 
data using SPA and the PXC method.

The method described above has been implemented and demonstrated in the development of embodied energy factors 
for seven building materials manufactured in Chile. Although limited in size and scope, these preliminary results illustrate 
the potential of the method to inform LCA in contexts where information is often scarce as well as the capacity of the 
resulting coefficients to account for environmental flows generally disregarded in process data. Future research will focus 
on generating and delivering a comprehensive LCI of Chilean building materials, including embodied energy, materials, GHG 
emissions and water, aiming to inform more sustainable practices in the building industry. Further work will also focus on 
refining the method and assumptions described in this paper to increase the reliability of the resulting coefficients.
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Abstract: In this paper, a theoretical framework was developed to assess optimization of diverse vertical wind climate in tall, 
residential buildings in enhancing indoor comfort. A total of 200 papers were reviewed in respect to two subject areas; i.e. 
preferred air speeds for indoor comfort and vertical climatic behaviour around high-rise buildings. Both subject areas were 
then combined to create an air-flow responsive Theoretical High-rise Model (THM) in relation to a tropical, tall residential 
building, as the base framework. The TMH reveals that the façade should be integrated with different interventions when 
responding to both, the diversity of wind climate around the building and its height. The evaluation involved assessing of 
design strategies employed on buildings in 3 key areas: reducing internal heat gain, enhancing preferred air flow distribution 
across the unit layout and utilizing the vertical climate diversity to harness the preferred air speed along the full height.  

Results from the field investigation on 43 residential buildings revealed that buildings that do exist in the studied context 
have poor implementation of design strategies, when it comes to harness the vertical wind climate for preferred air flow 
speed with building height. Furthermore, it was found that uniform facades, repetitive floors and symmetrical building forms 
were found to be most common building characteristics in this building population which is contrary to the projections by 
the THM. 

Keywords: Tall residential buildings; Preferred air speed; Diversified façade architecture; Vertical climate diversity; Tropics

1. INTRODUCTION - INCREASING BUILDING HEIGHT   

As the world’s population continues to grow, amounting to nearly 7.6 billion as of mid-2017, over half of the population can 
be observed to be residing in urban areas. (UNDESA, 2017) In 1950, when the world’s population was a mere 2.5 billion, 
there were 83 cities housing over a million people (compared to 12 in 1900). There are now more than 520 million such 
cities, 30 of which have a population of over 10 million, and 12 of which have over 20 million inhabitants.(Drew et al., 2015) 
Urban areas are now more likely to be found in poor countries than in the past. In addition, an increasing number of such 
areas can be observed within tropical countries. At present, the tropics are home to around 40% of the global population 
and with the current growth rate it is estimated that the region will be a congested abode for more than half of the world 
population by 2050.  (UNDESA, 2014)

The concept of high density verticality has been accepted as a solution to control the fast growth and urbanization of 
cities around the world. (Oldfield, Trabucco, & Wood, 2014; Resch, Bohne, Kvamsdal, & Lohne, 2016) Although the Asia, 
and in particular China, dominate tall building construction globally, the growth is not limited to a specific geographic region. 
There are 543 cities around the world which embrace at least one building taller than 100m as a significant element within 
their urban realm. (Oldfield et al., 2014) The total number of buildings over 200m in the world is now at 1,319, an increase 
of 402% from 2000 when only 263 existed. (CTBUH, 2017) In consequence, the definition of “tall” has also been altered 
over time. As per the CTBUH definition, a building over 200m is defined as ‘tall’, over 300m is ‘super tall’ and over 600m 
is ‘mega tall’.

The functional share of global tall buildings in 2017 showed a large shift from all-office and mixed-use functions towards 
all-residential towers. All-office building completions fell to 39% of the total from 52% in 2016. Correspondingly, buildings 
with all-residential functions spiked to 34% of the total; a marked increase from the 15% of the total last year. (CTBUH, 
2017) Since people spend nearly 87% of their time indoors and over half of such time in the comfort of their homes, (Xue, 
Mak, & Ai, 2016) incorporating passive design strategies in tall residential buildings in the tropics could contribute towards 
a significant reduction in high energy consumption levels thereby curtailing global warming.

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.407–415. ©2018, The Architectural Science 
Association and RMIT University, Australia.



408

Figure 1: Tall building height profile by year (source: CTBUH)

2. PREFERRED CHOICE FOR COOLING IN TROPICS

Tropical climates are identified with hot, wet summers, high humidity levels and slight diurnal variations. Thus, air movement 
is regarded as a crucial requirement in enhancing indoor thermal comfort (Carrilho da Graça & Linden, 2016) and has 
remained as one the most significant passive control techniques in majority of residential buildings as well. Research further 
shows that the acceptable thermal comfort range for naturally ventilated buildings is higher than that of buildings with 
standard mechanical HVAC systems. (Dear & Brager, 2002; Zhai, El Mankibi, & Zoubir, 2015)

2.1 Preferred air speed 

Air velocity affects both convective and evaporative losses and thus determines thermal comfort conditions. However, 
many studies conducted primarily in tropical climates (de Dear 1991, Mallick 1996, Hien and Tanamas 2002) confirm that 
the increase in air velocities, especially at higher temperatures, enhances thermal comfort conditions. According to Kukreja 
(1978), indoor air speed in warm climates should be set at 1.00 – 1.50 m/s (Santamouris, 2006). Srivajana (2003) proposes 
an air speed between 0.4 - 1.8 m/s for light activity. Due to heavy clothing and heavy activity levels, however, the preferred 
air speed is much higher. (Du, Li, Liu, Wei, & Tan, 2018)

2.2 Limitations in air speed 

Air movement itself has a duality which can create a pleasant feeling during a given time and discomfort at another. This 
unwanted air movement is called a draught and is typically experienced when the thermal sensation of the human body 
is cool. The published data relating to quantitative assessment of this cooling effect show significant variations. Evidence 
reveals a linear rise of the cooling effect with air velocities up to 1m/s which gradually diminishes with elevated velocities 
beyond the limit of 1m/s. Szokolay (2000, 1997) compares the cooling effect (extensions to the comfort zone) of different 
air velocities derived from the collective evidences of eleven different studies by others, and proposes a rational medium of 
cooling effects related with such air velocities up to 2m/s.  (Rajapaksha 2018)

According to the Beaufort scale, wind speed can range from calm to a hurricane. Therefore discomfort also occurs 
with the increasing scale of the wind beginning at a mean wind speed of 5 m/s which presents hair and clothing flapping 
and dust and loose paper blowing about. (Blocken & Carmeliet, 2004) Thus the scale of the wind speed may also override 
any desirable cooling effect and consequently avert user preference for natural air flow as it can become troublesome for 
household activities.

Therefore when optimizing a building for natural air flow, it would be favourable to limit the maximum allowable wind 
speed in such a way to 5 m/s while allowing a provision to adjust the air flow within the range of 0 – 5 m/s speed according 
to user preference, clothing and engaged activity levels. 

3. FEASIBILITY FOR PASSIVE URBAN TROPICAL TALL BUILDINGS

The air flow within the preferred range has to be harnessed through the immediate micro climate around a building with 
the provision of an opening through the façade. While the passive strategies employed with the provision of openings in 
the façade would resolve the duality of air movement, the diverse micro climate around the building would require different 
passive approaches to address different micro climatic behaviours. 

U.S.N. Rodrigo and R.M.K.U. Rajapaksha
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3.1 Duality in passive design approaches 

Even though carefully applied passive approaches on a building facade are the optimal means of harnessing wind for 
natural ventilation, it requires it’s own duality to be resolved while enhancing the air flow to preferred speeds for cooling. The 
necessity of an opening in the building envelope for passive ventilation creates both negative and positive impacts. Even 
though it provides an opportunity to promote daylight, this too, involves negatives and positives. (Table 01)

Thus climate oriented passive approaches, especially when promoting natural lighting and ventilation in its duality, need 
to adjust to weather conditions and contest its negative aspects. However a variety of such carefully construed applications 
addressing this duality is necessary as the level of duality and the immediate micro climatic behaviour around a building are 
diverse.

Table 1: Duality in passive design approaches (see sources) 

Approach Positives Negatives

Natural 
resources 

- Reduce the energy demand - Adverse weather effects compromise the usage of natural 
resources 

Natural sun 
light 

- High visual spectrum
- Alternative energy source 

- Cloudy sky / rain promotes absence of required day light 
conditions
- Associated with Solar radiation which promotes internal heat gain
- Uncomfortable glare 
- Solar access hours confined to daytime 

Natural 
ventilation 

- Promote Indoor air quality 
- Thermal comfort 
- Feel more cooler under regularly 
fluctuating air movements 
(Tanague & Kimura, 1994)

- Draught effect with high wind speed
- High wind speed hinders household activities 
- Heat gain with hot outdoor temperature levels
- The surrounding density determines the wind exposure level 
- Seasonal change of breeze availability and direction 

Opening - Indoor outdoor connectivity
- Visual ambience 

- Noise, insects and fire threats
- Concentration of outdoor polluted air particles 

Source: (Carrilho da Graça & Linden, 2016; Ghiaus & Allard, 2006; Passe & Battaglia, 2015; Szokolay, 2004; Ţundrea & Budescu, 2013)

3.2 Diverse micro climatic behaviour around a single building

Gokhale (1997) has presented that immediate outdoor environments around a single building are not uniform, and the 
microclimatic effects can possibly play a significant role in affecting the indoor environment. Therefore each exterior facade 
treatment varies according to its geographic orientation, which harnesses the positives of natural lighting and ventilation while 
mitigating the negatives. Considering windward, leeward orientations and sun path, the façade design should incorporate 
different façade expressions for different orientations as the environmental microclimatic exposures are different in each 
scenario. 

Table 2: Potential with height in application of passive design strategies in urban tropics

Altitude Positives Negatives

Ground 
level 

- Canopy promotes shadow effect to lessen 
heat gain through building envelope  

- Urban Heat Island promotes upsurge of ambient temperature (Kotharkar 
et al., 2018; Yang et al., 2016)
- High concentration of air pollutants
- Sound pollution 
- Unfavorable pedestrian wind (Blocken & Carmeliet, 2004)

Middle 
level

- Medium impact compared to ground and 
top levels

- Medium impact compared to ground and top level
- Concentration of air pollutants

Top level - Less concentration of pollutant air particles 
(Herington et al., 2012)
- Benefits from lap rates (about 6.50C per 
1km)
- High visual ambience 
- Less sound pollution
- More privacy (Xue et al., 2016)

- High wind speed creates draught effect, causes hindrances to occupants 
- Directly exposed to solar radiation 
- Exceeds the preferred air flow speed

Source : (Al-kodmany, 2018; Clair, 2010; Hitchins et al., 2002; Leung & Weismantle, 2008; Lotfabadi, 2014; Pandya & Brotas, 2014; 
Saroglou et al., 2017; T. Saroglou, Meir, & Theodosiou, 2017;  Tong et al., 2017; Xue et al., 2016) 

Diversified façade architecture for optimizing air flow in tall residential buildings in tropics: a field investigation based on a 
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The façade design is complicated further due to high exposure levels towards the sun and wind which vary according to 
the tallness of the tall buildings. Nevertheless architectural and environmental control solutions rarely respond to the building 
height and instead provide uniform facades from the ground to the roof level. (Clair, 2010) Assuming that the architecture 
should reflect the nature of the microclimate close to the building, there may be a different expression between the top and 
bottom of the tower and on elements with different environmental exposures. (Leung & Weismantle, 2008) 

The lowering of exterior temperature due to lapse rate as well as the exponential increase in wind speed allows a tall 
building to benefit from passive ventilation (Leung & Weismantle, 2008). Although urban tropics are compromised on the 
potential for promoting passive design strategies, the upper half of tall buildings can be benefited from lower ambient 
temperatures outside, high visual ambience with minimum visual obstacles, minimum urban heat island effect and lack of 
air and sound pollution with the increase in height as well.

3.3 Current practice 

With the use of concepts such as the ‘Eco Skyscraper’ and ‘Bio-climatic Skyscraper’, however, climate centric passive 
design strategies are now being implemented on tall buildings. More attention has been placed on maximizing the benefits 
of vegetation within the built environment through vertical landscaping, sky courts, atrial spaces, sky-plazas and spiral 
vegetated ramps which provide opportunities to reduce solar heat gain. At 63m high, Menara Mesiniaga by Ken Yeang 
is an ideal, comparable precedent which has responded to diverse climatic behaviour incorporating diverse architectural 
expressions relative to its height. Incorporating vertical climatic diversity and particularly harnessing the wind to attain the 
preferred air flow speed to promote indoor comfort, however, is less common.

4. THEORIZING AN AIR-FLOW RESPONSIVE RESIDENTIAL TALL BUILDING  

An ideal air flow responsive tall building would integrate a preferred air flow distribution ranging 0.2 - 2 m/s within all 
residential units and the common amenities. The cooling effect associated with the air flow would be transferred through the 
building design with minimum to no internal heat gain. Therefore, the theoretical evaluation comprises of three steps which 
are design strategies for reducing internal heat gain, enhancing horizontal air flow distribution throughout the unit layout and 
utilizing the vertical climate diversity for preferred air speed along the full height of the building.    

Step 01 – Minimize internal heat gain 
According to the work of Givoni (1998) in the absence of any solar or internal heat gain, the indoor air temperature would 
closely follow outdoor temperature levels through daytime ventilation. Therefore, in order to obtain the maximum benefit 
from direct natural airflow, the tall building has to be protected from solar gain to prevent a heat increase within the 
internal thermal environment. Many researchers have found that incorporating balconies (Omrani, Garcia-Hansen, Capra, 
& Drogemuller, 2017) and shading devices (Dutta, Samanta, & Neogi, 2017), effectively shading the east west façade (van 
Dijk, 1999), correct orientation of the building, (Dutta et al., 2017; van Dijk, 1999), etc. are beneficial in reducing internal 
heat gain. 

Heat gain through natural ventilation is also possible when the outdoor temperature rises above the ambient temperature 
due to the urban heat island effect. Therefore, in lieu of encouraging direct ventilation, providing means for indirect ventilation 
or harnessing direct ventilation through sky courts or ecological design interventions would be more conducive towards 
reducing indoor air temperature. (Yeang & Powell, 2007)

Step 02 – Optimizing the plan form for preferred air flow distribution throughout the unit layout
Once the building design is utilized to its minimum heat gain condition, the unit arrangement becomes critical in decision-
making as the floor above acts as the single roof for a multitude of housing units. As a higher number of units within a deep 
floor plate increases the probability of having poorly ventilated space, it is more beneficial to provide open to sky courts as 
means of passive ventilation or to have an irregular shaped plan form to maximize the perimeter face. 

Zhou et al. (2014) and Ricketts et al. (2014) in their research illustrate that orientating the design towards the windward 
side and having a compartmentalized unit layout can enhance air flow through the floor plate. Therefore, to optimize the plan 
for air flow responsiveness, the unit could be detached to increase internal air flow distribution. Such plan form manipulation 
(Figure 2) however, should be included with means of modifying outdoor wind to the preferred air flow range (0.2 – 2m/s) at 
different floor plate levels as suggested by literature. Furthermore according to theoretical understanding, units with different 
orientations demand different internal design layouts for the proper channelling of air flow within the unit.  The common 
practice of a compact unit arrangement is a non-conducive approach, which orientates a single unit, mirrored at opposite 
directions, which does not optimize the internal air flow distribution to the same level. 

U.S.N. Rodrigo and R.M.K.U. Rajapaksha
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Step 03 – Optimizing the sectional form for vertical wind climate diversity without compromising the preferred 
air flow 
The wind speed increases exponentially with altitude. The degree of increase depends on the coefficients related to terrain 
roughness. (ASHRAE 2005; Leung & Weismantle, 2008) Therefore, in order to optimize the diverse wind climate along the 
building and regulate the wind speed to the preferred internal air flow ranging 0.2 – 2m/s, the façade or floor plan should 
be diversified or strategically manipulated. Furthermore, as wind speed increases with the height, the maximum allowable 
internal air flow has to be maintained under 5 m/s as well.  Upon careful identification of the temperature, humidity and 
quality of air flow, the façade might have to be treated according to  the height to respond to local micro climatic behaviour 
(Etheridge & Ford, 2008) The top floors of super and mega tall buildings appear to have the greatest potential with respect to 
the relevant aspects of Table 3 where proper air flow channelling and distribution would ensure that the maximum benefits 
of passive ventilation are attained.  

  

Figure 02: Conceptualizing the plan form for preferred 
air flow distribution

 

Figure 03: Conceptualizing the sectional form for 
vertical wind climate diversity

The degree of diversity of the façade depends on the wind gradient at a given point. As such, a higher wind gradient 
requires greater façade diversity which has to be adjusted along the height of the building.  Thus, a façade should be more 
diversified closer to the ground as the wind gradient is higher. It is more convenient to diversify the façade, by considering 
equal intervals of the increasing vertical wind speed to achieve comfortable indoor environments without compromising the 
preferred air flow distribution. (Figure 03)

5. PRACTICE IN COLOMBO, SRI LANKA 

5.1 Methodology

In Sri Lanka, Mixed Residential Developments and Multi-Unit Residential buildings are regulated by the Condominium 
Management Authority (CMA). As per the records from CMA, it can be observed that the number of apartment units housed 
within new developments increase by the year. As height is a critical factor in sampling cases for the field investigation, all 
buildings which house more than 100 units were selected (26 buildings). Developments outside Colombo city limits and low-
income housing projects were excluded from the selected list (9 Buildings) while two buildings from each year (2005–2017) 
below the 100 unit margin were randomly selected. Thus, the field investigation sampled a total of 43 residential buildings 
from a pool of nearly 1100 residential buildings which were certified by the Condominium Authority during 2005 -2017.

The observations and findings from the field investigations were compared and analyzed against the theorized air 
flow responsive tall residential building model (THM) to identify the effectiveness of current practice in achieving energy 
sustainability by responding to vertical climate diversity in tall building design.

Diversified façade architecture for optimizing air flow in tall residential buildings in tropics: a field investigation based on a 
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5.2 Field observations

Clear differences between mid-rise and high-rise residential buildings were identified through the study.  Mid-rise buildings 
were found to have compact deep rectangular plan forms, uniform façade architecture and more significantly, a lack of 
air-flow towards the leeward side units. As a common practice, typical units were positioned in several orientations with 
repeated typical floor layouts. Anecdotal evidence collected during a pilot field investigation showed that most of the high-
rise buildings have reasonably good different levels of air velocities just outside their facades in respective of orientations. 
The uniformity of the façade architecture which disregards orientation and the repetition of typical floor plates however, 
cannot be justified with the available diversity of wind climate and high wind speed in higher altitudes.

Although the THM conceptualizes incorporating diversified building facades according to building height and orientation 
to optimize the vertical climatic diversity, the field investigation conducted among the current tall, residential building stock 
presents contradictory findings that involve symmetry, compactness, uniformity and repetition as predominant over climate 
sensitive aspects of the design. 

5.3 Discussion 

Almost all of the residential buildings housing below 100 units were found to be less than 45m in height whereas residential 
developments housing more than 100 units showed a drastic increase to reach above 100m in height. (Figure 03) Rectangular 
deep plan forms were commonly found in buildings below 45m in height, whereas buildings above 45m in height were found 
to be narrow with separate towers instead of accommodating all units in a single floor plate. (Figure 04) 

 
Figure 03: Relationship between No. of units 

and building height  
Figure 04: Relationship between Plan form and 

building height 

In relation to heat gain reduction strategies, balconies were found to be more popular whereas employing a double 
skin and optimally placing the service core to reduce heat gain were rare. (Figure 05a) Design strategies employed on the 
plan form to promote air flow, were commonly found in a variety of building heights. Tall buildings beyond 45m in height 
however, appeared to be more symmetrical, in lieu of having different unit designs at different orientations. (Figure 05b) 
Design strategies that optimized the tallness for vertical climate diversity were rarely used within the current building stock. 
None of the buildings examined presented diversified façade architecture along the height of the building that corresponded 
to the non-uniformity of micro climates around the building. (Figure 05c)
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1. North south orientation
2. Vertical shading device 
3. Horizontal shading device 
4. Balconies (projected) 
5. Balconies (sunken) 
6. Double skin  
7. Services location

 
1. Orientation to windward side
2. Different unit layout to orientation 
3. Provision of air flow to leeward side
4. Provision of air flow to circulation 
spaces

    
1. Façade intervention
2. Different floor plans with the height
3. Use of atriums, voids to enhance air 
flow
4. Different characteristics for different 
orientation
5. Sky courts
6. Surrounding disturbance

 

Figure 05: An overview of current practice in the study area in respect to the theoretical basis

6. CONCLUSION 

The study involved a literature review and a field investigation of building characteristics. Literature review contributed to 
justify that the building design of tall residential buildings in this tropical climate needs interventions to minimise heat gain 
from outside and maintain internal air flow at 0.2 – 2m/s as a condition for cooling. The THM establishes that a climate 
responsive design supported by diversified façade architecture that responds to the diverse behaviour of heat and wind 
around the building in respect to orientation and height is required to obtain significant cooling results. 

The findings from the field investigation of the current building stock in Colombo indicate that residential buildings below 
45m in height have compact forms while residential buildings above 45m in height have either narrow and irregular plan 
forms or building forms with separate towers that provide opportunities for natural ventilation. Nevertheless the ideal design 
strategy of having a diversified façade architecture as recommended by the THM to enhance indoor thermal comfort to 
harness the preferred air flow speed, however, could not be evidenced within the sample group investigated instead found 
contrary by having uniform façades, symmetrical compact unit layouts and repetitive floor plans. 
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Abstract: The construction industry within New Zealand is currently experiencing a boom and is the largest sector of the 
country’s infrastructure. Although substantial, the industry continues to suffer from inflated costs, low-productivity and 
lack of innovation. Sparsely developed methods from the beginnings of construction in New Zealand are still practiced 
today, attributing to low-productivity and the current ‘housing crisis’. With recent government schemes that aim to provide 
100,000 homes in a decade, the demand for innovation and efficiency in the industry is under pressure and prefabrication is 
suggested to help evolve the industry for the demand. Through a literature analysis, this paper will investigate a brief history 
of prefabrication on an international and national scale. Other industry models will also be analysed, including Sweden and 
Japan, providing insights to the questions concerning New Zealand. The analysis informs the conclusion that prefabrication 
is unable to instantly infiltrate the New Zealand construction industry. Additionally, implementation of this alternative method 
will require the servicing of other areas, including the supply chain and skilled labour.

Keywords: Prefabrication; Housing crisis; Government schemes. 

1. INTRODUCTION

Prefabrication methods have been entering the housing industry globally since the mid-nineties (Bell, 2012) and today New 
Zealand is looking to provide housing to the masses with such methods. In announcing the KiwiBuild scheme, New Zealand 
Housing Minister, Phil Twyford, has recently promised 100,000 affordable homes over the next ten years, predicting over 
half to use prefabrication methods (Trevett, 2018). This promise of prefabrication providing the majority of homes, raises 
a question of practicality. Is prefabrication really the answer to the ‘housing crisis’ and if so, can the current construction 
industry within New Zealand adopt the methods to supply the demand?

This paper uses literature analysis to learn from other countries successes and shortfalls with prefabrication methods 
in their housing industries. Other nations in this paper that provide a general insight include Japan and Scandinavia with 
some reference to the United States of America and the United Kingdom. Historic and current examples also answer the 
question of prefabrications predicted success within New Zealand. After outlining the housing construction industry and 
prefabrication within New Zealand, comparisons of other countries are made to again, help inform the future of prefabrication 
within the industry. 

In the analysis of prefabrication, it becomes apparent that there is a three-part division in how the methodology can 
improve traditional construction methods including cost, quality and time. Countries such as Japan highlight the notion 
that in using prefabrication to improve elements, such as time and cost, the third element, quality, subsequently becomes 
low-priority. National organisations such as PrefabNZ encourage prefabrication within the country and oppose the notion 
seen within the Japanese industry stating that prefabrication can simultaneously; improve quality; reduce up to 60% of 
construction time; see a 15% savings in cost; reduce construction waste; provide mass-customization options; increase 
productivity; and reduce health and safety risks (PrefabNZ, 2013). Claims such as these suggest that prefabrication will 
improve upon most or even all shortfalls within the current New Zealand construction industry. Yet, through analysing other 
competent international industries and New Zealand’s current prefabrication industry, the claims become improbable rather 
than obtainable goals. 

With focus on ‘the success of prefabrication solving housing crisis’ conclusions are drawn for this construction methods 
potential, and what areas need prior servicing for prefabrication to dominate the industry. Additional arguments raised cover 
other possible long-term solutions to the housing crisis in New Zealand that look to prevent a history of housing shortages 
from repeating.

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.417–423. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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2. METHOD

The purpose of this paper is to investigate through a literature review, as a prerequisite to gain further understanding 
about the potential of prefabrication methods in the housing industry. This review uses academic and other sources to 
gain inspiration to develop further ideas on the topic, helping understand prefabrications ability to ‘solve’ the New Zealand 
housing crisis (Walliman, 2011). 

After a background of prefabrication is outlined the literature will investigate, Sweden and Japan’s prefabrication 
practices, past and current; a history of prefabrication in New Zealand; the current status of the New Zealand housing 
industry; prefabrication in New Zealand today; and the supply chain and workforce in New Zealand. A discussion of the 
findings from the literature review will subsequently draw conclusions regarding, how to implement prefabrication methods; 
prefabrications actual potential in New Zealand; and additional solutions to the New Zealand ‘housing crisis’.

The main conclusions made from this investigation is that current claims of prefabrications potential in New Zealand is 
misleading, creating ambitious and unobtainable goals, such as the KiwiBuild Scheme. Additionally, it is understood that 
multiple issues within the New Zealand construction industry attribute to the current housing crisis, and that they must first 
be serviced to implement this alternative construction method. 

3. BACKGROUND 

Much needed housing supply in the United Kingdom, during and after the war was provided under government initiatives. 
Although the houses became a permanent fixture, the design intent was based on the knowledge that the houses would 
be temporary and focused on speed rather than quality (Smith, 2010). At the end of World War II, a housing shortage 
provided opportunities for the building industry to uptake technical industrial prefabrication abilities and factory production. 
Unfortunately, this alliance between architecture and industry did not always prove to be successful and subsequently lent 
prefabrication a bad name that many are accustomed to (Bargdoll, 2008). Links of this phenomena can be drawn to the 
British built temporary prefabricated homes of post war and the multi-storey concrete council flats of the 1950s and 1960s 
(Bell, 2012) or the Levittown housing communities by Levitt and Sons Inc. in the United States. 

Between the 1980s and 1990s innovation in terms of prefabrication had very little development, this could be attributed 
to industries focus on bespoke dwellings (Bell, 2012). Nations such as Sweden and Japan however defy these trends for 
various reasons, such as combating weather conditions, large population base and most importantly social perception 
(Sweet, 2015). 

4. JAPAN AND SCANDINAVIA 

The Japanese prefabrication systems are more industrialised than other areas around the world. This social view towards 
housing, has lead housing companies to market successive housing models like cars, with extensive customizing options, 
such as the ‘Toyota production system’ (Oshima, 2008). A house built in the United States is expected to last well beyond 
a century, while a in Japan, a house might last thirty-eight years (Campbell-Dollaghan, 2014). In contrast to the rest of the 
world, for Japan it is a common practise to remove an existing house before selling the land (Buntrock, 2107). Utilizing 
prefabrications potential to improve cost and construction time, quality becomes a minor value. The undervalued element 
of quality compliments the needs of the Japanese housing industry, whose ‘scrap and build’ mindset provides homes with 
a significantly shorter shelf-life in comparison to New Zealand homes (Campbell-Dollaghan, 2014).

Large production volumes, along with standardized processes, just-in-time manufacturing principles, automation and 
flow line-like production are what drive the industry (Linner & Bock, 2012, P 159). Today, approximately 150,000 or 15 
percent of the houses in Japan are produced in factories every year. 

With the Japanese housing market and industry ruled by the ‘scrap and build’ notion, it is difficult to obtain applicable 
methodologies for the New Zealand industry. With Twyfords promise of 100,000 homes, over half prefabricated, New 
Zealand must surpass Japan to adopt prefabrication methods at a dramatic rate in the short window of ten years, whilst 
being affordable and of a long-lasting quality. 

Another nation that builds with longevity goals similar to the American and New Zealand industries is Scandinavia. 
Yet like Japan, Scandinavia has also turned to industrial processes to accommodate the demand for mass housing. By 
1924, the first catalogue house was published by Borohus Company in Sweden. By the end of 1930s there were more 
than 20 manufactures of these catalogue houses (Waern, 2008). The Swedish architect Fredrick Blom deconstructed a 
wall into a series of parts that had the ability to be assembled and disassembled. Blom envisioned a construction system 
for military applications such as movable barracks instead of tents (Lindelow, 2017). By the 1940’s, Blom’s system was 
eventually realised for the wealthy with 140 summer homes produced. The system favoured by their clients as it featured 
personalization options and was believed to be a solid build (Waern, 2008). 
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In Sweden, 85% of detached houses are prefabricated, using methods such as Borohus Company catalogue homes 
and Fredrick Bloms deconstructed wall. In other developed countries such as the United Kingdom the number is only 
5%, while in Germany and Netherlands 9% and 20% of homes are prefabricated respectively (Sweet, 2015). Scandinavia, 
once a small industry built on the backs of small saw mills producing placeless buildings, has now become international 
juggernauts (Waern, 2008, p31). Prefabrication in Sweden can be attributed to the country’s large selection of premium 
timber and its challenging winter climate conditions. 

The Swedish government set up the Million Homes Programme from 1965 to 1975 to combat a housing crisis that 
engulfed the nation. The houses were by no means quick, cheap and temporary, but were required to follow strict quality 
controls (Lindelow, 2017). This intense period of building required housing to be manufactured for one-sixth of the population. 
Although the programme was a success to house a large population in need, inhabitants ended unhappy with the large 
focus on technical production over the importance for customer personalisation and aesthetic quality. 

Sweden’s efficient timber and construction industry is utilized by the prefabrication industry. In comparison, New 
Zealand’s forestry industry, like Sweden’s, is significant to its economy with an annual gross income of approximately 
$5 billion at 3% GDP (Forestry New Zealand, 2018). The similar conditions provide hope for wide spread adoption of 
prefabrication methods within New Zealand. Yet, the percentage of forestry products being exported from New Zealand has 
been increasing reaching over 30% in 2012 (Stats NZ, 2014) and might need adjustment to suit the demand generated from 
prefabrication construction within the country. Although the supply and demand of prefabrication is high, combined with 
an efficient supply chain or timber industry, Sweden is still facing a current housing crisis with a predicted 255 of Sweden’s 
290 municipalities (Boverket, 2018) now report a housing shortage. A prime example of a construction industry dominated 
by panelised or ‘flatpack’ prefabrication systems, Sweden’s housing crisis suggests that although efficient, prefabrication 
is not a sole solution.

5. THE HOUSING AND CONSTRUCTION INDUSTRY IN NEW ZEALAND

5.1 History of prefabrication in New Zealand 

Historically, prefabrication in New Zealand can be traced back to the 1833 Waitangi Treaty House and the commercially 
available Manning’s Portable Colonial Cottage in 1839. Both houses were kit set dwellings, with the former made in Sydney 
and the latter within carpenter’s workshop in London (Bell, 2012, p50). 

The New Zealand Railways Department heavily invested into prefabricated housing for five decades from the 1880’s 
(Ferguson, 1994). The housing shortage after the First World War lead to the establishment of a large factory in Hamilton 
in the 1920’s to supply mass produced homes. Within a six-year period, over 250 houses a year or a house every day and 
a half was produced (McKay & Stevens, 2014). The houses were simple, small and fulfilled the need, but lacked innovative 
design regarding layout and functionality (Ferguson, 1994, 96). The attempt of standardized prefabricated housing realised 
that the ‘one-size-fits-all design’ was not a popular option for public housing within New Zealand. By 1929 the Railways 
housing scheme was shut down due to complaints that it threated private enterprise and that it had outstripped demand 
(McKay & Stevens, 2014).  

The State housing Programme lead was introduced by the Labour Government in 1937 to resolve issues around a 
shortage of houses and substandard living conditions (Bell, 2012). Construction companies such as ‘Fletchers Construction’ 
took full advantage of state housing schemes by constructing factories at the governments expense to manufacture weather 
boards, interior finishing’s, standardized windows, doors, and kitchen and bathroom fittings (McKay & Stevens, 2014). A 
single specification document that dictated the design of the state house confined the construction to a standardised range 
of parts that could come together to create over 100 homes. By the end of 1939, the government reached its target of 
producing 5000 state homes (McKay & Stevens, 2014).

During the second World War, factories were subjected to military construction activities with over 30,000 huts and 
transportable military buildings prefabricated (Isaacs, 2008). After the second World War concluded, returning soldiers 
banded together to create construction gangs to build and assemble prefabricated wall panels, complete with wall claddings 
for a national state housing scheme (Bell, 2012). The loss of trained skilled labour during the war resulted in large proportions 
of men working within the construction industry that had no formal training. A fear that old craft-based apprenticeship was 
disappearing lead to the Rehabilitation Department opening trade training centres. The courses lead to greater speed of 
construction and reduction of some cost. Although a welcome measure, it was an ineffective approach to combat rising 
cost within the post-war economic period (Ferguson, 1994, 128). The scheme stopped in 1953, as houses needed level 
sites, had limited plan options and incorporated expensive joinery additions. 

Due to rapid population growth in the 50’s (Bell, 2012, p56), the New Zealand Government developed the Group 
Building Scheme in 1953 to encourage speculative purchasing and building of affordable homes. The conditions of the 
scheme were to push the speed of building by asking builders to agree to form groups of six or more to build homes 
under the premise of speculation. If a home was not sold within two months after completion, the government would agree 
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to purchase it at a prearranged price. As the government had a large stake in the scheme, builders were provided with 
specifications and were encouraged to prefabricate as much as possible. By the 1964, the Group Building Scheme was 
abolished due to the government largely considering the housing shortage being resolved. The schemes success ensured 
many small companies to enter the market (Ferguson, 1994, p184). 

Between the 1950’s and 1970’s solid wood component systems were developed including companies such as 
Lockwood, Fraemoths, Solwood, Putarura Timber Yard and Conecta. Today, only the two former enterprises became 
commercially successful and are still in operation (Bell, 2012). Dutch emigrants moving to New Zealand, Johannes La 
Grouw and John Van Loghem, founded Lockwood in 1951. By 1953, the pair developed a construction system based on 
locking solid laminated timber planks together with aluminium jointing corner profiles (Isaacs, 2008). 

The ‘70s impacted not only the prefabrication industry, but the building industry at large. Macroeconomic factors such 
as the 1978 recession, design to manufacture shortcomings such as customization, and social cultural issues around 
marketing, led to the demise of prefabrication. The loss of many innovative systems within the construction industry can be 
contributed to lack of marketing, financing, customer awareness, business and product. Innovation points that Lockwood 
has kept, attributing to their success. Today, Lockwood builds 500 houses a year, having completed 40,000 since 2008. 
Between the 1980s and 2000s the prefabrication industry was left to work away quietly in the shadows of the ‘traditional’ 
building industry (Bell, 2012). 

5.2 Current status of the New Zealand housing industry

With the promise of around 50,000 homes to use prefabrication in New Zealand, the demand is there as housing within 
the country proves to be sparse and expensive. A 2017 Ministry of Business report states that the current ‘housing crisis’ 
within New Zealand has been inflating prices within the market, resulting in 81.4% of citizens unable to afford a first home 
(MBIE, 2017). Yet recently the ‘red-hot’ housing market in New Zealand has been ‘cooled’ as Susan Edmunds explains in 
a New Zealand Herald article citing Barfoot and Thompson (Edmunds, 2018). Edmunds outlines that, measures introduced 
by the Reserve Bank, difficult lending systems from trading banks and apprehension in buyers has led to cooling of the 
market. Although cooled housing prices are still out of reach for most, this can be attributed to a shortage in housing and 
the speculative nature of the market initiated by past government schemes (Bell, 2012). This leaves first home buyers with 
an unaffordable housing market and a lack of accessible financing. 

Due to a demand for affordable housing, Westpac plans to provide builders with more accessible financing of prefabricated 
home construction (Westpac, 2018). Today in New Zealand, banks are financing prefabrication only after the construction 
has been brought to site. Westpac has currently been making headlines with a plan to tackle this gap in the financing area 
of ‘prefab’. Although Westpac’s plans are only to test the effectiveness before implementing an ‘off-site’ financing scheme, 
this proactive step is much needed for prefabrication in New Zealand to take off. Such builders joining Westpac through 
the funding scheme include, Branderson Homes in Cantebury (Fletcher & Parker, 2018). Through easier access to funding, 
more builders can adopt prefabrication and extend this affordability to the purchasing public. The stepping stones for 
prefabrication implementation are now in place. With banks and the New Zealand government beginning to prove proactive 
interest in new construction methods, as well as a market that demands greater housing.

5.3 Prefabrication in New Zealand today

Existing companies utilizing prefabrication methods also provide a foundation for this construction methods potential within 
New Zealand. Understanding their successes and shortfalls helps realise the additional steps needed to implement mass 
prefabrication to meet demands such as Twyfords. 

New medium-density housing developments, such as Hobsonville Point in Auckland, have been meticulously master 
planned to cater to housing demands, creating a window for greater prefabrication. Controls put in place by the Hobsonville 
Land Company involved items such as density, parks or public zones and price brackets to provide comfortable, healthy 
homes at an ‘affordable’ price (HLC, 2015). The restrictions opened the door for multiple contractors and group home 
builders to enter the development at a level playing field, including ‘The Grounds development’ by The Tallwood and 
Stanley group whom specialise in off-site construction and modular design (Tallwood, 2018). ‘The Grounds’ is a debut 
project from the recently merged group and is a competitive example of innovation in prefabrication within the construction 
industry. Rob Marshall, CEO of Tallwood explains the merger with The Stanley group and how it enables the company 
to provide a package deal to customers including design, manufacturing and installation (Tallwood, 2018). Although the 
Stanley group outnumbers Tallwood with decades of industry experience, modern methodologies, such as the digital 
fabrication techniques provided by Tallwood, integrate the newly formed group into the now evolving construction industry. 

Other companies playing part in the prefabrication industry include Concision and eHomes. Mike Greer Homes and 
Spanbuild originally formed Concision, providing off-site panelised prefabrication to reduce construction time from 20 to 
12 weeks (PrefabNZ). In comparison the independent consortium, eHomes, provided a competitive result, with the ability 
to construct one home within eight hours (Gibson, Biggest house prefabricator in hands of receivers, 2015). Although 
methodology proved innovative and economical within eHomes, an unaccepting market failed to provide the demand 
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required for the company to endure. This and the ‘independent operating’ status of the company, lead to its liquidation 
in 2015 (Gibson, 2015). Alternatively, Concision, containing a group home builder foundation, has remained within the 
industry, without solely relying on prefabrication to stay competitive (Wood, 2014). 

5.4 Supply chain and workforce in New Zealand 

Although prefabrication is practiced within the industry, traditional building methods continue to dominate with most homes 
built by small contractors. High-costs within housing construction in New Zealand are also attributed to the fragmentation 
of the industry, due to the multiple small firms building one-off bespoke homes (Samarasinghe, 2014). The unpredictable 
and bespoke nature from these firms shapes a difficult to predict, high-cost supply chain (Page & Curtis, 2011). In the 
construction prefabrication industry two main areas have been identified as points of weakness by Chang, Han, Kim &Yi 
(2015) including supply chain management and the supply of skilled labour required to implement the concepts. The 
location of New Zealand as well as heavily relying on material exports has resulted in extensive lead times. 

This high-cost nature of the supply chain and minority nature of prefabrication in New Zealand means the method tends 
to equate or marginally improve traditional construction costs. In a BRANZ funded 2014 study report, Ian Page and David 
Norman outline savings within studies located in the United States and United Kingdom prefabrication industries, with the 
former seeing a mere 6% cost savings (Page & Norman, 2014). Additionally, PrefabNZ founder, Pamela Bell predicts a 15% 
total cost savings based on a Vale Case that utilizes bathroom pod and wall panel assembly within the construction (Bell, 
2014). 

In an interview with a small-scale builder in the 2014 BRANZ report by Page and Norman, the builder stated that to adopt 
more prefabrication processes such as preconstructed panels, it would have to be more cost-effective to change (Page & 
Norman, 2014). Although prefabrication provides a safer and faster on-site construction process, the similar cost continues 
to be a deterrent to current practices who must provide additional training to staff to employ such methods. 

In implementing prefabrication, New Zealand can look to solve other issues also common in the UK industry, being lack 
of innovation and skilled labour (Farmer, 2016). In the United Kingdom their construction model was reviewed by Mark 
Farmer in the ‘Modernise or Die’ report. For the United Kingdom, Farmer suggests additional funding directed to innovating 
the construction industry and educating the workers to suit is how prefabrication processes can be realized. Similar to 
what Mark Farmer suggests in the ‘Modernise or Die’ report, New Zealand is in need of educating the workforce in order to 
implement prefabrication and improve the industries resilience.

6. CONCLUSION

6.1 Discussion 

In New Zealand there is a demand for prefabrication to save the housing crisis, providing homes at a lower cost, shorter 
time and at a higher quality with allowance for customization. Prefabrication veterans such as Japan provide an example of 
the success of the methodology. With the Japanese industry prioritising cost and time, homes are built with a shorter shelf-
life of around 38 years (Campbell-Dollaghan, 2014). It is the relationship between cost, quality and time in Japan’s industry 
that highlights the success of two elements at expense of the other. Like the American industry which expects homes to 
last well over a century, New Zealand values quality and will therefore find it difficult to reduce cost and construction time 
simultaneously. Hence, making the promises of prefabrication from the government and organisations such as PrefabNZ 
appear unfeasible. 

Mass-customisation, as practiced in Sweden, will also need to be adopted to satisfy the wants of the Kiwi cliental. 
Investigations into Sweden’s prefabrication industry additionally provides hope for the success of the methodology in New 
Zealand. Yet, current conditions of housing shortages in Sweden show that prefabrication is in fact, is not a sole solution 
to a ‘housing crisis’. 

It also becomes difficult to use current examples from countries such as Sweden and Japan to apply to New Zealand’s 
prefabrication industry as years of experience have infiltrated their supply chain and skilled labour sectors for nearly a 
century. With New Zealand suggesting a ten-year window to achieve high prefabrication production rates, there are multiple 
barriers that must be tended to before it can simply appear and dominate the industry. 

Historically it is important to understand that adoption of housing schemes in New Zealand enabled prefabrication, 
but after housing demands were met, financial assistance was disbanded, halting the demand and therefore practice 
of prefabrication methods. This ‘boomerang’ trend coincides with government intervention, the solution today being the 
‘KiwiBuild’ initiative. The ‘KiwiBuild Scheme’ and new financing plans like that of Westpac, will help kick start prefabrication 
in New Zealand but to prevent history from repeating itself, consistent funding and long-term plans, for example 10, 15, 50 
years etc., from both the government and our banks should be considered. 
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Prefabrication processes adopted within multiple companies in New Zealand, such as Fraemoths, Stanley and Tallwood, 
Lockwood, and Mike Greer Homes have proven successful, providing sound examples on how prefabrication can endure in 
the country. Yet, the common practice within the country still entails traditional methods of ‘assemble on site’ timber or steel 
frame construction. To combat this, developers can choose to follow planning like that of Hobsonville Point. The opportunity 
for prefabrication will therefore have equal potential to enter the industry and begin to compete and surpass current traditional 
methods. With the recent Treaty of Waitangi settlements enabling residential land developing opportunities for local Iwi in 
Auckland (Cook, 2007), prefabrication gains the ability to enter these vast developments if they mimick such models. 

Contractors will also need to understand the shortfalls within the New Zealand supply chain that leads to high-material 
costs and marginal savings. Therefore, theories of prefabrication improving all aspects of the nation’s construction methods 
should be recognized as assumptions rather than guarantees. Over time, prefabrication will provide predictability to the 
supply chain and perhaps reduce costs, but the main drivers for adoption of this new methodology should remain to be that 
of increased safety, predictable construction time and reduced labour on site. 

Skilled labour is also a major shortfall within the industry that effects both group home builders and smaller firms. In 
comparison to what Mark Farmer suggests for the United Kingdom, educating labour prior to entering the industry can not 
only increase the number of contractors, but further implement prefabrication into the New Zealand industry.

6.2 Summary

After Phil Twyfords announcement of 50,000 homes being built with prefabricated methods over the next ten years, 
prefabrication seemed to be New Zealand’s golden ticket to the current ‘housing crisis’. In understanding the relationship 
between cost, quality and time, prefabrications ability to improve all these areas instantly and simultaneously is an unlikely 
promise to be fulfilled. The potential of ‘prefab’ is undeniable, yet with a variety of national issues in the areas of skilled 
labour, supply chain, favoured traditional methodologies by contractors, and financial assistance, the proposed ten-year 
window seems unobtainable.

 If prefabrication is to be adopted by a majority of the housing industry, New Zealand must first acknowledge these 
shortfalls to provide a solid foundation for the method and its success. The key to the New Zealand ‘housing crisis’ therefore 
cannot be immediate implementation of prefabrication through government schemes such as the KiwiBuild initiative. To 
utilize prefabrication, New Zealand must first see consistent government schemes, legislation and financial assistance, 
education of the workforce, and management of the current supply chain. All these areas require servicing and will take time 
to infiltrate the industry. Prefabrication has potential to innovate the construction industry and goals to ‘solve the housing 
crisis’ must take a back seat to a sustainable implementation of the methodology.
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Abstract: Measuring Design Value has always been a difficult task for architects. This paper begins to describe the 
landscape of design value tools currently utilised across the globe. Inherent in assessing design value are questions of 
its definition, measurability, and implementation. The identification of factors which contribute to design value includes 
economic, environmental, and cultural factors. Rather than seeking, or highlighting a single Design Value methodology—
as so-called silver bullet—this paper provides an overview and a critique of the global industry that surrounds different 
notions of Design Value. This overview is by no means exhaustive. This is the paper’s principal aim. Predominant and 
well known value frameworks and rating tools are identified, critiqued and summarised. These frameworks include CABE 
in the UK, The DQI, Leesman and multiple frameworks associated with Sustainability, Green Rating Systems and Post 
Occupancy Evaluation are surveyed. A number of policy frameworks developed by Australian Government architects are 
also discussed. The paper contends that the global industry that surrounds all these frameworks is highly fragmented, 
contested and competitive. This viewpoint arises because Design Value is not a fixed construct that cannot be easily 
templated and isolated from socio-technical contexts.

Keywords: Design Value, Metrics, Rating Systems. 

1. INTRODUCTION

Measuring Design Value has always been a difficult task for architects. The measurement of design value seems to be a 
holy grail that many architects have sought. For architects definitions and explanations of design value help to justify their 
existence. This discourse often tends to be centred on broad, ambiguous and unanswerable questions: What is design? 
What is value? (CABE 2002, 2006). Many different debates and tools appear to centre on these questions. This discourse 
often encompasses a range of questions concerning definitions, measurability, and process implementation. But it also 
ranges across economic, environmental and cultural factors, which are also seen to contribute to design value. As a result, 
the Design Value discourse can be regarded as a fragmented landscape consisting of competing and conflicting models 
of Design Value. 

 In developing an overview and a map of the Design Value landscape as a phenomenon the limitations of these various 
methodologies and frameworks are highlighted. Through the numerous Design Value frameworks, systems and metrics 
developed and undertaken across the globe a kind of industry has developed. This industry appears to have emerged from 
different jurisdictions, academies and universities, as well as from a range of disciplinary and professional discourses such 
as architecture, construction, management, Corporate Real Estate, Facilities Management and sustainability. This range 
of approaches points to the fact that that Design Value as a discipline, and discourse both in theory and practice itself is a 
highly fragmented, contested and unstable field of knowledge. 

In beginning to map this landscape, it is worth bearing in mind a few primary points of reference. These points have been 
selected as the starting point for this global mapping. These points would include the work of CABE in the UK, the DQI, the 
widely used Leesman index and various frameworks associated with Post Occupancy Evaluation and sustainability. This 
paper adopts a different approach by placing a number of different tools side by side in order to see what emerges across 
this landscape. This research is not merely a futile attempt to make a detailed and fine-grained effort to compare “apples 
with oranges.” This approach would suggest that there is an answer or a comprehensive way to explain and instrumentalise 
the complexity of design itself.

This paper begins to describe the landscape of design value tools currently utilised across the globe. This is the paper’s 
principal aim. 
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2. DQI

The Design Quality Indicator (DQI) developed in the early 2000s in the UK represents a key point of reference in the debates 
and questions centred on Design Quality and how this is measured. In developing the DQI Gann and Whyte (2003) sought 
to make a break with previous positivist design measurement approaches. The ambition of the DQI was broad, and its 
authors claimed it would help to understand “the value of buildings in relation to their design for different uses and in meeting 
a wide variety of physical, aspirational and emotional needs of occupiers and users.” They argued that at that time simplistic 
time and cost metrics “says little about the design quality embedded in the products or outputs of the construction process 
- the buildings themselves.” The Design Quality Indicator employed a weighted questionnaire to gather data. By 2006 the 
DQI had been used by the designers of the Welsh Assembly building, for the Future Program, the UK Office of Government 
Commerce and adopted by the Commission for Architecture and the Built Environment (CABE). Before its restructuring in 
2011, CABE (1999-2011) actively promoted the use of the DQI and employed this instrument to determine parameters of 
good design. In fact, CABE used the DQI to review over 300 design proposals independently. 

Arguing that the importance of DQI was because it accounted for how different stakeholder views Gann and Whyte 
(2003) could be accounted for. In doing so, Gann and Whyte (2003) identified three different approaches to design value a 
“judgement-based approach” relying on expert opinion; a positivist “manage and measure approach” underpinned by the 
notion that designers “can make rational responses to social, economic and environmental needs.” The third approach lies 
between these two poles and is described as a “a rational-adaptive approach.” This approach points out that “the future is 
uncertain and that measurement is difficult, but at the same time that advances can be made in developing tools for thinking 
about the impact of design.” Not surprisingly, Gann and Whyte (2003) argued that pre-existing “measurement efforts” said 
little about design quality. These efforts potentially implied a danger that “the value of product design might be lost in the 
drive for process improvement...by ‘value’ it is meant the benefits that accrue to users through ideas developed in the 
design process and then acted on through production.”

The DQI, despite the effort to seek a wide range of Design Value factors, was not without its critics. Markus (2003) argued 
that the DQI elided ideas around spatial syntax and did not conceptualise buildings as a social whole or community. He 
argued that the DQI in its current form celebrates the individual experience, but not that of a group or society. It celebrates 
individual spaces, but not that of a spatial structure. His most trenchant criticism was to decry that, because of the DQI’s 
focus on the individual, that the DQI, 

“celebrates individual spaces, but not that of a spatial structure. Are these reflections of Margaret Thatcher’s 
now famous, alleged statement, ‘There is no such thing as society”? (Markus, 2003). 

3. PARALLEL HISTORIES OF THE DQI 

The DQI and the debates that surround it are a useful string point for considering the global industry of design value 
metrics and various rating tools that have now emerged since the early 2000s. The DQI appears to have instigated an 
unprecedented interest in design quality and measurement tools in the early to mid-2000s. In the UK the DQI has had both 
a pre-history and a parallel history as new tools have arisen since its inception in 2003. 

Emerging alongside the development of the DQI a number of approaches and previously emerged concerning 
the measurement of design quality. For example, The  Design  Quality  Manual developed by the UK Building Research 
Establishment was based on a series of design quality matrices. The Manual was based on five criteria of quality under 
the areas of architecture, environmental engineering, user comfort conditions, whole-life costs, detail  design  and user 
satisfaction. The manual allows for these to be “scored” through a “visual” survey and “professional judgement” the resultant 
scores are then “augmented by scientific measurement where possible.” Earlier, approaches in the previous decade include 
Levermore (1994) who employed a questionnaire and rating scale to assess indoor environments. The method created a 
score for individual buildings and what it called a footprint for each building. This footprint normalised the responses for 
each building. The approach took into account noise, light, ambient air temperature and other aspects of thermal comfort. 
Intangible elements covered by the questionnaire include responses to and whether or not the occupant liked or disliked 
their colleagues and managers. 

4. CABE 

From 1999 onwards CABE produced a number of publications focused on qualitative notions of around Design Value. 
(CABE 2001, CABE 2002, CAEB 2003a, CABE 2003b, CABE 2005, CABE 2006, CABE 2007, CABE 2010a, CABE 
2010b). One of CABE’s first initiatives was to develop The Building for Life tool in 2001. The tool comprised 20 questions, 
or criteria, to assess the design quality of new housing developments, resulting in a numerical score. The criteria reflect the 
importance of functionality, attractiveness and sustainability in well-designed homes and neighbourhoods. The tool was 
linked to BREEAM, the EcoHomes standard and the Code for Sustainable Homes. Central to CABE’s policy approach and 
work was the CABE design quality framework, presumably, developed by Macmillan, framework appears to bear similarities 
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with Bourdieu’s theory of cultural capital. In the CABE model, there are a number of categories including, Exchange value, 
Use value, Image Value, Social Value, Environmental Value (environmental impact and intergenerational equity) and Cultural 
Value (the building’s contribution to culture). Bourdieu suggests that the exposure to and internalisation of social conditions 
influence the way individuals act in the world (habitus). This allows individuals to accumulate different levels and types 
of cultural resources (capitals). He identifies four types of capital: economic, social, cultural, and symbolic capital, which 
function differently according to their context, or in what Bourdieu (1984) calls “semi-autonomous social fields.” In his 
book Distinction, Bourdieu suggests that the volume and composition of economic capital (wealth) and cultural capital 
(knowledge and demeanour) position individuals in social space. 

5. EVIDENCE BASED DESIGN 

Another methodology that appeared during the CABE years was the Evidenced Based Design (EVB) approach. This 
approach, in contrast to the DQI, which did not examine intangible or qualitative data. Writing at that time, the researchers 
involved in EVB stated: “we do not have a well-developed understanding of what design quality means or how to measure 
it.” EVB did not examine seemingly subjective or intangible components related to urban and architectural design, the 
aesthetics of materials, spatial qualities or planning (Lawson and Phiri 2004a, 2004b). The EVB approach was in line, and 
echoed, by Ulrich et al. (2008) later assertion that what was needed was researchers to connect “rigorous empirical studies 
that link the design of hospital physical environments with healthcare outcomes.”  (Ulrich et al. 2008, Ulrich et al. 2004). A 
sentiment that continues to this day across the world in relation to healthcare design. Macmillan (2009) describes how the 
(EVB) became an area of significant architectural research in the areas of workplace design, education, and healthcare. 
The EVB approach taught to correlate the specific value of good design by matching previous design outcomes and built 
precedents to the design of new buildings. It was in healthcare that this approach gained currency and the academic 
sponsors of this approach pushed for a new approach to looking at healthcare facilities and design value in the early 2000s.   

Writing in 2013 Lawson (2013) looked back and summarised the Evidence-Based Design field and its impact on 
healthcare environments. He summarised the opportunities that had been lost in the healthcare field where EVB and not 
been incorporated into He concluded that EVB had been hampered by an architectural profession that knew very little about 
research methods. He concluded by arguing for a synthesis “so far to design evidence-based hospitals there is a danger 
that such designs become authoritative in the eyes of major clients who then instruct their architects to replicate them. We 
need a form of evidence-based design that never the less allows for creative innovation” (Lawson, 2013). 

6. DESIGN VALUE IN WORKPLACE DESIGN 

Another group that merged and began to develop new techniques and metrics, particularly in workplace design, was DEGW. 
DEGW, founded by John Worthington, operated between 1971 until it merged with Davis Langdon and then AECOM in 
2011. DEGW was an international research-based design company that pioneered new ways of thinking about architecture 
and the built environment generally. DEGW pursed a research-led knowledge approach towards achieving innovation in 
workplace design.  Central to DEGW’s approach was to not view architectural typology as a static and fixed method of 
organisation. Instead, the approach was to see type as a not being “fixed but dynamic and unstable” (Dawe, 2017). This 
theory was particularly important in the area of workplace design. DEGW developed its Building Appraisal Method which 
accounted for sociological, organisational and user information. DEGW was then able to aggregate data on both buildings 
and organisations. The method focused on key criteria: “Criteria included: location, accessibility & image; quantity of space; 
quality of space; level of building services, and land services & amenities” (Dawe, 2017). 

DEGW’s strategic consulting methods were to match architectural design, typological, spatial and programming 
knowledge with workplace design. However, other later and more recent approaches appear to have discarded the 
complexities of spatial theories and design in favour of a metrics led approach. The most successful of the metric led 
approaches is the Leesman index. Unlike the DQI and EVB Leesman originated outside of the government policy, academia 
and industry nexus. Emerging from industry and strategy consulting Leesman was founded in 2010 by an accountant, 
an interior designer and strategy consultant. The Leesman index is based on a strategic management methodology that 
measures workplace effectiveness and is the “world’s largest resource of consistent workplace effectiveness data” To do 
this Leesman employs a “standardised workplace effectiveness survey.” Since its inception, Leesman has had a wide uptake 
and acceptance across the Corporate Real Estate industry. As a result, Leesman has aggregated a substantial amount 
of workplace data. Leesman proclaims to be the “industry’s first unified and truly independent workplace effectiveness 
benchmark tool” Leesman has also developed strong relationships with a number of consulting partners who are directly 
involved in the design of workplaces. (Leesman 2017)

7. GLOBAL RANKING TOOLS 

Also arising out of the strategic consulting Industry are a plethora of City ranking metrics and tools. Whilst these tools operate 
at the scale of a City rankings different scale to those methods focused on single buildings or facilities. Design value and 
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associated metrics are also to be found in the ranking of cities and even nations. There a currently a number of city ranking 
measures that contribute and sued for the purposes of place branding, marketing as well as policy formulation and strategic 
decision making. (Gififnger et al. 2010). In a 2015 report, it was noted that most of the City ranking metrics and indices 
emerged out of the strategy consulting and sizeable integrated service consulting firms. (Leff and Peterson 2015). This report 
identifies the different methodologies used in city rankings. Ranging from what they’ describe as “comprehensive” rankings 
such as the AT Kearney methodology; or niche rankings, which they describe as having more focused methodologies 
based on macroeconomic data. In a Spanish study in 2017, Garcia, Ordonez and Pisonera (2017) note how the ranking 
tools, centred around the idea of global cities, have begun to include data and information about cultural services within 
them. These authors asked if global cities rankings were a  “ neoliberal urban planning tool” and argue that these ranking 
systems are being used in ways that are inappropriate. They summarise and analyse 10 cite indexes and ranking tools 
including the Global Cities Index, Project Global Economic Power Index, AT Kearney Global Cities Index, World Liveable 
Cities, Global Power City Index, Global City Competitiveness Index, Cities of Opportunities, Global City Survey and the The 
Wealth Report (Garcia, Ordonez and Pisonera 2017). 

But the global city rankings point to some of the elements of Design Value that sometimes go unaccounted for. The 
City rankings are often related to the concept of the ‘Bilbao effect’ where rankings are improved via an investment in iconic 
architectural design (Sklair 2005) (This phenomenon takes its name from the landmark Guggenheim museum designed 
by Frank Gehry to revive the city of Bilbao.) In theory, the ‘Bilbao effect’ increases in economic benefits to a place through 
design. But these claimed benefits, and their relation to design, are rarely quantified, except via the city ranking systems.

Alongside the Design Quality tools, the related area of Post Occupancy Evaluation studies is also another area where 
Design Value issues come to the fore. These studies can be regarded as what Gann and Whyte (2003) name as a “manage 
and measure” approach. In a wide-ranging study of Post-occupancy Evaluation practice in the sustainability arena Peixian 
Li, Thomas M. Froese, Gail Brager (2018) undertook a quantitative and descriptive statistical analysis of 146 POE projects 
and 13 existing POE protocols. This study had a clear focus on POE categories concerning sustainability such as water, 
energy, acoustics, light and then design. Many POE approaches have been proposed across the globe, particularly in 
western jurisdictions such as the UK, the US and Canada. Notably, these authors apply basic notions of innovation theory 
to the field. They argue that POE can be regarded as a technology and that the adoption or non-adoption of POE can 
be understood using the Technology Adoption Lifecycle (TAL). These authors argue that TAL can explain why there is a 
plethora of POE projects and protocols. They theorise that this is because there is a chasm between early and late adopters 
in the field. They argue that many POEs are the result of, or associated with one-off studies and that POEs should be 
integrated with going building management. For example, links might be created between building automation control 
systems and occupant satisfaction surveys. 

Across the globe, there have been many different studies related to POEs and Design Value. For example, in America, 
the Federal Facilities Council examined POE processes with the strategic aim of proposing a “proposed a broader view of 
POEs-from being simply the end phase of a building project to being an integral part of the entire building process.” This 
work encompassed a state of the practice survey which looks at the origins of POE instruments and research, notions of 
universal design evaluation, POEs and organisational learning and structures, and the emerging role and possibilities to 
facilitate POE techniques.

8. GREEN RATING TOOLS 

Green rating systems are also another area where Design Value emerges and is contested and interpreted in different 
ways. The primary green rating systems are LEED (US), BREAM (UK) as well as lesser known ones such as CASBEE 
(Japan) ESTIDAMA (ARABIA) and Green Star (Australia). As Peixian Li, Thomas M. Froese, Gail Brager note worldwide 
there is a range of green building certification systems. The claim there are around 150 different tools and methodologies 
for building assessment. In Australia, The Green Building Council of Australia (GCBA) established the pioneer of green 
star tools framework was limited to a range of criteria including material selection, indoor air environment quality, water 
efficiency, waste avoidance, re-use and recycling. In a comprehensive study of green rating tools, Zoo and Zhao (2014) 
argue that many of these could better focus on social sustainability.  In recent work Doan et al. (2014) note how the global 
establishment of various green rating systems is now evident. They identify the common core elements of across these 
different tools as being related to Indoor Environment Quality, Energy, and Material.

9. SOCIAL VALUE MEASUREMENT

Another area that has emerged is in the area of social sustainability. As Spinks (2015) rightly notes in her BREAM study, 
there is no established consensus on what “sustainability means.” In Denmark measures of social sustainability y have 
been developed in the area of social housing neighbourhoods. A model has developed with included12 indicators related 
to “social cohesion; participatory processes; and accessibility to living opportunities.” It is then argued that these indicators 
can and should be integrated with systems that only account for physical functional indicators. 
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On other work focused on infrastructure Doloi (2018) attempts to bridge the gap between qualitative notions of community 
and a social value metric. This approach is in an attempt to quantify intangible notions of social value. Dolio (2018) uses 
survey instruments and interview transcripts via a social network analysis to quantify and argue for a consideration of what 
he names as the social value in infrastructure projects.  Central to this is understanding the relationship between a project 
and a community.  He argues that firstly, there is “Numerous examples of expensive but failed infrastructure projects around 
the world have shown that there is a clear need for appropriate mechanisms to incorporate the needs and requirements 
of the community in the planning process.” While Doloi contends that “iconic projects...contribute enormous value” this 
iconicity needs to be thought about alongside the “perceptions of end-users (who) contribute to the long-term social 
value creation over the project lifecycle.” As a result, Dolio concludes that infrastructure projects “must also incorporate 
evolutionary soft functions and real-time information processing based on community preferences and active participation.”

10. AUSTRALIAN POLICY DEVELOPMENTS

In Australia, the primary approaches that have been taken to quantify design quality have mostly been achieved through 
government policy. However, these approaches have been by and large qualitative.  State-based Australian government 
architects (ACT, QLD, NSW, Victoria, SA, Tasmania and WA) have also promoted good design guidelines. In NSW the 
Government Architect promotes the Evaluating Good Design framework. This is a qualitative framework. In Victoria, there 
is the Fact Sheet for Universal Design which is also a qualitative framework built around seven criteria. In South Australia, 
a Design Review system is coordinated by the Office for Design and Architecture. The SA Design Review program is a 
qualitative and voluntary program that relies on expert advice to assess the Design Value for projects over AUD 10M in 
value. Guiding this process are The Principles of Good Design which relate to 6 qualitative criteria.  In Queensland, there are 
design guidelines for better buildings which are devised around three key objectives and 23 criteria. In Western Australia, 
there is Better Places and Spaces policy through which the Government architect a set of design standards. 

 In Australia, the $16.2B Commonwealth’s Building the Education Revolution (BER), program was instigated to provide 
a fiscal stimulus to the economy after the Global Financial Crisis. The follow-up Audit indicates how Decision makers often 
view design Value in Australia. The report was commissioned by the Commonwealth to assess if the BER delivered Value 
for Money and Design Quality. The criteria adopted by the BER task force in comparing cost outcomes are based on initial 
capital cost per square metre. In the report Quality of Design is defined in a rudimentary quantitative fashion as the delivery 
of school buildings which are “fit for educational purpose, comply with relevant building design and construction standards 
and achieve the agreed project scope.” The weighted assessment framework developed by the report allocates a total 30% 
(outcomes are 50%) of its scoring methodology to the idea of Quality (ranked from 1 to 6) which is defined as: ‘Fitness for 
purpose (15%), Meets required design and quality standards (7.5%), and Compliance with agreed scope (7.5%)”

Policy initiatives in Australia have also emphasised qualitative measures: criterion-based selection, design reviews, 
design workshop methods and design competitions.  In contrast to the UK experiences and the BER methodology, these 
approaches have been mostly qualitative. For example, in Victoria, a series of Good Design guides were produced in 2007 
by the Office of the Victorian Government Architect (OVGA) setting out some performance principles and corresponding 
values for what constitutes good design. The guide argues for the principle of ‘Flexibility in structure and plan, long life loose 
fit’ and the corresponding values of ‘adaptability for future needs and changing uses, longevity in the primary structure.’ 
Since then the OVGA has sought to build design principles into procurement guides for government clients. In SA the 
Government’s Integrated Design Commission, formed in 2011, is an organisation not unlike CABE in the UK. The SA 
Commission’s remit is to pursue a ‘design-based approach to design, planning and development that acknowledges the 
interconnectedness of the built and natural world.’ The commission promotes research using case-based knowledge and 
evidence-based design. 

One area in Australian cities in which Design Quality has become problematic is in the field of higher-density housing. 
This is problematic because housing densification has met with resident opposition, including high rates of third party 
planning objections and appeals. Moore, Martel and Horne (2015) developed an extensive report on a 2014 study into the 
Value of Design in apartment housing. These authors undertook a comprehensive survey of “value criteria on good design 
for residential apartments” perceptions of good design are problematic. As they note:

“There is a false perception that good design is an optional extra with additional costs and limited benefits or 
value to the entity that must bear the initial cost increase. Without a rigorous evidence base, the arguments 
for good design may be easily dismissed as part of a discipline-based “belief” system and any additional costs 
that arise deemed unnecessary. There have been a few notable attempts to address this lack of evidence (e.g. 
CABE in the UK), but limited research has been undertaken in Australia.” 

In this report, the authors argue that different categories of “evidence” are needed to qualify and establish “the case” 
for design linking outcomes to design processes. This includes econometric evidence and “experiential evidence process-
related evidence – analysis of design in the built environment processes  which may lead to improved value outcomes.” 
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11. DISCUSSION

The field of Design Value and its measurement, as suggested by this limited survey, is characterised by—and embedded 
in-- disparate approaches leading to a fragmentation of methodologies, tools and methods. Unresolvable arguments, 
caught between positivist and relativist positions, about what the essential elements of these tools should be abound.  In 
few instances is there integration between academia, policy makers and industry is lacking.  Some tools predominate in 
some geographies and not in others.  Some of these tools are more predominant and are used more often than others. 
Some only appear to have a limited lifespan. Many design value ex-ante and ex-post measurement methods originating 
in academia are not used in practice or used as the basis for policy or in procurement decision making contexts.  In other 
words, Many of the policy frameworks or design value systems that have been developed are not linked to useful working 
tools, industry methodologies and workflows. Moreover, Design Value instruments and are not linked to policy frameworks 
or national Design Value systems—if these systems exist at all.   Notably, the most successful approaches such as the 
Leesman index have emerged entirely out of the Corporate Real Estate milieu. 

Fragmentation across the globe in regards to Design Value rating tools may be explained because of the recurring 
discourse around perceptions of design thinking. In European research PI Volker (2010) has examined the procurement of 
design services and Design Quality in the European public building tenders. She argues that Design Quality scoring systems 
are problematic because they conflict with ‘natural processes’ of design thinking and decision making. She contends that 
accounting for subjectivity is essential in judging Design Quality. As she notes, there are no standards or performance 
specifications that account for seemingly intangible characteristics in Design Quality models. For Volker, it is important that 
efforts be made to develop models in which intangibles (e.g. uniqueness, recognisability, meanings and associations) are 
identified and measured concerning individual designs. Nevertheless, this should be done in a way that avoids the ‘Bilbao’ 
style debates that predominate in the architectural media around the status of star-architects and the globalisation of 
architectural services (Hartoonian 2002, Sklair 2005).

The situation in Australia is reflective of this global fragmentation and a lack of policy integration, alongside price 
competition, across the design and construction industry. In Australia, design quality is often misunderstood or only 
understood subjectively. Currently, no comprehensive and cross-disciplinary design quality evaluator or index exists. There 
is no Design Value system in Australia. Currently, design quality tools and policies in Australia are functionally separate 
and fragmented as governments at all levels pursue different paths. As a result, governance is ad-hoc and fragmentary. In 
Australia, alongside the work of the Government architects, there is a range of approaches such as, Performance-based 
residential design guides, including the role of neighbourhood character in these codes, the Green Building Council of 
Australia (GCBA) green star tools, and Value for Money (VfM) tools such as Public Sector Comparators. 

12. FUTURE RESEARCH 

The scope of this paper has its focus on the built environment. This limitation of scope is not to say that evaluation 
techniques arising out of the disciplines of Landscape Architecture and Urbanism are to be disregarded. On the contrary, 
it could be argued that these disciplines and the way that the way they have approached the issues of design value and 
evaluation metrics offer necessary and urgent methodologies that architects should encompass in their own discourse and 
future research should undoubtedly pursue this.

Many more tools and approaches could be mapped, described and compared.  However, such an effort will only lead to 
an identifying in more detail the fragmentation that exists in the field and would by no means holy grail of a systematic and 
wholistic Design Value tool. It is also possible that all of these existing tools will be overtaken by developments in technology 
such as the Internet-of-things, and scanning technologies. This is hinted at in the POE field where the potentials of linking 
new technologies and big data to POE processes have been noted.  (Peixian Li, Thomas M. Froese, Gail Brager 2018). 
Emerging areas of future research into the area of Design value must account for new methods to capture data, create 
databases and employ data visualisation to communicate POE results. These new methods will change the way we view 
both intangible and tangible measures of Design Value. 

In the global landscape efforts to quantify design and its value through more specific bottom-up approaches, particularly 
from industry, also seem to have achieved more success. Arguably the Leesman metrics model, and before that the DEGW 
consulting model, both suggest ways forward. This success suggests the importance of architectural first to each develop 
their own Design Value metrics, and strategic methodologies linked to a firm IT architecture with data.

13. CONCLUSION 

The pursuit of Design Value has resulted in a landscape of different methodologies, methods and metrics that is fragmented, 
unstable and a site of competition amongst value measurement providers. These different approaches indicate that the 
measurement of Design Value is in crisis. The degree to which these competing tools and methods are useful, deserve 
widespread acceptance or even elucidate what Design Value is, remain open questions.  More worrisome is the thought, 
untested in this paper, that this plethora of approaches are ineffective in advocating the importance of architectural design 
in neoliberal markets.
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Abstract: Across the Australian tertiary education sector and worldwide, the number of informal learning spaces has 
increased in newly constructed and retrofitted university campus projects. Research on these informal learning spaces 
does not pay much attention to the importance of spatial configuration design and how the configuration characteristics of 
an informal learning space may influence students’ selection of favourite spaces and their learning activities and outcomes. 
Therefore, there is an urgent need to investigate students’ perceptions of the configuration designs of informal learning 
spaces on university campuses. Space syntactic theories are applied in this research to formulate the configuration 
characteristics of informal learning spaces, and students’ perception indexes of designed spaces based on students’ 
behavioural observations are used to represent students’ perceptions. An empirical study based on the Geelong Waterfront 
campus of Deakin University explores how the configuration features of informal learning spaces affect students’ approaches 
and choices. The research findings indicate that the individual learning behaviours of students tend to favour spaces with 
low integration and high depth values, but they reject completely quiet spaces. Designers and managers of university 
learning spaces could implement these research findings and approach to improve the configuration characteristics of 
informal learning spaces for onsite students’ learning activities and the quality of their learning outcomes.

Keywords: informal learning spaces; spatial configuration; students’ perception; university campus

1. INTRODUCTION

Every university campus worldwide is unique in terms of geography and morphology, as well as its physical on-campus 
spaces. No two physical spaces of a university campus are alike in vision, nor would their users want them to be. The 
functions of all physical university campus spaces are, however, similar, being designed, constructed and continuously 
maintained for the uses of teaching or learning, research or development, and social services. There is neither a universally 
agreed classification of university campus spaces nor robust definitions of each type of campus space. This paper focuses 
only on a type of particular campus space which is termed informal learning space. In a well-cited paper, informal learning 
spaces are defined as ‘non-discipline specific spaces frequented by both staff and students for self-directed learning 
activities’ (Harrop and Turpin, 2013). Various research publications addressing informal learning spaces have recently 
provided insights into what these spaces are, what goes on in them and what they produce (Matthews and Walton, 
2018). The majority of research into informal learning spaces has been focused on improvement of learning environmental 
infrastructure (Könings et al., 2005; Hunter and Cox, 2014; Frydenberg, 2018) and investigation of students’ learning 
activities undertaken informally from the viewpoint of pedagogy (Waldock et al., 2017; Wu et al., 2017; Cox, 2018). It is 
notable that research on informal learning spaces does not pay much attention to the importance of spatial configuration 
design and how the effects of spatial characteristics on users can be utilised in constructing new and retrofitting existing 
university learning spaces.

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.433–440. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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When interpreting students’ approaches to and choices of favourite informal learning spaces, it is important to 
acknowledge that it is not just the learning space’s characteristics that influence onsite students’ learning, but also the 
students’ perceptions that direct their interpretation of the space (Walton and Matthews, 2013). Previous research has 
indicated that students’ perceptions of learning environments are more influential than the environments themselves on 
students’ learning activities and the quality of their learning outcomes (Könings et al., 2005). Students’ informal learning 
efforts are mediated by their interpretation of informal learning spaces, and their active perception of a favourite space 
significantly influences their subsequent learning efforts and the learning outcomes. Across the tertiary education sector in 
Australia and worldwide, we do not have to look far to find newly constructed or retrofitted informal learning spaces. For 
instance, the recent redevelopment at all campuses of Deakin University has created many more new informal learning 
spaces in order to enhance the engagement of students in informal learning. Therefore, there is an urgent need to investigate 
the students’ perceptions of the configuration design of informal learning spaces on university campuses. 

This paper investigates students’ perceptions of the configuration design of universities’ informal learning spaces. The 
case study building is Building D at the Waterfront campus of Deakin University, Geelong, Australia. The internal renovation 
of teaching and learning spaces on levels 2 to 4 of this building was completed in 2016 after three stages of redevelopment. 
The establishment of various informal learning spaces has provided students with an optional, effective learning environment 
as individuals and in groups, and has also created a case study building for research on informal learning spaces. Space 
syntactic theories are applied to formulate the configuration characteristics of informal learning spaces, and the occupancy 
rates of designed spaces based on students’ behavioural observations are used to represent students’ perceptions. The 
research aim is to enable designers and managers of university learning spaces to increase their configuration characteristics 
to improve the quality of onsite students’ learning outcomes.

2. UNIVERSITIES’ INFORMAL LEARNING SPACES

In a number of research publications, university students’ learning activities have been clustered from different viewpoints. 
It is widely recognised that students mainly prefer learning spaces related to their learning activities (Beckers et al., 2016). 
In terms of learners’ intentionality and consciousness, Schugurensky (2000) developed a taxonomy with three types of 
informal learning: self-directed learning, incidental learning and socialisation. From the intentional learning perspective, 
Bennett (2011) took a detailed look at different learning behaviours to characterise twelve learning forms, which include 
collaborative learning, studying alone, discussion with others and so on. Based on the behaviour patterns of learners on 
campus and combined with the multiple classification dimensions, this paper divides informal learning spaces into three 
types: individual learning, collaborative learning and interactive learning spaces. These classification criteria also depend on 
the users’ behaviour patterns, the space structure and the spatial interface morphology. 

Cunningham and Walton (2016) argued that informal learning must occur in informal learning spaces and that different 
learning behaviours tend to favour spaces with different characteristics. This paper assumes that single corresponding 
relationships exist between informal learning behaviours and informal learning spaces; these relationships are presented 
in Figure 1. A space where it is convenient for an individual learning behaviour to occur is defined as an individual learning 
space. Similarly, collaborative learning tends to take place in a collaborative learning space, while interactive learning is 
likely to occur in an interactive learning space. It should be noted that one type of informal learning space may be occupied 
for a different learning behaviour. Through defining informal learning spaces according to specific categories, each type of 
learning space may be effectively observed, maintained, updated temporarily using removable furniture and other facilities, 
or even renovated permanently to maximise its usage for students’ learning. 

Figure 1: Relationships between informal learning behaviours and informal learning spaces

The spatial environment cannot be neglected in evaluating the learning activities and outcomes of students, but is a 
key factor in meeting diversified learning needs and even shaping the outcomes of learning. It can be argued that learning 
activities become a behavioural and social process that has a strong correlation with informal learning space. Learning 
activities occur not only inside the classroom but also in informal learning spaces, where a behavioural experience or social 
interaction may take place. Therefore, the campus design of spatial configuration plays a particularly important role. Little 
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research has been conducted on the influence of spatial configurations on different learning behaviours in informal learning 
spaces and this study fills the gap using quantitative methods to verify the connection between spatial configurations and 
learning behaviours in order to facilitate the design of more effective informal learning spaces.

3. CASE STUDY BUILDING

An empirical study based on the Geelong Waterfront campus of Deakin University explores how the configuration features 
of informal learning spaces affect students’ approaches and choices around them. The campus, which was originally built 
as wool stores in the 19th century, has been extensively renovated to create a modern and impressive property. Building D 
on the campus, after three stages of redevelopment by 2016, was selected as the research object for this study because it 
provides primary study and active spaces for students, who can participate in a variety of activities individually or in groups 
to meet their diverse needs. The case study building is a complex facility with a library, computer labs, classrooms, an atrium 
space, cafeteria, indoor parking and in-between spaces. Only the informal learning spaces on floors 2, 3 and 4 (abbreviated 
as F2, F3 and F4) are selected, such as in-between spaces, rest areas and interactive areas, as shown in Figure 2. The first 
floor, which mainly contains a staff parking area, a computer lab, a few staff offices and a public cafeteria, is excluded from 
the research of this paper as these spaces are not popular for learning activities. The concept of informal learning space in 
this research includes all kinds of spaces where informal learning behaviours took place through observation, such as the 
library, atrium space, cafeteria, lounge and in-between spaces. 

The method of non-participant observational sweeps of informal learning spaces is adopted in this study. The investigation 
was conducted from 9:00 to 10:00 am and 3:00 to 4:00 pm on weekdays and weekends from January to April 2018. 
These time periods were selected because then the spaces are not fully occupied and so students can choose seats 
according to their own needs rather than making passive decisions. Observations were undertaken including observing 
usage and behaviours, counting the number of users present and recording the users’ location distribution. During the 
investigation, many details were noted when observing the usage and behaviours of the users, such as whether students 
worked individually or in groups, whether they studied quietly or communicated with others and the number of spaces that 
were in use or idle. Different learning activities are distinguished and recorded in different colours on each floor plan drawing, 
as displayed in Figure 2.

Figure 2: Examples of distribution of students’ learning activities in each floor and distribution of different types of learning spaces based 
on the learning activities
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Figure 2 shows examples that record the distribution of students’ learning activities and the distribution of different types 
of learning spaces based on the learning activities. Red marks represent the individual learning behaviours of students, 
blue represents collaborative learning behaviours and green represents interactive learning behaviours. At the same time, 
the accurate position of each student and the total number of students were also recorded during every survey activity. 
People walking around and randomly distributed pedestrians in the building were ignored because these are not considered 
learning behaviours. The distribution of students verifies that different learning behaviours tend to favour different kinds of 
study spaces. 

4. METHODOLOGY

4.1 Measuring students’ perception of spatial configurations

In order to present the distribution of learning activities as quantitative data, the concept of seat occupation rate is defined 
as a method to measure students’ perception of spatial configurations. The seat occupation rate is calculated according 
to the proportion of users to the total number of seats in each learning space. Average values were obtained by recording 
the occupancy rate of each learning space over the three-month survey. In other words, the rate indicates students’ 
decisions in selecting seats. Therefore, the rates are influenced by many factors, for example, spatial configuration and 
indoor environment quality such as facilities, thermal comfort, air quality, light environment and acoustic environment. The 
average rates obtained in relation to different learning behaviours can be considered the initial indexes. 

The students’ perception index, which directly indicates the relationship between the fixed seat occupation rate and 
the spatial configuration, can be measured by eliminating the effects of the other indoor environment factors on seat 
occupation rates. According to (Al Horr et al., 2016); Kang et al. (2017), the key indoor environment factors of facilities, 
lighting environment, thermal comfort and air quality should be taken into account. Here the fixed coefficients are defined as 
the influence of indoor environment quality, which is conducive to analysis of the relationship between spatial configuration 
and learning behaviours. First, the values of the key weighting factors were separately graded and averaged according 
to their importance, based on the published references (Al Horr et al., 2016); Kang et al. (2017). Second, the results for 
the informal learning spaces were respectively marked based on the key indoor environment factors. Third, the fixed 
coefficients were respectively calculated for each space through multiplying the weight value by the marking results. Finally, 
by considering the lowest fixed coefficient as 1, the other coefficients were relatively measured. In other words, if there was 
one student in the space with the lowest fixed coefficient, the other spaces should have the number of students of their 
coefficients.

4.2 Measuring space syntactic indicators of spatial configurations

Two indicators developed in space syntax – mean depth and integration – are employed in this research to represent the 
convenience and centrality features of an informal learning space, respectively (Hillier and Hanson, 1989). As a theory and 
analytical method, space syntax describes spatial relevance and accessibility based on topological relations, and quantifies 
abstract space into spatial analysis diagrams. Because this theory is concerned with the correlations between different 
spatial units but not a single space, the core concept of spatial configuration has been proposed. Spatial configurations 
are described as interdependent relations between different elements in a spatial system, or how spaces within the system 
relate to each other (Hillier and Hanson, 1989). Space syntax theory has been found to be appropriate for spatial organisation 
and adaptability in educational spaces (Coelho and Krüger, 2015). Based on the degree of spatial linearity, there are three 
types of models of space in space syntax: axial map, convex space and isovist (Hillier and Hanson, 1989). The convex 
space model was selected in this study because the informal learning space presents a non-linear form and this research 
focuses on the syntactic characteristics of every learning space. Each convex space was divided according to the division 
principle of convex space, and the layout and spatial characteristics of the building also needed to be considered. Pillars, 
walls, bookshelves and furniture all have an influence on the spatial division.

After the convex space model was selected, the quantised parameters of spatial attributes related to this study were 
confirmed. A convex space provides several parameters of spatial attributes which include variables such as mean 
depth, integration, connectivity, choice and others (Hillier and Hanson, 1989). A mean depth value reflects the difficulty of 
transforming one space into another, namely, spatial convenience (Turner et al., 2001). Integration emphasises the centrality 
of a space, which means the degree of scatter or aggregation of one space to all other spaces. The convenience and 
accessibility of a spatial layout are closely related to students’ choice of learning space, and accordingly the mean depth 
and integration values were selected as the indicators of space syntax in order to access space layout in this study. 

The mean depth value represents the average value of the shortest path from a certain space to others. The shortest 
path means not the actual distance, but the topological distance. If the topological distance between two adjacent spatial 
units is abstracted as 1, then the depth value of any two spatial units indicates the shortest topological step from one spatial 
unit to another, which can be calculated from the relational diagram. When the value is smaller, it means that people can 
reach all of the other spaces more easily. Mean depth is calculated as follows (Hillier and Hanson, 1989):
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 (1)

where  indicates the mean depth of spatial unit i, represents the shortest topological path from spatial unit i to any other 
unit j and n is the total number of spatial units.

In space syntactic terms, the degree of scatter or aggregation of one unit in relation to all other units in a spatial network 
is called integration. In other words, it represents the capacity of a spatial unit to attract traffic. The higher the integration 
value of a spatial unit, the stronger its connection with other spatial units. On the contrary, with low values all spatial units 
are alienated from each other and have a lack of connection. Integration is defined as follows (Hillier and Hanson, 1989):

 (2)

The space syntax software DepthMap has been used in this research to produce a table with syntactic values matching 
the drawings to indicate the distribution of those values (Turner et al., 2001).

5. CONFIGURATION CHARACTERISTICS OF INFORMAL LEARNING SPACES

5.1 Spatial configuration analysis

This paper analyses the spatial configuration of Building D at the Geelong Waterfront campus of Deakin University as a 
case study building using space syntactic theory with the method known as convex space. The plan draining of each layer 
is separated into convex spaces using the CAD software. The partition of each convex spatial unit follows three basic 
principles. The core concept of a convex space was followed in which every point is visible from every other point within the 
space. Second, spatial boundaries that included walls, corners, pillars and bookshelves need to be considered. Finally, it is 
necessary to combine the distribution characteristics of learning activities with the separation of convex spaces. 

The space syntactic values, including mean depth and integration, have been calculated for the case study building. A 
depth value shows how deep or shallow a spatial unit is compared to others and the higher the mean depth value, the lower 
the convenience. Similarly, an integration value reflects the accessibility of a space and the higher the integration value, 
the stronger the centrality of the spatial unit. The spatial configurations characteristics of all spatial units in the case study 
building are presented in Figure 3a and 3b for mean depth and integration values, respectively. These two values indicate 
the differences in the convenience and centrality of each spatial unit in all three types of informal learning spaces. Due to the 
page limit, the remaining analysis in this paper is limited to individual learning space units and results on collaborative and 
interactive learning space units are available from the authors upon request. 

Students’ perspectives on configuration design of universities’ informal learning spaces
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Figure 3: Spatial configuration characteristics of Building D: a) mean depth; and b) integration

5.2 Students’ perception of spatial configurations in individual learning spaces

After calculation of the seat occupation rate, the integration values, mean depth values and seat occupation rates of each 
individual learning spatial unit are compared in Table 1. The unit space numbers A1 to A15 represent the serial number 
corresponding to each individual learning space. The table shows that students’ perception index can reached at least 
2.20% and up to 19.81%, depending on the integration and depth values corresponding to each spatial unit. When the 
integration value gradually increased from 0.7153 to 0.8546, the students’ perception index decreased, while students’ 
perception index was very low when the integration value was lower than 0.62453. As the depth value increased from 
6.9915 to 8.2332, the students’ perception index rose, and the rate became very low when the depth value was 9.3033 
or higher.

Table 1: Spatial configuration characteristics and students’ perception indexes

Space Integration Mean depth Seat occupation rate (%) Fixed coefficient Perception index (%)

A1 0.8061 7.4337 27.78 1.869 14.86

A2 0.5653 10.2725 5.25 1.092 4.81

A3 0.6245 9.3033 7.29 1.374 5.31

A4 0.7749 7.6919 35.60 2.038 17.47

A5 0.7644 7.7567 34.50 2.038 16.93

A6 0.7525 7.8409 35.25 2.038 17.30

A7 0.7368 8.0000 51.20 2.585 19.81

A8 0.8404 7.1706 27.38 2.208 12.40

A9 0.8546 6.9915 17.92 2.208 8.12

A10 0.7940 7.5308 31.88 2.208 14.44
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A11 0.7423 7.9258 45.06 2.417 18.64

A12 0.7889 7.6235 27.05 1.681 16.09

A13 0.5344 10.5685 2.20 1.000 2.20

A14 0.7153 8.2332 32.55 2.040 15.96

A15 0.5568 10.3528 7.58 1.471 5.15

5.3 Discussion

Table 1 shows that individual learning spaces have a negative correlation with the integration value, while they have a 
positive correlation with the depth value. This means that students who are engaged in individual learning activities are more 
likely to choose spaces with low centrality and few people walking through. Therefore, students who focus on studying 
alone or quietly tend to concentrate here. However, it is worth noting that when the integration value is too low and the 
depth value is too high, the space is not a good choice for students who study alone. The individual learning space that 
students need is not an absolutely quiet learning space. A similar conclusion was made earlier that open-plan spaces on a 
university library were very popular for academic activities and they argued that the social nature of open spaces is one of 
its main qualities which attracts students to study here Bryant et al. (2009). Many individual learners seek to secure a quiet 
spot within the social study environment so that they can feel integrated into the learning environment while in the process 
of independent learning.

Moreover, most users in the library feel comfortable with the noise level and if a space is too quiet, users do not like 
to study there. This may also explain why the spaces A1 and A7 (Table 1) have higher student perception indexes. This 
type of space is located in an area with a high integration value but, due to its own characteristic of being semi-closed, its 
integration value is relatively low. The semi-closure provides students with a territorial sense of space while also improving 
the possibility of interacting with others, so it can more easily meet diverse demands. This finding is also supported by the 
research of Waxman (2006) at coffee bars, where customers tended to sit in a place with a physical structure on one side. 
Despite a lack of verbal communication, people still felt socially connected when they sat alone. To sum up, it is considered 
that a space with a certain sense of territory, located in an area with high integration, is the kind of space that individual 
learning students show a preference for. 

A further explanation for the low student perception index in spaces with very low integration and very high depth 
values is the absence of the surveillance effect in the learning environment. A similar idea called magnetism proposed by 
Francisco (2006) claims that students are attracted by others who are doing similar activities in informal learning spaces. 
Being surrounded by other users and getting involved in the atmosphere seems to inspire students to work more effectively. 
When the integration value is too low or the depth value is too high, the probability of users arriving is extremely low and this 
is likely to create a sense of spatial separation. As a direct result, this type of space is not conducive to stimulating student 
enthusiasm for independent learning. Like spatial units A2, A3, A13 and A15 shown in Table 1, the investigation data reflects 
an extremely low student perception index. Students do not like to study in these spaces if they have other choices. 

In addition, it is noticed in Table 1 that the student perception indexes of spatial units A4, A5 and A6 are obviously higher 
than those of most other units. This may be partially because of their positions with window views, at which students can 
look at the external greenery and landscape through windows while studying or during study breaks. The beautiful natural 
scenery can facilitate students’ learning more effectively and pleasantly. These results also indicate that, in addition to 
the indoor environment and space configuration, outdoor environment should be taken into account while designing and 
managing universities’ informal learning spaces for students. Previous studies on workplaces also showed that there exists 
a positive relationship between a green window view and decreased levels of stress (Lottrup et al., 2013). The authors have 
an intention to expand the current research to include the external environment in research at the next stage. 

6. CONCLUSIONS

Learning spaces on university campuses are frequently discussed in design research, but there seems to be little focus 
on how the configuration of spaces might influence the section and satisfactory of students within the context of informal 
learning. This research has investigated students’ perceptions of configuration designs in informal learning spaces on 
university campuses. An empirical study based on the Geelong Waterfront campus of Deakin University has been carried 
out to explore how the configuration features of individual informal learning spaces affect students’ approaches and 
choices. Space syntactic theory has been applied in order to formulate the configuration characteristics of informal learning 
spaces according to mean depth and integration values, and students’ perception indexes of designed spaces based on 
students’ behavioural observations have been used to represent students’ perceptions. The research findings indicate that 
the individual learning behaviours of students tend to favour spaces with low integration and high depth values, but they 
avoid completely quiet spaces. The research approach and outcomes presented in this paper will enable designers and 
managers of university learning spaces to improve their configuration characteristics and so the quality of onsite students’ 
learning outcomes. 

Students’ perspectives on configuration design of universities’ informal learning spaces
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Abstract: This paper presents a case study exploring the eye-movement of two architecture master students while using 
a CAAD tool. The students completed an architectural design task using CAAD software in a 60 minute design session. 
The “Think aloud” method was used to collect cognitive data while their eye movements were captured using eye-tracking 
equipment. The session was segmented and coded for visual location. Results of this exploratory study indicate differences 
when using a CAAD tool when designing compared to visual scanning of existing objects. These results, if generalizable, 
imply that CAAD software development should focus on space making as well as on object boundaries.

Keywords: Eye-tracking; CAAD; Protocol analysis; Design cognition

1. INTRODUCTION

Design is a purposeful, constrained, decision making, exploratory and learning activity (Gero, 1990). With computer-aided 
design tools increasingly used in the AEC industry, it is critical to explore how computer-aided design environments assist 
designers’ activities. One of the many methods to explore designers’ cognitive activity is using eye tracking technology. 
Eye movement data is quicker and more directly collected than much other cognitive data (Ware and Mikaelian, 1987). The 
user tends to look at where he or she would like to move before the actual movement (Jacob and Karn, 2003). Therefore 
eye-tracking technology is an effective tool for studying user’s cognitive behaviour. Previous research has focused on how 
designers look at static scene using eye-tracking technology (Gero et al.; Kaufman and Richard, 1969; Weber et al., 2002; 
Yu and Gero, 2017). Marr (Marr, 1980; 2010) laid the cognitive foundations for visual processing using edge detection, 
image intensity changes, and object recognition of computational design. 

However, there is a lack of empirical evidence regarding designers’ activities during the dynamic design process in 
computational design environments. Do designers behave in the same way as people who are looking at existing objects 
when they are designing? There is a gap in our knowledge about designers using CAAD tools. What can this knowledge 
tell us about CAAD tools? 

To address this knowledge gap, this exploratory study focuses on how a computer-aided tool is used by two designers 
when they are doing architectural design tasks by studying their eye-movements. Two master of architecture students from 
Harbin Institute of Technology in China were recruited to participate in the experiment. The design task was to produce 
an architectural design in a computer-aided design environment in 60 minutes. Using both protocol analysis and eye-
tracking, the students’ design activities in a computer-aided design environment were captured. The remainder of the 
paper introduces eye-tracking and protocol analysis and then briefly describes the experiment, which is in the form of an 
exploratory case study.

2. BACKGROUND

2.1 Eye-tracking

Early work of eye tracking technology can be traced back to Dodge and Cline (1901) who developed the first precise eye 
tracking technique, which used light reflected from the cornea. When it comes to the relationship between eye movement 
and perception of static pictures, one of the few studies on this topic related to architecture was conducted by Weber, 
Choi and Stark (2002). They collected eye tracking data as participants were asked to look at three-dimensional models or 
photographs of models, of an architectural space. The research focused on comparing different arrangements of objects 
within a space, rather than different methods of representing the same spatial configuration. Their results showed that, 
with no priori model in a figure, the attention would fixate at the centre; while the foreground was common for initial 
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fixations, the eye did not typically scan the edges of interior space or rectilinearly-oriented contours; the objects on the 
left attract more attentions than the ones on the right. Arnheim (1974) also found that people tends to read pictures from 
left to right. This was confirmed in later results by Arnheim (1985). The Weber at al study also concluded that fixations did 
not vary significantly when viewing the physical model compared with a photograph of the model, with the exception of 
the foreground, which attracted greater attention in the physical model. Additionally, their results also suggest that there 
were significant differences between the fixations and saccades of architects and non-architects. Jacob and Karn (2003) 
studied eye movements while utilizing a user interface within human-computer dialogue, they pointed out that the number 
of fixations (Fixation Frequency) on each area of interest can be a measure of the importance of the information content of 
that area compared to other areas. Kaufman and Richard (1969) measured eye fixation times in pre-defined parts of figures, 
the results show that the centre of gravity is an attractor as are the edges and corners. These researches mostly discuss 
participants’ eye movement when they look at static pictures. However, currently there is little research on exploring eye 
movement during a dynamic design process.  

2.2 Protocol analysis

Protocol analysis is a method for turning qualitative verbal and gestural utterances into data (Ericsson and Simon, 1993; Kan 
and Gero, 2017). According to Akin (1986), a protocol is the record of the behaviour of designers using sketches, notes, 
videos or audio. After collecting the protocol data, a coding scheme is applied to categorize the data, enabling detailed 
studies of the design process in the chosen design environments. Protocol analysis has become the prevailing experimental 
technique for exploring the way in which the design process is understood cognitively (Cash et al., 2016).

As one of the main design ontologies, Gero’s FBS ontology (Gero, 1990) has been applied in many cognitive studies 
(Gero and Tang, 1999; Kan and Gero, 2005; Song, 2014). Researchers argue that it is potentially capable of capturing 
most of the meaningful cognitive aspects of design when used as a system of coding the transitions between design 
issues into eight design processes formulation, analysis, evaluation, synthesis, and reformulation I, II and III (Gero, 1990). 
The FBS ontology, Figure 1 shows the three classes of ontological variables: Function (F), Behaviour (B) and Structure 
(S). Function (F) represents design intentions or purposes; behaviour (B) represents the object’s derived behaviour (Bs) or 
expected behaviour from the structure (Be); and structure (S) represents the components that make up an artefact and their 
relationships. The ontology as the basis of a coding scheme includes two additional design issues that can be expressed 
in terms of FBS and therefore do not require an extension of the ontology. These are requirements (R) and descriptions 
(D). The first of these represents requirements from outside the design itself and the second, descriptions, refers to the 
documentation of the design, Figure 1. Gero’s FBS coding scheme is structured at an ontological level and includes 
focusing on the intentions of the designer, and it has been claimed as a potentially universal coding scheme adaptable to 
different design environment (Kan and Gero, 2009). Dinar et al. (2012) propose a refinement of the FBS ontology by adding 
a hierarchical subdivision of the original FBS design issues, to better represent problem formulations of designers with 
different expertise levels.

Figure. 1: The FBS ontology (after (Gero, 1990)). 

3. EXPERIMENT – AN EXPLORATORY CASE STUDY

In this exploratory case study experiment, two architecture master students from Harbin Institute of Technology, China, 
were recruited as participants. Architecture master students were selected because they should have sufficient architectural 
design experience and knowledge to execute a complete design process. In the experiment, designers were required to 
complete a defined architectural design task using computational modelling software, which in this experiment is Sketchup. 
The participants each have more than 5 years’ experience using Sketchup. 
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During the experiment, the designers’ activities and their verbalization were video-recorded and the recorded data 
subsequently used for protocol analysis. The designers were given 60 minutes for the design session. The design task was 
a conceptual design for a high rise building with specific functions listed and located on a pre-modelled site, which was 
provided to the designers. During the experiment, the designers were as not allowed to sketch manually so that almost all 
their actions occurred on the computer to ensure that the design environment was purely within the screen. This design 
environment is close to a real-world design environment at this stage of the design. The designer’s eye-movements are 
recorded using eye-tracking equipment – in this study, we used Tobii Studio. Figure 2 shows the experiment set up.

Figure. 2: Experiment setting

4. RESULTS

4.1 General results

This protocol study employed an integrated segmentation and coding method. The segmentation and encoding process 
are based on the “one segment one code” principle (Kan and Gero, 2017). This means there are no overlapped codes or 
multiple codes for any segment. If there are multiple codes for one segment, the segment will be further divided. 

Two sets of coding schemes were applied in this research, the first one is based on the designer’s verbalisation/
activities, which is founded on the FBS ontology. The second coding scheme is based on the designer’s eye-tracking data, 
which gives the location of her gaze. Table 1 shows the results of the segmentation. 

Table 1: General results

Total Segments (FBS) Total Segments (Eye-tracking) Design Time (Mins)

Designer 1 360 1191 49.03

Designer 2 357 1118 36.29

In order to obtain a more detailed articulation of what designers focus on when modelling geometry, we further divide 
Structure (S) into three sub-categories: Ss (site), Sb (base), and St (tower). The design issue distribution for the designer, 
derived from applying the FBS-based coding scheme is presented in Table 2. From the data in Table 2 we can see that both 
designers spent most of their design effort on structure (S) related activities. Among structure both designers expended 
more cognitive effort on St (53.1% and 23.0%), which is the geometry of tower, followed by Sb (base, 14.2% and 20.2%) 
and Ss (Site, 9.4% and 4.8%).  After structure (S), the second highest effort was expended on Bs (13.1% and 24.7%), which 
is related to the examination of the design as it is generated. 

Table 2: Design issue analysis

R (%) F (%) Be (%) Bs (%) Ss (%) Sb (%) St (%)

Designer 1 1.9 3.6 4.7 13.1 9.4 14.2 53.1

Designer 2 1.1 7.0 19.1 24.7 4.8 20.2 23.0

Mean 1.5 5.3 11.9 18.9 7.1 17.2 38.0

The coding scheme for the eye tracking data was developed based on an examination of the eye gaze data. It used the 
location the eye gazes in the design, Table 3.

Using eye-tracking to study designers’ cognitive behaviour when designing with CAAD
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Table 3: Coding scheme for eye tracking data

Code

Site planning Surrounding of the site Ss

Corner Sc

Edge Se

Face Sf

Base Corner Bc

Edge Be

Face Bf

Tower Corner Tc

Edge Te

Face Tf

Menu M

4.2 Cumulative analysis of protocol and eye-tracking data

The cumulative occurrence of design issues represented by the codes is determined from the segmentation and coding of 
the design session (Gero and Kannengiesser, 2012). The cumulative occurrence graph provides a basis for the qualitative 
evaluation of the expenditure of design effort, which correlates with cognitive effort, during a design session and is shown 
in Figures 3 and 4. From a visual inspection of the results in these figures we can see that for Designer 1 the predominant 
activity was associated with the tower (St). The designer worked on the base (Sb) at the beginning of the session and then 
no longer addressed the base for the remainder of the session. While for Designer 2, he worked on the base (Sb) first, 
and then focused on the tower (St). This shows the different sequence of designing. For both designers St and Bs have 
increased activity towards the end of the design session (indicated by an increase in slope). This means that the designer 
worked increasingly on the geometry of tower until the end of design session and kept examining the geometry. We can 
infer that the designer worked on the base and site of the building more at the beginning rather than in the end. For both 
designers F increases faster at the beginning of the design session. This suggests that the designer tended to consider the 
function related issues at the beginning of the design session. This agrees with results of previous cognitive research on 
design processes (Gero and Kannengiesser, 2012; Yu et al., 2013).

Figure.3: Cumulative analysis of FBS coding (Designer 1)

Figure.4: Cumulative analysis of FBS coding (Designer 2)
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The cumulative analysis of eye tracking data is produced by segmenting and coding the eye gazes on façades, edges 
and corners of the building, Figures 5 and 6. From the results in these figures we can see that for both designers, their 
eye gazes focus more on the façades (a total of 723 gazes and 733), followed by edges (245 gazes and 241 gazes) and 
then corners (144 gazes and 55 gazes). In architectural design, shape and space are two fundamental primitives usually 
considered by designers (Moore and Allen, 1977; Ching, 2014). Previous research shows that designers’ eye-movement 
tends to focus more on the edge of static images rather than space (Weber et al., 2002). Results from the current study of 
dynamic design process suggest the opposite. This means when Designer 1 was designing, her attention is more on the 
spaces rather than edges, and rarely on corners. 

Figure. 5: Cumulative analysis of the eye-tracking gazes on façades, edges and corners (Designer 1)

Figure. 6: Cumulative analysis of the eye-tracking gazes on façades, edges and corners (Designer 2)

Using eye-tracking to study designers’ cognitive behaviour when designing with CAAD
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Figures 7 and 8 show the cumulative analysis of eye tracking data of the two designers. From the results in these figures 
we can see for both designers that Tf gazes keep increasing towards the end of design session (up to 541 and 360). This 
means that designers worked on the façade of the Tower throughout the session, with an increase of attention towards the 
end of design session. For Designer 1, the attention of the Tower façade dominates the entire session and for Designer 2, 
Tf dominates the second half of the design session. This is followed by attention to the Base façade. The designers’ gaze 
was very rarely focused on the screen menus. This is possibly because these designers used shortcuts. 

Figure.7. Cumulative analysis of eye-tracking coding (Designer 1)

Figure.8. Cumulative analysis of eye-tracking coding (Designer 2)
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4.3  Heatmaps of eye movement

From the heatmaps of the eye movement, Figures 9 and 10, we can see that most of the eye-tracking gazes are in the 
middle of the screen, some of the locations are towards the left-hand side. Only rarely do eye gazes appear on the right-
hand side. This agrees with Arnheim (1974) and Weber et al. (2002) that participants’ focus usually on the left hand-side of 
a picture. Another finding is that most of the eye tracking gazes are focused on the model, and only a few of them on the 
menu, this may be because the participant used shortcuts in Sketchup. 

Figure 9: Heatmaps of the eye-tracking during design in deciles. Red-yellow-green represents the gradation of time focused in that 
region, with red the highest, yellow the middle and green the lowest (Designer 1).

Figure.10. Heatmaps of the eye-tracking during design in deciles. Red-yellow-green represents the gradation of time focused in that 
region, with red the highest, yellow the middle and green the lowest (Designer 2).
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5. CONCLUSION

This paper has presented the results from an exploratory case study on how a computer-aided modelling design tool is 
used by two designers during their design process using eye-tracking to capture their gazes. From the case study, we have 
following findings:

Firstly, the designers spent more design effort focusing on the façades and relatively less on the edges and corners. This 
result differs from previous studies on visual behaviour that found edges are the centre of attraction rather than surfaces 
(Weber et al., 2002). This suggests a hypothesis to be tested: Do designers when using modelling tools focus on facades 
and spaces more than on edges and corners? 

If this hypothesis is supported by more generalizable results it suggests that CAAD tools should have more functionality 
related to the making of shape and space rather than only on shape. The results in this case study which imply that designers 
focus more on the space rather than edges is the opposite of when they look at static pictures where they focus on edges 
(Marr, 2010). This suggests that designing, which is a generation process rather than an object recognition process and the 
results from object recognition are not directly applicable to designers (Ullman, 2000; Cyganek 2013).

Secondly, the designers examined the model constantly towards the end of design session. The checking of the existing 
model is essential during design process (Yu et al., 2013). This suggests a hypothesis to be tested: Is it beneficial for CAAD 
tool design to focus on developing the navigation tools which can help designers examine their models more easily?

Thirdly, the case study shows that these experienced designers’ eye gazes focused primarily on the model with only a 
few eye gazes on the menu of the interface. This suggests a hypothesis to be tested: Is it beneficial to the designer that for 
experienced users of the software the menu design can be simplified and take less space. 

Finally, most of the designer’s eye gazes focused on the middle of the screen or towards the left. Marr (2010) suggests 
that 2D dimensional sketch is more viewer centred in terms of geometry, while 3D dimension images are more object 
centred, which includes volumetric primitives. This provides the basis of a final hypothesis to be tested: Is it beneficial to the 
designer if the interface leaves more modelling space in the middle and left, and locates menus on the right?

Results of this study provide the foundation for hypotheses that can be tested in more generalizable experiments. The 
benefit of applying eye-tracking technology in design cognition research is that it can provide biometric evidence about 
where designers look, and link this information to what they think.  Prior to this research, designers’ cognitive behaviour 
during their design process had not often been related to their eye-movement. The method proposed from this study 
opens broader possibilities of cognitive research from a biometric perspective. The results of this research are necessarily 
limited by the very small number of participants. However, due to the nature of protocol analysis (time consuming however 
can achieve detail analysing of designers’ cognitive thinking) and eye-tracking analysis (large amount of data generated for 
eye-gazing analysis), the depth of the analysis provides robust evidence of designers’ cognitive behaviour coupled with 
their biometric response during the design process. The results of a broader range of experiments could form the basis for 
guidelines to CAAD software designers and be beneficial for both designers and software developers.
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Abstract: In New Zealand, over half of our architectural graduates are female but this number significantly drops within 
professional practice. The fact remains that industry is a male citadel whether in the realm of design or manufacture. This 
paper explores a new generation of women building their own coalitions and strategies that promise to bring about change 
within the architecture and the construction discipline with the formation of a collaborative group: Women in Fabrication. The 
purpose of forming a female fabrication group was to support learning through the process of making, creating a project-
based platform that created leadership opportunities and better accessibility to fabrication and mentorship. Students were 
given the challenge of designing and building a pre-fabricated exhibit at a prominent Building Expo in New Zealand. With a 
timeline of six weeks, students had to learn CAD/CAM technology and apply what they learnt to a real-life design making 
situation- providing a platform for learning and sharing ideas. Digital design processes allowed for the project to be morphed, 
tweaked and customized with new interchangeable parts to suit the different prescribed audiences and function. This 
educational model aims to provide everything from leadership opportunities and understanding fabrication to networking 
with industry suppliers, whilst also providing senior female role models to young designers at architecture institutions.

Keywords: Fabrication; design-build; women; collaboration.

1. WHERE ARE ALL THE WOMEN ARCHITECTS?

There has recently been an increase of data surrounding the lack of visibility of women in the field of architecture and 
construction. The April 2016 issue of  Architecture Now (Melbourne-Hayward, 2016) revealed that only 1% of women 
architects are in senior roles in New Zealand. Within the construction industry, the statistics revealed that only thirteen 
percent of industry employees are women and they can expect to be paid 12.7% less than their male counterparts (Hutching, 
2017). Work created by women architects is largely unseen in journals and allied publications (Gatley and Lee, 2013). The 
contribution that women in architecture have made to the New Zealand context is under-researched or unknown.

When it comes to gender equity in architecture there is still a long way to go; there is still a need to develop the 
participation of women at the decision-making level in these industries. 

Other professions, such as Law and medicine, two equally demanding and traditionally male professions, have been 
much more successful in retaining, mentoring and integrating women (Stratigakos, 2016). As New Zealand faces a skilled 
shortage within the industry as a whole (Wenman, 2018) why are there not more women signing up to take part to fill the 
vacancy?

1.1  What exists in the NZ context:

Understanding both past and present pathways and experiences of women who currently are practicing or studying 
architecture is very significant in terms of addressing the ongoing issues of equality. The current New Zealand context needs 
to look toward methods of working and promotion that challenge traditional hierarchies and foster inclusion within the social 
and environmental architectural condition. 

Throughout our architectural education, a lack of female role models in industry and education is evident yet there are 
significant milestones and female figures that should be acknowledged in New Zealand. Lucy Greenish was elected an 
associate of NZIA in 1913. Alison Shepard, who was told she could not become an architect in New Zealand, travelled 
to London, graduated from the Architectural Association and became an associate of the RIBA in 1927. In 1933 Merle 

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.453–460. ©2018, The Architectural Science 
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Greenwood became the first woman to graduate with a degree in Architecture in New Zealand. Lillian Chrystall earned the 
NZIA bronze medal for her Yock House in 1964 (Gatley and Lee, 2013)  – the first formal recognition that a woman architect 
was as good as her male counterparts. 

There have been recent positive signs of change within the Architectural realm, with the key appointment of Christina van 
Bohemen as President of the NZIA, and with female enrolment into architectural institutions increasing up to 50%. Yet only 
29% percent of registered architects are women - this is a significant drop in percentage (Strang, 2018).

Founder and CEO of non-for-profit PrefabNZ, Pamela Bell has been a prominent female figure within a male dominated 
construction industry. Bell stands as a role model for future generations of women in the construction industry. Her 
‘Logs4Jobs’ initiative with Carter Holt Harvey Woodproducts, BCITO and CareersNZ aims to raise awareness of work 
opportunities for women and normalizing female participation within the field (Melbourne-Haywood, 2017).

Collaborative groups such as Women in Architecture NZ aim to create a network and work database of female architects. 
Their project Motu Kaikōura Lodge Building represents a generous investment in supporting community engagement and 
training women architects in construction processes; in partnership with NZIA Women + Architecture NZ and Strachan 
Group Architects (SGA). The building was developed as a prefabricated modular system and delivered– via helicopters and 
barges – to the remote island site (Hosking, 2017). The project was a 2018 Auckland Architecture Awards winner.

As one of the four founding directors at Makers of Architecture, Beth Cameron has played a fundamental part in pushing 
the boundaries of what’s possible as a female architectural graduate within the design and CNC fabrication realm. Makers 
of Architecture are reducing the gap between design and build, and they are continuing to experiment with experiential 
installations (Melbourne-Hayward, 2017). 

At the University of Auckland’s School of Architecture and Planning (SoAP), student Melanie Pau with the help of Senior 
lecturer John Chapman re-invented the second semester Timber Technology Class in 2012 by drawing influences from 
Wikihouse construction systems. The first project entailed designing a plywood structure to improve safety and visibility 
at a primary school in a deprived area. The design received a number of international and national awards including 
Bentley Systems’ Scott Lofgren Student Design Award, New Zealand Wood Award and Design Institute of New Zealand’s 
Spatial Gold Pin (Patel, McMeel and Chapman, 2015). Pau’s success has led to an established course at SoAP and has 
subsequently led to the fabrication of nine other shelters utilizing similar design and build principles that were built over a 
five-year period. Three other female students have also taken to designing and fabricating their own structure at Henderson 
High School, developing on the previous year’s construction techniques. 

In some respects, we have come a long way both in professional and academic spheres; but numbers show, especially 
in regard to leadership and promotion, that much more can still be done. The first step in attaining equality is to train 
architecture students to be proud and steadfast about the value of their labour and their ability to bring together a number of 
disciplines and fields of inquiry. The emphasis of ‘Women in Fabrication’ starts by creating a collaborative practice between 
the architecture and the construction discipline, university students and key industry suppliers; providing projects that 
create leadership opportunities and better accessibility to female mentorship. We need to open up to change by embracing 
and supporting the development of young women.

1.2 Technology 

Many believe that by embracing new possibilities we abandon thousands of years of precedent (Celento, 2010, 78), 
however this concept is just a myth. It cannot be ignored that Pau and Cameron utilized technology to ease the acceptance 
of woman within the realms of digital fabrication. Production technology is undoubtedly challenging the way architecture is 
practiced and produced. 

Simple automated file to factory process can allow architects and other designers to be more directly associated in the 
manufacture of building (Willis and Woodward, 2010, 208). Investment by young and entrepreneurial architects, engineers, 
digital hackers and academic researchers is allowing innovative ideas to be generated through the production of physical 
prototypes.

1.3 Problem

Current accessible and inclusive fabrication design processes embedded into education and practice are often experienced 
as dull, exclusive, and male-dominated, with many female students having limited access. 
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Figure 1: The relationships tied together through Women in Fabrication

This paper recognizes the gap in education and promotion of young female architects entering the architectural 
industry and begins to shape the conversation in creating a more socially inclusive architectural environment. Women 
in Fabrication provides leadership, mentorship and real-life build experience opportunities by bringing currently separate 
and exclusive facets of the architectural industry together (Figure 1). Together these facets aim to facilitate collaboration, 
innovation and to develop knowledge, confidence and recognition for women in the architectural industry; increasing the 
awareness of the creativity and skills of women designers in the built environment and increase diversity and inclusion in the 
profession.  

2. METHODOLOGY

This section discusses three core aims on how best to promote women in the fields of architecture and construction. The 
first issue to briefly discuss is the opportunities that are present in showcasing Women in Fabrication. The second is how 
communication becomes a key learning milestone. The third issue discusses the learnings that come from fabrication 
processes. 

2.1 Opportunity: Showcasing Women in Fabrication at Unitec Institute of Technology:

To create opportunities to promote women in both fields requires collaboration between designers and builders, industry 
bodies and suppliers. The formation of ‘Women in Fabrication’ recognized the importance of supporting women, not 
only within architectural education, but also in the field of construction. Unitec Institute of Technology was in a prime and 
unique position to achieve this kind of participation as it is the only tertiary institution in NZ to offer both architectural and 
construction degrees. 

Students were provided with best female role models during each phase of design - lecturers, technicians, product 
representatives and consultants all came on board to collaborate and help to strengthen leadership skills increasing 
awareness of diversity in the profession.

2.2  Communication: Management, Industry, Public realm:

Communication is an important backbone within the field of architecture (Stacey, 2012, p63). Architects, in general, do not 
make buildings; they design information to inform the construction of the building. The making of buildings in the traditional 
sense requires skill and expertise. However, software and technological advances are challenging this requirement. 
Automated tools provide the opportunity for architects to be neither designer nor maker, but both (Sheil, 2012, p9). 
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At the first point of contact with industry sponsors, suppliers and benefactors students were asked to present developed 
design schemes, processes and commentary on how the full range of issues were to be addressed. These issues ranged 
from budget constraints, prefabrication requirements, client needs and durability. Each project was to serve a dual agenda 
of providing social good as well as educational value. 

2.3 Fabrication / Learning: Making, prototyping:

Digital forms can be easily produced in a digital environment, however to realize them in the physical world is another 
matter entirely. It can seem overwhelming when the incorrect approach informs production (Sass, 2007). The creation of 
the architectural prototypes needed to have a flexible, but rigorous approach to cope with the limited timeframe provided. 

There is a need to break down design ideas into manageable portions to work with architects, engineers and other 
construction consultants, this produces numerous scenarios that can be tested, allowing for fewer uncertainties to arise 
(Anderson and Anderson, 2006). If you can test the design before committing it to the final product, you can afford to be 
more ambitious; although you must be confident since there is rarely enough time for major changes to be implemented into 
an idea (Thorton, 2005). By observing and researching how others have integrated different scales of prototyping into the 
production programme an iterative prototyping programme was selected to develop the design into a credible construction 
system (Stacey, 2008).

A workflow developed between creating digital virtual models and producing scaled mock up models which were 
essential for students to not only integrate their designs, but to converse with the industry partners. To put it simply, the 
act of prototyping was an essential stage of the project, ensuring construction stages went smoothly. The use of models 
produced at 1:20, 1:10, 1:5 and 1:1 were used to address several issues. They were used to assess the scale and size 
of the project, they also provided visual representation to all the shareholders in the project, and lastly they were used to 
refine elements of the sculptural form that looked out of place. The design team, which consisted of engineers, architects, 
students, industry professionals and academic staff, referenced the models throughout the design and fabrication stages 
(Janus, Contractor, Patel & McPherson 2017).

3. WOMEN IN FABRICATION AT BUILDNZ / DESIGNEX 

An opportunity was offered by PrefabNZ – their XPO Exhibitions and Carter Holt Harvey Woodproducts - to promote young 
women at a predominately male centric event. This project was brought to the Unitec Institute of Technology ‘Women In 
fabrication’ team. It was the first ‘Prefab NZ Interactive Display, Brought to You by Unitec’ exhibit to be showcased at the 
Buildnz/Designex expo at Auckland’s ASB Showgrounds in June 2017. Conditions set by Carter Holt Harvey Woodproducts 
meant the final built project had to be feasible, while PrefabNZ required the students to use digital fabrication to showcase 
innovative construction technology. Labour, design process, organization, productivity and technology were just a few of the 
key components the female students were required to learn through the production of a series of experimental prototypes. 

3.1 Timeline

Within six weeks, students were required to learn software then design, prototype and produce a well resolved outcome. 
Encouragement to investigate beyond the digital process meant students explored materials, errors, tolerance and the tight 
time frame led to a crash course in making. 

The programme was split into three distinct segments within the six-week timeframe. The first four weeks were 
dedicated to design and documentation, where students were required to learn the software and produce scaled models 
to understand their design and how each component would be put together. The fifth and sixth weeks were scheduled for 
material procurement and workshop fabrication respectively. The last day of the programme was dedicated to transporting 
the prefabricated modules from the workshop to the expo for assembly.

The practice of prototyping allowed the students to formulate solutions to problems in efficient time. The students existing 
base skill set allowed for a workflow to be tailored and organized to maximize efficiency, and also ensured they built an 
increased understanding, experience and knowledge for future projects. In particular the students gained an understanding 
of how materials can contribute to design outputs and this in turn provided them with different perspectives on how to 
approach digitally designed outcomes. The combined input from different disciplines allowed for a fertile playing ground in 
which they could develop and test new successful strategies. 
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      Figure 2: Before and after, the assembly of the prefab elements. 

3.2 Design Concepts and Implementation

The industry brief was spilt into two. The first was to design a display that visitors could touch; creating a conversation 
around materials and construction. The second asked for a design exploration that predominately demonstrated how portal-
frame structures and simple CNC-produced modular plywood boxes can cater for change and mass customization. The 
students, with the help of industry experts, came together to push the boundaries of what can be produced with Plywood 
given short timeframes and the construction systems pushed for greater inclusion of modular technologies and flexibility. 

The “interactive display” comprised two pods: the “living pod” and the “interactive pod”. The “living pod” and “interactive 
pods” both showcased engineered timber technology Using CNC machinery a series of CNC plywood ‘kit of parts’ were 
created to demonstrate innovation and collaboration in offsite design and construction within New Zealand. The purpose 
of the ‘living pod’ was not to propose a specific solution; but rather to investigate what possible changes could be made to 
the building industry’s existing ways of working through automation. The final mock-up needed to be a habitable sleepout. 

The design for the ‘Interactive pods’ was led by three key post-graduate female architecture students. These ‘Interactive 
Pods’ were imbedded with modular principles to ensure that future iterations of the design could be adapted and transformed 
into a product that could be customized to suit different functions and spaces; and that assembly and disassembly could 
be achieved in a short timeframe. Through the process of failure and redesign, students not only achieved incredibly original 
and thoughtful designs but also became more persistent, learning to work in heterogeneous teams. They became better 
at time management and self-development. The observations presented an encouraging finding that it is indeed possible 
for individuals ranging in experience and skill to easily learn, fabricate and assemble a functioning prototype within a short 
period of time.

After the exhibit was completed, the living prototype and interactive pods were repurposed for two different locations. 
The projects and collaborations had provided the students with critical design tools, knowledge and advice-leading to 
outcomes that efficiently answered the given briefs. The skills obtained could be applied across the board to different 
digital technologies and building practices, helping students develop the adaptive knowledge needed for the developing 
construction industry today.

4. FINDINGS 

We observed that the establishment of this collaborative group allowed students to engage in intellectual activities and 
practices that would not be typical in mainstream architectural education, and experience new ways of working with novel 
levels of team collaboration. The industry network and the people working alongside these projects were the most important 
resources. These female representatives took time to give the female students advice and invaluable mentorship at different 
stages of the projects; creating a hierarchy of support and guidance for the next generation. 

The efforts of Women in Fabrication and the support from industry are making architecture a better community for 
women, giving them confidence to pursue their design abilities further. An intergenerational mentoring programme has 
developed to help female graduates make the transition into practice.

Women in Fabrication: A platform for inclusive and diverse design
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4.1 Opportunity

All students were encouraged to look at a problem from different perspectives. Talking to industry and mentors about their 
work - learning about other people and different processes is a priceless learning outcome, one that cannot be matched. 
Everyone has something to teach, but it is important to emphasize that this is a reciprocal process – the younger students 
can also contribute and enrich the discussion. 

Women in Fabrication adds to an existing framework, by helping to create significant pathways through practice and 
education, providing opportunities for mentorship and creating role models (both formally and informally). It is important 
that the contributions of women architects, students, graduates and young designers are visible, respected and rewarded.

4.2 Communication

In the initial meetings the design ideas were presented to almost exclusively male representatives but, as projects were 
developed, industry collaborators began to promote their own female representative. 

This provided senior female role models to students and encouraged industry partners to consider who could provide 
the best support for the students and where they could demonstrate promotion of woman in the construction industry. Key 
role models during this design presentation stage included female representatives from PrefabNZ, key organizers from the 
2017 Buildnz expo and representatives from Carter Holt Harvey, Knauf Insulation and Proclima.

4.3 Fabrication

The younger generation of architectural students demonstrated a greater capability to learn technology quickly -specifically 
how to run the CNC router. This can be attributed two factors- the first is how much technology was already integrated 
successfully into their lives and the second factor was the constantly increasing amounts of available resources – whether 
in online communities, amongst the student cohort, available technicians, or lecturers - for the students to consult with. 
The practice of prototyping allowed the students to formulate solutions and an understanding of materials and unfamiliar 
construction methods. Every decision from scale, shape, and placement on site, through to construction details were 
decided through the creation of prototypes. 

4.4 Beyond the original showcase 

The second iteration of the pods was adapted and displayed at the Unitec 2017 Festival of Architecture exhibit. The design 
was placed in the atrium space of the Mason brothers building. The installation displayed architectural drawings, furniture, 
scaled architecture models and books. The digital model was copied and developed to allow the addition of further plywood 
structures and the replacement of some key plywood panels to include interactive tables. 

The replacement of panels was simple, as the digital models provided all the information to re print the replacement 
panels that needed to be added to the pod structure. It was clear the new-found confidence many of the female students 
gained meant there was a push in further design development with the focus on the experimentation of connections and 
components. 

The pods were again assembled and adapted in the open forecourt of the Unitec student ‘Te Puna’ Hub for the special 
harvest edition of ‘Life and Leisure Magazine’. New components were printed to replace the original components to allow 
for the housing of plants and herbs. 

      Figure 3: The iteration at the Festival of Architecture Exhibit and the Te Puna Hub
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5. CONCLUSION:

The built projects provided students with the opportunity to rapidly gain understanding of the requirements, to not only learn 
new concepts but also how to apply them in a variety of given situations. 

The projects occurred in team and mentoring environments. Women in Fabrication created a supportive network for 
young female students to encourage and learn from each other in the construction industry. Having female representatives 
and industry leaders gave the students role models look up to and supplied much needed mentorship. The projects became 
an opportunity for students to gain respect and assume responsibility for the whole construction process, whether it be 
through digital or handcraft making methods. 

With interest growing with each new project, more and more students at different levels of experience, wanted to 
collaborate with Women in Fabrication. This resulted in the more experienced students helping the younger female students 
to improve their limited skill sets. This transfer of knowledge was useful in providing younger architectural students with 
post-graduate role models; encouraging the younger students to learn and develop skills beyond what was taught in the 
mainstream curriculum. Women should support other women. Power derives from sharing information.

Students involved with Women in Fabrication were recognized for their efforts on a number of platforms – being featured 
in magazines, the PrefabNZ newsletter and website platforms. Key female students who worked within Women in Fabrication 
have now continued to mentor others; many are still active in the community, presenting their learnings from the projects, 
speaking at high schools and conferences. They are continuing to utilize and expand their skills: working on other projects 
such as housing prototypes, straw bale construction research and furniture making. 

Ultimately, as an industry, our long-term goals should be focused on education. In the short term, we should be trying 
to maximize the options available to our female designers and provide better access points and opportunities in industry 
and mentorship.
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Abstract: The purpose of this paper is to explore a case study project between a timber supplier, industry body and an 
architecture school. The project, an installation stand, became a test to access how resilient junior architectural students 
can uptake digital fabrication technologies. The brief was simple, design a product that visitors could touch, create 
conversation around and showcase materials in an innovative light. The students had no prior experience and found it 
difficult to understand what the fabrication technology represented but over time they learnt to self-reflect and take on 
constructive criticism. Laser cut models enabled the students to experiment and reflect on their design decisions, through 
making. The students discovered that the iterative design process and testing have a direct correlation to the outcome 
quality. If one step is missed or overlooked – particularly with communication, detailing and planning - the consequence will 
be added time and frustration. Students successfully obtained the necessary skills surprisingly faster than previous years, 
the students used conventional design processes alongside modern fabrication skills. The success was that the product 
produced was received very well and displayed at numerous architectural events. As a result of including industry it creates 
better relationships that foster innovation and creativity.

Keywords: Design Build, Prototyping, Pedagogy

1. INTRODUCTION

Humanity has become accustomed to digital technology so much that our everyday lives would not function. It defines the 
way we work, learn and entertain ourselves (Suster, 2010). The younger the generation, the more attuned they are with 
technology. We have a generation of students who have only grown up in a world of advanced digital devices with high 
speed internet for instant communication and answers (Suster, 2010). 

Within the field of architecture, technology is always growing and changing at an accelerated pace. Whether the 
profession adopts the cutting edge or continues to stagnate with the status quo could mean success or decline (Taylor, 
2018). The advent of personal computing and other electronic gadgets has provided the younger and upcoming generations 
with a view of the world radically differently from the previous. This substantial shift in thinking is allowing them to usher in a 
technological and social change to challenge the way architecture is practiced (Kolarevic and Klinger, 2008). As a response, 
there is a growing trend for architectural graduates to take part in the building process through digital fabrication (Harper 
and Jackson, 2015). Many tertiary institutions such as the University of Westminster and London Metropolitan University 
provide design-build studios. Impressive results have allowed them to take part in Nevada’s Burning Man Festival and the 
Solar Decathlon Competition (Mamou-Mani and Burgess, 2015).

1.1 Summer Fabrication Elective with Industry 

Building the required skill set to take out into the working world is important but equally is building one’s stance and style 
within the field. Personal interest to further oneself is entirely dependent on each student and their own determination 
to succeed and stand for what they believe. The options and paths vary within schools, and the influence staff have on 
student’s effects schooling experience and added exposure to niche sections of our field (Hailey, 2016). Summer School 
elective papers offer a taste of personal interest without the full-time investment, opening students to more within the 
selected area. 

Making the transition from student to professional requires courses within the architecture schools to expose students 
with a wide amount knowledge. There are specific topics that some students prefer over others. As a response to the 
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demand for learning how to run digital fabrication equipment, an elective course was set up for students. The benefits of 
running a course during summer school also provided a unique opportunity to the students with uninterrupted access to 
laser cutters and CNC routers. The benefits of this enabled the students to explore how to run machines and experiment 
with material at their own pace.  

The course at Unitec Institute of technology drew on previous successful industry relationships with a timber product 
manufacturer, Carter Holt Harvey Woodproducts (CHH) and non-for-profit prefabrication advocate Prefab NZ. Their support 
was invaluable, as they provided material to prototype with, expertise on how to design with their product and most 
importantly a brief to design to.  

Past projects had established a working relationship with these two industry partners allowed for an almost seamless 
and supportive design to fabrication process. As a design educator, the trust they instilled into the lecturers, technicians 
and teaching assistants contributed to a relaxing, constructive and fun atmosphere. Ultimately this was transferred to the 
students.  

1.2  Being taught. Learning to Engage. To Disseminate and Teach. 

The discussion within this paper follows a student teaching assistants (STA) perspective on running a fabrication elective 
alongside lecturers and technicians. The STA in question obtained a number of skills through other design build projects 
at the Institution before being provided with the opportunity. The student firstly, had to be taught how work with digital 
technology, secondly, learn to engage with digital technology independently before being allowed to disseminate, teach and 
mentor their junior student cohort.  

1.2.1 Being Taught 

The initial exposure the student underwent was with the intensive design-build studio ‘The Tech Futures Lab Fitout’ (Figure 
1) The course was an interior project when the student was in her third year of student. It was their first exposure to design-
build project that was heavily centered around digital fabrication.   

 

Figure 1: The Tech Futures Lab Interior fitout Project. 

It was an important project to understanding the basics of fabrication process, software, machinery, workshop skills 
and product assembly. The students were required to work with a client and propose concepts, budgets, shop drawings, 
etc. Many of the students were not well versed in the workshop and had minimal experience, so guidance from technicians 
was regularly needed on each visit until students were competent and safe without being a hazard to themselves or others. 

Prototyping at different scales became an important tool to simulate implementation of the fit out. File to Factory 
production, a process that links a computer model to a fabrication machine provided to the students to print custom 
components out of standardized plywood sheets. Iterative design and prototyping allowed for concepts and ideas to be 
tested. It is okay to learn from one’s mistakes!

1.2.2 Learning to Engage

The 2017 Designex/BuildNZ Exhibit for Prefab NZ was an exercise whereby a group of students were required to undertake 
a larger planning role and work autonomously. This required the student in question to engage and have greater technical 
software and workshop fabrication skills. The exhibit that was produced not only showcased architectural prototypes, but 
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also celebrated women role within the construction industry. As a result, most of the students, technicians, lecturers and 
industry support were female. The success of the exhibit was well received and replicated to feature at the 2017 Festival of 
Architecture and at Unitec’s Te Puna Hub as a permanent display.  

1.2.3 To disseminate and teach 

The Summer School elective that is described within this paper became an opportunity for the student in question to mentor 
second year Bachelor of Architectural Studies students within her final fifth year of study.  

1.3 Summer fabrication elective brief 

The course asks the students to create a product that can allow for interaction both physically and visually. Together the 
students will have to work with the clients and supplement their needs and wants. The group will have to understand the 
implications of their design that it has to be able to be packed up and down multiple times and fit into a van and transported 
and rebuilt requiring minimal help. 

The products we will be showcasing the new interior plywood from CHH range and the modular Prefab NZ principles. 
Although the main tool that used was a 3 axis CNC (computer numeric control) Router, conventional hand tools such as 
chisel, block planes, compound mitre saws and belt sanders were also allowed to be used. CHH requested the product to 
be designed was an interactive exhibition stand that visitors could touch, create conversation around materials, display their 
product literature, Store personal items out of site and plinths or tables to use with engaged customers.  

2. METHOD

The method was derived from STA learning experience in participating in the Tech Futures Lab Interior project and the 
Prefab NZ Designex/Build NZ exhibit. With the help of lecturers, the STA created a structed timetable, with achievable 
milestones to ensure the students easily understood the design to fabrication process. This section is divided into two 
sections. The first will discuss the importance of prototyping and the effects it has on the design process and design 
outcome, while the section will discuss how the collaboration between students and industry working together, can achieve 
a product that meets each party’s needs. For CHH this means a different and interesting product, for the Unitec students it 
allows them to tinker and learn from doing.  

2.1  Prototyping with digital technology  

Complex digital forms can be easily produced in a digital environment, however to realise them in the physical world may 
seem overwhelming when the incorrect approach informs production (Sass, 2007). The design process in an architectural 
practice is not so different from the iterative process used within a science experiment to resolve a problem (Lucas, 2016). 
In essence, if you can test the design before committing it to the contractual process, you can afford to be more ambitious 
– although you must be confident, since there is rarely enough time for major changes to be implemented (Thornton, 2005). 
There is still room for conventional construction methods, even though they cannot produce the same levels of accuracy 
as a digitally-produced artefact. However, when an appropriate workflow is applied, the blending of analogue and digital 
fabrication processes is not as complicated as many are led to believe (Willis & Woodward, 2010).  

Modelling conceptual ideas in a 3D digital space provides an environment for information to be readily available to 
designers and fabricators. A great benefit of architectural software is its ability to create successive design iterations 
efficiently. Embedded data can be utilised to generate scaled prototyping, visualisations and quantity-surveying information 
(Iwamoto, 2009). The obvious advantages of working within a digital environment over an analogue process is the way 
information can be manipulated, transferred and replicated with ease (Dunn & Felsen, 2012). For example, if an architect 
needed to change a hand-drawn design, it would entail a laborious process of redrawing. Again, if a physical conceptual 
model was required to be made by hand for spatial validation, the designer would have to physically measure, draw, hand 
cut, check and assemble it, rather than simply extracting data from a virtual model and printing it via laser cutter or 3D 
printer.  

With advances in digital fabrication, many believe tolerance can be reduced to zero. Pinpoint precision may be attainable 
for particular production circumstances, but thought must be spared for material physics and environmental conditions 
(Malé-Alemany & Portell, 2014) when constructing architecture. Tolerance therefore needs to be integrated into the design 
process to realise a successful project (Parsons, 2014). This requires 3D virtual models to be vetted through prototyping 
to ensure they are constantly updated with relevant construction tolerances and to make sure imperfections are ironed out 
(Willis & Woodward, 2010). 

If the gap between physical and digital continues to increase, it will require the architect or designer to increasingly 
collaborate to acquire the skill, imagination and expertise of the craftsperson. It is likely that prototyping equipment and 
CNC-produced mock-ups will become a regular exercise to produce important details, as architects become more 
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accustomed to working with CAD/CAM or file-tofactory workflows (Willis & Woodward, 2010). This process is forcing 
architects, engineers and builders to “throw away the rule book”, and rethink how they approach workflow, the presentation 
of data and the sharing of ideas (Chaszer & Glymph, 2010, p. 88). 

2.2 Working with Industry and the three phases of summer school.     

The design-build project required CHH representatives to be involved within the design process. To ensure both students 
and the clients could work together in a constructive and manageable manner, the course was broken down into three 
phases.  At the end of each phase there was a presentation to key members from the CHH team. 

In the first phase, the students were introduced to vector-based software ‘Rhinoceros 3D’ and Adobe Illustrator by 
the STA. While the former was used by the students to create digital prototype concepts, the latter was used to create 
files for controlling the laser cutters to produce 1:10 or 1:5 scaled cardboard prototype models. Each design the students 
developed had to consider joinery and connection details. During the second phase, the students were required to work 
as a team to design a final concept. It was a requirement for the students to undertake prototyping activities at 1:2 and 1:1 
scale to ensure they would learn about and explore the different material properties of the supplied interior plywood. It was 
also an important step, for the student to ensure the CNC matching digital files considered issues of tolerance. The third 
phase was to develop the selected design and fabricate final designed product. The CHH team was supportive towards the 
STA and ensured that they could refine the exhibit over series of events. 

3. STUDENT ENGAGEMENT 

The description of how the STA and the second years student engaged with one another will described over a series of five 
sections. To begin, the prototyping discoveries will be discussed. To follow, the positive constructive feedback the STA and 
student obtain from industry professionals and CHH discussed. The third section will present the final design concept, while 
the forth will describe the findings that occurred during the final fabrication process. Lastly, the final section will describe the 
refinements to the assemble over a series of exhibitions. 

3.1 Prototyping    

There were two phases in the prototyping activities, the first was about creating cardboard concepts at with 1:5 and 
1:10 scale models with laser cutters, while the second, was about full-scale prototyping in the workshop. Within the first 
phase, digital technology became a useful tool for the students to rapidly prototype their ideas. It was a useful method for 
the student to engage with lecturers, guest industry designers, technicians and the clients to critique and interrogate the 
design. In total, the six students produced about five to ten iterative concepts each. The strongest design elements that 
were present were noted, combined and developed further as collective for one singular design.  

In the second phase students were introduced to the CNC and began producing full scale mockup protypes with 
various types of plywood.  Students quickly realised the importance of design to material behavior. This required the student 
to predict and account for factors such as tolerance and finish to avoid extra time amending components to fit within 
an assemblage. The learning outcomes from full scale prototyping allowed the students to redesign their concepts and 
fabrication approach to better cope with the realities presented to them. This process is best seen with the fabrication of 
the Plinth (Figure 3) that were produced at full scale. The design was based on laminating layers of plywood to create a form 
that resembled a tree trunk. The prototyped design was made from two modules that fitted together to form the desirable 
height. Although it hollowed out, weight issues were quickly raised on completion. 
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Figure 3: The tree plinth prototype.

3.2 Constructive Feedback from Industry

Critiques with industry professionals were held at the end of each week to ensure momentum during the summer break 
was constant. The STA encouraged the students to present the most successful scaled concept models and mockups.  It 
became a valuable medium for both parties to create critical and valuable discourse. Although there were constant updates 
provided to CHH via email for critical feedback, there were three major presentations the students gave to them. Again, 
scaled models and mockups became a key tool for presentation, as it allowed the students and CHH representatives to 
constructively work through issues such as scale, materiality and visual weight. It also served to be an avenue to explain the 
implications of why some designs were more successful other requested concepts by the client. Outside the teaching realm 
they’re receiving feedback that boosts moral and drive. Input and support provided throughout the design process from 
industry, created excitement for both parties and as a result creates better relationships that foster innovation and creativity. 

3.3 Final Design 

The final design took a very natural organic form to represent CHH ethos towards sustainability.  The design had two major 
elements. The first was the main central wall that was derived from two sine curves, while the second was the tree trunk 
plinths. In total, there were over 400 CNC milled individual components that made up the exhibition stand. 

The main central wall was divided vertically into the fin-like components and assembled into eleven modules. The stand 
locked together with pins driven into five top and bottom rails. Two horizontal locking components linking the shelves 
together also provided extra lateral support. The only tools were that are required for assembly are mallet and Hex key. The 
plinths that resembled tree trunks were laminated timber that disassembled into 3 easily manageable modules that locked 
together with a Lego type connection. 

3.4 Fabrication 

Although a large portion of the fabrication activities went smoothly, there where three problems that plagued the project. 
The first was with the introduction of a new ‘lap joint’ detail (figure 4) to counter the inefficient shape of each fin like. The 
main reason it was introduced to conserve material and reduce CNC cutting time for the over all project.  This production 
method backfired and ultimately caused a lot of frustration and added extra time to the fabrication programme to remedy 
a new set of fabrication issues. 
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Figure 4: Two connecting halves of a lap joint being hand planned to fit together

The second problem came with accounting for material inconstancies within their digital models. The students were 
warned by this issue via the prototyping activities. Although they tried to, they simply failed to predict and imbed enough 
fabrication tolerance into digital production files. The problem eventually led to the misalignment and fit of many components. 
The solution was to either laboriously hand sand down the components or recut them on the CNC router.

The third problem came with the students not fully understanding how to manage large amounts of unique components 
for fabrication and assembly at full scale. The problem resulted in those components either being assembled incorrectly 
or produced multiple times. A project of such complexity really needs to have a bullet proof file management and labelling 
system in place to ensure no double-ups or incorrect assembly processes take place.  

3.5 Exhibitions and subsequent refinements

After each installation, refinements were made within a workshop setting. The first install with six students took around 60 
minutes, while the final only took about 15 minutes with two students.  During the first installment at 2018 Prefab NZ CoLab 
Conference, the team noticed that the shadow clad was represented incorrectly and needed the material to be rotated by 
90’ which required a recut. After weighing up the amount of time it took to recut the face panel, pull apart the drawers and 
install the new face panel, it was decided that future drawers be re-cut completely as they didn’t align as well as they could. 
Since the design has been finished it has travelled to 3 cities for multiple events such as BRANZ Modular Road show in 
Wellington and Auckland and the Paradigm Shift series in Wellington and Christchurch (Figure 4). 

  

Figure 4: Various set ups of the stand around New Zealand.
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4. CONCLUSION

At the end of the project, the participants –  including the technicians and lecturers – felt like there were  minimal downsides 
to the course, although at times the workloads seemed to be never ending. The success of the project can be attributed to 
the students developing their knowledge and skill through making mistakes during the prototyping phases. Understanding 
the consequences of their actions and how to resolve them for the present and for the future therefore became the primary 
learning objective of the summer school elective course. Ultimately, the students learnt that compromises are part of design 
development. When necessary, they must let go of their original idea to ensure that the brief and their scope of works is 
meet and the client is well catered for. 

As the project started to become more intense and deadlines loomed, the students took on the challenge, became 
independent and created their own workflow process. Guidance from the senior STA to the junior students became a 
driving factor to complete the project on time without compromising quality. The mentorship experience also provided the 
STA greater confidence to deal with and resolve issues surrounding material, assembly and organisations. It required the 
STA to learn to critically reflect and observe at the capacity of a group, rather than just an individual.  

The students learnt a lot about themselves and their capabilities. It’s not always feasible to fabricate their initial designs 
and as a team they were required to resolve by simplifying and thinking about how the materials are best represented 
through design. By the end of the prototyping phase, they found it was necessary to design to material properties rather 
than just expecting their original concept to work. 

Both the STA and students were provided with appropriate conversations and interactions with industry professionals 
outside of the institute setting.  The STA dealt with more issues such as briefs, budgets and coordination of the course 
participants. The students were a provided with the opportunity to explore design process through weekly presentation 
meetings with an actual client, with real needs and wants. 

The collaboration between Unitec Institute of technology and CHH was instrumental for the success of the course. 
They understood what the requirements of the students were and tailored a brief with the aid of the STA accordingly. The 
intellectual support CHH and Prefab NZ provided the students was extremely valuable to build confidence, specifically when 
design experimentation was required to be pushed to create novel creative outcomes. It ultimately enabled the students 
to explore design through to fabrication and resolve problems through experimentation at the prototyping phases. Without 
the prototyping material, the outcome would have been very different. Ultimately, it was the industry encouragement within 
course that fostered innovation and growth of the course participants. In turn, it has strengthened the capabilities and 
knowledge of the students for their onging studies. 
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Abstract: Online delivery offers students flexibility to choose when, where, and with what pace they wish to learn. This mode 
of delivery, however, presents challenges specifically for design studio units, which depend largely on students’ creative 
processes and facilitating social interactions with their teachers and fellow students. In practice, design is a collaborative 
process that engages a range of stakeholders from different disciplines, backgrounds, experiences, expertise, motivations, 
and interests and integrates their contributions through effective communication. This paper examines challenges, 
opportunities, and factors that influence students’ experiences of online delivery of architecture and building design studio 
units. It was developed as part of the project funded by Centre for Learning and Teaching at Central Queensland University 
(CQU) that explores best practices in online delivery of design studios. We present a thematic analysis of students’ comments 
from CQU Unit Evaluation Surveys of two units of Bachelor of Building Design that had emphasis on creative design tasks 
from 2012 to 2017.  Students provided feedback on aspects of the units that they were most satisfied with as well as areas 
that need to be improved in future offerings of the units. The five main themes that were identified from students’ comments 
had to do with: (1) assessment processes and practices; (2) teacher support and teaching strategies; (3) interactions, 
communication, and collaboration; (4) unit content and knowledge building; and (5) educational technologies and Computer 
Aided Design (CAD) software. The paper concludes with a set of pedagogical considerations for online delivery of design 
studio units. 

Keywords: Design Studio; architecture; building design; online delivery.

1. INTRODUCTION

The field of design span from building, graphic, industrial, interior, and fashion design to newly developed areas of 
communication, interaction, and multimedia design. Regardless of the curriculum and pedagogical approaches adopted in 
different higher education design programs across the world, they share the common aim of preparing creative individuals 
who are capable of designing in their field with required theoretical knowledge and practical skills (Tovey, 2015). Williams et 
al. (2011, p. 66) view creativity as “a focus of design education and it is a stated learning outcome of the discipline.”

Shreeve (2015, p. 84) refers to signature pedagogies for design and describes them as “those ways of learning which 
help students to become designers; to think and act in ways which are deemed to be professional and appropriate.” 
These signature pedagogies of design include: the studio, projects and the brief, materiality as part of the pedagogy of 
‘doing and making’, and the crit. In art and design education, the crit is a fundamental teaching methodology and “the 
most-widespread learning methods used by art and design educators” (Souleles, 2013, p. 250). The crit acts as a form 
of formative assessment and the purposes of it are to provide an opportunity for students to receive informal feedback on 
their works in progress or final design products (Blair, 2006) and to evaluate their abilities to articulate their works and the 
processes they went through to achieve it (McCarthy, 2011). It is, as Dannels (2005) states, “a central place where students 
learn what it means to be a professional in the design arena.” In this sense, crit also becomes a ground for facilitating and 
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developing skills in critical peer evaluation. In crit sessions of face-to-face design studios, design educators may provide 
feedback on a student’s work while other students are present and can comment (Simpson, 2012). In these Crit sessions, 
“students are expected to communicate their design intent and enter into a discussion of their work with tutors, peers, and 
in some cases external stakeholders such as industry practitioners, clients, and community members” (Healy, 2016).

On the other hand, as Park (2011) notes, “the use of Virtual Learning Environment (VLE) in higher education has become 
an integral strategy for quality education.”  Among benefits of ICTs and online education delivery are: overcoming space- and 
time-related barriers of face-to-face learning; providing opportunities for students to learn at their own pace and with their 
preferred learning style and to become self-directed learner responsible for their own learning; and creating new modes of 
interactions which are flexible and personalised (Moore and Kearsley, 2011). When it comes to the field of design education, 
however, there is a knowledge gap about online learning, delivery, and evaluation, Park (2011) argues. As Broadfoot and 
Bennett (2003, p. 9) note, “with the recent explosive growth of the Internet as a tool for mass communication, the situation 
now exists for educational design studios to be offered online.” The authors continue to suggest “the online or virtual 
studio as it is often termed ideally involves a ‘community’ rather than isolated, one-on-one communication” (Broadfoot and 
Bennett, 2003). An online design studio includes participants distributed across space and time with the design process 
and communication being computer mediated and computer supported (Maher et al., 2000).

The current study is a response to this under-researched area, in particular, to the knowledge gap in relation to 
understanding online design studios or virtual design studios. The little research conducted in this area is often occupied 
with technology and dismisses the pedagogical issues and the student interaction dimension of online design studios 
(Broadfoot and Bennett, 2003). To better understand barriers and opportunities for online delivery of design studios, we 
started by looking at two case studies of design studio units that are delivered completely online at Central Queensland 
University. A thematic analysis of 136 students’ comments on two open-ended questions of Unit Evaluation surveys from 
2012 to 2017 provided insights into factors and issues that influence students’ experiences and contribute to effective 
online delivery of design studio units.  

2. CONTEXT AND BACKGROUNDS

The study focused on two units of Bachelor of Building Design, Unit A and Unit B, that are offered completely online at 
CQU. The Bachelor of Building Design (CU65) is a three-year full time course (or five-year part time) with an embedded 
Associate Degree of Building Design (CC01) award available after two years.  The course produces building designers 
capable of providing the full scope of design solutions, documentation, and contract administration for residential, industrial, 
and commercial buildings. While each of the two units under study has a set of specific learning outcomes, students are 
expected to develop skills in creative design, presentation, and articulation of their design concepts and solutions. 

Unit A aims to provide students with an understanding of environmentally appropriate design and planning solutions 
in domestic and low-rise commercial buildings. By completing the unit, students learn to: 1) apply design principles to 
domestic and low-rise commercial buildings; 2) study issues involved in the design of domestic and low-rise commercial 
buildings; 3) examine sustainable design principles and incorporate them in their designs to provide appropriate outcomes 
for the client and the built environment; and 4) practice skills and activities expected of a building designer.

In Assessment 1, students are required to choose one of the case study houses provided by the educator and evaluate 
the design in terms of its relationship to the site, elements of sustainable design; designers’ vision and intentions; and 
ideas, inspirations and implications for future design.  For Assessment 2, two floor plans of a house are given to students 
and they need to propose design solutions to improve the existing design in terms of access, circulation, safety, spatial 
relationships, lighting, sustainability, and aesthetics. In Assessment 3, students are provided with a client brief and site plan 
and asked to develop preliminary design ideas for a single residence for this site in accordance with the requirements of the 
local government planning scheme. For Assessment 4, students are provided with a site plan and project brief and need to 
develop preliminary design ideas for a mixed-use two-storey building.

Unit B aims to provide students with an understanding of environmentally appropriate design and planning solutions 
in multi-storey residential and high-rise commercial buildings. By completing the unit, students learn to: 1) apply design 
principles to multi-storey residential and high-rise commercial buildings; 2) explain design solutions within an environmental, 
social, and community context; 3) examine design and legislative issues for multi-storey residential and high-rise commercial 
buildings; and 4) discuss appropriate building fabrics, plant, equipment, and services.

The three assessment items focus on the design of a multi-storey mixed use commercial and residential building. In 
Assessment 1, students are required to: (1) examine Town Planning Scheme and National Construction Codes (NCC) 
requirements; and (2) develop project/design brief based on the client brief given to them. In Assessment 2, students are 
expected to: (1) develop preliminary design solutions and initial drawings for each floor level and the elevations on four sides; 
and (2) give a five minute presentation to display and discuss their preliminary design. In Assessment 3, students need to: 
(1) complete the design and final design drawings; (2) give a five minute presentation; and (3) comment on at least two other 
student presentations.
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In both units, students are offered a number of online consultation/design critique sessions to present their designs and 
receive feedback from educators and fellow students. Since 2016, in Unit A, every student is also required to post his/her 
design in a discussion forum and all students are required to provide feedback on their fellow students’ designs using De 
Bono’s Six Thinking Hats (De Bono, 1985). Students receive marks for their engagement in the discussion forum.

3. METHOD

The Unit Evaluation survey at CQU provided students with the opportunity to provide anonymous feedback on their units of 
study each term. It is available through the Learning Management System (Moodle) from Week 9 and remains open until the 
Friday before certification of grades (7 – 8 weeks depending on the term). The survey includes: (1) seven Likert-type scale 
questions that require students to specify their level of satisfaction with aspects of the unit delivery and content; and (2) 
two open-ended questions that focus on positive aspects of the unit delivery as well as the areas for improvement in future 
offerings. This paper presents a thematic analysis of 136 responses to the two open-ended questions of Unit Evaluation 
surveys for Unit A and Unit B, two units of Bachelor of Building Design with a focus on creative design tasks, from 2012-
2017. Approval to use the data was obtained from Human Ethics Committee of Central Queensland University.  

4. FINDINGS

Students’ comments highlighted aspects of the units that they found positive and were satisfied with as well as dimensions 
that they believed need improvement. These comments were coded under five themes and these themes were then listed 
according to the number of times they appeared in students’ comments. Table 1 presents the five themes, a summary of 
topics and issues addressed under each theme, and the number of times they were referred (REF) by students.

Table 1. Five themes emerged from thematic analysis of students’ responses on open-ended questions of Unit Evaluation surveys of 
Unit A and Unit B

Themes Description No. of REF

Assessment Items and Procedures 59

This theme included issues related to the importance of a clear description of assessment items, timely 
constructive feedback, and developing relevant assessment items that are aligned with the unit content 
and incorporate real life tasks and examples.

Teacher Support and Teaching Strategies 38

This theme addressed the importance of design educators’ enthusiasm and engagement and availability 
of teacher support for students as well as the need to assist students learn to design through focusing on 
students’ creativity.

Interactions, Communication, and Collaboration 36

This theme highlighted the importance of peer-to-peer interactions and feedback, environments for 
collaboration and discussion such as forums, live or interactive Critique sessions or Crit, recorded 
lectures or sessions, and issues around teamwork.

Unit Content and Knowledge Building 32

This theme included issues related to the availability and accessibility of resources.

Educational Technologies and CAD Software 32

This theme highlighted the need for students’ and teachers’ skills in working with technology, the 
challenge of working with technology and incidents when technology fails as well as issues with the unit 
Moodle page set up and navigation.

4.1 Assessment

The first theme that appeared 59 times in students’ comments was ‘assessment’. With regard to assessment, 17 students’ 
comments addressed the importance of a clear description of assessment items. These comments highlighted the need for 
having an assessment description document that clearly address the assessment due date, required tasks, and expected 
submission products or outcomes. In relation to assessment description, four students’ comments also included references 
to clearly defined assessment criteria or rubrics. In other words, students need to be clear about the required standards for 
the submission e.g. the number of words, contents, and the amount of details. 
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15 comments pointed to the importance of receiving constructive feedback from the teacher on a timely manner. The 
return timeframe for feedback on assessment items is particularly important when there are several assessment items 
in a design unit that build on each other to assist students in developing their final design solutions. In other words, it is 
necessary that students receive proper and detailed feedback on Assessment A, which focuses on developing the project 
brief and design concepts, well before Assessment B, which requires them to submit final design drawings, is due so that 
they have time to reflect, improve, and refine their design and not to repeat their mistakes. 

Ten students highlighted the importance of incorporating real life tasks or examples into assessment items. Relevant 
and interesting assessment items were found to contribute to ten students’ satisfaction with the unit. In this regard, two 
students’ comments addressed an issue that may be worth further examining: alignment of assessment items and the unit 
content. These students suggested some assessment work should draw directly upon the prescribed texts and resources 
of a unit as a means of ensuring that they are read.

4.2 Teacher support and teaching strategies

The second most important theme having an impact on unit satisfaction and an area for improvement, identified from 38 
students’ comments, was teacher support. While a teacher’s enthusiasm and availability to provide prompt responses to 
students when they need help was mentioned as a positive aspect of a unit, a teacher’s lack of interest or time to guide 
students and engage in Questions & Answers or other online discussion forums was repeatedly stated as a factor which led 
to dissatisfaction with the unit delivery. Students’ comments showed that they highly value the teacher’s motivation and the 
enthusiasm put into the unit delivery.

 [The lecturer] also provided a stress free, open platform where all students could feel comfortable in sharing 
design ideas. This was a truly rewarding experience where distant education lost the distance and brought the 
students all close. 

The comments also highlighted the need for teachers to guide students in finding the relevant resources, if not prescribing 
every single useful text. A lack of response in a timely manner from the lecturer was repeatedly stated as an area that needs 
improvement in future offerings of the unit. 

4.3 Interactions, communication, and collaboration

Another important theme that emerged from students’ comments has to do with communication and social interactions. 
Students suggested they found peer-to-peer feedback valuable and beneficial to refining their design ideas and solutions 
and gaining inspiration:

… the feedback sessions offered to discuss our design projects with both the lecturer and fellow students was 
fantastic. They provided real opportunities to re-evaluate our ideas and thought process. 

Where the lecturer created an environment for collaboration such as discussion or design critique forums and blogs, 
students appreciated the opportunity as an interesting and valuable learning experience. Students’ comments under this 
theme also pointed to issues around teamwork and group assessment:

 The group / speaking assessments need to be thought through more carefully … and be spaced apart from 
the other larger assessments to allow groups to collaborate as we all have different schedules. 

Other comments under this theme addressed the importance of live or interactive critique sessions or crit (8 REF) and 
the value of recorded lectures (3 REF).

4.4 Content or knowledge building

32 students’ comments referred to the importance of the unit content and knowledge building in supporting their learning 
and achievement of learning outcomes. In relation to this theme, five comments explicitly expressed students’ frustration 
over difficulty in locating and accessing relevant resources. The well-thought and informative unit content developed in 
weekly topics was stated as among the best aspects of the unit delivery. Students appeared to value a balance between 
the content relating to building codes and regulations as well as the content on spatial design theories and principles:

The material was a pleasure to work through; a nice balance of the regulatory framework and creativity.

[An area of improvement is] perhaps some more theoretical content about key design features of famous 
design styles to expand architectural jargon and knowledge base.
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Finally, students’ comments addressed the importance of making a study guide, which outlines the topics of the unit 
content along with recommended or prescribed texts, available early in the beginning of the term. This is mainly important 
in offering students flexibility in the pace they wish to learn.

4.5 Educational technologies and CAD software

Technologies used to support online teaching and learning was another theme that emerged from students’ comments. 
Students addressed the need to be supported in developing skills in working with technology. In addition to ensuring 
that students have the required skills to make use of technologies, teachers need to know how to work with technology. 
Comments pointed to students’ frustration over the limits of technologies or when technology fails. 

17 References were also made to the need to assist students in developing skills to use CAD software:

Many students struggled to create technical drawings due to not having either access to software or knowledge 
of software. My feeling is this course needs a prerequisite of CAD design so as students can focus on the 
content rather than struggling to keep up due to deficiencies in technical know how.

Currently, in the first term of being enrolled in a built environment course in CQU and in a unit that focuses on built 
environment communication skills, students are introduced to available CAD software and resources that might help them 
learn working with these software. No unit is offered within Bachelor of Building that solely focuses on teaching students 
CAD software. While some students start Unit A with CAD software skills and drafting experiences, others may struggle 
to build skills in drawing with CAD software as they are completing their design assessment items. As one student noted:

I am lucky to have access to and experience using CAD for preparation of Assessment Item submissions. 
I wonder if, and assume not, all students have any drafting experience before reaching this portion of the 
program. Perhaps in the early stages of the program (at CU63 level) a semester of drafting skills and introductory 
CAD would benefit those without drafting skills.

5. DISCUSSION

Our analysis of 136 students’ comments about factors which influenced their experiences in the Unit Evaluation surveys 
of two Bachelor of Building Design units that are offered completely online identified five main themes: assessment items 
and procedures; teacher support and teaching strategies; interactions, communication, and collaboration; unit content and 
knowledge building; and educational technologies and CAD software. Our review of literature on components of traditional 
design studios and online delivery of design education also pointed to two challenges specific to the field of architecture 
and building design: learning by doing and making; and learning through “reflection-in-action” (Schon, 1984; Schön, 1987). 
Table 2 outlines a number of lessons learned from our study that design educators may consider. 

Assessment was found to be what concerned students the most with 43% of their comments (n=59) addressing an 
issue or aspect related to design assessment items and the procedures design educators adopted to provide formative 
and ongoing feedback and mark students’ assessment submissions. Drawing upon students’ comments, two areas where 
design educators have impacts on students’ experiences of online design studios are: setting up design assessment 
items; and providing formative feedback and summative evaluation of the design assessment submissions. As students are 
completing the assessment items e.g. development of design concepts, initial floor plans, and final design drawings, the role 
of the design educator in providing formative feedback has to do with facilitating design critique sessions or crit. 

In running online design studio units where the physical space of a studio and face-to-face interactions are missing, 
design educators face two key challenges: (1) facilitating learning by doing and making for students; and (2) supporting 
students to become reflective practitioners and develop skills in critical peer evaluation. In traditional design studios, students 
not only learn to design by drawing and making models to explore their own design ideas and solutions but also are able 
to observe other students and even their educators doing these. Crit sessions in face-to-face design studio units are also 
where students practise reflection in action and critical peer evaluation skills by presenting and articulating their design in 
progress, receiving feedback from their peers and educators, and providing feedback on other students’ design solutions. 
In online design studio units, live and recorded sessions i.e. online design critique discussion forums are the main available 
platforms to accommodate learning by doing and making and reflection in action.
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Table 2. Five themes emerged from thematic analysis of students’ responses on open-ended questions of Unit Evaluation surveys of 
Unit A and Unit B

Issues Lessons Learned

Assessment Items 
and Procedures

Design educators may need to closely examine the following aspects related to assessment:
- Assessment tasks that incorporate real life applications and examples;
- Alignment of the unit content and assessment items so the unit content assists students in 

completing assessment tasks;
- Clear description of assessment tasks and marking criteria; and
- Provision of timely constructive feedback.

Teacher Support and 
Teaching strategies

Design educators may need to incorporate the following approaches and strategies into their teaching 
practices:

- A caring and engaged attitude towards student learning e.g. responding to students’ inquiries in a 
timely manner;

- A live session where an educator shows them how he/she may approach the design tasks; and
- Facilitating learning by ‘doing and making’ through designing appropriate assessment items.

Interaction, 
Communication, and 
Collaboration

Design educators may particularly focus on asynchronous communication and interaction in online design 
studios and create a design critique asynchronous online discussion forum where students can post their 
design for feedback from peers. It is necessary to offer students at least one interactive or live session 
where students’ designs are presented and discussed. These platforms can support learning through 
reflection in action and critical peer evaluation. 
In a design critique asynchronous online discussion forum, the design educators need to:

- Establish codes of offering constructive feedback to create a safe and encouraging environment for 
students to engage

- Participate in the critique forum by responding to students’ posted designs, comments, or feedback; 
and

- Offer incentives/rewards for students’ participation in the critique forum.

Content or 
Knowledge Building

For design educators, the following aspects are important to consider in relation to the unit content:
- A Study Guide (as a single file which can be downloaded by students) that outlines a summary of 

each of the weekly topics of the unit and prescribed texts;
- A right balance in the unit content between the content on building codes and regulations as well as 

the content on creative design theories and principles; and
- Accessible prescribed texts and resources, preferably through the institution library.

Design educators play a key role in setting up these interactive platforms. Park (2008a) suggests the teacher needs to be 
an active participant and moderator and modify learning content and community to suit students’ needs. This requires design 
educators to visit the online learning environment regularly, respond to questions, provide timely feedback and relevant 
information (Alderman and Fletcher, 2005), and monitor students’ activities and behaviours in order to determine their needs 
and provide timely support (Hallas, 2005). In addition to making use of various communication tools, the design teachers 
need to provide support and monitor students’ interactions and communications i.e. regulations or codes of communication 
and instructions required for students to build up a productive learning community (Park, 2011). Demonstration of relevant 
techniques and skills by the design teacher or practitioner forms part of the problem- and project-based learning in order to 
“assist students individually or in groups through repetitive instructions and applied skills” which may “accompany regular 
communication, both formal and informal, to improve the effectiveness of skills and knowledge acquisition” (Park, 2011, p. 
178). As Ostwald and Williams (2008, p. 146-147) state, a common feature of the studio is promoting enculturation where 
students are given the opportunity “to observe and mimic the social and cultural values and behaviours of appropriate 
professional role models.” Similarly Broadfoot and Bennett (2003, p. 11) state,

It is through demonstration of, and reflection upon their own knowing in action that the master conveys this 
tacit knowledge to the student. Through speaking and demonstrating (e.g. drawing) in tandem, the teacher 
demonstrates how to explore and act. The process can be described as a dialogue of reciprocal reflection in 
action between coach and student. 

From the four signature pedagogies for design proposed by Shreeve (2015), online design studios might only build on 
three ways of learning: the project and the brief; materiality of doing and making; and the crit. The studio as a physical space 
is almost non-existent in the online design studio. The online design educator then need to facilitate and maximise student 
learning using these pedagogies. The first step is clearly defining the project and the brief and structure design assessment 
items. Such assessment items may then include requiring students to submit design concepts and models as they develop 
their design solutions to engage them in the materiality of the design through ‘doing and making’. Finally, it is essential to set 
up the crit and engage students in it. In doing so, a range of platforms may be used in online unit delivery mode including 
design critique forums and online live crit sessions.
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Interactions or dialogues are important attributes of a design studio: a place where dialogues are facilitated between 
students and educators, the emerging design, materials, among students, and the societal context to which the design 
is addressed (Wojtowicz, 1995; Brandt et al., 2013). The challenge for the online design studios then remains as how 
to transfer this effectively in the online environment. If the flexibility in relation to the time and the place of learning is why 
many students choose to study online, it is of paramount importance to explore strategies to engage students in online 
design studios through asynchronous communication and collaboration platforms as opposed to synchronous or real-time 
communication and interaction modes.
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Abstract: Contemporary education systems tend to subdivide learning groups into horizontal slices of similar age or similar 
levels of experience or skill. Architectural education programmes in most western countries generally follow this pattern 
and work in a horizontally stratified manner. Similarly, architecture and design practices tend to ossify in patterns around 
specialisations in work processes. To maintain all the qualities required of creative practice there is a need to shake up these 
patterns, to destabilize the obvious in order to constantly reinvigorate practice. As design educators and practitioners, we 
have long recognised a need for what we have called upsetter projects. In 2017 a Vertical Studio experiment involving final 
year BAS and first year MARCP students was initiated to try and shake things up and generate a stronger peer learning/
peer assessment culture. The first half of the paper describes and analyses that original Vertical Studio and discusses the 
insights gained. The second half makes use of a matrix derived from that analysis and proposes two upsetter projects each 
using a different method of generation. The paper concludes that there is potential for further use of these methods in the 
development of upsetter projects designed to enrich both pedagogy and practice.  

Keywords: Design studio; pedagogy; practice; invigoration.

1. INTRODUCTION

Contemporary education systems tend to subdivide learning groups into horizontal slices of similar age or similar levels of 
experience or skill. Architectural education programmes in most western countries generally follow this pattern. Similarly, 
architecture and design practices tend to ossify in patterns around specialisations in work processes. To maintain all the 
qualities required of creative practice there is a need to shake up these patterns, to destabilize the obvious in order to 
constantly reinvigorate practice. There are two areas where disturbance might be applied to upset the quotidian: structure 
and content. First the conventional work groupings or strata might be dissolved and personnel re distributed into new 
groupings. Second the content for any project might be selected from the fringes of the discipline or involve mixing of 
disciplines or highly focused specialization - content that is different in scale or scope from that which is normally engaged in 
the design studio. As design educators and practitioners we recognised the need for what we have called upsetter projects. 
The discussion that follows records our first attempts to respond to this need.

In 2017 the Architecture programme at Unitec Institute of Technology experimented with a three-week vertical studio 
to test the possibilities of the format. It should be noted that the vertical studio is, internationally, a common component 
of architecture school programmes and it was a regular component of the Unitec programme until the introduction of the 
three-year undergraduate (BAS) plus two-year masters (MARCP) format in 2008. This 2017 vertical studio experiment was 
initiated to energize the normal pattern of Design Studio learning. It brought together the final year of the undergraduate 
BAS programme and the first year of the Master of Architecture (MARCP) to try and generate a stronger peer learning/
peer assessment culture. Tutors were freed from the existing timetable to organize work schedules around the sympathetic 
availability of students. The vertical studio provided a choice of six projects with differing agendas ranging from monuments 
to the America’s Cup to a collective farm for senior citizens. At the end, assessment of the work was shared with the student 
participants. What was evident from our initial reflection on the value of the project was that there were multiple factors that 
might be recalibrated. As this process of reflection progressed, focussed by the writing of this paper, we identified some of 
these factors and came to realise the enormous potential of what we were grappling with. This paper then is the beginning 
of a larger (and longer) body of research. First, we will describe and analyse that original vertical studio and discuss the 
insights gained from this analysis. The second half of the paper makes use of a matrix derived from the analysis and 
proposes two methods for the design of upsetter projects that have the potential to enrich both pedagogy and practice. 
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2. VERTICAL STUDIO 2017

2.1 Aims and objectives

The first drive for this three-week vertical studio project was to add an inspiration boost to the otherwise structured and 
demanding architectural curriculum. By proposing a series of short and technologically uncomplicated projects the intention 
was to leave more space for creativity to be expressed. The envisaged benefits of mixing Year 3 BAS and First Year MARCP 
students were to generate an increase in the social and academic interchange between the year groups, to give students a 
wide choice of projects proposed by unfamiliar tutors and to give students a voice in the evaluation process. The intention 
was to shake things up!

2.2 The projects

Tutors were given full freedom in their projects proposals in terms of scope, scale and typology as long as the outcomes 
could be evaluated after a period of three weeks. The six proposed projects’ briefs were advertised online prior to the start 
of the studio experiment. Students chose their preferred project via an online signup sheet. Four of these projects offered 
individual work and two group work. The collective farm? project was led by Visiting Professor Alberto Foyo from the 
GSAAP Columbia University. All other projects were led by existing Unitec Architecture staff members.

A collective farm?, was based on the scenario that 100 elders, who had been inexplicably expelled from their local 
nursing home, needed a new place to live that included all the modern comfort and conveniences and enough space to 
grow their own food – a collective farm. The students in Fact from Fiction had to use the literary descriptions of the main 
character in Keri Hulme’s novel The Bone People to produce a hand-drawn six-level tower. 

Away from the imaginary worlds of these 2 projects mentioned above, Devonport Parklets proposed to repurpose 
Devonport’s shopfronts parking spaces offering more space and amenities for pedestrians using the San Francisco Parklets 
Manual. A Bird Hide Observation Post invited students to explore a real site at the Te Henga (Bethells) wetlands. The 
Westhaven Landmark project asked for an appropriate architectural marker to designate the start of 2021 America’s Cup. 
Unitec Students’ Exhibition was part of the NZIA Festival of Architecture 2017 and required students to curate, design 
and fabricate all the elements of an installation displayed at Warren & Mahoney Laneway space in Wynyard quarter during 
festival week. 

2.3 The Process

Each project group worked with their tutors in separate spaces but the proximity of these spaces allowed everyone to follow 
or at least to gain a sneak peek at all ongoing projects. A collective farm? and Festival of Architecture students worked as 
groups. The collective farm? project employed large scale charcoal hand drawings and models using timber and cardboard 
but also more malleable materials such as clay and sand. Students were invited to work at their own rhythm – independently 
from allocated design studio times. Their “room” was available every day of the week and was an evolving exhibition of 
the project as every drawing found a place on the walls and the models dominated the floor space at all times. Their 
tutor, Visiting Professor Alberto Foyo, was free of other teaching duties and was always available within their workspace. 
The apparent lack of structure during the three weeks of this project allowed for a freedom of expression and a blur of 
usual boundaries. Students were daringly drawing on top of tutors’ sketches, adding thick charcoal texture to each other 
drawings and getting their hands dirty together on the same large-scale model - a true collective process.

The Festival of Architecture installation project was a lot more structured. The students worked in small groups to 
each develop an initial concept. The intention was to select the best concept for development. However, lack of any one 
dominant scheme forced a revised strategy where the group worked collectively to edit the presented concepts into one 
cohesive scheme. In the second week the students divided into sub-groups to manage specific aspects of production. 
Each of these sub-groups had a dedicated student coordinator. All work and communication was coordinated by an overall 
manager. In the final week students concentrated on making a prototype and a booklet to illustrate the process and the 
work in progress. After an additional 3 weeks of intensive work, the result was a very well received public installation that 
illustrated the “hands-on” approach of the Unitec Architecture programme .

The other four projects, Fact from Fiction, Westhaven Landmark, Bird Hide and Devonport Parklets followed more 
common design studio formats. They worked within Design Studio spaces and time- tables, were run by existing studio 
staff and were what might be described as more conventional Design Studio projects.

2.4 Assessment

One of the most interesting aspects of the vertical studio experiment was the assessment strategy. Many commentators 
like Helen Webster (2007) have observed the asymmetrical power structure present within the conventional design studio 
critique format. Our intent, as designers of this vertical studio, was to re-calibrate this power relationship. The six projects 

K. Francis and M. Garbarczyk



479

were paired-up based on those with equal numbers of students and type of assignment (individual or group work). On 
the final presentation day, the students were briefed by the tutors of the project they were about to assess. They were 
given grading forms with short descriptions of marking criteria such as design resolution, communication and craft and 
anonymously evaluated the projects of the paired group. The students took the task very seriously and discussed their 
evaluations in smaller groups as they moved about the work. Because there was no verbal presentation for the individual 
projects, the student assessors were required to understand the work on the strength of the drawings and/or models alone 
and consequently gained a new appreciation of the importance of graphic communication. Tutors marked the projects of 
their own groups. The final grade was calculated using the average grade given by students and the tutors. In the case of 
the group projects, a collective farm? and Festival of Architecture students also evaluated their own team members which 
was counted as part of the student component of the grade. These two group projects used expanded presentations. 
The collective farm? provided verbal feedback and comments to the Festival group as they needed to keep developing 
their project for final installation during the Festival. The collective farm? project was presented in a seminar format. Visiting 
Professor Alberto Foyo opened with a short lecture followed by the students presenting particular aspects of the project. 
Critique was invited from the audience. What followed was a spirited and contested discussion on the merits and implications 
of the project for society at large and for architectural pedagogy.

2.5 Findings

It appeared that there wasn’t a visible difference in the quality or complexity of work produced in the individual projects 
(Bird Hide, Westhaven Landmark, Fact from Fiction and Devonport Parklets). The projects were very similar to the range 
of media and quality produced within any studio and did not clearly show better marks for more experienced students. 
However, they did produce a mixing of the normally segregated year groups and they did give students a choice of a wider 
range of staff and a role in the assessment process. The group projects were more successful in achieving these objectives 
although operating under two different organisational structures. A collective farm? was driven by the vision and political 
stance of the Visiting Professor. The Festival of Architecture installation was organised in a manner designed to be inclusive. 
The outcome, a coherent exhibition of student work, was seen as the perfect vehicle to explore a collaborative design and 
making process. Both of these projects achieved richer versions of the mixing agenda through the intensity of their work 
processes.

The experience was demanding for both staff and students in terms of coordination (sign-up sheets, information that 
needed to be shared on various online platforms, students grading forms, team evaluation forms, grading spreadsheets). 
Importantly, the experiment was enjoyed by both students and staff and in that sense was successful from a learning point 
of view.  Students were engaged and curious, responsible and fair in their grading (they were more severe assessors than 
tutors in most cases!) and generally produced a large amount of work in relation to the duration of the project. Tutors had 
the opportunity to connect and reconnect with students and to adopt different teaching approaches to those used in the 
usual level-oriented design studios.

As a disciplined method of reflection, the authors embarked on a plotting of the project to better understand the dynamics 
at play. During this process an underlying suspicion developed that there was much more potential in this cluster of ideas 
than we had originally imagined. The break-down of the two components into their elements and options and the detailed 
examination and analysis of all these pieces substantiated that suspicion. This process provoked an excited curiosity. We 
started to recognize the multitude of possibilities that unfolded from this fine-grained examination of this project. Further 
reading initially directed this curiosity towards an examination of the nature and role of the question.

3. THE QUESTION

3.1 Syntax of a question analogy

The essence of an effective architectural design studio brief, regardless of programme, year level or practice setting, can 
be found in the act of articulating an appropriate question. These briefs need to encourage reflection, creativity and critical 
thinking to be applied to a formal response, usually a building. In the academy/university, projects gain in complexity as 
study progresses and cover increasingly more challenging scenarios which evolve in parallel with the overall programme 
curriculum shaping the students’ ability to design.  

In order to provoke creative architectural responses, it is essential that the brief itself be carefully crafted. In other words, 
the formulation of a question has a direct impact on its response. A polar question has only two possible responses: yes or 
no. These expected responses are already embedded in the question and therefore limit the choice to the two alternatives. 
A rhetorical question, on the other hand, either does not expect an answer at all, or has the answer embedded in the 
question or can be used to emphasize a point. WH-questions, also known as content questions (that commonly start with 
who, what, why, when, where or how) call for specific answers. Harvard linguistics professor Maria Polinsky (2013) claims 
that there are three different strategies of asking content questions and explains how one of them particularly 
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…tells us something extremely important about the nature of those content WH-words, which is that they 
indicate focus. Focus is something that the sentence is about, the new information. 

These focused questions facilitate the assimilation of new information which in turn stimulates the need for asking more 
WH or content questions. This process broadens knowledge and drives open-mindedness and, in this way, provides space 
for creativity to manifest. We suspect that a deeper study of the linguistic structure of the question could provide further 
insight for project design - but that is a whole other paper! 

Author Padgett Powell teaches fiction writing at the University of Florida and can be considered a question expert. Indeed, 
in his 2010 publication The Interrogative Mood: a novel? every sentence is a question; one-hundred-and-sixty-four pages 
of questions. Padgett Powell himself, in an interview with the Guardian in 2011, remarked “these questions involve overt non 
sequiturs, and to do them right you need a certain equipoise of mind.” The effect on the reader is exceptionally engaging as 
one is not able to resist the temptation of seeking answers, even to the most absurd questions. 

In the same way that questions and their syntax have an evident effect on the answer, or probably more importantly, on 
the seeking of an answer, the structure of a brief gives direction to the architectural response. It is therefore fundamental to 
consider the form as much as the content in the conception of the brief. As part of his course syllabus on fiction writing at 
the University of Florida, Powell (2010, PS 3) proposes some guidelines on what writing should do: 

1.Be alive, 2. Be surprising, 3. Obey tenets of economy, verve, etc., 4. Amount to something (usually in terms 
of having “something at stake”), 5. Pay off (i.e. resolve) Any three of the five is worth spoiling paper for. It should 
be remembered also that: 6. Brave wild failure is applauded. And that: 7. You should be less comfortable 
if you’re pretty sure of what you are writing about. And that: 8. You should ignore, at all times, all sense of 
authorial narrative obligations, and certainly your own perceptions and ideas.

As writing is conventionally the means to communicate the brief, these guidelines might be more relevant than one 
might initially think. What is a brief if not a written, fictional scenario aimed at inspiring the reader to respond? As this paper 
explores the idea of introducing disturbance of the usual pattern for the enrichment and reinvigoration of both pedagogy 
and practice, it is necessary to also explore the way in which a brief can be structured in order to achieve the full potential 
of this kind of upsetter project.

3.2 Equipoise of two forces and the making of the upsetter brief

In order to make the shift from a conventional brief to an upsetter brief, it is necessary to dissect the typical brief, analyse its 
elements, test which elements that can be rearranged or supressed and identify areas that can be injected with a disruptive 
influence. The analytical process recorded in the development of the upsetter matrix reveals two distinct but interdependent 
components: content and structure. These can be seen as complementary forces whose dynamic relationship informs 
the brief. Content is the activating force of the project. It can be initiated by an idea, a particular interest or a topical need 
that motivates the brief and includes the subject, discipline, delivery method and type of assessment. Structure is the 
restraining force and typically focuses on pragmatic aspects. Duration of the assignment and timetable, individual or group 
work, physical location of the project and staff facilitation are some of the elements of structure. Dissecting each element 
of content and structure, we are able to identify the disruptive factors that could shape an upsetter brief. The matrix that 
records and identifies the hierarchy of component, element and options is shown as Table 1; THE UPSETTER MATRIX.
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4. TESTING A SYSTEM: GENERATING AN UPSETTER BRIEF

The research enquiry continued by testing configurations of the element options by using two different strategies. Both 
strategies required assigning letter/number codes to the element options so they could be easily identified. Then we, first, 
took the originating criteria for the Vertical Studio 2017:

1. Mixing work/studio year groups

2. Stimulating inventiveness by exposing students to new work patterns, environments and people.

We selected those structure element options and content element options from the upsetter Matrix that we thought best 
met those criteria and then intentionally assembled a project. We have called that version the Intentional Project. 

The second strategy involved assembling the options using an online webtool; Random Thing Picker. Aleatory (chance) 
techniques are well known in writing and the arts in general as a strategy to generate the unexpected. The Surrealist game 
Cadavre Exquis where a new drawing is made without prior knowledge of the existing drawing which is folded from view 
and John Cage’s Music of Changes from 1951 where he selected the tempo, duration and dynamics of the piece using an 
ancient Chinese book, the I Ching are two examples. We have called our version the Random Project.

4.1 Intentional Project 

SA4 Combines Y1 and Y4 as the two groups with the greatest space between their learning levels in the school and 
arguably the most difficult to mix.

SB4 Students would be given free choice of group size and composition with the proviso that each group must contain 
equal numbers of each year group.

SC1 Twenty-four-hour studio to intensify the mixing.

SD3 Located off campus at a facility that could provide accommodation. SE1 Staffed by studio staff from other years so 
that benefits of vertical mixing are extended into the staff group and strengthen the mixing intentions of choices above.

SF2 Brief would be delivered in a medium (video) without reference to architectural conventions with the intention to dissolve 
the difference in architectural education experience between the two groups.
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CA1 Theme would need to be outside the discipline area so that differences in skills would not impede performance. This 
could be described as a level playing field.

CA2 Theme or subject area would need to be initiated and negotiated by the student group as this would theoretically 
produce a shared area of enquiry. 

CB1 Discipline again would be outside of architecture but usefully involving design. 

CB7 Discipline would need to be initiated and negotiated by the student group as this would theoretically produce a shared 
area of enquiry. 

CC3 Media of presentation equally outside of architectural convention. Video.

CC7Media of presentation would need to be initiated and negotiated by the student group as this would theoretically 
produce a shared area of enquiry. 

CD4 Assessment schema would be developed by the student group at the beginning of the project and performed that 
group.

4.1.1 Observations

What became clear in this process was that decisions can be made both externally and internally. These could be described 
as first order (external) and second order (internal) decisions. All projects need to be initiated and decisions need to be made 
to set up the project conditions. These initiating decisions are a meta-category that ranges from totally controlled, where 
all the capabilities for decisions are defined by external decision maker, to where the external decision maker abdicates 
all /most decisions to the performers. Initially, the authors attempted to provide content elements (CA-CD) they thought 
would best facilitate the project intent of mixing skill levels to facilitate learning. However, after much discussion about the 
validity and efficacy of that method to achieve the objectives, the authors decided that mixing was best achieved by passing 
responsibility for that content to the learners. Those changes of position are plotted by the strike out in the text above.

This sort of discussion is, ideally, part of the design process for every Design Studio project. There will be different 
decisions taken depending on the particular requirements, in this case, for the objective of mixing. What sort of mixing is 
the intended outcome? There is a grain, a fineness, a particularity that is introduced by the identification of elements and 
element options that is a valuable product of having a matrix.

4.2 Random Project

The brief presented below uses the second method of a random collection of elements of structure (S) and content (C). 
Those elements are generated by an online webtool: Random Thing Picker (https://andrew.hedges.name/experiments/
random/pickone.html)

SA11 Combines students from Y3 andY4

SB3   Students operate as one group

SC1   Condensed time frame

SD1   Project work space is located elsewhere on campus

SE3  Project is facilitated by “outsiders”: not design studio tutors (non-architects, wider community stakeholders)

SF1    Brief is delivered verbally only.

CA3   Subject or theme of the project is initiated by “outsiders”

CB2   Discipline is located within the liberal arts)

CC4   Project delivery is built only

CD4   Assessment method is self-evaluation)

Following those randomly picked items, an upsetter brief has been generated – to be delivered verbally only (SF1):

“A group of 3rd and 4th year students (SA11) has been invited to participate in a project initiated by XX, lecturer in the 
Bachelor of Performing and Screen Arts (Contemporary Dance) at Unitec Institute of Technology (CA3). XX proposes to 
the group to imagine and build objects of various sizes (CC4) to be used as props for contemporary dance students in 
preparation for their end of year public performance. The dancers will integrate those objects into their choreographies with 
the aim to convey interpretations of various urban physical environments (CB2). The objects will likely be very abstract on 
their own and only allow to read those spatial qualities when used in the context of the dance performance. Although each 
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student will produce a single object, the group must work collaboratively to create a coherent collection (SB3). The core 
tutors of this project will be the contemporary dance students and their tutors, the usual design studio tutors’ role will be 
of observers and resources (SE3). 

This will be a full-time 3-day long project (SC1) held at the Dance Studios and Architecture School Workshop at Unitec 
(SD1). The objects must be made entirely of waste materials collected on campus and assembled with tools available at the 
workshop following a zero-waste approach. 

At the beginning of the first day, both dance and architecture students will create a self-evaluation criteria form to be filled 
by each architecture student at completion of the project (CD4). This grade will determine the overall grade for this project. 
What questions do you have?...” 

Inspired by Powell’s Interrogative Mood mentioned earlier, it would be interesting to witness the difference in understanding 
or interpreting the brief depending on how it is communicated. What if the generated brief proposed above was conveyed 
in the form of questions only? Below is an attempt at this approach:

“How can an object be used in the context of a contemporary dance choreography in order to convey interpretations 
of various urban environments? What form could such object take? How can collaborative work between all students help 
to create a cohesive collection of individually created objects? How can design studio tutors retreat to the role of witnesses 
and resources and leave space for dance students and their tutors to give feedback on the design progress? How can we 
help you to understand this brief?...”

4.2.1 Observations

This randomized approach of creating an upsetter brief, although artificial in its generating process, seems to deliver a 
comprehensive scenario. It provides a creative challenge for the person who assembles the random element options 
and creates an element of surprise for the project designer that is not present in conventional or intentional brief design. 
Interestingly, by abdicating responsibility for the choice of the options, the focus for the project designer becomes the art 
of the assembly or the tectonics of the project. We can also imagine that this technique might have a liberating effect on 
the project as leaving a substantial share to chance could partially relieve the designer/s of a sense of responsibility for 
the success of the project. This loosening of control has the potential to allow the project more flexibility and hence more 
expansive outcomes.

5. CONCLUSION

We set out to write this paper in order to provide a disciplined platform for reflection on the vertical studio project we had just 
completed. To bring some rigour to this reflection, we established a frame work that we thought would allow us to usefully 
dissect that project. While this framework was originally designed for analysis, it became very clear, very quickly, that it 
might be equally be a useful tool for the design of projects. The paper describes that original project and then explores the 
fundamental issue of the question and how it has been applied in the creative writing practice of Padgett Powell. The original 
Vertical Studio, as the name implies, was predicated on the intent to mix strata (year groups) within the school programme 
and to provide a disturbance to the normal patterns. As we proceeded with our analysis, it was the idea of disturbance that 
became the dominant focus of interest - hence the paper title. The guidelines that Powell (2010, PS 3) lists in the appendix 
of his book on what Writing should be became our provocation. 

The original project and the subsequent analysis generated a framework that we have called the upsetter matrix. We 
used this matrix to produce two test projects; the first drew upon the knowledge of an experienced design educator to 
make the selections. The second was generated by Powell’s provocation and utilised the random thing picker to select 
element options. The use of chance in the design of this second project provided an added layer of potential upset.

The process of project generation tested the matrix. It became clear that the framework could not specifically contain 
all the possibilities because there were simply too many. (Potentially this issue could be engaged through computational 
methods). For this experiment, there needed to be a practical categorisation of possibilities that could then be translated 
into the specifics of a brief. This was only the first draft of the matrix and subsequent development may produce a more 
finely crafted tool. Conversely, subsequent development may indicate that its usefulness resides in its crudity. One thing 
that the matrix does provide is the ability to have an overview of all components when you are in the process of project 
design. To lay out all the pieces and assemble them anew is a valuable approach.  To assemble them using a structured 
method of random choice adds another opportunity to move the selection beyond the conventional…to upset or disturb 
the conventional. We intend to test both the matrix and projects generated by it in the Design Studio programme in 2019.

The upsetter brief proposed in this paper is not presented as a replacement of the conventional brief and does not in any 
way lessen its value. Rather it complements it in order to offer students or practitioners a wide array of contexts to respond 
to.  Both convention and exception are essential in the shaping and enhancing of design abilities. The upsetter can be seen 
as a planned practice of non-conformism which in itself can only be an enriching experience.
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If the intention of the architecture programme is to encourage creativity, critical thinking and reflection, to be applied to 
an architectural response to enhance the students’ ability to design then it is obligatory for us as designers of the briefs to 
engage in parallel processes. The work we do as co-learners in the studio (in the academy and practice) needs to model 
those processes.
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Abstract: In cities affected by high growth rates the public debates generated by intensification policies are vigorous, 
dividing opinion along established political lines: higher densities are generally acceptable to the left, and suburban densities 
are defended on the right. Auckland, New Zealand is not an exception. In architecture, such opinions and the divisions 
between them can become the source of argument, sometimes exhilarating, in the generally pragmatic routine of housing 
design. Students in Architecture Schools, many themselves the products of the suburbs also have political opinions, some 
tending to individualist conservative positions, others open to concepts of social community as a function of housing.  Media 
debates inform and influence our work in design teaching.  One side of the debate advocates for the continuation of low 
density suburbs, regarded as our rightful inheritance, our true culture of housing, and the most secure route to high and 
stable property values. Thirty  years after Thatcher’s infamous statement, “social engineering” continues to be debated, 
even as architects in practice acknowledge that some manifestation of community is a probable consequence of higher 
densities. Recognising higher density housing as an issue in urban design and in professional practice, our Design Studios 
include at least one “housing” project in each of the second and third year project lists. These project briefs define housing 
design as the development of generic models and typologies for the unknown client. Two Elective courses in the Unitec 
School Programme expand on history, construction detail, sustainability parameters, and prime exemplars of the genre. 
This Paper describes the Electives and identifies issues that emerge most frequently from the Studio process and from 
studies conducted in the Electives: density, as the “first variable” in housing, used as a design tool (how to measure it, and 
how to define its effects); the qualitative issues of privacy and identity; and the readiness of most students to engage with 
ethical responsibilities relating to user anonymity (concepts of duty). Its conclusions suggest that students of this generation 
are capable of understanding and using the technical rules of housing design and also to competently express ideas dealing 
with social dimensions at levels of considerable subtlety.

Keywords: 

1. TWO ELECTIVE HOUSING DESIGN COURSES

This Paper describes the Electives and identifies the three most significant issues that emerge from the regular Design 
Studio process. The first of these is the use of density as a design tool, defined as the “first variable” in housing (Frey, 
1999): measurement systems, and extended effects of density. Secondly, the qualitative issues of privacy and identity 
(also related to density) are studied; this ‘social’ dimension of housing design is readily extended to an engagement with 
ethical responsibilities relating to user anonymity, or professional concepts of duty. The development of these courses has 
been conducted in the context of rapid growth and intermittent intensification of housing that has accompanied growth – 
intensification in Auckland has not been regulated by, for instance, policies defining density, private car provision, or public 
open space. 

While we acknowledge the need for all teaching in the Programme to be wary of “training” as a motive for the work 
students do, we also accept that in the generally pragmatic routine of housing design, the basic areas of knowledge matter, 
and are seen by the students themselves to be important.  Intuition, assisted by the Metric Handbook, Neufert’s Data, and 
others, are productive sources of primary material for housing projects. With these approaches to housing in mind, Elective 
courses are offered in both the undergraduate BAS and the March(P) post-graduate programmes, together aiming to 
construct a theoretical platform for the architecture of non-suburban housing in New Zealand cities. Both courses explore 
the component parts of urban housing design: planning, sustainability principles, urban theory, social policy expressed in 
design and economic theory represented by housing; and more broadly, housing as a key element in the process of urban 
development. A Handbook is issued with each to act as a summary of course materials, which over-lap into planning theory 
and writings in the fields of social and environmental sustainability. 

The significance of density is made clear in the initial stage of both courses. At the lower level, “Urban Housing Design 
H_1” deals with medium density development defined by Judd and Dean (1983) as housing connected to other buildings 
(not stand-alone) entered directly from a public space, with private ground level external space, and no lifts. This minimal 
definition uses the Net Residential Density (NRD) system of measurement (Amcord 1995) and reserves the term “medium 
density” for a typology that shares many characteristics of suburban housing, but at higher densities. Most examples of 
housing matching this definition fall into a density range between 25 – 80 dph. House type and site layout options in this 
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range can be categorised according to vehicular proximity (Turner & Su, 2006), and sites are visited by students to identify 
and experience the increasing compromises to privacy and amenity that accompany developments towards the upper end 
of this density scale. 

The second elective is entitled Housing in Cities, (H2) and is aimed at students considering housing as a vehicle for 
their fifth-year masters Research Project. It focuses on typologies that occur in low- or high-rise high-density housing: 
apartments, duplexes, mixed-use development at densities over 80 -100 dph. The NRD density calculation is replaced for 
most of the material in H2 by a different form of density measurement, such as Floor Area Ratio, or FSR (floor-space ratio), 
also reinforced in all typologies by supplementary systems such as habitable rooms per hectare. The function of different 
forms of density measurements for use as a guide to population intensity in city neighbourhoods, where multiple built forms 
are present, is discussed as an important strategy for urban planning.  

2. LITERATURE AND RESOURCES

Currently, both electives use overseas-sourced literature and technical manuals for nearly all the course reference material. 
As Gleeson (1994), Memon and Perkins (2000) and others have observed, the Resource Management Act 1992 (RMA), 
New Zealand’s principal planning legislation celebrates and legitimises the established low density suburban culture: the 
RMA made no attempt to anticipate an urban future (also, Dixon & Dupuis (2002); Fookes, (2000)). Literature from either 
public authorities or academia in New Zealand that addresses housing design theory from local research is extremely 
limited. A few cities including two in the Auckland region published summary advice for developers proposing projects at 
higher densities, but in a way that trivialised the issues these tended to be presented in childish language and illustrated 
with cartoon-style diagrams (for example, North Shore City Council, 2001). A Best Practice design guide was produced 
for the NZ Housing Corporation to inform consultants working on new medium density projects (Turner et al, 2004).  Mark 
Southcombe, at the Victoria University of Wellington Architecture School, has contributed a lengthy discussion paper to 
the NZIA Journal, in which all the apparent alternatives for housing supply and quality are reviewed (Southcombe, 2016).  

Density is a factor in housing design that is sensitive to culture, and that has broad-reaching social consequences. A 
clearly structured discussion of higher density housing – designing it or preparing to build it – has not been viewed in the 
literature as a serious proposition, and none of the contemporary sources of design advice in circulation in New Zealand 
have addressed either the technical issues or the social issues that arise from a design decision to fix density at a particular 
point on the scale. The results of this are evident from the analysis of 50 projects included in my PhD thesis, Planning for 
Higher Density (Turner 2010). Density is only understood in legislation as a technical instrument to regulate physical spatial 
relationships; and its applications in RMA-related planning policies all extend their techniques for measurement from those 
used previously in suburban development – sub-divisions, in other words. Urban housing requires a different discourse to 
inform a complex design problem.

In Auckland, from approximately 55,000 housing units built at higher densities between 1995 and 2010 only a handful 
achieved even modest standards of design quality. Among the best medium density developments from this period, the 250 
unit Beaumont Quarter scheme completed in 2005 was largely designed by a British practice based in the Netherlands, and 
it is instructive to note that Beaumont Quarter is still, in 2018, used as the showcase development in Auckland Council’s 
planning publications.

Planners in Auckland began to advocate for, and then adopt in policies housing intensification in response to growth and 
arguments for urban sustainability in the 1990s. These policy shifts led to small scale un-coordinated higher density housing 
using mostly 3 storey terraced house types. Most were designed for the investment market. They were un-appealing to 
look at, contextually un-integrated, and unsurprisingly the response of the general media was to advise their consumers 
against the whole idea of urban housing. Construction technologies were partly to blame for the reputation these early 
schemes attracted, as untested cladding systems failed on project after project. With no mandatory design criteria and with 
de-regulated Building Codes, the RMA’s intended outcome, planning control as a “developer’s charter”, was achieved, and 
the initial phase of higher density housing now leaves a problematic legacy for the next generation of architects. 

This is the context for courses we have developed since 2003. Architects in local practices are working in the field of 
higher density housing for the first time. Higher density housing, although well-understood as a necessary alternative to 
sprawl, became associated with every aspect of poor housing quality. For students there are few good built developments 
to visit, minimal published literature, a critical, hostile public debate, and a clear need to identify solutions. For these reasons 
we needed to look to other countries and city regions for advice. 

The long list of publications from Victoria, New South Wales, and AHURI, are well documented, well-researched and 
evidence-based materials that provide our housing courses with their base in design theory. Bruce Judd’s work in New 
South Wales (Judd, 1993; Judd and Deans, 1983) has provided both high quality examples and a sound methodology for 
the study of urban housing, and we acknowledge these resources as we continue to develop our own. Australia’s literature 
includes frequent long-form journalism that is informative, and that draws on urban conditions just similar enough to New 
Zealand’s for useful comparisons to be possible (for example, Thalis and Harding, 2014).
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We approach a review of housing literature with a summary of Amcord 1992 and updates through to 2007 which 
demonstrate design controls, and particularly the function of density as a design factor used in prescriptive planning regimes 
such as Australia. The Australian model represents similar systems of environmental development control in the UK, and 
Canada – all reference destinations for NZ students. Students study the Performance Criteria and some of the many 
permitted interpretations in these standards, and are introduced to parallel influences in technical aspects of housing 
design: the disciplines of road design, landscape, infrastructure planning, storm water management and so on. The extreme 
demands of regulations sometimes used in the UK, for instance the points-based Housing Quality Indicators (which ran 
to 720 separate tick-box items in its last edition in 2008), Design Quality Standards up to 2017 revisions, and various 
other versions are acknowledged, but avoided. Other resources from the UK are invaluable: David Levitt’s Housing Design 
Handbook (2010) is a cornerstone text in both the electives; similarly, Dalziel and Cortale’s case-study based book, A House 
in the City (2012).

Newer legislation also informs this teaching, in particular SEPP 65 (NSW) (2011-2016), recent design guides from 2017 
(low rise MDH) (currently being up-dated in July 2018), and numerous others published by State and Commonwealth 
agencies, all contribute to the mass of regulatory data in Australia. The use of definitions for three housing typologies in the 
Australian regulations, ‘dual occupancy’, ‘terraced’, and ‘manor’ units is not the language of housing in New Zealand, but 
is readily assimilated. 

For our students, the Amcord approach is also instrumental in bridging the 2-dimensional ‘technical’ material in housing – 
site planning, traffic, footprint, permeability, and common regulations around subdivisions – with the architectural dimensions 
that we want to see dominating project work. This ‘mass of regulation’ serves to inform (and initially sometimes alarm) our 
students. But Amcord’s advice that

“ .. Three techniques can assist in providing a balanced appearance: • use of various building projections, 
cutbacks, cut-outs and additions such as doors, windows, dormers, balconies, bays and other articulations; 
• a balance between the ratio of solid walls to openings; • a balance between horizontal and vertical shapes. 
(Amcord, 1995, p.19) 

is a simple but effective reminder that our design intentions will not be satisfied by a good or even possibly radical unit 
plan. We expand this to include examples of extreme legislative detail, illustrated selectively by, for instance, noting the 
requirement to provide

“.. 50% or more of the total landscaped space (itself a function of density calculations) which may not include 
side yards less than 1.5m wide.” 
(to define rear private open space) (NSW DP&E, 2018,p.257) 

Such precision is explained in class discussions as (i) a desirable distribution of the external space around a unit of 
housing; but also (ii) as an attempt in New South Wales to preserve the ‘great Australian back yard’ with all its social and 
practical virtues, and (iii) (with an explicit cautionary note made clear) as a means of preventing developers from over-
providing ‘landscaping’ at the front of a unit that can subsequently by used for unplanned parking. This is high-definition 
regulation by NZ standards. The summary, as it emerges in the class debate exposes the often justifiable double-think that 
is a characteristic of housing design regulation – another essential dimension in the teaching process.

Teaching based on these and similar resources provides an effective pathway to an understanding of housing design 
principles, and is delivered either in classes or in Studio-based seminars.  Our general experience is that a foundation of 
basic knowledge is less well established if students are asked to find and assimilate research materials themselves. 

3. LESSONS IN CONCEPTS OF DENSITY AND THEIR IMPLICATIONS

In three key areas of the material these courses cover we are concerned to establish a minimum level of understanding, 
and, further, to ensure that students gain relevant new knowledge. Concepts of density underpin this prioritised learning 
approach. The key areas are in the “technical” processes of calculating density, the effects of density in relation to the 
“social” dimension of privacy, and (thirdly) the “ethical” issues of professionalism in design where the architect’s client is not 
the user but where the user may be the owner.  

The roles of density in housing design are therefore introduced at the outset in each of the two elective courses. In the 
H_1 course the Amcord net residential definition is used, slightly abbreviated as: 

Net dwelling density or net residential density (NRD) is the ratio of housing units to the site area including 
internal public or private access roads plus half the width of adjoining streets that provide vehicular access. 
(AMCORD 1995 p.11)
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This is a mid-20thC basis for density calculation that fell out of favour in the UK during the 1980s, but still has its uses 
for a ‘beginner’ urban housing industry as we have in New Zealand. New Zealand’s property orthodoxy is based on the 
terminology of the Real Estate industry where size or scale is described in square metres per unit of housing. This is a net 
measure, not a ratio, and nearly useless for quantifying the development intensity of higher density housing. 

Until recently planning authorities also used this form of net measurement to regulate density but have now been 
persuaded to refer to density via a dual system which, though confusing, is an advance: planning authorities now describe 
medium density developments in dwellings per hectare (or dph), and only use the m2/section for descriptions of individual 
properties. Public perceptions of density are better informed, and the necessary distinctions between sub-urban and urban 
housing are gradually being clarified. 

Besides the preferred “Net residential density” other definitions for ‘site’, ‘neighbourhood’ and ‘gross’ densities are also 
discussed, but always in the context of Frey’s (1999) observation that “density is the first variable in housing design”. Frey 
establishes the idea that some notional calculation of a ratio that relates unit numbers regardless of typological variations 
to site area is a necessary origin for many other following design issues. In fixing, even roughly, approximate numbers at a 
preliminary stage all the participants in the development process are working from a common information base.  A regulated 
system for defining density provides the equally necessary basis for comparative analysis on which much of the housing 
critique depends.

Study of density identifies ramifications in all multiple directions: from class discussion some of these emerge as:

• environmental impacts – the measurable consequences of increased building footprint, habitat change, spatial 
effect of more intense built forms; 

• social – density is linked closely to privacy, proximity, concepts of identity and security, and the continuation of 
social habits of the suburbs; 

• economic – more units per hectare can justify higher notional build costs and perhaps more demanding architectural 
concepts; 

• housing typologies – from built projects visited in these courses it is possible to identify the standard house types, 
and which combinations of typologies are possible at different points on the density scale; 

• amenity potential – car provision (Auckland is unlikely to give up its dedication to private transport in the near future), 
and distribution of private and public open space.

As these issues come into focus, the discourse divides issues seen as “technical” from those seen as “social”. With this 
distinction made and clarified, the third area, that of the professional ethical dimension, supplies a unifying or connecting 
device from theory. A project design “has to satisfy” some criteria (technical), should explore and make proposals in relation 
to other issues – usually interpretations, often subjective, (and conditioned by student’s experiences) of privacy as it can 
be defined in higher density housing. However, all the project’s complexities also need to be viewed through the lens of 
the architect’s concept of professional duty. Stretton’s (1991, 1996) analysis of the merits of consolidation policies, and the 
counter-arguments, contribute to this discussion.

These debates are often the most rewarding events in the course. The problem of locating the architect’s duty is 
perceived as that of the third-party user, or the anonymity at the design stage of the user-owner, or the user-tenant. Either 
form of tenure invokes the same professional issue: where does the architect’s duty lie: to the developer-client, or to the 
unknowable user? And how does this debate correspond to van Eyck’s observation in 1963 (van Eyck, quoted in Strauven, 
1998; 368) that Modernism’s failure to manage the “problem of large numbers” is its greatest weakness?  

A second unifying device affecting housing design theory comes with the integration of general principles of sustainability, 
which are identified in almost all courses in the undergraduate programme. In the housing courses, although the central and 
accessible issue of density is the first learning priority, the notion that urban growth strategies can achieve sustainability by 
increasing density alone is explored and dispensed with at an early stage. As Frey has observed: density is a prime variable. 
Density is to be understood as a concept, and as a technical device that measures, describes and regulates intensity: but 
it has no intrinsic merit as an independent factor in the drive towards sustainable urban form. 

Van Eyck’s comment is readily related to Auckland’s approach to dealing with sustainable growth: the problem of 
“large numbers” in our housing supply system has never been an architectural problem in the past. The reference to van 
Eyck introduces a further important element to the housing discourse in these courses: reversing the status of “house” as 
property, and property as “commodity”, which are the concepts most students arrive with, we expand on the notion that 
“a house” is always part of a continuum that governs and illustrates a culture of urban life. The history of the city, its origins 
and people, its climate, its politics, its present status: all these are represented by its housing.
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4. HOUSING DESIGN AND HISTORY

The argument that develops expands further into the ideas that following generations inherit, occupy, modify, and trade and 
use houses as tangible assets, exactly as previous generations have done. With a slight but important historical perspective 
established we then survey some of the most respected housing architecture from recent periods, contextualising it not as 
commodity but as a contributing and often highly visible element in the city. 

Housing from the 19thC is illustrated to establish a sense of density attaching to well-known city housing such as 
Sydney’s Paddington (55-60 dph), or typical terraced housing in London, quantified by a density figure. These surveys 
then focus on developments completed between 1955 and 1990, and include Peter Beavan’s Pitarua Court in Wellington, 
and Alfred Newman’s Star blocks in New Zealand. Selected examples from Australia and the UK include housing at Ham 
Common (Stirling), Covent Garden’s Odham’s Walk (LCC Architects), Hatfield (PRP Architects), High Kingsdown, Bristol 
(City Architects), and some of the Lend Lease developments in Sydney: Macquarie Park, for example, and the magnificent 
Ewenton Street, Balmain, a courtyard project by Philip Cox and Partners. 

Australian and UK developments from this century are surveyed separately, permitting a deliberate time-lapse to mediate 
the impact on housing design of the conceptual shifts that have occurred between 1990 and the present era. This refers 
to the post-Thatcher commodification of housing in all our reference countries, (summarised by the ideology that housing 
is a product, not essentially dissimilar to gumboots), the removal of state-subsidised social housing programmes, which 
frequently generated high-quality housing design, and the advent of market-driven housing standards, accompanied by 
their estate-agency priorities and their tricky and deceptive solutions to higher-than-suburban densities. 

Some projects from this period are useful in teaching. Kirsten Thompson’s Napier St housing in Melbourne, for instance, 
some of Officer Woods’ work in Perth and Fremantle and many others. Alison Brooks Architects (New Hall, Essex), Edgeley 
Design (Godson St London), and Levitt Bernstein’s numerous projects, mostly in London, are all used to represent the 
counter-movement that seeks to restore a sense of progressive design in current housing development in the UK. However, 
the market addiction to traditionalism in the UK is illustrated, with the ultimate example, Poundbury, brought to account in 
a critical survey of newer habits in England. 

5. ASSIGNMENTS AND ASSESSMENT 

The electives are assessed by assignment work partly carried out in groups, and partly by individual study. Initial exercises, 
some that carry no marking value, test basic understanding of calculation methods for density, assessment of typologies, 
and research methods that are relevant in housing studies, including data collection. Group and individual assignments for 
the H_2 (post-graduate) course have required a comprehensive analysis of design quality control systems in other cities 
and countries. Dublin, Vancouver, Melbourne and Boston usually emerge as favoured choices for these assignments. The 
focus of H_1 on “medium” density has directed options for project studies to local examples but overseas-based students 
sometimes use home-sourced developments: Google Earth, a tool that has transformed the study of urban housing, makes 
much of this work possible. 

An example of the quality of analysis achieved at the undergraduate level in H_! this year is provided by this extract 
from a 3,000 word final stage study of a housing group in a large Auckland development by Ja (Jack) Maio, a third year 
undergraduate. After a thorough and conventional review of the site layout (access, orientation, public open space, and unit 
typologies, with some comment on density variations), he comments on design for privacy and security:

The detached houses on the site have accessways to the sides leading to the backyards. They are gated and 
have locks. Whether they are locked depends on the residents. The distance between neighbouring houses 
as well as the high fencing means that neighbours are less capable of looking after one another. 

This observation has noted the contradiction between the demands of privacy and consequent reduction in security 
resulting from high fencing. Commenting on the detail of internal unit planning in a two-storey terraced house type, Maio 
says:

The bedrooms of adjacent houses sit on either side of a partition wall. Based on the plans supplied …. these 
walls consist of a double wall construction (190 x 45 in total: 90 x 45 studs in each partition off-set from the 
other partition by 10mm and insulation between the studs).  It is gathered from conversations with the residents 
that the sound insulation of these structures leaves much to be desired. The potential to be overheard and 
overhear take away from the privacy of these homes.
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Figure 1: Plan illustration

The study goes on to discuss the problems of poor construction (but Code compliant), and internal layouts that do not 
try to ‘pair’ non-habitable rooms or, if other criteria prevail, recognise the issues of acoustic privacy by using masonry to 
construct the party wall. Ja notes that a high proportion of these houses are occupied by tenants who do not expect their 
landlords to show much interest in acoustic insulation complaints. Elsewhere in his study, Ja suggests that the brick veneer 
on the front elevation would have been better employed inside the building, and the light-weight party wall used on the front.

6. CONCLUSIONS

The electives have laid foundations for an understanding of abstractions such as ‘density’ and have explored some of the 
issues that make New Zealand’s suburban housing culture a rich field of study for architects. Inevitably the agenda in these 
elective courses is over-ambitious. As in Studio Briefs for housing projects, staff involved in the delivery have (and should 
have) their own sub-agendas, sometimes undeclared, that add to the objectives aimed for in the project proposals.

 As a policy that overlies design we look for solutions that stand up to robust common sense and good design practice, 
because the rules that govern urban housing design are to be found in those solutions. The example of an assignment, 
briefly illustrated above, in which the fine detail of housing design is addressed and critiqued in the context of the reality of 
this housing, is the intended outcome for all the course’s graduates.

Together, these are influences that import more sophisticated understandings of social nuances, better interpretations 
of social data, and clear connections to the materials in parallel technology courses, history courses, and particularly to 
principles of design for environmental sustainability.

In the assignment studies, some hoped-for outcomes materialize, some don’t; some original ideas emerge, and 
occasionally a radical proposition is revealed by debate and critique. But the greatest pedagogical value, as I argue here, is 
in the inclusivity of the housing discourse itself: that is, with the engagement of students in a debate that responds to and 
uses their experience, as well as engaging with developing concepts of civic inclusion. This brings concepts of public ethics 
into their work in a way that few other design activities can expect to do. It also locates all the important concepts that define 
urban housing at the centre of the urban discourse.

D.F. Turner



491

References 

AMCORD: http://www.creationcorporation.com.au/AMCORD/AMCORD/AMCORD.PDF

Clare, L & Clare K. (2014) Improving the quality of housing. Architecture Australia,  May/June 2014; 58-62.

Dixon, J., & Dupuis, A. (2002). Urban Intensification: An Historic Transformation of the Urban Landscape. Paper presented at the 
Southern Crossings Conference, University of Auckland, Auckland, NZ. 

Fookes, T. (2000a). Auckland’s urban growth management. In A. Memon & H. Perkins (Eds.), Environmental Planning & Management in 
New Zealand (pp. 263-273). Palmerston North: Dunmore Press. 

Frey, H. (1999). Designing the City: Towards a More Sustainable Urban Form. London: Spon Press. 

Memon P. A. & H. Perkins (Eds.), Environmental Planning & Management in New Zealand (pp. 64-73). Palmerston North: Dunmore 
Press. 

Judd, B. (1993). Designed for Urban Living: Recent Medium Density Group Housing in Australia. Canberra: The Royal Australian 
Institute of Architects. 

Judd, B., & Dean, J. (Eds.). (1983). Medium Density Housing in Australia. Canberra: RAIA Education Division. 

Levitt, D. (2010). The Housing Design Handbook: a guide to good practice. London, Routledge.

Maio, J. (2018). Urban Housing Design Assignment 2 Part 3: Reflective Report: unpublished illustrated essay submitted for course 
ARCH7617 June 2018.

Mark, L. (2015). Edgley Design: Godson Street; Architects Journal Building Study 16/03/2015; http://www.edgleydesign.co.uk/
wordpress/wp-content/uploads/2015/03/160714-AJ-Building-Study

New South Wales DP&E (2018): https://www.legislation.nsw.gov.au/EPIs/2018-132.pdf

North Shore City Council. (2001). Good Solutions Guide for Intensive Residential Developments. North Shore City: author.

Southcombe, M. (2016): Housing in New Zealand. NZIA Journal Architecture New Zealand; November/December 2016; Wellington.

Strauven, F. (1998). Aldo van Eyck The Shape of Relativity (V. J. Joseph, Trans.). Amsterdam: Architectura & Natura. 

Stretton, H. (1991). The Consolidation Problem. Architecture Australia 80 (2), 27-30.

Stretton, H. (1996) Density, Efficiency and Equality in Australian Cities. In M. Jenks, E. Burton & K. Williams (Eds.) The Compact City: A 
Sustainable Urban Form? Spon: London.

Thalis, P & Harding, L. (2014). Urban housing: making the city. Architecture Australia,  May/June 2014; .11-14

Turner, D., Hewitt, J., Wagner, C., Su, B., & Davies, K. (2004). Best Practice in medium density housing design. Wellington: Housing 
New Zealand Corporation.  www.hnzc.co.nz 

Turner, D., & Su, B. (2006). A Classification Methodology for Medium Density Housing based on site layout analysis.  Paper presented 
at the ANZAScA: Fabricating Sustainability Conference, Wellington. 

Turner, D. (2010) Planning for Higher Density: Concepts of privacy in Auckland’s culture of housing; unpublished PhD thesis, University 
of Auckland.

Lessons in Density: approaches to teaching housing design for higher densities

http://www.creationcorporation.com.au/AMCORD/AMCORD/AMCORD.PDF
https://www.legislation.nsw.gov.au/EPIs/2018-132.pdf


492



493

ARCHITECTURAL SCIENCE: CITIES 
AND OUTDOOR ENVIRONMENTS



494



495

Seasonal Patterns of Thermal Stress in the Work 
Environment of Construction Workers in a 
Megaproject in Australia

Andrea Yunyan Jia
Department of Real Estate and Construction, The University of Hong Kong, Hong Kong
andreayunyanjia@gmail.com

Dean Gilbert
KAEFER Integrated Services Pty Ltd., Australia
d.gilbert@kaefer.com.au 

Steve Rowlinson
Department of Real Estate and Construction, The University of Hong Kong, Hong Kong
steverowlinson@hku.hk

Abstract: Construction site is the workplace of 8.9 per cent working population in Australia whereas heat stress is a 
concerning risk. This paper presents initial results of a field study conducted on the site of a mega construction project in 
Australia in the build-up season (a three months’ period of transition between dry and wet seasons) and the wet season 
respectively. Heat stress was recorded on a daily basis at three typical workspaces on site: rooftop, at the jetty and in the 
material storage yard. Data were analysed with the Wet Bulb Globe Temperature and the Predicted Heat Strain model. The 
on-site recorded data were compared to the data recorded at the nearest station of Bureau of Meteorology, up to 7.7 oC 
difference between the two sources of data was identified. Comparison between the two seasons indicate that heat stress 
in the build-up season has a higher risk than that of the wet season, although the latter is normally assumed to be ‘hotter’. 
The results suggest the organising and practicing of work activities construct the pattern of heat stress as critically as does 
the objectively measured environmental heat.

Keywords: Thermal stress, construction site, seasonal patterns, Wet Bulb Globe Temperature, Predicted Heat Strain 
model.

1. INTRODUCTION

Construction sites are the work environments of 8.9 per cent of the working population in Australia (Parliament of Australia, 
2016). In these highly dynamic and ever-evolving workspaces, heat stress has been a concerning risk for its effect on 
workers’ health and safety (CSAO, 2000; Frimpong et al, 2003), with the highest accident rates appears during summer 
months (Helander, 1980). Compared with precedent studies on indoor environment which predominantly assume static 
user-activities, e.g. sitting and standing (Wong & Khoo, 2003), the patterns of heat stress in the outdoor environments 
of construction sites are characterised by the organised physical activities that generate large amount of metabolic heat 
adding to the environmental heat. Existing safety-in-design guidelines are primarily concerned with users’ safety and health. 
The evolving and changing spaces during construction process, where the construction workers are spending eight to 
twelve hours everyday, are often neglected and lack of designer’s attention (Behm, 2005; Horberry et al., 2014) The aim of 
this paper is to explore the patterns of heat stress in workplaces of different spatial characteristics on construction sites to 
inform designers on design decision-making. Specifically, this research aims to explore the thermal stress levels at typical 
workplaces on a construction site in a megaproject in Australia.

2. SCOPES OF THERMAL STRESS AND THERMAL COMFORT RESEARCH

The characteristics of workplace heat stress research can be understood as the study of extreme conditions of thermal 
environment (Fanger, 1970). Parsons (2014) classified the existing thermal comfort international standards into those dealing 
with hot, moderate and cold environments, centred on human thermal preference. Among these, thermal comfort research 
is concerned with the moderate zone on ‘subtle, finely graded perceptual details’ (Spagnolo & de Dear, 2003). While the 
conditions of hot and cold are more concerned with physical safety and health concerns. In heat stress conditions, the 
term heat risk is conditional to a range of personal factors. For example, a thermal environment of 27.3oC-WBGT was not 
a risk to a young and fit worker but caused heat illness to a worker of 63 years’ old (Jia, et al, 2016, p. 32). A work regime 
of reasonable period of breaks will keep the workers safe, while continuous work in the same condition will make the same 
thermal environment a risk to the workers. What make the difference are metabolic heat and individual physiological factors 
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such as acclimatisation, hydration or medications (Rowlinson, et al, 2014). Metabolic heat is a major contributor to the heat 
stress on human body (Havenith, et al, 2002), which varies by individual body weight, age, gender, heart rate, etc. (ISO 
8996, 2004).

3. THERMAL ENVIRONMENT AND ADAPTATION ACTIVITIES IN CONSTRUCTION WORK

Previous research on outdoor thermal comfort focused on public urban spaces such as pedestrian, square, and parks 
(e.g. Johansson & Emmanuel, 2006). Comparing to work activities on construction site, the activities of public space users 
are voluntary and fully autonomous. Users are not bonded to use to the places and are free to adjust their activities or 
leaving the space in response to their sensation of comfort in the thermal environment (Lin et al, 2011). In the use of public 
space, a user can decide to sit in shaded areas if the open area is overheated, or take a rest when excessive heat load is 
sensed for the walking (Lin et al., 2011; Thorsson et al, 2007). Participants of outdoor sports are constrained in the range 
of adaptation activities and are thus exposed to the risk of heat illness incidents, however, sports activities are incentivised 
by self-motivation and a desire of winning a competition (Spagnolo & de Dear, 2003), which is different from the controlled 
activities in the work setting.

In contrast, workers on construction site are designated to the specific workspaces to conduct physical work activities 
with a productivity goal. The physical work activities are controlled or incentivised by an invisible institutional environment 
composed of formal or informal work rules, e.g. a masculine culture that makes one obliged to prove his work capacity by 
working fast. In that sense, workers are not entirely free to make behavioural responses to their thermal sensation. Within 
this limit of adaptation, self-paced work is an informal work regime that allows workers to adjust their own work pace in 
response to personal thermal comfort sensations to the specific thermal situation (Mairiaux & Malchaire, 1985; Miller et al, 
2011).  In the work setting of construction site, self-pacing is practiced in the form that workers are entitled to ask for a 
‘heat break’ whenever he feels needed. However, although employers cannot stop workers from taking a heat break, the 
informal rules on construction site, such as peer pressure or the pressure of meeting the deadline of project delivery, have 
an effective power to make workers ignore the heat strain accumulating in their body (Jia et al., 2016).

      More importantly, in the environment of construction site, the thermal sensation at stake is not the sensation of 
comfort (as rarely construction site is a thermally comfort environment) but the sensation of critical point about personal 
safety. To work safely in an uncomfortable environment, the worker needs to have an effective thermal sensation that 
accurately signals his physiological condition in the various moments of the thermal environment. Indeed, few people 
have the accurate sensation under work pressure in an ever-changing environment. As a consequence, one of the most 
important factors that led to heat stroke on construction site is found to be that the involved worker’s underestimation of the 
heat stress and overestimation of his physical capacity of enduring heat (Rowlinson & Jia, 2015; Jia et al., 2016). 

4. RESEARCH METHODOLOGY

4.1 Thermal stress indices for outdoor environment

The gap between one’s thermal sensation and his/her actual condition of personal safety means a subjective measurement 
of thermal comfort such as PMV (ISO 7730, 2005) will not be able to indicate the actual thermal conditions for safety on 
a heat stressed construction site. By the 1980s, research in heat stress identified six essential factors that constitute a 
rational model: air temperature, humidity, solar radiant heat, air velocity, metabolic heat and clothing effect (Parsons, 1995). 
Indices of heat stress that involve the six factors, or part of them, usable for outdoor environmental indices include: Apparent 
Temperature (Steadman, 1984), Humidex (Masterton & Richardson, 1979), Heat Index (Steadman, 1979), Wet Bulb Globe 
Temperature (WBGT) (Yaglou & Minard, 1957; ACGIH, 2009b; ISO 7243, 1989) used with clothing adjustment values, the 
Outdoor Standard Effective temperature (OUT_SET*) originated from the Effective Temperature (ET*) index (Pickup & de Dear, 
2000), and the Universal Thermal Climate Index (UTCI) (Jendritzky et al, 2012). Kampmann et al (2012) compared UTCI, 
WBGT and the PHS model to conclude that the three indices generally have equivalent function in predicting sweat rate 
and body core temperature. Spagnolo and deDear (2003, p. 1384) further acknowledge that factors such as acclimatisation 
and psychological adaptation will undermine standardised outdoor thermal comfort models (empirical cases can be seen in 
Jia et al, 2016). For assessing outdoor construction work with breaks between shifts of work, PHS model is considered as 
more useful for its strength in predicting the maximum allowable duration of continuous exposure (in minutes) for the study 
of a work-rest regime to ensure safe organising of the work (Rowlinson & Jia, 2014). 

4.2 Research procedure

A megaproject in Northern Territory, Australia, was approached for a case study of thermal work environments on site. 
The field study involved two working weeks’ on-site observation and monitoring in October 2015 and February 2017 
respectively. Thermal stress parameters were monitored over three whole working days at three typical workplaces. 
Concurrent data recorded by the nearest BoM station was purchased for comparison with on-site recorded data. The on-
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site data was further analysed with WBGT index and the PHS model to understand the seasonal differences. In addition 
to the environmental heat stress data, the researcher made participant observations, four focus groups and twenty-two 
informal interviews. The qualitative data, joined by project documents, help to establish an understanding of the institutional 
environment that constrains and drives individual workers’ adaptation activities of working in heat.

During the field studies, heat stress was measured at three typical workplaces: 

• Rooftop, top of the scaffold with alumni decks, with strong reflective heat, the workplace of building new scaffolds

• The jetty, where the strongest wind is present, the workplace of scaffolders

• The material storage yard, the workplace of general workers who were preparing and loading scaffolding materials

The QuesTempo 36 was used to record heat stress parameters, includes a dry bulb thermometer, a natural wet bulb 
sensor, a 50mm globe sensor connected to a data logger. The accuracy of the monitor is +/- 0.5 oC. An external Air Flow 
sensor is also connected to the data logger. Ta, Tw, Tg and Vel were recorded at one-minute interval. In monitoring, the air 
velocity metre was mounted above the surface around 1.1 M; while the heat stress monitor was sat on the surface (Figure 
1,2).

Figure 1. Heat stress monitor and Air velocity metre set 
on rooftop

Figure 2. The scaffold on top of which heat stress was 
monitored

The on-site heat stress monitoring had a number of constraints. Due to strict security control on the site, the researcher 
must be accompanied by a safety advisor to access workers’ workplaces. Therefore, the on-site recording was constrained 
by the availability and consent of the safety advisor. In some days when the weather was developing a storm, the heat stress 
monitor had to be withdrawn from the outdoor monitoring place and the recording had to be cancelled.

5. FINDINGS

5.1 The construction site, local climate, project organising

The field study was conducted for two working weeks in 2015 and 2017 respectively on the Ichthys LNG Construction 
Project, a megaproject in Northern Territory, Australia. The project was the construction of LNG facilities, located in the coastal 
line of Northern Territory, 90 minutes’ drive from Darwin city. The labouring work involved 8000 workers working on site, 
half of which were fly-in-fly-out workers. The researcher was given access to the project through a sub-contractor’s project 
organisation working on scaffolding in the project. The major workforce under this subcontractor were 120 scaffolders, 
working in three teams of 40. The work involved building scaffolds as working platforms for the workers of two other 
subcontractors on painting and insulation works, dismantling the scaffolds when the supported work completed, specifying, 
ordering, storing and collecting materials for the scaffolding work. Therefore, in addition to the scaffolders, a team of general 
workers working in the material storage yard to prepare scaffolding materials for the main work.

Darwin is in a region of tropical savanna climate, mainly composed of a dry season and a wet season. The dry season 
ranges from May to August, and the wet season ranges from December to April. From early September to early December 
is a so-called ‘build up’ season, during which humidity increases rapidly but not develops into rain.

The daily work time in a normal weekday is 10.5 hours, ranging from 6.30 am to 5 pm, with two 30-minute breaks 
at 10.30 – 11 am and 1.30 - 2 pm. On Saturday, the workday ended at 2.30 pm., with a 30-minute break in the middle. 
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Workers were on a roaster of 4-week-on-1-week-off. With 10.5 hours work on every weekday and 3 hours travelling time 
everyday, it was a tough schedule for the workers working in the noisy and dusty construction site in hot and humid weather 
outdoor. The schedule, triangulated with site observation, indicates that workers were working in a continuous fatigue 
condition, on top of which excessive heat stress will easily lead to heat illness.

5.2 Temperature difference between BoM data and site specific data

Figure 3 presents the comparison between BoM data and on-site recorded data. The temperature in the specific workplace 
is significantly higher than that recorded at the BoM station. The highest gap was recorded at 12.11 pm, 30 September 
2015 at the material storage yard.

Figure 3. The difference between temperatures recorded at the nearest BoM station and on-site

5.3 Seasonal difference of heat stress levels at typical workspaces

Figure 4 shows the heat stress levels in WBGT (oC) calculated by hourly Time-Weighted-Average (TWA) (ACGIH, 2009a).  
Comparing against the TLV of triggering heat stress control at 26oC-WBGT (ACGIH, 2009b), all on-site heat stress record 
exceeded this level, indicating heat stress is a prominent hazard that needs effective control on this construction site.  
WBGT was calculated with the outdoor WBGT formula:      

WBGT = 0.7*Tnw + 0.2*Tg + 0.1*Td                                   (2)

Figure 4. Plotting of heat stress data in WBGT (oC)
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5.4 Heat stress estimation using the PHS model

Maximum allowable continuous work time (Dlim) is computed with the PHS model (ISO 7933, 2004). The computation 
assumed an average Australian male worker at the age of 18 and over with a body weight of 85.9 kg and body height 1.76 M 
(ABS, 2014).  The assumed metabolic rate is 260 w/m2 under the heavy work category (ISO 8996, 2004). The environmental 
heat stress was based on hourly time-weighted-average (TWA) of the on-site data recorded at one-minute interval. Recorded 
data of Air Temperature (Ta, measured by Dry Bulb Temperature), Relative Humidity (RH), Globe Temperature (Tg) and Air 
Velocity (Vel) was calculated into hourly TWA. These TWA values were used to calculate Mean Radiant Temperature (Tr) and 
Partial Vapour Pressure (Pa). These parameters were input into the PHS model programmed in C Language to compute the 
Dlim. The threshold for determining Dlim was when the assumed standard person’s core body temperature reached 38oC 
(WHO, 1969). 

Figure 5 shows the results of Dlim in every hour of the day. The bar charts indicate the computed minutes of Dlim within 
the 60 minutes’ period of time. A bar chart of 60 minutes means the standard worker can work without limit during this hour. 
A bar chart less than 60 minutes means the standard worker cannot work throughout the whole hour, and need to stop 
work at the Dlim time or pace down the work to keep personal safety.

Figure 5. Results of hourly Dlim computation

6. DISCUSSION

The small sample size of the pilot study prohibits us to draw any conclusion on seasonal variance. On an initial observation 
of Figure 8, data recorded during the wet season in 2017 demonstrates a higher heat stress level than those recorded 
during the build-up season in 2015. However, during the wet season in 2017, all the data recording was shortened by rains 
and storms, which meant the workers were off work as well. From personal safety point of view, the frequent rains and 
storms during the wet season to some extent reduced workers’ exposure to heat stress.

Results of the heat stress data demonstrates a significant difference between the on-site recorded data and the data 
recorded in the nearest BoM station, indicating public weather forecast cannot be relied on to reflect the condition on 
construction site. The finding reminds us the drastic difference in outdoor surface temperature as noted by Spagnolo and 
de Dear, “Even one specific locale may have vastly different surface temperatures within a metre or two due to many factors, 
including shading, and different natural versus human-made surface materials and colours”(Spagnolo & de Dear, 2003, 
p.1389). Site specific monitoring is therefore necessary for developing intervention and maintaining a safe work environment 
for construction workers.
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Analysis results of heat stress on site with both WBGT and the PHS model suggest that heat stress on construction 
site is a considerable risk as all the WBGT readings were over the triggering threshold of TLV and continuous work was not 
viable. Initial observation of the on-site recorded heat stress data literally indicate a higher heat stress during the wet season. 
However, the frequent rain and storm during the wet season in effect reduced workers’ exposure to the heat hazard on site. 
Extreme weather during the wet season pauses construction work, which lowers down productivity, but meanwhile keeps 
workers away from work and from the heat hazard associated with work.

Due to site constraint, we did not collect physiological data in this exploratory study. In computing the maximum allowable 
working time with the PHS model, we assumed a standard Australian worker. This is a limitation to be acknowledged. As 
discussed, the pattern of heat stress largely varies with the metabolic heat characterised different works of trades. In 
an earlier study in 37 construction sites in Hong Kong, we summarised typical ranges of metabolic rates of 37 trades 
(Rowlinson & Jia, 2012) as shown in Table 1, which provides a reference for locating the metabolic heat level of scaffolders 
in this study. Future study is needed to establish a taxonomy of workloads of different trades and their typical workspaces 
in the Australian construction industry for the purpose of heat stress control.

Table 1. Workload categorisations of typical trades on construction site

7. CONCLUSION

This paper presents a pilot study to explore the pattern of heat stress at the workspaces of construction sites in Australia. 
Heat stress data over two working weeks on a megaproject in Australia indicate that (1) heat stress level at the specific 
workplace of construction site is significantly higher than the public available data recorded in BoM stations; (2) heat stress 
on the construction site in both build-up and wet seasons of Darwin exceeded the triggering value of TLV, which needs 
systematic control and management; (3) literally the wet season seemed to have a higher overall heat stress level than that 
of the build-up season, but the wet weathers also kept workers away from work which in effect reduced exposure to the 
risk of heat stress. Further study is needed in more systematic and larger sample studies for a holistic understanding of 
the thermal characteristics of workspaces on construction site. The WBGT-based analysis in this study adopted the TLV 
triggering value 26 oC-WBGT as a benchmark on the level of thermal stress on construction site. Further study is invited to 
relate the TLVs with the subjective measures of thermal sensation.
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Abstract: Sustainable campus development is becoming universal with an increase in the number of campuses demonstrating 
leadership on pursuing sustainability. Even though there are various international campus sustainability rating and ranking 
systems but they are not completely utilized in India. The purpose of this study is to analyse and compare eight of these rating 
systems and prepare a comprehensive list of sustainability parameters and their indicators. Further, check the presence of 
these Indicators in Indian Institute of Technology Roorkee (IITR), India campus to lay the foundation of the problems faced by 
the Indian institutions while rating their campuses.  Also, an attempt to rate the IITR campus has been made to identify the 
obstacles faced by Indian institutions for rating their campuses. Parameters of sustainable development are approximately 
same in all the campus sustainability rating /ranking systems. Indian institutions lack a measuring and monitoring system 
due to which they are unable to rate their campuses, leading to a situation where the institutions are unaware of the extent 
of sustainable development achieved on their campuses. This obstructs the comprehensive sustainable development of the 
campuses. This paper identifies a need to study sustainable campus development for higher education campuses in India.

Keywords: Sustainable development; Campus Sustainability Rating systems; Sustainability parameters and indicators; 
Indian campuses.

1. INTRODUCTION

A sustainable higher education institution is supported by the three pillars of sustainability and advances to protect them 
(Castro et el., 2013). These are: (a) Environmental protection (b) Promotion of equity and social justice (c) Economic security 
(Alshuwaikhat and Abubakar, 2007). This sustainable initiative facilitates the campus and in the long run society at a regional 
and global level to attain sustainability (Velazquez et al., 2006). Sustainable programs result from the “triple bottom line”- 
environmental, social and economy (Lozano, 2006). 

In this paper eight rating/ranking systems for sustainable development of campuses have been studied. These systems 
measure all the sustainable activities on the campuses in addition to the building performance. Of all the discussed systems, 
most have originated in the U.S. emphasising on the high level of the sustainability initiatives and sustainable development of 
educational campuses in the country. This paper studies and evaluates the sustainability of the Indian Institute of Technology 
Roorkee (IITR) campus, established in 1847, that extends to 144.07 hectares in area (www.iitr.ac.in).

1.1 Evolution of Rating Systems

Sustainability was talked about for the first time in Brundtland commission in 1987. The Stockholm Declaration, 1972 is the 
first declaration in the international environmental law which recognized the right to a healthy environment (Alshuwaikhat and 
Abubakar, 2008). The Talloires Declaration, 1990 was composed in France by the university administrators, which made 
the first formal announcement about achieving sustainability in higher education (Lozano et al., 2013). These charters and 
declarations led to the development of various rating and ranking systems. Rating and certification systems measure and 
assess a sustainability project (OECD, 2008). Higher education institutions are influenced and encouraged by assessment 
tools which give incentives to institutions for attaining sustainable development (Ferrer-Balas et al., 2008). As per a study 
carried out by Shriberg (2002) on various campus sustainability assessment tools, the tools should be computable, 
comparable and all-inclusive. 

Greener U- a company which collaborates with educational institutions to enhance sustainable development by providing 
sustainable solutions, developed the ranking of the top ten higher education sustainability rating, ranking and review tools. 
Out of these ten, six have been discussed along with Indian Green Building Councils’ (IGBC) green townships. In order to 
have an overview of the rating systems that assesses the sustainable campuses, a description of their origin and association 
with remarks is given in table 1. Further, a comparative study has been carried out among these rating systems in this paper.

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.503–510. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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Table 1: Various rating and ranking systems used for the study

Name Origin Country/
Year

Association Web/Reference Remarks

Sustainability 
Tracking, Assessment 
& Rating System 
(STARS)

U.S./ 2006 Association 
for the 
Advancement 
of Sustainability 
in Higher 
Education 
(AASHE)

(https://stars.aashe.
org).

monitors continuous sustainable development; 
provides goals and incentives

College Sustainability 
Report Card (CSRC)

U.S./2005 Sustainable 
Endowments 
Institution (SEI)

http://www.
greenreportcard.org/
index.html, (Shi and 
Lai, 2013)

survey based system
process includes selection, survey composition, 
data collection and verification and assessment.

Princeton Review 
Green Rating (PRGR)

U.S./2011 AASHE https://www.
princetonreview.com

basis -small survey for sustainable initiatives 
and achievements 

Cool Schools (CS) U.S./2007 Sierra club, 
STARS

http://vault.sierraclub.
org

ranks according to the institutions’ performance 
in sustainability

Campus Report Card 
(CRC)

U.S./2001 National Wildlife 
Federation

http://www.nwf.org reviews the sustainability initiatives and 
progress and advancement in environmental 
performance of institutions

Greenopia College 
&University Rankings 
(GCUR)

U.S./2009 http://sustainability.
uoregon.edu

rates the schools and provide a list of schools 
which are sustainable and environmentally 
conscious

Indian Green Building 
Council (IGBC)

India/2010 Indian Green 
Building Council 
(IGBC)

https://igbc.in/igbc addresses problems of sprawl, automobile 
dependency and addresses social and 
environmental issues.

UI Green Metric WUR 
(UI)

Indonesia/2010 Universitas 
Indonesia

http://greenmetric.
ui.ac.id

informs about sustainability programs on 
campus

2. OVERVIEW AND COMPARISON OF RATING SYSTEMS ACCORDING TO THEIR 
PARAMETERS AND INDICATORS

In table 2, an exhaustive list of sustainability parameters and their indicators is obtained by combining the indicators of 
all the discussed rating and ranking systems. Further, the presence or absence of these indicators is checked in each of 
these rating systems. Figure 1 shows the presence of various parameters in sustainability rating systems. It may be noted 
that IGBC is excluded from this graph as it is not a comprehensive campus sustainability rating system. This comparison 
clearly indicates the presence of operational parameters in all the rating systems which becomes an important parameter 
all across. Planning and administration parameters are not that widely covered, whereas engagement and academics are 
covered in most of them.

Table 2: Rating systems according to their parameters

Subcategory Indicators*

S
TA

R
S

C
S

R
C

P
R

G
R

C
S

C
R

C

G
C

U
R

IG
B

C

U
I

1.
 A

ca
de

m
ic

s

Academics Academic Courses Y N Y Y Y N N Y

Sustainability Learning Results Y N Y Y Y N N Y

Sustainability in Undergraduate Program Y Y Y Y Y N N Y

Sustainability in Graduate Program Y Y Y Y Y N N Y

Holistic Experience Y Y Y Y Y N N Y

Assessment of Sustainability Knowledge Y Y Y Y Y N N Y

Motivation for New Courses on sustainability Y Y Y Y Y N N Y

On Campus Sustainable Experiments Y Y Y Y Y N N Y

Research Research on sustainability Y Y Y Y Y N N Y

Support for Research on sustainability Y Y Y Y Y N N Y

Access to sustainable Research Y Y Y Y Y N N Y
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2.
 E

ng
ag

em
en

t

Occupant 
Engagement

Student Training Program Y Y Y Y Y N N N

Student Orientation Y Y Y Y Y N N N

Incorporation of sustainability in Student Life Y Y Y Y Y N N N

Availability of Materials and Publications Y Y Y Y Y N N N

Campaigns for the Masses Y Y Y Y Y N N N

Employee Training Program Y Y Y Y Y N N N

Employee Introduction to Sustainability Y Y Y Y Y N N N

Staff Professional Development Y Y Y Y Y N N N

Public 
Engagement

Community Partnerships Y Y Y Y Y N N N

Inter-Campus Partnership Y Y Y Y Y N N N

Adult Education Y Y Y Y Y N N N

Community Service Y Y Y Y Y N N N

Community Stakeholder Engagement Y Y Y Y Y N N N

Participation in Public Policy Y Y Y Y Y N N N

Sustainability Trademark Licensing Y N N N N N N N

Hospital Network Y Y Y Y N N N

3.
 O

pe
ra

tio
ns

Air & Climate Greenhouse Gas Emissions Y Y Y Y Y Y Y Y

Outdoor Air Quality Y Y Y Y Y Y Y Y

Buildings Sustainable Building Operations & Maintenance Y Y Y Y Y Y Y Y

Sustainable Building Design and Construction Y Y Y Y Y Y Y Y

Indoor Air Quality Y Y Y Y Y Y Y Y

Dining 
services

Dining Purchasing Y Y Y Y N Y N N

Low Impact Dining Y Y Y Y N Y N N

Energy Energy Consumption on Campus Y Y Y Y Y Y Y Y

Renewable Energy on Campus Y Y Y Y Y Y Y Y

Grounds Sustainable Landscape Management Y N N Y Y N Y Y

Biodiversity Management Y N N Y Y N Y Y

Purchasing Electronics Y Y N Y N N N N

Cleaning Product Y Y N Y N N N N

Paper Y Y N Y N N N N

Inclusive and Local Purchasing Y Y N Y N N N N

Life Cycle Cost Analysis Y Y N Y N N N N

Guidelines for Business Partners Y Y N Y N N N N

Transporta-
tion

Campus Transportation Y Y Y Y Y Y Y Y

Means of Student Transportation and Programs Y Y Y Y Y Y Y Y

Means of Employee Transportation and Programs Y Y Y Y Y Y Y Y

Support for Sustainable Transportation Y Y Y Y Y Y Y Y

Waste Attempt to Zero Waste Y Y Y Y Y Y Y Y

Waste Diversion Y Y Y Y Y Y Y Y

Construction And Demolition Waste Diversion and 
Reuse

Y Y Y Y Y Y Y Y

Hazardous Waste Management Y Y Y Y Y Y Y Y

Water Water Use Y Y Y Y Y Y Y Y

Rainwater Management Y Y Y Y Y Y Y Y

Wastewater Management Y Y Y Y Y Y Y Y

Review of Campus Sustainability Rating Systems for Indian Campuses
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4.
 P

la
nn

in
g 

an
d 

A
dm

in
is

tr
at

io
n

Co-
ordination, 
planning & 
governance

Sustainability Coordination Y Y Y Y N N N N

Sustainability Planning Y Y Y Y N N N N

Governance Y Y Y Y N N N N

Diversity & 
affordability

Diversity and Equity Analysis and regulation Y N N Y N N N N

Assessing Diversity and Equity Y N N Y N N N N

Help for Underrepresented Groups Y N N Y N N N N

Support for Future Faculty Diversity Y N N Y N N N N

Affordability and Access to all Y N N Y N N N N

Health, 
well-being & 
work

Employee Compensation Y N N Y N N N N

Assessing Employee Satisfaction Y N N Y N N N N

Wellness Program Y N N Y N N N N

Health and Safety of Occupants on Campus Y N N Y N N N N

Investment Committee to Decide on Sustainable Investments Y Y Y Y N N N N

Sustainable Investment Y Y Y Y N N N N

Investment Transparency Y Y Y Y N N N N

5. Innovations Y N N Y N N Y N

Y-Present   N- Absent.  
* The indicators are adapted from STARS and other rating systems for comparison

Figure 1: Graph shows the presence of parameters in sustainability rating systems. (source: Author)

3. INDIAN SCENARIO OF CAMPUS SUSTAINABILITY-A CASE STUDY OF IITR CAMPUS

Ministry of Human Resources Development (MHRD) of India has directed the educational campuses to achieve sustainable 
development (the newsletter for higher education, June 2013). In India there are some residential campuses which are 
making efforts in achieving campus sustainability, but there is a lack of comprehensive sustainable development (IGBC 
Green Townships, 2010; S. Bantanur et el, 2015).

IIT Roorkee (IITR) is a fully residential campus in India. IITs are autonomous public institutes of higher education governed 
by the Institutes of Technology Act, 1961 (Government of India, 2009). In IITR, Bachelor’s Degree courses, Postgraduate 
Degree courses and doctoral works are offered in Engineering, Applied Science and Architecture and planning. The campus 
has various departments, hostels, staff and faculty residences, recreational spaces, community spaces, sports area, 
commercial spaces, administrative spaces and a hospital.

Table 3 represents a checklist of presence and absence of various sustainability indicators, compiled in section 3, 
along with the extent of advances done in that particular indicator for IITR campus. The basis of the checklist is the survey 
conducted by the authors in the IITR campus. The survey inquired about the various indicators of sustainable development 
on the campus and was taken up to measure the indicators and collect all the information about them. The indicators in 
Table 3 are not directly adapted from the comparison but developed after the in-depth study of these indicators. Some 
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indicators are merged from the comparison whereas some are given new names. The meaning of all these indicators is 
explained in the remark section of the tables.

Table 3: Checklist for Rating of IITR Campus on Parameters and Indicators Derived from Comparison

C
at

eg
or

y Indicators Presence Monitoring Remarks (What has been done related to the indicator in IITR)

1.
 A

dm
in

is
tr

at
io

n

(i). Sustainable policies YES NO Policies like- Green office, Green Master Plans, Bio-diversity, 
Water bodies, minimizing Carbon Foot print and Green Audit.

No continuous monitoring of the policies.

(ii). Administrative committees YES NO A committee comprising of a chairman, coordinator and five 
members.

No record kept separate for sustainability achieved.

(iii). Sustainability staff YES NO No separate staff; regular staff gets engaged. No continuous 
monitoring of all the sustainable activities.

(iv). Office or department YES NO Irrespective of a committee, no full time office or staff; No 
continuous monitoring of all the sustainable activities.

(v). Website YES YES Webpage named Green Campus Initiatives is developed which 
is monitored regularly.

(vi). Green purchasing NO -

(vii). Employee outreach 
opportunities

NO -

2.
 A

ca
de

m
ic

s

(i). Academic Courses YES YES Sustainability related courses as a part of the curriculum.

(ii). Immersive Experience YES YES Department of Architecture and Planning offers an immersive 
experience in the field of sustainable development.

(iii). Sustainability Literacy 
Assessment

NO -

(iv). Incentive for Developing 
Courses

NO -

(v). Academic Research YES YES No separate list for sustainable researches. It could only be 
obtained from the comprehensive list of all researches.

3.
 T

ra
ns

po
rt

at
io

n

(i). Campus motor fleet NO - Type and number of motor vehicles is known but number of 
trips is unknown.

No data about bicycles.

(ii). Commute modal split YES YES

(iii). Support for Sustainable 
Transportation

YES YES

(iv). Bicycle program YES YES

(v). Car sharing program NO -

(vi). Planning NO -

4.
 C

lim
at

e 
ch

an
ge

 a
nd

 e
ne

rg
y (i). Greenhouse gas emissions 

inventory
NO -

(iii). Energy efficiency and 
conservation

YES YES Energy audit; policies-  reduce electricity consumption and 
energy conservation, solar PVs, solar thermal power for cooking 
and water heating, LED based lamps on streets; Annual saving 
of Electricity is 12,36,150kWh (2012)

(iv). Renewable energy generation YES YES IITR Photovoltaic Solar Power Installation. Total-1812 Peak 
Power Output (kW)

(v). Renewable energy purchase NO -

5.
 F

oo
d (i). Locally grown and purchased 

food
YES YES All the food products in the hostel mess is purchased locally 

and a record is kept of all the purchases. 

(ii). Organic and sustainably 
produced food

NO -
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6.
 W

as
te

(i). Waste minimization NO -

(ii). Waste diversion NO -

(iii). Construction And Demolition 
Waste Diversion

NO -

(iv). Hazardous Waste Management NO -

7.
 W

at
er (i). Water Use NO -

(ii). Rainwater Management NO -

(iii). Wastewater Management NO -

8.
 G

re
en

 b
ui

ld
in

g

(i). Design and construction YES NO All old buildings are climate responsive, but these buildings are 
not green certified.

(ii). Adaptive reuse YES YES Different classes are held in the same room at different times.

(iii). Operations and maintenance YES NO light sensors and green rating appliances; shift to  energy 
efficient appliances; temperature regulation of AC; use of gas 
based stoves, etc.; no proper monitoring is done

(iv). Indoor Air Quality NO -

9.
 

G
ro

un
ds (i). Landscape Management YES NO Built, unbuilt; paved, unpaved area; etc. is unavailable. needs to 

be traced from the plans.

(ii). Biodiversity YES NO Only number of trees known. No information about fauna.

10
. S

tu
de

nt
 in

vo
lv

em
en

t/
 c

am
pu

s 
en

ga
ge

m
en

t

(i). Student Educators Program NO -

(ii). New Student Orientation YES NO No in person orientation about sustainable development policies 
and agenda of the campus.

(iii). Student Life NO -

(iv). Outreach Materials and 
Publications

YES NO No monitoring at all of the availability of sustainability 
publications

(v). Outreach Campaign NO -

(vi). Sustainability challenges and 
competitions

YES NO Different activities like workshops, seminars and competitions 
are organized in the campus from time to time but are not 
monitored.

(vii). Employee Educators Program NO -

(viii). Employee Orientation NO -

(ix). Staff Professional Development NO -

4. DISCUSSION

As indicated by the checklist in Table 3, out of all the 46 campus sustainability indicators only 22 indicators are being 
implemented on the IITR Campus, out of which only 11 are measured and monitored as shown in Figure 2. This accounts 
for less than 50 percent of the total list. Figure 2 represents the distribution of various sustainability indicators individually on 
the IITR campus. As per Figure 2 most of the indicators of operational parameters are present on the campus out of which 
some of them are monitored constantly. This emphasizes on the fact that Indian campuses are incorporating sustainable 
development in their campuses. However, comprehensive sustainable development is still not achieved. Even though 
initiatives for sustainable campus development has started, there is lack of measurability and verification of the extent 
of sustainable development achieved. The absence of monitoring mechanism creates a shortfall for the use of campus 
sustainability rating systems. The absence of certain parameters in Indian campuses can be related to the differences in the 
Indian campuses as it is still a developing country and most of the rating and ranking systems are formulated in the developed 
countries of the world except UI. All though the indicators of sustainable development are established, the benchmarks for 
their assessment and measurement in Indian campuses is still missing. Identification of these problems encountered while 
rating campuses will help the institutions to understand what are the primary barriers in achieving complete sustainable 
development, address this issue and come up with a solution which will in return catalyze the sustainable growth of the 
campuses.
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   Figure 2: Graphs showing distribution of various indicators on IITR campus. (Source: Author)

5. CONCLUSIONS

The given comparison of the various campus sustainability rating and ranking systems outlines a comprehensive list of 
parameters and their indicators for sustainable campuses. This list is used to rate an Indian campus- IITR. However, IIT 
Roorkee campus still cannot be rated due to unavailability of measuring and monitoring mechanism. As IITR is a premier 
government Institute in India, similar will be the case of majority of Indian campuses. There are many reasons which 
contribute to the failure of the campus sustainability rating systems in India, majorly the following reasons enlisted below:

• All the parameters and their indicators are not considered. Only some parameters such as operations are targeted 
in India (Table 3, Figure 2).

• Most of the indicators which are present are not monitored, which expresses a lacuna in the monitoring and 
verification system to report achievement of sustainable development (Table 3, Figure 2). Measuring and monitoring 
of sustainability should be made mandatory in all the campuses by the government to ensure a comprehensive 
sustainable development.

• In the absence of a monitoring and verification system, Indian campuses could not be rated or ranked on any holistic 
rating or ranking system. Therefore, a special monitoring and verification system for Indian campuses should be 
designed.

• The inability to rate the campuses on any rating system leads to absence of information about the extent of 
sustainable development in Indian campuses. Thus, any benchmark cannot be defined for the Indian campuses. 
Since India is a developing country, its benchmark will be different from those of developed countries.

Indian campuses possess a tremendous opportunity to grow its sustainability initiative. The campuses will work in a 
more focused and informed way towards sustainable development if there are analysis and feedback in place to direct the 
overall efforts. There is a need to develop a monitoring and verification system for Indian campuses so that it helps them 
better determine how campuses are doing with sustainability and pinpoint areas where they can improve. And thus rate the 
campuses on any rating system available worldwide.
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Abstract: With increasing prevalence of mental illness and domestic violence incidents, there is an ever-growing need 
for supplying supportive and rehabilitative social and health services. In its current state, the healthcare infrastructure, 
transitional services, and communities are isolated from one another, creating physical and mental barriers for rehabilitation. 
Therapeutic landscape research suggests outdoor spaces can facilitate rehabilitative healing, community support, and self-
empowerment. This form of preventative and rehabilitative health may bridge the gap between treatment at the institutional 
level, and day-to-day living, to better support the well-being of vulnerable people. The under-utilised interface between 
the residential landscape and Kenepuru Community Hospital in Porirua, New Zealand, is used as a case study for testing 
how therapeutic landscapes may enable hospital infrastructure, residential housing and transitional landscapes to coexist 
with mutually beneficial relationships. Results suggest that suitable urban integration of these services through therapeutic 
landscapes will promote well-being for future inhabitants and for the wider community, thus mediating healthcare stigmas. 

Keywords: Healthcare; Urban integration; Well-being; Vulnerable people.

1. INTRODUCTION

1.1 Development of Healthcare and People

The eighteenth and nineteenth century mental health facilities were domestic-scale, charitable institutions for acute and 
chronically ill city-dwellers. These facilities were typically on the fringes of cities in rural areas, with plenty of open spaces 
and gardens for convalescence and activity. However, during the late nineteenth century these private institutions became 
government-led to ensure quality control and ethical standards. With minimal funding followed by overcrowding, these 
facilities began prioritising built infrastructure over landscaping. Developed from modernist principles, these ‘machines for 
healing’, epitomise sterility and efficiency of scale, producing impersonal vastness. Often these public institutions are large, 
complex-like buildings removed from the urban context, breeding fear and stigma around healthcare itself (Yücel, 2013). 
Today, according to Marcus and Sachs (2014), hospital and healthcare environments can be one of the most uncomfortable 
places for people to inhabit. Often devoid of vegetation, healthcare landscapes are ‘monolithic’ due to the mass of hard 
surfaces dominating existing natural systems (Pouya and Demirel, 2017). As such, these public spaces are often degenerative 
to ecological health, with poorly managed storm water and lack of biodiversity. As, described by Irvine and Warber (2002), 
“the relationship among people, nature and well-being has all but been lost”, along with the holistic healthcare approach. 
Yet, as demand for housing grows, residential areas are expanding around the once detached healthcare facilities, enabling 
a greater proximity between people and healthcare. This provides an opportunity for designers to rethink the relationship 
between people, nature and well-being, in the interstitial spaces between residential and healthcare facilities. 

1.2 Need for Accessible Supportive Services

Mental health problems are now one of the leading causes of health loss and disability, affecting one in four people globally. 
However, this disproportionally affects compact suburbs and city dwellers (World Health Organisation, 2001; Shanahan et 
al., 2015). This decrease of well-being is evident in New Zealand with anxiety and depressive disorders being the leading 
cause of health loss for women as of 2013 (Ministry of Health, 2016). In addition, statistical surveys have identified that half 
of adults are not active enough (Sport New Zealand, 2014). 20% of New Zealanders want more contact with people outside 
of their family (Welch, 2013), and half do not feel their neighbourhood has a sense of community (Nielsen, 2013). In addition, 
cultural identity outcomes are generally declining in New Zealand (Ministry for Social Development, 2016). Without sufficient 
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preventative and rehabilitative services, these vulnerable people may experience long-term health implications, and the 
volume of suffers will continue to increase. 

The largest healthcare barriers are reported to be physical and mental inaccessibility, cultural inappropriateness, and 
high demand (World Health Organisation, 2003; Te Pou, 2010b; 2010a). Western healthcare can be unholistic, focussed on 
physical illness, often not considering mental, social, spiritual and environmental health relationships (Yücel, 2013; Weyer, 
2017). In consequence, they can be culturally inappropriate in New Zealand, with inaccessibility to health services more 
common among minority populations such as indigenous Māori, Pasifika population, and those living in the most deprived 
areas (Ministry of Health, 2014). There is a fundamental need for design research to consider the delivery of alternative 
health models, to challenge healthcare infrastructure to be culturally engaging, and to mitigate debilitating stigmas. 

The World Health Organisation (WHO) has called for urgent action to “close the treatment gap and to overcome barriers 
which prevent people from receiving appropriate care”, with prevention strategies equally prioritised. According to WHO, 
“programmes targeted at vulnerable people including minorities, indigenous people, migrants and people affected by 
conflicts”, through community development programmes will be an imperative strategy for improving mental health outcomes 
(World Health Organisation, 2018). The ‘Ottawa Charter for Health Promotion’, an international agreement curated by the 
WHO, suggests this may be enabled through setting-based strategies such as the creation of supportive environments, 
and the integration of health promoting services into day-to-day life through community spaces. Yet suitable design criteria 
has yet to be defined. 

1.3 Potential for Outdoor Spaces

With increasing demands for mental health services, landscape architectural research has identified the importance of 
therapeutic outdoor spaces as a cost-effective prevention and rehabilitation strategy, due to the positive effects of nature on 
physical, mental and social wellness (Shanahan et al., 2015). In urban areas, there is a correlation between vegetated green 
spaces and the strength of community networks (Taylor et al., 1998). Furthermore, access to therapeutic outdoor spaces 
may promote physical activity and stress reduction for disability prevention, and for improving quality of life particularly in 
elderly and youth (Kershaw et al., 2017).

Yet, people affected by mental health problems struggle to access both healthcare, and public spaces. People most 
vulnerable are often those who struggle to remain integrated in productive society due to environmental instability, which 
significantly impairs their well-being. While vulnerability and transition can come in many forms, there are clear correlations 
between deteriorating mental health, and those suffering violations in human rights, ongoing stress or grief, and unhealthy 
lifestyles (World Health Organisation, 2003). As a diverse range of health determinants such as psychological, biological, 
socio-economic, and spiritual factors also affects mental well-being, busy public green spaces may be ill suited to support 
deteriorating societal mental health. Furthermore, specifically designed healing gardens in healthcare facilities are also off-
limits due to referral requirements through healthcare providers causing issues with stigma, and lack of capacity. The design 
of peripheral or interstitial public spaces, bridging housing with existing healthcare, may enable more targeted place-based 
health promotion.

2. METHOD

This research draws from the therapeutic landscape literature and case studies, to develop design criteria for health promotion 
and a healing landscape adjacent to residential areas. The review of therapeutic landscape literature includes healthcare 
landscapes, restorative outdoor spaces, landscape design for vulnerable people, and traditional healing. Extracted design 
criteria were then compared against four areas of well-being: physical, mental, social, and spiritual.  Built case studies, 
which employ mechanisms for healing, were critiqued against this design criteria, to determine the suitability of current 
landscape architectural approaches to the development of therapeutic outdoor spaces that support vulnerable people in 
the community. 

3. FINDINGS

3.1 Mechanisms for Healing

Numerous studies in healthcare settings have identified the need and design criteria for restorative outdoor spaces (Irvine 
and Warber, 2002; Khachatourians, 2006; Marcus and Sachs, 2014; Marcus, 2016). Similarly, case-study evidence from 
numerous types of healthcare facilities demonstrate the importance of healing gardens in healthcare environments for the 
well-being of both patients and staff (Marcus and Sachs, 2014). Four aspects emerged from the analysis: Sensoriality, 
interactions, activity, and cultural appropriateness (Table 1). Sensorality is a key theme as these people seek the stimulation 
and services that city-life offer, while also shying away from the hyper-intensity it can create, as the milieu is often heightened 
for people with mental sensitivity. For example, noise and light can be overwhelming, while predictability and legibility 
is essential for maintaining a sense of control in public space. Interaction relates to the ‘feel’ and ‘ambiance’ of a site, 
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which can determine the way people, interact with public space, to be calming or not. This can correlate with rhythms 
of life, which sensitive people are attuned to. According to Söderström, 2017, high-paced places can be demanding, so 
vulnerable people often opt for routes and or occupy spaces with predictability and appropriately paced rhythms. While it is 
unrealistic for the design of landscapes to be prescriptive, semi-peripheral/transitional locations were frequently mentioned 
by participants as preferred environments for better health and well-being (Söderström, 2017). In addition, greater attention 
is needed to the connections between spaces for vulnerable people. These connections need to be more accessible and 
have less demanding social landscapes. As, while activity is essential for improving well-being, the intensity of this needs 
to be adjusted for varying degrees of mental and physical strength. Instead of being excessively demanding, they should 
attempt to stimulate curiosity and meaningful engagement. 

Increasingly, the importance of culture in therapeutic landscapes has been identified (Gesler, 1991; Dyck, 2006; 
Andrzejewski et al., 2009). However, most of the work in this field places emphasis on western cultures. As described by 
Wilson, 

“we must begin to explore other (non-physical) dimensions of therapeutic landscapes…those that do not 
solely exist ‘on the ground’ but are embedded within the belief and value systems of different cultural groups. 
The relationship between health and place has culturally specific dimensions but those tend to be overlooked, 
especially with respect to indigenous people” (Wilson, 2003). 

As discussed by Hatton et al. 2017, in New Zealand’s indigenous Māori culture, sickness is viewed as a symptom of 
disharmony of nature. A traditional therapeutic landscape should therefore look to natural ecological systems as a means 
for delivering well-being (Harmsworth and Awatere, 2013). “The longstanding connection with the land through forests, 
wetlands, rivers, coastal areas and mountains provides the indigenous cultures a sense of identity, belonging and well-being” 
(Hatton et al., 2017, p. 2). Traditional therapists therefore make connections with the environment to empower and enable 
people with impaired spiritual well-being (Hopkirk and Wilson, 2014). For example, Māori therapy relies on the landscape 
for the preparation of herbal remedies, rongoā, therapeutic massages, haumiri, and spiritual massages, honohono (Tui 
Ora, 2017). Oratory healing is well-founded in tradition in cultures across the Pacific, with dominant landscape features 
as key characters. Other potential healing activities suggested are gardening, weaving, and umu (traditional cooking), as 
these instinctual cultural activities may make conversation easier, particularly in a group context (Te Pou, 2010b). Therefore, 
providing outdoor spaces in which people can engage with the health of their landscapes as well as their own is essential 
for improving the health and well-being of all. 

Table 1: Summary of Literature Review

Key Theme Article Mental/ Emotional Social Physical Spiritual

Healthcare 
Landscapes

(Marcus and 
Francis, 1998; 
Marcus and 
Barnes, 1999; 
Yücel, 2013; 
Marcus and Sachs, 
2014; Butterfield 
and Martin, 2016; 
Marcus, 2016)

+Feeling of control
+Positive 
distractions
+Natural aesthetic

+Choices for 
socialness or 
solidarity +Sense 
of intimacy and 
containment

+Communal 
spaces for 
engagement

+Encourage 
exercise
+Nature trails and 
education

+Native planting to 
reduce hardscape 
and domestic grass
+Sustainable water 
management 
strategies

Restorative 
Outdoor Spaces

(Stigsdotter and 
Grahn, 2002; 
Stigsdotter and 
Grahn, 2003; 
Stigsdotter, 2005; 
Stigsdotter et al., 
2011)

+Sensory 
experiences
+Seasonal changes
+Nature-based 
story and symbols 
+Rich in species 
+Serene 
+Wild Nature

+Varying spaces 
for different 
interactions

+Joyful and 
meaningful activity 
+Horticulture 
activity

Vulnerable People (Lygum, 2012; 
Lygum et al., 2013; 
Söderström, 2017)

+Opportunity to 
connect with nature
+Ambivalence
+Atmosphere

+Varying spaces 
for different 
interactions
+Rhythm

+Space for play

Traditional Healing (Bignante, 2015; 
Hatton et al., 2017; 
McIntosh et al., 
2018)

+Relationships 
with traditional 
healers and the 
environment 
+Natural landscape
+Design with 
ecological systems

Sensoriality Interactions Activity Culture
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3.2 Mechanisms for Healing

Mechanisms for healing have been the main driver in restorative outdoor space design, through three main considerations: 
viewing, being-in and actively engaging with nature. Three relevant approaches summarised by Stigsdotter et al. (2011), 
respectively, are an ‘Evolutionary Approach’, an ‘Activity Approach’ and the ‘Mental Strength’ model. 

The Evolutionary Approach as described by Kaplan and Kaplan (1989) identifies the draining effect of the complexity and 
unfamiliarity, common to healthcare environments, and the restorative benefits of viewing, being-in or actively engaging with 
nature. Kaplan (1995) concludes that restorative environments have the following qualities: the feeling of ‘being away’ from 
daily life, at an ‘extent’, which allows for emersion, ‘compatible’ for people and provides stimulation and ‘fascination’. These 
ideas are developed from the biophilia hypothesis that we have an inherent affiliation with living things, which effect the 
unconscious processes in the brain related to stress through the fight or flight response (Ulrich, 1993; 1999). In healthcare 
environments, this has been tested through evidence-based design; however, there is the potential for this research to be 
more rigorously applied in urban contexts to decrease the mental strain that vulnerable people experience.   

The Activity Approach goes a step further, engaging with nature through horticulture therapy, which derives from the 
notion that people enjoy being active and exerting themselves for meaningful activity, and so can promote wellness through 
gardening (Relf, 1999; Stigsdotter and Grahn, 2002; Corazon et al., 2010; Stigsdotter et al., 2011; Corazon et al., 2012; 
Sidenius et al., 2015). Productive landscapes can provide a feeling of security; they can challenge the body and can reward 
the mind. Fascination with nature and nurturing life can facilitate the desire to foster life outside of oneself. Furthermore, 
horticulture activity enables social interaction as having these experiences with other people makes us feel part of a 
community. 

The Mental Strength model (Grahn, 1991) combines both passive and active interactions with nature and horticulture 
activity (Figure 1). It demonstrates how the person’s interactions with the physical and social environment relate to their 
mental strength. When well-being levels are low, sensitivity to the environment is increased. As well-being increases, the 
person’s sensitivity to their environment decreases, and they are able to engage with the surroundings through outgoing 
involvement. Therefore, when a person is more vulnerable they have a greater need for enclosed natural environments 
(Stigsdotter and Grahn, 2002; Stigsdotter and Grahn, 2003; Grahn et al., 2010).

In practice, three sites with their associated research, explored the application of these mechanisms for healing in 
outdoor environments [Alnarp Rehabilitation Garden (Grahn et al., 2007; Grahn et al., 2010; Ivarsson, 2011), Nacadia’s 
Healing Garden (Corazon et al., 2010; Corazon et al., 2012; Sidenius et al., 2015), and Dannerhuset’s Crisis Garden 
(Lygum, 2012; Lygum et al., 2013)]. All three were developed in synergy with therapeutic programs to facilitate the healing 
of vulnerable people. Table 2 summarises the potential users and well-being considerations, while Figure 2 demonstrates 
spatial zoning which strongly correlates low mental strength and vegetated peripheral spaces.

Table 2: Summary of Case Studies

Garden Location Size Designer User Built Well-being considerations

Alnarp 
Rehabilitation 
Garden

SLU Alnarp 
Campus, 
Sweden

2ha Patrik Grahn; Sara 
Lundström; Ulrika A. 
Stigsdotter; and Frederik 
Tauchnitz

People with stress 
related disorders

2001 Mental / Physical / Social

Nacadia’s 
Healing Garden

Hoersholm 
Arboretum, 
Copenhagen

1ha Ulrika 
Stigsdotter

People with stress 
related disorders

2010 Mental / Physical / Social

Dannerhuset’s 
Crisis Garden

Danner, 
Copenhagen

0.1ha Schönherr Landscape 
Architects

Women and Children 
Survivors of Domestic 
Violence

2012 Mental / Physical / Social

While the outcomes from these three private projects have proven their effectiveness, the application of the research 
cannot be immediately extended to the public arena. More work is needed to link this research with design for vulnerable 
people, using primary healthcare and accessing public spaces. In addition, while these frameworks have a focus on mental 
well-being with influences of social and physical strength, they fail to address cultural aspects of healing. 

4.  CONCLUSIONS 

This research identified numerous evidence-based studies that outlined design criteria for healthcare landscapes for a 
diverse range of vulnerable groups including mental illness sufferers. Restorative outdoor spaces and associated healing 
mechanisms were found to be essential for supporting vulnerable people. Research highlighted that a holistic healthcare 
approach is needed which considers all aspects of wellness particularly cultural/spiritual well-being, and environmental 
health. 
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A holistic healthcare approach should address the need for a gradient of social opportunities, gradually increasing 
capacity for social interaction by allowing for varying mental strength. It should acknowledge the mental and emotional 
aspects of well-being and provide mental restoration through sensory experience and a natural aesthetic. To accommodate 
physical well-being, it should provide meaningful horticulture activities, which engage with environmental restoration, healthy 
food production, and/or traditional medicinal and cultivation education. Finally, it should not overlook the importance of 
spiritual and cultural engagement, facilitating traditional healing through enabling relationships between healers and the 
natural environment in an ecological regenerative manner.

This research has identified a gap between the literature and practice. While researchers can define the criteria of 
therapeutic landscapes thorough the identification of user requirements, designers need to apply these criteria in locally 
appropriate applications. Design-led research combined with participatory practice can link the design criteria of therapeutic 
outdoor spaces with culturally appropriate mechanisms for healing. If appropriately implemented, a place-based holistic 
design approach could transform healthcare from a model of reactive treatment to one of preventative health.
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Designing functional urban open spaces: through 
user comfort & spatial analysis approach
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Abstract: Due to peculiar topography and extreme high density, Hong Kong’s open space per capita 2 sqm is far from the 
WHO standards of 9 sqm per person. Open spaces are often regarded as compliance to planning requirements rather than 
providing desirable outdoor amenities to the community. Due to challenging Summer conditions in Hong Kong such as high 
temperature & humidity and stagnant wind most urban open spaces are underutilized. This research investigates the factors 
effecting enjoyment of open spaces and design factors that may improve their function as public amenities. Exploration 
is based on user comfort, user behaviour, and design attributes. Data collection was conducted on seven urban parks 
within Tsuen Wan district on dry days during Summer. User comfort data gathered using a WBGT monitor and simulation 
methods supplemented by photographic survey of users’ movement within the parks and user interviews. Findings indicate 
tendencies in using these parks in the afternoon between 3pm to 5pm for passive recreation and navigating in shady 
locations and areas with seating. Residents expressed close proximity and presence of mature trees as positive attributes 
in these parks, however voiced the need for rain shelters, more shady areas and better storm water drainage. 

Keywords: user comfort; urban open spaces; microclimatic parameters; vegetation.

1. URBAN THERMAL COMFORT CHALLENGES IN HONG KONG

Hong Kong inherits a sub-tropical climate with hot, humid and wet Summers. Thermal comfort conditions in urban centres 
are influenced by its peculiar topography and high-rise high density built environment resulting in negative factors such 
as urban heat island effect, street canyon effect, shading from buildings, stagnant wind, air pollutant concentration, high 
humidity and lack of vegetation. On average wind speed in most urban areas is approximately 1 m/s. Over the past five years 
humidity levels from June to September ranged between 75% - 84% with mean daily maximum and minimum maintaining 
about 2 oC difference whilst absolute average Summer temperature reaching 34.5 oC (HKO, 2013-2017). 

Due to mountainous terrain conditions, developable land area in Hong Kong is limited to less than 25% out of 1,111sqkm 
land area to accommodate 7.4million population. Land population density in some areas exceeds 57,250 persons per sqkm 
(ISD HKSAR, 2015) creating challenging liveable conditions. People live in towers as tall as 60 storeys and flats small as 
15sqm where outdoor amenities play a vital role towards wellbeing in such dense living conditions.   

High humidity, hot weather, stagnant wind and air pollution are some of the key challenges towards the enjoyment of 
outdoor life in Hong Kong. Few percentage of citizens opt to mountainous country parks during weekends to get cleaner 
air.  Majority of citizens depend on open spaces within their vicinity for passive recreation.

Factors effecting user comfort conditions such as thermal comfort and design quality of open spaces play an important 
role when defining the liveability and functionality. ASHRAE 55 defines thermal comfort as a sensation that indicates the 
satisfaction with the thermal environment. These parks are being predominantly used by elderly on a regular basis who are 
more vulnerable to heat stress and safety related issues. This research investigates the factors effecting enjoyment of open 
spaces and design factors that may improve their function as public amenities.

Draft Outline Zoning Plan approved for Tsuen Wan district in 2017 includes land allocations for “Open Space and Green 
Belt” land use categories (TPB, 2017). Therefore, findings from this study may be beneficial in redesigning and improving 
functionality of open spaces in Tsuen Wan and similar districts.

2. URBAN PROFILE IN THE CASE STUDY AREA

Tsuen Wan district, a 6,000 hectares new town located in the South-Western part of New Territories bordered by the sea 
on the South and South-East sides and flanked by mountains on the North East and North West sides was selected as 
the case study for this research. City center is located inland away from the waterfront and the hilly terrain. Predominant 
Summer wind directions are from the East, South and South-East quarters (Ng, 2011) where street grids are aligned to 
South East and North West directions without facilitating adequate wind flow along the roads. 

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.517–524. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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A new town that was developed in 1960s as an industrial hub has now been transformed in to a mixed-use residential 
area. Out of 302,814 population, about 70,000 people live in public and subsidized housing with the rest living in private 
housing. Tsuen Wan district accommodates a population density of 5,300 persons per sqkm with 103,219 households in a 
large number of five to six storeys low-rise high density Chinese tenement buildings. These developments often follow shop 
housing typology with long blocks of shops at the road level with residentials above. 

Out of total population of 302,814 residents, 36.5% represent home makers, retirees, self-employed and others who 
are not employed who spend more hours of the day within the district. About 21.5% population are above 60 years of 
age (CSD, 2016). With increasing percentage of elderly in Hong Kong, provision of active and passive recreational areas 
has become an agenda towards facilitating healthy communities. Being an old district with a large number of old housing 
estates, these parks are often being used by senior citizens, home makers, parents and domestic helpers who are waiting 
to pick up their children from schools. 

2.1 Open space planning and design guidelines

Out of total 6,000 hectares 131.84 hectares of land is zoned as “Open Space” to provide outdoor areas for active and 
passive recreational uses for the community (PlanD, 2017). Majority of these open spaces are pocket open spaces that are 
located among commercial and residential land uses orientated parallel to the street grid. 

Hong Kong Planning Standards and Guidelines (HKPSG) (PlanD, 2017) have stipulated for key principles for planning 
open spaces: quantity, quality, good practices and vision. Quality integrates environmental standards whilst good practices 
promoting easily accessible network of open spaces linked with pedestrian or cycling paths. Guidelines recommend that 
open spaces should be functional, accessible and usable spaces for the community; not merely fulfilling regulations. The 
Planning Standards also acknowledges that it is challenging in old districts to provide quality open spaces and to meet 
the minimum required area. To fulfil environmental standards, where possible parks are required to have a nature buffer to 
reduce pollutants entering from sources. In urban areas, the standard provision of open spaces is a minimum of 2 sqm per 
person which is far below from WHO International Standards which require 9 sqm per capita within 15 minutes walking 
distance (WHO, 2012 in Pafi et al., 2016). 

Further the guidelines draw attention to surface finishes and spatial layout considering the elderly warranting for adequate 
outdoor furniture under shading and away from the pedestrian paths with slip resistant hardscape finishes. 

In Tsuen Wan predominant Summer wind directions are from the East, South and South-East quarters (Ng, 2011). 
Longitudinal direction of 90 percent of the parks are aligned to North East and South West direction allowing parks that are 
abutting streets or major roads to receive prevailing wind from their shorter span. 

3. METHODOLOGY

Seven urban pocket parks / open spaces were selected for this study which represent different geometries, contextual 
attributes and land use compositions to investigate their success in functioning as public amenities providing user comfort. 

The research engaged a multi-dimensional approach for data collection and analysis; field data on microclimatic 
conditions during Summer months based on Wet Bulb Globe Temperature readings, contextual analysis of the parks, 
photographic survey of user behaviour and interviews with open space users. Behavioral indicators contributing heat stress 
such metabolic rate, clothing insulation and moisture permeability (Fanger, 1970 in Epstein 2006) were excluded as the 
WBGT index is an empirical index of three variables not counting physiological information. Field data were collected 
on these seven parks spanning over weekdays and weekends at 1130hrs and 1530hrs. Based on initial observations, 
1130hrs and 1530hrs are the times that these parks are being most used by non-working residents in the vicinity. Random 
users were interviewed to gather their perception on the factors that affect usability of these parks during summer and 
their preferences for redevelopment. Interviews were supplemented by a structured questionnaire. Number of respondents 
were limited when the responses started becoming similar. Extech HT200 Heat Stress WGBT Meter and Kestrel 5000 
Environmental Meter were used for gathering data related to microclimatic conditions. Field data were cross checked with 
the nearest Observatory weather station data. Photographic survey was conducted for recording user behaviour, park 
layout, landscape and other features. Shadow analysis of these parks were conducted using Grasshopper Ladybug plugin; 
results were correlated with field measurements and the photographic survey.  

4. FINDINGS 

4.1 Spatial quality of the open spaces

As illustrated in Figure 1, all these parks located amidst of high density areas within 15 minutes walking distance to residential 
estates and nearby schools creating a network of open spaces. 
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Figure 1.  Park network in the case study area (Author, 2018)

Table 1. Analysis of spatial attributes (Author, 2018)
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 Table 1 presents an analysis of spatial attributes indicating hardscape to greenery ratio and orientation of the parks in 
relation to wind direction. Park sizes varies from 200 sqm to 10,000 sqm predominantly comprising of hard surfaces and 
large canopy trees with limited green cover. Five out of nine parks including extensions consisted of less than 40 percent 
greenery whilst four parks maintaining over 75 percent greenery. These parks did not meet the HKPSG requirement for 70 
percent soft landscape inclusive of 60 percent of trees for passive recreational areas.

Hong Kong is notorious for Urban Heat Island effect reporting an average UHI intensity of about 2o-3.5oC (Fung et 
al., 2009). Shahmohamadi et al. (2010) opined that replacement of soil and vegetation by concrete and asphalt increase 
ambient temperature. A study conducted in Taipei with a similar climate suggests how solar radiation absorption within 
unshaded hardscape areas effected the thermal environment within a park during daytime resulting in elevated temperature 
in the surrounding areas.  This study recommends reducing unshaded paved areas to less than 50 percent (Chang and Li 
2014) to alleviate negative effects. Supporting the above argument, Wong and Chen (2006) report positive contributions 
from greenery in parks on microclimate within the parks and the surrounding areas.  These studies support the role of urban 
greening on thermal comfort. 

Five out of seven parks used cement blocks and two parks used orange color eco blocks as the paving material; 
two parks also have used dark color rubber paving in the activity areas. Although light color high albedo materials have 
been used on hardscape areas, compared to greenery, hard surfaces contribute to high emissivity and therefore elevated 
mean radiant temperature and Urban Heat Island Effect. Santillán-Soto, N. et al. (2015) in a study in a desert climate 
that compared thermal properties of urban material concluded that unlike concrete and asphalt, grass and poly material 
contribute to the least amount of thermal energy during a 24-hour average, thereby reducing UHI. EPA US (n.d.) reports that 
evapotranspiration, alone or in combination with shading, can help reduce peak summer temperatures by 1–5°C. 

4.2 Microclimatic data analysis 

The WBGT meter recorded relative humidity (RH), ambient temperature (TA), globe temperature (TG), wet bulb globe 
temperature (WBGT), and wet bulb temperature (TW) in nine parks. WBGT results as a projection of combined effects was 
considered as the indicator of thermal comfort these parks. Figure 2 presents a comparison of TA, WBGT and RH in these 
parks for discussing their effect on thermal comfort. Based on CBE Thermal Comfort Tool analysis none of parks meet the 
thermal comfort standards required in ASHRAE 55 standards (CBE). 
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Figure 2. Microclimatic conditions in the seven parks collected in Summer (Author, 2018)

As reported in Figure 2, Ambient Temperature varied from 29.9 to 32.1oC in park 2 and park 5 respectively with a 
median of 30.9oC. Whereas WBGT results varied from 26.7 to 27.5 oC within a median of 27.1 oC maintaining a narrow 
range. Humidity varied across the parks between 60.5% to 65.5% with a median of 62.4. In order to meet ASHRAE 55 
standards, at 60% RH, the TA should be between 24-29 oC. CUHK (2008) reports that an air temperature of 27.9 oC, relative 
humidity of 80%, and wind speed of 0.53-1.30 m/s would provide thermal comfort for a person standing or walking under 
shade in urban spaces, in the summer months. Although all parks reported air temperature above 27.9 oC, WBGT levels 
were between 26.7-27.5 oC, with lower humidity levels and higher wind speed providing users with comfortable thermal 
environments. Parks (3B, 4, 5, 6 & 7) that are abutting to major traffic roads or surrounded by streets or located amidst of 
buildings reported elevated Ambient Temperature around noon.  Parks 5, 6 and 7 cooled off around 4pm perhaps because 
of high wind speed reported in parks 6 and 7 and high ratio of greenery in park 5. Hong Kong Observatory station located 
on a higher plane surrounded by vegetation and about 1.5km direct distance away from the study area reported, 26.8 to 
32.2oC range of Ambient Temperature alluding to the effect of greenery on outdoor temperature. 

Due to high rise high density built environment, most urban areas in Hong Kong experience stagnant wind. Average 
Summer prevailing wind speed at 200m elevation for Tsuen Wan is approximately 3.3 m/s (PlanD). Attributed by microclimatic 
conditions such as orientation to wind direction, vegetation ratio and surrounding density etc., parks demonstrated varying 
wind speeds; parks that are orientated towards the prevailing wind direction demonstrated higher wind speeds. As reported 
in Figure 3 satisfactory wind speed could be observed in Parks 1, 4, 6 and 7 perhaps because of the wind tunnel effect 
created by the surrounding built up areas where wind escapes through low-pressure areas. Although having a high greenery 
ratio amongst all the parks, Park 5 reported stagnant wind levels perhaps because of the friction created by the tree crowns. 
Parks with high percentage of hardscape areas reported better wind performance indicating the possibility of high emissivity 
material creating low pressure pockets drawing winds in particularly in the afternoons.  

Figure 3. Difference in wind speed in m/s in the parks at 11:30 and 15:30 in Summer (Author, 2018)
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4.3 Shadow analysis by the surrounding built environment 

Shadow analysis indicates a positive effect by the surrounding built environment in creating partial shading on the exposed 
areas at different times of the day contributing to lower solar radiation thereby elevated temperature. Most parks seem to 
benefit from shadows in the afternoon mitigating radiant heat in the parks.  Shadow patterns could inform positioning of 
shelters and seating for better integration of amenities.  Shadow analysis also correlated with people’s preferred locations 
within the parks. 

Figure 4. Shadow analysis that compare 1130 & 1530 hrs on a sunny day (Author, 2018)

4.4 User behaviour and perception analysis

Users who predominantly occupy these parks can be categorised as sedentary or slightly active. Around 80% of the users 
are senior citizens from the vicinity who use these parks 2-7 days per week for socializing with friends and for relaxation. 
Young respondents mentioned they bring their children to these parks. Majority of the users occupy the parks between 
3-5pm. Field visits and photographic survey confirmed users’ preference on shaded areas and where benches are provided. 
Young respondents didn’t really mention about the need for shade, but the need for benches. Majority of respondent 
reported the benefit of large mature trees and nature on these parks providing them breeze and comfort; however, none of 
them make any remarks about the high temperature or high humidity. 

Some were attracted to the parks because of the close proximity to their homes and spaciousness. As measures for 
improvement, the need for more amenities such as more seating and toilets and proper drainage system to deal with storm 
water were suggested. They also suggested the preference for large parks with big squares, more trees and seats and more 
natural elements such as water and rocks if there are future parks developments in the district.

5. CONCLUSIONS & RECOMMENDATIONS 

Open spaces are vital in Hong Kong given the nature of high density high-rise living and compact size of apartments. Parks 
in Tsuen Wan district have been planned prior to the release of the Draft Outline Zoning Plan in 2016 which has provided 
a number of recommendations for creating sustainable and liveable open spaces. Although the current open spaces are 
within close proximity to neighborhoods, creating a network of open spaces, they have only been partially successful in 
terms of providing functional and thermally comfortable open spaces and promoting greening within the district. These 
parks are often been used in the afternoon around 4pm when the parks are cooled off. Since majority of these parks are not 
aligned with prevailing wind directions, measures such as wind deflectors may improve wind penetration through the parks. 

Regardless of Urban Heat Island effect in Hong Kong urban areas, these parks consist of high percentage of hardscape 
also leading to storm water stagnation. Considering the increasing amount of rainfall in the recent years, it would also be a 
worthy consideration to replace impervious paving with vegetation.
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User profile should be taken into consideration when designing urban parks; considering the high percentage of elderly 
users, safer material choices and more seating and shaded areas are important elements to integrate. Although most 
areas in parks are shaded by the surrounding built environment, seating are located in exposed areas. These parks should 
adopt an integrated approach informed by the findings in comfort analysis, user analysis and shadow analysis in promoting 
greening, improving microclimatic conditions of the parks and the surrounding and improving amenities. 
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Abstract: Accountable for more than 70% of the worldwide CO2 emissions (World  Energy Outlook Internatioal Energy 
Agency 2008) and constantly growing, urban metropolises are the key actors of climate change.  A rapid transition of urban 
areas towards energy efficiency is highly required, in particular for the building stock, which represents the main urban 
energy consumer.  In this context, city municipalities, energy suppliers, housing companies and private owners must be 
mobilized and bonded around a common low-carbon urban energy strategy.

GIS simulation offers a first step into the development of this long-term strategy.  It has long been applied to demographics, 
social and economic indicators, housing density, property costs, infrastructure, transport and water consumption.  In regard 
to building energy modelling, it has the potential to move from a basic overview calculation down to a precise diagnosis of 
consumption; its causes, function, location, and time of use.  Furthermore, it can allow for prediction of operational energy 
and carbon emission savings through identifying retrofitting upgrades and refurbishment priorities.

This study demonstrates the potential and implications of an energy modelling framework for Australian cities.  A case study 
of a city’s CBD region that encompasses 665 buildings is modelled in 2D and 3D, comparing residential, commercial and 
industrial development energy prediction.  Several strategies are proposed and investigated towards developing a better 
understanding and mapping of the energy use at a regional scale, suggesting retrofitting potential, energy targets and 
infrastructure capabilities.

Keywords: energy prediction; GIS modelling; city energy, 

1. INTRODUCTION: WHY INVESTIGATE THE ENERGY FOR A CITY?

A nascent field of research, emerging across the globe, is one that encompasses the entire energy modelling (prediction) of 
a city (see references).  It may be of some interest to ask why and for what purpose this activity is taking place worldwide.  
What does it mean to have an understanding of energy use and behaviour within our cities?  

First and foremost, energy and its sources are becoming one of the prime governmental issues of importance within the 
times we now live in.  Politics, policies and entire wars, can often be drawn to and related to the possession and control of 
energy. In a nutshell, our cities require energy to exist.  

Therefore, one might think, that cities that have a better understanding of their energy infrastructure, their energy use 
period, and energy consumption, as well as an understanding of what and where the source of energy is coming from, 
might begin to have an edge over those cities that don’t. In fact, a proper understanding of a city’s building fabric, its building 
functions, and its global location, could provide dependent factors of when and how energy might be used. The realisation 
of energy allocation within our cities can be a revealing exercise indeed. The maximum and the minimum periods of energy 
supply will be realised.  We will acknowledge the demands on the infrastructure that supply this energy, and whether or not 
they can be sustained. Ultimately, the contribution of renewable energy sources and energy storage to a more uniform and 
regulated energy load throughout a city would be realised.

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
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In summary, the study of operational energy for a city is anything but a trivial and meaningless task.  It is the metric of 
how a city is living, working and functioning. It begins to acknowledge and define the city through its building functions and 
classification.  It also begins to consider when and where (for what buildings) energy would be used most.  This project 
is an initial start in the right direction for decision making and future planning.  We trust, that the work as presented here, 
will ultimately reveal the importance and the power of the subject of operational energy for a city, and lead to guidance 
for better planning on its behalf.  The intention of this paper is to explore the potential of using GIS in conjunction with the 
BCA towards developing an energy modelling framework. To this end, the CBD region of an Australian city is analysed with 
the aid of 2D and 3D information and capabilities from GIS modelling. In this paper, the use of ‘energy’ refers to buildings’ 
‘operational’ energy only. 

2. CITY ENERGY MODELLING 

Urban energy simulation has become a hot topic over the last decade, in part boosted by two factors: the capabilities of GIS 
modelling at a city scale (2D and 3D) and the computational advancements of computing processors in relation to energy 
calculations (Nouvel, Romain, et al., 2015).  Our studies in this field seem to acknowledge at least two distinctive pathways:

• A distinctive traditional approach, normally applied to single unit energy modelling, yet, now on a much larger scale 
(multiple buildings).

• Other methods that consider and manipulate the information from GIS databases, covering districts, or areas, type 
of buildings, and their functional use.  

Similarly, Reinhart et al., (2013) and Swan and Ugursal (2009) consider two approaches.  The ‘bottom up’ approach is 
identical to our first bullet-point.   This method considers ‘architypes’ based on a number of buildings pertaining to each 
type.  The definition of the ‘architype’ is mentioned in several papers, yet, it is not explicit.  Do ‘architypes’ consider building 
function and use as well as their wall construction?   This first approach emerges from the traditional thinking of energy 
simulation and computational rigor for single buildings.  This approach utilizes the information that the GIS modelling and 
database information can provide in terms of building plan area, and surface area.  It also provides the orientation of each 
surface, its solar exposure and the levels and volume of the building.  

A ‘top down approach’ according to the above authors, considers the lumping of a group of buildings as an energy 
sink and their operational energy use as a function of macroeconomic variables.   It is claimed by Reinhart et al. that this 
approach is a black box and is unreliable for retrofitting interventions.  Our understanding of the second method is a bit 
different and asks what information the GIS database could offer in terms of building type. Our top down approach initially 
acts as a diagnostic tool considering building classification and energy benchmarking before embarking on a more detailed 
analysis of individual building energy simulation. Nevertheless, both methods would benefit from actual energy consumption 
data, which is often difficult to obtain.

3. METHODOLOGY 

The project methodology applies the Building Code of Australia (BCA) Volume One (BCA 2006). The BCA 2006 provides 
information on eight categories of building, as used in this study, summarised in Table 1. Volume Two of the BCA covers 
Classes 1 & 10, which are excluded from this analysis as they are not common to the CBD area analysed here. The BCA 
2006 provided important information as to the Building Type, Energy Usage and Geographic Region. At this point in time, 
the BCA provided important organisational information according to the Building Class in terms of its Annual Energy Use 
(MJ/m2/yr) and its geographic location.  Our methodology acknowledges this as one of its major strategies. The build-out 
analysis for this project was conducted using Community Viz, a planning and simulation tool that works in conjunction with 
ESRI ArcMap Geographic Information System (GIS) software package.
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Table 1.   BCA Building Class Descriptions

BCA Class Class Description

BCA Class 2 A building continuing 2 or more sole occupancy units each being a separate dwelling

BCA Class 3 A boarding house; guest house; hostel; lodging house; backpackers accommodation; a residential hotel or motel; 
residential part of a school; a residential part of a health care building or a residential part of a detention centre

BCA Class 5 An office building used for professional or commercial purposed

BCA Class 6 A shop or other building for the sale of goods by retail or the supply of services including an eating room; café; 
restaurant; milk bar; dining room; bar; hairdresser or barber shop; public laundry; undertaker establishment; market 
or sales room; showroom or service station

BCA Class 6R Restaurants and eatery

BCA Class 7 A building which is a car park or for storage, or display of goods or produce for sale by wholesale

BCA Class 8 B A laboratory, or a building in which a handicraft or process for the production assembling, altering, repairing, 
packing, finishing or cleaning of goods or produce is carried on for trade, sale or gain.

BCA Class 9 A A health care building, including those parts of the building set aside as a laboratory

BCA Class 9 B An assembly building including a trade workshop, laboratory or the like in a primary or secondary school, but 
excluding any other parts of the building that are of another class

BCA Class 9 C An age care building

Source: (Australian Building Codes Board 2016)

Our analysis resides in the second ‘top-down’ approach. The reasoning for this is based upon the methodologies that 
reside within other GIS modelling outcomes.  First, buildings within the study area were categorised according to the BCA 
classification. The floor area for each individual building in each class was calculated using GIS modelling. An energy value 
was then obtained for each building using the TFA and the allowable energy benchmark, specified in the BCA, yielding a 
MJ/m2/annum result. Energy use figures obtained were then analysed to determine the energy use composition, patterns 
and distribution within the CBD area. The idea here is to exploit and improve the database in as much as possible and 
to describe the buildings from an energy use standpoint (Figure 1). Our approach does not necessarily abandon the ‘first 
principles’ or ‘bottom-up approach’ but considers acknowledging the building use and function as a primary indicator of 
energy consumption and possible periods of peak demand. 

Figure 1.  Project flow diagram
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In the era of CO2 emissions reduction and sustainable energy use within our cities, the BCA has developed sets of 
extensive tables that outline annual energy targets for Australian cities. These tables listed in the BCA (2006 & 2007) provide 
the maximum allowance of annual energy consumption (MJ/m²/annum) according to ‘Building Classification’ or better 
understood as a building use (or type).   The alignment of our work with the BCA, the main regulatory body of buildings 
in Australia, and embracing its classification is a unique method and powerful first step in cataloguing our buildings within 
urban areas. This is because a significant amount of thought in regard to building type, its operational hours, its number 
of occupants, its size and often even building materials has already been established and accounted for in the energy 
allocations. Furthermore, and perhaps more important, it is our framework in identifying and understanding our buildings 
and their use Australia wide.

4. ORGANISATION AND RESULTS OF A CITY ENERGY ANALYSIS  

The study area represents 533,306 square metres of building space and is comprised of 665 separate buildings. The name 
of the city is not disclosed as consent has not been granted at this point in time. A database is structured in conjunction 
with other GIS information to provide the following parameters as shown in Table 2.

Table 2 A database provided for energy analysis

• Combined Street Address;

• Post Code;

• City, State;

• Name of Building;

• Type of Building Area;

• Number of Stories;

• Overall Building Floor Area;

• Building Orientation;

• Length and Width of the Building.

• BCA Class of Building;

• Building Use

• Unit Energy by Class (MJ/m²)

• Site Energy Use (GJ/m²)

• Latitude 

• Longitude

 The first primary understanding within the BCA method yields the building category or classification of buildings 
contained within the selected CBD area. Figure 2 indicates the number of buildings in their BCA Class as well as their area 
for this particular city.  Here it can be acknowledged that Retail (at 202,099 m2) and Commercial Offices (at 169,245m2) 
dominate the city followed by Hotels (at 52,210m2) and Apartments (35,567m2). It is clearly evident that other facilities, such 
as industry, schools or even restaurants do not comprise a substantial area as might seem apparent from initial observation.

Figure 2.  Number, Area and Type of Building in Study Area
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There are 149 designated residential dwellings / apartments in the study area. The majority of these dwellings are 
second storey apartments situated above either a retail or commercial store front. Commercial offices are the second largest 
category in both number and floor space (BCA Class 5). The majority of commercial offices are housed in buildings of 4 
stories or less. The spatial dispersion of BCA Coded buildings in the study is shown in Figure 3. Note that retail and office 
categories dominate (BCA Class 5). The dispersion is random with retail disbursed throughout the CBD area.

Figure 3 Location of BCA Coded Buildings in the CBD area

The estimated energy use per building is associated with the BCA Classification (building class) and its annual energy 
use per area over a year (MJ/m2/annum). Figure 4 clearly indicates which building type or Building Class uses the most 
energy per unit area. It can be deducted that Restaurants and Commercial Offices require the greatest amount of energy. It 
may indeed seem surprising that Hotels and Apartments consume about 50% less energy than Commercial Offices.

Figure 4 Energy Consumption According to Building Class
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Figure 5 Total Energy Use & Floor Area

Figure 5 illustrates the total energy use calculated using the BCA energy benchmarks and floor area for different building 
classes obtained from the GIS modelling. It is interesting to note that Hotels, Restaurants and Retail perform differently in 
their energy use as compared to the other Building Classifications. In other words, the overall energy use is significantly 
different from its floor area. Figure 5 prompted a further graphical analysis based upon Figure 2 which indicates whether a 
particular Building Class has a greater area ratio to the number of buildings in its Class. An analysis of this might indicate 
the feasibility of targeting a particular Building Class to reduce its energy use. For example, the Hotel (building class) has a 
large footprint (area) for each of its buildings. It is believed that it would be easier to target this sector for energy retrofitting.  
Whereas buildings in retail are far greater in number, but less in area, meaning that many different buildings would potentially 
require greater attention to achieve energy reduction.

What may be of interest in future analysis is the make-up of city districts that consider where commercial buildings and 
their classification are considered to be located according to their energy needs. It is apparent also that the period of energy 
use, daytime or night-time, is not evident from this information here. In terms of peak energy demand, such information 
would appear to be useful, so that a better allocation and distribution of energy coming from the grid infrastructure could be 
prepared for. The charting of energy allocated to each class serves as a first step in this direction and is useful information 
in preparing Figure 4. With respect to energy consumption and the expected allocation of energy to various building types, 
there are several interesting findings.  Figure 5 indicates that the largest energy consumers within the CBD are Commercial 
Offices with over 189,000 GJ/annum and Retail Shops with over 164,000 GJ/annum.  These two Building Classes alone 
account for 71% of the energy use in the CBD (see Figure 6).
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Figure 6 Energy Use by Category

The site energy use (GJ/m²) was calculated for each street block in the study area. The calculation adds each building’s 
site energy use (GJ/m²) to produce a block total for each street in the study area. The results are (not shown here) listed for 
each city street block in the study area. Results are indicated and listed for all 665 buildings that were included in the study 
of this CBD.  The grand total energy use (GJ/m²) for the CBD study area is 441,414.98 GJ/m² (total from Figure 5). 

5. DISCUSSION AND CONCLUSION

The previously presented energy analysis outcomes are a component of the 2D & 3D Digital City Model of the CBD of this 
particular city.  The key deliverables of the city building energy analysis are:

• A benchmark of energy consumption targets for the CBD.  These targets are categorised by building class and by 
city block.

• Projected energy evaluation targets for the CBD. These targets are categorised by Building Class and by city block.

• Mapping of energy consumption ranges for selected city blocks within the CBD.

The major drivers of improved energy efficiency evolve from retrofitting existing buildings with improved materials and 
technology and obtaining ‘green’ power from renewable sources.  In the present movement towards decentralized energy, 
yet, the possibility of it being clustered within the fabric of the city, distinctive changes to energy reliance from the grid are 
possible.  This ‘additional’ renewable energy has the potential to offset peak demand loads in particular cases.  Furthermore, 
it can reduce a total energy dependency upon the grid.

The analysis identifies opportunities to improve energy efficiency. Our methodology involves establishing building 
classification, taking account of particular building conditions (such as size, age and construction type).  Nevertheless, 
it is believed that the building use and its function, is one of the key factors in its actual energy consumption.  Building 
classification is likely to be one of the major factors ignored in traditional ‘bottom up’ methodologies that focus mainly on 
building fabric as believed to be the key to energy consumption.  Perhaps, it is more important to consider user patterns, 
number of occupants, occupants schedule and operating hours when estimating energy consumption. This is in fact 
accounted for in the BCA method due to building classification.

Essentially, our methodology of energy analysis can be viewed as preparatory work for:

• a ‘build-out’ analysis, defined from key benchmark assumptions.

• a framework for calibrating with actual energy figures in the future.  
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• a basis for the estimation of retrofitting savings.

• the targeting and prioritization of buildings or regions for energy efficiency upgrades and providing a basis for better 
planning (build out) for energy use and requirements. 

5.1 A Build-out

A build-out is an estimate of the amount and location of development allowed in an area according to current and proposed 
building regulations. A build-out takes into consideration natural, physical and infrastructure constraints that impact on 
potential development sites.  A Build-out analysis enables planners to estimate the amount and location of development 
permitted in an area according to current or proposed zoning regulations. It provides a convenient reference for future 
planning, because it represents a theoretical maximum. It does not imply or forecast how many buildings will actually be 
built.  A residential and commercial build-out of this city’s CBD, was undertaken as part of the Energy Model project. 

5.2 Suitability Analysis

After the initial build-out was completed a suitability analysis was performed on the respective buildout results. A suitability 
analysis is the determination of which sites meet certain criteria for development or have physical constraints that restrict 
development. A suitability score is assigned to each location under consideration for development. Scores are assigned to 
a number of factors at each location. Suitability criteria include proximity to schools, parks, features of interest, hospitals and 
CBD, and not being close to flood areas, acid sulphate soils and industrial areas. The scoring system allows for emphasising 
some factors over others by assigning a relative weighting factor. The score for a factor is the assigned score times its 
weighting. By combining the score or each factor, at the location’s suitability score is realised.

5.3 Allocate Procedure

The next process was the allocate procedure, which takes the results from the build-out and suitability analysis and allocate 
the demand for buildings across the available supply of potential building locations. 

Once the allocation process was completed, a series of indicators and charts were developed showing what impacts 
the proposed development or proposed growth would have on the CBD area. An indicator is an impact or performance 
measure that is applied to an entire scenario, such as total population or total energy usage. For the purposes of this report 
the residential and commercial build-out highlights the potential future energy requirements to the year 2031. 

This paper can be viewed as an analytical tool for scoping the potential parameters of the energy efficiency opportunity 
based on an analysis of information and data on current building stock. Understanding and finding ways to reduce energy 
consumption is an important component of a sustainable smart city. Where energy production is derived from ‘dirty’ 
sources, reduced demand can mitigate negative environmental impacts. Reduced demand can also lead to end user cost 
savings,  making it more attractive to live and work in an energy efficient city.  One of the shortfalls in our method, as it stands 
at present, is the realization of Peak Demand Loads for this city.  In fact, this is the next step in the analytical process, to 
investigate real energy data and peak loads and to verify these with predicted results.  
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Abstract: Climate change, and in particular sea level rise, erosion, storm surges and inundation, poses significant risk to 
coastal settlements. With such a high proportion of the Australian and Victorian populations inhabiting low lying coastal 
areas, it is integral that the coastal edge is managed effectively by conducting up to date climate change studies and risk 
assessments, as well as implementing strategic adaption responses and plans. Using a qualitative research methodology, 
this paper examines the role and responsiveness of urban planning policy in seeking to address coastal climate change 
impacts including sea level rise upon the cultural heritage of Sorrento township on the Mornington Peninsula. Possessing 
numerous European and Boon Wurrung Indigenous cultural heritage sites that are located along the coastal foreshore that 
are highly vulnerable to the potential impact of sea level rise, Mornington Peninsula Shire is yet to adopt a climate change 
adaption plan. Using the coastal towns of Port Fairy and Queenscliff as comparative case studies to assess their level of 
preparedness, noting their successfully adoption of climate change adaption plans, applied planning recommendations 
are offered for the Shire to better inform their pending Climate Change Adaption Plan including relevant cultural heritage 
management strategies.

Keywords: Climate change; climate change adaption plan; cultural heritage place; Sorrento.

1. INTRODUCTION

Located at the southern end of the Mornington Peninsula, nestled on a narrow limestone isthmus between Port Phillip 
Bay and the Bass Strait, the township of Sorrento has cultural and historical significance being the site of Victoria’s first 
mainland European settlement in 1803 (Department of Environment, 2018a, s 21.02, p. 1) and also by the extensive 
quantity of European and Indigenous Boon Wurrung structures and sites of local and State heritage significance within its 
designated Historic Precinct. With a population of approximately 1,592 residents (Australian Bureau of Statistics, 2017c), 
many increasingly becoming permanent residents, Sorrento is surrounded by coastlines and foreshores, and is already 
experiencing environment issues including foreshore erosion and inundation. Given this Bay and coastal location, Sorrento 
is susceptible to potential impacts of climate change including sea level rise, an increase in temperatures, more frequent and 
intense storms, an increase in high fire risk weather, more intense rainfalls, and longer and more severe droughts (National 
Climate Change Adaptation Research Facility, 2013, p. 5).

Climate change science defines ‘adaptation’ as ‘Changes in natural or human systems to prepare for actual or expected 
changes in the climate in order to minimise harm, act on opportunities or cope with the consequences’ thus giving rise to 
the need to plan, and have robust urban planning policies and mechanisms to address these challenges (Victoria, 2017, 
p. 7). In Victoria, it is perceived that ‘sea level could rise up to 170 mm by 2030 and 490 mm in 2070, putting coastal 
communities and infrastructure at risk of inundation and flooding’ (National Climate Change Adaptation Research Facility, 
2013, p. 4). Mornington Peninsula Shire has completed a number of projects around climate change adaption, as well as 
conducted several community workshops and forums, commencing in 2001. 

However, as identified by Barnett et al. (2013, p. 11), the Shire does not yet have a formal sea-level rise adaption policy 
approved. Despite this the Shire believes that their existing ‘Coastal management plans … give balanced consideration 
to the development of community infrastructure and climate change risks and impacts. The plans seek to introduce coastal 
infrastructure and facilities to cater for recreational needs while reducing the risks associated with sea level rises, storm 
surges and rising sea temperatures’ (Mornington Peninsula Shire, 2018a).
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The objective of this paper is to evaluate the level of preparedness and responsiveness to Victoria’s Climate Change 
Adaptation Plan 2017-2020 (Victoria, 2017) is Sorrento and the Monrington Peninsula Shire, in comparison to the Victorian 
coastal townships of Port Fairy and Queenscliff (Figure 1). Port Fairy and Queenscliff have been selected because they 
possess similar geographical characteristics and coastal relationships to Sorrento and have already successfully implemented 
Coastal Climate Change Adaption Plans within their respective urban planning regimes. The purpose of this evaluation of 
applied science plans and policies is to offer recommendations for the Mornington Peninsula Shire to consider in their 
pending Climate Change Adaption Plan.

Figure 1: Location of Townships – Sorrento, Port Fairy and Queenscliff. (source: Google Maps, 2018)

As the predominant community within Moyne Shire, the coastal town of Port Fairy is located in south-west Victoria, 
approximately 290km south-west of Melbourne (Moyne Shire Council, 2017b, p. 1). With a population of approximately 
3,340 people (Australian Bureau of Statistics, 2017a), Port Fairy has been identified as a locality of high risk under the 
predicted climate change impacts of increasing sea level, coastal erosion and coastal inundation – as a result of rapidly 
progressing erosion on its East Beach (Paschen and Ison, 2012, p. 7). As a consequence of numerous assessments of sea 
level rise and coastal hazards, and ongoing beach monitoring of East Beach by the Port Fairy Coastal Group, a Climate 
Change Adaption Plan: Discussion Paper was released for a four-week community consultation period in September-
October 2017. A subsequent draft Port Fairy Coastal and Structure Plan was also released in October 2017 to ‘provide a 
long-term future land use and development framework for the township of Port Fairy to 2041’ (Hansen Partnership et al., 
2017, p. 6, Victoria, 2018, p. 44). 

Positioned on the Bellarine Peninsula within the Borough of Queenscliffe, the coastal town of Queenscliff, with a population 
of 1,315 people (Australian Bureau of Statistics, 2017b), has been identified to be highly susceptible to storm surges and 
sea level rise as it is surrounded on all three sides by water (AECOM Australia, 2010, p. i). Following the conduction of a 
climate change risk assessment in 2010, an adaption action plan was implemented to respond to these risks (Borough of 
Queenscliffe, 2017). 

2. RESEARCH CONTEXT

Australia is now predominantly a coastal society, with approximately 85% of its population living in the coastal region 
(Department of the Environment and Energy, 2018). The State of Victoria has approximately 83% of its population living 
within 50 km of its coast (Australian Bureau of Statistics, 2006; Victoria, 2018, p. 42). With the majority of these residents 
inhabiting low-lying coastal areas, the increasing susceptibility to sea level rise, storm surges, coastal inundation and 
environmental erosion poses a high risk to existing and new developments, as well as beaches and coastal environments. 
Sea-level rise is of particular threat as a result of concentration of settlements in vulnerable coastal areas. It is critical that 
appropriate government policy and legislation is developed to regulate coastal development and minimise risk to coastal 
hazards, and ultimately implement appropriate climate change adaption responses (Bell, 2014, pp. 23-24). Although there 
appears to be an increasing understanding and acceptance of climate change risk in coastal areas, some communities and 
local government councils have been slow to act and implement climate change adaption planning strategies (Gurran et 
al., 2013). 
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Risks such as sea-level rise, storm-surge and coastal inundation are challenging to control and manage due to the 
uncertainty of when and how these hazards will occur, as well as the inability to control the impacts on the coastal and 
built environments. It is therefore critical that governments are knowledgeable of potential risks that may occur (Gurran et 
al., 2013; Bell, 2014), and act promptly to introduce effective planning policy and risk management plans. This may well 
include using appropriate construction techniques, such elevating floor levels or using materials that are resistant to flood, 
or alternatively prohibiting ‘development in coastal hazard areas’ (Bell, 2014, p. 64). 

According to Australia’s National Climate Change Adaption Research Facility (NCCARF, 2018), Australia, as a developed 
country, is the most exposed to extreme climatic hazardous occurrences on a worldwide scale.  As a result of predicted 
continued exposure in the future to these risks, which include inundation and hazards occurring due to sea level rise, Australia 
needs to begin to implement adaption changes to combat the increasing climate change effects. Without appropriate 
implementation of adaption planning, the impacts that will occur will have diverse impacts within all areas of Australia’s 
environment and culture. 

Adapting to impacts of climate change is of particular urgency within coastal areas and is required to be addressed, and 
engaged in, by all areas within government (Gurran et al., 2013; Bell, 2014). Although it is important for local governments to 
develop their own adaption strategies, many local authorities have been more involved in undertaking other work rather than 
preparing for the impacts of climate change that are already occurring. While this is gradually changing and assessments 
of vulnerability to climate change and resilience strategies have commenced, fully implemented adaption plans are not 
as yet commonplace (Gurran et al., 2013).  Action to implement adaption plans requires ‘awareness and concern for 
climate change impacts’ (Gurran et al., 2013, p. 49) by both the community and authorities. Once the risk analysis has 
been undertaken, movement can then be made toward the mitigation of the identified hazards in the implementation of an 
adaption strategy, and the subsequent development of community resilience (Norman, 2009; Gurran et al., 2013). 

It is critical that government, local government in particular, becomes a stronger active participant in moving towards 
climate change adaption and has a greater proactive approach in addressing adaption barriers, enabling the move from the 
planning to the implementation stage (Gurran et al., 2013; Waters et al., 2014). However, some smaller local governments 
areas are faced with barriers to implementing actions for climate change adaption, including limited finances and resources; 
lack of a framework for integrating coastal planning and management; inadequate policy and legislation – including the 
absence of a ‘specific planning overlay control to address sea-level rise in Victoria’ (Hurlimann et al., 2014, p. 87). 

Rising sea levels present major challenges to land use of coastal areas and also to the processes of urban planning. 
Hurlimann et al. (2014) acknowledge that urban planning, as the ‘critical driver of adaption to sea-level rise’ (Hurlimann et al., 
2014, p. 84), has the capacity to enable sustainable adaption, and that to be successful, adaption, as a continuous process, 
must be maintainable. The global challenges of urbanisation and climate change require a new approach that involves 
greater collaboration and cooperation between all three levels of government – local, State and National (Norman, 2009). 

Cultural heritage places in coastal areas are at risk due to sea-level rise, with the threats including increased flooding 
events, storm surges and coastal erosion. Insufficient focus has been placed upon the potential impact on cultural heritage 
places (Pearson, 2007; Rowland, 2008), however possible adaption approaches, including monitoring and development of 
conservation management plans, are possible (Pearson, 2007). It is therefore important that the risk management process 
is adapted and applied to cultural heritage places, though the extent to which individual places will be affected is unknown 
due to lack of research studies done (McIntyre-Tamwoy, 2008).  It is also critical to implement effective policies to combat 
the potential harm that climate change may present to cultural heritage and seek the input and advice of other stakeholders 
– including Indigenous, when developing any adaption management strategies (Hall et al., 2016).

In order to achieve successful adaption to sea-level rise, there must be integration at all levels of government, as well 
as extensive stakeholder engagement. Collective action within local communities, and between local communities and the 
different levels of government, needs to be built and maintained (Hurlimann et al., 2014). Community values must be taken 
into consideration in the development and implementation of a successful climate change adaption plan (Barnett et al., 
2014), and communities as a whole need to feel that they are ‘empowered to build resilience to climate change, to reduce 
dependency on local governments, especially during extreme events’ (NCCARF, 2013b, p. 1).

3. RESEARCH METHODOLOGY

The research methodology used is qualitative in nature and includes the evaluations of three comparative case studies. It 
also examines and analyses data from previous studies and assessments conducted of the subject townships that were 
pertinent to the development of the climate change adaption plans.  The case studies of three coastal townships comprising 
Sorrento, Port Fairy and Queenscliff are reviewed and compared in this paper with regard to the potential impact of sea level 
rise on the heritage sites. A multiple case study in this research paper has been considered and used in a ‘literal replication’ 
as each of the townships ‘serve a specific purpose to the overall scope of inquiry’ (Groat and Wang, 2002, pp. 356-7).  The 
‘meta-analyses of multiple case studies [has enabled] system-wide determinants of vulnerability to be identified’ (Ford et al., 
2010, p. 379) and compared, as well as risks and proposed adaptive actions. 
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Thus, each of the Port Fairy and Queenscliff climate change adaptation plans were contrasted against each of the 
principles and priorities expressed in Victoria’s Climate Change Adaptation Plan (Victoria, 2017), in context with the stated 
Mornington Peninsula Shire climate change response actions (Mornington Peninsula Shire, 2018a) an their over-arching 
Our Peninsula 2021: Council Plan 2017-2021 (Mornington Peninsula 2017b) strategy plan. In the latter document, the 
Shire expresses is forward strategic vision in four themes including ‘Our Place’ that has a ‘Community Outcome’ of ‘Strong 
resilience and adaptation to climate change’ and the ‘Strategic Objectives’ of: ‘1. Through strategic planning we improve 
and protect the unique characteristics of the Mornington Peninsula; 2. We create thriving, accessible and inclusive places 
to live, work and visit; 3. Our stewardship and advocacy protects and enhances the Mornington Peninsula’s biodiversity 
and coastal experience; 4. We demonstrate leadership in climate change mitigation and adaptation’ (Mornington Peninsula 
Shire, 2017, p. 17).

4. FINDINGS

The townships of Port Fairy and Queenscliff were selected as comparative case studies to Sorrento as they are both 
Victorian coastal settlements that are vulnerable to the impact to sea level rise.  The coastal settlements of Port Fairy and 
Queenscliff were both participant Victorian coastal townships selected to conduct pilot local coastal hazard assessments 
as part of the Future Coasts Program. This Program, initiated by the Department of Land, Water and Planning (DELWP) and 
completed by mid 2016, the pilot program looked at four locations along the Victorian coast including Port Fairy, Bellarine 
Peninsula, Corio Bay, Western Port and Gippsland Lakes and Ninety Mile Beach. These sites were selected because 
they were vulnerable to coastal risk conditions including sea level rise, inundation and storm surge. The intention of the 
program was to investigate coastal hazards and assist with long-term climate change adaption planning for use at local and 
regional levels (Victorian Coastal Council, 2014), with findings from these pilot studies being ‘used in the development of 
mechanisms to facilitate planning for coastal climate change adaption’ (Cardno, 2015, p. 2). 

4.1 4.1 Case study 1 - Sorrento

Located approximately 108 km south-east of Melbourne, the Mornington Peninsula Shire has a total area of more than 720 
km2 and a coastline that is more than 190 km in length - almost ‘ten per cent of Victoria’s coastline’ (Mornington Peninsula 
Shire, 2017, p. 6).  Bordered on three coastlines by bodies of water - Port Phillip Bay on its northern coastline, Western 
Port Bay on its southern coastline and Bass Strait to the west – the coastal township of Sorrento is significant as the site of 
the first Victorian European settlement (Department of Environment, 2018a, s 21.02, p. 1), known as the Collins Settlement 
site, and its retention of several places of heritage significance.  However, as the coast is vulnerable to erosion and cliff 
instability, it is critical that coastal management studies and strategies are conducted, and adaption measures implemented, 
to monitor and control environmental conditions (Department of Environment, 2018a, s 21.08, p. 2). 

With ‘35% - 40% of the Mornington Peninsula’ (Mornington Peninsula Shire, 2018) considered to be flood prone, 
the design and management of the built environment, including heritage places, needs to be adapted to avert possible 
inundation in the future.  As an historic settlement, Sorrento has numerous heritage places of historical significance along 
its foreshore reserve that are susceptible to potential future coastal hazards.  Sorrento has many low lying coastal areas, 
including the foreshore area, that are susceptible to coastal inundation from sea level rise and storm surge.  In accordance 
with the Victorian Coastal Strategy 2014, authorities are to set a planning benchmark for a sea level rise of 0.8m by the year 
2100 (Victorian Coastal Council, 2014, p. 21).

As an historic settlement, Sorrento has numerous heritage places of historical significance along its foreshore reserve 
that are susceptible to potential future coastal hazards (Figure 2). These sites and objects of significance, as listed with 
Heritage Victoria and registered with the National Trust, include:

• The Sorrento Bandstand (National Trust)

• Point Nepean Jetty

• War Memorial Obelisk (Vic. War Heritage Inventory)

• Sorrento Seawall (H7821-0138)

• Collins Settlement Site (HO255), which contains two additional heritage places – Iluka (HO175) and Nee Morna 
(HO176).
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Figure 2: Sorrento Heritage Overlay. (source: Mornington Peninsula Shire, 2017, p. 24).

The Mornington Peninsula Shire does not presently have a strategy in place to develop a Climate Change Adaption Plan. 
However, the Shire is currently involved in a range of projects, including a community engagement program to improve 
preparation for climate change through the Climate Ready program, that aim to improve adaption to climate change and 
assist the community to better prepare for climate change.

4.2 Case study 2 - Port Fairy 

The main coastal township in Moyne Shire, Port Fairy, inhabits an area of almost 5,600 km2 and has a coastline that is more 
than 90 km in length (Department of Environment, 2018b, s 21.02).  The landscape of Port Fairy is predominantly flat, with 
the majority of the land being less than ‘150 metres above sea level’ (Department of Environment, 2018b, s 21.06, p. 1).  
As a result, the coast is at risk from sea level rise and storm surge, with existing structures and new coastal development 
susceptible to cliff instability and shore areas that are succumbing to erosion (Department of Environment, 2018b, s 21.06).  
Nearly 15% of the residential structures in Moyne Shire are vulnerable to inundation risk (Department of Climate Change, 
2009, p. 96), which is evident in the built developments aligning the soft coastlines of East Beach and South Beach. 

Initially established in 1828, Port Fairy was one of the first European settlements established in Victoria (Moyne Shire 
Council, 2017a, p. 2). As an historic coastal regional township located on the significant Port Fairy to Warrnambool 
coastal landscape, Port Fairy possesses many significant and historic Indigenous and non-Indigenous (European) cultural 
heritage sites (Moyne Shire Council, 2001, p. 7) that are vulnerable to climate change hazards. The township of Port Fairy 
is experiencing climate change impacts of coastal inundation and erosion on its coastline, and there is an urgent need for 
Moyne Council to look at possible adaption options and consequently implement a climate change ‘policy and decision-
making framework’ (Moyne Shire Council, 2017c, p. 5).  Coastal erosion is a critical problem on the East Beach region and 
will potentially also impact South Beach (Hansen Partnership et al., 2017, p. 57). 

Recent climate change coastal hazard studies have found that East Beach and South Beach are the areas that are 
most prone to coastal pressures, and there exists a requirement to prevent further built development along Port Fairy’s 
coastline, as well as in areas succumbing to flooding and coastal risks (Urban Enterprise, 2017, p. 12)s which would include 
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Moyne River. Ongoing beach monitoring along East Beach, South Beach and Pea Soup is being conducted monthly in the 
municipality by the Port Fairy Coastal Group, whose findings of sand recession, along with landfill erosion and subsequent 
exposure in the dunes, is helping make local government aware of the extent of coastal erosion occurring and encouraging 
further investigation into appropriate adaption options. 

Port Fairy has many topographical qualities which render it susceptible to sea level rise, inundation and storm surge 
(Aurecon, 2010, p. 5).  As identified in Aurecon’s East Beach Coastal Erosion Engineering and Feasibility Study Peer Review 
undertaken in 2010, these main land form features are inclusive of an eroding dune system on East Beach and the existence 
of the Moyne River as the central watercourse of the town that is exposed to tidal and storm surge flooding (Coastal Climate 
Change Advisory Committee, 2010, p. 47).  Water Research Laboratory’s report (2013) on Coastal Hazards in Port Fairy 
identified that coastal erosion and flooding, cause substantial vulnerability to local coastal infrastructure and settlements, 
with almost 271 built structures potentially at risk to current inundation, which is forecast to grow to 444 in 2080 (Water 
Research Laboratory, 2013, p. i).  In response to the identified coastal risks in Port Fairy and to reduce potential impacts, 
several adaption actions and strategies have been proposed. These proposed actions include avoidance of development 
in ‘flood prone areas or areas at risk from coastal hazards’ (Moyne Shire Council, 2017b, p. 6); implementation of a beach 
nourishment plan on East Beach – sand is currently receding by ‘0.1 to 0.3 metres per year over the last 150 years’ (Moyne 
Shire Council, 2017b, p. 8); continuation of Beach Monitoring by the Port Fairy Coastal Group; construction and upgrading 
of coastal structures at East Beach and restructure of the shoreline at South Beach (Moyne Shire Council, 2017c, p. 36). 

4.3 Case study 3 - Queenscliff

The coastal township of Queenscliff is situated approximately 105km south-west of Melbourne at the easterly end of the 
Bellarine Peninsula. Positioned within the Borough of Queenscliffe, along with the municipality of Point Lonsdale, Queenscliff 
has a distinctive ‘heritage character’ (Department of Environment, 2018c, s 21.02, p. 3) with much of its built form and 
landscapes contributing to the local and regional significance of the town. Bordered by Port Phillip Bay, Bass Strait and 
Swan Bay, Queenscliff is facing ongoing concerns in the effective management of environmental issues and risks arising 
from impending storm surge and sea level rise (Department of Environment, 2018c, s 21.01, p. 2). 

Established in the 1800s, the township of Queenscliff was developed as a locally significant fishing town with distinctive 
Edwardian and Victorian built form (Department of Environment, 2018c, s 21.04, p. 2).  Containing heritage elements that 
are from both pre-and post- settlement, as well as numerous landscapes on the coastal shoreline, the Heads at Queenscliff 
and Swan Bay are considered to be of regional significance, as well as numerous historic built structures on the low-lying 
‘coastal landscape’ (Department of Environment, 2018c, s 21.03, p. 2) of eroding dunes, cliff faces and foreshore areas that 
are vulnerable to inundation and storm surge.

The township of Queenscliff is susceptible to risk issues associated with climate change, including sea level rise and 
storm surges, and the importance of preparing for climate change adaption is well known by the community. As the average 
annual temperature in the region is expected to rise by 2.4 degrees by 2070 and the amount of days with high temperatures 
set to increase, variations in sea levels that occur due to climate change are predicted to change the regularity and strength 
of storm surge occurrences in Queenscliff (AECOM Australia, 2010, pp. 4-5).  In order to prepare for climate change, the 
Borough Council performed a climate change risk assessment in 2010 based on the operational areas within Council.  A 
local adaption action plan – Preparing for Climate Change in the Borough of Queenscliffe: Climate Change Adaption Action 
Plan (Action Plan) - was subsequently developed and prepared by AECOM that would provide a solution to these risks 
(Borough of Queenscliffe, 2017). 

The Geelong-Queenscliff Coastal Adaption Program (Loop & Company, 2016, p. 9) project was undertaken using 
‘2030, 2050 and 2100 projections [and s]cenarios of sea level rise of 0.2 metres, 0.5 metres and 0.8 metres’ (Loop & 
Company, 2016, p. 5).  The level of hazard in each location of the study area was discovered to be significantly different, 
with the segment of coast between Point Lonsdale and Point Edwards vulnerable to overtopping, flooding, erosion and cliff 
instability (Cardno, 2015, p. 30).  In the Queenscliff area, inundation is expected to be the dominant threat, with Fisherman’s 
Flat likely to be most affected by sea level rise before other locations. Already susceptible to flooding under current day 
‘storm-tide conditions’ (Cardno, 2015, p. 77), and with a shoreline that is considerably lower than other parts of Queenscliff, 
Fisherman’s Flat is predicted to have 59 properties inundated under the 0.2m sea level rise situation (Loop & Company, 
2016, p. 13).  The flood risks for Swan Bay are less significant. As there are a small amount of built structures surrounding 
the Bay, the likely fundamental concerns will be ‘habitat resilience’ (Cardno, 2015, p. 119). 

5. DISCUSSION

With sea level rise increasing on a global average of approximately 210mm since 1880, coastal communities and infrastructure 
along Australia’s coastline are vulnerable to inundation and storm surge (Figure 3).  And as the surface of the sea increases 
in temperature, our ocean waters are becoming more acidic and placing our coastal ecosystems at risk. 

E. Arias and D. Jones



541

Figure 3: Sea Level Rise in Australia. (source: NCCARF, 2013a, p. 2)

Whilst coastal settlements develop and expand, there is an increasing necessity for the effective management of these 
developments by the local government in regard to implementation of successful climate change adaption plans (NCCARF, 
2013a, pp. 2-3). 

The findings of this discussion illustrate that the three coastal townships of Sorrento, Port Fairy and Queenscliff are 
at different stages in development of their respective climate change adaption plans.  As low lying coastal settlements, 
all of these towns are currently vulnerable to risks of sea level rise including storm surge, coastal inundation, erosion and 
flood. Consequently, all townships have identified the need to implement similar strategies that include the avoidance of 
further development in areas that have been identified as liable to flooding and at risk from coastal inundation and erosion 
(Department of Environment, 2018b, s 21.09, p. 17). The application of an Environmental Significance Overlay in respective 
Planning Schemes is needed to protect areas at risk of erosion, and the development of effective risk management strategies 
to protect the foreshores that are vulnerable to storm surge and erosion. 

The overall examination of these townships and their individual progress in the development of adaption to climate 
change has revealed that Moyne Council has progressed the furthest in their development of climate change adaptive 
strategies with many significant studies undertaken to support these documents, particularly in regard to Port Fairy. The 
importance of the involvement of the community in the development and adaption of these plans to combat climate change 
impacts, by means of workshops, surveys and other forms of consultation, has also been revealed. The significance of 
community involvement, and their values, as identified by Barnett et al. (2014, p. 14) is especially evident in Port Fairy’s 
development of their Climate Change Adaption Plan and Coastal and Structure Plan, with the Port Fairy Coastal Community 
Group undertaking monthly beach profile monitoring on East Beach and South Beach, and Moyne Council identifying as 
critical the involvement of the community as it is taken on the journey throughout the development of the adaption plan. 

There are, however, identified gaps and potential barriers, as has been discussed in the paper by Waters et al. (2014) 
in the development and success of the Port Fairy Climate Change Adaption and Structural Plans.  These include the lack 
of funds of Moyne Council to fully implement the identified outcomes as well as the reluctance of different land managers 
and conflict between community groups, to contribute to the required funding (Moyne Shire Council, 2017c, p. 21).  This 
research revealed that cultural heritage places in the case study locations, each exposed to risk of climate change and 
the potential impact of sea level rise, are currently insufficiently protected in both State and local government legislation, 
including planning schemes and climate change adaption plans by the respective councils. 
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6. CONCLUSION

Cultural heritage places – Indigenous (Boon Wurrung)and non-Indigenous – that are located along the coastal foreshore of 
Sorrento on the Mornington Peninsula are highly vulnerable to the potential impact of sea level rise and are at risk of being 
damaged or permanently demolished. The low-lying coastline of Sorrento’s foreshore reserve and Port Phillip Bay front 
beach is at risk of receding, which could result in the loss of, or severe damage to, historical coastal infrastructure (Pearson, 
2007, p. 38), such as the Sorrento jetty, seawall and bandstand. Without effective adaptive responses, planning controls 
and policies in place, the Shire is also placing at risk significant heritage places such as the Collins Settlement site, which 
is located in an area susceptible to cliff erosion and a foreshore area of Sullivan Bay which may also recede and be at risk 
of inundation. 

As the case studies demonstrate and the secondary sources discuss, there are numerous significant gaps in State 
and local government controls to protect heritage places in coastal locations from the threats of climate change, and in 
particular, sea level rise. The townships of Port Fairy and Queenscliff are well advanced in their climate change adaption 
plans and studies, with Port Fairy, considerably more so. Yet neither of these Council adaption plans, or the relevant 
planning schemes, address or offer any direct protection of cultural heritage places to the impact of sea level rise.  Moyne 
Shire is aware of the potential impact that sea level rise may have on cultural heritage places in their Shire and may look to 
address this in a future report.  The Borough of Queenscliffe is currently looking at options of how the study findings into 
land use controls may be incorporated through the planning scheme. 

Mornington Peninsula Shire would thus benefit considerably from conducting current studies, adopting more stringent 
coastal management plans, implementing planning regulation and heritage controls, developing a cohesive risk management 
plan and conducting regular beach profile monitoring - as is being undertaken by the Port Fairy Coastal Community Group. 
It is further recommended that the Shire commence engagement with the community and ensure their involvement in the 
journey of the development of a local climate change adaption plan, which should be addressed as a matter of priority. 
Finally, it is vital that this adaption plan effectively addresses the protection of cultural heritage places against the impact of 
sea rise level as an area of concern and focus. 

As an evaluation conclusion, while the Mornington Peninsula Shire’s strategic plan’s vision embodied in their Our 
Peninsula 2021: Council Plan 2017-2021 (Mornington Peninsula Shire, 2017) is ‘To value, protect and improve the unique 
characteristics and way of life on our peninsula: “Valuing our unique peninsula”’ it has been lethargic in taking actions and 
formulating a Climate Change Adaptation Plan that aligns to Victoria’s Climate Change Adaption Plan 2017-2012 (Victoria 
2017), notwithstanding that the Shire wishes ‘demonstrate[s] leadership in climate change mitigation and adaptation’, and 
in particular addresses in detail the challenges faced by its cultural heritage assets on the coastal and Bay edges of Sorrento 
that are increasingly deteriorating due to sea level movements, saline-rich erosion, and the propensity of urban development 
due to these ‘unique [landscape] characteristics’ (Mornington Peninsula Shire, 2017, pp. 10, 15, 17, 20). Accordingly, 
applied planning practice in the Shire has not kept pace with climate change adaptation science predictions for this locality, 
nor is it demonstrating a recognition of the need to connect such a Plan to the Mornington Peninsula Planning Scheme 
(Mornington Peninsula Shire 2018c) to enable comprehensive strategic and statutory mechanisms to conserve and protect 
these assets.

References

AECOM Australia (2010) Preparing for Climate Change in the Borough of Queenscliffe: Climate Change Adaption Action Plan. Available 
from: Borough of Queenscliffe <https://bit.ly/2Kt38on> (accessed 20 November).

Arias, E. (2018) Thesis, SRR711 Thesis, Deakin University, submitted 05 February 2018.

Aurecon (2010) East Beach Coastal Erosion Engineering and Feasibility Study. Available from: Moyne Shire Council < https://bit.
ly/2KPzk1e> (accessed 29 December).

Australian Bureau of Statistics (2006) ‘How many people live in Australia’s coastal areas? Available from:  < https://bit.ly/1nycGM8> 
(accessed 28 December).

Australian Bureau of Statistics (2017a) ‘2016 Census QuickStats: Port Fairy’. Available from:  < https://bit.ly/2Nq9u5A>  (accessed 25 
November).

Australian Bureau of Statistics (2017b) ‘2016 Census QuickStats: Queenscliff (Vic.)’. Available from:  < https://bit.ly/2NrVs3i> (accessed 
25 November).

Australian Bureau of Statistics (2017c) ‘2016 Census QuickStats: Sorrento (Vic.)’. Available from:  < https://bit.ly/2NuzMUf> (accessed 
25 November).

Barnett, J., Fincher, R., Hurlimann, A., Graham, S. and Mortreux, C. (2014) Incorporating Community Values into Climate Change Planning: 
A Guide for Local Government. Available from: The University of Melbourne <http://hdl.Handle.Net/11343/39610> (accessed 28 
November).

Barnett, J., Waters, E., Pendergast, S. and Puleston, A. (2013) Barriers to adaptation to sea- level rise: The legal, institutional and 
cultural barriers to adaptation to sea-level rise in Australia. Available from: National Climate Change Adaptation Research Facility 
<https://bit.ly/2KDBTYk> (accessed 17 November).

E. Arias and D. Jones



543

Bell, J. (2014) Climate Change and Coastal Development Law in Australia, ed., The Federation Press, Sydney.

Borough of Queenscliffe (2017) ‘Preparing for Climate Change’. Available from:  <http://www.queenscliffe.vic.gov.au/environment-and-
sustainability/sustainability-projects/preparing-for-climate-change> (accessed 21 December).

Cardno (2015) Bellarine Peninsula- Corio Bay Local Coastal Hazard Assessment: Inundation Report. Available from: Our Coast <https://
bit.ly/2lUf7MP> (accessed 27 December).

Coastal Climate Change Advisory Committee (2010) Coastal Climate Change Advisory Committee - Final Report Volume 1. Available 
from: Victorian Coastal Council <http://www.vcc.vic.gov.au/assets/media/files/Coastal-Climate-Change-AC-Final-Report.pdf> 
(accessed 15 January).

Department of Climate Change (2009) Climate Change Risks to Australia’s Coast: A First Pass National Assessment. Available from: 
Department of the Environment and Energy <https://bit.ly/2lXnFmg> (accessed 05 January).

Department of Environment, Land, Water and Planning (2018a) Planning Schemes Online: Mornington Peninsula Planning Scheme. 
Available from: State Government of Victoria <https://bit.ly/2KNvUiF> (accessed 15 December).

Department of Environment, Land, Water and Planning (2018b) Planning Schemes Online: Moyne Planning Scheme. Available from: 
State Government of Victoria < https://bit.ly/2IWGfDR> (accessed 15 December).

Department of Environment, Land, Water and Planning (2018c) Planning Schemes Online: Queenscliffe Planning Scheme. Available 
from: State Government of Victoria <https://bit.ly/2KyKlIj> (accessed 15 December ).

Department of the Environment and Energy (2018) Climate change risks to Australia’s coasts: a first pass national assessment. 
Available from:  <https://bit.ly/2vgS1WQ> (accessed 05 January).

Ford, J. D., Keskitalo, E. C. H., Smith, T., Pearce, T., Berrang-Ford, L., Duerden, F. and Smit, B. (2010) Case study and analogue 
methodologies in climate change vulnerability research,Wiley Interdisciplinary Reviews: Climate Change, 374-392.

Google Maps (2018) ‘My Maps’. Available from:  <http://mymaps.google.com> (accessed 25 January).

Groat, L. and Wang, D. (2002) Architectural Research Methods, ed., John Wiley & Sons, Inc., New York.

Gurran, N., Norman, B. and Hamin, E. (2013) Climate change adaptation in coastal Australia: An audit of planning practice,Ocean & 
Coastal Management, 100-109.

Hall, C. M., Baird, T., James, M. and Ram, Y. (2016) Climate change and cultural heritage: conservation and heritage tourism in the 
Anthropocene,Journal of Heritage Tourism, 10-24.

Hansen Partnership, Martyn Transport, Cardno and Urban Enterprise (2017) Port Fairy Coastal & Structure Plan: Consultation Draft. 
Available from: Moyne Shire Council <https://bit.ly/2lSfCaa> (accessed 15 November).

Hurlimann, A., Barnett, J., Fincher, R., Osbaldiston, N., Mortreux, C. and Graham, S. (2014) Urban planning and sustainable adaptation 
to sea-level rise,Landscape and Urban Planning, 84-93.

Loop & Company (2016) Coastal Climate Change Risk Assessment Methodology Report. Available from: Our Coast <http://www.
ourcoast.org.au/resources/Risk%20methodology%20report.pdf> (accessed 27 December).

McIntyre-Tamwoy, S. (2008) The impact of global climate change and cultural heritage: grasping the issues and defining the 
problem,Historic Environment, 2-9.

Mornington Peninsula Shire (2017) Our Peninsula 2021: Council Plan 2017-2021, < https://www.mornpen.vic.gov.au/About-Us/
Strategies-Plans-Policies/Council-Plan> (accessed 3 January 2018).

Mornington Peninsula Shire (2018a) What are we doing to tackle climate change?, https://www.mornpen.vic.gov.au/Your-Property/
Environment/Climate-Change/What-are-we-doing-to-tackle-climate-change> (accessed 1 September 2018).

Mornington Peninsula Shire (2018b) ‘Report & Consent: 1. Report & Consent for Flood Prone Land’. Available from: <https://www.
mornpen.vic.gov.au/Building-Planning/Building/Reports-Consent> (accessed 06 January).

Mornington Peninsula Shire (2018c), Mornington Peninsula Planning Scheme, http://planning-schemes.delwp.vic.gov.au/schemes/
morningtonpeninsula, accessed 3 January 2018.

Mornington Peninsula Shire, Travers, M, Dee, J & Simon, R (2017) Draft Sorrento Coastal Management Plan. Available from:  <https://
bit.ly/2tW5P7z> (accessed 19 November).

Moyne Shire Council (2001) Moyne Shire Coastal Action Plan. Available from: Western Coastal Board <http://www.wcb.vic.gov.au/
moynecap/moynecap.pdf> (accessed 14 January).

Moyne Shire Council (2017a) Defend Port Fairy, ed., Moyne Shire Council, Port Fairy.

Moyne Shire Council (2017b) Port Fairy Coastal & Structure Plan: Issues & Oppportunities Paper (Planning). Available from: Moyne 
Shire Council <https://bit.ly/2IXRdZR> (accessed 03 January).

Moyne Shire Council (2017c) Port Fairy Coastal Climate Change Adaption Plan: Discussion Paper. Available from: Moyne Shire Council 
<https://bit.ly/2IWnyA9> (accessed 10 November ).

National Climate Change Adaptation Research Facility (2013) Mornington Peninsula Shire Council’s community engagement programs: 
Climate Change Adaption Good Practice – Case Study. Available from: NCCARF < https://bit.ly/2m0Cg0l> (accessed 16 
November).

NCCARF (2013a) ‘Policy Guidance Brief 1: Building resilient coastal communities and ecosystems’. Available from:  < https://bit.

Urban planning policy practice and climate change adaptation science for sea-level rise impacts upon cultural heritage places 
in Sorrento, Mornington Peninsula

http://www.mornpen.vic.gov.au/Building-Planning/Building/Reports-Consent
http://www.mornpen.vic.gov.au/Building-Planning/Building/Reports-Consent


544

ly/2KNLEiA> (accessed 25 January).

NCCARF (2013b) ‘Policy Guidance Brief 5:  Challenges of adaption for local governments’. Available from:  <https://www.nccarf.edu.au/
sites/default/files/attached_files_publications/GOVERNMENT_A4Printable_0.pdf> (accessed 25 January).

NCCARF (2018) ‘What does climate change mean for Australia?’. Available from:  <https://www.nccarf.edu.au/content/adaptation> 
(accessed 22 January).

Norman, B. (2009) Principles for an intergovernmental agreement for coastal planning and climate change in Australia,Habitat International, 
293-299.

Paschen, J.-A. and Ison, R. (2012) Exploring local narratives of environmental change and adaption. Available from:  <http://www.vcccar.
org.au/sites/default/files/publications/VCCCAR%20WP4%20Report%20Final%202012_0.pdf> (accessed 22 November).

Pearson, M. (2007) Climate Change and Its Impacts on Australia’s Cultural Heritage,Historic Environment, 1-8.

Rowland, M. (2008) Climate Change and Its Impacts on Australia’s Cultural Heritage,Historic Environment, 19-29.

Urban Enterprise (2017) Port Fairy Coastal and Structure Planning Project: Economic and Tourism Land Use Analysis- Issues and 
Opportunities Report. Available from: Moyne Shire Council <https://bit.ly/2KBJTZK> (accessed 21 January).

Victoria (2017), Victoria’s Climate Change Adaptation Plan 2017-2020, Department of Environment Land Water and Planning, 
Melbourne; ,https://www.climatechange.vic.gov.au/__data/assets/pdf_file/0024/60729/Victorias-Climate-Change-Adaptation-
Plan-2017-2020.pdf> (accessed 1 September 2018).

Victorian Coastal Council (2014) Victorian Coastal Strategy 2014. Available from:  <http://www.vcc.vic.gov.au/assets/media/menu_files/
VCS_2014.pdf> (accessed 12 January).

Water Research Laboratory (2013) Future Coasts - Port Fairy Coastal Hazard Assessment. Available from: Moyne Shire Council 
<https://bit.ly/2KS5ARl> (accessed 27 November).

Waters, E., Barnett, J. and Puleston, A. (2014) Contrasting perspectives on barriers to adaptation in Australian climate change 
policy,Climatic Change, 691-702.

E. Arias and D. Jones



545

Street greenery; a vital planning integration to 
overcome carbon dioxide concentration and 
pedestrian discomfort in urban streetscapes

H.T. Rupasinghe
Department of Civil Engineering, University of Moratuwa, Sri Lanka
himalshilive@gmail.com

L.M.M.N. Wickramasinghe
Faculty of Graduate Studies, University of Colombo, Sri Lanka
wickramasinghelmmn@yahoo.com

R.U. Halwatura
Department of Civil Engineering, University of Moratuwa, Sri Lanka
rangikauh@gmail.com

Abstract: With the rapid urbanization, population growth and advancement of technologies, human impact on temperature 
rise is becoming a severe issue. Unprecedented burning of fossil fuels and deforestation escalate carbon dioxide concentration 
(CO2) and global warming causing many environmental impacts. Road traffic is identified as a major contributor to CO2 
concentration. Integration of street greenery is recognized as the best strategy in addressing this scenario. However, in 
Sri Lankan context the importance of street greenery is less considered when implementing infrastructure development 
plans. And the true potentials of street greenery is not adequately researched to implement street greenery as a vital 
planning strategy. Thus, the research aims at investigating the benefit of street greenery to overcome CO2 concentration 
and pedestrian discomfort at street level in local context to highlight the importance of integrating street greenery as a vital 
urban planning strategy. The paper presents findings of the research conducted in the city of Kandy. Three main street 
sections of Kandy city were observed, investigated and measured. A clear variation in temperature and CO2 concentration 
was identified in Kandy city streets with greenery and less greenery. Pedestrian preference for streets with greenery too was 
highlighted though the results.

Keywords: Global warming; traffic; carbon dioxide emission; street greenery.

1. INTRODUCTION

The urban space has changed making the urban climate to be changed unusually in terms of temperature and air quality. 
The more the urban space has become industrialized, the more the air has been contaminated. Rapid increment of 
CO2 concentration due to human induced activities is a major contribution to prevailing numerous environmental issues, 
specifically to the global warming phenomena. The impact of CO2 concentration on increasing the ambient air temperature 
is significant.  Research findings confirms a definite relationship between CO2 concentration and rise of global temperature 
(Ndoke et al.,2006). Thus, even though CO2 is not categorized as a toxic gas, its impact on environmental issues is severe. 

Urbanization is one major reason which has caused higher CO2 emission all over the world increasing human involvement 
to the CO2 concentration. Among the human induced activities which cause CO2 concentration transportation, industrial 
related activities and power plants are significant.  As per United Nations [UN] urban density has been increased over the 
years and the records reveal 50% of global populations in cities and towns (UN, 2014). Further according to the statistics 
within the period of 1950 -2010 the urban population has increased from 729 million to 3.5 billion.  The predictions suggest 
a 2/3 of global population to be in urban areas by year 2045. Building density too in urban contexts have rapidly increased 
with these population and urbanization trends. 

As stated earlier human induced activities directly contribute to maximize fossil fuel combustion and vegetation depletion 
in various ways casing greenhouse gas generation in massive scale, especially CO2. Ozone layer depletion is another 
repercussion of this phenomena.  CO2 increase the greenhouse by 70% effect which is the direct cause for global warming 
(Houghton, 2004). Further Houghton (2004) states as per the predictions the continuation of this will result a dense 
thermal blanket concentrating more heat in earth’s atmosphere. Research on global warming projects a 0.2oC increase of 
temperature per decade with the continual growth of greenhouse gas emission (Solomon et al, 2007; IPCC, 2007). In such 
a context poor urban air quality, escalated heat island phenomena will inevitably be the collective impacts of global warming 
and urbanization leading to magnify the negative outcomes such as thermal discomfort, high energy demand for cooling 
and numerous health issues (Lee et al., 2016). Therefore, it is a vital need to find solutions which enables people and cities to 
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adapt such crisis situations and to take migratory steps in coming years. Internationally this has become a much-discussed 
topic where many researches are being conducted in finding better implementation strategies and recommendations. 
One such step initiated recently is to steady greenhouse gas emission at a lower level than the prevailing rate where CO2 
generation from various sources is given high consideration.

2. URBAN CONTEXT, TRAFFIC CONGESTION AND CO2 LEVEL

Prompt economic growth in Asia has accelerated the urbanization process in the region thus increasing the demand 
for more buildings and infrastructure development (Fahmya and Sharples, 2011). As a result, the vehicular usage has 
increased in a greater magnitude which in turn has created heavy traffic congestion on roads. Traffic, as mentioned earlier 
is a major contributor for CO2 emission. Burning of fossil fuels for the vehicular operation emit CO2 and traffic congestion 
highly increases the fossil fuel burning. The situation is similar in Sri Lankan context as well. The demand for transport 
systems too has increased whereas to fulfil this demand more highways are planning to be constructed. Though Sri Lanka 
is a developing country, the process of urbanization was quite fast in the past few years.  Due to the financial growth, the 
urban environment of Sri Lanka has undergone a rapid transformation through various developmental activities such as 
improvement of facilities of road users, development of infrastructure, construction of buildings, and airports etc. The rapid 
growth of cities strains their capacity to provide services such as energy, education, health care, transportation, sanitation 
and physical security (Halwatura and Nishad, 2012). However, consequently many environmental issues have arisen in 
towns due to various constructions, widening of roads and industrialization where urban environment has been interrupted 
and most of the vegetation has been destroyed. Use of old and poorly maintained vehicles too has increased along with the 
total growth in traffic volume and increased vehicle passenger ratio.

Research evidence in Kaduna, North Korea and Southern California suggests a definite relationship between road traffic 
and CO2 concentration (Ndoke et al., 2006; DeCicco and Fung, 2006). In USA transportation is responsible for one third 
of the total CO2 emissions (Houghton, 2004). It is significant that with a 30% of global automobiles USA records a 45% 
of CO2 emission based on transport while only having 5% of global population (Gately et al., 2015). According to Bath 
and Boriboonsomsin (2008) cars and trucks accounts for 80% of the emission. Steady driving patterns reduce the fuel 
consumption as well as CO2 emission whereas traffic causes otherwise (Bath and Boriboonsomsin, 2008). A database 
developed by the Southern California Association of Governments (SCAG) too has proven heavy traffic contributes to 
higher emission due to high speed fluctuation (DeCicco and Fung, 2006). Another such database; “Database of Road 
Transportation Emissions (DARTE)”, developed in Boston University also signify, by 2012 urban areas have accounted for 
80% on-road emissions and 63% 0f total emissions (Gately et al., 2015). Further according to IPCC statistics 20%-25% of 
total global emission of CO2 takes place in European Union and Finland (ICCPP, 1995). 

3. ROLE OF TREES IN URBAN CONTEXT

According to Dandy (2010) trees are beneficial for urban residents, and the majority of these benefits influence local, social, 
economic, or environmental integrity. Several authors have published compiling of the benefits of city trees, including Chen 
and Jim, 2008; Nowak and Dwyer, 2000; and Tyrvainen et al., 2005.  As commonly known trees are a key absorber, in 
other terms a key sink of CO2 through the process of photosynthesis. Absorption of CO2 and various air pollutants in varying 
amounts, cooling effect of evapotranspiration and shading stand out from numerous benefits of trees. In urban contexts, 
vegetation has proven to reduce heat stress by their shading and cooling effects and providing comfort for people (Louafi 
et al., 2013). 

Further apart from vehicular emissions and pollution, in Sri Lanka, heat due to direct and reflected radiation is a common 
issue. Most of the asphalt paved roads are exposed to direct sun light every day for a longer period and absorb solar 
radiation (Ranasinghe and Halwatura, 2012). Therefore, screening of sunlight is also important owing to its reduction of direct 
radiation from the sun during clear days (Manawadu and Liyanage, 2008). Yet in present, the replacement of vegetation with 
concrete and asphalt is a common sight which bring harmful effects to the environment and human. As the repercussion of 
green declination absorption of CO2 from trees for photosynthesis process is highly reduced which in return increases the 
absorption of CO2 to the atmosphere. Thus, CO2 concentration in atmosphere gets high which disturbs and traps the long 
wave radiation from escaping to the space and causes global warming.  

3.1 Benefits of trees in street level

Trees have a positive impact on energy conservation and reducing carbon dioxide concentration, air quality, noise reduction, 
ecological stability, urban hydrology, landscape spaces, medical and psychological health, real estate values, economic 
development as well as community wellbeing (Dwyer et al., 1992). Increase in wildlife habitat, biodiversity, and landscape 
connectivity, increase in highway safety and driver experience and decrease in pollutant and peak-water-flow inputs to 
nearby water-bodies too are goals of street greenery. Reduction of thermal stress is the main advantage of street trees. 
Trees influence the urban temperature by intercepting, reflecting, transmitting and absorbing the solar radiation. Moreover, 
the tree shape and the branching patterns too are influential in changing air temperature under the tree canopy. Shade 
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from the street trees along walkways maximize the pedestrian comfort. In urban life, commuting is one of the most stressful 
experience. Studies imply roadside landscape views mitigate stress influencing the walkability (Ulrich 1991; Kaplan 1995).  

Research evident suggests an urban street with trees has a 60% reduction in street level particulates compared to 
an urban street with little or no trees (Johnson at al 2009; Burden 2006). A research conducted in Israel has signified a 
reduction of air temperature by 1-2.50C at streets aligned with trees during the warmest time of the day (Shashua-bar and 
Hoffman, 2004). Simulation studies has proved a reduction up to 100C of air temperature, 200C of surface temperature and 
400C of mean temperature in streets aligned with trees. Moreover, green belts offer the benefit of sound pollution reduction 
(Pal et al., 2000; Fang and Ding, 2005; Martinez-Sala et al, 2006). Few similar studies done in Sri Lanka too has proven the 
effect of greenery on enhancing thermal comfort in tropical context. Majority of on-site studies suggests that lack of greenery 
in urban contexts create elevated air temperature, recommending large-scale urban greening to reduce daytime urban heat 
generation (Erell at el., 2011).

3.2 Social and economic Benefits of trees

As stated earlier street trees influence pedestrian comfort thus the walkability. Further research evident indicates a reduction of 
crashes and injuries on urban roadways by adding trees and streetscape features (Naderi, 2003). Donovon and Butry (2010) 
has explained large street trees also help in reducing crime rate. Further social scientists have identified the psychological 
benefits of street trees in urban contexts (Chenoweth and Gobster, 1990; Dwyer et al., 1991). Further heightened sense of 
community and the advancement of environmental responsibility too can be achieved from street trees (Westphal, 2003). 
Wolf (2005) has discovered a positive relationship between trees and local economy. On the other hand, workers in office 
spaces with green views are found to be more productive and absenteeism is reduced. Also, the real estate values are 
increased with presence of trees whereas attraction of tourists and businessmen too is increased (Robert et al., 2007).  For 
specific demographic groups like elderly and children have benefits from green infrastructure to stay active and to influence 
quality of life through increased physical activity and social interaction. Urban greening is identified with clear links to physical 
and mental health with well-known recognition that physical activity is encouraged by ready access to well-managed green 
places and walkable streets (Hoyano & Kimura, 1992; Maruta et al., 1995).

4. PRESENT SITUATION OF GREENERY AND URBAN CONTEXT IN SRI LANKA

In present, due to haphazard urban planning green cover in urban areas has depleted largely. From recent research 
evidence it is confirmed that in present tropical situations outdoor thermal conditions are higher than that of favourable 
outdoor comfort levels. Vegetation, on the other hand promotes outdoor thermal comfort while improving the microclimatic 
conditions, thus is a vital design element in creating outdoor spaces (Spangenberg, 2004). The extent of green cover 
determines the influence on microclimatic modification. Yet, in present urban development taking place in Sri Lanka leads 
to green scarcity while increasing the use of impervious surfaces. Infrastructure development has focused only on widening 
roads with no concern for green belts. Instead existing trees are being cut down with no replacement.

Many research outcomes show the potential of vegetation as the ideal strategy to overcome UHI while signifying the need 
of increasing greenery in urban contexts to enhance the comfort conditions. Nonetheless in local situation the emphasis 
on such approaches when implementing development strategies is lacking whereas research on similar areas are less. 
Moreover, the focus on the influence of traffic congestion on increasing CO2 concentration in urban context that directly 
causes global warming and appropriate implement method and distribution of greenery in achieving above is less researched. 
In present Sri Lankan context research on this area is less and compared to the pace of infrastructure development in urban 
contexts planning implementations to overcome the urban environmental, health and comfort related issues are not to be 
found. Concrete jungles paved with asphalt and tar roads are being constructed throughout the country. A recent research 
in the research sequence identified street greenery has a greater potential in reducing CO2 concentration in local context 
(Senanayake at el., 2017) The research is conducted as a part of a research series which aims at quantifying the effect of 
vegetation; specifically, road side greenery as a mitigation strategy to overcome UHI effect, thermal discomfort at pedestrian 
level CO2 concentration and traffic congestion.

4.1 The City of Kandy

Kandy is a major city in Sri Lanka, located in the Central Province. It is the second largest city in the country next to 
Colombo. The city of Kandy surrounded by ranges of mountains located at altitude of 488.6 meters above sea level. It is 
noted that the mean temperature is 28c0. From 1981 to 2001 the total population increased by 0.23 million. While the total 
population increased by 0.23 million the buildings, concrete, asphalt, and the human and industrial activity of urban areas 
have caused cities to maintain higher temperatures. Due to the geographical location contextual settlement of Kandy is 
confined to its natural setting composed of triangular valley demarcated by pedestals of three mountain ranges. Since the 
City core is centralized within this valley the Kandy city basin tends to trap polluted air thus the concern has arisen regarding 
the air pollution associated health impacts. About 0.12 million populations reside and about 0.1 million are move daily within 
the Kandy city area and more than 100,000 of the vehicles move daily within the area. comparative to any developing 
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town, it also  engages  in many developmental  activities  like  new  building of houses, townships,  industries,  commercial  
complexes,  etc. As a result, a city facing the various problems like traffic blocks, pollution and paucity of residential land. 
To overcome this problem of heavy traffic and easy transportation within the city, Road Development Authority (RDA) and 
Kandy Municipal Council (KMC) has initiated programme for widening of roads. At the very beginning of the project majority 
of green cover in most locations were destroyed when widening of roads.

 

Hanthana 
mountain range 

Bahirawakand
a mountain 

range 

Udawattakale 
mountain 

range 

Figure 1. Natural setting of Kandy, Source: Seneviratna A. (1999) - World Heritage City of Kandy Sri Lanka,

5. METHODOLOGY

The research incorporates a methodology that involves on-site investigation to identify the benefits of street greenery in local 
context to address CO2 concentration and enhance pedestrian comfort. Three suitable road sections in the Kandy Town 
area were selected for the study with morning and evening heavy traffic locations and highly occupied sidewalks with and 
without tree shades. Onsite measurements were taken to compare air temperature and CO2 concentration of each road 
section. Consequently, a questionnaire survey was conducted to identify the pedestrian perception on street greenery.

Kandy Jaffna road (Mahaiyawa Junction)

Kandy Jaffna road section acts as one of the entrances to the Kandy town and the road section is shaded with well grown 
trees. 

Sangaraja Mawatha

Sangaraja mawatha acts as one of the exits from the Kandy town. The location has a heavy canopy cover and is surround 
by the lake. 

Kotugodalle Veediya 

Kotugodalle veediya road section is situated in middle of the Kandy town. Both sides of this road section is covered with 
high rise buildings and greenery along the road section is significantly.

5.1 Data collection

CO2 level, Temperature and RH were measured 
under the selected canopy points 1m above 
the road surface of the selected street sections 
along the main compass points (north, south, 
west and east) and were averaged. At points with 
no trees same parameters were measured at a 
point maximum about 2m away from the canopy 
line and 1m above the road surface. Data were 
collected starting from 7.00 am to 7.00 p.m., 
with respect to carbon Dioxide amount, and air 
temperature from each road section on the same 
day.

Figure 2. Data measurement points
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5.1.1 CO2, temperature and the Humidity data measurement

The measurements were taken in respective road sections with and without trees having on road shoulders from one meter 
above the road surface. Three readings were taken in every hour for more accuracy at five hundred meter intervals along the 
selected road sections. TIM10 CO2 data logger and measuring tapes were used as main instrumentation to collect data. 
Hourly temperature and RH measurements were taken using Hobo UX 100 temperature/RH 3.5% data loggers. 

6. DATA ANALYSIS AND PRESENTATION

On-site investigation:

The collected field data were averaged to represent temperature and the amount of carbon dioxide concentration for that 
particular site. 

Air temperature variation with time;

Figure 3: Air temperature variation with time

Air temperature of Katugodella Veediya which is the less greenery road recorded the highest air temperature with a 
peak of 37.50c at 13.00 hours. Kandy Jaffna road recorded a peak of 34.8oC air temperature whereas the lake round road 
recorded 32.5oC air temperature at 13.00 hours.

Variation of Carbon Dioxide with time;

Figure 4: CO2 variation with time
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According to figure 3 urban road sections with trees were low in carbon dioxide concentration compared to urban road 
section with less trees. Katugodalla Veediya which is less in greenery and high in vehicular traffic signified a higher CO2 
concentration. In all three road sections higher concentration is recorded from 07.00-08.00 hours which is the busiest 
period of the day with highest traffic levels.

Questionnaire survey;

A questionnaire survey was conducted to identify the pedestrian preference on using the three road sections for their daily 
activities and to identify the preference for having street greenery in their city context. 

Figure 5: Commuter preference for street greenery

7. DISCUSSION AND CONCLUSION;

The temperature and carbon dioxide concentration variations in Kandy city with greenery and less greenery environment 
can be clearly identified from the data analysis. The data analysis signifies a relationship between greenery, temperature and 
CO2 concentration where the case with less greenery has recorded the highest temperature and highest CO2 concentration 
recording a peak of 37.50C temperature reading and 670ppm CO2 reading while the street rich with greenery has recorded 
lowest temperature and CO2 reading with a peak of 32.50C and 420ppm accordingly. It is clearly shown that the streets 
shaded with trees has low temperature and low amount of carbon dioxide level in the environment. Horizontal shading by 
large tree canopies, covered walkways, pedestrian arcades is needed to provide shade to commuters and urban surfaces 
around solar noon (Emmanuel & Fernando, 2007). Thus, to address the stress and pollution related health issues common in 
urban environments street trees become the ideal solution. As per the questionnaire survey results, from the sample majority 
preferred using Lake round which is highly shaded with greenery and a very few preferred Katugodalla veediya which is very 
less in greenery. The results revealed pedestrians’ high preference for street greenery in terms of comfortability, shading 
environmental as well as aesthetic quality. It was also visible that pedestrians preferred the visual comfort achieved by the 
green cover as much as the physical comfort. Due to the geological location Kandy city basin tends to trap polluted air thus 
it is vital to take necessary steps to overcome such issues. Thus, introducing street greenery is ideal and recommended. 
Similar results were achieved through the on-site investigations done in Colombo context to identify the benefits of street 
greenery signifying the impact of street greenery to reduce CO2 concentration as well as to enhance pedestrian comfort. 
Moreover, the results of a recent research conducted to identify the required green belt width to mitigate CO2 concentration 
in local context signified that by a green barrier along the roads the CO2 concentration due to high traffic in urban contexts 
can be minimized and a green belt of 40-60m width is required to moderate the CO2 concentration due to transportation 
emission (Senanayake et al.,2017).

With the current urbanization trends, development takes place in a rapid speed incurring more building construction, 
traffic congestion etc. increasing natural destruction and CO2 emission. With the depletion of greenery, the cities are facing 
problems such as the heat island effect, pollution of air, storm water runoff, deterioration of life expectancy, etc. This 
calls the attention to take responsible steps to mitigate such circumstances through planning strategies and regulations 
where greenery becomes a vital feature in urban development. In contrary the development plans are being executed 
without concerning the need of urban greenery. Overall, the results demonstrate the cooling effect of green spaces is 
not only contribute to urban heat mitigation, but also as an effective tool for occupants’ comfort enhancement in outdoor 
urban spaces while being a solution to air pollution associated with urbanization. Thus, when development plans are being 
implemented it is necessary to integrate street greenery as a requirement rather than cutting down and declining the existing 
green cover.
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Abstract: In 1990 the Intergovernmental Panel on Climate Change proposed the adaptation strategies of Protect, 
Accommodate and Retreat, and these were adopted and incorporated into New Zealand’s national policy. This paper 
investigates the practice of managed retreat in New Zealand, with the aim to understand how the strategy has been 
implemented in the coastal environment. Some local councils have faced vociferous opposition from those who are affected 
by the implementation of ‘managed retreat’ as a preferred coastal hazard management strategy. Coastal property is highly 
valued, and this financial and social investment in the coastal edge is increasingly being threatened by climate related 
change. Managed retreat both threatens and aspires to protect the significant role the coast plays in New Zealand’s social 
identity. The challenges of implementing, even openly discussing these ‘retreat’ strategies in an urban residential context in 
NZ are yet to be fully realised. The resistance to managed retreat appears to be economic, barely veiled as socio-cultural 
concerns. Should not socio-ecological resilience take precedence?

Keywords: Managed retreat; climate change; coastal policy; local government.

1. INTRODUCTION

The Intergovernmental Panel on Climate Change (IPCC), with the mandate to provide clarity and guidance on issues of 
climate change, developed three basic adaptation strategies: Protect: to reduce the risk of an event by decreasing the 
probability of its occurrence; Accommodate: to increase society’s ability to cope with the effect of the event; Retreat: to 
reduce the risk of the event by limiting its potential effects (IPCC CZMS, 1990). These strategies were adopted by the New 
Zealand government as the guiding principles for coastal hazard management. They were integrated into the New Zealand 
Coastal Policy Statement 2010 as protection of coastal lines; accommodation of coastline hazards; or avoidance of coastal 
impacts; and retreat of coastal settlement (NZCPS, 2010). Protection is the most visible response and therefore the most 
popular with those coastal residents in the front line. Retreat is a clear directive that triggers social and cultural issues. Issues 
of loss of property, of economic value, loss of place, and loss of customary cultural use. The NZCPS 2010 doesn’t integrate 
the IPCC’s definition of Accommodate as a socially focused strategy. 

The strategy of ‘managed retreat’ has been implemented by some local councils in New Zealand with vociferous 
opposition from those who were affected. While other strategies are available within the policy framework managed retreat 
is seen as the preferred option by councils, in most cases, as it reduces both liability (theirs) and risk (theirs and resident’s). 
It is widely considered the most resilient adaptive strategy in response to existing and potential future coastal hazards. The 
environmental and climatic indications are obvious, the world’s climate is changing and society needs to adapt. The focus is 
often on sea level rise yet it is the increasing frequency and intensity of severe weather events that is causing the most direct 
impacts. In New Zealand particularly, access to our coastlines is considered a birth right (Peart, 2009). Coastal property is 
highly valued, and this financial and social investment in the coastal edge is increasingly being threatened by climate related 
change. Managed retreat both threatens and aspires to protect the significant role the coast plays in New Zealand’s social 
identity. Human needs are often acknowledged in the short term and this is reflected in coastal policy and management 
strategies. However, understanding coastal processes and habitat migration as well as the importance of valuing ecosystem 
services in the face of climate related threats is key to the success of managed retreat strategies. Policy and decisions 
are typically defined by what society wants and expects from the environment, and this consciousness highlights the 
importance of education and knowledge sharing (Scott et al, 2006). 

Managed retreat has been successfully implemented in New Zealand in inland Auckland, as part of the Twin Streams 
project (Bell et al, 2017b). While this is an important example, the inland suburban context is substantially different to the 
coastal edges and this likely contributed to the less volatile nature of the project implementation process. The residents 
whose properties were affected by the retreat process would have been able to, in most cases, relocate to a similar 
suburban neighbourhood. The sense of displacement when retreating from the coastal edge is further increased by the 
likelihood that the new location will not have similar coastal characteristics, for obvious reasons.

The implementation of managed retreat as an adaptive strategy in less densely populated coastal communities provides 
some understanding of the issues likely to be faced as these strategies become necessary in more densely populated urban 
coastal areas. The challenges of implementing, even openly discussing these ‘retreat’ strategies in an urban residential 
context in NZ are yet to be fully realised. The more recent publication of ‘guidelines’ for local government now prioritises 
community consultation and cultural engagement – although the road map is by no means clear or without challenges.

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.553–559. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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2. METHOD

This paper focuses on the adaptive strategy of ‘managed retreat’, specifically how it is implemented in the coastal 
environment. The coastal environment is unique in that the impacts of natural hazards are not primarily a result of significant 
natural events, but rather are ongoing and further exacerbated by human intervention/s as well as significant natural events. 
An overview of relevant policy at national, regional and local levels provides an understanding of the policy framework 
that governs and facilitates the implementation of adaptive strategies, specifically managed retreat. Three case studies of 
communities that have been impacted by climate related coastal hazards, resulting in the provision of a ‘managed retreat’ 
response, then provide an understanding of the complexities inherent in this preferred adaptive strategy. This paper is 
intended as a starting point for further research into the issue of increasing urban coastal resilience to climate related change 
and starting to more openly discuss the concept of managed retreat in an urban context.

3. RELEVANT POLICY

Regional and Local authorities must meet the natural hazard management responsibilities under the Resource Management 
Act 1991 (RMA) and the New Zealand Coastal Policy Statement 2010 (NZCPS 2010). Under these acts the mandate 
for managed retreat comes from the New Zealand Coastal Policy Statement 2010 which guides policy for the coastal 
environment under the Resource Management Act 1991, the Civil Defence emergency Act 2002 also has influence. At local 
government level councils are also guided by the Local Government Act 2002. 

3.1 New Zealand Coastal Policy Statement 2010

The New Zealand Coastal Policy Statement is a national policy statement under the Resource Management 
Act 1991. Its purpose is to state policies in order to achieve the purpose of the Act ‘to promote the sustainable 
management of natural and physical resources’ in relation to the coastal environment of New Zealand... 
regional policy statements, regional plans and district plans must give effect to this NZCPS. (NZCPS, 2010)

Objective 5 of the NZCPS 2010 relates directly to managed retreat: 

To ensure that coastal hazard risks taking account of climate change, are managed by... locating new 
development away from areas prone to such risks; considering responses, including managed retreat, for 
existing development in this situation; and protecting or restoring natural defences to coastal hazards. (NZCPS, 
2010)

This is the first time in NZ policy that the term ‘managed retreat’ is used although a similar strategy was alluded to in 
the superseded Coastal Policy Statement (1994). This objective is to be achieved most directly through the identification 
of coastal hazards (policy 24), providing for the protection, restoration and enhancement of natural defences (policy 26), 
and developing strategies for protecting existing development from coastal hazard risk (policy 27). (NZCPS, 2010) Section 
1 of Policy 27, in particular, describes the encouragement to local authorities to favour ‘managed retreat’ in the coastal 
environment, the only exception is the protection of regionally or nationally significant infrastructure:

(1) In areas of significant existing development likely to be affected by coastal hazards, the range of options 
for reducing coastal hazard risk that should be assessed includes: (a) promoting and identifying long-
term sustainable risk reduction approaches including the relocation or removal of existing development or 
structures at risk; (b) identifying the consequences of potential strategic options relative to the option of ‘do-
nothing’; (c) recognizing that hard protection structures may be the only practical means to protect existing 
infrastructure of national or regional importance, to sustain the potential of built physical resources to meet 
the reasonably foreseeable needs of future generations; (d) recognizing and considering the environmental 
and social costs of permitting hard protection structures to protect private property; and (e) identifying and 
planning for transition mechanisms and timeframes for moving to more sustainable approaches. (NZCPS, 
2010)

This differs from the wording of the superseded NZCPS 1994 in which abandonment or relocation (Policy 3.4.6) is 
suggested as an option when considering responding to known coastal hazards threatening existing development (NZCPS, 
1994).

3.2 Regional and local policy

Many local authorities have already started to plan for sea-level rise, and the potential escalating impacts of climate change 
on the coast. Some councils have completed coastal hazard assessments and have developed maps showing areas which 
are expected to be affected over the next 50-100 years. The areas considered to be at risk of coastal hazards are zoned as 
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the Coastal Hazard Management Area (CHMA), or similar, and typically have zones within that relate to the 50-year and 100-
year hazard risk projections. Once this information has been adopted into the district plan it forms the basis for establishing 
trigger thresholds for implementing managed retreat. The triggers typically reflect the highest predicted SLR (Sea Level Rise) 
and ‘worst case scenario’ impacts. The Ministry for the Environment (MFE) provides specific scenarios for future sea level 
rise that apply to four categories of development in the Coastal Hazard Management Area. Category C relates to existing 
coastal development and assumes a minimal SLR of 1m relative to the 1983-2005 baseline, and planning and decision 
timeframes out to 2120 (MFE, 2017).

District plans outline the defined management areas or zones within a council’s jurisdiction. Under the district plan 
councils have provisions that direct how they will manage the use, development and protection of the land within defined 
management areas, for example the coastal hazard management area. Provisions are made up of objectives, policies and 
rules. The objectives and policies set out the council’s goals for managing the hazard zone. The rules state how these goals 
will be achieved. The rules define what you can and cannot do on your property and are broken down into six categories: 
permitted, controlled, restricted discretionary, discretionary, non-complying and prohibited. 

Local authorities are also undertaking other activities in response to coastal hazards, including restricting development and 
rejecting consents for any renovation or extension of existing buildings or built structures in the coastal hazard management 
area, this includes sea walls and other built coastal defences (MFE, 2017). These activities restricting building work within 
the coastal hazard management area are implemented primarily through the Building Act 2004. 

The Building Act 2004 has a series of sections that apply to the implementation of ‘managed retreat’. Sections 71-74 
relate to the limitations applicable to building on land subject to natural hazards. Where building activities within the Coastal 
Hazard Management Area require consent the building Act must give regard to the NZCPS 2010.

Where a building consent has been issued on hazard prone land under section 72, section 74 requires that the 
appropriate notification channels are followed to result in a covenant being placed on the title to land showing that consent 
has been granted in respect to the known hazards. A section 74 covenant placed on a property’s certificate of title may 
affect insurance cover and mortgage eligibility, for example, and in some cases the market value of the affected property. 
Property owners can refuse such a notation being placed on the property title but it may result in future building consent 
being refused. 

3.3 Land Information Memorandums

Hazard information known to councils is recorded in a number of ways relevant to the coastal hazard management area and 
the affected properties. As well as in the district plan, hazard information for each property title is recorded in LIMs (Land 
Information Memorandums). Councils are legally required to provide all hazard information for properties within their territory. 
This includes coastal properties threatened by coastal hazards associated with climate change.

LIMs must identify information that is ‘known’ to the territorial authority regarding any special feature or 
characteristic of the land concerned that is not included in the district plan. A special feature or characteristic 
of the land may include, amongst other things, potential erosion, avulsion, falling debris, subsidence, alluvion, 
or inundation. (LGNZ, 2018)

Information doesn’t need to be included on a LIM to affect a property if it is clearly apparent in the operative district plan. 
The hazard information may be referring to potential hazards, including projected impacts associated with climate change. 
It is also worth noting that the council is required to provide information on natural hazards that is known to it even if it is 
not in the council’s possession, for example held instead by the regional council or civil defence emergency management 
group. Once a district plan becomes operative the hazard information becomes part of the hazard management provisions 
and the council is able to enforce the rules in regard to the NZCPS 2010.

4. CASE STUDIES

The implementation of managed retreat in the coastal zone, in the New Zealand context, has been mostly in open coastal 
environments to date. Proactive councils in coastal areas that have been prone to coastal hazard impacts have led the way 
with the implementation of coastal hazard management strategies like managed retreat. These pioneers have helped others 
refine their approaches. These case study examples provide some insight into the potential issues in applying ‘retreat’ 
strategies in more urban coastal context in the near future, and poses questions about the ethical barriers to planning for 
the future.

4.1 Haumoana, Hawkes Bay, NZ

The coastal settlement of Haumoana, in the Hawkes Bay region on the central eastern coast of New Zealand’s North Island 
has been subjected to significant erosion since the 1931 Hawkes Bay Earthquake caused tectonic uplift and changed 
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the coastal system along the ‘cape coast’. In 1936 the first severe inundation incident after the earthquake triggered the 
construction of the first concrete sea walls to protect properties in Haumoana. The erosion of the coast continued and 
residents continued to construct protection structures up until the 1990s. The erosion at Clifton Beach, Haumoana through 
the 1980-1990s was considered to be an average of 0.75m per year (WOW, 2009). In April 2002 20 Haumoana residents 
are evacuated from their homes due to high seas threatening their properties along Clifton Beach. Hawkes Bay Regional 
Council opposes “residents attempting protection measures on their properties” (WOW, 2009). Another storm in 2003 
completely destroys a house and renders a further 4 uninhabitable, others are severely damaged. A Regional Coastal Hazard 
Assessment and Hazard Zone Definition report by Tonkin Taylor (reference? 2004) identifies risk areas, current and projected 
to 2060 and 2100. In 2005 6m swells hit the coast causing the evacuation of 6 homes, destruction of several homemade 
seawalls, and a bach was washed into the sea. Hawkes Bay Regional Council (HBRC) coastal hazard assessment report 
is released in the same year showing 750 properties listed as being within the hazard area, predominantly the Haumoana 
and Clifton Beach area. In response to the hazard report a joint working group of residents and regional and district council 
discuss a range of options for responding to the current and projected hazards. The options tabled include: the status 
quo (do nothing), managed retreat, soft engineering/beach nourishment and hard engineering (groyne fields). The regional 
and district councils (Hasting District Council) prefer a ‘managed retreat’ approach, the local residents prefer the hard 
engineering option, although cost is a factor (WOW, 2009).

In February 2008 high seas severely damage the timber seawall protecting 9 Clifton Rd, Haumoana. The property 
owners are advised that under the district plan any building work on the property is a ‘Non-complying activity’ and they 
are not allowed to repair or replace it. Another severe storm surge destroys remaining wall at 9 Clifton Rd, and the family 
has to be evacuated by Civil Defence. The foundations are undermined and septic tank swept away by sea. The house is 
abandoned and later demolished at the owner’s expense following request by council to ‘fix or remove unsafe structure’. 
The land was declared unsafe for a new structure. This is an early example of managed retreat being implemented on the 
coast, in this instance in reaction to damage caused by storm related erosion within the hazard zone (WOW, 2009 and NZ 
Herald, 2015).

In May 2009 residents of the homes affected by the hazard zoning met and WOW (Walking on Water) was formed to 
advocate on their behalf. WOW proposes a groyne field strategy to protect the cape coast properties from the coastal 
hazards and were challenged to prove their proposal is the better option for the community than managed retreat (WOW, 
2009). After the formation of WOW another storm brings high seas to the coast severely eroding the Clifton Motor Camp 
access road causing the camp to be closed. Alternative access was negotiated through private landowner’s property to 
reconnect Clifton Motor Camp and Clifton Marine Club to the rest of the community. This ‘replacement’ road was funded 
by the Clifton Domain Board and was seen as ‘managed retreat’. All hard engineering proposals were rejected. A private 
property owner received a notice from the HBRC to remove their concrete block sea wall protecting their property. This 
followed a similar notice from HDC (WOW, 2009).

As a result of the advocacy from WOW the HBRC has since adopted a much more consultative approach to responding 
to issues in the coastal hazard management area. The Clifton to Tangoio Coastal Hazards Strategy 2120 was released in 
February 2018, and “represents a co-ordinated approach to identifying and responding to coastal hazards and the influence 
of sea level rise over the next 100 years.” (Bendall, 2018).

4.2 Kapiti Coast, Wellington, NZ

In 2006, on the Kapiti Coast north of Wellington on the lower western coast of the North island of New Zealand, the Kapiti 
Coast District Council (KCDC) was actively developing a coastal management strategy and in 2005 had commissioned a 
coastal hazard assessment for its 40 km coastline to determine likely hazard risk. The strategy aimed to “treat the coast as 
an ecosystem to be managed as a whole, while retaining the coastal lifestyle values of the residents.” (Parsons et al, 2006). 
The coastline had long been impacted by erosion, and coastal properties and infrastructure were being threatened most 
predominantly in the coastal settlements of Paekakariki and Raumati South at the southern end of the coastline. The KCDC 
actively engaged the community in the development of the coastal strategy. In 2006 the Kapiti Coast: Choosing Futures, 
Coastal Strategy was adopted by the Council (KCDC, 2006)

The council recognised that the existing hazard lines in their operative district plan (1999) were inadequate and 
commissioned Coastal Systems Ltd (CSL) to carry out coastal erosion hazard assessments between 2006-2014. These 
assessments were intended to inform new setback lines as part of the proposed district plan (2012). Following best practice 
methodologies, the assessments were thoroughly peer reviewed (Shand, 2018). The resulting report and hazard maps were 
incorporated into the proposed district plan, and managed retreat was identified as the preferred strategy for the affected 
area impacting 1800 properties. Under section 74 of the Building Act 2004 information was added to LIMs. 

The Coastal Hazard Management Area (CHMA) is set out in district plans. In the ‘proposed’ District Plan (2012) for Kapiti 
Coast had a provision (policy 4.7 Natural dunes) that reads 

“Natural dune systems will be protected and enhanced, as a buffer for coastal hazard effects and enabled to 
migrate inland in response to shoreline retreat.” (KCDC, 2012)
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This seems like an environmentally resilient policy, although it has a veiled provision for managed retreat hidden within 
its wording. For the shoreline to be retreating and the dunes to be able to migrate inland it assumes that the properties and 
built infrastructure that might inhibit this migration would also be retreating. The response from the 1800 affected property 
owners was led by the newly formed Coastal Ratepayers United (CRU). In the submissions on the proposed district plan 
CRU actively opposed the wording in the second half of this policy and sought to have “...and enabled to migrate inland in 
response to shoreline retreat.” removed from the policy in their submission on the proposed plan. They actively coached 
affected residents to submit similar opposition to the ‘managed retreat’ enabling elements of the proposed plan. (CRU, 
2012) 

The CRU led a nationally unprecedented media campaign of criticism using the impending 2013 election to their 
advantage. In response to the residents’ significant dissatisfaction with the initial report the Kapiti Coast District Council 
appointed an ‘expert panel’ to consider public submissions and provide another review of the CSL assessments. The panel 
found that the initial assessments followed a sound methodology and were based on the appropriate data and hazard 
occurrence levels (Shand, 2018). 

The CRU was formed to represent the 1800 properties directly affected by the new hazard modelling. Even after the 
expert panel found that the CSL assessments were sound CRU was not satisfied and in an effort to subdue them KCDC 
appointed an independent panel to again review them. The panel recommended that the assessment material be ‘modified 
and applied’ into the district plan, the modifications being only minor (Shand, 2018). The residents, represented by CRU, 
sought a High Court Judicial Review to have the hazard information excluded from the LIMs, but this was unsuccessful. 
Councils must include known hazard information on LIMs in a clear manner. 

Two High Court Decisions (Weir v Kapiti Coast District Council 2013 and 2015) ruled that a Council has no 
discretion over including information on potential hazards it holds, on LIMs, only discretion in the wording it 
uses. The Weir case also stated that natural hazard information must be accurate, state the position fairly, and 
not mislead. (CCC, 2016)

Despite this ruling, due to significant pressure from CRU, the information on erosion prediction was removed from affected 
LIMs by the council and the maps were removed from the report itself leaving only a disclaimer. The Kapiti Coast District 
Council has backed down on the managed retreat strategy implementation and, for now, there is an uneasy stalemate 
awaiting further hazard and risk assessments to determine, to a greater degree of certainty, the coastal hazard risks to the 
coast. In the meantime, the eroding Kapiti coastline continues to threaten private properties and public infrastructure and 
open spaces.

4.3 Pegasus Bay, Christchurch, NZ

Christchurch City Council (CCC) commissioned a coastal hazard assessment in 2015. The resulting report by Tonkin and 
Taylor was challenged by the residents of Pegasus Bay and in response the CCC appointed an expert panel to review. 
Kapiti CRU appeared in Christchurch to support the Pegasus residents in their challenge to hazard information appearing 
on LIMs and in the CCC district plan. The panel found that the assessment was sound, and interestingly it followed the 
same approach as the Coastal Systems Ltd assessment for the Kapiti Coast. The Christchurch City Council responded 
by requesting Tonkin and Taylor to address the issues raised by the panel review, which they did, rejecting some as non-
substantive (Shand, 2018). The LIMs for the affected properties now include the following reference to the potential coastal 
hazard impacts identified in the hazard assessment report:

 The Council has a report, Coastal Hazard Assessment for Christchurch and Banks Peninsula (2017) that 
indicates this property or part of this property may be susceptible to coastal inundation (flooding by the sea) 
and/or coastal erosion over the period to 2120. The 2017 report considers four sea level rise scenarios.  A copy 
of the 2017 report and other coastal hazard information can be found at www.ccc.govt.nz/coastalhazards. 
(CCC, 2017)

The Christchurch Mayor Lianne Dalziel acknowledged the issues that arise from Council’s following the Central 
Government mandate to provide up-to-date hazard information. She has written to the minister for Local Government and 
the Minister for the Environment to highlight the difficulties in meeting statutory obligations to provide hazard information 
on LIMs and in consulting with communities about hazard risks. Christchurch City Council’s website reported the mayor’s 
comments in their Newsline:

 “Notifying hazards on LIMs needs to happen, but we lose the goodwill of people to engage in the wider 
discussion about hazards and how we respond to them when we get caught up in the conflict over LIM 
notations,’’ Mayor Dalziel said. (CCC, 2016)
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The CCC responded to resident concerns instead by implementing a robust peer review process for the development of 
their final hazard report, having it independently reviewed four times as part of the consultative and development process. 
They did not succumb to resident pressure to remove hazard information from affected property LIMs. The council is actively 
engaging their hazard vulnerable communities in on-going discussions around coastal hazard management, and welcomes 
the oversight and guidance now being provided by the Ministry for the Environment.

5. DISCUSSION

The tension between residents and councils around managed retreat appears most volatile in the coastal environment. 
While other strategies are available within the policy framework managed retreat is seen as the preferred option by councils, 
in most cases, as it reduces both liability (theirs) and risk (theirs and resident’s). In New Zealand particularly, access to 
our coastlines is considered a birth right (Peart, 2009). In many cases inhabitation of the coastal edge is deeply ingrained 
in the history of the area, and ownership and development patterns are the result of long held relationships with a place. 
Councils have inherited the responsibility for these communities and as a result are required to assess and address hazard 
risks. Coastal property is highly valued, and this financial and social investment in the coastal edge is increasing despite 
the obvious threats exacerbated by climate related change. The residents of coastal communities threatened by coastal 
hazards seem most concerned with councils making the hazard information available to potential purchasers, insurers and 
mortgage lenders and as a result de-valuing their properties. After the release of HBRC’s regional coastal hazard report 
residents of the cape coast noticed an adverse effect on coastal property values in the area (WOW, 2009). The CRU directly 
discussed the value of property as a driver in opposing the hazard information on LIMs. Property values are responsive to 
insurance costs and mortgage eligibility is being impacted by perceived hazard risks (Moody, 2012). On the cape coast 
the majority of the threatened properties are long established modest family homes, unlike the predominantly more affluent 
Kapiti Coast residents for example. The economic, social and cultural investment in the coast still dictates our responses to 
being asked to step back. Ownership, control, financial and social security take precedence. Consultation, information and 
hard evidence in a complex environment are difficult to provide, and directly affected property owners any are motivated 
to be litigious and to protect what is ‘theirs’. The resistance to managed retreat appears to be economic barely veiled as 
socio-cultural concerns. Should not socio-ecological resilience take precedence? 

Councils and consultants with best available science and the best intentions to provide risk responsible advice for their 
stakeholders are being held to ransom by those who don’t want to let go of the edge. While managed retreat may well be 
the most resilient approach to coastal hazard management in our changing climate, ownership is a complicated issue in the 
coastal environment. This will only be adjusted when the absolute-control element of the definition of ownership starts to 
shift. It is likely insurance companies, and mortgage lenders will play a critical and significant role in the future in shifting the 
vice-grip of high value coastal properties. With lenders and insurance companies responding the to the predicted coastal 
hazard risks by raising premiums and in some cases refusing to lend or insure affected property. 

6. CONCLUSIONS

The way managed retreat is currently implemented in coastal New Zealand seems less about retreat and rather more about 
displacement. Home owners are not retreating before the potential hazards are realized, rather they are being forced to 
abandon damaged property due to the policy that restricts them repairing and protecting it. Physically uplifting your home 
to move inland to an as yet unspecified new location to make room for the sea is a difficult concept for most people to 
accept. Understandably this concept is un-nerving and viewed with distaste by the majority of affected residents. The 
realities of climate change and its impacts on coastal New Zealand are starting to become more and more apparent and this 
will likely assist in a change in the coastal resident’s relationship with the coast. In some ways the social cost far outweighs 
the economic, although the financial impact of managed retreat has its social implications also. It is far more complicated 
than simply uplifting buildings and re-siting them outside of the hazard zone. Hard protection is not the most resilient long-
term option, but the economic and social equations associated with managed retreat are so complex it can seem ‘cost’ 
prohibitive.

Managed retreat both threatens and aspires to protect the significant role the coast plays in New Zealand’s social 
identity. ‘Retreat’ from the first line of defence is only the beginning, the sea won’t stop eroding the coastline unless there is 
a significant change in the coastal system. Further properties and infrastructure will be threatened and impacted. Regional 
and territorial authorities in New Zealand are now taking a much more risk-averse consultation-led process in developing 
hazard management strategies for the coastal environment. Local government guidance is being updated to reflect the 
lessons learned by the pioneer councils who have been navigating the significant social implications of implementing best 
practice managed retreat strategies (Bell et al, 2017a). The question now is how do we implement managed retreat in our 
urban coastal environments in the face of already increasing urban density?
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Abstract: Uncomfortable outdoor environments impact the liveability of cities and urban economy. This paper discusses 
the experimental protocols developed as part of a citizen science project on improving urban microclimates. The term 
“citizen science” broadly describes public engagement in scientific research in collaboration with professional scientists. 
This citizen science project aims to engage communities across Australia in the measurement of urban microclimates 
thereby educating citizens and empowering them in adopting various mitigation actions. The design of instrumentation for 
monitoring microclimates across various proposed urban themes is discussed. In addition, learning experiences from trialing 
the protocols through a pilot measurement is also presented in this paper. 

Keywords: urban microclimate; community participation, experimental protocol.

1. INTRODUCTION

The impact of uncomfortable outdoor environments and extreme heat on energy demand, peak electricity, air quality, 
human health, thermal comfort and economy is well documented. The most recent estimates of the International Panel on 
Climate Change (IPCC) suggest a worldwide temperature increase of 1.8 to 4°C to occur between 1990 and 2100 (IPCC, 
2014). Several investigative studies were conducted and mitigations strategies have been proposed globally to address 
issues relating to urban heat island and local climate change. Engaging communities in the monitoring process can generate 
significant impact through transfer of knowledge to large number of participating citizens, thereby providing practical and 
real-life opportunities for the citizens to learn and implement scientific methods to solve problems facing the communities. 
This will help to promote their active participation and engagement in the implementation of mitigation techniques in their 
homes and neighbourhood. Citizens will get an understanding of the important parameters influencing the microclimate and 
the ways to ameliorate the adverse effects from increased temperatures. 

This paper discusses the experimental protocols developed as part of a citizen science project on improving urban 
microclimates. The main aim of this project is to engage communities and work with local councils and citizens across 
Australia for measuring urban microclimates. The participation of citizen scientists in conducting experiments and collecting 
microclimate data would engender broader community understanding of the impacts of climate change as well as mitigation 
and adaptation to extreme heat. The design of instrumentation for monitoring microclimates across various urban themes 
is discussed. In addition, learning experiences from trialing the protocols internally within the research team and externally 
within a selected community is presented in this paper.

2. URBAN HEAT ISLAND STUDIES IN AUSTRALIA

Australia’s temperatures were relatively stable since national records began in 1910 to 1950 (ABS 2012). From 1950, 
however, records have shown an increasing trend in both minimum and maximum temperatures where very warm months 
that occurred just over 2 per cent of the time during the period 1951 to 1980, occurred nearly 7 per cent of the time 
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during 1981 to 2010, and around 10 per cent of the time over the past 15 years (CSIRO & BoM 2015). Mean surface air 
temperatures have increased by 0.9°C since 1910. Daytime maximum temperatures have increased by 0.8 °C over the 
same period, while overnight minimum temperatures have warmed by 1.1 °C (CSIRO & BoM 2016). The effect of urban 
climate on energy demand, peak electricity, air quality, urban pollution, human health, thermal comfort and economy is well 
documented in many studies (Santamouris, 2014; Santamouris et al., 2015). Although Australia has always had heatwaves, 
hot days and bushfires, climate change is increasing the risk of more frequent and longer heatwaves and more extreme hot 
days (Climate Commission 2013).  

     

Figure 1 Left: Mortality and temperature during the 2009 heat wave (Source: Hatvani-Kovacs, 2016)  
Right: Mean daily ambulance call-outs in relation to daily Excess Heat Factor EHFs in Adelaide (Source: Nitscheke, 2011)

Research in Australia shows that urban areas are particularly impacted by heat waves, that increase morbidity, mortality 
and hospital access (see Figure 1), especially for the vulnerable population with low social inclusion (Loughnan et al, 2012; 
Nicholls et al, 2008 & 2016). Moreover, the greatest fraction of deaths usually occurs in unconditioned residential units 
where the indoor conditions may exceed body overheating levels for long periods. In addition, heat waves boost the market 
penetration of air conditioning that is anyway expected to increase in the decades to come (Santamouris, 2016), leading to 
increased peak electricity demand and a greater risk of widespread black-outs.

There are significant prospects of extreme hot weather occurring more frequently in Australia with an increased intensity 
of heat waves that continue for longer periods, expected to lead to 8,600 deaths per year by 2100 (Bi et al., 2011). Heat 
waves and climate change at large will result in increased cooling demand and trigger the increase in the market penetration 
of air conditioning (Santamouris, 2016). Only very few studies (Coutts et al., 2007; Erell and Wiliamson, 2007; Broadband 
et al., 2018) have carried out detailed urban microclimate measurements in Australia during the last twenty years. Coutts 
et al. (2007) compared the energy balance and climate across four sites of varying housing density and land surface 
characteristics in Melbourne, for five months. Erell and Williamson (2007) collected detailed micro-meteorological data 
for nearly one year in two urban canyons and at a reference site, in Adelaide’s metropolitan area. Broadbent et al. (2018) 
operated a network of 27 automatic weather stations scattered across a 3 square kilo meter outer-city suburb of various 
land covers, measuring temperature, humidity, solar radiation and wind speed and direction at 5-minute intervals and linked 
the data to land use/land cover during summer time. A recent study by the Low Carbon CRC is using satellite images that 
deal with only surface temperatures to characterize heat islands (Gusso et al., 2017). 

The deficiency of large scale experimental studies on urban microclimate can mainly be attributed to the complexity and 
variability of outdoor environments which would require extensive resources for scientific measurement. The recognition of 
the contribution of amateurs to meteorological investigations has gained momentum, such as the Climatological Observers 
Link (COL) in the UK (Enfield and Morris, 2012) and the popular Weather Underground (Geller, 2007). Weather Underground’s 
WunderStation mobile device application brings real-time weather data from a network of over 250,000 Personal Weather 
Station Network (PWS) of weather enthusiasts (Willams et al., 2011). Citizen science provides aid for the researchers to 
collect more data and meaningful observations than they could on their own. To date, citizen science projects in Australia 
have mainly involved studying the ecology of urban, agricultural, and residential landscape, rare organisms, track invasions 
and migrations, documenting declines in species, conservation of sea creatures, and astronomy. Its application in built 
environment research has been very limited. This interaction of building scientists with citizens allows for public education 
and engagement in science and built environment research to increase the awareness of problems that affect communities.  

3. PARTICIPATING COMMUNITIES

Twenty-two (22) councils across various states in Australia are invited to participate in this study. The councils are selected 
based on factors such as their geographic location, density, population, overheating problems, etc. Majority of the 
participating councils in this project are leading organisations with a proactive and precautionary management approach to 
the risks associated with climate change. There are six councils from Victoria, nine from New South Wales, three from South 
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Australia, two from Queensland, one from Western Australia, one from Australian Capital Territory and one from Northern 
Territory participating in this project. A large-scale measurement is planned for the coming summer (2018-2019) in which 
2200 citizens across these councils will be participating in predesigned experiments.

3.1 Recruitment of citizens

The project will be advertised to the communities through various channels such as council newsletters, information 
flyers, face-to-face presentations during council events, industry forums, online social media platforms and networks of 
local environment group such as Northern Alliance of Greenhouse Action (NAGA). Information videos showing the project 
background and details of the measurement campaign will be prepared and distributed to the citizens. Citizens can 
access the project website and register their interest in participating in the experiments. After confirmation of the dates 
of experiments-measurements are finalised, the project team will get in touch with the citizens and further details will be 
provided.

4. DESIGN OF EXPERIMENTS

Three microclimate experiments relative to urban geometry, greenery and urban surface materials have been designed 
enabling measurement across multiple sites. Standardised protocol and instrumentation have been designed to ensure 
consistency across the sites and various states across Australia. Each council is asked to nominate three precincts for the 
measurements. Ideally each precinct should have a community centre where participants can gather on the day for the 
briefing before the experiments start and then a debriefing at the end.  Multiple measurement locations will be selected 
in each area depending on site characteristics such as urban geometry, surface materials, presence of vegetation and 
exposure conditions.

4.1 Instrumentation

Development of appropriate measurement protocols in the form of assembly, calibration and distribution of instruments is 
very important when deploying large scale studies conducted by a number of people. The main challenge was the selection 
of instrumentation that can be easily handled by laypersons, cost-effective, but at the same time able to provide scientifically 
valid and accurate results. The final selection of instruments is identified after several iterations (Table 1). The measurement 
kit is shown in Figure 2. 

Table 1: Specification of the instruments

Equipment Type of instrument Accuracy

Air temperature (Tair), Relative 
Humidity (RH%)

Omega Handheld type thermo hygrometer with custom built radiation 
shield (fitted onto the tripod)

0.1%

Surface temperature (Tsurface) FLIR TG54 Spot Infra′red thermometer with emissivity correction & 
FLIR TG130 with image, no emissivity correction

+/- 1°C

Wind speed Lurton Cup anemometer ± ( 2%+0.2 m/S)

Mean radiant temperature (MRT) Testo 922 air temperature probe fitted into 40 mm dia. globe painted 
grey inside and outside

………

Moisture meter Soil pH and moisture meter with Probe ICZDO6 +/- 0.2

Tripod Manfrotto 112B with fold-away tri-base NA

Case All-Terrain ABS case with foam insert NA

The kit includes portable Temperature-Relative Humidity sensors, cup anemometer and infrared thermo meters fitted 
inside a rolling case for portability (Figure 2.a). Ten (10) kits will be used during the large-scale measurements across 
Australia. Each of the sensors is carefully selected from those available in the market. Table 1 shows the details and 
specification of the instruments. Figure 2.b shows the set-up of the probes that measure temperature (Tair), relative humidity 
(RH%) and mean radiant temperature (MRT) fitted on a light weight tripod. This is for ease of use as citizens will be walking 
around the precincts carrying and using the equipment. The omega thermo hygrometer is placed inside a custom-built 
white radiation-shield (Figure 2.c) to protect the sensors from solar radiation. Handheld cup anemometers (Figure 2.d) and 
infra-red thermometers (Figure 2.e) are also included in the kit. All the sensors are calibrated by keeping them side by side 
at various outdoor conditions and comparing the results with high quality laboratory-grade sensors.
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(a)  (b)   (c) 

(d)  (e)  

Figure 2: Details of instruments – (a) Equipment Case (b) T/RH/MRT sensors assembled on a tripod  
(c) radiation shield for Temperature sensor (d) cup anemometer (e) infra-red thermo meter 

                       

4.2 Type of experiments

Three (3) types of experiments have been devised according to three themes: urban layout, greenery and surface materials. 
Five different data entry sheets were prepared for distribution to citizens. Figure 3 shows the data entry sheet and location 
map for the urban layout theme. Points 1 to10 are marked on the map. For any experiment, the citizen scientists will have 
to note down the time of measurement at each point. Pens/pencils and notepads will be provided.

4.2.1 Urban layout theme

The urban layout theme has two types of experiments: urban layout overview and urban layout section

• Urban layout overview: the purpose of this experiment is to map the microclimatic conditions along streets to check 
hot spots, stagnant spots and heat build-up. Citizens will be moving along the selected locations as numbered on 
the data entry sheet starting from “point 1”, and finishing at point 10. Citizens will be performing all the measurements 
at each point. 

• Urban layout section: the purpose of this experiment is to map the microclimatic conditions across a section of 
urban layout. Citizens will be moving along the selected locations, numbered on the data entry sheet and performing 
the measurements indicated. Vertical surfaces are also included.

4.2.2 Greenery theme

The greenery theme also has two types of experiments: greenery overview and greenery section.

• Greenery overview: The purpose of this experiment is to characterize the thermal profile of green areas by moving 
radially towards its centre. Citizens will be moving along the selected locations as numbered on the data entry sheet.

• Greenery section: the purpose of this experiment is to map the microclimatic conditions across a section of green 
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landscape. Citizens will be moving along the selected locations, numbered on the data entry sheet and performing 
the measurements.

4.2.3 Materials theme

Material theme has one type of experiment. The purpose of this experiment is to map the thermal response of many different 
surfaces. Citizens will move around and detect portions of landscape made of different materials, or sunlit or shaded 
portions of the same material or dry/wet portions of the same material. 

 
Figure 3: Example for data entry sheet and map of locations for urban layout theme

5. PILOT MEASUREMENT

A pilot measurement was conducted in Hume City Council, Victoria on 23rd February 2018. Hume City Council is one of 
Australia’s fastest-growing and culturally-diverse communities and is home to more than 198,000 residents. Spanning a 
total area of 504 square kilometres, the City is located in Melbourne’s northern fringe, just 15 kilometres from the centre 
of Melbourne (Hume City Council, 2018). Hume is built around the established suburbs of Broadmeadows, Tullamarine 
and Gladstone Park in the south, the developing residential suburbs of Craigieburn, Greenvale and Roxburgh Park in the 
north-east and the Sunbury in the north-west. It is made up of new and established residential areas, major industrial and 
commercial precincts and vast expanses of rural areas and parkland. The Melbourne International Airport accounts for 10 
per cent of the total area of Hume City (Hume City Council, 2018). The pilot measurement was conducted near the global 
learning centre precinct in the Broadmeadows area (See Figure 4).

Figure 4: Location of pilot measurement 
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In the measurement campaign focusing on urban layout theme, 12 people including community members and council 
staff participated. The participants registered their details through the online registration link in the website. Participants were 
asked to wear comfortable footwear and bring a hat along for protection from sun. The measurement started at 1 pm and 
finished around 3 pm. The session started in the council meeting room with a short briefing of the measurement protocol 
and demonstration of the instruments used. The participants were briefed that they will be walking around the precinct 
with light weight handheld instruments and will take measurements at specific locations. Prior to the measurement, the 
walking route and locations were identified by the researchers who accompanied the participants during the whole session. 
The participants were divided into four groups of three members and each group was accompanied by two researchers. 
The maximum distance they covered by walking was around 650 metres one way. After the measurement, everyone 
was directed to the council meeting room for a short debrief and preliminary measurement results were presented to the 
participants. Figure 5 shows some views of citizens performing the measurements.

  

Figure 5: Citizens performing measurements 

5.1 Weather conditions

The measurement was performed on a hot, but cloudy day in February. The weather data from the nearest Bureau of 
Meteorology (BoM) station was used as a reference for comparing the results of microclimate measurement. Melbourne 
airport is around 10 km away from the site (see Figure 4). For the month of February 2018, the lowest and highest temperatures 
recorded at Melbourne airport were 22.1°C and 37.4°C respectively. The minimum and maximum temperatures recorded 
on the day of measurement were 19.6°C and 34.5°C respectively. Maximum wind speed of 18 m/s (NNE) was recorded 
at 3.20pm. Temperatures at 9 am and 3 pm were 22.6°C and 32.9°C respectively and relative humidity for the same time 
period were 70% and 26%.  

5.2 Results of microclimate measurements

The air temperatures of the precinct during the pilot experiment ranged between 28.5 °C and 31.2 °C. (Figure 6) The lowest 
temperature was observed at point 1 which is in front of the council office and the highest temperature was observed at 
point 9, in the children’s’ playground. However, as point 1 was the first point of measurement, there may not have been 
enough time for the temperature sensors to stabilise as the equipment had been just brought outdoors from setting up 
indoors as part of the induction. Therefore, the initial readings could be subject to errors. Relative humidity levels were 
rather constant, between 30.5% and 33.5%. Wind speeds ranged between 2 m/s and 5.7 m/s. The wind speed varied 
drastically within seconds, making it difficult for the participants to record one single value. Highest wind speed was also 
recorded at point 1. Surface temperature ranged between 28.5°C and 40.4 °C. Highest surface temperature was observed 
at point 9, on the rubber surface of the children’s playground and this was surprising (and posed concerns) for many of the 
participants. The temperature at the Melbourne airport reference station for this period was 29 °C which is lower than those 
measured at majority of the points.
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Figure 6: Temperature from the pilot measurement 

5.3 Feedback from citizens

At the end of the experimental session, a short survey was distributed to the participants. The survey included questions 
such as “how much the project increased their awareness and understanding of urban microclimate” and “how likely they 
will be applying the knowledge they learned from the session”. The qualitative feedback helped in simplifying the protocol 
and refining the data entry sheets. Citizens suggested that more comprehensive introductory explanation is required on 
urban microclimates and urban heat island. Table 2 shows the summary of the feedback and the actions taken in response 
to that.

Table 2: Feedback from the pilot measurements

Number Comments Actions

1 initial confusion of air temperature/relative humidity sensors on Omega 
data logger

Sensors labeled

2 little difficult and time consuming to find the correct location using the map More directions to provide on the map

3 Felt bit unsafe during certain times. Need some traffic management Try to avoid busy streets

4 Mandatory hat/sunscreen Hat/sunscreen to be made mandatory 
regardless of the weather

5 Need additional persons as time keeper Four people will be in a group

6 Urban layout section too complicated Simple sections to be chosen

7 Height of the measurement for urban layout not consistent Height to be fixed as the height of the tripod 
(1 m)

8 Wind speed changed very drastically, and it was difficult to select one 
reading

The range of wind speed to be noted down in 
the data sheet

9 Not sure how far the infrared guns to be placed away from the surface Instructions for Infrared guns to be placed 1 m 
away from the surface

6. CONCLUSIONS AND FUTURE WORK

This paper describes the development of experimental procedures and instrumentation for large scale urban microclimate 
data collection by citizens. The challenges in designing the instrumentation that is accurate, still not too expensive were 
discussed. The pilot measurement conducted in one of the council precincts gave valuable insights into how normal 
citizens will respond to scientific experiments and how they can be educated and empowered to apply the knowledge they 
learned in planning their microclimates. Further refinement of the procedure for documenting the metadata specific to each 
measurement site is underway. A large-scale experimental campaign is planned in the coming summer (November 2018 
to February 2019) during which 2200 citizens across 22 councils Australia will be performing microclimate measurements. 
The protocol on the archival, processing and the systematic evaluation of the large citizen science data collected will part 
of the next phase of the project.

Developing experimental protocol for collecting large scale urban microclimate data through community participation



568

ACKNOWLEDGEMENTS

The Citizen Science Grant: ‘Scientists work with communities to improve urban microclimate’ (2017-2020) is funded by 
the Australian Department of Industry, Innovation and Science. This project is led by the Sustainable Building Innovation 
Laboratory (SBi Lab), RMIT University and will be conducted in collaboration with the High Performance Architecture (HPA) 
Research Cluster, University of New South Wales. The authors would also like to thank other members of the project team 
(Andrew Carre, and Dr. Ruwini Edrisinghe) for their contribution in the project. Further information on the project is available 
in: https://citizenscienceproject.org.au/

References

ABS (2012) 1301.0 Year Book Australia No. 92, 2012 Australian Bureau of Statistics (ABS), Canberra.

Bi P, Williams, S, Loughnan, M, Lloyd, G, Hansen, A, Kjellstrom, T, Dear, K, Saniotis, A. (2011) The Effects of Extreme Heat on Human 
Mortality and Morbidity in Australia: Implications for Public Health. Asia-Pacific J. Public Heal. 23, 27S–36S.

Broadbent, A., et al. (2017) The cooling effect of irrigation on microclimate during heat wave conditions, Urban climate, p.309-329 . 
https://doi.org/10.1007/s00704-017-2241-3

Climate Commission (2013) Off the charts: Extreme Australian summer heat, Climate Commission Secretariat (Department of Climate 
Change and Energy Efficiency), Canberra, ACT.

Coutts, A. M. et al. (2007) Impact of Increasing Urban Density on Local Climate: Spatial and Temporal Variations in the Surface Energy 
Balance in Melbourne, Australia. J. Appl. Meteorol. Climatol. 46, 477–493.

CSIRO & BoM (2015) Climate Change in Australia Information for Australia’s Natural Resource Management Regions: Technical Report, 
Commonwealth Scientific and Industrial Research Organisation (CSIRO) and the Australian Bureau of Meteorology (BoM).

CSIRO & BoM (2016) State of the Climate 2016, Commonwealth Scientific and Industrial Research Organisation (CSIRO) and the 
Australian Bureau of Meteorology (BoM).

Endfield, G. H.and Morris, C. (2012). Exploring the role of the amateur in the production and circulation of meteorological knowledge. 
[journal article]. Climatic Change, 113(1), 69-89. doi: 10.1007/s10584-012-0415-7

Erell, E. & Williamson, T. (2007) Intra-urban differences in canopy layer air temperature at a mid-latitude city. Int. J. Climatol. 27, 1243–
1255.

Geller, T. (2007). Envisioning the Wind: Meteorology Graphics at Weather Underground. IEEE Computer Graphics and Applications, 27(5), 
92-97. doi: 10.1109/mcg.2007.124

Gusso, A., Silva, A., Boland, J., Lenz, L. & Philipp, C. (2017) Income Driven Patterns of the Urban Environment. Sustainability 9, 275.

Hatvani-Kovacs, G., Belusko, M., Pockett, J. & Boland, J. (2016) Can the Excess Heat Factor Indicate Heatwave-Related Morbidity? A 
Case Study in Adelaide, South Australia. Ecohealth 13, 100–110 .

Hume City Council, 2018, https://www.hume.vic.gov.au/About_Us_Contact_Details/Our_City/City_Profile

IPCC. Climate Change (2014) Synthesis Report. Contribution of Working Groups I, II and III to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change. Core Writing Team, R.K. Pachauri and L.A. Meyer  doi:10.1017/CBO9781107415324.004.

Loughnan, M. et al. (2012) Mapping heat health risks in urban areas, Int. J. Popul. Res. 212, 1–12.

Nicholls, N. et al. (2008) A simple heat alert system for Melbourne, Australia, International Journal of Biometeorology 52(5), 375-384.

Nicholls, N. et al. (2016) Building Evidence that Effective Heat Alert Systems Save Lives in Southeast Australia, In Climate Services for 
Health, pp. 190-191. WHO/WMO Joint Office for Climate and Health, Geneva.

Nitscheke, M . et al. (2011)Impact of two recent extreme heat episodes on morbidity and mortality in Adelaide, South Australia: a case-
series analysis, Environmental Health,10:42.

Santamouris, M. (2014) On the energy impact of urban heat island and global warming on buildings. Energy Build. 82, 100–113.

Santamouris, M., Cartalis, C., Synnefa, A. & Kolokotsa, D. (2015) On the impact of urban heat island and global warming on the power 
demand and electricity consumption of buildings—A review. Energy Build. 98, 119–124.

Santamouris, M. (2016) Cooling the buildings – past, present and future. Energy Build. 128, 617–638 .

Williams, M., et al. (2011). Automatic processing, quality assurance and serving of real-time weather data. Computers & Geosciences, 
37(3), 353-362. doi: https://doi.org/10.1016/j.cageo.2010.05.010

P. Rajagopalan, M.M. Andamon, R. Paolini and M. Santamouris

https://citizenscienceproject.org.au/
https://doi.org/10.1007/s00704-017-2241-3
https://doi.org/10.1016/j.cageo.2010.05.010


569

Wayfinding in major waterfront points of interest 
in Queensland Australia – A case study in Surfers 
Paradise

Rongrong Yu
School of Engineering and Built Environment, Griffith University, Southport, Australia
r.yu@griffith.edu.au

Matthew Burke
Urban Research Programme, Griffith University, Nathan, Australia
m.burke@griffith.edu.au

Abstract: This paper presents a study exploring wayfinding in major waterfront points of interest in Queensland, Australia. 
Waterfronts are often highly significant spaces, contributing to the tourism industry as urban tourist attractions and providing 
quality leisure spaces for residents. Wayfinding is a critical issue for tourists walking or driving through urban waterfronts, 
and may affect a visitor’s spatial experience. Yet the syntactical properties of waterfronts in Australian cities have never 
been analyzed systematically, nor have space syntax methods been employed for improving waterfront precinct design. To 
solve this problem, the Surfers Paradise central waterfront area in Queensland was selected as a case study. Employing 
space syntax, three measurements for both pedestrians and vehicles were extracted to capture the spatial characteristics 
of the case study area. Results identify key locations, that are important for visitors’ decision-making during wayfinding 
processes, both when walking and driving. This paper demonstrates a method for capturing the social and spatial properties 
of waterfronts in Australia and provides possible new insights into the properties of these important tourism attractions.

Keywords: Australian waterfronts, wayfinding, space syntax, Surfers Paradise.

1. INTRODUCTION

Waterfronts are unique places where land and water meet (Mostafa, 2017). In the urban context, they are characterised 
by breath-taking scenic views and transport convenience (Follmann, 2015). As the interface between built environment 
and water, Hall (1998) states that urban waterfronts are highly exploitable spaces, which are potential economic boosters 
via tourism and business development. Past waterfront research has mostly focused on social-economic and policy 
perspectives (Bunce and Desfor, 2007; Chang and Huang, 2010; Vayona, 2011; Gunay and Dokmeci, 2012; Cheung and 
Tang, 2015). For example, Gunay and Dokmeci (2012) believe that culture-led approaches for waterfront development can 
be a driving force only if the development agenda is integrated with other urban policies. Cheung and Tang (2015) identify 
an unbalanced planning strategy, inclined towards tourism, for the waterfront areas in Hong Kong. To date, there is limited 
research focus on the design/planning perspective of important urban waterfronts. Furthermore, the syntactical properties 
of waterfronts in Australian cities have never been analysed systematically, nor have space syntax methods been employed 
for improving waterfront precinct design. 

When visitors navigate in a waterfront area, one of the important features that affect their spatial experience is wayfinding, 
which is the focus of this paper. We aim to explore the spatial properties related to visitors’ wayfinding in major waterfront 
points of interest in Queensland, Australia. The Surfers Paradise central waterfront area, the primary tourist destination of 
the Gold Coast, has been selected as a case study. Space syntax techniques are applied in this study, to develop a deeper 
understanding of the mathematical complexity of wayfinding in the selected area. 

This paper commences with a background of Australian waterfronts and space syntax, and then an introduction to the 
Surfers Paradise central waterfront area. The research method – convex map analysis – is then described. Connectivity 
analysis results of the selected area for both pedestrians and vehicles are presented in the fourth section. A discussion 
offering suggestions for urban design based on the results concludes the study. 

2. BACKGROUND 

2.1 Australian Waterfronts

Australia embraces the ocean, with its major cities (other than Canberra) all scattered along the coastline. The waterfront is 
therefore one of the most significant public assets in the built environment in Australia (Williams, 2004). Australian waterfronts 
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are significant, contributing to the tourism industry through their role as tourist attractions, and in the leisure spaces and 
opportunities they offer residents. Examples include Cairns’s Esplanade and central waterfront area, Brisbane’s SouthBank 
Parklands, Sydney’s Circular Quay and Darling Harbour, and Melbourne’s Docklands. How these precincts should be 
planned and designed has been a long debate. Forward (1970) investigated six Australian capital cities’ waterfronts, and 
suggested waterfront land should be planned at a metropolitan scale, in which the residential use should be minimised, 
while public park use should be maximised. That isn’t how things have always turned out. Oakley and Johnson (Oakley, 
2007; Oakley and Johnson, 2012) studied the Adelaide waterfront from an urban policy making perspective, noting the 
impact of urban governance, and how the politics of scale and the reimagining of place, may occur on the waterfront. But 
there has been negligible quantitative research focus, on the spatial and socio-spatial characteristics of Australian waterfront 
design/planning. 

2.2 The Surfers Paradise central waterfront area

The Surfers Paradise central waterfront area is possibly the Gold Coast’s most important urban space, receiving millions 
of visitors every year. There are shops, entertainment, restaurants, and hotels running through Cavill Ave, Surfers Paradise 
Blvd and nearby streets at the heart of this area. For this research, we select a study area with boundary streets of Elkhorn 
Ave, Gold Coast Hwy, Markwell Ave, Esplanade, and Northcliffe Terrace (Figure 1). The main shopping and entertainment 
is mostly located on Cavill Ave, Surfers Paradise Blvd, and parts of Esplanade. 

Figure 1. Selected area of Surfers Paradise central waterfront.
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3. RESEARCH METHOD –SPACE SYNTAX

Space syntax is a theory and associated set of techniques, which develop design/planning applications of graph mathematics, 
for the purpose of analysing the social structure of space (Hillier and Hanson, 1984). Extensively developed over the last 
few decades, space syntax methods have been widely applied in research in urban planning, architectural design and 
landscape design, amongst other areas. One of the strengths of the space syntax approach, is that it provides a way of 
understanding architectural and urban spatial configurations by translating their properties into topological graphs, which 
can then be mathematically analysed (Ostwald, 2011; Ostwald and Dawes, 2013) and socially interpreted (Hanson, 1998). 
Space Syntax has three approaches to abstracting space (architectural, urban or landscape) into a graph: convex mapping, 
axial mapping and isovist mapping (Klarqvist, 1992).

    The first of the three approaches, known as a Convex Map or Justified Plan Graph have been selected as analysis 
tools in this study. To conduct the analysis, we need to create a graph from a set of nodes, which represent spaces. Then 
the connections between the spaces become the vertices in the graph, representing a type of boundary condition which 
might be trafficable, permeable or visual depending on the chosen application. While this process is purely geometrical, a 
variation of convex mapping uses social boundaries instead of geometrical boundaries to define the “convex” spaces and 
thence, to produce the nodes and vertices of the graph (Peponis and Wineman, 2002). There are multiple variations of this 
technique, including those pertaining to visually-defined spaces (“convex spaces”), functionally defined spaces/zones in a 
plan or a landscape (Hanson, 1998; Bafna, 2003; Minor and Urban, 2007). In this study, several functionally defined spaces, 
such as intersections, pathways, streets/roads, public transport stops, commercial buildings and carparks are defined to 
analyse the spatial features of the selected area.

  This paper uses the social or functional variation of the convex mapping technique, where the spaces are defined by 
their associated activities rather than their geometric features (Peponis and Wineman, 2002). For this paper, wayfinding 
is the main focus of the graphical analysis. We treated intersections, pathways, streets/roads, public transport stops, 
commercial buildings, and carparks as nodes in the graph. In this variation, the shape of a street (straight, curved or broken) 
or of buildings does not affect its connecting function, as long as there is no possible detour from the street except from its 
ends.

Three properties are measured in the case study: Integration (i), Choice (C) and Intelligibility (I): 

Integration (i) is a global value of each vertex (intersection), revealing the degree by which it is included into or isolated 
from the whole system (Hillier and Hanson, 1984). In other words it relates to how much one space is accessible from other 
spaces, on average (Peponis and Wineman, 2002). 

Choice (C) is the number of times a vertex is located on the (shortest) path between all other vertices in the system 
(Bafna, 2003). The choice value suggests the likeliness of the vertex (intersection) being passed through, as well as its 
importance in decision-making about movement. 

The Intelligibility (I) value suggests the overall clarity of the system, as perceived by a user inside it (Klarqvist, 1992; 
Peponis and Wineman, 2002). Intelligibility is defined as a Pearson correlation, between integration and the connectivity 
values of all vertices (the connectivity value of a vertex is the number of directly connected or adjacent vertices to that vertex) 
(Hillier et al., 1987). It represents how easy/difficult it is to understand the space within the system. 

4. CASE STUDY – CONNECTIVITY ANALYSIS OF SURFERS PARADISE CENTRAL 
WATERFRONT AREA

We conducted connectivity analysis of the selected Surfers Paradise central waterfront area. Three measurements of 
Integration, Choice, and Intelligibility were calculated. In this study, we analyse wayfinding-related spatial character for both 
pedestrians and vehicle users, separately. For pedestrians, four types of functional spaces were investigated: intersection, 
pathway, public transport stop, and commercial areas. For vehicles, three types of functional spaces were analysed: 
intersection, street/road, and carpark.

4.1 Connectivity analysis for pedestrians

Table 1 shows connectivity analysis of Surfers Paradise central area for pedestrians. From the table, we can see that 
intersection has the highest Integration (i=16.583) value, followed by public transport stops (i=16.321), pathway (i=15.690) 
and lastly, commercial space (i=14.439). This suggests, as we initially hypothesised, that intersections were more accessible 
and better connected to other spaces, whilst commercial spaces were less connected. In relation to the space type important 
to make decisions for wayfinding, the analysis shows that the intersection has the largest Choice value (C=1232.22), followed 
by pathways (C=946.574), public transport stops (C=845.143) and then commercial areas (C=24.256). This suggests that 
intersections and pathways play an important role in decision making during wayfinding, when people walk. For Intelligibility, 
indicative of the mystery level of the space, commercial areas shows the largest Intelligibility value (i=0.497), followed by 
pathways (i=0.401), intersections (i=0.339), and finally, public transport stops (i=0.284). We can infer that when people are 
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navigating through/past commercial buildings, there is less confusion about the space. However when they are at public 
transport stops, it’s relatively difficult for them to understand the space. 

Table 1: Connectivity analysis of Surfers Paradise central area (Pedestrians)

Integration (i) Choice (absolute) (C) Intelligibility (I)

Intersection 16.583 1232.222 0.339

Public transport stops 16.321 845.143 0.284

Pathway 15.690 946.574 0.401

Commercial 14.439 24.256 0.497

Figure 2 shows the results for Choice (left) and Integration (right) measures of the selected study area for pedestrians. 
In each of the figures, the circles show the position of the intersection, while their size and darkness represents the value of 
the measures. From the figure, we can see that Cavill Ave and Surfers Paradise Blvd are the most integrated and accessible 
streets, especially around the intersection of the two. During the wayfinding process, the intersection of Cavill Ave and 
Surfers Paradise Blvd is very critical with pedestrians making decisions about where to go. The street segments along Cavill 
Ave between Surfers Paradise Blvd and Orchid Ave, and along Surfers Paradise Blvd between Cavill Ave and Hallan St, are 
important areas for pedestrians’ decision-making during wayfinding. 

Figure 2: Choice (Absolute) (left), Integration (right)

4.2 Connectivity analysis for vehicles

Table 2 shows connectivity analysis of Surfers Paradise central waterfront area for vehicles. From the table, we can see that 
for people navigating in their vehicles, intersection (i=6.084) is the most integrated and accessible space, followed by street/
road (i=5.938), with carparks being relatively isolated (i=5.126). In terms of decision making during wayfinding, intersections 
(C=400.704) still play the most important role in decision making about where to go, followed by street/road (C=285.610). 
As expected, people normally do not need to make important decisions when navigating in carparks (C=8.000). However, 
the analysis of Intelligibility suggests that carparks are the most understandable spaces (I=0.741) when navigating, though 
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intersections (I=0.562) are also relatively easy to understand. However, when driving on the street/road (I), people are likely 
to be confused about the surrounding space.  

Table 2: Connectivity analysis of Surfers paradise central area (Vehicles)

Integration (i) Choice (absolute) (C) Intelligibility (I)

Intersection 6.084 400.704 0.562

Street/Road 5.938 285.610 0.006

Carpark 5.126 8.000 0.741

Figure 3 shows the results for Choice (left) and Integration (right) measures of the selected study area for the vehicles. 
From the figure we can see that the most integrated streets/roads are Surfers Paradise Blvd followed by Cavill Ave and Gold 
Coast Hwy. This is different from the pedestrian Integration map, where Cavill Ave is the most accessible of the streets. 
This is because of the much reduced permeability of the area by car, with many key shops, entertainment spaces and 
pedestrianised spaces not allowing vehicles to enter. In terms of decision-making during wayfinding when people drive, the 
important streets and intersections for decision-making are likely along Gold Coast Hwy. This may be due to the fact that 
Gold Coast Hwy is the main road that connects this study area with other areas of the Gold Coast. 

Figure 3: Choice (Absolute) (left), Integration (right)-Vehicle

5. DISCUSSION AND CONCLUSION

This paper presents a spatial analysis of the Surfers Paradise central waterfront area, with a focus on wayfinding. Through 
this research, some principles of spatial planning and design in the Surfers Paradise central waterfront area are revealed, 
along with potential new insights into the visual and geometric character of Australian waterfronts. From this study, the 
following issues have been identified:

Firstly, the spatial experience for wayfinding is different when people walk, compared with when they drive. Pedestrian 
navigation is more complicated than vehicle navigation, because pedestrians face different challenges, such as movement 
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with a higher degree of freedom (Gaisbauer and Frank, 2008). Results from the spatial analysis of the selected study area, 
suggest that for pedestrians, the areas where shops, entertainment and restaurants locate is critical when they decide 
which direction to go; whereas when people drive, the important locations for wayfinding are the main roads/streets which 
link to other areas in the city. 

   Secondly, for both pedestrian and drivers, intersections are critical when they make decisions during wayfinding; this 
is followed by pathways/streets/roads. The spatial analysis results conform with our common understanding of people’s 
wayfinding behaviour, such that intersections are the locations critical for decision-making during navigation, therefore 
requiring further instructions such as directional signage. Lynch (1960) considers the junctions of paths as the decision-
making points. May et al. (2003) believe that information is needed to help with the navigation at those decision points, and 
also between those nodes (i.e. along paths), to support confident navigation.

Thirdly, for pedestrians it appears relatively difficult to find their way at public transport stops, based on the space syntax 
of the case study site. By contrast, when people are navigating in commercial buildings, they usually face less confusion 
about the space. This indicates the importance of helping people understand the space around public transport stops, 
especially Surfers Paradise’s light rail stations and bus stops. Therefore attention to mapping, road signage, bus route 
information, and other way-showing instruments is essential at such locations. 

The results of this research are necessarily limited by various factors. First, as only a single case is examined, the results 
cannot be generalized to comment on other waterfront areas in Australia. A larger sample could be used, to develop 
a more nuanced set of results, as part of a future study. Secondly, in this study only one measure (access topology) is 
examined. We did not explore other social behavior factors, or attempt to synthesis the space syntax results with real-world 
observations of behavior. Also space syntax methods are not necessarily appropriately accounting for beaches yet, and we 
wish to explore in future research how such features should be optimally treated as movement corridors and boundaries. 
Beaches are also an important visual clue for visitors to find their direction. Having proven this methodology, we hope to 
expand this research effort to look at larger precincts, and include additional factors, and to trial multi-factor approaches to 
understanding wayfinding across a larger set of Australian waterfronts.
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Abstract: The Urban Heat Island (UHI) has become increasingly important due to the increased vulnerability of urban 
areas to UHI effects and thermal risk for urban residents. In Australia, extreme heat and overheated outdoor environments 
adversely affect the well-being of the urban population, energy consumption for cooling, sustainability and liveability of 
cities. This paper examines microclimate characteristics of three Australian cities, namely, Darwin, Alice Springs, and 
Western Sydney using the microclimate model ENVI-met. The simulations involve urban environments both in the existing 
situation and after application of appropriate mitigation strategies in a representative warm summer day. This evaluation is 
of importance due to the potential of mitigation strategies to decrease the ambient temperature and provide comfort for 
residents. This study involved a selection of mitigation strategies (e.g., urban greenery, cool material, water-technologies, 
solar control, and combinations). Microclimate models were developed to assess the influence of the proposed mitigation 
strategies to reduce urban heat from these cities. This study found a possibility to decrease the maximum temperature of 
Darwin City up to approximately 2.5°C. In Alice Springs, the achieved decrease of the maximum ambient temperature is 
close to 1.2°C. In Western Sydney, a combination of the proposed strategies shows a reduction of 1.4°C. 

Keywords: Urban climate; Urban Heat Island; Simulation; Heat mitigation strategies.

1. INTRODUCTION

Urban climate is the result of the thermal balance between solar gain and heat losses by convective heat exchange between 
ground, buildings and atmosphere; and by the generation of anthropogenic heat (i.e. a result of human activities such 
as space heating and cooling and vehicle exhausts) in the cities. Urbanization is known to induce local climate change 
phenomena, such as the Urban Heat Island (UHI) effect (McCarthy et al., 2010; Santamouris et al., 2015). UHI is the more 
documented phenomenon of climate change (Santamouris et al., 2017a). It happens when the city absorbs and release 
more heat than the non-urban surrounding environments often by 3-4 °C, and may exceed 10 °C (Santamouris, 2014). 
This is further exacerbated by the global climate change that leads to the increase of the ambient temperature and the 
frequency of heat waves (Asimakopoulos et al., 2012; Founda, 2011). The contribution of UHI to the temperature rise 
has severe consequences on thermal comfort, energy consumption for cooling, peak electricity demand, health, and the 
economy affecting the sustainability and liveability of cities negatively. UHI experimental data for 101 Australian and Asian 
cities (Santamouris, 2015) shows the magnitude of the temperature rise is significant, varying from 0.4 °C to 11 °C. Urban 
overheating is a significant problem for major Australian metropolitan areas (Santamouris, 2015). Urban areas are particularly 
impacted by heat waves which is a serious threat for residents. By 2070, Sydney residents are expected to experience at 
least twice as many very hot days (days over 35°C), while residents of Darwin and Alice Springs could find very hot days 
happening for up to two-thirds and about half of the year, respectively (Wang and McAllister, 2011). In Sydney, the situation 
is complicated by warm winds blowing from inland during summer, while the same Western areas are invested by cold 
winds in winter (Santamouris et al., 2017b). 

To counterbalance the impact of urban overheating, mitigation techniques has been identified and tested in previous 
studies (Akbari and Kolokotsa, 2016). These mitigation strategies include the use of advanced materials for the urban 
environment (Doulos et al., 2004; Zinzi, 2010), urban greenery (Hien and Yu, 2012; Zoulia et al., 2009) and green roofs 
(Niachou et al., 2001; Theodosiou, 2009), use of solar control systems, and dissipation of the excess heat in low temperature 
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environmental heat sinks (Mihalakakou et al., 1994; Tzaferis et al., 1992). Santamouris et al. (2017a) compared the mitigation 
potential of these mitigation technologies using performance data from real scale urban rehabilitation projects. According to 
the same study, the average maximum temperature drop calculated for all projects is close to 2 K, while the corresponding 
decrease of the average ambient temperature is close to 0.74 K. In this study, we assess the local microclimate in Western 
Sydney, Darwin and Alice Springs, and evaluate the efficiency of mitigation strategies in reducing ambient temperature, 
considering the use of a) urban greenery, b) cool roofs and pavements and c) application of water-based system, d) use of 
solar control, e) wind break, and f) combination of strategies. 

2. METHODS

2.1 Simulation areas, and mitigation scenarios 

The local microclimate in Darwin City Centre, Alice Springs and Western Sydney has been simulated using ENVI-met V4.1.3 
for the unmitigated and mitigated scenarios. This program is a three-dimensional microclimate model based on computational 
fluid dynamics and thermodynamics. It is designed to simulate the influence of buildings, the surface characteristics, plant, 
soil and climate interactions in an urban environment (Bruse, 2004; Bruse and Fleer, 1998). This tool is used to simulate the 
distribution of the main climatic parameters in the urban environment. The mitigation scenarios have been designed based 
on the specific climatic condition and context of the cities, and therefore these are different for Darwin, Alice Springs, and 
Sydney (Table 1). The areas considered in this study are Darwin and Alice Springs City Centre, Northern Territory (NT), and 
eight precincts in Western Sydney, New South Wales (NSW). The precincts include Bankstown, Campbelltown, Canterbury, 
Holsworthy, Horsley Park, Olympic Park, Penrith, and Richmond. We simulated Darwin and Alice Springs City Centres (780 
m x 1,390 m, and 1422 m x 1464 m, respectively), while in Western Sydney an area of 858 m x 780 m was considered for 
each selected precinct. The spatial resolution used in the simulations is 6 m horizontally. The grid at the z-axis is telescopic 
with a thicker cell near the ground, allowing a better accuracy for edge effects.

Table 1: Mitigation scenarios.

Scenario Darwin Alice Springs Sydney 

Unmitigated (reference) Albedo: walls, roofs, and concrete 
pavements = 0.2; asphalt 
pavements = 0.05; soil=0.15. 
Greenery less than 10% of non-
building area. 

Albedo: walls and roofs=0.2; 
Asphalts Albedo=0.05; Concrete 
pavements=0.15; soil=0.15

Albedo: walls, roofs, and 
concrete pavements = 0.2; 
asphalt pavements = 0.05; 
loamy soil=0.15. Grass used as 
greenery. 

Greenery 1) Greenery 30% of the total 
pavements and open spaces 
2) Greenery 20% of the total 
pavements and open spaces

NA Increased urban greenery by 
planting of 192 mature trees in 
the area 

Green roof Green roof in all buildings NA NA

Cool materials 1) Cool roof
2) Cool pavement
3) Global Albedo=0.6, greenery 
less than 10% of non-building 
area 
4) Global Albedo=0.4, greenery 
less than 10% of non-building 
area

Increase of the reflectivity of the 
horizontal urban surfaces in the 
city to 0.5 and the buildings to 0.6

Increased global albedo=0.5 
by applying cool roofs and 
pavements 

Wind break NA Planting 121 mature trees to 
protect the city from hot winds

NA

Water 10 fountains in the CBD every 
18m

56 water fountains every 42m in 
56 locations of CBD

16 water fountains/precinct 

Greenery and water NA NA Combination of the two scenarios 

Cool materials and 
water 

NA NA Combination of the two scenarios 

Combined 1) Area albedo = 0.6, greenery 
30%, and shading (reduction of 
incident solar radiation on streets 
and car parks by 30% via shading) 
2) Area albedo = 0.6, Greenery 
30%, Shading, and water fountain

Global albedo of building=0.6, 
global albedo of pavements=0.5, 
shading (reduction of incident 
solar radiation on streets and car 
parks by 90% via shading), wind 
break (planting 121 mature trees), 
water (application of 56 water 
fountain)

NA
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The geometry of buildings and urban areas was identified from Google Map. For the modelling of the vegetation in the 
unmitigated scenario, two different simple plant types have been employed: tree 15m tall, very dense foliage, distinct crown 
layer, and grass with average density. However, in Alice Springs, 5m tall trees with light foliage (albedo=0.2) was used as a 
typical tree in Alice Springs (i.e., Eucalyptus). 

As part of a larger study, experimental campaigns were conducted in Alice Springs and Darwin, which involved aerial 
infrared (IR) surveying via drone technologies and terrestrial meteorological monitoring of air temperature, humidity, wind 
speed and direction, and radiation measurements. The data obtained from the field measurement were used to compare 
with the simulation results to calibrate the microclimate model and the simulation tool. Simulations were performed for the 
unmitigated scenario for the same day and boundary condition of monitoring period. Results highlight the robustness of the 
model to predict the urban microclimate in the investigated cities. 

2.2 Weather data and boundary condition

Simulations were performed for a representative warm summer day. Hourly averages of air temperature and relative humidity 
for the simulated day were provided by the selected nearby weather stations. The climatic data in Darwin and Alice Springs 
was obtained from the Airport weather stations as a reference (Table 2), while in Western Sydney the input parameters 
and boundary conditions were defined based on the data obtained from Bureau of Meteorology (BoM) synoptic stations 
(Australian Bureau of Meteorology, 2017) located close to the selected precincts. A simple model forcing was applied which 
allows to dynamically change the meteorological background values for air temperature and relative humidity within a 24-
hour cycle. 

Table 2: Bureau of Meteorology (BoM) weather stations providing the data used in the study.

Lat Long Location Altitude Distance from the simulated precinct

Darwin -12.411 130.878 Coast 30.4 m 6 km

Alice Springs -23.7951 133.889 Inland 546 m 12 km

Western Sydney

Bankstown -33.918 150.986 Inland (20-30 km from the coast) 6.5 m 5 km

Campbelltown -34.062 150.774 Inland (20-30 km from the coast) 112 m 3 km

Canterbury -33.906 151.113 Inland (20-30 km from the coast) 3 m 2 km

Holsworthy -33.993 150.949 Inland (20-30 km from the coast) 68.2 m 3 km

Horsley Park -33.851 150.857 Inland (20-30 km from the coast) 100 m 2 km

Olympic Park -33.834 151.072 Inland (20-30 km from the coast) 4 m 3.5 km

Penrith -33.720 150.678 Inland (~ 50km from the coast) 24.7 m 4 km

Richmond -33.600 150.776 Inland (~ 50 km from the coast) 19 m 3.5 km

3. RESULTS

3.1 Evaluation of the mitigation potential of the proposed strategies during warm season

Meteorological data including hourly values of the ambient temperature, relative humidity, wind speed and wind direction, 
collected at the BoM stations, have been analysed. Based on the specific climatic characteristics and overheating problems 
in the case studies, mitigation scenarios have been designed to assess the potential of various technologies and design 
solutions to mitigate urban overheating.

The spatial distribution of the ambient temperature, the distribution of the surface temperature, and wind speed and 
direction have been calculated for each scenario. Simulations have been performed for the summer-time prevailing synoptic 
condition. The following sections describe the results of simulations in each city.

3.1.1 Results of simulations in Darwin

Darwin suffers from high ambient temperatures and poor outdoor thermal comfort conditions. The aim of the mitigation 
technologies is to decrease the heat gains and increase the heat losses in the city. Ambient temperatures may exceed 37°C, 
while humidity easily exceeds 80 %. In parallel, because of the positive thermal balance, the City Centre area presents about 
2 – 3 °C, higher temperature than the airport area. This is mainly due to the high surface temperatures of the urban fabric 
(values exceeding 60°C have been recorded) that release heat in the ambient air, reduced wind speeds and the lack of the 
cooling effect of the sea breeze, and the increased anthropogenic heat. 

Mitigation of urban overheating in three Australian cities 
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Simulations were performed for two prevailing wind speed values. The ambient temperature varies between 32°C - 
36.4°C and about 32.8°C - 36°C in the City Centre when the simulations run for the wind speed values of 5m/s and 1m/s, 
respectively. The maximum surface temperature of asphalt pavements (parking area) is above 55°C for both wind speed 
values. Figure 1 shows the simulation domain for the combined scenario with the water-based system and distribution of 
ambient temperature drop in the combined scenario when wind speed was considered as 5m/s. 

Figure 1: Simulation domain for the combined scenario with water-based system (a), the distribution of the ambient temperature 
reduction in Darwin City Centre for the combined scenario with water-based system (b).

The results have shown that the proposed mitigation technologies can decrease the maximum ambient temperature from 
36.5°C to 33.7°C. The achieved reduction of the maximum ambient temperature is close to 2.8°C, while the corresponding 
decrease of the minimum temperature is close to 3.1° C compared to the reference scenario representing the actual 
situation. The maximum temperature drop is achieved through the combination of the various mitigation technologies, while 
the minimum performance corresponds to the use of only cool roofs. Some of the considered mitigation scenarios were 
shown to have a significant local maximum temperature reduction (i.e., evaporative systems and greenery). It should be 
noted that the reduction of the maximum ambient temperature corresponds to the maximum temperature in the reference 
scenario minus the maximum temperature in the mitigated scenario. The local temperature drop refers to the temperature 
difference calculated between each mitigation scenario and the reference scenario in the same spot. Figure 2 summarises 
the maximum temperature reduction and maximum local temperature reduction when wind speed was taken as 5m/s. 

Figure 2: Reduction of maximum temperature and maximum local temperature drop using mitigation technologies in Darwin
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3.1.2 Results of simulations in Alice Springs

The ambient temperature varies between 35.0°C and 42.3°C in Alice Springs for the wind speed values of 4m/s in the 
unmitigated scenario. The maximum surface temperature of asphalt pavements (parking area) is 63.8 °C. The results have 
shown that the proposed mitigation technologies can decrease the maximum ambient temperature from 42.3 °C to 41.1°C. 
The minimum ambient temperature in the simulated area can be decreased from 35.0 °C to 24.7°C. The achieved decrease 
of the maximum ambient temperature is close to 1.2°C, while the corresponding decrease of the minimum temperature 
is close to 10.3 °C compared to the reference scenario representing the actual situation (Table 3). Further, the combined 
scenario results in a maximum local temperature drop of approximately 15.9 °C. The distribution of ambient temperature 
reduction in Alice Springs considering all mitigation scenarios is presented in Figure 3.

Table 3: Summary of the mitigation results.

Reference and Mitigation 
Scenario

Ta, AVG (°C) Ta, MAX (°C) Ta, MIN (°C)
∆Ta, 
AVG (°C)

∆Ta, 
MAX (°C)

∆Ta, 
MIN (°C)

MAX 
∆Ta (°C)

Reference 39.0 42.3 35.0 -  -   - - 

Wind break-Whole CBD 39.0 41.9 35.1 0.0 0.5 0.0 1.7

Cool material-Whole CBD 38.1 41.1 34.8 0.8 1.2 0.2 2.9

Water-Whole CBD 38.7 42.3 26.5 0.3 0.0 8.5 13.8

Shading-Whole CBD 38.8 42.3 35.0 0.2 0.0 0.0 4.8

Shading-Shaded area 37.3 41.3 35.6 1.1 0.1 0.5 4.8

Combined-Whole CBD 37.7 41.1 24.7 1.3 1.2 10.3 15.9

*Ta: Ambient Air temperature (°C)

Figure 3: The distribution of the ambient temperature reduction: combined (a), shading (b), water (c), cool material (d), wind break (e). 
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The maximum temperature drop is achieved through the combination of the various mitigation technologies, while the 
minimum performance corresponds to the use of only wind break. Evaporative systems and shading, which are implemented 
in specific zones and not in the whole city area, were shown to have a significant maximum local temperature reduction. 
The maximum surface temperature drop is achieved when shading, cool pavement technologies, and combination of 
technologies are implemented. The local reduction of the surface temperature produced by these technologies may exceed 
26°C. Lower surface temperatures correspond to improved thermal comfort levels as the emitted infrared radiation and the 
heat transferred by convection from the opaque surfaces is significantly reduced.

3.1.3 Results of simulations in Western Sydney

The average temperature reduction over the simulated area, (from 10 am to 5 pm) achieved for each mitigation scenario and 
each selected location is summarized in Table 4. All the UHI mitigation strategies examined here have been found effective 
in reducing the ambient temperature in Western Sydney. More specifically, results reveal that the average temperature over 
the simulated area (between 10 am and 5 pm) decreased from 0.2°C to 1.4°C. The application of water technologies and 
greenery resulted in a reduction equal to 0.2°C. The combined application of greenery and water technologies showed a 
reduction of 0.4°C. The implementation of the cool roofs and pavements resulted in a reduction equal to 1.2°C, and the 
combined application of water technologies and cool roofs and pavements led to a reduction equal to 1.4°C, over the 
whole simulated area. Although water-based technologies resulted in a low reduction of the average temperature over 
the whole considered area, they provided a significant local cooling effect. Considering the scenarios that use water-
based technologies, the average maximum reduction of temperature achieved locally reached 9 -10°C for all locations and 
between 10 am to 5 pm.

Table 4: Average temperature reduction (over the simulated area, from 10 am to 5 pm) for each mitigation scenario and each selected 
location.

Location
Greenery Cool material Water

Water and 
Greenery

 Water and Cool

 
Ta

* Ref Ta

∆Ta, 
AVG 
(°C) 

Ta

∆Ta, 
AVG 
(°C)  

Ta

∆Ta, 
AVG 
(°C)  

Ta

∆Ta, 
AVG 
(°C)

Ta

∆Ta, 
AVG 
(°C)  

Canterbury 35.4 35.0 0.4 34.2 1.1 35.2 0.2 34.9 0.5 34.1 1.3

Bankstown 37.6 37.4 0.2 36.5 1.2 37.4 0.2 37.1 0.5 36.3 1.3

Olympic Park 36.3 36.1 0.1 35.1 1.2 36.1 0.2 35.8 0.4 34.9 1.4

Penrith 39.3 39.2 0.1 38.0 1.3 39.1 0.2 38.9 0.4 37.8 1.5

Horsley Park 37.8 37.7 0.1 36.7 1.1 37.6 0.2 37.5 0.4 36.5 1.3

Holsworthy 37.1 37.0 0.1 36.0 1.1 36.9 0.2 36.7 0.4 35.8 1.3

Campbelltown 37.5 37.4 0.1 36.4 1.2 37.4 0.2 37.2 0.3 36.2 1.3

Richmond 39.1 39.0 0.1 38.0 1.1 39.0 0.1 38.9 0.3 37.8 1.3

Average     0.2   1.2   0.2   0.4   1.4

*Ta: Ambient Air temperature (°C)

It has been shown that the combination of mitigation strategies reduced the surface temperatures. The use of water-
based technologies combined with greenery decreased the surface temperature by 8-12°C, although higher reductions 
were observed locally where trees were planted. Cool roofs and pavements and their combination with water technologies 
reduced the surface temperatures by 9-12°C on average. As expected, the use of water technologies had a negligible effect 
on surface temperatures.

4. CONCLUSION

We simulated urban heat mitigation with microclimate modelling considering different strategies for three Australian cites; 
Darwin. Alice Springs, and Western Sydney. In Western Sydney, eight large-scale precincts were selected, while in Darwin 
and Alice Springs, the City Centres were studied. Results show the importance of urban materials, wind speed and 
direction, sea breeze, and anthropogenic heat on the temperature distribution in the cities. In all three cities, the maximum 
temperature drop is achieved through the combination of the various mitigation strategies appropriately selected for each 
location. Evaporative systems, which are implemented in specific zones of the study area, were shown to have a significant 
maximum local temperature reduction, although the mitigation impact for the whole investigated area is very low. This study 
found a possibility to decrease the maximum temperature of Darwin city up to approximately 2.5°C. In Alice Springs, the 
achieved decrease of the maximum ambient temperature is close to 1.2°C. In Western Sydney, a combination of proposed 
strategies shows a reduction of 1.4°C.
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In Darwin, the potential of the considered scenarios to decrease the ambient temperature varies considerably as a 
function of the synoptic weather conditions. The combined use of cool material, greenery, shading, and water-based 
system is the most effective strategy to reduce the ambient temperature in the city. In Alice Springs, the combined use of 
reflective materials, shading, windbreak, and water-based system to improve the microclimate of urban areas is the most 
effective mitigation strategy. In Western Sydney, the maximum temperature reduction is achieved with the combination 
of cool materials and water. Considering the average over the simulated area, the average reduction is 1.3 ± 0.1 °C in all 
precincts, except in Olympic Park and Penrith, where the reduction accounts for 1.4 ± 0.2 °C and 1.5 ± 0.2 °C, respectively. 
The average reduction during the hottest hours of the day accounts for 1.2 ± 0.1 °C.
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Abstract: The past two decades have witnessed concerns caused due to the global increase in surface temperatures. With 
the world exposed to a quickly changing climate, exposure to and impacts of events like heat waves, floods and droughts 
has become a concern. While this is happening outside an individual’s dwelling, the impacts on indoor thermal comfort are 
significant. Maintaining comfort inside while the weather outside changes unexpectedly is the challenge for contemporary 
design. This study for the city of Roorkee, India tries to address this issue by identifying a trend in the daily maximum air 
temperature (Tmax), daily minimum air temperature (Tmin) and daily mean air temperature (Tmean) values recorded from 
1976-2016. Representative weather files for each decade have been created and selected residential buildings built in the 
last 10-20 years have been simulated using Design Builder against these representative weather files to analyse number of 
comfort hours on the tropical summer index. Using the analysis, several passive design strategies have been simulated and 
the best passive-design solutions have been proposed for composite climate of India. Validation of simulated data has not 
been considered for the currrent research context.

Keywords: Weather-trend; passive-design.

1. INTRODUCTION

The Intergovernmental Panel on Climate Change (IPCC) has globally shown a rise in surface temperature by 0.6 ± 0.2°C 
since the late 19th century and predicted an increase in the global mean surface temperature between 1.4-5.8°C by 2100 for 
varying levels of carbon concentration pathways as per the report of ‘working group-III’ (Denmark et al., 2001). The challenge 
is to comprehend the effect of this global trend on the weather of a city and associated impacts on indoor thermal comfort 
of residential buildings. Keeffe et al (2014) proposed a modular climate-change resilient house using analysis of infrequent 
occurrence of hot conditions in the UK and of climate-change scenarios for 2030,2050,2080. Indoor thermal comfort 
analysis for residential buildings for prevailing weather conditions showed that houses designed for protection against cold 
conditions create discomfort when it is hot outside (Keeffe and McHugh, 2014). Williams et al (2013) proposed adaptive 
solutions against heat stress for suburban houses in England and Wales, on the anticipation that suburban population will 
be most affected by climate change events like hot and dry summers with heatwaves (Williams et al., 2013). Passive cooling 
techniques are being studied and employed globally to provide indoor thermal comfort conditions within a structure. Du et 
al (2014) investigated effects on thermal comfort in a traditional courtyard building in China in the context of climate change. 
Real-time measured data showed that the micro-climate inside the entire house as well as inside individual spaces effects 
thermal comfort conditions inside the house, which is substantiated by organization of spaces (open and semi-open) to 
facilitate ventilation and regulate heat gains and losses(Du, Bokel and van den Dobbelsteen, 2014). For low-income group 
housing in India, results of studies on impact of addition of insulation in the wall assembly (Suman and Srivastava, 2008) and 
effect of roof treatment with lime concrete as insulation and finished with light reflective paint on thin roof surface sections 
(Suman and Saxena, 1992) show improved thermal performance by lowering the U-value. The current study uses recorded 
temperature data (from 1976-2016) for Roorkee and analyses the trend in Tmax, Tmin and Tmean for the specified period. 
The identified trend is analyzed to assess indoor thermal comfort of residential buildings using whole building simulation 
which leads to the evolving of passive design strategies for residential buildings. 

2. TEMPERATURE TRENDS FOR THE CITY OF ROORKEE

Roorkee is located in Haridwar district in the state of Uttarakhand, India and is geographically spread over a flat terrain 
at the foothills of Shivalik range of the great Himalayas. The climate is classified ‘composite’ by ECBC, India (Bureau of 
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Energy Efficiency, 2011). The city experiences prolonged hot summers from April-September, and acute cold winters 
between November-February. March and October are months where periods of warm days and cold nights prevail. The city 
experiences significant yet short periods of precipitation. Daily temperature record (Tmax, Tmin and Tmean) from 1976-2016 
for Roorkee was procured from the observatory at National Institute of Hydrology (NIH), Roorkee. The procured dataset had 
limitations for relative humidity (only single data entry for the entire day), wind speed (only single entry for entire day) & solar 
radiation (no record available) and have not been considered for trend analysis. The following trend series are prepared: -

• days with periods of warmth-Tmax above 35°C, 37°C, 40°C (figure 1).

• days with periods of cold-Tmin below 15°C, 10°C, 5°C (figure 1).

• days having mean temperature above average annual mean (figure 2).

Figure 1 Days with Warmth (Left-side graph) & Days with Cold(Right-side graph). (source: Author)

Figure 2 Days above annual average mean temperature. (source: Author)

Significant trends are obtained from analysis of temperature data: -

• Increasing trend in number of days with Tmax above 35°C highlighting a warming trend, observed from slope of 
equation of regression line.

• Decreasing trend in number of days with cold (Tmin is below 15°C, 10°C, 5°C), observed from slope of equation of 
regression line.

• Increasing trend in number of days with mean temperature above annual average mean temperature

• Extension of period with warmth, though the number of days with heat severity (Tmax above 40°C) are not increasing

2.1 Translation of weather trends into representative weather files 

The observed temperature trend has been translated into individual representative weather files for four decades, that is for 
1976-85, 1986-95, 1996-05, 2006-16 for indoor thermal comfort simulation. Using the least range of standard deviation 
obtained from the difference between the decadal average and individual daily temperature reading for both Tmax and 
Tmin, representative months for each decade were identified and selected. As the city does not have a weather file of its 
own and due to the inconsistencies in the data of relative humidity, wind speed and solar radiation; the weather file has 
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been created using the temperature data of Roorkee (for each decade) and humidity, wind speed and solar radiation data 
of Saharanpur, the nearest weather station file available. The weather files have been created using a freeware tool called 
‘Elements’ developed by RMI, Colorado (Rocky Mountain Institute 2018). 

3. METHODOLOGY FOR THERMAL COMFORT ANALYSIS

To assess impact of identified temperature trend on thermal comfort inside a residential building, following methodology 
using number of met hours with thermal comfort (arrived using whole building simulation method) has been developed: - 

• Existing plotted residential buildings in planned housing schemes built in the last 10-20 years using contemporary 
construction system (R.C.C. framed structure and brick infill as walls and partitions) have been documented. 
Institutional residential buildings have not been considered.

• Documented cases have been modelled in Design Builder simulation software for whole-building simulation using 
as-built assemblies for wall, roof, ceiling, doors and windows.

• Simulation results for indoor air temperature, radiant temperature, relative humidity and air velocity are used to 
calculate number of indoor comfort hours using the Tropical Summer Index after the simulation of each decadal 
weather file. 

3.1 Tropical summer index-TSI 

Developed by the Central Building Research Institute, Roorkee(CBRI), Tropical Summer Index is the temperature of calm 
air at 50% relative humidity that produces the same overall thermal sensation as the environment under investigation. The 
relative humidity is kept as 50% is considered as a reasonable intermediate value for prevailing humidity conditions (Sharma 
and Ali, 1986). It is calculated using the mathematical expression: - 

TSI = 0.308 * (Tw) + 0.745 * (Tg) – 2.06 * (v)1/2 + 0.841 (1)

Where:

Tw= Wet Bulb Temperature in °C, Tg = Globe Temperature in °C, v = Air Velocity in m/s

Temperature ranges defined by Tropical Summer Index are: TSI >34°C – too hot, TSI between 30-34°C – Tolerable 
Warmth, TSI between 25-30°C – Thermal Comfort, TSI between 19-25°C – Tolerable Cold, TSI < 19°C – Too Cold. Limits 
for tolerable warmth and tolerable cold are considered as extensions of the comfort band, where comfort can be achieved 
by means of regulating metabolic activity or through clothing. Equations for Tg (Novalynx Corporation, 2010) and Tw (Stull, 
2011)  have been used as Tw and Tg are not obtained from design builder simulation :- 

Tw = Ta atan(0.151977(RH % + 18.313659)1/2 + atan (Ta+RH%) – atan(RH%-1.676331) +    0.003918(RH%)3/2 atan 
(0.023101Xrh%) – 4.686035                                                                                           (2)

Tg = (MRT + (2.42 x V x Ta) / (1 + 2.42 x V)                                                                                                       (3) 

Where:

Tg = Globe Temperature in °C, Ta= Dry-Bulb Temperature in °C, RH = Relative Humidity in %, 
MRT = Mean Radiant Temperature/ Radiant Temperature in °C  

Equation (1) is used to obtain the TSI temperature for every hour, the values of which is further used to calculate number 
of comfort hours in a year. 

4. DISCUSSION OF SIMULATION RESULTS FOR DOCUMENTED CASES

Most residential developments in Roorkee are plotted row-housing. Residential buildings documented are private plotted 
houses in planned housing schemes in Roorkee and built using RCC framed structure with 230mm thick brick wall as 
opaque envelope and 115mm thick brick as infill and internal wall partitions. Windows and doors are made of wooden 
frames with full wooden shutters or wood and glass panels shutters. Analysis of 4 documented houses is presented in table 
1. The ground floor plans shown in table 1 indicate a compact space layout, without no front and rear setbacks. There is 
an open-to-sky cut-out at the rear-end which is covered at each floor using perforated steel-mesh that allows ventilation 
and filtered natural-light. Bedrooms and toilets at the rear ventilate through this cut-out. Internal doors have a 600mm high 
openable ventilator above the door-opening height for ventilation. 
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Table 1: Preliminary Simulation Analysis.

4.1 Preliminary simulation analysis 

Documented buildings have been simulated in Design Builder software for the four representative weather files, the results 
of which are interpreted as number of comfort hours on the TSI scale (table 1). The simulation results for every documented 
residential building indicate an increase in warmth outside in every decade because of the following observations: -

• Decrease in number of hours with comfort (TSI – 25-30°C) in every decade.

• Decrease in number of hours with cold discomfort (TSI<19°C) in every decade, even though hours with cold 
discomfort are present for 1/4th of the year.

• Increase in number of hours with tolerable warmth (TSI – 30-34°C) and with warm discomfort (TSI>34°C) in every 
decade.

4.2 Heat Loss/Gains from Building Envelope

Figure 3 highlights that though the period with warmth is increasing, the number of hours with cold discomfort (TSI<19°C) 
are more when compared to number of hours with warmth discomfort. Heat balance graphs are used to analyze heat gains 
and losses due to the walls, windows, roofs, floors and ceilings for the month of January (winter season) and June (summer 
season). The roof (150mm thick R.C.C. roof with brick bat terracing laid in-slope) and walls (230mm thick brick wall) have 
high U-values of 2.251 W/m2K & 2.084 W/m2K respectively. 
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Figure 3 Heat Balance Graph for January(left) & June(right). (source: Author)

4.2.1 Heat Balance Graph for January

The heat balance graph for January (figure 4, left graph) shows that as outdoor temperature rises, heat is gained primarily 
from windows while wall and roof cause heat losses. The roof and wall gain heat by conduction and have a low thermal mass 
in these cases. Due to low surface temperature of the structure, the wall and roof gain heat from the ambient environment 
rather than releasing it. During winter season, the wall and roof absorb heat front ambient environment. As a result, indoor 
temperatures during the nights for winter season are very low.

4.2.2 Heat Balance Graph for June

During June, the windows, walls and roof contribute to the heat gains (figure 4, right-side graph). Along with the windows, 
the high U-values of roof and wall cause heat-gain by conduction and rapid heat-dissipation in indoors by convection. 
But as the outdoor dry bulb temperature goes down, the indoor temperature remains elevated (because of higher surface 
temperature) causing discomfort during night-time in the summer season. This can also be attributed to the lack of natural 
ventilation during night-time which helps to reduce indoor air temperature through night flushing.

4.3 Identification of components for intervention

Analysis from section 4.2.1 and 4.2.2 highlights a probable cause for heat gains and losses inside the structure as the high 
U-values of the wall and roof causes significant heat losses in winters and significant heat gains in the summers, lack of 
natural ventilation inside the structure creates discomfort during nights in the summer season. 

5. TENTATIVE INTERVENTIONS

Based on the analysis and findings of section 4.2, several strategies and measures were identified to help regulate seasonal 
heat gains and losses in the structure. Passive-design strategies have been preferred (Krishan et al., 1999) and the 
suggestive measures have been classified into categories of ECM (Energy Conservation Modules) in table 2. The first three 
ECM categories have been implemented individually on the best performing documented building (the Gulati House) while 
for the last category the entire planning has been revisited.

Table 2 List of ECM Modules

Category ECM Number of 
Modules

Description

Element Building Orientation 4 Building is oriented in 4 directions 

Projection factor for window with 
shade    

Canopy cover over roof (pergola) 

9

3

Shading device over window varies ith a projection factor from 
0.13-1.25
Roof provided with a canopy varying from 50%, 75%,100% 
coverage

Assembly 
Configuration

Wall assembly 
Roof assembly 
Double-Glazed windows

3
3
3

Wall assemblies with different material 
Roof configurations including insulation like EPS and green roof 
Windows with air gaps and low-e glass

Spatial 
configuration

Introduction of an atrium in the plan 
Staircase used as a ventilation shaft

2
2

House having an atrium ventilated at the top 
House with staircase as ventilation shaft

Micro-climatic temperature trend as a basis of passive design for residential buildings
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6. ANALYSIS OF ECM MODULES

The ECM modules listed in table-1 were simulated in Design Builder software. Table-3 shows the simulation results as 
number of met comfort hours and highlights the best performing strategy.

Table 3 ECM module analysis
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7. CONCLUSIONS 

Temperature data analysis for Roorkee shows a warming trend, which is in confirmation with rise in global temperature and 
what is happening in India (Arora, Goel and Singh, 2005) (Rathore, Attri and Jaswal, 2013). The extension of warming period 
is evidence of effects of an event taking place globally and are being felt in the individual houses considered in this study. 
Comfort hours calculated for documented buildings using TSI show that though there is a rise in hours with heat severity 
(TSI>34°C) in a building, number of hours with cold discomfort/severity (TSI<19°C) are more (up-to 23-25%) in a year. 

From the strategies proposed as ECM’s, there are individual strategies that can increase hours with comfort and 
adaptable comfort on the TSI index, like: -

• East-facing building with longer side on E-W axis provides 31.7%(2,779) hours annually.

• Shade projection from the roof has minimum projection factor for window and provides 32%(2,820) comfort hours.

• Wall assembly with low U-value (200 mm thick AAC block wall (0.491 W/m2K) provides 30%(2,628) hours with 
comfort.
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• Roof assembly with low-U-value (like 150mm thick R.C.C. roof terraced with reflective tiles and with 50mm thick 
underdeck insulation (U-Value-0.920)) or green roof can provide 33.6%(2,947) hours and 34.8%(3,049) hours with 
comfort respectively.

• Roof Canopy (pergola) with 100% roof coverage provides 26.77%(2,345) comfort hours. 

• A house designed using an atrium ventilated at the top and with best performing ECM’s (mentioned above) gives 
maximum hours with thermal comfort (3218-upto 37%) and reduces cold discomfort hours (1043-upto 12%). A 
house with the staircase as a ventilation shaft reduces hours with cold discomfort (1687-upto 19%) and provides 
28-30% hours (2511-2653) with thermal comfort but with mechanical ventilation using exhaust fans.

Measures and strategies suggested above show that passive-design techniques involving wall and roof assembly with 
high thermal capacity along with passive cooling techniques like a ventilated atrium work as a design approach with minor 
modification with regards to demands of space. 
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Abstract: Outdoor thermal comfort is an effective attribute to the success of urban places. Various studies were employed 
to examine thermal perception and preferences of users within different geographical, functional, and climatic contexts. 
The complexity of the research led to the adoption of various definitions for terms and analysis methods even for similar 
benchmarks. However, to move forward with this topic, it is crucial to identify and when possible unify the different methods 
of analysis that are found to be accurate and reliable. This paper attempts to review the outdoor thermal comfort benchmark 
used in identifying users’ thermal perception. Neutral temperature representing a main outdoor thermal comfort benchmark 
will be calculated for users in an educational campus in Melbourne city, Australia. The analysis is based on both the climatic 
characteristics of the place and the users’ thermal sensation votes. The results of the different methods used to calculate 
this benchmark are then compared and analysed. The findings showed a variation in the calculated neutral temperatures 
using different methods, yet they were all within the acceptable calculated temperature. These findings are to help urban 
decision makers in designing comfortable outdoor urban places.

Keywords: Outdoor thermal comfort; Neutral Temperature; Physiological Equivalent Temperature; University campus.

1. INTRODUCTION

Outdoor thermal comfort has gained a high reputation due to being associated with global warming as well as the rapid 
urbanisation characterising this era (Mavrogianni et al., 2011). It has been proven that comfortable outdoor places affect 
humans’ quality of life. Oppositely, high temperature lead to health problems and in many contexts increases death rates 
(Salata et al., 2017). Accordingly, identifying comfortable temperatures for humans is crucial especially with the existing 
climate change trends.

University campuses are considered types of outdoor places which have gained high attention due to the high competition 
between educational organisations for their contribution to the economic sector in many countries. As Marcus and Francis 
(1998) identified, students tend to prefer outdoor places within university campuses according to reasons that are directly 
and indirectly related to thermal comfort including shade and sun, feeling comfortable, trees and greenery.  Providing a 
thermally comfortable campus is then a vital attribute to fulfilling their function. 

Previous studies have determined thermal comfort benchmarks in various contexts, however, a variety of methods and 
instruments are used in their calculations (Cheung & Jim, 2017; Golasi, Salata, de Lieto Vollaro, & Coppi, 2018). These 
variations involved measured climatic parameters, thermal comfort scales, indices as well as statistical tests used in the 
analysis phase. This paper aims to identify thermal comfort perception at Deakin University campus in Melbourne city, 
Australia. To achieve a comprehensive understanding of outdoor thermal comfort within the campus, the methods used in 
previous studies are to be reviewed and the most reported benchmark is to be calculated. 

2. OUTDOOR THERMAL COMFORT STUDIES

Empirical thermal comfort studies are the most commonly used in identifying users thermal perceptions within outdoor urban 
places (Chen & Ng, 2012). Based on 24 studies, Cheung and Jim (2017) identified the main thermal comfort benchmarks 
calculated. The authors have recognised that the Neutral Temperature (NT) is the benchmark the most determinant to 
perceiving outdoor thermal comfort and the most reported in literature. This benchmark is defined by the temperature at 
which people feel thermally neutral (neither warm nor cool) (Fanger, 1972). Different analytical methods were employed in 
previous empirical studies to calculating the NT. The most commonly used methods is treating NT as the temperature at 
which thermal sensation equals zero in from the linear regression between the mean thermal sensation votes (MTSV) and 
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the thermal index temperature (Kántor, Égerházi, & Unger, 2012; E. L. Krüger & Rossi, 2011; Li, Zhang, & Zhao, 2016; 
Pantavou, Theoharatos, Santamouris, & Asimakopoulos, 2013). This method has been used with various treatments for 
thermal sensation vote’s variable. In previous studies, TSV was computed as raw data (E. L. Krüger & Rossi, 2011) or as 
MTSV in 0.5, and 1.0°C bins (Lin & Matzarakis, 2008; Salata, Golasi, de Lieto Vollaro, & de Lieto Vollaro, 2016). It was 
noticed that the binned TSV significantly augments the correlation coefficient of the regression (E. Krüger, Drach, Emmanuel, 
& Corbella, 2013). The main drawback for using these methods is how the studies treat the dependent variables (MTSV) 
as continuous data. However, in their indoor thermal comfort study, de Dear and Fountain (1994) reported insignificant 
variation between treating the data as continuous (using the linear regression) and ordinal (using the probit analysis). Other 
methods including the probit analysis (Spagnolo & de-Dear, 2003) and the quadratic regression (Kántor et al., 2012) were 
also used to determine NT. Using the probit analysis in identifying NT is based on Spagnolo and de-Dear (2003). The authors 
defined NT as the temperature in which equal probabilities occur for respondents to vote warmer than neutral and cooler 
than neutral. In their analysis, the actual neutral thermal sensation votes were randomly distributed to both sides of the 
scale. In this study, to identify thermal comfort perceptions for Deakin’s University Campus’ users at Melbourne city, NT is 
calculated based on the different methods used in previous studies.

3. METHODS

Empirical outdoor thermal comfort studies involve both objective measurements of the climatic parameters and subjective 
assessments of the users’ sensation of the thermal environment. Both measurements are to be taken at the same time and 
context (Chen & Ng, 2012; Kenawy & ElKadi, 2013).  The required data are collected through comfort carts (MABEL) and 
simultaneous questionnaires for the climatic parameters and human thermal sensation respectively. The data were collected 
during weekdays during the months of February and August representing the summer and winter seasons respectively. 
Weekends and rainy days were excluded from the study. The analysis used to calculate the Neutral Temperature are based 
on both regression and probability analysis methods employed in similar previous studies.

3.1 Study Area

To identify thermal comfort perception at university campuses at Melbourne city, Deakin University Burwood campus has 
been selected. The campus is located in Melbourne’s eastern suburb of Burwood (37°50′52′S 145°06′51′E) approximately 
15 km from Melbourne’s CBD accommodating around 26,000 students and 1500 staff members. The study area took place 
within the central courtyard shown in Figure 1 involving different sitting areas and landscape elements where the majority of 
students integrate. The area includes various urban composition, land covers, and activities which ensure a wider coverage 
for the different types of urban places.

 Figure 1 Layout for Study Area at Burwood Campus
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The city of Melbourne is characterised by a Maritime temperate climate, the main climatic parameters recorded by the 
Bureau of Meteorology are outlined in Table 1 summarises the main climatic statistics recorded from 1855 to 2015 (BOM, 
2017). The record shows that the mean temperature lies between minimum and maximum of 13°C and 26°C during 
summer and between 6 and 15°C during winter. As per Shooshtarian and Rajagopalan (2017) and Kenawy and Elkadi 
(2018), these values lie between cool to slightly warm and between very cold to slightly cool during summer and winter 
seasons respectively.

Table 1: The main climatic statistics recorder from 1855 to 2015.

Statistics Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Mean Max Temperature (°C) 26 25.8 23.9 20.3 16.7 14.1 13.5 15 17.3 19.7 22 24.2

Mean Min Temperature (°C) 14.3 14.6 13.2 10.8 8.7 6.9 6 6.7 8 9.6 11.2 13

Mean Rainfall (mm) 46.8 48 50.1 57.3 55.7 49.5 47.5 50 58 66 60.3 59.1

Mean relative humidity (%) 55 57 58.5 61.5 68 71.5 70 64.5 60 56 56 54.5

Mean wind speed (Km/h) 12.4 11.7 11 10.8 10.8 11 12.3 13.3 14.1 14.1 13.2 13.1

As previously stated, the collected data involve both climatic parameters and human sensations to include both objective 
and subjective dimensions in the analysis. 

3.2 Climatic Measurements

The Mobile Architecture and Built Environment Laboratory (MABEL) comfort carts are used in this study to monitor the 
different climatic parameters in both sunny and shaded areas. The main climatic parameters gathered in this study are the 
air temperature (Ta in °C), the globe temperature (Tg in °C), the wind speed (V in m/s), the relative humidity (RH in %), and 
the global radiation (R in G). The data are collected during both summer and winter seasons from 9:00 to 5:00 pm. The 
data loggers in both comfort carts record the measured data at one, and fifteen minutes internals at three heights. Three 
heights of measurements at 0.1, 0.6, 1.1 and 1.7 meters above the floor allowed obtaining data relevant to the position of 
the respondents lying, sitting or standing. 

The mean radiant temperature (Tmrt) is one of the main climatic parameters influencing thermal sensations. It is defined 
as the ‘uniform temperature of an imaginary enclosure in which radiant heat transfer from the human body is equal to the 
radiant heat transfer in the actual non-uniform enclosure’ (ASHRAE, 2001). The study used Thorsson, Lindberg, Eliasson, 
and Holmer (2007) equation to calculate Tmrt as it is reported the closest to other complex methods used in the calculations 
based on both integral radiation measurements and angular factor.

 (1)

Where: D is globe diameter (m) (= 0.038 m in this study), and ε is emissivity (= 0.95 for black coloured globe). 

 This climatic parameter is a critical variable in the calculation of the physiological equivalent temperature (PET) thermal 
comfort index used in this study. It is noted from previous studies that the PET is the commonly used index in representing 
the actual thermal sensation votes within outdoor places (Cheung & Jim, 2017). In this study, the Rayman software was 
used in the calculation of the PET index as the unit of analysis (Matzarakis, Rutz, & Mayer, 2007).

3.3 Human thermal sensation

Human sensations are monitored through a questionnaire complementing the simultaneous climatic parameters measured. 
The questionnaire started with the users’ personal data including the age, gender, time spent in the outdoor place, clothing 
and activity levels. The users were then asked to identify their thermal sensation votes through the ASHRAE 7 points 
scale, being the most commonly used in similar previous studies (Cheung & Jim, 2017). Additional data including the time, 
location, sky conditions were also observed and recorded.

Table 2: ASHRAE 7 points scale.

Cold Cool Slightly Cool Neutral Slightly Warm Warm Hot

-3 -2 -1 0 +1 +2 +3
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4. THE DATA COLLECTION

4.1 Respondents’ profiles

A total of 509 questionnaires were gathered during both seasons with 249 and 260 respondents during summer and winter 
respectively. The frequencies of female and male respondents were 325 and 184 respectively. It is noted that the distribution 
of gender varies during summer, however, during winter both genders are almost equally represented as shown in Figure 2. 
This percentage is well representing the total users in the campus as the ratio between the male and female of the sample 
is 36 to 64% and for the overall campus, users are 38 to 62% respectively (Deakin-University, 2017). 

Figure 2 Gender Distribution of Respondents during summer and winter.

4.2 Climatic Measurements

The climatic parameters were recorded every minute and averaged every 15 minutes intervals. The frequency distribution 
of the mean measured air temperature showed that during summer the air temperature values lied between 22.6 and 32° 
C, and between 7.8 and 14° C during winter in the sunny areas. These values in shaded areas lied between 18 and 34.6°C 
during summer and between 7.5 and 12.6°C during winter. The air humidity lied between 8.5 and 76% during summer 
and between 55 and 86.5% during winter. The mean wind speed values were 0.75 and 0.85 m/s during summer and 
winter respectively. The mean radiant temperature varied from 18.2 and 40.3°C during summer and from 7.7 and 17.8°C 
during winter. The calculated PET values based on the measured climatic measurements varied from 17.5 and 33°C during 
summer and between 5 and 13°C during winter. According to the PET classification for temperate climate, these values 
lies between slightly cool and warm during summer and between cold and slightly cool during winter (Matzarakis, Mayer, & 
Isiomon, 1999). As per Shooshtarian and Rajagopalan (2017) and Kenawy and Elkadi (2018), these values lie between cool 
to hot and between very cold to slightly cool during summer and winter seasons respectively.

5. THE EMPIRICAL ANALYSIS

5.1 Human thermal sensation votes

The thermal sensation votes (TSV) are collected from the questionnaire using the ASHRAE 7 points scale. The respondents’ 
votes showed skewness towards the cold direction of the ASHRAE scale (TSV < 0) with a percentage of 55.2%, while 
37.5% of the respondents voted toward the warm direction (TSV > 0). The remaining 7.3% indicated to be thermally neutral 
(TSV=0). It is clear from Figure 3 that the responses during the summer season are widely distributed along the scale when 
compared to the winter responses, which corresponds to the wider range of measured PET during summer as shown in 
the previous section. The values of mean TSV (MTSV) in relation to their correspondent mean measured PET are shown in 
Table 3.
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Figure 3 Thermal Sensation Votes at Burwood Campus.

Table 3: Mean thermal sensation votes and mean measured PET during summer and winter.

MTSV Skewness MTSV Mean PET Skewness

Summer +1.31 -1.1 25.5 0.5

Winter -2.69 0.87 8.4 0.79

5.2 Neutral Temperature Calculations

In order to better identify outdoor perceived thermal comfort at Burwood Campus, the Neutral temperature is calculated 
using both regression and probit analysis. The thermal sensation votes are first analysed in relation to the measured thermal 
comfort index (PET). The mean thermal sensation vote (MTSV) is calculated for each 0.5°C PET interval (Lin & Matzarakis, 
2008; Yang, Wong, & Jusuf, 2013). A strong linear relationship was found when employing a simple linear regression on the 
MTSV of the total respondents as a function of the measured PET as shown in Figure 4. The fitted regression lines resulted 
for the relation between MTSV and PET during summer, winter and the aggregated data are represented by equations (2), 
(3) and (4) respectively.

Summer: MTSV = 0.127PET – 2.192  R2 = 0.783, P < .001 (2)

Winter: MTSV = 0.158 PET – 3.376  R2 = 0.842, P <.001 (3)

Total MTSV = 0.171 PET – 3.414  R2 = 0.929, P <.001 (4)

Where:

MTSV = mean thermal sensation votes; PET = the physiological equivalent temperature index.
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Figure 4 Linear regression model between MTSV and PET.

The neutral temperature for the aggregated data is calculated to be 20°C by solving the fitted equation (4) having the 
mean sensation vote equals zero. This temperature values during summer and winter are calculated to be 17.2 and 21.4 
°C respectively. 

When repeating the linear regression having the mean thermal sensation vote (MTSV) calculated for each 1°C PET interval 
(E. Krüger et al., 2013; Salata et al., 2016). Another strong linear relationship was found when employing a simple linear 
regression on the MTSV of the total respondents as a function of the measured PET. The neutral temperature calculated 
from the fitted regression lines resulted for the relation between MTSV and PET during summer, winter and the aggregated 
data represented by equations (5), (6) and (7) are 18.04, 23 and 20.4 °C respectively.

Summer: MTSV = 0.125PET - 2.255  R2 = 0.697, P < .001 (5)

Winter: MTSV = 0.140 PET – 3.221  R2 = 0.895, P <.001 (6)

Total MTSV = 0.165 PET – 3.368  R2 = 0.949, P <.001 (7)

Where:

MTSV = mean thermal sensation votes; PET = the physiological equivalent temperature index.

The linear regression was again repeated using the used the raw data to perform the linear regression (E. L. Krüger 
& Rossi, 2011). A linear relationship was found when employing a simple linear regression on the raw TSV of the total 
respondents as a function of the measured PET aggregated data. The same regression was statistically significant during 
summer, yet with a very weak coefficient of determination. The neutral temperature calculated from the fitted regression lines 
resulted for the relation between MTSV and PET for the aggregated data represented by equations (8) is 19.7 °C.

Total TSV = 0.192 PET – 3.786  R2 = 0.729, P <.001 (8)

Where:

TSV = Raw thermal sensation votes; PET = the physiological equivalent temperature index.

The probit analysis has also been used to identify NT based on the equal probability of voting for (cooler than neutral 
thermal sensation votes) and (warmer than neutral thermal sensation votes) with random splitting to neutral thermal 
sensation votes(Spagnolo & de-Dear, 2003) as shown in Figure 5.  In this study, the non-parametric Chi-square assessing 
the goodness of fit of the probit models for both TSV cold and warm feeling indicated statistically significant results of (X2 = 
73.976, d(f) = 23, p < 0.01) and (X2 = 54.595, d(f) = 21, p <0.01) respectively. The intersection of the two fitted probability 
lines indicates the neutral temperature at 17.5°C. This value is 2.5°C less than the neutral PET obtained from the linear 
regression.
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Figure 5 The neutral temperature obtained from the probit model

The different analysis showed different results for the NT as summarised in Table 4. With the assumption that the mean 
thermal sensation votes of ±0.85 on the ASHRAE scale correspond to 80% of thermal acceptability (ISO-7730, 2005), the 
acceptable temperature is determined to lie between 15°C and 24.9°C when solving the linear equation (4).

Table 4: Neutral Temperature values using different analysis.

 

Summer Winter Aggregated data

Linear regression: MTSV (0.5°C interval) 17.2°C 21.4°C 20°C

Linear regression: MTSV (1°C interval) 18.4°C 23°C 20.4°C

Linear regression: TSV - - 19.7°C

Probit analysis - - 17.5°C

6. CONCLUSION

Due to the significant role of thermal comfort in outdoor urban places including university campuses, this paper aimed to 
identify thermal comfort perception at Deakin University’s main campus in Melbourne city, Australia. From previous studies, 
various definitions, as well as analysis methods, are identified for the different thermal comfort benchmarks. The Neutral 
temperature (NT) benchmark was calculated for Deakin University campus users, being the most reported benchmark in 
previous outdoor thermal comfort studies. The analysis was based on both objective climatic measurements and subjective 
human thermal sensation. Linear regression is the most commonly used method to calculate NT. However, various treatments 
for thermal sensation votes (TSV) are found in previous literature. When applying the different methods for treating TSV in 
the linear regression, very close values were obtained for NT. NT were found to be 19.7°C, 20°C and 20.4°C for the treating 
TSV as raw data and MTSC in 0.5, and 1.0°C bins respectively. However, the probit analysis NT value varied to be 17.5°C 
which is 2.5°C difference from the average NT calculated from the linear regression analysis. With the assumption that the 
mean thermal sensation votes of ±0.85 on the ASHRAE scale correspond to 80% of thermal acceptability (ISO-7730, 2005), 
the acceptable temperatures were calculated to vary between 15°C and 24.9°C when solving the linear equation between 
the MTSV calculated for each 0.5°C PET interval of total respondents as a function of the measured PET. Accordingly, 
although the NT calculated using the probit analysis varied significantly from those calculated using the linear regression, 
they were still within the acceptable thermal comfort range. To help urban professionals designing thermally comfortable 
outdoor places and reaching more sustainable outcomes, it is recommended to consider the different methods for analysing 
thermal comfort benchmarks.

Outdoor Neutral Temperature Assessment within Deakin University Campus at Melbourne City, Australia
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Abstract: Place Agency is a collaborative project focused on the theory and practice of placemaking and its various 
strategies. The project aims to build capacity, test theory, experiment with processes and identify methods to evaluate 
placemaking decisions in order to create vibrant, citizen engaged public places and ultimately, better cities. A consortium 
of five universities has co-created a comprehensive suite of placemaking educational modules informed by the industry 
and have created a framework to deliver ‘sandbox studios’ where students engage with, design and/or build real-world 
placemaking interventions. This paper outlines how the project intends to assess the learnings of the students participating 
in a sandbox studio as understood based on the feedback from the community, the lecturers and the students themselves. 
Is it increasing the capacity for understanding and implementing placemaking? Is it creating place agents? This paper will 
present the theory, the practice and the outcomes of those who have participated in the project in 2018.

Keywords: sandbox studios, practice-lead teaching, participatory teaching, placemaking.

1. INTRODUCTION

Placemaking is a worldwide movement focusing on the process of developing places through the active participation of the 
citizens that conceive, perceive and live in that place (Arefi, 2014). It aims to create place attachment, a foundational concept 
of environmental psychology. Strong place attachment is linked to positive outcomes in health and community participation 
(Anton and Lawrence, 2014), civic behaviour and perceptions of safety (Billig, 2006). It is possible to conduct placemaking 
through formal (i.e. strategic placemaking) and informal (i.e. tactical urbanism) channels. The key characteristics required 
to identify a placemaking project are: 1) a process which puts emphasis on deep engagement with the community of an 
area; 2) the use of relatively small projects to trigger long-term benefits; and 3) the aim of improving life quality by developing 
social cohesion and place attachment that contributes to the planning and investment in public places (Kyle et al., 2004). 

The positive potential of placemaking is well documented for its role in fostering place attachment in increasingly dense, 
diverse and mobile communities (Lewicka, 2010; Scannell and Gifford, 2010). The strengths of placemaking lie in its quick, 
easy and often affordable approach to reimagining spaces (PPS, n.d.). Successful placemaking efforts are often community-
led or have undergone extensive community engagement where ‘placemakers’ take the time to build a relationship with the 
people of that area. In many ways, the placemaker can become a facilitator who provides a safe space for the community 
to voice their opinions and needs. Subsequently they work with them to come up with key initiatives that can lead to place 
improvement which may or may not be a design intervention (i.e. CoCreate Cremorne is a community initiative often delving 
into enhancing the connection between the residents of Cremorne through Street Fests, signage sharing the history of their 
neighbourhood or other workshops; CoCreateCremorne, n.d.). 

Within the built environment, Placemaking is simultaneously a process (of community engagement) and a product 
or intervention aiming to enhance the meaning or connection between the people and the place. It is a time-consuming 
practice in which trained facilitation, communication and listening skills are critical to making a place thrive. Because time is 
often limited, placemaking projects can easily be superficial in their engagement and thus, fail to achieve long-term benefits 
and can contribute to inequality and gentrification across communities (Fincher et al., 2016). Superficial placemaking may 
result from processes which lack deep community engagement throughout the site analysis and conceptual design of an 
area or simply because the process fails to ensure that the community feels motivated to take ownership of the space. In 
other words, to ensure there is an agency to take physical action in shaping and reshaping the space into something that 
emotionally connects with the community. Often, this is because our institutions fail to train our future built-environment 
professionals to make authentic places (Hernandez-Santin and Hes, 2016) or consider strategies to ensure the ongoing 
place strategy. It is clear that more research is needed to not only gain a greater understanding of how genuine placemaking 
can be achieved but also how it can be taught.

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.603–610. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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This paper explores the development of the ‘Place Agency’ program, a collaborative and multi-university project1 funded by 
the Myer Foundation and focused on the theory and practice of placemaking and tactical urbanism. It aims to enable Master 
students of built environment disciplines to develop the practical skills needed for effective community engagement, ‘place’ 
based design and project implementation. The project aims to build the capacity of our current students to practice place-
led approaches in order to create vibrant, citizen engaged public spaces and ultimately, better cities. In collaboration with 
a number of stakeholders, we established a unique pedagogical placemaking approach to creating authentic engagement 
with site and community. This resulted in co-creating a comprehensive suite of placemaking educational modules and 
placemaking sandbox studios where students engaged with, design and/or build real-world placemaking interventions. The 
paper will present our approach to the Place Agency curriculum development, as well as teaching placemaking theory and 
practice to students. It outlines some of the key strategies for increasing the capacity for understanding and implementing 
placemaking within a Tertiary context.

2. DEVELOPING THE PLACE AGENCY PROGRAM

Place Agency’s pedagogical approach was developed with a cohort of placemaking practitioners and academics (see 
footnote 1). The aims of the project were to: create a common language for placemaking connecting its procurers (councils, 
developers, and traders), practitioners (consultants and designers) and students; deliver a theory and practice place-based 
program which enables students to plan, design and implement placemaking projects, and; provide opportunities for 
students to develop practical skills on community participation and co-design and for citizens to voice local needs and 
aspirations. 

Four groups were identified as key stakeholders that could inform and direct the project, these included: 1) placemaking 
procurers; 2) the academic consortium; 3) the practitioner partners of the consortium, and; 4) students. Core to this process 
was the facilitation of creating open collaboration and multiple feedback loops that would allow the different groups to 
actively participate in developing the program’s principles, objectives, priorities, teaching strategy and assessment activities. 
Thus, the Place Agency development was conducted in three stages: 1) gathering different perspectives through surveys 
(pre-work); 2) conducting a Place Agency project strategy (PAPS) workshop, and; 3) developing the post-workshop activities 
that would incorporate the content and assessment strategies employed by the project (Figure 1).  

Figure 1: Overall process to develop the Place Agency Program.

1 The consortium includes the University of Adelaide, Curtin University, The University of Melbourne, The University of Queensland and 
The University of Technology of Sydney. These consortium is supported by seventeen highly skilled placemaking practitioners who have 
provided their input at various stages of the project development. These practitioners represent the following Australian organisations: 
Place Leaders Asia Pacific, CoDesign Studio, Village Well, Here Studio, 226 Strategic, Place Design Studio, John Mongard Landscape 
Architects, ASPECT Studios, City Collective, Oxigen, PIDCOCK - Architecture + Sustainability, Place SA, TPG + Place Match, MRA, 
Jensen + and EcoUrban. 
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To develop an idea of how placemaking is understood amongst placemaking experts (practitioners and researchers), 
we began the pre-work (Stage One) by conducting a series of interviews and surveys to examine peoples’ experiences of 
placemaking and discuss common barriers and opportunities within placemaking practice and how it is taught in tertiary 
education. The study revealed how built-environment graduates are often passionate and enthusiastic about working on 
projects with a strong social focus, but generally lacked the ‘soft-skills’ required for effective community engagement 
(Hernandez-Santin and Hes, 2016). Amongst other findings, the pre-work study highlighted the three most common barriers 
for placemaking. These were identified as: 1) lack of budget; 2) lack of placemaking understanding by either the community 
or the placemaking procurers, and; 3) lack of governance system’s conducive to community action. We identified that 
academic institutions have a unique opportunity to provide students with a strong theoretical foundation of place while 
simultaneously allowing them to practice the skills needed for placemaking. 

Figure 2: Place Agency Methodology. An overview of the modules or themes addressed by the Place Agency program and how they fit 
within the delivery of a placemaking project.

Building on the pre-work process, we facilitated a two-day workshop in October 2017 (Stage Two) with 45 attendees, 
including thirteen practitioner partners of the Place Agency Consortium. The workshop allowed the consortium to harness 
a cohesive vision and strategy for the Place Agency program, informed by the placemaking industry – one which would 
guide the teaching strategy of the program as well as assess its effectivity in building the next generation of placemakers. 
Along with Stage One, the workshops provided the methodology for our teaching program, incorporating both theory (a 
series of modules - (Figure 2) and practice (sandbox studios). The theoretical modules can be delivered as part of a single 
cohesive subject on placemaking or they can be taught independently by incorporating them into already existing subjects. 
The University of Melbourne has approved these modules to be delivered as an elective subject for the first time in winter 
2019. With the remaining universities in the consortium exploring opportunities to incorporate these modules into their 
current teaching. 

The workshops also gave us a framework to begin testing our ideas in practice as part of the ‘sandbox studios’ (Stage 
Three). From January to June 2018, members of the academic consortium of the University of Melbourne ran two separate 
design studios to trial the preliminary version of the practice-led approach and project assessment strategies. During 
these design studios, the lecturers and students were engaged in quick-feedback loops, enabling the consortium to shift 
the program accordingly. The feedback on the sandbox studios was gathered through a series of informal approaches, 
including observations by the studio lecturer, anonymous online surveys and email communication. 

Increasing the capacity for built environment students to connect community to decision making on space
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3. PLACE AGENCY PROGRAM DELIVERY: SANDBOX STUDIOS

Key to the education strategy of the Place Agency project is the use of existing design and planning studios to provide 
opportunities for students to interact and contribute to real-world projects. The ‘sandbox studios’ provide a space where 
students can test placemaking initiatives and community engagement strategies throughout a project. Throughout the 
duration of the project, between 20-30 studios will be run around Australia, with each university delivering between four and 
six studios across 2.5 years.

The sandbox studios were built upon the ‘62 characteristics of a great placemaker’ which were identified during the 
workshop process (Stage Two). For example, the role of facilitation and trust were highlighted as critical to successfully 
enabling the community to lead the process. This is connected to the practitioner’s ability to listen, understand and connect 
with the community while simultaneously being able to generate quality design options. The 62 skills identified during the 
workshop were categorised as either analytical (head), affective (heart) or practical (hand) skills and later synthesised and 
defined based on a readily available rubric, the VALUE rubrics (Rhodes, 2009), but tailored to the specific needs of the 
project. It was determined that the practice-based learning of the Place Agency project should aim to enhance these skills 
by placing the students in a situation where they can interact and practice their work with the community. 

We ran two pilot studios during the first half of 2018 at the University of Melbourne, including The Newport Project studio 
which is described below:

The Newport Project studio was a multi-disciplinary studio where students aimed to redesign a park to 
accommodate for future urban growth of the area. The studio ran as a summer intensive project and had a 
strong focus on community engagement strategies. Across seven weeks, 16 students enrolled in this studio 
collaborated with two local partners (Newport Traders Association and Hubcap Productions) and a small 
group of artists to develop a conceptual design for the park redevelopment. As part of their site analysis, the 
students planned, organised and delivered a community engagement event. Each team established one or 
more engagement stations distributed throughout the park and asked the community to envision the potential 
of the park: What is working well and what is needed? What are your hobbies and how can the park support 
them? For example, one team created ‘The Imaginarium’, a transparent canvas where the community could 
come and paint their vision (Figure 3, Left), meanwhile another team established the ‘Aspiration Tree’ where 
people could express what they loved and what they wished for their park (Figure 3, Right). In the context of 
this studio, the community engagement strategy doubled up as a placemaking intervention by showcasing 
games and fun activities for the community to connect with each other and with the park while simultaneously 
expressing their aspirations for the area. The students then used their conversations with the community and 
their site analysis to guide their designs. The studio resulted in four conceptual designs and four community 
plans which were presented back to the community and the local council at the end of the intensive. The 
community was very receptive to this design ideas. After the end of the intensive, two students were hired by 
our project partners to develop their ideas to further detail and report on the engagement process and the 
local council subsequently approved a budget for the redevelopment of the park. As a next step, and a festival 
by Hubcap Productions will implement some of the placemaking initiatives proposed by the students (Hes et 
al., 2018). 

Figure 3: Community consultation by Newport Project studio. Left: The Imaginarium.  
Right: Aspiration Tree.

The overall studio outcome was very successful, and the studio leaders commented on how the community response 
during the engagement events was very positive. The studio leaders stressed the importance of engaging with the 
community through ‘games and fun activities’ instead of a standard survey. These comments were also supported by the 
student themselves, who stated that the studio allowed them to “know the difference between community consultation 
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and community engagement”2. Students welcomed the challenge of transforming placemaking theory into practice as a 
differential point from their experiences with other studios. The students especially enjoyed the practical approach of the 
learning experience, highlighting how “learning what all the steps are in conducting a full consultation was incredibly helpful”3 
and that the opportunity to use “these skills practically helped me to appreciate how useful these skills are”4.

The Sandbox studios were structured to be flexible and adaptable to a variety of discipline(s) and themes. However, 
finding a common framework was vital. In response to the students’ and studio leaders’ comments, a general framework 
of sandbox studio characteristics was developed. This included: a focus on a practice-led approach; engagement with the 
community; establishing local partnerships and ongoing project legacy; and a common assessment framework to evaluate 
the project’s placemaking success.

Sandbox studios must also have an established community for the students to engage with (e.g. new developments are 
not eligible to participate) and clearly outlined objectives that are easily adaptable to the timeline of a semester. The studio 
should also be delivered in collaboration with local partners who have a strong commitment to exploring potential beyond 
the studio itself. This ‘potential’ can occur through student employment, the implementation of some of the students’ ideas, 
and/or improved community relationships. As one, our Newport Studio student commented, “our work is often hypothetical, 
so it was a great challenge and learning opportunity to put these ideas into action”5 and “it was through practical application 
and real-life interactions that I am able to understand the importance of placemaking in the community”2.

The sandbox studios receive a small budget (up to $10,000), allowing the lecturer and students to experiment with 
community engagement strategies and (where possible) prototype placemaking initiatives. The students are expected to 
engage with community stakeholders and engage in envisioning exercises through fun and engaging activities. In the 
Newport project, this opportunity was valued by the students themselves who reflect on how they “are often taught how 
important consultation is… but learning what all the steps are in conducting a full consultation was incredibly helpful”6. 
Studio ideas are shared, and outputs are presented back to the community at the end of the semester where they can 
provide comments. One student described this as a “mutually beneficial experience as it gave the community an opportunity 
to express their point of view while allowing us to practice in a supportive environment”5. 

The sandbox studio also employs a series of standardised assessment activities completed by the students, partners 
and studio leader to evaluate students’ learnings on the theory and practice of placemaking. The assessment framework 
comprises a series of activities used to evaluate the students’ learnings and the project’s legacy as analysed through 
the pedagogical approach of each particular studio. It triangulates specific exercises completed by students during the 
class, the studio leader’s observations and the feedback provided by the studio partners. There are four key activities 
completed by the students to assess their learnings. This includes: 1) an online survey assessing their theoretical knowledge 
of placemaking; 2) an online image recognition activity examining understandings of ‘place, place-masking and placeless’ 
on randomly selected images; 3) an online survey on their self-perceived placemaking capabilities (skillset) rated through the 
outcome sunflower (Figure 4); and 4) a short reflection statement (300 words) on their placemaking experience throughout 
the semester (hurdle assessment task). The first three tasks are conducted during class time at the beginning and at the 
end of the semester to compare the growth of each student. Meanwhile, the fourth activity (the reflection essay) provides 
materials for discourse analysis. During this exercise, students are asked to reflect on their development of placemaking 
skills required across the whole semester. The students complete the exercise at the beginning and at the end of the 
semester so that we can evaluate how their ideas of placemaking have shifted through the semester.  

2 Student 1, personal communication, 30 May; 

3 Student 2, personal communication, 30 May; 4 Student 3, personal communication, 30 May;  
5 Student 4, personal communication, 30 May; 6 Student 5, personal communication, 30 May.
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Figure 4: The Outcome Sunflower. Assessment of self-perceived placemaking capabilities. Skillsets definition based on VALUE rubrics 
but tailored to the project. The red lines showcase the responses of Student The student reflects on their learning of key target skills 

through their participation in the Newport Project studio. 

To determine the success of each sandbox studio, the responses to the feedback tasks are categorised in a stepwise 
trajectory towards the integration of placemaking into their ongoing practice (Figure 5). While we acknowledge that developing 
a full understanding of placemaking is beyond the scope of a single sandbox studio, we did gauge the students’ interest in 
continuing to build on their learnings as part of their reflection statements. For example, one student of the Newport Project 
wrote, “today… [I] ask myself ‘how can I make this space a place that someone would want to be in?”4 and another; “This 
studio provided me with more information on Placemaking as a profession- I wasn’t aware there were so many opportunities 
available, both in the public and private sectors. Being able to meet these professionals and share their knowledge was 
invaluable. This has also inspired me to pursue placemaking further as part of my thesis project”74.

2 Student 1, personal communication, 30 May; 3 Student 2, personal communication, 30 May; 
4 Student 3, personal communication, 30 May; 5 Student 4, personal communication, 30 May; 
6 Student 5, personal communication, 30 May;  7 Student 5, personal communication, 30 May.
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Step 1: Understanding Step 2: Recognition Step 3: Practice

Evidence of student’s understanding of 
relevant theoretical concepts

Evidence of student’s ability 
to discern between place and 
placeless space 

Evidence of student’s skill development 
to conduct placemaking initiatives. 

“placemaking occurs at all scales and 
in all parts of the built environment. 
Previously I had thought that 
placemaking was associated with 
pop-up urbanism; however, over time 
I have learnt that this is just one part of 
the larger process to design livable and 
thriving cities”4. 

“the role of temporary and tactical 
urbanism in consultation and how 
effective it can be in connecting with 
the community and testing possibilities 
of change”2

“Unlike the traditional design process, 
which has a clear beginning and end, 
placemaking is concerned with the 
ongoing success of a place - how it 
will be programmed, who will use and 
curate it etc”6.

“Seeing it in practice helps create 
a more holistic understanding 
of the process and different 
innovative ways to engage in 
consultation”7.

“the most significant and practical skill 
I learnt was how to design community 
consultation and what things we need to 
consider when proposing to run it. Not 
just simply deciding what we will do but 
the health and safety measure, sourcing 
of materials and method of recording 
answers and observations”3.

 “the ability to hold conversations with 
community members about complex 
ideas”2.

“I learnt to distinguish community 
consultation and community 
engagement”5. 

“I developed the ability to engage with 
members of the public meaningfully and 
with confidence”6.

Figure 5: Stepwise process to placemaking learning and integration into practice.

4. CONCLUSION

Placemaking is constantly evolving to reflect the realities of communities across built environments. This paper has briefly 
described the development of the Place Agency project, a multi-university effort to teach placemaking through a practice-
led approach in Tertiary contexts. It has outlined our education strategy, the capabilities we seek to enhance in our students 
through theory (a series of modules) and practice (sandbox studios), as well as the ways in which we will assess the 
outcomes of the project.

We believe that teaching placemaking to our next generation of designers and planners is an essential part of driving a 
positive future – one that places communities at the heart of our built environments and allows for long-lasting positive social 
impacts to emerge. While we are yet to see the full potential for the Place Agency project, we hope that the framework that 
we have conceived will provide an effective launchpad from which our future placemakers can thrive.
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Operationalising the sublime: bringing the sublime 
from abstract to concrete
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Abstract: The challenge of meeting the increasing residential demands in New Zealand cities has seen development of 
urban centres in landscapes of industry, farmland, or natural spectacle. Quarry landscapes which were previously located 
close to the city are now found surrounded by intensification or even subject to it. Once quarrying ceases, these dramatic 
landscapes have the potential to play a major role in the public realm. This paper approaches this question of the public 
potential of deceased quarries by exploring the aesthetic notion of the sublime, specifically how to operationalise it into a 
productive and practical concept to designers. Contemporary approaches remain too general and mired in cliché to be 
connected with what creates these experiences. This research argues that the use of stronger representation and design 
technique can allow the sublime to be engaged with in a stronger manner. The notions of assemblage and affect enable the 
use of representation to connect to the experience of the sublime. This paper uses a real landscape example to describe 
a design led methodology of fieldwork, representation and design techniques oriented towards engaging with the sublime 
that affirms the primacy of sensation with design and research.

Keywords: Landscape Architecture, Sublime, Quarry, Representation

1. THE PROBLEMS AROUND URBAN QUARRIES

Increasing urbanisation has been a pressing concern since the industrial revolution which saw economic emphasis shift 
from the rural agriculture to heavy industry and corporations. Populations shifted alongside these changes creating booming 
cities seeking better economic and quality of life opportunities. Both a greater density and ever-increasing sprawl has 
occurred often leading to large swathes of the urban structure underdeveloped. Some of these spaces are what Andrea 
Kahn describes as [not] urban sites which are the “vulgar”, “the waste”, and “unsightly site” by-products of this 20th-century 
urban planning practice (p. 7-9). As the city pushes out from its bounds, both on the periphery and internally as the city 
increases in density, new [not] urban sites either uncover themselves or become more relevant to the world around them. 

Deceased quarries that were once on the outer limits of the urban have often found themselves within this condition. 
Often established to supply aggregate for the manufacturing of building and road material. Their operations tend to keep 
out of the public eye, escaping the gaze all except those who work there or live directly adjacent. The only evidence of these 
quarries in everyday life are the thunderous trucks carrying their burden of crushed rock along the road. That is until the 
development forces of the city seek to push up into its realm. Recent trends have seen these quarried landscapes converted 
into areas of medium density housing and areas of ecological restoration. Niddrie Quarry, Melbourne and Mt Wellington 
Quarry, Auckland are both examples of this mechanism, with the Three Kings quarry, Auckland set to follow in the same 
footsteps.  I would argue however that this model is not taking full advantage of what these sites have to offer the city. 
This ‘default’ position to fill the quarried hole with housing immediately domesticates the landscape and transforms it into 
an ordered and homogeneous field. The potential of these landscapes lies in their ability to produce powerful and moving 
aesthetic experiences. Often these aesthetic experiences are categorised as something like the sublime, which Central Park 
(NYC) and Birkenhead Park have shown play a role in the life of the city. 

2. ON THE SUBLIME

Since the rise of aesthetics in the 18th century few concepts are as mired in mysticism and abstract categorisation as the 
sublime. The field of aesthetics was developed during The Enlightenment as a reaction to the rising rational scientific method 
of understanding the world. Knowledge was shifting from the religious doctrine to the beginnings of scientific inquiry around 
the physical world. Geological thinking, for example, entirely displaced the biblical timeline of creation (Heringman, 2004, p. 
8). This drastically shifted what it meant to be a subject, raising questions like ‘what is it that moves me’. Some experiences 
in the world could not be explained by the rational model alone. In discussions on the sublime different theorists have put 
forward a varying range of causes and effects of a sublime experience. Generally, it is regarded as an experience of fear, 
wonder, or astonishment of something which sits outside our normative and habitual means of comprehending the world. 
The Swiss Alps and other scenes impacted those who saw them profoundly, with Joseph Addison writing that “…we are 
not struck with the novelty or beauty of the sight but with that rude kind of magnificence…We are flung into a pleasing 
astonishment at such unbounded views and feel a delightful stillness and amazement in the soul at the apprehension of 
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them (Spectator 412, 1712). The sublime was seen as impacting and modifying the very being of those who experience it, 
changing them from that moment onward into something different. Not a whole new being but shifted slightly. John Baillie 
argued that in the face of the sublime “every person upon seeing a grand object is affected with something which as it were 
extends his very being” (1996, p. 88).  

Both Immanuel Kant and Edmund Burke form the basis of much writing on the sublime and much has been written 
on the specifics and differences of each theory. As such only a brief overview of each will be delved into here, elucidating 
only what is relevant to this investigation. Published after the Enquiry, Kant’s Critique of Judgement in 1790 built upon this 
foundation and at the same time radically shifted it. Perhaps the most lasting and influential aspect of Kant philosophy of the 
sublime is the notion of two different modes, the Mathematical sublime and the Dynamic sublime. For the former mode, Kant 
placed the source of the sublime in the feeling of the Faculty of Reason’s superiority over nature and by extension, sensation 
and perception. The latter mode has the sublime emerge as the subject’s realisation of their power as moral agents and that 
this is infinitely superior to any power that nature may hold over them (Kant, 1914). Kant’s sublime is the result of the Faculty 
of Imagination being unable to provide representations to the Faculty of Reason, the feeling of this inadequacy being the 
sublime. Some concepts under Kant’s model are impossible for the faculties to represent. As Timothy Morton suggests on 
the idea of infinity: “you can think about it, you can directly experience it, but you can’t think it” (2012). You can, in fact, form 
an idea, a concept of infinity within your mind and yet in no way be able to represent it. This inadequacy of the Imagination is 
felt by the subject as a kind of mental pain, a recognition of the limitations of your being in the world. What follows this mental 
pain is a feeling of rising superiority of Reason over Imagination and sensibility, a feeling of the sublime (Budd, 2003, p. 69). 

Within Burke’s Enquiry it is the notions of a critical distance between the subject and the terrifying object, alongside the 
‘mental pain’ felt during the contemplation of large objects that have persisted and transcended into cliché. This masks 
the more significant aspects relevant to design of landscape. In Burke’s own words he describes the sublime as a force 
“capable of affecting the body and thus exciting our passions” (p. 2). Burke regards the sublime as first and foremost an 
affection and change to the body, followed by subsequent shifts in the subject’s mental powers and processes. The sublime 
is not an inherent quality that resides with an object and creates a shift within the subject, nor is it found solely within the 
subjects own mental processes and feeling of their operation and superiority. Burke does not divide so evenly into objects 
and the body (of the subject), instead he describes bodies as both animate and inanimate, each readily capable of affecting 
another equally (Bromwich, 2014, p. 63). There is a relation between the physical responses in the nervous system where 
“all motions are suspended” in an “unnatural tension of the nerves” and a similar response in the mental faculties of the 
subject (Burke, p. 57,130).  This mental affection is not a conscious and voluntary process that the subject moves through. 
The sublime instead of being produced by Reason “anticipates our reasonings and, hurries us on by an irresistible force” 
(p. 57). It works pre-consciously and involuntarily in an irresistible manner, we have no say in the workings of the sublime, 
we are not shown to have any power over nature by it, we are merely along for the ride. The Enquiry’s aim is not to affirm 
the power of the subject, it is instead to show that the sublime operates beyond reason, beyond and before thought (Ryan, 
2001, p. 270). 

3. OPERATIONALISING THE SUBLIME

3.1 All entities are sublime

The task of how to make the sublime a more concrete and designerly concept than the works of Burke and Kant allows 
requires engaging with the realms of affect. Burke was beginning to suggest the involuntary relationships between entities, 
which if we follow Deleuze, can be made much stronger via engaging with it via the realm of affect. Deleuze, building upon 
Spinoza, describes the world as being constructed of assemblages. These assemblages are composed of heterogeneous 
entities (physical and non-physical) that enter into relations with each other, in turn producing empowerments or affects 
(Deleuze and Parnet, 2007). Non-living entities or material objects have agency and are treated as seriously as an organism. 
All entities have puissance, the power to act or be acted upon by other entities (Deleuze, 1978). By looking at a sublime 
event as an assemblage, the dichotomy of subject/object can be bypassed and looked at as entities acting or affecting each 
other. Arjen Kleinherenbrink further adds to this argument by suggesting that all entities are sublime, from the raging storm 
to the teacup on his desk (Kleinherenbrink, 2015, p. 3).

 Based upon his reading of Deleuze, Kleinherenbrink argues that the sublime is not some tension between object and 
subject, or within the subject (as per Kant), but as a tension within an entity itself. A rift exists within all entities between 
the “power to act, change, form assemblages” and singularities (the Virtual), and what may be defined as “objects made 
significant by the subconscious” or the relational aspects between things (the Actual) (p. 4). So, if this rift occurs in every 
entity and therefore every entity is sublime; how is this significant? No entity is alone, it is always operating in allegiance with 
others, the world is ecological after all. Every entity depends on other entities to actualise itself and others to fundamentally 
exist. Every entity acts and is acted upon by another and is therefore sublime by virtue of this capability (2015, p. 5). But if 
the ‘typically sublime’ entities are thus then how do they break this rule (and therefore proving it)? Such entities are sublime 
precisely because they are withdrawn from all relations; they are experienced fully without relation to another entity. There is 
a ‘hidden dimension’ within each entity of involuntary powers and possibilities which in the extreme examples we recognise 

S. Rosier



613

as being sublime rushes forward, affronts us and messes up our habitual responses, entering our consciousness. This can 
easily be understood as the moment at which an affect is so impactful to our being that we consciously become disturbingly 
aware of it. The sublime is not an inherent quality in an object or the disparity in our faculties. It is the affects between us and 
other entities that are so powerful that they enter our consciousness and mess things up. Nothing mystical or transcendent, 
instead these sublime affects are very concrete and can be engaged with directly via design.

3.2 Horokiwi Quarry 

Approaching the sublime under an aesthetics of affect allows these experiences to be analysed and experimented with in 
a concrete and precise way. The very real spatiotemporal relations that come together to produce these singular ‘sublime-
landscape-experiencing-assemblages’ can be engaged with via landscape architectural design techniques - if it works 
hard enough. As a case study for engaging with the sublime potential of a large urban quarry park, the Horokiwi Quarry in 
Wellington, New Zealand has been used as an experimental testbed. Horokiwi Quarry is the largest quarry in the Greater 
Wellington Region, supplying aggregate for roading and construction materials. Situated at precisely the boundary of 
Wellington and Lower Hutt cities, it is surrounded by existing housing. Adjacent to its northern border lies the land earmarked 
for the region’s largest greenfield development, Lincolnshire Farm. A large population already live around this landscape 
and will continue to grow quickly in the foreseeable future. Operationally the quarry has upwards of 30 years of extraction 
remaining, allowing design to take an active role in its remediation and transformation throughout its remaining lifespan.

3.3 Fieldwork: what happens and how it happens

Fieldwork is central to working with what landscapes do experientially. Periods of fieldwork were conducted in blocks of 2-3 
hours which proved enough time to acclimatise to the site, discover something and work through it on site via drawings, 
photographs and note taking. This fieldwork is structured around trying to unpack how the landscape gets you to move 
and experience things involuntarily. In the case of the sublime certain events are so abrupt and impactful that they stand 
out from everything else. The following an example of working through of one event within the quarry and the implications 
it has for the design of the larger landscape. This begins with a short narrative of this movement, followed by a discussion 
surrounding the experimentation with representation and design technique to bring this sublime event to life. This will focus 
on what was discovered on the main bench (Figures 1,2,3,4,5).

Figure 1 (left) & 2 (right). Location of the quarry in relation to the existing urban fabric. Lower Hutt is less than 1km to the right of the 
quarry. The Main Bench is located within the bottom half of the quarry. 
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3.4 A Sublime Event

Even before conducting this fieldwork it was clear from 
afar that this bench had something to offer (Figure 2). 
Arriving at the quarry means parking up at the entrance 
and making your way in by foot. The full scale of the 
quarry unfolds as you move through it, much of it still 
hidden from the entrance. Walking up the haul road from 
the quarries base requires a significant amount of effort. 
Attention is focused downwards, carefully taking each 
footstep one after another. It doesn’t seem to take long 
before the ramp evens out and the massive flat bench 
opens out. Initially, the ground surface along the edge is 
so loose that nothing else can be dealt with apart from 
focusing on your movement. Along this edge a sort of 
free-wandering is produced, the rest of the quarry seems 
to fade away into an abstract background leaving only the 
immediate foreground right ahead. Your own movement 
seems to envelop your whole being, little else is relevant 
but this constructed wandering. It may take 5 minutes or 
perhaps only 1, but as your moving around on this loose 
rock eventually you will stray too far away from the edge. 
The quarry face atop this bench grabs you and holds you, 
slowly dragging your attentiveness up from the ground 
plane towards its full extents. This massive object stands 
alone from its surroundings too imposing to fit in. You’re 
drawn in towards it, moving slowly and almost timidly in 
its presence. Moving closer, I begin to open up to it as it 
fills my entire vision, I can’t see anything else except this 
roughhewn rocky form. My eyes trace across its seemingly 

scale-less form. As I move even closer, now about 10 meters from the base, I am arrested by the sheer scale and mass of 
this land-form. It leans over and upon on me, it disturbs me. But as I begin to move closer the intensity begins to change 
into something else.  The closer you move to it the less of a formal object is in front of you, more of a visceral material. Here 
the mass and scale of the quarry face seems relatively unimportant if it can even be perceived at all. This shift intensifies the 
closer to the base you get until you’re right there and suddenly you realise that the tension in your body is no longer there, 
it’s a sharp shift into relief - or even just not feeling tense and under pressure. 

3.5 Expression and sense-making 

Representation is arguably the most central tool for landscape architectural design. It allows connections to both the 
pre-existing landscape and for the projection of new futures upon it. Unlike architectural design which can function (very 
successfully) almost entirely within the abstract XYZ space of CAD or the sketchbook, landscape design must engage with 
this already speaking material of site constantly via representation (Meyer, 1994, p. 31). In this example of the Main Bench 
at Horokiwi, the intent is to use representation in both word and graphics to give expression to the affects produced by the 
relevant human-environment assemblages. According to Deleuze and Guattari affects are always twinned with sense. This 
is not sense as in common-sense, or sensation, but significance - the significance of the empowerment to the organism (in 
this case a human in a quarry). This significance of an affectual empowerment is built upon all past, present and possible 
future empowerments (Massumi, 1992).

The role of representation is to bring this affect and its sense to life, to be re-produced and re-lived (even if just partially) 
by those engaging with it. This is what Deleuze, following Baruch Spinoza, calls expression, in the act of which “what is 
expressed is sense” (Expressionism 335). Expression in this context is the moment where your involuntarily functioning body 
and involuntarily functioning brain connect to the doings of that which is being represented. When looking at a drawing 
or hearing a description and you click, the ‘a-ha!’ moment where you connect to what is being described - is the result of 
the affects and assemblage being given expression. You can feel the empowerments being represented due to your past 
and any possible future empowerments related to it. Representation must first connect to what the landscape is already 
producing in order to design with it. To do this involves the use of drawings at a certain scale where the relations between 
the body and space becomes perceptible, cross-referencing different types of drawings and drawing out the relevant 
relations that produce the affects in question. 

  

Figure 3 Experiential differentiations upon the main bench.
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Figure 4 Drawing assemblage describing the spatial shifts as you begin to perceive the quarry face, just before it pulls you in and arrests 
the body

 

 
Figure 5 The change in spatial relations at the base of the face where a massive sense of relief and release is felt
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For representation to experiment with the sublime it must allow for a direct unmediated connection between the body 
and landscape(Deleuze, 2003). Figures 4 and 5 show an excerpt from a series of drawings and edited photographs that 
work through a series of transitions contained within the above narrative. Transitions within the landscape are often the point 
where an empowerment shifts and changes into something new. Drawings are employed to pull apart what has shifted 
and changed to produce this transition. In this example, section drawings proved to be the most productive due to the 
geometric form of this landscape, alongside a plan and photograph showing the bodies location on the bench and where 
attentiveness shifts throughout this movement. 

3.6 Transitions/tipping points/variabilities

The most significant discovery regarding the sublime and representation was through sectional drawings employed in the 
analysis of the movement atop the Main Bench. The geometric nature of this event allows quick and efficient manipulation of 
it. What would happen if there was a ramp leading up to bench? This would perhaps orient the body up to the quarry face, 
extending this zone where the body is arrested. A series of quick explorations began of what this research terms ‘tipping 
points’ and ‘variabilities’ which are each an expression of a shift in affect. Because we live and experience events in this 
world our past experiences can tell us how a shift in slope at a quarry bench is going to feel, or how an abrupt change in 
level produces another type of sensation. If drawings are made to work hard enough in order to give expression to sublime 
events then through the use of tipping points and variabilities the sublime can be designed with in a concrete manner. There 
is an exactitude to engaging with the sublime in this manner provided by expression, “it involves an impersonal precision 
that might be expected in science and it inseparably involves a creativity” (Connolly, 2012, p. 98). Each shift in the designed 
landscape using this method connects to what the landscape is already doing at the same time as the bodies involuntary 
knowledge of how the world works. It is a way of designing that bypasses any form of taste or ‘what I like’, it eliminates 
statements such as ‘that’s just subjective’, it connects to how things work.

3.7 Designed alterations

What was discovered atop the Main Bench is just one event within the quarry, but this event has spun off and been 
transformed into something more. Arising out of the analysis and experimentation with these variabilities was a set of 
design possibilities to produce a new and heightened movement atop the bench. Designing with the sublime involves 
finding what escapes thought, common sense, and representation and then stretching it, making it larger or more intense. 
It involves what the landscape is already doing, not an abstract idea or concept transplanted from outside. In this example 
it was transitional shifts between being assaulted by the scale and mass of the quarry face and the sudden shift away 
from thatfound at its base. Alterations of the bench’s slope employed to shift how far back or intense these transitions or 
differentiations could be created. Creating a sloped surface towards the face orients the entire body up towards it, extending 
the distance back that disturbs and arrests you. In contrast, a sloped surface down towards the face would extend that 
‘relief’ zone, or more likely a greater connection to the visceral material nature of the rock. Ultimately a simple combination 
of the two slope orientations was drawn in plan and section as the most powerful and simple solution (Figure 7). Both 
movements are exaggerated and extended at the same time with a simple geometric form. This set of spatial relations 
could then be taken and tested in other parts of the quarry. What would happen if at the base of each significant cut quarry 
face this or a similar solution was employed? Could a pathway running around the entire base of the quarry be designed 
that ran through this zone of ‘easiness’. What would then happen in the remaining more intense space? More designed or 
programmed activities here would be amplified and transformed into something greater. See for example Estádio Municipal 
de Braga in Portugal, a major soccer stadium built into a quarry where the whole event of the soccer game is made to rise 
up to the occasion of the event of the quarry.
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Figure 7 Plan and section drawing of the designed landform that in sequence extends the area in which you are forced to deal with the 
mass of the rock face and then extends the material haptic zone

4. CONCLUSION

Quarries and other post-industrial ‘disturbed’ landscapes have now found themselves at the edges of development and the 
public realm. Typically, these are seen as an opportunity for intensified housing or ‘best-practice’ methods of remediation 
in the name of sustainability. But perhaps these landscapes are the opportunity for something greater, something that the 
public can connect to and express themselves through, or the landscape may express publicness itself such as Central 
Park, NYC or the Wellington waterfront does. To do so requires a practice that treats aesthetics and technical requirements 
of excavation seriously, not just one or the other. Landscape architecture has the power to do this and engage with the 
mining processes throughout the quarries lifetime in a way that does not leave a problematic hole in the ground to be 
returned to an abstract idea of ‘natural character’. 

By engaging with the sublime as part of this process in a concrete and productive practice these landscapes can offer 
something entirely different to the public realm of the city that other parks may not. As shown by both Central Park, NYC and 
Birkenhead Park, the sublime plays a role in the publicness and sense of ownership of each park, they have become “our 
park”. The landscape designers of the 18th and 19th century saw the sublime as a very practical concept to engage with 
via design. This research is attempting to revisit their interest and propose new methods and techniques that make it a more 
designerly concept, to make it practical and tangible, not mystical and abstract. Central to this is the use of representation 
and its power to connect to the involuntary workings of the world. The body in space and time must again be given a seat 
at the table of landscape architectural design alongside systems, quantities, and change over time. Only then can these 
incredible post-mining landscapes be developed into something that really moves people and plays an active role in the 
public realm of our growing cities.

Operationalising the sublime: bringing the sublime from abstract to concrete
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Abstract: An examination of a house design proposed by the Department of Rural Development of India’s Affordable and 
Appropriate rural housing scheme showed a major cultural gap of understanding between urban perspective and rural 
expectation. Significance of community value and cultural ecology have been compromised in planning and implementation 
of grand housing schemes. This research argues that mere design of rural housing runs the risks of not being culturally 
inclusive. This paper elaborates the description of the cultural ecology as defined by the literature review within the context 
of the research to be conducted in Assam. The culture of the place or region is the product of a cultural ecology that is the 
intersection of environment, community and interactions. In a rural household as the cultural ecology; the house and its 
boundary signify the environment where the members of the household are the community and activities of each member 
are the interactions. To reflect the culture and value as an integrated design element, the emancipatory research paradigm 
is highly significant. The approach is demonstrated by developing a questionnaire/survey which encompasses the family 
structure, life style and income for collecting relevant data necessary for designing culturally inclusive housing for rural 
community. 

Keywords: Rural Perspective, Cultural Ecology, Case Studies, Selection Criteria 

1. INTRODUCTION

Assam is a North-eastern state in India which, as seen in Figure 1 and Figure 2, is surrounded by the lesser Himalayas in 
the North (Arunachal Pradesh), Khasi, Jaintia and Garo Hills (Meghalaya) in the south-west and the Naga Hills (Nagaland) 
in the East. The Mikir hills and North Cachar hills that fall within the state of Assam to the south between Meghalaya and 
Nagaland help shape the river valley which along with the juxtaposition of the other hill states that forms the mouth of the 
river Brahmaputra to be located at the north-eastern tip of the state. This leads to heavy annual floods with the monsoons 
which flows through the state into Bangladesh where it shares an international border in the West. For more than a quarter 
of the year, the people living along the banks of the river are affected by the flood due to submersion of roads, swept away 
houses, broken bridges and flooded agricultural fields.

 

Figure 1 Location of Assam
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Figure 2 Brahmaputra and the valley

In the context of affordable housing especially for the rural community, numerous approaches have been utilised by both 
public and private agencies across many countries (Rowley, 1996; Ward and Brown, 2009; Chigbu, 2012; 2015; Hornidge 
et al., 2016). With recent emphasis on rural housing in Indian context, wide varieties of public schemes are adopted across 
the country. One of the adopted schemes is the ‘Housing for All: Affordable and Appropriate Rural Housing’ scheme by 
the Government of India under Pradhan Mantri Gramin Awaas Yojna (PMGAY) where an attempt was made for designing 
housing alternatives with rationalisation of location-specific environment.   

Upon studying the housing models in Pahal- A compendium of Rural Housing Typologies that was developed based 
on the rural housing scheme by the Government of India, it was observed that the housing options provided for the 
Assamese context were affordable, however, they were not necessarily appropriate in a social and cultural context(Katharpi 
and Doloi, 2017). Furthermore, the methodology used to arrive at the results also indicated the reduced opportunities for 
the participation of the community. Though the house study selection did not adopt a random sample selection method, it 
seems, there is a lack of integration of the community as the selection criteria. The houses selected were those that were 
constructed under the Indira Awaas Yojna(IAY) rural housing scheme but  excluded the houses which were not constructed 
under any housing scheme(UNDPIndia, 2016). 

Upon review, it was found that the households and families living in these houses had moved out of their traditional 
homes and had adjusted to living in houses that are not quite conducive to their social culture and inappropriate to the 
traditional landscape. This has happened due to replicating the rural house designs from one place to another without fully 
understanding the context of the requirement of rural housing in that place. While such filtration criteria may have been 
used in designing model houses under the PMGAY scheme, this criterion to improve the existing designs of the previous 
scheme was inappropriate.  This paper intends to take into consideration of all the factors that may influence a village or 
an individual household through a questionnaire/survey designed to define the few select representative household case 
studies to represent the village.

2. METHODOLOGY FOR CASE SELECTION

Due to the limitations of a PhD research, only a handful number of households of the village will be selected for data collection 
from the village instead of taking all households into consideration. The village will have differing types of households 
representing different demographic characteristics within a single village which will produce dissimilar amounts of data to 
analyse. An array of inferences could be drawn from the data of each household, which may not necessarily be present in 
each case leading to disparate conclusions. The need to systematically reduce the number of variables in the data synthesis 
and analysis facilitated the need of a questionnaire/survey component to be added to the research design instead of opting 
for random case selection. 

Leslie Kish (1949) formulates a procedure to conduct a random sampling selection to conduct household surveys, yet 
meeting the criteria required for participating in the survey. However, his arguments and reasoning in the paper indicate a 
less random and a more decision led respondent selection which he calls the objective respondent selection. He argues 
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that a more objective selection procedure needs to be designed when there is more than one individual meeting the criteria 
within a household in contrast to when only one out of the household meets the criteria for the household survey. He also 
mentions that even though all individuals in the house meet the criteria of the respondent selection, the exercise would give 
unfavourable results.

Nine case selection strategies have been defined by Gerring (2009): typical, diverse, extreme, deviant, influential, 
crucial, pathway, most-similar, and most-different case selection strategy. Among the nine, typical, diverse and extreme 
case selection strategy have the most representativeness of cases that is critical to the research. All case studies seek 
representatives samples, they are in search of a typical case or cases (Gerring, 2007). The methodology for the case 
selection of the representative case studies for the research is based on the typical case strategy in combination with the 
diverse case strategy. 

Both strategies of case selection facilitate in selecting cases that are representative case for case study inferences(Seawright 
and Gerring, 2008). The typical case strategy directs the criteria to define the description of the household to be studied, 
while the diverse case strategy directs the criteria to choose cases that represent different socio-economic status and 
socio-cultural integration that is present within the community. In the context of the paper and the methodology adopted 
for the paper, the households to be selected for conducting a comparative case study analysis will be referred as ‘case’ or 
‘cases’. 

In using a case study research as a strategy, it is important to establish the theory and concepts that define the goals 
of the research also guide the case selection, so that it results to a consolidated result from common goals. Hence, in 
this paper, the concept of cultural ecology and the emancipatory research paradigm that guide the aims and objectives 
of the research, will guide the methodology of the case selection strategy. A questionnaire survey component is intended 
to provide demographic data for the village which would aid in collecting enough information to identify sample size and 
characteristics of the few distinct households that would represent the socio-economic character of the community.                                                                  

3. EMANCIPATORY RESEARCH PARADIGM AND CULTURAL ECOLOGY OF A HOUSEHOLD

To study the culture of a community as represented by a household, the cultural ecology of the household, which is the 
intersection of Environment, Community and Interactions, is required to be defined (Steward, 1972; Bourdieu, 1986). It can 
be considered analogous to the house, its boundary and surroundings, the family members and their activities that they do 
with each other or by themselves. Part of the research is to study the environment that the households reside in and observe 
and learn from them the activities that take place in a space within the Environment.

The emancipatory research paradigm supports the inclusion of factors that influence the cultural ecology. It allows for the 
consideration and inclusion of multiple ‘realities’ (contexts) shaped by various factors that influence the usage and perception 
of space that have the potential to improvise a space to a greater degree (Groat and Wang, 2002). This section discusses 
the kind of information that is being pursued to study the environment, community and possible interactions which would 
indicate the kind of cultural ecology each household possess.  The selection and study of a few distinct households would 
aid in understanding the generalised cultural ecology of the village, which in turn would aid in understanding the social 
culture of the community of the village.

Alkire and Seth (2013) propose how to select a methodology to target multidimensionally poor households and identify 
the families below poverty line(BPL) so that the benefits of government support reach those who actually need it. The 
census data of families in rural areas conducted in 1992, 1997 and 2002, was analysed. The criteria of the census data was 
based on income, owned and operated land holdings, material possession, permanent structured shelter, farming tools and 
assets, employment and education. The methodologies of the BPL identification were criticised based on methodological 
drawbacks, quality and corruption of data and the data content itself. 

4. RESULTS 

In keeping with the intention and the title: “Appropriate and affordable” of the rural housing scheme, the basis of the criteria 
is meant to represent appropriateness of a design for a community, that is, to be culture-sensitive and affordable for the 
rural community. To select cases that represent the community in terms of affordability and appropriateness of design, the 
questionnaire/survey has been designed to collect data on the demographic, data on their socio-economic status and 
preferences in housing and construction. 

4.1 Sample size and representation

Figure 3 indicates the basis on which the households will be selected to represent the diversity within the village through five 
typical cases. The data collected from the exercise would enable the research to select households that are:
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a) Rich living in traditional homes,

b) Poor living in traditional homes,

c) Rich living in contemporary designed homes,

d) Poor living in contemporary designed homes and,

e) An average income household living in a home that is both traditional and contemporary.

Figure 3: Affordable vs Appropriate

Rich in the context of the rural community would refer to a family with enough income to afford amenities and modern 
luxuries in the village including renovation and re-construction of their house. Poor would refer to a household that would 
define as the opposite in terms of income and affordability of amenities and modern luxuries including renovation and 
reconstruction of the house. Traditional cases would require to be considered as one of the main aims of the research is to 
produce culture-sensitive design, while contemporary cases would be considered to learn the direction of the construction 
and design trend of houses within the community. The comparison between traditional and contemporary styled cases 
would indicate the way the concept and value of culture of the community has been translated and expressed through 
design of both styles.

4.2 Sample characteristics

From the above discussion, the questionnaire survey has been designed in stages to gather as much demographic data 
and information as possible to understand the cultural ecology of a household. The questionnaire survey is divided into four 
parts as follows: 

4.2.1 General House Information

The location of the house with respect to other houses in the vicinity and the village in the larger scale, orientation of the 
house, plot topography and soil type were considered as relevant to understand the Environment of the Household.  This 
information is not an influencer in the criteria selection, however, it aids in understanding the context of the household during 
the observation and analysis stages of the research.
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Table 1: General household information.

Village name and House Number

Name of participant and relation to family head

Orientation North, East, West, South, North-East, North-West, South-East, South-West

Plot Topography: Plain, Uneven slope, Gradual slope

Soil type Gravel, Loamy, Sandy, Clay

Existing/ preferred house type Traditional, Contemporary, Mixed

Existing/ preferred construction material Wood, Bamboo, mud, Thatch, Brick and mortar, tinned roofs, Steel, Concrete

Rooms in the house Living room, Dining room, Kitchen, Bathroom, Bedroom, Store room, Guest room, 
Study/Library, Worship room, Others

Table 1 facilitates to learn the physical attributes of the house, design and construction style. The section on whether the 
existing house is traditional or contemporary helps to determine the cases that would be representative of the construction 
trend being followed in the village.  The preference between a traditional or a contemporary styled house and construction 
material would indicate the degree of socio-cultural integration and the value given to the traditional style of construction in 
relation to the value system of the village. While the former question is relevant to the immediate use of the questionnaire 
survey, the latter supports to visualise the construction trend and preference of the village collectively.

The section on the number and type of rooms in the house indicate the kind of segregation of space the households 
consider when building a house for themselves. The following sections of the questionnaire clarify the use of the information 
that can be extracted when analysed along with number of people in the house, annual income, material possessions and 
individual profiles of the member of the household.

4.2.2 General household profile

The requirements of a family can change based on number of members, age groups and gender. The number of members 
in the family may not determine the size or define a ratio that is proportional in terms of space per person (Jayantha and 
Lau, 2008), but this difference between two families may result in how economically or lavishly a person may use the space 
around them. A family member’s relationship to the head of the family along with the age group may determine the safe 
accessibility to spaces for the elderly parents or visitors to the house. In some cultures that have segregated spaces for 
males and females, the circulation around spaces maybe designed to promote the distinction of spaces. 

Table 2 indicates the information being gathered to define the general profile of the household.  The relation to head 
facilitates to vaguely identify the household in terms of members of the household and the number of generations that may 
be present in the house(Neufert, 1970; Perissinotto et al., 2002; Moulaert et al., 2017). The average income indicates the 
affordability of the family to go on vacation or making unhindered life style choices, in addition to education, healthcare and 
access to basic amenities such as water and Electricity(Indira Awaas Yojana (IAY), 2013; Department of Rural Development, 
2015; Ministry of Rural Development, 2017). Different social groups within the same community may practice religion 
differently and as a result, the space for practicing their religion may be segregated or combined from the rest of the house 
(Indira Awaas Yojana (IAY), 2013. As some globally recognised religions have specific designs for their religious space within 
their house, some local religions may also have the similar traditions and customs of segregating a space that is dedicated 
to religious practices of the household. In some cultures, it is believed to have house gods that look over the house and 
members. 

Table 2: General household profile.

No of occupants

Relation to head Spouse, Father, Mother, Daughter, Son, Brother, Sister, Uncle, Aunty, 
Niece, Nephew, Daughter-in-law, Son-in-law, Grandson, Granddaughter, 
Cousin Brother, Cousin Sister, Maid, Driver, others

Approximate Gross Annual Household Income (INR) Below poverty line, Lower class, lower-middle class, Middle class, higher 
middle class

The family has been residing at the current address since Recent, a decade, few decades, centuries

Original residency In case of recent move to the village

Religion Hinduism, Christianity, Islam, Buddhism, Traditional, Other 

Category General, Scheduled caste, Scheduled tribe, Other Backward class, 
another minority
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Another information also considered was whether the residents had previously belonged to another village or settlement. 
This is generally the case when a person relocates for their partner or spouse. Another reason for migration may also be 
due to establishment of a local school or institution by the local community, or the state council or an NGO that provide job 
opportunities for the community. 

4.2.3 Additional information

Materialism is a concept in sociology that theorises that the materials around an individual reflect an individual’s socio-
economic status(Karabati and Cemalcilar, 2010). The kind of exposure that an individual is given based on where one grew 
up, played, learned or worked, determines the choices that one makes (Dittmar, 1994). It was observed that along with 
the physical dimensions of a house, the furniture and other materials of the household also determined the interactions 
within the space, by changing the space in form and essence. The nature of the possessions also aids in understanding the 
social perspective of the household as one of the units that make up the generic societal opinion of what is acceptable or 
recommended in the community (Rapoport, 1969). Possession of domestic animals as pets or farm animals also change 
the way the household is socially perceived by the community. 

 Table 3 facilitates in identifying the household in terms of affluence, interests and family structure based on the materials 
possessed by the household. An individual’s behaviour patterns are modified and adapted according to the environment 
around them, and the kind of functions and activities it provides. Villages mostly dependant on agriculture and storage 
spaces for tools and agricultural produce required by the household. Presence of an additional room or shed that may or may 
not be detached from the house indicates that the household has gone through changes in their lifestyle. The description 
of the exterior spaces is also an indicator the kind of interactions that the household engages in within their neighbours or 
the kind of outdoor activities that they might enjoy. The flora and fauna within their house and boundary environment also 
add to the description of the exterior spaces that are useful during the analysis stage rather than for developing a criterion.

 Table 3: General information regarding occupants and household profile.

Material Possessions Vehicles, Refrigerator, Washing Machine, Landline Telephone, Radio, Television, 
Mobile, Computer, Generator/Inverter, Water Pump, farming tools, Traditional tools, 
Electrically powered tools, others

Domestic Animals Dogs, Cats, Pigs, Cows, Buffalo, Goats, Poultry, None, others

Outhouse or detached room from the house Yes or No.

Open spaces Flower Garden, Vegetable Garden, Plantations Soft paved (earth), Hard Paved 
(concrete), Others

Landscape details types of plants, herbs or trees

4.2.4 Individual specific information

The relation to the head of the family, gender and age group indicates the kind of spaces that might be required to be designed 
and built in a certain way to meet the requirements(Harris and Atalan, 2002; Perissinotto et al., 2002; Sadoughianzadeh, 
2013; Chigbu, 2015). In the case of no pre-existing design elements for the family members, this will add an added 
information as to what and how does the family improvise the space according to their needs.

Table 4 facilitates in defining each member as internal influencers within the household through the individual profile. The 
level of education and occupation of the individual determines the kind of exposure the school or workplace provides that 
can influence the ways and reasons they use the interior and exterior spaces of their house. The distance from their house 
and the mode of transport adopted also indicates the influence of the surrounding context that is not within the village yet 
influence the village in some way or the other.

Table 4: Individual profile.

Gender Mele, female, prefer not to mention

Age Toddler, Preteen, teenager, Young adult, Older adult, elderly, +86

Education Primary, Intermediate, High School, Higher Secondary, Bachelors, Masters, Doctorate degree

Employment Government Service, Private Company, Self Employed, Unemployed

Mode of transport On foot, Bus, Bicycle, Motorbike, Three-wheeler, Four-wheeler

Income range (INR) Below poverty line, Lower class, lower-middle class, Middle class, higher middle class

Time spent outdoors Less than 1 hour, 1 < 3 hours, 3 < 5 hours, 5 < 8 hours, 8 < 12 hours, More than 12 hours

Hobbies and skills
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The hobbies and additional skills possessed by the individual further determines the use and improvisation of space 
when required by the individual. The hours spent indoors vs. outdoors add to the perception of space and time that is 
preferred or required by the individual for their daily tasks or their interests. This added information indicates the flexibility of 
the usage of both interior and exterior spaces by the individual to accommodate more activities and interactions. Ultimately, 
the decision to renovate or reconstruct and how either should be executed would be the collective influence of the needs, 
requirements, knowledge and exposure to other cultures of each member of the household.

5. CONCLUSION

The demographic profile of the village is significant in depicting the general socio-economic status of the village. The 
number of members and the relationship with the head of the family, age group, gender representation, level of education, 
occupation and income range are among the crucial details that distinguish one household profile from another. Information 
such as religion, caste or category, previously resided location, type of property, possessions and pets owned, distance 
from work or school, etc are among the details that enhance the understanding of the socio-economic profile of each 
household. However, these details are significant in understanding use and design of space that is specific to the individual.

Most of the discussion within the paper was based on the socio-economic and socio-cultural factors, while the physical 
location of the house with respect to the village is considered a determinant for lifestyle choices. The physical factors are 
not part of the selection criteria however, they are part of the variation in the context that help in distinguishing among the 
households. A generic questionnaire survey has been designed to collect information on the demographic profiles of all 
households of the village.  Though it was designed with the intent to be used among the rural communities in Assam, the 
survey template is reusable with the appropriate modification to obtain the required information.

This results into five typical, yet diverse cases among the households that facilitate the research to understand the socio-
economic status as well as the socio-cultural factors that influence their choices. The members of the household are the 
main influencing factors and the composition of each household identifies the nuances of the information gathered from the 
questionnaire survey. In other words, to understand the kind of Environment (that is rural house design) for a people, who 
live and interact in a space, the Community (household members) along with the Interactions (social culture and activities) 
are the criteria that require to be identified. This helps in understanding the cultural ecology of the households, and each 
case study in turn defines the similarities and dissimilarities and circumstances that highlight that essence of the culture of 
the community with respect to architectural design and space.
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Abstract: Over the last two decades there has been a steady increase in the demand for healthcare services and a 
commensurate rise in the global expenditure in health (WHO, 2014). Given the significance of the financial investment 
in capital works programmes required to meet growing healthcare needs and the expanding environmental impact of 
the healthcare industry, it is important to gain a detailed understanding of how healthcare infrastructure assets currently 
perform, the strategic drivers impacting on hospital space use efficiency, and the complex interrelationship of factors that 
impact on the healthcare environment.  

This paper outlines a research project that was conducted by the University of Melbourne in conjunction with a local 
architectural practice partner, to examine space planning efficiency and emerging trends in hospital space planning 
requirements. To assist in developing a greater understanding of the space planning efficiency of healthcare infrastructure, 
and changing trends in hospital space planning, this study examined a range of measures across 31 hospitals against 
regional and international benchmarks. This paper outlines a novel multi-modal research methodology established to 
examine the complex range of interconnecting planning measures impacting space planning efficiency, and some of the 
difficulties in assessing hospital space planning efficiency.

Keywords: Healthcare design, space planning efficiency, evidence-based design.

1. INTRODUCTION

Over the last two decades there has been a steady increase in the demand for healthcare services and a commensurate rise 
in the global expenditure in health (WHO, 2014). In 2014-15, in Australia alone, approximately $161.6 billion was spent on 
health care (Malik, Lenzen, McAlister, & McGain, 2018). Healthcare provision is a highly energy intensive industry, and it is 
estimated that the healthcare industry accounts for 7% of the total CO2 emissions in Australia, 10% in the USA (up from 8% 
in 2008), and 4% in the UK (Malik et al., 2018).  Furthermore, it is estimated that hospitals are responsible for approximately 
44% of the total healthcare CO2 output.  Given the significance of the financial investment in capital works programmes 
required to meet growing healthcare needs and the expanding environmental impact of the healthcare industry, it is important 
to gain a detailed understanding of how healthcare infrastructure assets currently perform, the strategic drivers impacting 
on hospital space use efficiency, and the complex interrelationship of factors that impact on the healthcare environment.  

Planning efficiency ratios and departmental grossing factors, informed by other space planning metrics, healthcare 
guidelines, models of care, and healthcare delivery statistics, are crucial in the planning and delivery of healthcare facilities 
(Allison & Hamilton, 2008; Ampt, Harris, & Maxwell, 2008; Itoh, Nakayama, Liu, & Kawaguchi, 1993). Such measures 
provide a rich resource to support the evidence-based design and delivery of efficient, cost effective, functional and high-
quality healthcare facilities. Whilst there are standard international area and efficiency measures such as Net Operational 
Floor Area (NOFA), Construction Floor Area (CFA), Planning Efficiency Ratio (PER), and Circulation, there are often region-
specific metrics, variations in the measurement methodology due to local differences in regulatory compliance, and planning 
and procurement processes (Allison & Hamilton, 2008). 

This paper outlines a research project that was conducted by the University of Melbourne in conjunction with a local 
architectural practice partner, to examine space planning efficiency and emerging trends in hospital space planning 
requirements. To assist in developing a greater understanding of the space planning efficiency of healthcare infrastructure, 
and changing trends in hospital space planning, this study examined the department grossing factors and planning efficiency 
ratios measured across 31 hospitals against regional departmental averages, target Departmental Conversion Factors, 
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and international benchmarks. This paper outlines a novel multi-modal research methodology established to examine the 
complex range of interconnecting planning measures impacting on space planning efficiency, and some of the difficulties in 
assessing hospital space planning efficiency across a range of facilities and differing healthcare systems.

2. METHODOLOGY

2.1 Rationale

In the design and delivery of healthcare infrastructure, it is important to have a comprehensive understanding of the space 
requirements needed to support the complex range of clinical care needs (Devine et al., 2015; DHHS, 2016; Hicks, 
McGovern, Prior, & Smith, 2015; Krugman, Sanders, & Kinney, 2015; Latimer, Gutknecht, & Hardesty, 2008). Given the need 
to accommodate technological advances and future proof against changing healthcare and infrastructure requirements, 
an evidence-based understanding of current hospital space planning efficiency and performance can help inform an 
assessment of ways in which to reduce the carbon footprint associated with healthcare delivery, and the extent to which 
assets can respond to rearrangements of services, modified health care models, and changing healthcare needs (Latimer 
et al., 2008; Sprow, 2012; Wilson-Stronks, Lee, Cordero, Kopp, & Galvez, 2008; Zeisel, 2013).

One of the continuing trends in health care delivery has been to promote the provision of healthcare services close to 
where people live (Joseph & Phillips, 1984). Aligning the geographical distribution of healthcare facilities and services with 
needs is an important aspect of providing an accessible healthcare system that meets national health care needs (DoH, 
2011; HealthcareUK, 2016). 

The study enabled the examination of space planning efficiencies at a department-by-department granularity, floor by 
floor, and at the whole of hospital scale, for both individual hospitals, and across the range and geographical distribution 
of hospitals included within the study. Such large benchmarking studies are rare in the hospital space planning sector and 
provide an insight into healthcare infrastructure and an important evidence base by which to help assess:

• Current space planning use and efficiency;

• Differences in hospital space planning use and efficiency between regions and between different hospital types, 
hospitals with different service provision foci, and models of care;

• Track changes in the space requirements needed to support changing health care requirements and infrastructure 
needs;

• The potential for improvements in space planning efficiency;

• Ways in which to reduce CO2 emissions through:

• The potential for reductions in the building footprint (CFA)

• Reduced embodied energy associated with physical healthcare infrastructure

• The potential for improved operational energy efficiency of the built infrastructure

• Reduced heating, cooling and lighting needs.

2.2 Efficiency Metrics 

Carried out in four phases, the study incorporates both quantitative measurement and analysis of select space planning 
efficiency measures across the 31 hospitals included within the study, as well as a systematic literature review to obtain 
an in-depth understanding of existing healthcare space planning efficiency research and metrics, and develop a qualitative 
understanding of key space planning issues, emerging trends, and the resulting spatial implications for healthcare design 
and delivery. The protocols utilised for the systematic literature review were developed utilising the PRIMSA checklist and 
guidelines.

In line with common international practice, the principal approach to this study focused on a comparison of departmental 
measures in conjunction with an analysis of the overall hospital planning efficiency (see Figures 1 & 2) through an examination 
of floor-by-floor and ‘whole of hospital’ planning efficiency ratios (AHIA, 2016; Allison & Hamilton, 2008; Itoh, Nakayama, Liu, 
& Kawaguchi, 1993).  The efficiency metrics and departmental measures and assessment parameters utilised within this 
study reflect standard international area and efficiency measures, as well as select metrics specific to the regions examined, 
so as to facilitate the analysis and comparison both internally between hospitals in each region, and across the full range of 
hospitals examined.
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Key elements of the study included the measurement and analysis of departmental grossing factors, planning efficiency 
ratios, research on international efficiency metrics, development of an appropriate research methodology, and the 
development of measurement processes and standards for the various area classifications (such as Net Operational Floor 
Area, Net Floor Area, etc. – see figures 2 & 3). Key steps in the consultancy included measuring, retrieving and studying 
all relevant information within building plans; compiling standardised schedules of areas for each hospital; compiling the 
schedules of departmental grossing factors and planning efficiency ratios; and, summarising the planning efficiency of 
selected hospitals. 

Figure 1: Planning efficiency measures. 

It should be noted that the focus of this research is on select space planning efficiency measures, with a particular focus 
on planning efficiency ratios (PER) and Departmental Grossing Factors (DGF). The research does not examine the broader 
complexity of factors that impact on hospital planning efficiency such as models of care, patient and work flow, patient 
numbers etc.

2.3 Data mining process 

The study included the collection of a total 25,884 measurements and data points across 31 hospitals to enable a 
comprehensive examination and comparison of select space planning efficiency measures across the hospitals included 
within the study. 

Developing an evidence-based understanding of hospital space planning efficiency
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Figure 2: Area measurement definitions. 

The area measurement and data mining process were conducted in phases so as to enable the testing and piloting 
of the research methodology (see Figures 2 & 3 for area measurement definitions and inclusions and exclusions).  Once 
collated and verified, the raw data from the data mining process was then entered in to a custom designed data base so 
as to enable comparative analysis and cross tabulation across the 25,884 data points collected. The bespoke database 
was designed to be agile and enable a comprehensive analysis of the interrelationship between the area measures and the 
space planning efficiency metrics examined within this study. 
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Figure 3: Area definitions and inclusions. 

2.3.1 Area measurement and data extraction 

• Electronic computer aided design (CAD) files and/ or hard copy print drawings for each of the Region 11 public and 
private hospitals (n=21) were obtained from relevant government authorities.

• The hard copy drawings and AutoCAD CAD files received were evaluated and re-drafted as three-dimensional 
building information model (BIM) Revit files, compensating for any errors, anomalies and omissions in the data sets. 

• Departmental boundaries and floor-by-floor space allocations created were then reviewed for accuracy.

• “Raw” area data was extracted from the finalised BIM model files to create schedules of accommodation (SoA) for 
each hospital.

• A bespoke computational algorithm was created by the research team to automate the process for converting the 
raw files into standardised and ordered summary schedules. The algorithm was created to reduce manual error and 
translational data errors within the end data outputs.

• Each output schedule was evaluated and reviewed against the drawn data and any apparent anomalies were then 
reviewed and rectified where required.

• Appropriate international comparator hospitals were selected by the research team (n=10).  The international 
hospitals were selected so as to reflect a representative sample in terms of facility scale, service mix and geographic 
distribution.

• In the case of the International Benchmark facilities, the process of drawing production involved the use of existing 
level-by-level hospital plans based upon existing drawing records or design drawings available to the research team 
through project sources and/ or internal records. 

• The schedules of accommodation for the International Benchmark facilities were taken from previously prepared 
project documents for each facility. For the international comparator hospitals, the drawings were utilized as 
reference material to enable a better understanding of the functionality of each of the hospitals.

1  Please note that hospitals utilised within the study, and the geographic regions from which case study hospitals were selected, 
have been anonymised in accordance with our research agreement. 
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2.4 Data extraction and accuracy 

Creation of reference schedules for the case study hospitals was automated using a bespoke computer algorithm created 
by the research team for the purposes of this study. This algorithm took “raw” room by room data from the Revit model 
outputs and organized it into a standardised format for import into the data base.  The resultant schedules included the 
outcomes of measurement methods (i.e. Construction Floor Area over Nett Operational Floor Area as the measure for the 
Efficiency Ratio and reference to “As Appropriate” areas being excluded from the Nett Operational Floor Area figures). 

It should be noted, that whilst the capacity to use the research data in a more long-term longitudinal tracking capacity 
was inbuilt into the research database, that the study is a “a point in time study” and reflects information as provided at 
the time of the study.  Furthermore, data accuracy is impacted on by the accuracy of the source drawings and information 
available to the research team at the time of the study.  Without accurate and up to date ‘as-built’ BIM models, there may 
be slight variations between the hospitals as drawn and the current in-use layout.

2.5 Data alignment

The original source material from which the Revit drawings and summary schedules were derived was formulated by 
different sources and at different points in time. As a result, between hospitals there were slight variations in the terminology 
utilised and in the naming of different departments and units.  The health planning unit area figures listed in each hospital 
summary schedule reflect the health planning unit terminology listed on the original plans as provided to the research team.  
In order to facilitate benchmarking and a comparison between hospitals and health planning units, a process of ‘terminology 
alignment’ was carried out across all facilities included within the study to ensure data alignment between hospitals and 
facilitate a comparison of ‘like with like’.  

For the sake of uniformity across all of the data, the health planning unit terminology and unit definitions as set out 
in the Australasian Health Facility Guidelines (AusHFG) (AHIA, 2016) were adopted across all case study hospitals (see 
Figure 4).  Terminology from the original source material was aligned with the corresponding terminology utilized within the 
Australian Health Facility Guidelines to ensure concordance across all data sets, and area measures and room data within 
the database was then provided with an additional revised ‘aligned unit’ tag. 

Figure 4: Terminology realignment: unit categories. 
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Due to differences in models of care between hospitals and service mix, terminology alignment was not always a straight 
forward process.  Due to the slight overlap between some health planning units, in some cases further clarification was 
sought by the research team from local governing health authorities as to the clinical nature of the unit, and an informed 
judgement was then made about how best to classify the individual health planning unit. Furthermore, four additional units 
that were not represented within the AusHFG, but deemed necessary by the research team, were added to the revised unit 
terminology list (see Figure 4). The terminology alignment process went through rigorous in-house review by the research 
team to insure accuracy in the revised area terminology assignment and consistency in classifications, before then being 
assigned revised departmental tags in the research data base.

2.6 Statistical treatment

Whilst this is the largest study of its kind known to the research team (n=31 hospitals), the broader study sample is comprised 
of 3 smaller sample clusters (Region 1 public hospitals (n=11), Region 1 private hospitals (n=10), and international hospitals 
(n=10)).  For statistical and comparative purposes, each sample pool is considered as a discrete sample.  

The sample size of the hospitals and comparatives is relatively small within this study, and as such there is a reduced 
statistical confidence in results than if the sample sizes were larger.  Within this study we have controlled for this reduced 
confidence by increasing the margin for error (confidence interval) around our measurements.  Our primary statistical tests 
used to compare measures amongst sample and comparator hospitals were Pearson Correlations.  It is important to bear 
in mind however that statistical inference tests describe how a variable, or set of variables (independent variables), affect the 
value of a particular measurement of interest (dependent variable).  There are many different forms of inference tests, and 
each test has its own set of conditions (parametric assumptions) which need to be satisfied before its results can be relied 
upon.  Some tests rely on more assumptions than others, and these parametric assumptions are more prone to error when 
sample sizes are smaller.  With smaller sample sizes we do not have as clear a picture of what the underlying population 
data looks like, and as such, it is more difficult to know what assumptions to make.  To mitigate this error, within this study 
we controlled for these effects by ensuring that the sample taken was representative of the broader population, and by 
undertaking a number of statistical checks on the sample data to determine whether these assumptions are reasonably 
expected to hold for the underlying (unknown) population.  It should be noted that statistical inference tests association and 
not causation, and there may be unobserved variables that are the root cause of variations in efficiency measures. 

3. KEY FINDINGS

The systematic review undertaken as part of this research project revealed a significant gap in the literature in relation to 
hospital space planning efficiency.  To date, there have been very few studies that examine hospital space planning efficiency, 
and no publicly available research was found that utilised comprehensive area measurements across entire hospitals and 
against international benchmark data. Whilst the findings of this research are currently in commercial confidence, the 
research methodology adapted for this project proved a robust mechanism through which to compare a range of planning 
and efficiency measures:

• between departments in a single hospital;

• between floors in a single hospital; and,

• as a ‘whole of hospital’ planning efficiency overview of individual hospitals (PER).

Furthermore, it provided the ability to benchmark and assess individual departmental planning efficiency and whole of 
hospital planning efficiency values against other hospitals, regional aggregate values and international comparator data. 

The structuring of the database, to enable a comprehensive exploratory examination of a large range of variables enabled 
the research team to obtain an in-depth understanding of the space planning efficiency of the hospitals examined within this 
study, and to identify departments and hospitals that were atypical in relation to others within the data set.  Furthermore, it 
allowed the team to set suitable region specific space planning targets for future healthcare infrastructure projects. 

Applied to a larger data set and expanded efficiency metrics, the methodology and database established for this research 
project could help fill some of the gaps in our existing evidence-base, and significantly improve our understanding of hospital 
space planning efficiency and design.

4. POTENTIAL FUTURE RESEARCH AVENUES

Whilst the focus of the research was on select space planning efficiency measures (PERs and DGFs), the data base that was 
created has been established so as to be able to expand over time and incorporate additional data. It is hoped that through 
an expansion of the database and further allied research projects, that the research team can track trends in hospital space 
planning and departmental area allocation over time, conduct comparative analyses and benchmarking of the carbon 
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footprint of hospitals, assess variations in energy efficiency and use associated with different hospital space planning, and 
examine the broader complexity of factors that impact on hospital planning efficiency such as models of care, patient and 
work flow, patient attendance figures etc.  Through a better understanding of the space planning efficiency and the space 
requirements needed to support complex clinical care needs, we are better able to meet changing healthcare needs, whilst 
reducing the carbon footprint of our healthcare systems.
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Abstract: Current models to quantify environmental performance in the built environment are flawed as they typically 
focus either on one scale of the built environment (e.g. buildings), on a limited range of environmental flows (e.g. energy), 
or a particular life cycle stage (typically building use). There is a need to develop a more comprehensive model to assess 
and improve the environmental performance of cities. This paper proposes a multi-scale, bottom-up, dynamic life cycle 
assessment model for the built environment. The model combines nested systems theory with life cycle assessment and 
dynamic modelling. It covers all scales of the built environment, from materials to cities. In particular, it considers material, 
energy, greenhouse gas emissions, water and financial flows required to produce construction materials and replace 
them (embodied flows); operate buildings and infrastructure assets (operational flows); and for the mobility of building 
users (transport flows). Furthermore, the model evaluates the value created by a particular real estate development. The 
paper describes how the model operates and the methods used to quantify each flow. By covering spatial and temporal 
boundaries across multiple environmental and financial flows, this model will significantly improve environmental assessment 
and decision-making for actors of the built environment. 

Keywords: Life cycle assessment; life cycle cost; environmental performance; Python.

1. INTRODUCTION

Cities are and will continue to be the epicentre of human activity, representing 80% of global gross domestic product 
(World Bank, 2018) and accommodating the majority of the expected global population increase of ~3 billion people by 
2050 (United Nations, 2015). Cities also represent ~60% of global final energy use and more than 70% of associated 
greenhouse gas emissions (World Bank, 2018), most of which are caused by the construction, maintenance, and operation 
of buildings and infrastructure. The maintenance and expansion of this built stock are the main drivers of resource extraction 
(UNEP, 2016) and associated environmental effects, such as climate change and resource depletion. Substantial and urgent 
improvements to the environmental performance of cities are needed to avoid devastating disruptions to ecosystems and 
human society. The window of action is closing rapidly as extreme weather events are becoming more frequent with climate 
change, resources are dwindling at the fastest rate ever, and freshwater is becoming increasingly scarce and polluted.

Tackling the environmental effects of cities and their built stocks can be achieved by empowering actors of the built 
environment, i.e. inter alia architects, engineers, town planners, landscape architects, construction managers, with 
evidence-based knowledge and models. These models can be used to quantify the environmental performance of 
cities and built stocks in order to compare alternatives and identify solutions with improved performance. Measuring the 
environmental performance of built stocks at the city level entails understanding their constituting components, i.e. buildings 
and infrastructure, and in turn, assemblies, elements and materials. Capturing spatial linkages across time is essential for a 
comprehensive quantification of the environmental performance of built stocks. Actors of the built environment rely on such 
models to provide the evidence needed for decision-making.

However, existing models for quantifying the life cycle environmental performance of built stocks are not sophisticated 
enough to provide sufficient information for decision-making. Most existing models focus either on one scale of the built 
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environment, e.g. a building, on one flow, e.g. energy, or on one life cycle stage, e.g. operation. Even studies that use a 
more holistic life cycle approach often underestimate embodied requirements (Crawford et al., 2018) and are typically a 
one-off attempt, requiring a significant amount of time and resources to conduct (Crawford, 2011). Existing models to 
quantify the environmental performance of buildings and the built environment can paradoxically lead to buildings with 
poorer environmental performance, e.g. more energy-intensive (Stephan et al., 2012). Furthermore, bottom-up models that 
capture linkages between scales are rare, incomplete and usually static (see Section 2). The need for more comprehensive 
models has been highlighted by researchers across the fields of urban energy analysis (Allegrini et al., 2015), material flow 
analysis (Muller et al., 2014), life cycle assessment (Anderson et al., 2015; Säynäjoki et al., 2017), as well as by international 
agencies such as UN-Habitat (2017). Means for comprehensively assessing life cycle environmental performance of the built 
environment, including embodied, operational and transport flows, across spatial and temporal boundaries, are urgently 
needed. This will help minimise poor-performing buildings and infrastructures, and the resultant effects on human society 
and the natural environment.

1.1 Aim and scope

The aim of this paper is to propose a bottom-up, dynamic, and multi-scale model to comprehensively quantify and improve 
the life cycle environmental and financial performance of cities and built stocks.

The model includes life cycle environmental flows, namely, energy, greenhouse gas emissions, water and materials, as 
well as cost. It considers embodied flows (associated with raw material extraction, production, construction, replacement 
of materials, and demolition), operational flows (associated with running a building/infrastructure) and user-transport flows 
(associated with the mobility of city dwellers).

2. EXISTING MODELS FOR ASSESSING ENVIRONMENTAL PERFORMANCE OF THE BUILT 
ENVIRONMENT

Environmental assessment of built stocks is typically conducted either at the building scale or at the neighbourhood/city 
scale. These two approaches are described below and the knowledge gaps in current assessments are highlighted.

In their review of building environmental assessment models, Haapio and Viitaniemi (2008) do not find any model 
that is capable of measuring a range of building types (e.g. office and residential), building categories (i.e. new, existing, 
refurbishment) and building components. Moreover, the models reviewed exclude infrastructure and cannot combine 
different buildings and infrastructures to evaluate the environmental performance of built stocks. While other models have 
been developed since this review, e.g. Huang et al. (2017), they still suffer from a range of limitations, including focusing 
on a one or two flows at most (in this example energy and greenhouse emissions only), and significantly underestimating 
embodied flows, i.e. the environmental flows associated with raw material extraction, material manufacture, processing 
and transport, construction, replacement of materials over time, and demolition. The overall conclusions of Haapio and 
Viitaniemi (2008) still hold: at the building level, there is no model that can comprehensively quantify life cycle environmental 
performance in order to provide decision-makers with sufficient information.

When evaluating the environmental performance of building stocks at a neighbourhood or city level, a large number of 
studies focus on the material stock and use top-down approaches (Muller et al. 2014). These top-down approaches do not 
allow assessors to spatialise the stock, to understand where materials are located or to model potential scenarios, such as 
retrofitting, housing form, or others, as these aspects are not parametrised in top-down models. If bottom-up approaches 
are used, the material stock in buildings is typically calculated using average material intensities per m² (e.g. see Tanikawa 
and Hashimoto (2009)). This means that the geometric characteristics of each building are ignored. Planners, consultants 
and city councils using such models do not always obtain an accurate representation of the stock and cannot disaggregate 
stocks by geometric element, e.g. northern façades.

When it comes to urban energy analysis models, a recent review by Allegrini et al. (2015) revealed that existing models 
largely ignore embodied energy, focusing on operational energy only. This is a clear shortcoming of such models as trade-
offs between operational energy improvements and their embodied energy premium is not captured. In their review of life 
cycle assessment studies on neighbourhoods, Lotteau et al. (2015) identify only 21 studies conducted from 1980 to 2015.

Regardless of the scale of assessment, the other significant shortcoming of all existing models is their reliance on 
process analysis which can underestimate embodied flows by a factor of up to 4 at a whole building level (Crawford and 
Stephan, 2013). This is because process analysis captures only a certain number of processes upstream in the supply 
chain, failing to capture the entire supply chain.

Stephan (2013) has developed one of the most comprehensive models for the life cycle energy analysis of residential 
buildings and has applied it to a range of buildings in Australia, Belgium, and Lebanon. Recently, Stephan modified this model 
to apply it to non-residential buildings within the City of Melbourne and quantified embodied energy, water, greenhouse gas 
emissions and the material stock of 13,075 buildings (Stephan and Athanassiadis, 2017; 2018), demonstrating that such 
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models can be up-scaled to the city level. However, this was a one-off application as the original model is not designed 
for non-residential buildings. This paper builds upon the work of Stephan and incorporates new embodied flows data and 
quantification algorithms (see Section 3.3).

3. A MULTI-SCALE LIFE CYCLE MODEL FOR ENVIRONMENTAL AND FINANCIAL 
PERFORMANCE

3.1 Conceptual framework

This project combines the theory of nested systems, life cycle assessment and dynamic modelling in its conceptual 
framework, as depicted in Figure 1.

Nested systems theory (Walloth, 2016) focuses on the interactions between systems that are enclosing other systems 
(e.g. a city encloses neighbourhoods) or systems enclosed by larger systems (e.g. a window is an assembly enclosed by 
the building system). This theory has been developed for urban systems which are nested by nature, and is therefore ideal 
to model built stocks. It is by replicating the nested structure of urban systems that their interactions can be realistically 
modelled, better understood, and quantified. The nested systems theory provides the grounding for the model architecture.

Life cycle assessment is an internationally established and standardised method to quantify the environmental flows 
associated with any good or service, in this case built stocks in cities. It uses a life cycle inventory that compiles all the 
resource inputs and outputs of waste and pollutants for a product, across the different stages of the product’s life cycle. The 
life cycle assessment method applied to buildings (European Standard 15978, 2011) provides the quantification approach 
used to comprehensively model a broad range of environmental flows across different scales and life cycle stages.

Dynamic modelling focuses on the temporal evolution of nested systems and their environmental flows across time. Since 
built stocks have very long lifespans compared to other products, lasting decades or hundreds of years, their environmental 
performance will evolve through time and depends on a myriad of parameters. The dominant majority of existing life cycle 
assessment studies are static, assuming a constant technological performance over time. The use of dynamic modelling 
in this research will enable a prospective assessment that tests a broad range of scenarios and temporal evolution of 
parameters. This, coupled with the capacity to conduct retrospective assessment in order to monitor past performance, will 
enable decision makers to devise solutions that are resilient to the inevitable change in context. This is a major improvement 
over existing models.

Figure 1: Conceptual framework of the research.

Note: * = modelled as a stock of buildings and infrastructures and includes user-transport flows.

3.2 Nested modelling

Developing the nested model is an iterative process. Individual models for materials, elements, assemblies, buildings 
(including new construction and retrofit), infrastructure, and built stocks for neighbourhoods and cities have been developed 
using Python programming language. But these models are prone to modifications over time as the model is used. Python 
is chosen for its flexibility, open source nature, multiple scientific computing models that are freely available for use (e.g. 
Pandas, Scientific Python, Numeric Python), and the fact that previous models developed by the authors rely on Python. 
The overall architecture of the model is presented in Figure 2. Object-oriented programming is used, and this results in three 
main advantages.

Firstly, each object is characterised as a separate entity with its own properties. For example, the model comprises 
‘window frame’, ‘lighting fixture’ and ‘sewage pipe’ as objects. The ‘window frame’ object can have a ‘material’ property 
which is ‘aluminium’ and a ‘number of glazing panes’ property which can be ‘2’. This level of detail allows superior 
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modelling capabilities. Decision-makers will be able to investigate the effect of a broad parametric analysis on environmental 
performance ranging from the type of paint, lighting fixtures or roof insulation thickness, to the efficiency of the heating 
system, the installation of photovoltaic panels, the width of roads, the water efficiency of taps, the modal split of user-
transport, or waste generation for on-site construction. Secondly, the algorithms are separated from the databases that 
feed them. This allows the model to be applied across international boundaries as long as data exist. In turn, this will enable 
the comparison of environmental profiles of different buildings or infrastructures internationally, while using the same model. 
This separation of data and algorithms also allows updates of each object to be undertaken seamlessly. The third advantage 
lies in the flexibility of the model. Because each object is a separate entity, it is easy to include new objects such as ‘parks’ 
as a new infrastructure type. This significantly improves the usefulness of the model in the future as it can be adapted and 
upgraded based on future research directions or user needs.

As indicated in Figure 1, the neighbourhood and city scales are modelled as built stocks. This means that interactions 
between buildings due to shading, wind tunnels, etc. are not captured in the model at this stage, but can be integrated at 
a later stage.

Figure 2: Diagram of the model
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3.3 Modelling material flows

Material stocks and flows are modelled based on the geometric properties of a building or infrastructure and their constituting 
assemblies. Each assembly contains a number of elements and/or materials and specific quantities of these, e.g. one 
square metre of slab contains 0.2 m³ of concrete. Based on the geometry of a building, a bill of quantities of assemblies is 
generated and used to estimate the quantities of assemblies, elements and materials within a building or infrastructure (i.e. 
their inventory or stock). Elements and assemblies are replaced using average useful lives or material survival curves and 
result in a material flow for replacement. This approach has been successfully trialled in Stephan and Athanassiadis (2017; 
2018). Material flows resulting from the demolition and construction of buildings and infrastructure at the neighbourhood 
and city scales are also calculated using the geometry and constituting assemblies. Construction and demolition activities 
are usually set based on previous trends but alternative scenarios can be modelled. The potential re-use and recycling of 
materials and elements in new buildings are modelled based on the material type (e.g. aluminium) and its remaining years 
of life.

3.4 Modelling embodied environmental flows

Embodied flows are quantified using the Path Exchange hybrid analysis (PXC) technique developed by Treloar (1997) and 
validated by Crawford (2008). This technique combines bottom-up industrial data with top-down economic data to capture 
all inputs and outputs across the entire supply chain of a product. The most recent hybrid embodied flow data are used 
in this model and are compiled into embodied flows coefficients. These are being compiled as this paper is being written 
and are based on semi-automated algorithms, as described in Stephan et al. (2018). Both initial (accounting for the original 
construction of a building or infrastructure) and recurrent (associated with material replacement over time) embodied flows 
are quantified. The material replacement flow (see above) is converted to a recurrent embodied flow. This allows the detailed 
evaluation of future embodied energy, water and material inputs as well as GHG emissions.

Embodied flows associated with a building are calculated as per Equation 1 below. Substituting the building with an 
infrastructure in the equation produces the associated life cycle embodied flows.
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Where: LCEFb is the life cycle embodied flow of the building in flow unit (e.g. GJ for energy); M is the total number 
of materials in the building; Qm,b is the quantity of material m in the building b (e.g. tons of steel); FCm  is the hybrid flow 
coefficient of material m in flow unit per functional unit of material (e.g. GJ/ton); TFRBS is the total flow requirement of the 
building sector associated with the building type of building b, in flow unit/AUD; TFRm is the total flow requirement of the 
input-output pathway representing material m, in flow unit/AUD; and Cb is the cost of the building b in AUD; TH is the time 
horizon of the analysis, e.g. 2050; CYb is the construction year of building b, e.g. 1987 or 2018; SLm is the service life of the 
material m, in years; NATFRm is the total flow requirement of all input-output pathways not associated with the installation or 
production process of material m being replaced, in flow unit/AUD, e.g. pathways representing concrete production when 
replacing aluminium frames; and Cm,b is the cost of the material m in AUD in building b.

3.5 Modelling operational environmental flows

Operational energy and GHG emissions associated with heating, cooling, ventilation, hot water, lighting, appliances and 
cooking are considered in the model. These are calculated based on the building type, its occupancy pattern, number 
of appliances and systems (including solar energy generation) and power ratings. Heating and cooling are calculated by 
connecting the model to existing and verified models, such as Energy Plus. The heating and cooling demands are calculated 
for each individual buildings and summed for neighbourhoods and cities. The parametric disaggregation of operational 
energy and GHG emissions allows future users of the model to control individual parameters and evaluate their effect. All 
operational energy is expressed in final, delivered and primary energy terms. Primary energy figures capture all losses in the 
energy supply chain and are therefore critical in determining GHG emissions. These are calculated using conversion factors 
based on the energy sources used. A long term climatic model evaluates the impact of GHG emissions in terms of global 
warming potential based on the date of their emission, as illustrated by Kendall (2009). Operational water is modelled based 
on the building type, occupancy pattern, number of water fixtures and systems.

It is important to flag that the modelling of operational flows differs depending on the scale assessed. At a building level, 
more detailed energy modelling is appropriate to make decisions. At the neighbourhood and city levels, built stocks can be 
modelled using static thermodynamic equations to significantly improve the runtime of the model. This approach works well 
in heating-dominated climates (Reinhart and Cerezo Davila, 2016).

A comprehensive model for quantifying the environmental and financial performance of cities
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The life cycle operational energy or water flows of a building are obtained as per Equation 2.
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Where: LCOPFb is the life cycle operational energy or water flow of building b, in GJ or kL; E is the total number of end-
uses; Re,b is the power or water rating of the end-use e, in GW or kL/s; Se,b is the operational schedule of end-use e, in 
seconds (it is a function of the building type, occupancy, etc.); ηe,b is the efficiency of the end-use e (e.g. the efficiency 
of a water heater); and ULFs

e,b is the upstream losses factor associated with source s on which end-use e operates (e.g. 
electricity for a water heater). See Equation 1 for the definition of TH and CYb.

3.6 Modelling transport environmental flows

The user-transport flows associated with mobility of residents is also taken into account at a neighbourhood or city level. 
This is done by multiplying the average travel distance per person by the environmental intensity of the relevant transport 
mode, as per Equation 3.
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Where: LCTFO,b is the life cycle transport flow of the occupants O of building b, in flow unit (e.g. GJ for energy); M is the 
total number of transport modes used by occupants O; DFIm is the direct flow intensity of transport mode m, in flow unit/
km; IFIm is the indirect flow intensity of transport mode m, in flow unit/km; and ATDo,b,m is the average annual travel distance 
of occupant o living in building b, using transport mode m, in km. See Equation 1 for the definition of TH and CYb.

Considering both direct and indirect environmental flows is critical to ensure a comprehensive environmental assessment. 
The significance of indirect environmental flows associated with transport has been demonstrated by a number of studies 
(Lenzen, 1999; Chester and Horvath, 2009; Stephan and Crawford, 2016).

3.7 Modelling life cycle cost and valuation

Life cycle cost is modelled using the net present value technique (Berk and DeMarzo, 2010). It uses bottom-up costs 
associated with individual construction material, elements, assemblies, trades, fuel prices, public transport fees and other 
relevant cost databases. These critical costs are summed and calculated at current prices, projected into the future with 
assumed inflation rates dependent on product, and are discounted back to a net present value as per Equation 4.
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Where: NPVb is the net present value of building b in AUD; A is the total number of assemblies in building b; Capexa,b,y is 
the capital expenditure associated with assembly a in building b during year y; E is the total number of energy vectors used 
in building b, including fuel for cars; Ce,b,y is the cost of energy vector e used in association with building b in year y; W is the 
total number of water vectors; Cw,b,y  is the cost of water vector w used in association with building b in year y; CPI is the 
considered inflation rate; and r is the discount rate. See Equation 1 for the definition of TH and CYb.

Another important characteristic of the model is its ability to capture the value of the land based upon the proposed 
development type. It utilises the concepts of a modified residual land valuation model which estimates the underlying present 
value of the land based on the future utilisation of the land. As this analysis examines broader concepts and considerations, 
the variations in time horizons means a discounted approach would be beneficial. 

The estimation of value for the land is based on value ascertained through the future use of the site on completion of 
the development. The value of the land is determined by its utility value, the use value of the site; which is dependent upon 
accessibility to economic activity, present and future uses, physical characteristics and other historical factors that might 
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affect the use of the land for a purpose (Brigham, 1965). To calculate this, the residual land value is determined through the 
estimation of the value of the project on completion, minus development costs and associated interest, land holding costs 
and interest charges and the developers’ profit, usually a percentage of the development costs (Harvard, 2008). This can 
be calculated and reduced to a net present value as per equation 5 (Wyatt, 2013).

( ) ( ) ( ),0
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= + × − − + +   (5)

Where LVd,0  is the residual net present land value of development d; i is the cost of finance and comprises the annual 
interest rate and discount factor; t is the development period; Vd,0 is the current estimate of development d’s value on 
completion; pd is the developer’s profit based on the current estimate of development d’s value (variations to this are profit 
based on the development costs, we have utilised the development value for our model); Cd,0 is the current estimate of 
development d’s costs including construction and costs associated with the land; and ICd is the finance costs calculated for 
the construction costs of development d over the construction period and ILd is the land holding and acquisition costs of 
development d calculated over the entire development period.

Although a simplified approach, the detail required in estimating with accuracy the residual land value lies within the 
calculations of construction costs and the estimation and assessment of the project on completion. Both of which can 
change with property and economic market conditions, yet this approach provides an assessment based on the conditions 
known at the time, and is utilised and accepted by the valuation profession to assess the value of developable land globally. 

3.8 Dynamic Modelling and uncertainty

The dynamic nature of the model is another important feature. The model enables modelling the temporal evolution of 
parameters and quantification of their flow-on effects across the model. This is done by specifying certain evolution scenarios 
using either interpolation between set values at particular years or by manually specifying values over periods of time. This 
will enable users to evaluate the effect of changes to objects and/or flows across time.

Uncertainty in the data is one of the major drawbacks of quantifying the environmental performance of complex nested 
systems. However, this uncertainty should be seen as an intrinsic component of any model rather than a burden. It is taken 
into account to allow more resilient decisions. Interval analysis (Moore et al., 2009) is used to model parameter uncertainty. 
This simple approach, which consists of attributing minimum and maximum values to a parameter is chosen due to the lack 
of statistical data on the sheer amount of variables considered. For example, the probability distribution associated with the 
embodied energy of steel is not currently available. The advantage of implementing interval analysis is the ability to modify 
how uncertainty is modelled in the future and to gradually enrich the model. This is already a significant improvement over 
most existing building life cycle assessment models, e.g. Athena Institute Impact Estimator. Another feature is the ability to 
override computed figures as well as adding entries to databases. This is particularly useful when measured post-occupancy 
data is available (e.g. electricity bills). In this case, the model integrates measured and simulated data, reducing uncertainty.

The model is currently under development. It will be made available on its dedicated website: www.nestedphoenix.com. 
Links to all publications and data sources are also available on the website.

4. DISCUSSION AND CONCLUSION

This paper has presented a comprehensive life cycle assessment model for quantifying the environmental and financial 
performance of cities, covering multiple scales of the built environment, across different environmental flows, and including 
life cycle cost and valuation. It is one of the most advanced environmental performance models to date and endeavours to 
overcome flaws in existing models.

However, this comprehensiveness comes at the price of significant data requirements and complexity. In order to be able 
to cover such a broad range of environmental flows across space and time, a significant amount of data is required. This 
restricts the use of the model to where data are available to reliably model flows. The complexity of the model is another 
limitation. As it currently stands, the model requires significant expertise in environmental modelling, the built environment 
and computer programming. Future steps include developing user-friendly interfaces to facilitate decision-making and 
streamline the use of the model. This will help improve the environmental performance of cities.

A comprehensive model for quantifying the environmental and financial performance of cities
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Abstract: Site is known as one of the important factors which influence the energy performance of buildings. However, 
in many cases when energy simulation modelling is included in the design process, it does not consider site factors. The 
consequences of this are unknown. Frequently, the weather data used in the energy simulation is based on the local 
weather-station rather than the site-specific micro-climate. In the case of Wellington, New Zealand, micro-climates vary 
widely as they are influenced by the local topography. Different sites are highly likely to have different access to sun, wind, 
temperature, etc which all strongly affect the heating energy use of houses. This paper reports on the initial findings of a 
study into the impact of site factors in energy simulation software, EnergyPlus. Some EnergyPlus limitations were found 
in modelling site factors. To solve this limitation, three approaches to the generation of site-specific weather files were 
investigated: ENVI-met, UWG (Urban Weather Generator) and CFD (Computational Fluid Dynamics). The paper explores the 
importance of different site parameters, and diagrammatically sets out how they can be included in the energy simulation. 

Keywords: Site; Microclimate; Energy Simulation; Site modelling.

1. INTRODUCTION

Site is an important factor in the process of planning and designing a building. Site analysis is always the first step in design, 
as it determines how the building should respond to the local climate. From a bioclimatic-design perspective, site analysis 
is fundamental since the design relies on the site specific issues to determine heating, cooling and natural lighting strategies 
(Leskovar & Premrov, 2013).

Site is key in building energy simulations. Building Energy Simulation (BES) software uses a weather file that represents 
the local climate. Normally, this file is based on nearby weather-stations, often at airports. However, the weather-station 
microclimate can differ from the site-specific microclimate. Site factors such as orientation, slope, ground surface and 
vegetation can affect the local microclimate yet are often not considered. The consequences of this are an unknown in the 
energy calculation. 

In the case of Wellington, New Zealand, micro-climates vary widely, as they are strongly influenced by the local topography 
(NIWA, 2014); for example, whether the house is located on the side or near the bottom of a valley. Different sites are likely 
to have different access to sun, wind, temperature, etc., which all strongly influence the building’s energy performance.

This research explores the importance of the site through the use of microclimate generators and the BES software 
EnergyPlus. The results of this work, although initially limited to Wellington, NZ, will be developed to include other climates 
making them relevant to designers internationally 

2. LITERATURE REVIEW: SITE AND ENERGY PERFORMANCE OF HOUSE

2.1 Climatic Elements on Site

The indoor climate is strongly influenced by the building heat flows which are mainly determined by four factors: building 
envelope heat flow (Qt), ventilation and infiltration air exchange (Qv), internal heat gain generated by human bodies and 
household appliances (Qi) and window solar heat gain (Qs). The energy required for space heating or cooling is the sum of all 
energy flows (ΔQ) which must be supplied to or extracted from the building to reach a comfortable indoor climate (Leskovar 
& Premrov, 2013). There are four climatic elements that influence heat flows and energy use in the house:

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.647–655. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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• Sun. Influences Qt and Qs. Energy for mechanical space heating can be reduced by solar energy utilization for 
passive heating, especially during the winter time (Sadoun, 1992).

• Wind. Wind control can save energy for space heating by reducing air infiltration (Qv) and heat convection (Qt) 
(Sadoun, 1992).

• Air Temperature. During winter, building envelope thermal insulation limits conductive heat losses (Qt) (Leskovar 
& Premrov, 2013). Colder air from outside also contributes to heat losses through infiltration and ventilation (Qv).

• Humidity. Higher or lower moisture air enters the building through infiltration or ventilation (Qv). 

2.2 Important Site Parameters

BES generally consider four site parameters: altitude, topography, vegetation and nearby buildings. These are important 
as they are likely to influence site microclimate: sun, wind, air temperature and/or humidity, which can significantly affect 
energy performance of the house:

• Altitude. Air temperature decreases by ~0.6o for each 100m increase in elevation above sea level (NIWA, 2014). 
The higher the altitude, the stronger the wind speed (Wallace & Hobbs, 2006).

• Topography. Slope can obstruct the sun, e.g. a house on a south-facing slope is disadvantaged as the sun 
is blocked from the north (equatorial). Slope direction and inclination can result in warmer temperatures due to 
seasonal effects, e.g. in USA, a south (equatorial) facing slope with 20% gradient receives 30% more solar radiation 
and will be three weeks ahead in the arrival of spring (Olgyay, 1963). The ground surface can also increase the local 
temperature as a dark material (e.g. asphalt) can absorb more solar radiation than grass. Different surfaces can 
change wind movement - wind speed can accelerate over open, flat areas while it is slowed down by large areas of 
trees and buildings (BRANZ, 2018).

• Vegetation. Nearby plants and trees can provide shade and a wind barrier (BRANZ, 2017). Large areas of vegetation 
can intercept 60% to 90% of the solar radiation and lead to a reduction in the ambient temperature (Goulding et al. 
1992). Evapotranspiration can produce cooler and moister air.

• Nearby Buildings. Buildings provide shade and are a wind barrier. Surfaces, notably roofs, can increase the 
surrounding temperature due to their low albedo (Wolf & Lundholm, 2008).

3. MODELLING SITE IN ENERGYPLUS

3.1 Microclimate in EnergyPlus Calculation

The local microclimate affects EnergyPlus energy calculation through several factors (U.S. Department of Energy, 2016) 
(Yang et al. 2012):

• Solar radiation reaching building surfaces is influenced by external objects surrounding the building model that 
represent large obstructions (hills), vegetation and nearby buildings.

• Convective heat flux at the exterior surface is determined by the local wind speed and outdoor air temperature. 
These two factors are in the weather file (.epw) and affected by the elevation of the zone (altitude). Local wind speed 
calculation in EnergyPlus is also determined by the terrain type, which is provided in an input parameter. 

• Longwave radiation. Surface absorptivity determines this factor; surface, sky and ground temperatures; and 
sky and ground view factors. EnergyPlus uses typically a simple assumption that ground surface and obstruction 
temperatures are the same as the outdoor temperature.

• Infiltration. This impact is determined by the local wind speed, air temperature and humidity.

3.2 Climatic Conditions

Leskovar & Pemprov (2013) divided climatic conditions into three levels: macroclimate, mesoclimate and microclimate.

W. Sunarya, N. Isaacs and M.R. Donn



649

Figure 1: Site parameters definition in EnergyPlus (based on Leskovar & Pemprov, 2013)

The macroclimate is the typical climatic condition over a large region, based on indicators (temperature, humidity, air 
movement and pressure as well as solar radiation and duration) provided by meteorological stations. Then, in the smaller 
areas of the region the general climate (or mesoclimate) condition changes due to the physical features surrounding the 
local site. The mesoclimate is influenced by local characteristics of the area such as large geometric obstruction, large-scale 
vegetation, water bodies and ground cover. The mesoclimate can be generalized into: coastal regions, flat open country, 
woodlands, valley, cities and mountainous areas (Goulding et al. 1992). The third level is the microclimate, which is the 
specific area nearby and in the site environment. The landscape features and built environment strongly determine this 
condition. EnergyPlus has five categories: country, suburbs, city, ocean or urban.

These three levels of climatic conditions (macroclimate, mesoclimate and microclimate), become the fundamental 
principle in defining important BES site parameters (altitude, terrain, vegetation and nearby buildings). Figure 1 shows 
the site parameters that can be modelled in EnergyPlus interfaced with OpenStudio software. EnergyPlus provides input 
parameters to describe macroclimate, mesoclimate and microclimate condition while OpenStudio can create the geometry 
of the building model and site objects through SketchUp engine.

4. PRELIMINARY TEST OF MODELLING SITE IN ENERGYPLUS

This test investigates whether EnergyPlus can produce house energy use results that take into account the important site 
parameters. It used Wellington weather data (Wellington WN 934360 -NIWA)

4.1 Building Model 

A simple house design which can highly interact with the microclimate conditions was used in the simulation. The north zone 
represents the living room which has three exterior surfaces. The simulation focused on the heating load in this zone. The 
model size applied minimum requirement from the NZ House Improvement Regulations (MBIE NZ, 2014) and NZ Building 
Code (NZBC) (MBIE NZ, 2013).

The Importance of Site on House Heating Energy Modelling
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Figure 2: Building Model

Figure 2 illustrates the house-model design and its input values in EnergyPlus, including minimum R-values from NZS 
4214:2006 for Wellington (Standards NZ, 2006). The internal heat load followed the method used in ALF (n.d.). The heating 
period was based on the study  (Isaacs, et al. 2010) and monitoring  (Burrough, 2010) of NZ houses. The heating set point 
was set at 18oC, as suggested by the World Health Organisation (1987). NZ houses built after 2000 are more airtight, 
so 0.2 ACH was used for infiltration input (LEVEL). The opening area for natural ventilation was set 5% of the total area 
(1.25m2), based on the minimum requirement of NZBC (MBIE NZ, 2016) and scheduled from 7:00 am-9:00 am with 0.125 
of effectiveness.

4.2 Site Scenarios

A series of site scenarios were developed to enable comparison with the literature review. Nine scenarios were established 
based on the site parameters from results of the literature review:

• Baseline model (1). is used for comparison with other scenarios. It is on flat land with no site obstructions and faces 
north. The terrain type was set to ‘suburbs’. Elevation of 50m is the general height of Wellington suburban area.

• Altitude +100m (2). It was expected to have higher heating demand as the higher altitude experiences cooler 
ambient temperatures and higher wind speeds.

• North Aspect (3). The slope gradient was set to 45O. It aims to see whether the north aspect can give the seasonal 
effect (warmer ambient temperature) and produce lower heating demand.

• South Aspect (4). The slope was also set to 45 O. It was expected to have a higher heating load because the sun is 
obstructed in the winter period.

• Tree Shade (5). Tree models were placed to the east and the north to block the morning and daytime sun. It was 
expected to increase the winter heating demand.

• Tree Porosity (6). The transmittance value of tree surfaces (external shading) was set by 0.75. It allows the more 
sunlight and was expected to have less energy use than that of scenario 5. 

• Nearby Buildings (7). The house was obstructed by a close, large surface of a nearby building (east and west sides). 
This was expected to have higher heating demand than that of scenario 6.

• Windbreaks (8). This investigates whether external surfaces can reduce the wind impact, thus reduce the heat loss 
and increase energy savings. The transmittance value of surfaces were set by 1.0 (entirely translucent), allowing the 
sunlight to pass through this outer surface.

Figure 3: Site scenarios -left to right: (3), (5), (7), (8)
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4.3 Results

Table 1 shows the space heating demand for the eight different scenarios and how the results compare to the literature 
review for site impact. In general, six of the eight scenarios produce the results similar to those found in the literature review.

There are two scenarios producing different results from the literature review:

• (3) North Aspect. Equatorial facing slopes (north in NZ) can have a seasonal effect (Olgyay, 1963) which leads to 
warmer temperatures. However, the results of this model (3) did not indicate this effect (no reduction of heating). In 
this case, EnergyPlus is unable to model the ground surface material which absorbs and re-radiate solar radiation 
or estimate its impact.

• (8) Windbreaks. The baseline model (1) and windbreaks scenario (8) have the same results which suggest 
EnergyPlus external surfaces do not affect the wind. This appears to be due to the impact being determined only 
by terrain input variable (U.S. Department of Energy, 2016). 

Table 1: Results of Preliminary Test

NO Scenarios Heating load (kWh) Difference (%) Literature Review Comparison

1 Baseline 1935 - -

2 The altitude 2255 16.5% Matched

3 North Aspect 1939 Relatively same Maybe yes or no

4 South Aspect 2096 8.3 % Matched

5 Tree Shade 2020 4.3% Matched

6 Tree Porosity 1979 2.2% Matched

7 Neighbor Building 2092 8.1% Matched

8 The windbreaks 1936 No change Unmatched

4.4 EnergyPlus Modelling Site Limitations

These results suggest that there are some EnergyPlus limitations with respect to site modelling: 

• It cannot model: physical terrain features that can impact on local outdoor air temperature and relative humidity 
change such as the material and inclination of ground surface; tree profiles contributing to evaporation; or material 
facades of nearby buildings. 

• It only calculates the impact of shade on the building, but not on microclimate which can contribute to local 
temperature decrease (U.S. Department of Energy, 2016) 

• The wind calculation is limited by the terrain generalisation -not by external objects.

5. INTEGRATION OF ENERGYPLUS WITH MICROCLIMATE SOFTWARE

The limitations in modelling site factors can possibly be solved by microclimate software integrated with EnergyPlus. Such 
software should be able to model site parameters unable to be modelled in EnergyPlus and estimate their impact on the site 
microclimate. This requires software that can produce: 

• Local outdoor air temperature and humidity, which can change due to physical features and local shading 
effect of the surrounding environment, and the presence of trees or other plants;

• Wind speed and movement, which can change as a result of surrounding objects such slopes, trees or buildings.

6. REVIEW OF MICROCLIMATE SOFTWARE

Three microclimate software programmes have been identified as being able to deal with these issues: ENVI-met, UWG 
and CFD.
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6.1 ENVI-met

“ENVI-met is a three-dimensional microclimate model designed to simulate the surface-plant-air interactions in an urban 
environment with a typical resolution down to 0.5 m in space and 1-5 sec in time” (ENVI-met, 2018). ENVI-met produces 
microclimate data based on receptors that can be placed around the building model. It can define diurnal variations of 
atmospheric boundary conditions (forcing) to create the specific meteorological condition. The parameters that can be 
forced are air temperature and relative humidity, which can be based on the local weather station (Salata, et al. 2016). The 
forcing tool gives better calibration between field measurement and simulated data.

Morakinyo, et al. (2016) used ENVI-met to calculate the impact of tree shading on outdoor microclimate. These results 
were applied as a boundary condition in EnergyPlus by adjusting the weather file to estimate the microclimate. A study by 
Skellhorn, et al. (2014) used ENVI-met to test the impact of green space on microclimate. It was found that more trees can 
reduce the air temperatures in the summer while the air temperature increased when all the vegetation was replaced with 
the asphalt. The terrain form also gives influence. Middel et al. (2014) used ENVI-met to highlight that urban form model 
contributes to air temperature reduction and is strongly related to local shading patterns caused by urban forms. These 
studies reveal that ENVI-met can estimate the impact of vegetation, terrain and nearby buildings.

ENVI-met also can calculate the impact of external objects on wind condition, but it does not simulate a diurnal cycle 
for wind direction and speed changes (Middel, et al. 2014). This means the microclimate output of ENVI-met assumes a 
constant wind condition. This can be a disadvantage since it cannot produce reliable annual microclimate data for locations 
in windy regions. It also takes a long time to run each simulation because of the extensive calculations and numerous 
outputs -The study by Skellhorn et al. (2014) reported that it took 72 to 96 hours to run a one-day (24h) simulation period.

6.2 Urban Weather Generator (UWG)

The Urban Weather Generator [UWG] estimates the hourly urban canopy air temperature and humidity based on the weather 
file from a rural weather station and description of the urban canyon condition (Massachusetts Institute Technology, 2016). 
It is used to produce a morphed weather file that represents the urban microclimate that is usually warmer than weather 
station microclimate. It contains input parameters describing the urban morphology, site geometry and surface materials. 

The UWG workflow is integrated using Rhinoceros, CAD base modelling software. As demonstrated by Nakano (2015), 
a 3D model of building masses and streets in Rhinoceros can be modelled and defined by “Grasshopper” (an algorithmic 
modelling plug-in tool for Rhinoceros). Sensitivity analysis had been conducted by Nakano (2015) for Boston (cold) and 
Singapore (tropical), to determine the influential input parameters for UWG for across different climates. The input parameters 
were changed to be either +25% higher or -25% lower. It was found that site coverage ratio, façade-to-site ratio and sensible 
anthropogenic heat are the keys the parameters. An earlier study in mild climate region for Toulouse (France) and Basel 
(Switzerland) found that while two inputs (coverage ratio and façade-to-site ratio) where the same, the third (vegetation) 
differed (Bueno, et al. 2013).

In general, the terrain, vegetation and nearby buildings are essential parameters in UWG. The influence of position and 
orientation of nearby buildings and terrain in UWG is still unknown. For example, whether slope orientation and inclination 
can give seasonal effects. Another limitation of UWG is that it cannot replicate the impact of surrounding objects on the 
wind movement.

6.3 CFD Software

General purpose CFD software can simulate digital wind tunnel test to a site-specific scenario, accounting for urban forms 
or surrounding terrain. It can produce wind pressure coefficients or wind speed in the specific location, which can be applied 
to BES such as EnergyPlus.

Cresswell-Wells (2014) integrated CFD with EnergyPlus to calculate urban forms effect on natural ventilation. UrbaWind 
CFD software was used to calculate wind pressure coefficient (Cp) in the building facades. In UrbaWind, a grid system was 
set up in each building facade to generate a Cp value, and the Wind Angle of Incidence (WAI) was stepped at 45o through 
the full compass range. Then the calculated Cp values were entered to EnergyPlus as a parameter input to calculate 
the effect of natural ventilation in urban area on energy consumption. A more recent study by Nikkho, et al. (2017) used 
CFD software OpenFOAM combined with EnergyPlus to quantify the impact of urban wind shelter on the building energy 
consumption. OpenFOAM is used to produce the local wind multipliers by running eight CFD scenarios for 1 m/s wind in the 
principal directions. This calculates the local wind speed after it is sheltered by urban forms in the eight simulated angles. 
The calculated local wind speed is used as coefficient in wind multipliers for adjustment of wind data in the EnergyPlus 
weather data file. 

The framework developed by both studies revealed how to integrate CFD and BES in modeling the wind factor. However, 
the framework from the earlier study only accounts for natural ventilation effect (Cresswell-Wells, 2014). Other important 
factors influenced by wind such as convective heat flux at building’s surface (Qconv) and infiltration (Qinf) are not calculated. 
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Another approach by Nikkho, et al. (2017) can account for all factors (Qconv & Qinf) in energy calculation because it used an 
adjusted weather file containing a local wind profile based on the CFD output. 

6.4 Capabilities and Limitation of Microclimate Software in Modelling Site Parameters

Table 2 summarizes capabilities and limitations of EnergyPlus and microclimate software reviewed in modelling site -whether 
they can produce the impact of important site parameters. 

Table 2: Capabilities and limitation of EnergyPlus, ENVI-met, UWG and CFD

Site Parameters

Altitude Terrain Vegetation Nearby Building
Impact: Sun Wind Ta RH Sun Wind Ta RH Sun Wind Ta RH Sun Wind Ta RH

EnergyPlus - Y Y - L L N N L N N N L N N -

ENVI-MET - N N - Y L Y Y Y L Y Y Y L Y -

UWG - N N - Y N Y Y Y N Y Y Y N Y -

CFD - N N - N L N N N L N N N L N -

(Y: Yes, N: No, L: Limited, -: No Influence)

7. CONCLUSION

It has been shown that both ENVI-met and UWG can solve most of the limitations of EnergyPlus in modelling important site 
parameters, except for modelling wind. ENVI-met cannot model the diurnal cycle for wind direction and speed changes, 
while UWG cannot estimate the wind impact. The CFD software can only model the wind movement where wind speed 
and direction are input before running the simulation. The framework introduced by Nikkho, et al. (2017) can possibly solve 
these limitations through integration with EnergyPlus.

EnergyPlus does not model windbreaks or deal with the impact of terrain on the air temperature.  The consequences 
of this could result in the design and construction of real buildings which apparently fail to achieve the simulated energy 
performance. Thus, this research suggests the modelling of important site parameters by integrating EnergyPlus with 
microclimate software, as illustrated by Figure 4.

Figure 4: Proposed Workflow Programme

The use of ENVI-met, UWG and CFD can solve EnergyPlus modelling site limitations. These are: (1) ground surface 
material and its contour; (2) material of nearby buildings; (3) vegetation profile; (4) external objects (terrain, vegetation and 
nearby buildings) providing outdoor shade; (5) external objects as windbreaks. In this case, there are two alternatives, 
either ENVI-met or UWG which can be used to model those first four parameters (1-4) while only CFD can model the last 
parameter (5). Initial exploration using ENVI-met has found only limited impact on energy use in Wellington’s temperate 
climate but high wind environment, although shading and other variables have yet to be explored.
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Abstract: Within healthcare architecture, there is a void of attention directed towards the non-medical spaces; the waiting 
rooms, hallways and all ‘between moments’ where many people spend extended periods of time under acute stress. 
Nowhere is this more prevalent that in the emergency departments where patients seek care and treatment for real or 
perceived, serious injuries or illnesses. While waiting for medical attention, exposure to high levels of harsh lighting, sterile 
furnishings, chaotic activity and cavernous rooms with others in distress can cause and increase anxiety, delirium and high 
blood pressure. The emotional experience of such spaces changes based upon a user’s unique sensory conditions and 
therefore their individual perception of space. 

The architectural design tools and devices to explore these highly charged sensory spaces have been historically limited to 
technical plans and sections and rendered marketing perspectival images which do not fully communicate the immersive 
experience of these spaces when in use. Virtual reality is emerging as a powerful three-dimensional visualisation tool, offering 
designers the opportunity to comprehend proposed designs more clearly during the planning and design phases, thus 
enabling a greater influence on design decision making. This research explores the use of VR in a healthcare perspective, 
adopting a participatory design approach to simulate sensory conditions of blindness, deafness and autism and the emotions 
associated with these conditions within space. This approach diverges from a purely visual method of design towards an 
understanding of the haptic, exploring the critical phenomenology behind these non-medical spaces. The research finds 
significant potential for the use of virtual reality as a design tool to simulate the experience of these spaces in early design 
stages

Keywords: Virtual reality, participatory processes, phenomenology, emergency department

1. INTRODUCTION

In New Zealand, there is an increasing demand for more, larger and more productive emergency departments. Overcrowding 
and delays to treatment emerged as a problem in New Zealand in the mid-1990s (Tenbensel et al., 2017). Emergency 
departments provide care and treatment for patients with real or perceived serious injuries or illnesses. Over half of these 
incidents are deemed potentially life threatening. Among the highest of demographics attending emergency departments are 
the elderly (28.9% of the elderly population) and children (25.5% of aged under 5 population) along with those experiencing 
mental illness (Ministry of Health, 2016). This situation is predicted to worsen with the increasing demand associated with 
growing and ageing populations as well as incidences of long term conditions and challenges in aged residential care 
management (Forero et al., 2011).

Emergency department designs constitute one of the greatest threats to quality emergency care (Forero et al., 2010; 
Braitberg, 2007; Schull et al. 2001; Mohsin et al. 2007; Foster et al. 2005; Sbrivulis, et al. 2006) and are associated with 
increased risk of error, delayed time-critical care, increased morbidity and excessive number of deaths. Detrimental effects 
include overcrowding and increased delays in transferring patients to intensive care units (Ou et al., 2009; Carr et al. 
2007); delays in pain treatment (Forrero, et al. 2010); increased mortality (Richardson, 2006); and increased numbers of 
patients who did not wait for treatment (Mohsin et al., 2007). Almost all of these situations occur in the interstitial spaces of 
emergency departments. 

The architectural design tools and devices to explore these highly charged sensory spaces have been historically limited 
to technical plans and rendered marketing perspectival images, neither of which fully communicate the immersive experience 
of these spaces when in use. Design outcomes are predominantly based on architectural judgement or even medical 
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care provider opinion, ignoring the significant influence from first-hand users of the space. Even within architecture, the 
relationship between the built environment and the human body is rarely considered explicitly (Heylighen et al., 2013) and in 
particular, there is no evidence in the healthcare literature that acknowledges the needs of people with sensory impairments 
or disability whether temporary or permanent. Within healthcare architecture, there is a void in the attention directed 
towards non-medical spaces, the waiting rooms, the hallways and all “between moments” where people increasingly spend 
extended periods of time under acute stress. While waiting for medical attention, these spaces typically expose patients to 
high levels of harsh lighting, sterile furnishings, chaotic activity and cavernous rooms and other patients in distress, leading 
to an increase in anxiety, delirium and high blood pressure (Ulrich, 2006).

Virtual Reality (VR) is emerging as a powerful three-dimensional visualisation tool, offering designers the opportunity to 
comprehend proposed designs more clearly during the planning and design phases, thus enabling a greater influence on 
design decision making. While computer generated, for the person experiencing it, VR closely resembles reality and allows 
the sharing of a single reality by multiple people. The main contribution that VR offers is that it has to be “experienced” as 
opposed to “viewed” and as such, the user becomes an integral part of the system. 

This paper explores the potential for VR using a strategy of participatory design, thereby communicating design input 
from the primary occupants (patients) to the designers, during all phases of design. It examines how VR could be used 
to understand the critical phenomenology of these interstitial healthcare places in relation to the impairments, typically 
experienced by the most predominant emergency department users. It achieves this through analysis of the emotions 
experienced at each stage of the emergency department narrative with an emphasis of the design of ‘between-moments’. 

“This is a space where the unexpected lives, a doorway, a place where quick responses will dictate how we 
are to emerge. In a space where infinite possibility and uncertainty reign, careful architecture is of the utmost 
importance – because where there lives the possibility of chaos, so too lives the sister possibility of comfort” 
(Huddy and Sanson, 2016, pp. XV)

2. THEORETICAL AND PHILOSOPHICAL CONSIDERATIONS 

To design for the full complexity of an emergency room and its often impaired users, an expanded approach is required. 
Disciplinary theories or tools can be used to bridge the gap to reality. Similarly, philosophical theories can address 
complexity and elaborate on the topic under investigation (Van Hoof and Verkerk 2013). In this situation, the philosophy of 
phenomenology and technology are considered for their potential to shed light on the imperatives of design. 

2.1 Phenomenology and Healthcare

Phenomenology, a branch of philosophy, is a field that has lent itself to the area of therapeutic architecture. The discipline of 
phenomenology may be defined in broad terms as the study of conscious experience as experienced from the subjective or 
first person’s point of view (Smith, 2018). Pallasmaa explores how a haptic environment can engage with the body’s innate 
sensory needs and invoke emotive qualities, thereby conveying subliminal ‘truths’ – such as calm, stillness and rest – to 
the semi-conscious (2012). He addresses “the role of the body as the locus of perception, thought and consciousness, 
and the significance of the senses in articulating, storing and processing sensory responses” (Pallasmaa, 2012, pp. 11). 
He challenges the dominance of vision and hearing as the ‘privileged sociable senses’ and the potential for the other three 
senses to become “archaic sensory remnants with a merely private function” (Pallasmaa, 2012, pp. 18). 

Similarly, Holl explores the role of human perception of colour, light and shadow and space in the phenomenological 
experience of architecture and the way in which they frame the phenomenal experiences of architecture. Each individual 
moment in the narrative of architecture is a moment to be experienced and the building has to be experienced by inhabiting 
the spaces (using all of the senses) rather than just viewing it. “As we open a door, our body weight meets the weight of the 
door; our legs measure the steps as we ascend a stair, our hand strokes the handrail and our entire body moves diagonally 
and dramatically through a space” (Holl, 1994, pp. 35). Genuine architectural experience consists of “approaching, or 
confronting a building rather than just the façade; of the act of entering and not simply the frame of the door, of looking in 
or out of a window, rather than the window itself” (Holl, 1994, pp. 35). 

However, while the phenomenological approach incorporates the five senses and their relation to an embodied 
experience, there is little in the literature which considers how this embodied experience may change with the impairment of 
one or more of these senses – a criteria of high importance considering healthcare architecture. As this process involves the 
perception of the individual to his or her environment, it must be argued that with an individual with a sensory impairment 
would experience the space in completely unique way compared to a ‘healthy’, fully functional individual.
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2.2 Philosophy and Technology

In Martin Heidegger’s essay, ‘The Question Concerning Technology’, he questions the relationship of human existence with 
the essence of technology. Heidegger (1977) points out that technological objects are means for ends and are built and 
operated by human beings, but the essence of technology is something else entirely. It depends on our manipulating of 
technology in the proper manner as a means.   He explains how technology should be interpreted as a way of ‘bringing-
forth’ or a ‘way of revealing’. Bringing-forth becomes a method of bringing what is concealed into unconcealment, 
therefore revealing. This means that everything we perceive or think of or interact with “emerges out of concealment into 
unconcealment” (1977, pp. 5) in Heidegger’s words. 

Technology embodies a specific way of revealing the world, a revealing in which humans take power over reality. 
According to Heidegger (1977) the truth in the relationship between technology and “being” can be revealed through the 
use and manipulation of technological intervention. Technology can become a manifestation of the understanding of being 
if it is reliable but not a tool of enslavement. 

Traditionally in the application of these theories and in particular when contemplating the use of a participatory design 
approach in architectural design, three key problems must be addressed. First, the proposed designs have been presented 
as a set of 2D plans, which are unreadable or as rendered images, which do not communicate the human experience; or 
as physical models, which can be both time consuming and expensive to construct, all of which can only be produced 
in the final stages of design (Bruno and Muzzupappa, 2010). Second, designers and the users do not share a ‘common 
language’ which complicates both communication and cooperation. Often, designers are forced to rely on questionnaires 
and interviews, which do not allow the users to fully express their opinions (Bruno and Muzzupappa, 2010). Third, users are 
rarely involved in the evaluation phase, which significantly limits their input. 

Following from the philosophical and theoretical approaches of Pallasmaa, Holl and Heidegger, it becomes paramount 
that we embrace use of modern technologies, manipulating them of our own accord in order to understand the essence 
of an individual being.  For these reasons, in order to utilise technology in the study of healthcare space, VR becomes a 
preferred technology to work as an instrument of revealing, simulating user conditions and exploring emotional responses 
that are induced in these spaces. 

3. METHOD

In this study, a VR simulation was undertaken through the development of personas and narrative and by manipulating spatial 
variables to suit the impairment. First, the in-between spaces were created based on an existing emergency department. 
These were then manipulated following recorded interviews with four individuals with the named impairment. Participants 
were recruited through organisations established for their impairment, such as the Blind Foundation. The selection of 
impairment was derived from analysis of prevalence of impairments in the location of the subject hospital. Following a 
process of participation and co-design, these participants then validated the final simulated space in order to authenticate 
the representation of impairment. In anticipation of a wider test involving professional healthcare providers, the simulations 
were piloted on future designers. Eight non-impaired architecture students then virtually explored the interstitial spaces in 
the designed emergency department to simulate the experience of the designer. Questionnaires seeking to understand the 
emotion response before, during and after the simulation captured their experiences.  Participatory design was implemented 
in two ways. First, the personas were developed through a participatory process where people with the impairments 
assisted in their development to enrich and elaborate on the experience of being in the space with an impairment. Second, 
a participatory process was used to modify the interstitial spaces so as to visually simulate the effect of the impairment.

3.1 Personas

In order to develop simulations, three personas (Table 1) were created based on existing disability statistics. Traits such 
a gender, age and reason for impairment were developed as representative of the wider demographic. Impairment types 
include deafness, visual impairment and autism spectrum disorder. Each of the personalities were given a full backstory 
in order to allow participant to sympathize and comprehend their world. Following the development of the personas, 
simulation settings were prescribed, altering the focus, the visual information and the audio effects in order to describe 
the unique sensory conditions of each. These would allow research participants to experience design variables from three 
different points of view.

Table 1: Personas

Name Impairment Sex Age Cause of Impairment

Finn Autism Spectrum Disorder Male 10 Existed at birth

Bernie Deaf/Dementia Male 75 Age related

Eliza Visual Female 21 Eye Disease

Using Virtual Reality and Participatory Processes to Design Interstitial Healthcare Places
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3.2 Narrative

Following this, it is imperative to understand the narrative of the emergency department – the process in which a patient 
follows upon entering the space. From this it will be possible to determine the key ‘between-moments’ and to analyse the 
sensory conditions in areas of high stress or high monotony. To understand this journey, the narrative was mapped with 
the assistance of hospital personal, from the patient’s arrival at the emergency department until their departure (Figure 1). 
Moments of waiting and moments of significant movement were identified to become the ‘between-moments’. To reduce 
the scope, a key phase was identified when the patient moves from the public waiting room to their bed. In this short phase, 
the patient experiences waiting, movement, a threshold and a moment of arrival allowing for a broad range of emotional 
responses. This phase becomes the section of the emergency department that has been simulated.  

Figure 1 Emergency Department Narrative

3.3 Variables

Dependent variables were identified in relation to the perceptual systems (Table 2). Variables were selected in relation to the 
perceptual systems and to allow unique emotional responses for each of the personas. For each variable, there are three 
variations, which can be tested, with subjects choosing the best variation to suit their chosen emotion for each space.

Table 2: Design Variations and Simulations to test in

Design Variable Simulation to test

Variable Perceptual System Autism Deafness Visual Impairment

Lighting Visual Yes Yes Yes

Texture Haptic Yes Yes Yes

Orienting Orienting Yes Yes Yes

Acoustic Auditory Yes No Yes

3.4 Participants

For the pilot VR experiment, 8 subjects were chosen to participate in the study. By using a small number of participants, 
it allowed for the testing and validating of the method prior to a larger scale experiment being undertaken. All participants 
were over the age of 18 for ethics consideration, but as the subjects were experiencing the spaces as the personas rather 
than themselves, gender and age were irrelevant. 

3.5 Materials

3.5.1 Equipment and Software

The VR equipment used was a HTC Vive with a 110 degrees field of view and tracking area are of 5 x 5 m. An Alienware 
Aurora R5 processor was connected to the VR equipment. Steam VR and Fuzor 2018 were used to run the experiment. 

Simulation space was modelled with four elements; one of waiting, one of movement, a threshold and a destination 
(Figure 2). Waiting and destination spaces were modelled as a 4 x 4 m room, movement as a 2 x 3m space and the 
threshold as a 0.9 x 2.2 m opening. Greyscale material (r=200 g=200 b=200) allowed variations in white walls, providing a 
deeper understanding of the space and emotional impact. A single lighting system with constant brightness and colour was 
chosen to create consistent light dispersal over all spaces.
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Figure 2 Plan of modelled space

Participants were able to walk through each of the spaces, swapping between the three personas in order to understand 
how each disability affects the perception of space and emotion. This was followed up with pre-experiment and post-
experiment questions in order to analyse the emotional reaction to the design variations and how these emotions change 
between personalities. 

Table 3: Questions

Pre-Questions During Post-Questions

Have you ever been a patient in an emergency 
department?

What design variable best suits 
this positive emotion (for each of 
the perceptual qualities in each 

space)

How much influence do you 
think design variations have 
on emotional response (rate 

on scale of 1-5)
What negative emotions would associate with 
each step of the narrative?

What positive emotions do you think these can 
be transformed to?

3.6 Procedure

Participants were individually introduced to the VR laboratory and asked to fill in the pre-experiment questions. Participants 
were provided with a list of 24 positive and 24 negative emotions to choose from and were told the background stories 
for each of the personas. The experiment process was explained and the subjects entered into the control simulation, 
beginning in the waiting space. For each of the variables, subjects tested the three design variations through the eyes 
of each persona, selecting those that best represented the positive emotion they wanted to establish in that space. This 
process was repeated as they went from waiting, to moving through a threshold and then reaching the destination. 

Figure 3 Simulation, from left to right: Autism, Visual Impairment and Deafness
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4. FINDINGS

Results from the pilot study showed a direct correlation between the absence of the perceptual systems, the individual 
perception of space and how user emotions can be influenced by architectural design variables. The study found that 
participants initially associated emotions of envy, anxiety, insecurity and fear within the ‘between-moments’ of the emergency 
department narrative. Participant experience changed to emotions of confidence while waiting, courage as they moved; 
relaxation as they passed through a threshold and amusement at the point of arrival. 

More specifically, when participants were experiencing Eliza, the visually impaired simulation, they found that lighting 
on a rougher texture gave her more visual information, increasing their sense of amusement and decreasing the sense 
of fear. When experiencing the spaces as Finn, light was seen with greater intensity. Participants found this increasingly 
apparent with light of 5,000-6,000 kelvin (fluorescent lighting), lighting which is commonly found in hospital environments 
(Table 4). This lighting quality increased participant feelings of anxiety due to the perception of overwhelming amounts of 
information. By changing the lighting to a warmer tone, the experienced emotion changed to one of courage. Participant 
opinion of the audio experience differed between the personas. For the autistic simulation (Finn), change in the intensity of 
the experience was reported where participants preferred a lower reverberation. In contrast, the experience of the visually 
impaired simulation (Eliza), participants relied on other senses to provide stimulation, choosing a higher reverberation to 
increase amusement.

Table 4: Example of one participants answers

Moment Negative 
Emotion

Positive 
Emotion

Lighting 
(kelvin)

Texture Audio 
(reverberation)

Waiting Envy Confidence 5000 Medium 0

Moving Anxiety Courage 4000 Smooth 0

Threshold Insecurity Relaxation 3000 Smooth 0

Arrival Fear Amusement 4000 Rough 50

Prior to the experiment, participants were often critical of the influences that design variables might have on emotion and 
were unsure if this would change with the addition of impairment. They found it useful knowing the background information 
of the personas they were embodying, including how long they had been waiting at the emergency department for and what 
the injury/illness the personas were there for. This additional information helped with the identification of initial emotions. 
Participants were also very curious about how the experiment would go, as many of them had not previously experienced 
VR. During the simulations, some participants reported mild feelings of dizziness while experiencing Eliza, the persona with 
visual impairment. This was due to the blurriness of the visuals and the inability to focus eyesight as this persona. Following 
the experiment, when asked ‘how much influence do you think design variations have on emotional response’, participants 
answered with either a rating of 4 or 5 indicating that the participant’s opinions had changed. The use of the pilot study 
validated the proposed method, indicating that further experimentation would provide useful and applicable results for the 
design of healthcare architecture.

5. DISCUSSION

Participatory design is a well-established approach to design, which considers the users at the core of the design process. 
In this case, it gives healthcare professionals and patients a chance to affect the design developments and outcomes 
without the lengthy process often associated with traditional participatory design methods. Participatory design using VR as 
explored by this paper allows the designer to understand the emotional as well as the physical requirements that are held by 
this unique group of users. Conventional methods such as focus group interviews or questionnaires are too general for the 
specific stakeholders of emergency and healthcare spaces and a more focussed and fine-grained approach is required. In 
this way, VR can become an important medium in which a variety of participants can understand and experience the sensory 
conditions of others. It allows others to inhabit the space in each stage of design providing a heightened interface which can 
improve usability, simplicity and intelligibility of the architecture. It acknowledges that any design process that involves the 
participation of patients’ needs to elicit their needs by considering characteristics such as their sensory conditions and their 
background as well as the simple pragmatics of moving them through a space.  “Communication becomes a continuous 
process of perspective, conceptualisation and information exchange, always requiring interpretation and translation of both 
the designers and users” (Bruno and Muzzupappa, 2010, pp. 255).

The use of VR however, is not without limitations.  The personas were developed with four individuals per impairment. 
These need further testing on a wider group of participants to validate the accuracy and clarity of the depicted impairments 
and their emotional response. The redesigned space that will follow on from the experiment will also require similar validation. 
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It is still limited in its simulation of sensory abilities as the program is currently unable to provide for the experiences of smell 
and taste.  Similarly, the haptic experience is limited to a visual element and cannot simulate the experience of changes to 
air flows, surface temperatures, or the tactile feel of a surface. The experience of VR was further limited in this study due to 
access to the software used and what the programme ‘Fuzor’ was able to accomplish. Within the simulations, an inability 
to move fluently when transitioning from one space to another was limited as was the experience of the moment of moving 
through a threshold. The simulation also strays from a true emergency department experience by not being surrounded 
by other people and the associated movement and energy this brings. The experience of other people in this research 
was reduced to an audio component. Similarly, the simulations were also limited in the way they are able to mimic the 
impairments of the personas, only being able to simulate visual and auditory aspects of their impairments.

6. CONCLUSION

Impairment is a complex phenomenon, reflecting the interaction between the features of a person’s body and the features 
of the society in which he or she lives. People facing impairment are not simply passive users of services and buildings, but 
can offer something powerful to architects and other building environment professionals if they are included and considered 
from the beginning phases of the design process. In order to meet the challenges of high density living, there will be an 
increased demand for new and better emergency departments. Emergency departments have one of the most diverse 
groups of users, experiencing permanent or temporary impairments that in the past have not been considered with respect 
to the design of interstitial or ‘between-moments’. 

This paper examined the use of VR as a technology to reveal and simulate the experiences of three different personas in 
this narrative. With this, it examined how design variables relating to the perceptual systems can influence the phenomenology 
of these spaces and therefore human emotion. The research found that despite limitations, there is significant potential for 
the use of VR and participatory processes, working with both people facing impairment and people in the general public in 
order to revise the design of these spaces. It found that by implementing these design methods, architects may be able to 
reduce distress, the increased anxiety, delirium and high blood pressure of patients.  

The participatory approach allowed VR simulations to be developed, representing different patients and their unique 
sensory conditions in order to examine how these conditions alter the critical phenomenological and emotional experiences 
within the ‘between-moments’ of the emergency department.  The use of a pilot study validated the proposed method, 
indicating that further experimentation would provide useful and applicable results for design of healthcare architecture. The 
results confirm that different design variables do have a significant influence on participant emotions, and that by adjusting 
these qualities with VR, the architect can explore and ultimately influence the way different users will experience the space. 

Finally, the results demonstrated that the use of VR as a means of revealing and understanding human existence within 
space is valuable for interpreting the phenomenology of narrative and space, and how different design variables can evoke 
emotive qualities. The research confirms that VR can bridge the gap between philosophy and technology in order to design 
healthcare ‘between-moments’.
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Abstract: Recently, there have been a number of researches on building design optimization by coupling multi-objective 
genetic algorithm with building simulation. The researches offered dozens of potential designs solutions as outcomes. 
However, little attention has been paid on the post-optimization process and how to use the optimization outcomes to 
facilitate the building designers and engineers to find near optimal solutions quickly and confidently. The GA-MLR-MCA 
approach presented in this study combined building simulation with a multi-objective Genetic Algorithm (NSGA-II) for 
optimization of thermal comfort and energy consumption for a typical residential house in five different cities across all the 
climatic regions in China. Results of the potential solutions based on the Pareto Front were then trained with multi-linear 
regression (MLR) models considering variables such as window-to-wall ratios, building orientation, heating air temperature 
setpoint, cooling air temperature setpoint, external wall insulation, roof insulation, and HVAC type. Typical R-square values 
for the MLR models both for thermal comfort and energy consumption were higher than 0.95. Monte Carlo approach was 
also applied to generate same amount of solutions and came out with results very close to the Pareto Front solutions.

Keywords: Building simulation; multi-objective genetic algorithm; multiple linear regression; Monte Carlo approach

1. INTRODUCTION

Energy efficient building design optimization is very important for sustainable development of buildings. It often deals with 
multiple objectives such as energy consumption, indoor environment and cost, which often conflict with each other (Lin and 
Yang 2018, Lin et al. 2018). Furthermore, there are a number of design parameters that need to be determined during the 
optimization process. This is challenging even for experienced engineers and designers. Therefore, multi-objective global 
optimization approach such as genetic algorithm can be employed to find the trade-off among different objectives. Typical 
optimization process involves coupling of global optimization techniques with building simulation software (or simplified 
model) to come out with a number of optimal solutions (Wright et al. 2002; Hamdy et al. 2011; Carlucci et al. 2015; 
Futrell et al. 2015; Ascione et al. 2016; Delgarm et al. 2016; Wu et al. 2016; Ascione et al. 2017; Mostavi et al. 2017). 
Some researchers have also used building simulation software to generate a number of cases, and then employed artificial 
neural network (ANN) for training and testing to create prediction model on energy consumption and thermal comfort with 
acceptable accuracy (Magnier and Haghighat 2010; Gossard et al. 2013; Yu et al. 2015; Ascione et al. 2017).  

While the above literatures provide valuable insights into energy efficient building design optimization, very little research 
deals with post-processing of the final optimal solutions sets (Shi et al., 2016). Therefore, this paper focuses on handling the 
optimization outcomes, which is currently neglected. It will develop a post-optimization model which can not only regenerate 
the optimal solution sets but also predict the outcomes of building performance such as energy consumption and indoor 
thermal comfort, and therefore it can help building designers to produce optimized design solutions quickly and confidently.

2. METHODOLOGY

2.1 Optimization Approach

The modeling framework of this study is summarized in Figure 1. It is divided into three sequential steps, including optimization, 
validation and testing processes. Firstly, a model of the base building was created in Design Builder. Design Builder utilizes 

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.665–672. ©2018, The Architectural Science 
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666

Energy Plus simulation engine to evaluate the building performance and then combined with multiple-objective genetic 
algorithm (NSGA-II) to evaluate potential solutions. Secondly, the outcomes of the optimal solutions were then used to 
develop multiple linear regression (MLR) models. Thirdly, Monte Carlo approach was used to mimic the designer’s selection 
on different design parameters in the ranges identified from the optimal solution sets to test the feasibility of applying MLR 
models in assisting optimal energy efficient building design.

Building simulation Genetic AlgorithmEvaluation of individuals

Optimal solutions

Multiple Linear 
Regression(validated) 

Monte Carlo (tested)

Figure 1: Modeling framework 

2.2 The base building

Five cities from the five climatic regions in China were selected to ensure that the proposed method can be applied to 
different weather profiles. The base building of this study is a single-story residential house with 100 m2 of living area, built 
to meet the China building energy efficiency standard (Li et al. 2016). A total of ten design parameters were considered in 
this study: window-to-wall ratios for the east wall, south wall, west wall and north wall (WWR-E, WWR-S, WWR-W, and 
WWR-N), building orientation (BO), heating air temperature setpoint (HTP), cooling air temperature setpoint (CTP), external 
wall insulation (EWINS), roof insulation (RINS), and HVAC type (HVAC). The ranges of variables used for optimization are 
presented in Table 1. The external wall is made up of 10mm ceramic tile, 10mm to 120mm EPS, 20 cm concrete brick and 
plaster board. The U-value for the external wall varies from 0.350 W/m2.K to 1.908 W/m2.K. The roof is made up of 50mm 
light concrete, 6mm water proof, 10mm to 120mm EPS, 15 cm concrete slab and 40 cm ceiling. The U-value for the roof 
varies from 0.338 W/m2.K to 1.044 W/m2.K.

Table 1: Ranges of variables used for optimization

Variable Lower bound Upper bound Unit

External wall insulation thickness 10 120 (mm)

Roof insulation thickness 10 120 (mm)

Window-to-wall ratio (WWR) 0 80 (%)

Heating set point 18 23 (ºC)

Cooling setpoint 23 28 (ºC)

Building orientation 0 360 (º)

HVAC Type* 1 3  -

Note: 1: CAV + natural ventilation; 2: CAV+ variable fresh air+ natural ventilation; 3: Split unit + natural 
ventilation
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3. RESULTS AND DISCUSSION

3.1 Multiple-objective genetic algorithm (NSGA-II) optimization 

The outcomes of the optimal solution sets (Pareto Front) are summarized in Table 2, where the maximum, minimum, average, 
and median values and standard deviation of the design values are listed. For window-to-wall ratios, the average values for 
different orientation are quite different and no obvious trend can be found. This is primary due to that the studied cities are in 
different climatic zones with different solar radiation conditions. For building orientation (BO), Xichang, Haikou and Shanghai 
prefer south orientation with the values concentrating around 180o and have small standard deviations. However, Xi’an and 
Harbin have scatter values from 100 o to 250 o with large standard deviations. This again is because of the different climatic 
conditions for these cities. For external wall insulation (EWINS), no much difference can be identified for different cities. For 
roof insulation (RINS), Xichang has the smallest insulation requirement due to the mild weather throughout the whole year. 

Table 2: Variable and solution ranges for the Pareto Front

WWR-S 
(%)

WWR-W 
(%)

WWR-E 
(%)

WWR-N 
(%)

BO
 (o)

CTP
(o)

HTP
(o)

EWINS
(mm)

RINS
(mm)

HVAC Energy
(KWh)

Ndis
(hr)

Xichang

MAX 77.3 65.6 70.4 63.8 198.5 28.0 22.9 12.0 12.0 3.0 5853.8 5102.0

MIN 9.8 5.6 24.6 3.8 180.2 23.0 20.6 10.0 1.0 1.0 3136.2 2494.5

AVG 31.0 15.1 55.8 17.8 186.5 25.2 22.2 11.9 5.9 1.6 4262.1 3629.2

MEDIAN 30.2 14.4 57.1 16.2 185.1 24.4 22.3 12.0 6.0 2.0 4362.1 3508.8

STDEV 7.1 5.6 3.9 4.5 2.5 1.9 0.5 0.4 1.0 0.6 726.2 778.7

Haikou

MAX 76.5 71.1 64.9 79.1 252.8 28 23.0 12.0 12.0 2.0 8867.5 7506.0

MIN 0.8 10.9 0.1 0.9 183.3 23 20.3 6.0 3.0 1.0 3891.9 3318.5

AVG 17.5 49.7 20.6 55.6 191.4 24.2 21.5 11.9 6.8 2.0 7852.4 4793.9

MEDIAN 13.0 51.0 19.9 76.0 190.0 24 21.7 12.0 9.0 2.0 8135.8 4534.0

STDEV 15.3 8.2 7.0 32.2 7.1 0.8 0.5 0.6 2.5 0.1 996.0 1170.4

Shanghai

MAX 71.5 76.6 73.9 73.3 186.5 28.0 23.0 12.0 12.0 2.0 6397.2 6834.5

MIN 8.5 3.5 8.8 0.7 176.3 23.0 19.5 9.0 8.0 1.0 4285.1 1947.5

AVG 31.0 45.1 11.9 45.0 180.2 25.2 22.6 12.0 11.0 1.9 5559.8 3282.4

MEDIAN 30.7 43.6 10.7 46.8 180.4 24.9 22.7 12.0 11.0 2.0 5640.1 2898.3

STDEV 4.4 6.2 8.3 12.7 1.6 1.5 0.6 0.3 0.4 0.3 574.8 1132.9

Xi’an

MAX 71.9 74.9 76.6 80.0 254.4 28.0 23.0 12.0 12.0 2.0 5594.8 6517.5

MIN 9.4 5.3 3.4 10.0 105.7 23.0 18.0 12.0 1.0 2.0 3902.8 2540.5

AVG 70.1 22.4 45.3 58.2 221.9 25.7 22.4 12.0 8.5 2.0 4698.0 3978.2

MEDIAN 70.6 7.1 48.6 60.1 252.2 25.4 23.0 12.0 11.0 2.0 4747.7 3614.8

STDEV 5.0 27.6 11.4 13.5 40.7 1.6 1.4 0.0 4.9 0.0 460.4 1241.7

Harbin

MAX 42.1 79.1 77.3 56.8 254.4 28.0 23.0 12.0 12.0 2.0 5308.6 6211.0

MIN 2.3 33.9 2.7 16.7 105.6 23.0 18.0 12.0 2.0 2.0 3855.6 3359.5

AVG 37.7 34.6 8.4 27.4 147.1 25.5 22.7 12.0 8.2 2.0 4650.0 4186.4

MEDIAN 37.9 33.9 7.3 23.2 106.6 25.4 23.0 12.0 10.0 2.0 4641.3 3987.0

STDEV 3.2 4.0 6.0 11.6 49.2 1.6 1.0 0.0 3.1 0.0 392.5 750.3

The energy saving and thermal comfort improvement potentials for each city are presented in Table 3.  It is found that 
the reduction of energy consumption was between 22.2% (in Shanghai) and 48.7% (in Haikou), and the reduction on the 
number of discomfort hours was between 24.2% (in Xichang) and 61.2% (in Haikou). Haikou has the largest energy saving 
potentials as it is in the tropic climate and only requires cooling while other cities require both cooling in summer and 
heating in winter. In addition, there is no cooling or heating requirement during the transitional seasons (spring and autumn), 
therefore no energy savings for the transitional seasons can be added for the other cities, which results to a relatively lower 
percentage of energy savings compared with Haikou. 
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Table 3: Energy Saving Potential and Thermal Comfort Improvement Potential

City Xichang Haikou Shanghai Xi’an Harbin

Base Energy (kWh) 4066 7577 5529.15 5322.5 6968.56

Opt@baseEner (kWh) 3146 3890 4303 3906 3855

Saving 22.6% 48.7% 22.2% 26.6% 44.7%

Base Ndis (hr) 5050 7687 6088 6417 6393.5

Opt@Ndis (hr) 3827 2986 3415 2658 3359

Saving 24.2% 61.2% 43.9% 58.6% 47.5%

As Bodach et al. (2014) pointed out that climate responsive building design can play a significant role in reducing the 
energy demand of buildings without compromising modern living standards. The above results also verify the importance of 
adopting climate responsive design strategies in the building design optimization process. 

3.2 Multiple linear regression

The outcomes of the MLR models for energy consumption and number of thermal discomfort hours for the five selected 
cities are presented in Table 4 and 5, respectively. For the energy consumption models, it is found that the R-square values 
were between 0.98 and 1.0. For the models of the number of discomfort hours, the R-square values were between 0.95 
and 0.99. The high R square values indicate smaller differences between the actual data and the fitted values (Yang et al. 
2013).

Table 4: Energy Model

Location Xichang Haikou Shanghai Xi’an Harbin

R-square 0.98 1.00 0.99 0.99 0.98

Ls (kWh) 9237.25 14743.77 12229.44 10451.12 9386.73

a1 (kWh) -0.71 0.23 0.63 -0.13 -0.98

a2 (kWh) -1.35 -0.12 -0.06 -0.59 2.17

a3 (kWh) 2.29 -3.70 0.15 0.40 -1.46

a4 (kWh) 1.09 0.07 -0.01 -0.07 0.21

a5 (kWh/º) 9.75 3.56 -1.90 -0.80 -0.48

a6 (kWh/ºC) -329.71 -415.08 -344.62 -257.01 -227.06

a7 (kWh/ºC) 32.26 2.86 102.77 46.26 48.80

a8 (kWh/mm) 3.10 17.11 -4.29 0.00 0.00

a9 (kWh/mm) 12.97 -0.25 4.77 -0.83 -0.26

a10 (kWh) 364.90 0.00 15.73 0.00 0.00

ERRmax 7.1% 0.3% 1.3% 1.9% 2.1%

EERmin -6.6% -0.3% -2.6% -2.7% -4.1%

EERavg 0.0% 0.0% 0.0% 0.0% 0.0%

EERmedian -0.2% 0.0% 0.1% 0.2% -0.2%

EERstdev 2.5% 0.1% 0.9% 1.0% 1.3%

The energy consumption model can be written as: 

EC = Ls + a1*WWR-S + a2*WWR-W + a3*WWR-E + a4*WWR-N + a5*BO + a6*CTP + a7*HTP + a8*EWINS +  
a9*RINS + a10*HVAC  (1)

The thermal comfort model can be written as: 

Ndis = Ls + b1*WWR-S + b2*WWR-W + b3*WWR-E + b4*WWR-N + b5*BO + b6*CTP + b7*HTP + b8*EWINS +  
b9*RINS + b10*HVAC (2)

Figure 2 presents the comparisons between MLR outputs and simulated targets for Pareto Front. It can be seen that 
the prediction results from MLR models have very good agreement with the simulation results. Therefore, multiple linear 
regression can be confidently employed for the model prediction in the post-optimization process. 
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Table 5: Thermal Comfort Model

Location Xichang Haikou Shanghai Xi’an Harbin

R-square 0.98 0.99 0.95 0.97 0.97
Ls (hr) -2600.72 -46887.74 3901.23 -682.55 3831.81

a1 (hr) 0.81 0.68 -4.23 -1.34 -0.11

a2 (hr) 0.48 54.85 0.40 -1.24 -8.75

a3 (hr) -1.25 -106.81 -0.76 0.96 -0.18

a4 (hr) -0.71 5.15 0.78 -0.35 -1.40

a5 (hr/º) 0.12 9.58 -1.29 -0.94 0.25

a6 (hr/ºC) 347.20 1651.90 554.72 511.34 323.08

a7 (hr/ºC) -85.98 72.04 -524.95 -365.03 -335.85

a8 (hr/mm) 12.68 606.12 -181.33 0.00 0.00

a9 (hr/mm) -20.34 10.84 -16.52 1.63 2.18

a10 (hr) -387.65 0.00 -55.58 0.00 0.00

ERRmax 7.9% 4.7% 14.8% 14.7% 7.8%

EERmin -9.7% -10.1% -16.7% -7.1% -5.7%

EERavg 0.2% 0.0% 0.7% 0.2% 0.1%

EERmedian 0.1% 0.3% 1.2% 0.2% 0.5%
EERstdev 3.2% 3.2% 6.9% 4.7% 2.8%

3.3 Monte Carlo testing

Monte Carlo was employed to test the feasibility of MLR model to generate near optimal design solutions. Two testing 
methods have been used here: 1) the median value method; 2) the average value and standard deviation method. 

In the first method, the Monte Carlo is used to generate a number of solutions (same amount of solutions as the Pareto 
Front solutions), with design variable within ±1.0 of the median values of the optimal solutions. The comparisons on the 
generated solution with the Pareto Front solutions are shown in Figure 3. In the second method, the generated values of 
the design variable are within average value ± standard deviation and the comparisons on the generated solution with the 
Pareto Front solutions are shown in Figure 4.

It can be seen that both methods generate solutions that are quite close to the Pareto Front solutions. Therefore, Monte 
Carlo simulation can be used by architects and engineers as an effective approach to assist with optimal design.

Figure 2: Comparisons between MLR outputs and simulated targets for Pareto Front
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Figure 3. Comparisons between Monte Carlo outputs and simulated targets for Pareto Front (near mean values)

Figure 4. Comparisons between Monte Carlo outputs and simulated targets for Pareto Front (values within standard deviation) Continue
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4. CONCLUSION

In this paper, the potential savings on the energy consumption and thermal comfort improvements for a residential house 
were investigated by simulation based optimization approach. Based on the outcomes of Pareto Front solutions, MLR 
models were developed for five cities across all the climatic regions in China. Monte Carlo approach was also used to test 
the feasibility of MLR models which can be directly used by building designers. The following conclusions can be made:

The energy savings potential based on the simulation-based optimization approach is different for the five studied cites, 
with values between 22.2% (in Changsha) and 48.7% (in Haikou). The reduction on the number of discomfort hours is 
also different with values between 24.2% (in Xichang) and 61.2% (in Haikou). The results verify the importance of adopting 
climate responsive design strategies in the building design optimization process.

The prediction results from MLR models have very good agreement with the simulation results. Therefore, multiple linear 
regression can be confidently employed for the model prediction in the post-optimization process. Monte Carlo simulation 
is also found to be a very effective method to generate near optimal design solutions.

The post-optimization approach can not only regenerate the optimal solution sets but also predict the outcomes of 
building performance such as energy consumption and indoor thermal comfort, and therefore to help building designers to 
produce optimized design solutions quickly and confidently.
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Abstract: Construction industry is one of the strategic sectors in Indonesia’s development. Investment in the sector increases 
significantly every year. However, the performance of Indonesia’s construction industry is still poor, as indicated by high 
accident rate at construction site, building failure, as well as poor value for money of the construction product. Developed 
countries have regulated Building Information Modeling (BIM) as a mandatory practice to improve the performance of 
their construction industry. However, there is no BIM regulation in Indonesia. Even worse, maturity level of Indonesian 
construction industry to implement BIM is considerably low. This research identifies factors that affect the maturity level 
of BIM implementation in Indonesia. The result is expected to increase the level of confidence of the stakeholders in 
Indonesia’s construction industry to implement BIM in their projects. Methodology used in this research is a distribution and 
comparative analysis to the interview results. Direct and questionnaire interviews are done to five actors of key stakeholders 
in construction industry. From the findings, it is clear that factors that affect the maturity level of BIM implementation are: the 
commitment of the leader; system and infrastructure development; and quality and capability of human resources. 

Keywords: Building Information Modeling (BIM), construction industry, key-stakeholders, maturity level, significant factors

1. INTRODUCTION

Amount of money spent in construction industry in Indonesia is projected to reach Rp. 451 trillion or US$ 267 billion in 2018, 
which is 3% more than in the year of 2017. This makes Indonesia the biggest market in construction industry in South East 
Asia. Indonesia expect to generate economic growth from construction industry while stagnation occurred in other sectors 
(Sundayana, 2017). The increasing amount of investation in construction industry in Indonesia has happened from 2004 
to 2015 as shown by Figure 1. In 2004, the value of completed building construction project in Indonesia was only Rp. 
38.4 trillion. By 2015, the number leaps 796% to Rp. 189 trillion in only 11 years. More significant escalation happened in 
non-building construction, from Rp 34.3 trillion in 2014 to Rp 341.4 trillion in 2015, or equals to 894% growth (BPS, 2016).

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.673–681. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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Figure 1 Spending of the completed construction project in Indonesia during 20104-2015 (Source: BPS, 2016)

Moreover, the significant growth in construction industry in Indonesia is also indicated in gross expenses and incomes 
of Indonesia’s construction industry data. As shown by Figure 2, there is a continued raise of gross expenses and incomes. 
Gross expenses signifacantly rise from Rp. 19.5 trillion in 2000 to Rp. 435.5 trillion in 2015, while gross incomes rise from 
9,9 trillion in 2000 to Rp. 737.6 trillion in 2015  (BPS, 2016). The grapsh also indicates that revenue from construction 
industry in Indonesia increases every year, as shown by the larger gap between gross incomes and gross expenses.

With this condusive situation in investment, construction industry in Indonesia needs to consider improving their 
competitiveness in the efficiency and quality of the work, so that there will be more foreign investment in the sector. 
Implementation of Building Infotmation Modeling (BIM) is one of the ways to improve the performance of construction 
industry in Indonesia. It has been proven in other countries that BIM raises efficiency of construction work, and enhances the 
quality of the product. However, the implementation of BIM in Indonesia is not as good as it expected. Therefore, this paper 
analyses some issues related to BIM implementation in Indonesia. It learns from some successful BIM users in Indonesia, 
analyzes their maturity level, and synthesized factors that affects them. The discussion is divided into three aspects: 1) 
the importance of BIM implementation; 2) criteria in conducting evaluation on maturity level of BIM implementation; and 3) 
evaluation result on existing condition of BIM implementation in Indonesia.

Figure 2 Gross expenses and incomes of construction industry in Indonesia (Source: BPS, 2016)
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2. RESEARCH FRAMEWORK

This study is a mixed-method study that uses structured interviewed to collect data. Figure 3 shows research framework of 
the study. As shown by Figure 3, the study interviewed 5 (five) key actors in construction industry in Indonesia i.e. contractor, 
developer (owner), consultant, fabricant of product, and foreign consultants. These key actors are chosen because they are 
the leaders in BIM application based on data from Directorate General of Construction of Indonesia. Thus, their maturity level 
in BIM implementation is presumably high compare with other actors of construction stakeholders.

Factors that Affects Maturity Level 
of BIM Implementation in 

Indonesia

Background

Problem 
statement

Research 
Objectives

• Significance of Construction Sector in Indonesia
• Increasing of construction sector investment 

• Low performance of construction project result
• Low utilization of BIM

Finding direction of roadmap development based 
on identification of maturity level of BIM 

implementation

Assessment of BIM maturity level

Identification of significant factor

Finding direction for strategic 
improvement

Figure 3. Research Framework

3. THE IMPORTANCE OF BIM IMPLEMENTATION IN INDONESIA

BIM is an effort to utilize modeling technology through a number of associated processes to produce, communicate and 
analyze a building model (Eastman, et al., 2008). BIM can also be defined as processes and facilities that can manage 
information (Underwood & Isikdag, 2010). Kymmel (2008) states that BIM is a project simulation of a 3D model consisting of 
project components connected to all information related to planning, design, construction and operation of a project. There 
are many research on the benefits of using BIM in a construction project. Barlish dan Sullivan (2012) state some advantages 
of BIM compared to conventional practice, i.e. accelerate the project time, facilitate stakeholders coordination, eliminates 
the repeating works, assist visualization of the project, increase productivity, and reduce the possibility of work clash in the 
construction phase.  McGraw Hill Construction (Construction, 2013) on their survey to contractors in many countries found 
that they are using BIM for different key reasons. The contratctors use BIM because it can reduce construction errors (41% 
of the respondents), facilitates coordination with stakeholders (35%), create a good corporate image (32%), eliminates 
repeating works (31%), reduce construction cost (23%), and decrease the construction time (19%). Those advantages are 
also in line with what Azhar (2011) mentions in his research. 

In order to work properly, BIM requires standard components as a common language that can be used widely. Some 
countries with high maturity level in BIM, such as the UK, Canada, Singapore, and Hongkong, have roadmap in BIM 
implementation. BIM implementation roadmap usually consists of explanation of BIM maturity level and strategies to achieve 
each BIM level. In spite of the development of BIM in other countries, it is still considered new in Indonesia. There are few 
construction projects in Indonesia that utilizes BIM. Yet, Indonesia does not have any regulation about BIM application in 
construction industry. Also, it does not have roadmap to eventually implement it to a more mature level.

Most of construction industry stakeholders in Indonesia nowadays still rely on 2D paper-based document, which is 
inefficient in time, inaccurate, also incomplete and inconsistent in information (Gegana & Widjanarso, 2015; James D. 
Goedert & Meadati, 2008). In this situation, the importance of having a roadmap and regulation related BIM in Indonesia 
becomes more crucial. Morover, factors that affect the maturity level of BIM implementation also need to be defined. 
Leesson learned from best practice in other countries can help in developing the roadmap and regulations as well as 
accelerate the BIM implementation in Indonesia.

Factors that Affects Maturity Level of BIM Implementation in Indonesia; Case Studies of 5 Construction Key Actors
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4. METHODS IN EVALUATING BIM MATURITY LEVEL

According to Succar (2009), BIM maturity consists of three main components: technology, process and policy as shown in 
Figure 4. First component is technology, which is related to the application of scientific knowledge for practical purposes, 
comprising software, hardware, equipment and network systems required to improve efficiency, productivity and profit in 
AEC (Architecture, Engineering, Construction) industries. Second component is the process, which consists of group or 
individual procurement, construction design, manufacture, use, management of the structure. Third component relates to 
policies in the form of written principles/ rules to guide decision makers. It combines a group of players focused on preparing 
practitioners, providing research, sharing benefits, allocating risk and minimizing conflict in the AEC industry. These players 
do not produce construction products, but specialized organizations such as insurance companies, research centers, 
educational institutions and regulatory bodies play an important role in preparation, regulation and contractility in the design, 
construction and operation processes.

Method used in this research is mixed-method between qualitative and quantitative. This paper limits the study on 
condition and factors affecting maturity level of BIM implementation in Indonesia. The steps for the study are:

• Assessing the BIM maturity level in Indonesia 

• Analysing the reason for that maturity level

• Synthesizing factors affecting the maturity level.

Data was collected by structured interview and analysed using content-analysis as well as comparison of the maturity 
model (Succar, 2009).  The interview was done to five key actors in Indonesia’s construction industry, which are developer, 
contractor, architectural firm, strcutural engineer, mechanical-electrical-plumbing (MEP) engineer, and fabricator. After the 
maturity model was defined, then, the criterion in the model was weighed according to Sucar’s maturity index. The Sucar’s 
maturity indez are divided into five phases, i.e. initial, defined, managed, integrated, and optimized, with a scale 1 to 9 for 
each phase. 

Figure 4. Three BIM Maturity components (Source: Succar, 2009)
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5. SIGNIFICANT FACTORS THAT INFLUENCE MATURITY LEVEL OF BIM IN INDONESIA

To identify the BIM maturity level in Indonesia along with the factors affecting data collection is done through interviews. 
The identification process is divided into two stages, the first stage is the assessment of BIM maturity level and identify the 
reasons behind the maturity. While the second stage is the identification of factors that affect the BIM maturity level based 
on the level of maturity and the reason.

In assessing the BIM maturity level in Indonesia required data derived from a minimum of key-stakeholders who have 
implemented BIM by reviewing the implementation process until the implementation of the trip based on interview formats 
that have been prepared previously. Besides the five local key-stakeholders, there was also one multinational company 
interviewed. Despite the few numbers of respondents, it is presumably representative because there are now only 20 
companies the uses BIM in Indonesia, and only five of them persistent in good practice.

5.1 Comparative Analysis of Total Criteria and BIM Maturity among Local Firms

Table 1 below compares the interview results from the 5 key-stakeholders. Table 1 shows the comparison in terms of 
technology. The table shows that the companies, except the Company B, have achieved “Define-Managed” maturity index 
with the scale 4 out of 9. Company A and C even get 4.67 score. This indicates a good direction in BIM technology 
development, especially in terms of hardware, which get an average 4.2. However, contractors have the lowest score in 
network development, since the maturity indexed only achived initial managed.  This due to the fact that contractors use 
BIM only for their internal activity, not in collaboration with other disciplines (lonely BIM).

Table 1 Comparison of BIM technology of the key-stakeholders

Criteria
Sub-

Criteria
PT. A 

(Developer)

PT. B 
(Engineering 
Consultant)

PT. C 
(Architectural 
Consultant)

PT. D 
(State own 

Government 
Contractor)

PT. E 
(State-own 

Government 
Fabricator)

Mean
Sub 

criteria

BIM Maturity 
Index

Technology Software 4 2 4 5 6 4.2
Defined-
managed

Hardware 4 3 5 5 5 4.4
Defined-
managed

Network 
system

6 5 5 2 2 4
Defined-
managed

Mean per company 4.67 3.33 4.67  4 4.33
Total 

Mean= 
4.2

Defined-
Managed

Defined-
managed

Defined
Defined-
managed

Defined-
managed

Defined-
managed

4.2 = Defined-managed

Object-based modelling (Level/Stage 1)

Furthermore, Table 2 displays maturity level in terms of process. Average value for BIM Process for the Companies 
indicates “Defined” maturity level. This is lower than maturity level for “Technology”, which is measured as “Defined-
Managed”. Company A has the highest score, due to strong support and commitment from the top-level management of 
BIM implementation in this company (scored 6 out of 9). Company B has the lowest mean score, which is indexed as “Initial 
Defined”. Nevertheless, for all the companies, sub-criteria Product & Services get the lowest mark. This means that BIM 
implementation in Indonesia yet to focus on product and services.

Factors that Affects Maturity Level of BIM Implementation in Indonesia; Case Studies of 5 Construction Key Actors
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Table 2 Comparison of BIM process of the key-stakeholders

Criteria Sub-Criteria
PT. A 

(Developer)

PT. B 
(Engineering 
Consultant)

PT. C 
(Architectural 
Consultant)

PT. D 
(State own 

Government 
Contractor)

PT. E 
(State-own 

Government 
Fabricator)

Mean
Sub 

criteria

BIM 
Maturity 
Index

Process Leadership 6 4 5 5 5 5 Managed

Infrastructure 5 2 4 3 3 3.4 Defined

Human 
resources

5 3 4 5 4 4.2
Defined-
managed

Product & 
services

3 2 3 3 3 2.8
Initial- 

Defined

Mean per company 4.75 2.75 4 4 3.75
Total 

Mean= 
3.85

Defined

Defined-
managed

Initial- 
Defined

Defined-
managed

Defined-
managed

Defined

3.8 = Defined

Object-based modelling (Level/Stage 1)

In terms of corporate policy, Company A leads the score as shown by Table 3. This is again mainly because the support 
and commitment from top level management in managing contractual system, regulation, as well as preparation of BIM 
implementation in their company. Company B is the least mature in terms of company policy regarding BIM, which is again 
in the level of “Initial Defined”, since the company B less intention to BIM regulation in the company bussiness process. 
Overall, the mean score for company policy aspects is in the level of “Defined” which is similar with “Process” criteria and 
lower than “Technology” criteria.

Table 3 Comparison of BIM corporate policy in the key-stakeholders

Criteria Sub-Criteria
PT. A 

(Developer)

PT. B 
(Engineering 
Consultant)

PT. C 
(Architectural 
Consultant)

PT. D 
(State own 

Government 
Contractor)

PT. E 
(State-own 

Government 
Fabricator)

Mean
Sub 

criteria

BIM 
Maturity 
Index

Policy Contractual 5 3 4 5 5 4.4
Defined-
managed

Regulation 4 1 3 4 4 3.83 Defined

Preparation 5 3 3 3 5 3.67 Defined

Mean per company 4.67 2.33 3.33 4 4
Total 

Mean= 
3.97

Defined

Defined-
managed

Initial- 
Defined

Defined
Defined-
managed

Defined- 
Managed

3.97 = Defined

Object-based modelling (Level/Stage 1)

From the result of comparative analysis of total criteria among firms, it can be concluded that Firm A excels at all criteria 
used to assess BIM maturity level, i.e. technology, process and policy, seen from the total mean obtained by 4.69 points. 
Firm E is second with a total mean of 4.33. As for Firm C and Firm D are third, have the same total mean value, which is 4 
points. Firm B is in last place with a total value of 2.8 points. From the data and analysis results in assessing the BIM maturity 
level of local firms, it can be concluded that the BIM maturity level is at level 1 (object-based modelling). After all, developer/
owner has the highest maturity level of BIM. This implies that one of the key factors in maturity level of BIM implementation 
is the willingness to take the risk of BIM implementation. The biggest risk is a high initial cost. Owner/developer is clearly 
having the most risk in the whole life cycle of the project, thus they are willing to take a bigger initial investment then to bear 
it along the project.
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Table 4. Result of total criteria and BIM Maturity Level comparison between local firms

Criteria Firm A Firm B Firm C Firm D Firm E

Technology 4.67 3.33 4.67 4 4.33

Process 4.75 2.75 4 4 3.75

Policy 4.67 2.33 3.33 4 4

BIM Maturity for each firms 4.69 2.8 4 4 4.33

BIM Maturity Index
Defined-
managed

Initial-
defined

Defined-
managed

Defined-
managed

Defined-
managed

BIM Maturity Total 3.91 = Defined

BIM Maturity Level Object-based modelling (Level/Stage 1)

Based on the criteria of “Technology”, Firm A and Firm C become the firms with highest maturity index in the Technology 
criteria, which is 4.67 compared with other firms. It is because both firms have a policy in developing technology for BIM 
implementation through significant BIM investment that they have done.

Additionally, on the “Process” criteria, Firm A also have higher maturity compared to the other three firms. This is due to 
the strong support and commitment from top level management of firm A in BIM implementation. Interview result shows the 
support of top management in infrastructure upgrading and full support on improving human resources.

On the other hand, on the “Policy” criteria, Table 1 shows that Firm A also has a better maturity score compared to the other 
three firms. Similar with what’s happened in “Process” criteria, this is also due to the support and strong commitment from 
top level management in the implementation of BIM system comprehensively through various organizational management 
system, including contractual system, socialized corporate policy and the presence of careful planning and preparation in 
implementing BIM on their firm.

5.2 BIM Maturity Comparative Analysis of Local and Multi-national Companies

The result of the total comparative criteria and BIM maturity between local and multinational firms can be seen in Table 2 
below.

Table 2. Comparison of Total Criteria and BIM Maturity Level among Firms 

Criteria Local Firms
Multi-national 
Firms

Technology 4.2 6.33

Process 3.85 4.75

Policy 3.67 5.67

BIM Maturity 3.91 5.58

BIM Maturity Index Defined Managed

It is generally seen that there is a difference in the BIM maturity index of local firms when compared to multinational firms 
represented by Company F, although both are in BIM level 1 (object-based modeling). BIM maturity index of local companies 
in Indonesia has a value of 3.91 or “Defined”, while the value of multinational companies is 5.58, “Managed” that it is close 
to integrated level, especially for “Technology” criteria.

Multinational companies already have an integrated system that was first developed in the country of origin, so that when 
entering into Indonesia, the system can already be directly applied. This system is associated with high investment value, 
leadership commitment, development of BIM implementation standards, infrastructure improvements to human resource 
development. The multinational companies initiated the BIM in their countries first, so it is ready to use when brought to 
Indonesia. Detailed engineering drawing resulted from the technology is well-coordinated between different disciplines in 
the construction project. The clash detection feature also works properly. The companies concern about the importance of 
BIM nad willing to invest more in the initial state. Also, the companies train their human resources to be able to utilize BIM.

Factors that Affects Maturity Level of BIM Implementation in Indonesia; Case Studies of 5 Construction Key Actors
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5.3 Faktor yang Mempengaruhi BIM Maturity Level di Indonesia

From data analysis above, there are several factors that influence the BIM maturity level in Indonesia:

• Among the stakeholders, Company A which has role as an owner in construction industry, is the most mature in 
terms of BIM maturity level. It is in line with the principle of an owner that wants to reduce risk in the whole building 
life-cycle. Company A knows exactly that BIM can reduce risk in construction and operational/maintenance. Thus, 
the BIM implementation is very owner-driven. It is the willingness of the owner that determines the maturity level of 
BIM

• In terms of technological aspect, all the companies have invested in the software and hardware of BIM. But, they are 
still lack of network ability. Enhencement in the internet infrastructure as well as enhancement in the interoperability 
of the software could solve this problem. Development of BIM standard or protocol is crucial for the collaborative 
used of BIM in construction industry. Also, there is a need in BIM roadmap in the implementation of the protocol or 
standard.

• Regarding to the 5 actors, in the “Process” criteria, commitment of the top-level management is the key factor for 
increasing BIM maturity level. Nonetheless, the stakeholeders yet to focus on Products and Services, and still lack 
of infrstructure. The dvelopment of human resources in BIM is also important to raise the maturity level.

• The lowest average score occurred in the sub-criteria product and services, that the maturity only in “intitial-defined” 
level. This indicates that the stakeholders did not recognize the importance of “Product and Service Oriented” yet. 
BIM is mostly implemented in the stage of technological (hardware and software) investation. BIM is seen more as 
technology rather than an integrated system.

• Futhermore, in the “Policy” criteria, maturitiy of the key actors in the regulation and preparation are still low. 
Hence, these two sub-criteria should be planned accordingly, especially in the aspect of procurement system and 
contractual to specifically mention the incentive for using BIM.

Those factors could be used as considerations in the development of BIM implementation strategy in Indonesia, that 
hopefully the maturity level of BIM in Indonesia would increase.

6. CONCLUSION

From the existing data and samples, we can conclude that the level of BIM maturity of the construction key actors in 
Indonesia is still at the level of BIM level 1, which has begun to use BIM 3D model as a design and construction approach 
but communication between stakeholders is still a lot of disjointed, so often called lonely BIM. 

From the data analysis, there are several factors that influence the BIM maturity level in the five key actors, and these 
factors could become the basis of strategy in BIM implementation. Some of these factors include the financing policy that 
enables investment value for high BIM implementation, Leadership commitment, awareness of the project owner of the 
importance of BIM utilization in reducing risk of construction project, and procurement and contractual systems that provide 
incentives by demanding the use of BIM. 

Five key-stakeholders interviewed in this study did not utilize BIM for “Product and Service Oriented”. They see BIM as 
a technology rather than an integrated system. It means they did not fully used BIM in a collaborative manner. Hence, their 
paradigm needs to be shifted in order to increase the maturity leel of BIM utilization in Indonesia. 

In general, after looking at the existing condition of the implementation of this research, in order to develop the roadmap 
of BIM implementation in Indonesia, the government together with the key actors need to set the common objectives (which 
BIM level maturity is needed to be achieved), develop roadmap and also clear strategy to run those roadmap and strategy.
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Abstract: An aquatic centre is defined as a community or public venue that provides at least an indoor pool and three 
different types of amenities such as gymnasium, sauna/spa, café, crèche and stadium. There have been insufficient studies 
that examine the energy performance of aquatic centres worldwide. Building energy simulations provide opportunities for 
economic and time-efficient analysis of the energy performance of buildings in order to identify the benefits of different 
control strategies, design or occupancy variables. This paper describes the simulation and calibration process for analysing 
the energy performance of an aquatic centre using a selected building as case study. Simulating the energy performance 
of an aquatic centre is a complex exercise due to the interaction between water and air (evaporation) occurring within the 
swimming pool hall. EnergyPlus and DesignBuilder were used to perform the building energy simulations. Manual calibration 
method based on an iterative approach was adopted and statistical indices (Mean Biased Error (MBE) and Coefficient of 
Variation of the Root Mean Square Error (CV(RMSE))) were used to verify if the model was calibrated accurately against the 
measured energy data (utility bill data).

Keywords: aquatic centre; energy performance; building energy simulation; calibration

1. INTRODUCTION

Aquatic centres are complex buildings that require a large amount of energy to operate. Aquatic centres are unlike any other 
type of building in terms of energy consumption. They have specific ventilation requirements, high levels of evaporation, 
extreme humidity-control issues and high temperatures (pool hall air temperature (28-30oC) and pool water maintained at 
1-2oC below pool air temperature) (Carbon Trust, 2006). Also, there are requirements for heating large amounts of water 
and continual pumping of pool water through filters that have made it difficult to understand the energy performance of 
this type of building. Additionally, there has been insufficient research that examined the energy performance of aquatic 
centres worldwide. Building energy simulation has been widely used in new and existing buildings for design optimisation or 
retrofitting (Pan et al, 2007) and has been identified as a suitable method to investigate the energy performance of aquatic 
centres. However, several studies have highlighted that building energy simulations can provide misleading results if input 
variables and boundary conditions are not accurately set. In addition, large discrepancies between the simulated energy 
performance and the actual energy performance can occur (Claridge, 2011; Dall et al, 2012). Significant discrepancies 
between simulation results and measured data from the buildings should be eliminated to make the building energy simulation 
models reliable and this can be achieved by calibrating the simulation models. Calibration is a process of modifying and 
adapting the simulation model, based on measured data, to generate an updated building energy simulation model that 
accurately reflects the actual building operational performance (Lam et al, 2014). This paper describes the process of 
calibrating an aquatic centre using EnergyPlus Version 8.7 and DesignBuilder.

2. CALIBRATION OF SIMULATION MODEL

Several studies have discussed that computer simulation can provide misleading results if input variables are not set 
accurately. Therefore, calibration of building simulation models is of growing interest. Claridge (2011) and Dall et al. (2012) 
have highlighted great discrepancies between the simulated building energy performance and the measured performance. 
Bannister (2005) cautioned that computer simulation results can provide unreliable results and can differ significantly from 
actual building data. The need to calibrate simulation results in order to achieve a reasonable and reliable baseline close 
to the actual performance of the real buildings is of utmost importance. Lam et al. (2014) define building energy model 
calibration as an approach to modify and adapt the design case model, based on measured data, to generate an updated 

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.683–690. ©2018, The Architectural Science 
Association and RMIT University, Australia.



684

building energy model that accurately reflects the actual building operational performance. Fabrizio and Monetti (2015) 
have presented several methodologies for calibrating building energy models such as manual calibration, graphical-based 
calibration methods, calibration based on special tests and analysis procedures and automated techniques for calibration 
based on analytical and mathematical approaches. 

A common method that has been used in several studies is to calibrate the building simulation model by comparing the 
simulated energy data against the measured energy data (utility bills). Pan et al. (2007) collected the necessary building data 
(e.g., drawings, systems components, operational schedules and 12 months utility bills and weather data) to develop an 
energy model of a high-rise commercial building in Shanghai. They calibrated their model against actual building data and 
concluded that simulation models could be functional in identifying interactions between conservation measures with other 
building systems. Statistical indices are generally used to evaluate whether or not the simulation model can be considered 
to be calibrated. There are several statistical indices which have become the international reference criteria for the validation 
of calibrated models and are recommended by three main international bodies namely:

• American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) Guidelines 14 (ASHRAE 2002);

• International Performance Measurements and Verification protocol (IPMVP 2002); 

• M&V guidelines for Federal Energy Management Program (FEMP 2008).

The two most common statistical indices to evaluate the accuracy of calibration are the Mean Bias Error (MBE) and 
the Coefficient of variation of the Root Mean Square Error (CV(RMSE)). MBE measures how closely the simulated data is 
to the monitored data. MBE is the percentage of the total sum of the difference between simulated and measured energy 
consumption for a specific time interval (hourly or monthly) divided by the sum of the measured energy consumption and is 
obtained by using the equation (1) below:

           MBE (%) =  (1)   

 Where:

 M = the measured energy date during the time interval and S is the simulation energy data point during the same time 
interval.  

The Root Mean Squared Error (RMSE) is a measure of the sample deviation of the differences between the measured 
values and the values predicted by the model. The Cv(RMSE) is the Coefficient of Variation of RMSE and is calculated as 
the RMSE normalised to the mean of the observed values. CV(RMSE) is a normalised measure of the variability between the 
measured and simulated data and a measure of the goodness-of-fit of the model. It specifies the overall uncertainty in the 
prediction of the building energy consumption reflecting the errors’ size and the amount of scatter. Lower C(RMSE) values 
bring to better calibration. The equations to calculate Cv(RMSE) are displayed below:                                                           

Where:

N interval is the number of time intervals considered for the monitored period.

Table 1 displays the threshold limit of the MBE and the Cv(RMSE) that must be respected in order to consider the 
simulation model to be calibrated.

Table 1. Threshold limits of statistical criteria for calibration.

Statistical 
Indices

Monthly Calibration

ASHRAE Guideline 14 IPMVP FEMP

MBE +-5% +-20% +-5% 

CV(RMSE) 15%   15%

                                                                   A period = ∑ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 M interval
N interval

                                                             (2) 

                                                                RMSE period = √∑(𝑆𝑆−𝑀𝑀) 2interval
 N interval

                                                       (3) 

                                                     CV(RMSE period) = = 𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑 𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩 
𝐀𝐀 𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩

 𝑥𝑥 100%                                            (4) 

J.J. Duverge, P. Rajagopalan and J. Woo



685

3. SIMULATION OF AQUATIC CENTRES

Building energy simulation programs can be used to simulate aquatic centres but there are limited softwares that can 
model a swimming pool taking the interaction of water evaporation with mechanical equipment into account. Most energy 
modelling softwares have limited provisions to emulate some of the specialized pool mechanical systems. There are two 
known energy simulation programs: TRNSYS and EnergyPlus Version 8.3 that have an indoor swimming pool simulation 
module. TRNSYS Type 344 module can perform calculation of heat flow rate by evaporation, convection, long-wave 
radiation and also calculate the heat loss of a covered pool. Ruiz et al. (2010) used TRNSYS to model the use of solar-
heating system for an open-air swimming pool. Trianti-Stourna et al. (1998) used DOE-2 to simulate and analyse the energy 
consumption of indoor swimming pool while Costa et al. (2011) utilised EnergyPlus to simulate a sport facility which included 
several functional areas such as a swimming pool, sport halls, gym, studios and indoor courts. However, the version of 
EnergyPlus they have used did not have the indoor swimming pool module. Therefore, latent loads which were manually 
calculated using the evaporation analytical formulas published by Shah (2008) were used as input values in EnergyPlus`. 
From EnergyPlus Version 8.3 onwards, the modelling of the indoor swimming pool has been integrated into the surface 
heat balance procedures with special modifications to radiation between the pool water surface and the surrounding of the 
space, convection to the surrounding air, evaporation of water, conduction to the pool bottom as well as solar radiation 
absorbed in the pool water. In addition, pool heating systems and pool covers are incorporated in the model.

4. METHODOLOGY

Design Builder was used to construct the 3-D model of the aquatic centre and EnergyPlus Version 8.7 was used to include 
the indoor swimming pools within the pool hall and to perform the simulations. An existing aquatic centre was used as a 
case study building to demonstrate how EnergyPlus can be used to simulate the energy performance of an entire aquatic 
centre. Once the simulation model had been built, a few simulation runs were performed to identify any major errors before 
carrying out the calibration process. Manual calibration method based on an iterative approach was adopted. An iterative 
approach is required to alter the selected parameters until acceptable accuracy levels were reached.

4.1 Case Study

The aquatic centre selected is located within the inner suburb of Melbourne. The gross floor area of the building is 10,839 
m2 consisting of the following functional areas: Main pool hall (1607 m2) , stadium (6930 m2), gymnasium (301 m2), program 
rooms (175 m2), entrance foyer (120 m2), café, kitchen and cool room (108 m2), offices and staff meeting rooms (160 m2), 
external mechanical plantroom and pool plantroom (280 m2), pool change rooms, toilets and showers (251 m2), circulation 
and corridors (342 m2), stadium toilets and change rooms (180 m2) and creche (135 m2).The aquatic centre has three 
swimming pools, a 25m lap pool consisting of eight lanes, a warm water pool and a children’s pool. All the architectural 
and electro- mechanical information were obtained from the aquatic centre’s manager. Figure 1 shows the photo image of 
the indoor swimming pool hall of the aquatic centre and Figure 2 is the 3-D model built in DesignBuilder and transferred to 
EnergyPlus for simulation.

      

             Figure 1: Internal photo of the swimming pool hall.                             Figure 2: 3-D Model of the aquatic centre.   

 

The envelope of the aquatic centre is made up of a concrete slab floor, blockwork and lightweight walls, metal roof and 
aluminium framed single glazing for the windows. It has a large skylight in the middle of the swimming pool hall that extends 
to the entry lobby. The aquatic centre is opened for 16 hours per day to the public. The air temperature within the pool hall is 
set at 31oC and the remaining areas are set between 21-23oC. The water temperatures of the swimming pools are between 
29oC- 31oC. The ventilation rate for the pool hall is 6 air changes per hour and the infiltration rate in the other areas is 0.5 
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air change per hour. The HVAC system for the swimming pool hall is a package air handling unit connected to a gas boiler 
with 80% efficiency and the HVAC systems in other areas are split systems with COP of 3.0. The operating time for pool 
hall HVAC system is 24 hours while the other areas are between 12-16 hours. For the pool water heating system, there are 
three gas boilers with 80% efficiency and there are five variable speed pumps to circulate the pool water. Gas instantaneous 
systems (80% efficiency) are used for domestic hot water with usage assumptions of 50 L/person for the swimming pools 
occupants and 5 L/person to remaining occupants. The lighting power density is calculated as an average of 10 W/m2 for 
most of the areas and the operating lighting schedule is between 8-10 hours per day. The occupancy density is based on 
the occupancy data obtained from the aquatic centre. 

5. SIMULATION RESULTS

Once the 3-D model constructed in DesignBuilder had been transferred to EnergyPlus, where the swimming pools and the 
pool heating system were also added, several simulation runs were performed to obtain the initial results. Table 2 shows 
the simulated end use energy consumption. The simulated total energy consumption is sub-divided into six categories (air 
heating, air cooling, pool water heating, lighting, DHW and equipment & pump). As expected, the combined simulated 
heating load for air and pool water is much higher than the other end uses. The first simulation runs showed some reasonable 
results and there were no noticeable abnormalities such as excessive energy use by any individual end user. However, in 
order for the simulation results to be validated, the model has to be calibrated. As suggested in the methodology, manual 
calibration method based on an iterative approach was used and the results were compared with monthly utility data.  The 
calibrated simulation results were then analysed using statistical indices.

Table 2: Initial end use energy use simulation result.

Air Heating
 (MWh)

Air Cooling 
(MWh)

Pool Water 
Heating (MWh)

Lighting (MWh) DHW
(MWh)

Equipment & 
Pump (MWh)

Jan-Dec 924.2 346.4 939.5 1198.9 354.9 419.2

Percentage 22% 8% 23% 27% 8% 10%

6. CALIBRATION

Calibration process alters the simulation inputs so that the simulated energy consumption closely matches the measured 
energy consumption.  Table 3 displays the comparison between the measured energy use obtained from the utility bills 
and the energy use from the original simulation. The monthly energy use is split into two categories (electricity and gas). 
Electricity and gas are the main two energy sources used in aquatic centres. Figure 3 shows the comparison charts sourced 
from Table 3.

Table 3: Comparison between the measured data (utility bills) and the simulation results.

Electricity (MWh) Gas (MWh)

Measured Simulated Measured Simulated

January 116.7 174.4 162.5 142.7

February 118.8 157.2 165.3 138.2

March 118.8 171.6 201.9 169.1

April 113.6 158.8 202.8 183.0

May 118.8 165.4 233.9 200.9

June 113.9 158.7 250.6 212.6

July 122.3 161.8 281.9 224.4

August 126.1 164.7 278.1 213.0

September 109.9 158.1 234.4 199.5

October 126.4 165.2 241.7 190.3

November 113.1 161.6 216.1 173.7

December 110.5 167.2 196.9 171.3

Total 1408.8 1964.5 2666.1 2219
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Figure 3: Comparison between the measured and original simulated electricity and gas use.

MBE and CV(RMSE) for the original simulation results have been calculated and are shown in Table 4. As expected, the 
two statistical indices indicate that the simulated electricity use and the gas use are not within the acceptable range to be 
considered calibrated.

Table 4: Statistical indices for original simulation results.

Statistical Indices
Monthly Calibration

Electricity Gas
MBE 39.4% 16.8%

CV(RMSE) 39.8% 17.8%

6.1 First round of calibration

The first round of calibration was based on the findings from previous literature and the energy use breakdown provided by 
Sydney Water Corporation (2011) where end uses’ energy was compared. A few variables such as lighting energy use and 
pool air and water heating energy use were identified as variables to be adjusted.

• lighting levels within the pool hall and stadium area were adjusted- 10W per m2 for stadium was in reality excessive 
when the overall figures were examined. The swimming pool hall has access to natural daylight through a large 
skylight in the middle of the pool hall which was observed during site visit. During the site visit, it was noted that not 
all the lights inside the swimming pool hall were turned on. The stadium also has skylights which provide adequate 
daylight penetration. Therefore, lighting levels in those areas were reduced by 10%.

• lighting occupancy schedule. The lighting schedule entered in DesignBuilder was based on an on-off schedule 
(night and day) and assume to be the same all year round. In reality, lighting schedule vary constantly especially if 
sufficient daylight was available. It is also expected that the winter months and daylight saving can cause variations 
to the lighting energy use. Therefore, lighting schedule was adjusted by reducing the number of hours of artificial 
lighting required during the day. For example, in summer in Victoria, daylight is still available around seven o’clock 
in the evening. Daylight sensors are also installed throughout the centre.

• boiler efficiency and pool package air-conditioning were adjusted and reduced by 5%. Raypack boilers in general, 
have nominal efficiencies of above 80% as per information in their website. Using nominal values stated by the 
supplier as boiler’s efficiency in simulations might not represent the actual performance of the boiler. In reality, the 
system runs less efficiently in comparison to the nominal values stated in the technical manuals and especially at 
part load and this can be caused by several factors (aged boiler, ambient temperature of areas surrounding the 
distribution system, excessive losses through old pipes and ducts). Kenna and Bannister (2009) demonstrated a 
reduction of at least 15% in boiler efficiency using simulations and manual calculations compared to the nominal 
efficiency values from the supplier.

From the first round of calibration, the improvement between the simulated and measured data can be observed. Figure 
4 shows the comparison of electricity and gas energy use and the gap between the measured and simulated electricity and 
gas use have been reduced considerably.
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Figure 4: Comparison between the measured and simulated electricity and gas use (first round calibration).

Table 5 shows the two statistical indices after the first round of calibration and it is apparent that there is also a significant 
improvement with both MBE and CV(RMSE). While CV(RMSE) is below the acceptable limit (<15%) MBE is very close but 
above the required limits (+-5). However, in order for the simulation to be considered accurately calibrated both MBE and 
CV(RMSE) need to be between the threshold limits. Therefore, a second round of calibration was required.

Table 5: Statistical indices for simulation results for the first-round calibration.

Statistical Indices
Monthly Calibration

Electricity Gas
MBE 7.3% 5.4%

CV(RMSE) 9.2% 7.0%

6.2 Second round of calibration

The first round of calibration addressed several issues and resulted in significant improvement but the simulation results still 
did not match the measured consumption as required by the guidelines. Further adjustments are required for the model to 
be considered calibrated and are located below.

• the entry foyer and café area also have access to natural daylight through a large skylight in the middle of the roof 
and daylight sensors. Therefore, lighting levels in this area was adjusted by reducing the number of hours that 
artificial lighting is required during the day.

• equipment energy use was an estimate based on the number of electrical equipment from computers, fridges, 
printers and also gymnasium equipment such treadmills and electric bikes. As it is very difficult to monitor the 
measured energy use (electricity) of the equipment, the electrical power load of those equipment was adjusted by 
reducing the overall wattage by 10%.

• occupancies within the swimming pool hall and swimming pools were adjusted as it was affecting heat gain and 
loss. For example, when analysing the simulated results of the swimming pool, it was noted that for the majority of 
the time there would constantly be 300 people in the lap pool which EnergyPlus calculated even though a lower 
number was entered in the indoor swimming pool module and this was changed to a reasonable number of 25 
people at one time.

• insulation of R 3.5 in the roof was used in the simulation but after reviewing the data collected from the site visit, 
it was noticed the flat metal roof and the dome shape roof would probably only fit roof blankets insulation which 
usually have R value of around 1.8. Therefore, the insulation R value within the simulation was reduced.

• the boiler efficiency for pool water heating was adjusted further by reducing its efficiency by 5%.

Note that fans and pumps efficiencies for the HVAC system were not adjusted as there was insufficient information about 
them and boiler pumps energy use was not as significant as other energy end user). Figure 5 shows the comparison of the 
measured and simulated electricity and gas energy use after the second-round calibration.
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Figure 5: Comparison between the measured simulated electricity and gas use (second round calibration).

Table 6 shows the MBE and CV(RMSE) of the second round calibrated simulation results and the indices are within the 
range required by ASHRAE, IPMVP and FEMP. This confirms that the simulation model has been successfully calibrated.

Table 6: Statistical indices for simulation results for the first-round calibration.

Statistical Indices
Monthly Calibration

Electricity Gas
MBE 4.8% 4.0%

CV(RMSE) 5.9% 5.0%

6.3 Validating evaporation

Evaporation is a complex phenomenon arising within the swimming pool hall of an aquatic centre and can have a 
considerable impact on their energy performance. Validating evaporation for the simulation model is also an important part 
of the calibration process. The main purpose of this process is to verify the evaporation level of the model. An in-depth 
investigation of the new indoor swimming pool module of EnergyPlus Version 8.3 was performed before this study to verify 
the capability of new module to accurately model the energy use of an indoor swimming pool. Coding errors were identified 
and communicated to the EnergyPlus Technical team and these errors were fixed in later version (version 8.5) of EnergyPlus. 
The validation process was performed as follows:

• evaporation heat loss and make-up water data were obtained from EnergyPlus simulation model.

• manual calculation of evaporation was done using ASHRAE formula shown below:

                               wp= A/y (Pw-Pa) (0.089+0.0785V) x AF                                                                      (5)

Where:      

wp= evaporation of water (kg/s); A = area of pool surface (m2); V = the air velocity at water surface (m/s); y = latent heat 
required to change water to vapour; Pw = saturation vapour pressure (kPa); Pa = saturation pressure at room air dew point 
(kPa); AF = activity factor.

• comparison of monthly average evaporation heat loss and make-up water shown in Table 8 below.

The evaporation heat loss and make-up water volume obtained by EnergyPlus was verified by comparing them to 
the results obtained from the ASHRAE manual calculation method using uniform activity level throughout the whole day 
(night and day). Both the EnergyPlus evaporation and ASHRAE guidelines suggest an activity factor of 1 for a public pool. 
EnergyPlus provided the evaporation heat loss and make-up water volume for a 12-month period. Monthly average for each 
category was compared against the results obtained from manual calculation. Table 7 shows the comparison of evaporation 
heat loss and amount of make-up water between the simulated result and the manual calculation. Based on this validation 
process, it is apparent that the simulation model provides reasonable results in terms of evaporation when compared to 
manual calculation.
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Table 7: Evaporation heat loss comparison (lap pool).

Lap Pool Simulated Result Manual Calculation
Make-up water (kL) Monthly 43.4 kL (Average) 45.9 kL

Evaporation heat loss (MWh) Monthly 28.2 MWh (Average) 28.8 MWh

Both the calibration and validation processes have verified and improved the accuracy of the simulation model in regards 
to the actual aquatic centre energy performance.

7. CONCLUSION

An aquatic centre is a complex building; Simulating this type of building was possible by using EnergyPlus Version 8.7 
which has the capability of modelling multiple indoor swimming pools within a pool hall. The proposed procedures and 
processes for building an aquatic centre simulation model prove to be effective as a working simulation model was created 
and the required conditions (temperature, humidity and evaporation levels) within the swimming pool hall was achieved. This 
paper has demonstrated how to successfully calibrate the simulation model of an aquatic centre using manual calibration 
method based on an iterative approach. The calibration processes have created a high level of certainty in the simulation 
model of the aquatic centre, enabling future parametric studies to investigate how different features can affect the energy 
performance of aquatic centres.
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Abstract: To deal with the environmental and energy issues, many researchers found high potential of adopting building 
photovoltaic (PV) systems in urban areas, especially on building rooftop. However, the optimal energy output performance 
is impacted by the usable roof area, layout of PV arrays, and shading ratio considering high city density. This study aims to 
understand the impacts of design orientation and shading in the urban environment on rooftop PV’s economic performance. 
This study carries out a case study in Melbourne with 15 PV designs under three shading conditions to generate a total of 45 
scenarios. Through lifecycle cost analysis including net present value (NPV), NPV per kW and payback year (PB) the results 
show the best and worst design scenarios under different shading conditions and the maximum shading loss that makes 
NPV become zero. This study reveals that in Melbourne: For buildings facing north, the rooftop PV system should also be 
oriented north to achieve the best economic performance. If the building orientation is 20 degrees counter-clockwise from 
true north, the recommended azimuth angle of the PV system is 10 degrees towards east. In order to enhance the ability to 
sustain shading loss, the azimuth angle of PV system is also suggested to be 10 degrees towards east.

Keywords: Building Photovoltaics; orientation; shading analysis; economic analysis.

1. INTRODUCTION

It is widely accepted that increasing renewable energy sources (RESs) in the urban context is of great significance to 
improve the sustainability of a city. Among all the available RESs, solar photovoltaics (PV) energy is one of the most 
promising candidates thanks to the continuous cost reduction and technological improvement (Freitas et al., 2018). Rooftop 
PV systems are very common in urban areas due to the easy installation. A well-designed rooftop PV system cannot only 
bring great environmental benefit but also become an investment choice to adding value to building owners. 

There are a number of factors that require to be considered to produce the most appropriate design to maximise PV 
system outputs. The tilt angle and azimuth angle of the PV arrays are considered as the most significant design parameters, 
which have the direct influence on obtaining the solar irradiation and energy outputs (Jantsch et al., 1991; Bhattacharya et 
al., 2014; Singh and Banerjee, 2016). A large amount of research has investigated the optimal tilt angle and azimuth angle 
for a certain location, such as Saudi Arabia (Kaddoura et al., 2016), Turkey (Bakirci, 2012), Canada (Rowlands et al., 2011) 
and Iran (Talebizadeh et al., 2011). One common practice is that the tilt angle equals to the geographic latitude and the 
azimuth angle are the due south in the northern hemisphere for a fixed PV array (Rowlands et al., 2011). However, when it 
comes to the rooftop PV design in urban areas, it is ignored that the building orientation may affect the usable roof area for 
PV system. There could be conflict between the building orientation and the optimal layout of PV array. Many cities had their 
metropolitan planning scheme a long time ago, which pre-determined the general building orientations. Taking Melbourne 
as an example, the “Hoddle grid” is the layout of streets in its central business district (CBD), which was established in 1837 
and became the first formal town plan of Melbourne (University of Melbourne, 2008; City of Melbourne, 2012). There are two 
main building orientations in Melbourne. In this densely-built district of Melbourne, majority of buildings are aligned with the 
layout of the streets which is 20 degrees counter-clockwise from true north. Outside of the CBD, the majority of buildings 
are oriented at approximately 10 degrees clockwise from true north (National Centers For Environmental Information, 2018). 
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The capacity of a PV system is highly impaced by the number of PV panels placed on the available roof area. To achieve 
the maximum number of PV panels, the orientation of the PV array, namely the azimuth angle, is supposed to equal to 
the building orientation. However, the amount of annual solar irradiation varies according to the azimuth angle. The rule of 
thumb is that the surface facing due-south achieves the most in the northern hemisphere, and vise verse in the southern 
hemisphere (Mondol et al., 2007). There is limited research conducting economic assessment on the optimal design for 
rooftop PV in urban areas, taking both main building orientations of the city and PV penal azimuth into consideration.

Meanwhile, shading in the urban environment can have a bigger influence on the PV system performance than any other 
design parameters (Horn, 2011). Shading is a major challenge imposed by surrounding obstruction like taller neighboring 
buildings or trees. Especially in the urban environment, shading is becoming a major risk. As cities grow bigger and buildings 
get taller, the likelihood of overshadowing buildings is higher which will result in great energy losses. Shading challenges 
could be the difference between a viable and nonviable PV project. To guide the deployment of PV systems, many studies 
investigated the solar potential of cities around the world (Compagnon, 2004; Redweik et al., 2013; Sarralde et al., 2015; 
Mohajeri et al., 2016; Wong et al., 2016). Most of them evaluated the availability of the solar irradiation under the impact of 
shading by surrounding buildings through geographic information system (GIS)-based methods (Melius et al., 2013). Some 
analysed the shading effects on the system yield and performance ratio reduction through experiment or software (Zomer et 
al., 2014; Frontini et al., 2016; Zomer et al., 2016; Bana and Saini, 2017). However, there is a lack of research associating 
the shading effect with the economic performance of rooftop PV systems especially in high density urban environment.

Hence, this study aims to investigate the impacts of design orientation and shading in the urban environment on rooftop 
PV’s economic performance. A case study is conducted in the city of Melbourne, Australia. Fifteen PV design scenarios 
are developed by changing the combination of the building orientation and PV orientation. Three shading conditions are 
established to represent different shading probability in the urban areas. A life cycle cost-benefit analysis including net 
present value (NPV), NPV per kW and payback year (PB) is carried out to study the impacts of shading, building orientation 
and azimuth angle of PV system. The maximum shading loss that each PV system can withstand to maintain financially 
feasible is also analysed. The research process is explained in the next section, followed by the results and discussion. The 
conclusions of the study can benefit both the investors as well as the urban planners.

2. 2. INVESTIGATION PROCESS

The case building of this investigation belongs to an educational institute in the urban area of Melbourne, Australia. The total 
built-up area of this building is approximately 1,131 m2. Figure 1 illustrates the case building (in blue) in the selected urban 
block. As shown in Figure 1, the surrounding environment of the case building can be considered as a typical example of 
modern urban environment, with higher and lower buildings all around the case building. The height of the case building is 
approximately 6.9m, while the height of surrounding building varies from 3.1m to 29m. The case building is selected also 
because it has regular rectangle which aligns with the prevailing building designs. The shading condition of the selected 
areas is also analysed and discussed in Section 2.2. The proposed PV systems are located on the roof of the case building. 
The design scenarios are shown in Figure 2 and summarised in Table 1.

Figure 1: The 3D modelling of the case building and its surroundings. 

Multiple data sources and tools were utilised in the study to carry out the economic analysis: (1) Building drawings 
and information were collected from the educational institute in order to build up a SketchUp model of the case building 
and its surrounding environment. Google Earth was also used to assist the modelling process. (2) Detailed information of 
the selected PV module was obtained from a third-party PV design firm in Melbourne, who can provide the professional 
industry knowledge to the designs. (3) Fifteen design scenarios were specially developed for the urban environment in 
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Melbourne, which takes building orientation and PV panel orientation into consideration (see Section 2.1). Meanwhile, there 
are three different shading conditions developed for the study (see Section 2.2). (4) There are 15 scenarios of PV layouts 
proposed through the Skelion, which is a SketchUp plugin software with expertise in PV system design in 3D modelling. 
The explanation of the design process is provided in Section 2.1. (5) After the PV designs were developed, PV suppliers 
and installers were approached to obtain the capital cost information. A local utility provider advised the electricity price and 
Feed-in-tariff was obtained from the government website. (6) The hourly building consumption data are provided by the 
building owner. (7) Solar irradiation data were obtained from the NREL’s PVWatts Calculator (NREL, 2018), which was used 
for energy output calculation. (8) Energy outputs were calculated based on the solar irradiation, system efficiency and loss. 
Energy consumption and output data were compared to identify the possible energy export to the public grid. (9) The Net 
Present Value (NPV), NPV per kW and Payback year (PB) were conducted to show the economic performance of all the 
designs. Design scenario that has the best or worst economic performance was identified. (10) The maximum shading loss 
was calculated for each design scenario when the NPV became negative.

Note: B stands for the building orientation; A stands for the azimuth angle of the PV arrays.

Figure 2: The 3D models for all design scenarios. 

2.1 Developing design scenarios 

This study focuses on the impact of the building orientation and PV panel orientation (azimuth). Hence, the tilt angle of all 
the proposed PV design remains the same. Based on Rowlands et al. (2011), the tilt angle is set to be 38 degrees, which 
equals to the geographic latitude of Melbourne. As shown in the summary table (i.e. Table 1), the B represents the building 
orientation while the A stands for the PV azimuth angle. For example, the B0+A0 mean the combination of building facing 
the true north and the PV azimuth angle of zero. This setting remains the same across this paper. These 15 design scenarios 
can help to develop a relatively holistic understanding of rooftop PV design in the urban areas of Melbourne.

In terms of building orientation, there were three groups, namely true north, 10 degrees clockwise from true north and 
20 degrees counter-clockwise from true north. The latter two were included to align with the typical building orientations 
in Melbourne. In the SketchUp model, the orientation of case building was changed while the surrounding environment 
remained the same. Regarding the azimuth angle of the PV design, we chose five sets of azimuth angle from 20 degrees 
counter-clockwise from true north (340) to 20 degrees clockwise from true north (20). 

The PV system design of each scenario was made with the principle to install as more PV panels as possible. A popular 
Polycrystalline silicon PV product is selected for the application. The specification of the PV module used in the study is 
presented in Table 2. The distance for all the scenarios is set to guarantee all PV panels can achieve at least 6-hour sunlight 
at the winter solstice. Based on the PV selection and distance setting, the design results of all 15 scenarios are generated 
and summarised in Table 1. The results show that the number of PV panels in the scenarios of all three building orientations 
reaches the maximum when the azimuth angle of PV panel is zero. When the PV arrays parallel to the building orientation, 
scenario B10+A10 has the second most PV panels among all five B10 scenarios while scenario B340+A340 has the 
second least panels among all five B340 scenarios. Regardless of the building orientation, the number of PV panels reach 
the maximum when the PV azimuth angle is zero (i.e. facing north). The main reason lies in the distance between each PV 
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array. Suitable space should be provided between arrays to avoid shading effect caused by a front array on the back array. 
The design results show that the distance between two PV arrays is shortest when the PV arrays face the north, which 
maximizes the roof utilisation area. 

Table 1: The summary of all 15 scenarios established by the Skelion.

Name Building orientation PV azimuth angle Number of PV panels System capacity (kW)

B0+A0 0 0 220 55

B0+A10 0 10 197 49.25

B0+A20 0 20 177 44.25

B0+A340 0 340 177 44.25

B0+A350 0 350 199 49.75

B10+A0 10 0 216 54

B10+A10 10 10 203 50.75

B10+A20 10 20 186 46.5

B10+A340 10 340 178 44.5

B10+A350 10 350 190 47.5

B340+A0 340 0 209 52.25

B340+A10 340 10 192 48

B340+A20 340 20 175 43.75

B340+A340 340 340 186 46.5

B340+A350 340 350 201 50.25

note: B means the building orientation; A means the azimuth angle of the PV arrays. 

Table 2: The specification of the PV module.

Feature Description

Solar Cell Polycrystalline silicon 156 × 156 mm (6 inches)

No. of Cells 60 (6 × 10)

Dimensions 1640 × 992 × 35mm (64.6 × 39.1 × 1.4 inches)

Front Glass 3.2 mm (0.13 inches) tempered glass

Module Efficiency 15.4%

Maximum Power at STC (Pmax) 250 W

2.2 Determining shading conditions and maximum shading loss

The shading effect on the PV system in many studies refers to the solar irradiance loss or the generation loss due to shading 
effect, usually in the form of percentage (Woyte et al., 2003; Loulas et al., 2012; Nguyen and Pearce, 2012). Nguyen and 
Pearce (2012) investigated the shading effect at municipal scale in downtown Kingston, Ontario, showing that shading leads 
to a 25% generation loss averaged over 12 months. Loulas et al. (2012) studied the shading loss of rooftop PV system on 
a building block in Greece. According to their study, the annual performance loss due to shading varied from approximately 
8% to 23%. A similar investigation on the shading loss was carried out for the block where the case building is located 
(Yang and Carre, 2018). The result of the study showed that in this building block the average annual performance loss of 
rooftop PV system 16%. Deline et al. (2012) also indicated that in an typical urban environment, the annual shading loss is 
7%, 19% and 25% respectively under the light shading, moderate shading and heavy shading scenarios. Therefore, this 
study adopts the three shading impact patterns to not only reflect on the current urban environment in Melbourne, but 
also provide indications to urban development changes and other cities in Australia. Furthermore, this study investigates a 
maximum shading loss that makes each design scenario financially unattractive (i.e. the NPV becomes negative) through 
the cost-benefit analysis. The results of maximum shading loss indicate the ability of each PV design scenario to sustain the 
shading loss in the urban environment. 
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2.3 Cost-benefit analysis

A 25-year cost-benefit analysis is carried out to study the actual value of all 15 PV designs. The cost consists of the initial 
investment cost of each system and the maintenance cost during the 25 years. The cost information regarding PV system 
was obtained from local PV suppliers and installers. 

To calculate the benefit of the PV system, the first step is to calculate the energy output of the PV system using the 
Equation (1).

 (1)

Where:

E = the energy output in kWh; A = the total solar cell area in m2; r = the PV product efficiency in percentage; H = the 
hourly solar radiation in kWh/m2; PR = the system performance ratio. 

The corresponding statistics of H used in each scenario were collected from a popular solar modelling tool – PVWatts 
(NREL, 2018). H represents the actual solar irradiation without any impact of building shading. The shading loss in the study 
is applied on the PR, which PR equals to 90%*(1-shading loss). 90% is the system performance ratio provided by the PV 
supplier. Three shading losses are examined, which are 7% for light shading, 19% for moderate shading and 25% for heavy 
shading.    

The second step is to compare the energy out with the building energy consumption. The building energy consumption 
of every 15-minute interval was measured for one year. The hourly energy consumption data were generated from the 
original data and were compared with the hourly energy output. If the energy output exceeds the building consumption, the 
surplus energy will be sold to the public grid at the price of Feed-in-Tariff set by the government.

The final equation of the benefit generated by the PV system is shown in Equation (2). Detailed information used in the 
study is shown in Table 3.

  (2)

Where:

 n = the number of the year;  is the electricity price of that hour;  is the compounded growth rate of the electricity price of 
Melbourne calculated from the government report (Australian Energy Regulator, 2017); E1(h) = the hourly energy generation 
using Equation (1) and is consumed by the building; FIT = the Feed-in-Tariff set by the government (State Government of 
Victoria, 2018); E2(h) is the surplus energy sold to the public grid. 

Table 3: The benefits of applying PV designs.

Benefits Values

Electricity rate 0.14AUD per kWh (0:00-7:00)
0.19AUD per kWh (7:00-24:00) (Australian Energy Market Commission, 2017)

Electricity growth rate 5.42% per annum (Australian Energy Regulator, 2017)

Feed-in-Tariff 0.113AUD per kWh (State Government of Victoria, 2018)

The NPV, NPV per kW, PB and IRR are selected for the cost-benefit analysis in the study. Equation (3) is used to calculate 
the NPV in the study. To compare each scenario with different PV capacities, the NPV per kW is applied in the following 
sections to standardize the comparison instead of the NPV. The PB is the number of the year when the NPV become 
positive. 

  (3)

Where:

 C0 = the initial investment cost; B(n) = the benefit generated by the PV system using Equation (2); Mn = the maintenance 
cost, which is assumed to be the cost of changing the invertors every 10 years; r = the discount rate, which is assumed to 
be 7% in this study (Office of Best Practice Regulation, 2016).
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3. RESULTS AND DISCUSSION

In this section, the results of the study are presented and discussed, which are conducted in two ways: (1) the economic 
performance of 15 different design scenarios under three shading conditions, and (2) the maximum shading loss that makes 
the system financially unviable. 

3.1 Three shading conditions

The results of the NPV, NPV per kW and PB of all the scenarios under three shading conditions are illustrated in Figure 3. In 
general, the results show a consistent patent under three shading conditions. When the building is facing north (i.e. B0), the 
NPV of north PV azimuth (i.e. A0) is the highest while that of A340 is the lowest under three shading conditions. Scenarios 
of B10 and B340 show the same outcomes. In terms of NPV per kW, among all B0 scenarios, the A20 has the best NPV 
per kW while A340 has the worst under each shading condition. However, B10+A10 and B340+A10 are the best NPV per 
kW among their groups. 

Figure 3: The NPV, NPV per kW and Payback year of all the scenarios under three shading conditions.

In order to better comparing the performance of all 15 design scenarios, a summary table is generated as shown in Table 
4. In the table, the best and the worst design scenarios of three shading conditions are listed. The percentage difference 
between the two scenarios is also provided. According to Table 4, scenario B0+A0 has the biggest system capacity, 
which also means that B0+A0 has the largest area of the solar cells and the highest initial investment cost. By contrast, 
scenario B340+A20 has the smallest system capacity. However, the economic performance of a system does not purely 
depend on the system capacity. In terms of NPV, scenario B0+A0 is the best while B0+A340 is the worst under all three 
shading conditions. The percentage difference between the best and worst NPV increases from 25.95% to 29.16% when 
the shading loss grows. Regarding payback year, there is no huge difference between each scenario under three shading 
conditions. All scenarios can be breakeven in the 11th year under light shading and 14th year under heavy shading. Since 
the 15 scenarios have a variety of system capacities based on the available roof areas, the NPV per kW can provide a better 
understanding of the system benefit per unit. From the perspective of performance per system capacity, the B340+A10 
performs better than other scenarios while B340+A340 has the worst economic benefit per kW under all three conditions. 
The difference of the NPV per kW grows slightly as the shading loss becomes larger. One reason that the B0+A0 has the 
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largest NPV while B340+A10 has the best unit benefit is the latter scenario has more energy consumed than sold. For 
buildings in Melbourne CBD area (i.e. B340), the result indicates that the recommended azimuth angle for rooftop PV 
system is 10 degrees towards east under the current shading condition (i.e. moderate shading) and heavy shading condition 
considering the ongoing growth of urban environment. 

Table 4: The summary of the best and worst design scenarios under three shading conditions.

Shading 
condition

Parameter Best design Worst design % Difference

Design   
scenario

Value Design 
scenario

Value Value

7% NPV after 25 years B0+A0 122665 B0+A340 97396 25.95%

NPV per kW of system B340+A20 2290 B340+A340 2189 4.59%

Payback Period (years) - 11 - 11 0 year

Self-consumption ratio B340+A20 90.24% B0+A0 77.21% 16.87%

19% NPV after 25 years B0+A0 93607 B0+A340 73134 27.99%

NPV per kW of system B340+A10 1737 B340+A340 1646 5.51%

Payback Period (years) B0+A10
B0+A20 
B340+A10
B340+A20

12 Rest 
scenarios

13 1 year

Self-consumption ratio B340+A20 94.07% B0+A0 86.57% 8.66%

25% NPV after 25 years B0+A0 78544 B0+A340 60810 29.16%

NPV per kW of system B340+A10 1455 B340+A340 1370 6.22%

Payback Period (years) - 14 - 14 0 year

Self-consumption ratio B340+A20 95.29% B0+A0 90.22% 5.61%

3.2 The maximum shading loss

In this study, the maximum annual shading loss that makes the NPV become zero is identified as shown in Figure 4. The 
maximum shading loss varies from 54% to 56%. The B0+A10, B10+A10 and B340+A10 are the best designs to sustain 
the shading loss while B0+A340, B10+A340 and B340+340 are the worst. Although the scenario B0+A0, B10+A0 and 
B340+A0 have the largest panel area and the greatest system capacity, they do not perform the best when coping with the 
shading loss. The high solar irradiation instead of the large panel area makes the system sustain more shading. When the 
PV azimuth angle is 10 degrees, the annual solar irradiation is 1,753 kW/m2, which is the greatest among all five azimuth 
angles in this study (NREL, 2018). The result indicates the optimal azimuth angle is the critical factor to deal with the shading 
loss instead of the building orientation which affects the available space for the system. 

Figure 4: The maximum annual shading loss of all the design scenarios.
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4. CONCLUSION

The study investigates the rooftop PV design for urban areas that may face increasing overshadowing with an emphasis 
on the economic performance, using a case study located in the urban area of Melbourne, Australia. Shading effect, 
building orientation, and azimuth angle of PV system are considered when designing the rooftop PV system in the urban 
environment. The results of the study provide an insight for the best and worst designs of the rooftop PV system in urban 
areas of Melbourne. The main findings of the study are as follows:

• Under all three shading conditions, the scenario B0+A0 has the best NPV while B0+A340 has the worst. The 
combination of B340+A10 can provide higher economic benefit per kW than other scenarios. 

• There is a 3-year delay in terms of payback year when the shading loss increases from 7% to 25%.

• The maximum of the shading loss varies from 54% to 56%. Regardless of the building orientation, the azimuth angle 
of 10 degrees towards east can help the PV system sustain more shading loss. 

Based on the findings, recommendations are generated for the rooftop PV system design covering most urban areas 
of Melbourne at the risk of shading effect. For buildings facing north, the rooftop PV system should also be oriented north 
to achieve the best economic performance. If the building orientation is 20 degrees counter-clockwise from true north, the 
recommended azimuth angle of the PV system is 10 degrees towards east. In order to enhance the ability to sustain shading 
loss, the azimuth angle of PV system is suggested also to be 10 degrees towards east. 
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Abstract: To determine the development feasibility of a parcel of land, a potential purchaser is required to synthesize multiple 
information sets including local planning data, land records, financial metrics and most importantly the design rules and 
criteria for compliance. The information sources for the data required for a feasibility are often found on separate databases 
and systems and are usually not in standardised digital formats. This paper outlines the framework for a Development 
Feasibility Framework, highlighting the extent of data required to determine feasibility, exploring the integration of geospatial 
databases and parametric modelling techniques to achieve the framework. The framework consists of three components; 
The Rules Engine, the Parametric Building Generator and the Feasibility Calculator. The first component, the Rules Engine, 
collates the planning rules and criteria required to determine if a design is feasible. Once the rules have been codified, the 
determination of the possible building designs are calculated using parametric modelling techniques through the Parametric 
Building Generator. Finally, once solutions have been generated, the final part of the platform is the feasibility calculation. 
The platform integrates with a Geographic Information System (GIS) database to allow for mass assessment of development 
feasibility and can also be used for urban planning.

Keywords: Parametric, GIS, Urban Planning, Prediction

1. INTRODUCTION

To determine the development feasibility of a parcel of land, a potential purchaser is required to synthesize multiple information 
sets including local planning data, land records, financial metrics and most importantly the design rules and criteria for 
compliance. The information sources for the data required for a feasibility are often found on separate databases and systems 
and are usually not in standardised digital formats. New South Wales (NSW), Australia alone has a variety of development 
data stored in multiple documents including the Apartment Design Guide (ADG) as well as a Local Environment Plans (LEP) 
and Development Control Plans (DCP) for each individual council. Each council has a varying set of rules for not only the 
whole suburb, but often for specified individual sites within the suburb too. Gathering the correct data to begin planning a 
building design is often difficult with data sometimes hard to access, sort through and interpret. The proposed framework 
consists of three components; The Rules Engine, the Parametric Building Generator and the Feasibility Calculator. The first 
component, the Rules Engine, collates the planning rules and criteria required to determine if a design is feasible. Once 
the rules have been codified, the determination of the possible building designs are calculated using parametric modelling 
techniques through the Parametric Building Generator. Finally, once solutions have been generated, the final part of the 
platform is the feasibility calculation. The platform integrates with a Geographic Information System (GIS) database to allow 
for mass assessment of development feasibility and can also be used for urban planning.

As modern design is venturing towards performative, site-specific building where forms are a direct output of their 
context, this method of design is now possible. Parametric methods of design allow a multitude of forms to be generated 
and analysed using programming techniques (Coorey 2017, Coorey 2011, Holzer et al. 2007). This paper will explore the 
potential of parametric and generative design in creating feasibility studies founded on design principles that adhere to 
current planning rules in NSW. The following sections will highlight the components of the framework through the description 
of a purpose-built application (‘the application’). 

2. RESEARCH AND METHODOLOGY

To create a building design without parametric design, the designer considers one or few design solutions. With parametric 
design however, “the designer must consider any potential design solution, not as a static artefact, but rather as a flexible 
system that has varying levels of adaptability” (Coorey 2014). Parametric design systems have significant benefits for the 
conceptual design process as it provides designers with the opportunity to explore and optimise initial designs with real-time 
performance feedback, before committing to a design concept. To achieve this, a multidisciplinary approach to problem 
solving must be adopted using developing digital design tools, techniques and systems to aid the design process (Kolarevic, 
2003; Littlefield, 2008; Sakamoto & Ferré, 2008; Peters & Peters, 2013; Peters & De Kestelier, 2013).

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.701–708. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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This paper demonstrates a prototype of a parametric system that integrates the generation, analysis, evaluation and 
optimisation of building designs on any given site depending on a set of performance criteria. The research approach taken 
is based off a strategy developed by Nunamaker and Chen (1990) who considered systems development as a research 
strategy. It involves a series of stages through which a system develops from a conceptual framework into a prototype to be 
evaluated. This project takes on the focuses on the second stage, that is, development of a system architecture.

3. THE RULES ENGINE

The first component, the Rules Engine, collates the planning rules and criteria required to determine if a design is feasible. 
This includes the required boundary offsets, maximum building heights, floor area ratios and zoning. The data is collected 
into a database providing the user with the capacity to understand the possible development types and the rules governing 
the design that can be achieved. These rules are often in documents that are not digitised in a standard format for use in 
parametric, GIS and city information modelling platforms. This component of the platform requires the construction of a 
rules database in conjunction with a GIS platform that will allow the codification of disparate sets of government rules into 
a scalable system.

The first component of the rules engine is to determine the boundaries and the required setbacks. Within the application, 
the user is asked to search for a site and select the site on screen. The selected site highlights in blue and the user is asked 
to select the front, secondary, side and rear boundaries of the site using an interactive segment selector interface (see 
Figure 1). Once the boundaries are selected, the user can provide a number for the desired Offset for each side of the plot. 
Where data can be sourced directly from local councils, these setbacks can be automatically populated. Boundary offsets 
are paramount to the design development process as all buildings in NSW have a required distance they must be away from 
the edge of the selected site. The benefit of this method of design is that the user has full control over how their site is to be 
setup and can easily and quickly change the offset of each boundary as desired to test alternate scenarios. 

Figure 1: ArchiStar Property Map: Selecting Lot Offsets

Once a result has been achieved, the user can then explore the various scenarios available for their site through the 
application. An interface is provided (Figure 2 and 3), and the user is required to select firstly which building type they 
require: Duplex, Townhouses or Apartments. In real time, the program checks the internal rules database for the building 
types that are permitted on the site according to the Local Environment Plan (LEP) and Development Control Plan (DCP) 
documents for the area. If the lot is not currently zoned for the desired building type, a red bar will appear at the top of the 
screen displayed a message if the building type is appropriate for the site. Depending on the building type selected, the 
user is provided with a screen with the required fields to be filled out to move to the next design step of automating the 
generation of buildings on the site. For the Townhouse building type for example, a Townhouse style and size would have to 
be determined by the user as well as the appropriate site setbacks and the depth and width of the townhouse.

As the user changes the values of each data field, the results below change accordingly and instantly based on a series 
of design calculations to determine the estimated dwellings possible on the site. The given results include an estimated 
number of Townhouses that can be built on the plot, the Lot Area, Townhouse GFA and Typical Townhouse Lot Size that 
will be built. 

B. Coorey and A. Coorey



703

The data provided from the system is gathered based on the LEP and DCP of the council for the site as well as the 
data inputted by the user for boundary offsets. Users on the system not only can enter in their own data for building 
design, but also have instant access to development feasibility metrics for checking potential through the design framework. 
This method of validation and quick feasibility testing is essential for potential purchases of lots as it provides an instant 
suggestion of the potential of each block of land for any site regarding the number of townhouses, duplexes and apartments 
that are possible.

Figure 2: ArchiStar Development Explorer: Townhouse Design

Figure 3: ArchiStar Development Explorer: Apartment Design
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4. PARAMETRIC BUILDING GENERATOR 

Once the rules have been codified, the determination of possible building designs are calculated using parametric modelling 
techniques through the Parametric Building Generator. This method of design is an extension of the authors previous 
work where “modern design of urban forms is venturing towards performative, site-specific architecture that is formed 
according to the attributes of its urban context” (Coorey, 2017). It is a data-driven method of design where, with the use of 
scripting, “designers have the ability to generate and select the optimised design outcome out of an extensive range of data-
embedded, digitally generated alternates” (Coorey, 2017). The previous work generates an abstraction of Urban Form using 
computational design principles, focuses on Floor Space Ratios, Building Heights, Population, Density, Size and Shape of 
Public Space and Building Envelope as data inputs to the system to generate buildings on a plot (Figure 4).

Figure 4: Generating Urban Form digital model elements (Coorey 2017)

The Parametric Building Generator described in this paper, uses similar techniques to the previous project, allowing the 
construction of a 3D Zoning envelope based on a collection of user inputs and council regulation data (see Figure 5).

Figure 5: Parametric Building Generator – Building Envelope
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However, the Parametric Building Generator is being developed further than the previous research by allowing analysis 
from the Apartment Design Guide (ADG) in NSW.  The ADG outlines a series of building typologies that are suitable for 
high density residential buildings including infill apartments, row apartments, shop top apartments, courtyard apartments, 
perimeter block apartments and tower apartments. Within these building typologies is a series of rules to be followed to 
produce the associated building type such as required offsets, building heights, maximum FSR and so on. These typologies 
have been used as initial building schemas as they cover a broad range of apartment building types.

Initial prototypes have been developed for the Parametric Building Generator that allow buildings being generated 
according to local council rules as well as user input. Once generated, they can be analysed for performance criteria 
required to pass council regulations. The high-density residential buildings are to be passed through an analytics engine to 
pass through tests of sunlight calculations, daylight, ventilation, Floor Space Ratio (FSR), site coverage, unit mix calculations 
and more before being outputted as a desired outcome to the end user (Figure 6). Generated designs can be exported to 
a database that are accessible by the end user for comparison and sorting of designs based on the above design factors 
that are input into the application. This benefit of this method of viewing generated designs is enormous as the user can sort 
and select designs that are aligned to their desires for each building type. The image below shows four generated buildings 
on a site that has sunlight and FSR maximised as design inputs. 

Figure 6: Parametric Building Generator – Outputted design solution

This method of design is moving a step closer to automated design based on a specific set of rules. These rules are 
currently partially input in by the user, however, with future development, many of these rules will be able to be sourced 
directly from an extensive database. With this application, the design process is shortened as “the use of automation can 
significantly accelerate the design process by front-loading key design decisions about composition and performance, while 
also significantly reducing the effort required to represent the resulting decisions” (Barett, Popov and Margaretts 2007, pp 
199). The result of the design process is a series of possible designs rather than one singular design, offering a “range of 
possibilities rather than a singular outcome that attempts to predict an exact result” (Barett, Popov and Margaretts 2007, 
pp 199). The field of design is moving from that of working and developing one model to that of designs being “iteratively 
regenerated or optimised towards targeted solutions” (Maher, Burry 2003, pp 41). 

Therefore, with this system, designers can create and validate a large variety of building forms early in the design process 
without having to spend an excessive amount of time designing forms one by one before reaching a decision. Following 
the generation of multiple building designs using the same input parameters, further analysis can be both overlaid upon the 
building forms and as a method of culling options that do not meet the desired criteria. As each design option is stored in 
a database, users can then track generated building designs and sort through them based on which building parameter is 
most desired. Building parameters to sort by include, but are not limited to, sunlight, FSR and building height. This method 
of design offers a system to decide and evaluate the feasibility of a building form as there may be multiple building forms 
that meet the desired criteria. Alternatively, if one building form is preferred over another, the designer can then use the 
generated design as a starting point to add further additions to an already compliant mass.
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5. FEASIBILITY CALCULATOR

In the final stage of the design process, once solutions have been generated, the application allows financial feasibility 
calculations (Figure 7). Each solution is assessed and sorted according to Gross Floor Area (GFA) and number of dwellings, 
which is then compared against local building costs and market sales prices to determine an automatic development 
feasibility of the property. The platform integrates with a GIS database to allow mass assessment of development feasibility 
and can also be used for urban planning. The user inputs data into two sections, sales and expenses, and the system uses 
a development feasibility financial model to output results for revenue, expenses and the net return for the chosen design 
scenario. Following this, the user has the option to download a generated report of the dwellings on the site and feasibility 
calculation. 

Figure 7: ArchiStar Parametric Building Generator – Outputted design solution

6. TESTING AND VALIDATION

The following testing and validation study compare feasibility predictions generated from the application against actual 
Development Applications (DA) in NSW to compare and validate the outputted data from the application. The validation 
test compares 68 sites across NSW against their real-world equivalent DA covering apartments, townhouses and mixed 
dwellings. The study found that out of the 68 sites tested, 42% (29 sites) were correctly estimated using the application 
whilst 20% (14 sites) were within 10% and 40% (27 sites) were within 20% of the real-world DA. A sample of the results 
table is displayed below (Figure 8) and shows that a large majority of the results predicted are within a close range to the 
real-world dwellings approved. 
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Project Address Suburb Site 
Area

Type Margin Dwellings 
Approved

Estimated Range

Site 1 MAROUBRA 1880 APARTMENT OK 18 17 - 19

Site 2 BONDI BEACH 928 APARTMENT OK 30 27 - 30

Site 3 DARLINGHURST 1226 APARTMENT OK 32 31 - 35

Site 4 MIRANDA 1932 APARTMENT OK 44 39 - 44

Site 5 MASCOT 7177 MIXED OK 239 238 - 265

Site 6 GLADESVILLE 2876 MIXED OK 88 80 - 89

Site 7 WENTWORTH POINT 28000 MIXED OK 396 376 - 417

Site 8 WOLLSTONECRAFT 1248 TOWNHOUSE OK 4 4 - 8

Site 9 ST MARYS 1018 TOWNHOUSE OK 6 3 - 6

Site 10 LIVERPOOL 3997 TOWNHOUSE OK 17 14 - 25

Site 11 MARAYONG 0 TOWNHOUSE OK 5 4 - 7

Site 12 CASTLE HILL 2042 TOWNHOUSE OK 8 7 - 14

Site 13 ST IVES 1957 TOWNHOUSE OK 8 7 - 13

Site 14 KINGSWOOD 1511 TOWNHOUSE OK 7 7 - 9

Site 15 MARAYONG 1187 TOWNHOUSE OK 4 4 - 6

Site 16 TELOPEA 1495 TOWNHOUSE OK 8 8 - 10

Site 17 SUTHERLAND 907 TOWNHOUSE OK 3 3 - 6

Site 18 OXLEY PARK 2595 TOWNHOUSE OK 13 9 - 15

Site 19 ST IVES 1699 TOWNHOUSE OK 10 6 - 10

Site 20 ARNCLIFFE 892 TOWNHOUSE OK 5 3 - 5

Site 21 BOTANY 1046 TOWNHOUSE OK 6 3 - 6

Site 22 WERRINGTON 1075 TOWNHOUSE OK 7 3 - 7

Site 23 PYMBLE 2782 TOWNHOUSE OK 15 9 - 16

Site 24 CARINGBAH 1132 TOWNHOUSE OK 4 4 - 7

Site 25 PEAKHURST 1183 APARTMENT +8% 14 12 - 13

Site 26 TURRAMURRA 3110 APARTMENT +7% 49 41 - 46

Site 27 OXLEY PARK 3081 TOWNHOUSE +5% 21 17 – 20

Site 28 CASTLE HILL 14160 APARTMENT +4% 923 797 - 886

Site 29 MAYS HILL 1874 APARTMENT +4% 26 23 - 25

Site 30 HOMEBUSH WEST 4017 TOWNHOUSE +4% 28 22 - 27

Figure 8: Outputted Data Solution

7. CONCLUSIONS

Therefore, the framework for predicting development feasibility has potential to provide an enormous impact to the building 
of high density dwellings as it provides a “clear rule-based systematic approach to form generation” (Knapp 2014, pp. 
42). The initial study of application results to real work development applications is a promising beginning to generating 
form based on real-world, current data. With the continued development of algorithms to digitally create apartments, 
townhouses and mixed dwellings on any site with the use of variable data as inputs, the accuracy and validity of the software 
will increase exponentially. The use of this program in real-world situations will have a vast impact on how building designs 
are selected and generated to maximise the amount of built form on a site in accordance to existing, provided rules. The 
provided rules however, when inputted into the system, can slow down the program quite a bit if not dealt with and coded 
in properly. Wait times depend on which precinct or site is being selected and the amount of data that is linked to the site. 
Careful consideration is to be taken in deciding which data is to be displayed at various design intervals to avoid overloading 
the system and increasing the wait time for a site to load. Similarly, the massive influx of data generated from each design 
is often hard to place on a single screen and requires user experience design to be displayed in a manner that does not 
overwhelm the user and is easy to use. Most importantly however, is that the validation and checking of the number of 
predicted building designs to actual built designs is to be an ongoing process to ensure design accuracy. 

To conclude, the program’s ability to use its tools to maximise Sunlight, Daylight, GFA, building height and unit mix will 
greatly benefit the process of predicting a developments feasibility earlier in the design process. The introduction of analytical 
measures at the concept stage of design should allow the delivery of better living amenity of residents in the buildings as 
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designs with greater outcomes can be identified earlier on and further developed into architectural designs. The generated 
designs act as a base point for architects and designers to then add in extra creative input and expertise to finalise the 
building form. The building generator is key to higher density design as users will have a more clear, instant idea of what 
they are to expect on their site if any of the above building types are selected to be built. With the outcome being presented 
in real-time, it saves home owners, realtors, builders, developers and more an enormous amount of time in building and 
concept planning as an initial, quick massing building is placed on the site that is compliant according to local rules. 
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Abstract: In mild climatic conditions, residential houses are often ventilated by opening windows. However, the resulting 
bi-directional airflow mechanism in single-sided naturally ventilated spaces is complex due to the involvement of buoyancy 
and wind driving forces along with wind turbulence and turbulence created at the opening. In addition, the wind effect might 
be reinforcing or restricting the buoyancy-driven natural ventilation. The consequence of these numerous effects on indoor 
flow-fields and particularly convective heat transfer on the floor needs further examination. In this respect, the earlier studies 
demonstrated that heat transfer of the floor was strongly influenced by the Rayleigh number (Ra) and the Window Opening 
Fraction (WOF) particularly in a buoyancy-driven single-sided natural ventilation set up. In an attempt to understand the 
influence of varying wind conditions, this work utilized Computational Fluid Dynamics (CFD) for numerically, examining a 
single-sided partly opened air-filled cubical enclosure. The results indicate that both the indoor flow-fields and heat transfer 
on the floor are strongly influenced by the outside wind conditions. As such, there is a significant scope of lowering the 
uncertainty of floor heat transfer estimation of a naturally ventilated buildings by including the effect of varying outdoor wind 
conditions in the existing empirical correlations. 

Keywords: Natural ventilation; heat transfer; residential house; CFD.

1. INTRODUCTION

In New Zealand (NZ) there are approximately 1.6 million residential houses (Buckett and Burgess, 2009) typically constructed 
with metal roofs mounted on timber frames, a larger floor area and little, or no, insulation. Similar to other regions having 
mild climatic condition, it is traditional in NZ to ventilate residential houses passively by opening windows (Ryan et al., 2008) 
to improve indoor thermal comfort conditions during summer. These houses generally have rooms exposed to outside 
environment by window opening(s) to ensure the availability of the natural ventilation. However, depending on the location 
of the openings of the room or house and other factors, the natural ventilation phenomena can follow single sided, adjacent 
sided and cross ventilation principles. As such, in a particular operational period, when a room is naturally ventilated 
with single sided principle, the bi-directional airflow mechanism persists. This airflow mechanism is complex due to the 
involvement of a pulsating flow resulting from both the buoyancy and wind driving forces along with wind turbulence and 
turbulence created at the opening (Stabat et al., 2012). Furthermore, the wind effect might be reinforcing or restricting the 
buoyancy-driven natural ventilation (Hunt and Linden, 1999), resulting in difficulty in accurately predicting the potential of 
natural ventilation and its effect on the surface heat transfer. In addition to this, the highly fluctuating nature of associated 
driving forces, the uncertainty of occupant preference on temperature and airflow movement and different geometric 
dimensions and configuration of the naturally ventilated building (Tan, 2005) makes the predication even more complex. 

However, by utilizing a technique of coupled multi-zone thermal and airflow network modelling, most of the BES programs 
are capable of predicting the airflow through opening(s) and indoor air temperatures (Hiller et al., 2002) for naturally ventilated 
building. These programs use the fundamental concept of Convection Heat Transfer Coefficient (CHTC) introduced by 
Newton through his law of cooling expressed in equation 1; whereby the rate of convection heat transfer (qc) is proportional 
to the temperature difference between surface and surrounding fluid (Yunus and Afshin, 2015). However, a significant 
challenge of this function is related to identifying CHTC (hc in equation 1), because it is influenced by various factors mainly- 
mechanism of fluid flow, flow regime, properties of the fluid and geometry of the specific system in consideration. 

qc = hc. ΔT   (1) 
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While following the coupled thermal-airflow modelling technique, Pokhrel et al. (2016) demonstrated that a BES program 
(TRNSYS) could capture the thermal behaviour of a single sided natural ventilated house located in a mild climatic region of 
Auckland. In spite of this result, sensitivity analysis of various convection correlation by Goethals et al. (2011), Mirsadeghi et 
al. (2013) and Lomas et al. (1996) demonstrated that the choice of the CHTC correlation strongly affects the energy and the 
thermal comfort predictions. Further, Awbi and Hatton (1999) demonstrated that most of these correlations were developed 
fundamentally based on natural convection mechanism in a closed enclosure and expressed in terms of Nusselt number 
(Nu) and Grashof number (Gr) for respective heated surfaces. 

In this respect, while further investigating the influence of the natural ventilation on heat transfer behaviour of floor surface, 
Norris et al. (2015), Anderson et al. (2016) and Pokhrel et al. (2017) conducted a series of work particularly considering 
buoyancy driven flow. While doing this, they demonstrated that the Rayleigh number (Ra) and the Window Opening Fraction 
(WOF) strongly affected the heat transfer behaviour on the floor of a partially opened cubical 3D space as shown in Figure 
1 by Pokhrel et al. (2017). 

Figure 1. Heat transfer behaviour of the floor of partially opened cubical enclosure [Pokhrel et. al, 2017]

Nevertheless, in reality, wind also prevails in the environment. As such, this work as an extension of the research in this 
domain, particularly aims to investigate the problem numerically to better understand heat transfer behaviour of the floor in 
the partially opened cubical cavity exposed to different wind conditions. 

2. METHODOLOGY

A computational model of a 3D air filled room (L=2.4 m, W=2.4 m, H=2.4 m) (Figure 2), was developed in a commercial finite-
volume CFD solver ANSYS Fluent version 17.2. In performing the simulations, the room was placed in a simulation domain 
with open boundaries a distance 5L from the cube external wall upstream, sidewise and top and 15 L downstream from 
the rear wall. For the simulations, the floor was assumed to have a temperature of 35˚C and ambient temperature condition 
of 20˚C producing a buoyancy effect, while all other walls were assumed to be adiabatic. For this study, a single window 
(W=0.9 m and H=1.5 m) was placed in the upstream wall with simulations undertaken assuming Window Opening Fraction 
(WOF) value of 0.5. For the simulations, discrete values of input wind conditions of 0, 2, 4, 6 and 8 m/s at a reference height 
of 10 m and angle of attack of 0˚ were considered initially to create respective atmospheric boundary layer wind profiles 
derived from a power law. While doing this wind velocity profile exponent value of 0.218 for rough terrain was applied. 

In addition, to assess the effect of wind direction (0-360˚) on the flow field of 3D space and eventually heat transfer 
behaviour of the floor, the building was rotated with an interval of 30˚ by maintaining input wind velocity of 4 m/s at the 
reference height. As an example, Figure 2 demonstrates the 3D air domain with atmospheric boundary layer input wind 
profile equivalent to the wind condition of 4 m/s wind speed at the reference height and wind direction of 0˚. 
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Figure 2. Schematic representation of computational domain and model

An unstructured 3D tetrahedron mesh type with ~1.8 million control volumes with inflation layers (first layer height of 
0.5 mm and a stretching factor of 1.1) was utilised such that the average y+ value was significantly less than 1 (~0.3), 
in order to resolve the boundary layer close to the wall. The turbulent field was addressed using the transient k-′ Shear 
Stress Transitional (SST) Low Reynolds Number viscous model with the coupling between pressure and velocity distribution 
resolved using the SIMPLEC scheme.  Spatial discretization was performed with the PRESTO pressure scheme and a 
second order linear upwind difference scheme was employed for the other variables. By using the k-′ SST turbulence 
model, Uzair et al. (2017) and Uzair (2018) also successfully demonstrated that it is one of the most accurate model to 
capture the effect of both natural and forced heat transfer convection phenomena on a surface exposed to different wind 
flow conditions

In addition, a sensitivity study was carried out to find an optimum size of time step value (0.01 second) and time 
averaged transient solution for 10 second as shown in Figure 3. While doing this the convergence criterion was based on 
the reduction of all the scaled solution residuals under the threshold of 10-4 for all the time steps. 

Figure 3. An example of time averaged estimation of floor heat flux (wind speed 4m/s at 240˚)

The post-processing of the 3D behaviour of the flow fields inside the enclosure were examined on the mid isoplane 
(x=1.4) as demonstrated in Figure 4 for all the cases. 
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Figure 4. Schematic representation of the 3D air space and the mid Isoplane 

3. RESULTS AND DISCUSSION

By examining the flow fields of the 3D space on the mid isoplane (x=1.4), the influence of the increasing level of external wind 
speed values from 0 to 8 m/s at an interval of 2 m/s with the angle of attack of 0˚ are analysed at the beginning (the angle of 
attack is the angle between the wind direction and a line normal to the window opening). While doing this, the WOF value of 
0.5, temperature difference of 15˚C between the floor and outdoor is maintained constant for all the cases. As expected, the 
increasing level of external wind speed significantly influences the indoor flow fields and heat transfer behaviour on the floor. 

To demonstrate this, Figure 5 (a) shows the purely recirculation nature of the velocity flow field generated at the mid plane 
of the indoor 3D space at a no wind condition. Obviously, it indicates a predominance of the buoyancy effect, whereby a 
significant fresh air plume is drawn to the lower part of the opening from outside the enclosure to maintain continuity as 
air exits the room due to buoyancy. This contributes significantly to the turbulent nature of the flow on the floor adjacent 
to the window. Similarly, demonstrating the air temperature profile on the same plane, Figure 5 (b) indicates its increasing 
nature from the opening towards the opposite wall and from the floor to the ceiling of the enclosure. Obviously, this uneven 
distribution of velocity and temperature indicates that the resulting heat transfer behaviour from the floor would be relatively 
non-uniform and weakening in nature as it moves away from the opening. Pokhrel et al. (2017) also demonstrated the similar 
results in detail for a larger opening area equivalent to WOF value of 1. 

   

Figure 5. (a) Velocity vector (left) (b) Air temperature contour (right) [Isoplane (x = 1.4 & no wind]
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Going further, by increasing the external wind speed to a value of 4 m/s at the reference height, the purely recirculation 
nature of indoor flow field is observed to be getting squeezed. This might be due to the relative dominance of the wind driven 
forces on the top portion of the opening compared to the bottom portion of the opening as seen in Figure 6 (a). Obviously, 
this increased penetration of the wind inside the 3D space strengthens the turbulence level in the 3D space resulting a 
relatively higher level of flow velocity towards the floor as seen in Figure 6 (a) compared to the earlier case with no wind 
condition demonstrated in Figure 5 (a). 

In addition to this, the influence of the relatively cold outside air also starts prevailing on the 3 D space as seen in Figure 6 
(b) lowering the overall bulk temperature of the air ultimately increasing the temperature difference between the floor and the 
surrounding bulk fluid. Though, these phenomena supports a move towards increasing convection heat transfer behaviour 
from the floor, the wind driving force is still not sufficient to completely disrupt the natural convection phenomena occurring 
on the floor. It can be verified by recognizing the similar direction of the velocity flow field towards the floor. In a summary, it 
indicates that the flow fields in the 3D space are influenced by both the wind driving forces (top portion) and the buoyancy 
driving forces (bottom portion) resulting in a mixed effect of the reinforcing and resisting nature of these two forces leading 
to a slightly different nature of heat transfer behaviour on the floor. 

   

Figure 6 (a) velocity vector (left) (b) Air temperature contour (right) [Isoplane x=1.4, wind speed = 4 m/s at reference height, angle of 
attack =0˚]

Now, by increasing the external wind speed further to a value of 8 m/s at the reference height, Figure 7 (a) and (b) 
visibly demonstrated an increased influence of the external wind speed on flow fields. Illustrating it further, the Figure 7 (a) 
shows that the increased wind speed is at a level such that it completely reverse the direction of the flow field indicating an 
existence of dominant wind driving force with higher turbulence throughout the 3D space. Similarly, Figure 7 (b) shows that 
almost the entire 3D space is filled with air at the outside temperature further lowering the 3D space bulk air temperature and 
ultimately increasing the temperature difference between the floor and the surrounding bulk air. As explained earlier, both of 
these mechanisms indicate towards an increased level of the heat transfer behaviour on the floor. 

Influence of wind on indoor convective floor heat transfer of single-sided naturally ventilated cubical enclosures
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Figure 7 (a) velocity vector (left) (b) Air temperature contour (right) [Isoplane x=1.4, wind speed = 8 m/s at reference height, angle of 
attack =0˚]

Summing up the above discussion, Figure 8 demonstrates an increasing trend of the average heat flux on the floor 
and the equivalent Nusselt number due to an increasing level of the external wind speed. As discussed earlier, the rate of 
increase in heat transfer behaviour of the floor is relatively insignificant to where buoyancy force is the dominant driving force 
for the heat transfer behaviour. In this particular case of partially opened cubical enclosure of 2.4 m. with 15 ˚C temperature 
difference between floor and ambient and the WOF value of 0.5, that transition point appears to exist somewhere near to a 
case of applying 4 m/s of external wind speed at the reference height. After that point, the rate of increase of the floor heat 
transfer is relatively higher indicating that the wind force becoming dominant driving force for the heat transfer on the floor. 
As demonstrated in Figure 8, a polynomial equation of order 2 can sufficiently estimate the average heat flux on the floor. 

Figure 8. Effect of external wind speed on floor average heat flux [Wind condition at reference height of 10 meter and angle of attack 0˚]

Now, in reality the wind might approach the single sided opening of the building from any direction thus making it worth 
examining the influence of different wind angle of attacks on flow fields and its effect on the floor heat transfer behaviour 
in the 3D space. As such, 12 different cases with varying wind angle of attacks was analysed at an interval of 30˚. While 
doing this similar conditions of input wind speed (4 m/s at 10 m. reference height), WOF value of 0.5 and 15˚C temperature 
difference between the floor to the ambient is maintained for all the cases considered. 

Now, again by examining the flow fields of the 3D space on the mid isoplane (x=1.4), it is apparent that varying the 
wind direction greatly influences the indoor flow field and floor heat transfer behaviour. As an example, demonstrating the 
influence of leeward opening equivalent to 180 ˚of angle of attack, Figure 9 (a) shows that the velocity flow fields do not 
relatively get squeezed compared to the windward opening equivalent to 0˚ angle of attack presented in Figure 6 (a). This 
might be because the direct influence of wind driving force is relatively lower in the leeward case compared to the windward 
case thus allowing the flow inside 3D space to behave more as a recirculation due to natural convection mechanism. It can 
also be verified by comparing the Figures 9 (a) and 6 (a) that the values of the velocity of the flow near the floor is ~0.18 m/s 
in the leeward case compared to ~0.30 m/s for the windward case. 
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Figure 9 (a) velocity vector (left) (b) Air temperature contour (right) [Isoplane x=1.4, wind speed = 4 m/s at reference height, angle of 
attack =180˚]

In addition to this, Figure 9 (b) shows that the temperature distribution profile inside the 3D space of the enclosure 
is relatively higher (~23-24 ˚C) in the leeward case compared to corresponding windward case (~20-21˚C) (Figure 6 (b)) 
resulting relatively higher bulk air temperature in the leeward case. Obviously, these behaviours of flow fields inside the 
enclosure indicate that the average floor heat transfer is lower in the leeward case of 180˚ than the respective windward 
case of 0˚ angle of attack. 

Summing up the discussion, the examination indicates that the heat transfer on the floor is a maximum when the angle 
of attack is 0 ˚ and it gradually decreases (27%) to a minimum value for angle of attack 90˚ for this particular size of the 3D 
space and threshold of different parameters applied. Similar trend are observed for the cases with angle of attack between 
360˚ and 270˚. As discussed earlier, as viewed from the Newton’s law of cooling, this might be due to the relatively weaker 
turbulence and lower values of temperature difference between the floor and the bulk air temperature of the enclosure as 
the approaching wind angle of attack increases from 0˚ to 90˚ and decreases from 360˚ to 270˚. In addition, this behaviour 
indicates a reinforcing wind and buoyancy driven effect causing maximum ventilation resulting in maximum floor heat 
transfer at angle of attack (0˚ & 360˚). However, it also indicates a resisting wind and buoyancy driven effect causing 
minimum ventilation resulting minimum floor heat transfer at angle of attack (90˚ and 270˚). 

Figure 10. Effect of varying wind direction on the floor heat flux [Wind speed of 4m/s at reference height of 10 meter]

In contrast to this behaviour, there is not much variation observed for angle of attack between 120˚ to 240˚ indicating 
that floor heat transfer is governed mainly by buoyancy driven natural convection alone without much resistance from 
wind effect. It can also be verified by observing the purely recirculation nature of flow fields observed inside the 3D space 
enclosure indicating towards buoyancy driven natural convection. 
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4. CONCLUSIONS AND RECOMMENDATIONS

By corroborating the earlier studies on buoyancy driven flow in a single-sided partly opened cubical enclosure, the results 
from this study indicated that the different level of outside wind conditions strongly influences both the indoor flow-fields and 
heat transfer behaviour on the floor. In addition to this, the investigation demonstrated that varying the wind conditions due 
to change in its speed and direction could result in in different flow regimes and temperature distribution inside the enclosure 
causing different heat transfer behaviours on the floor. Furthermore, the relative changes in the strength of wind driving force 
with respect to the buoyancy driven force due to the changes in wind conditions could cause reinforcing or resisting nature 
of flow through the opening resulting in different natural convection mechanisms ultimately leading to different heat transfer 
behaviours on the floor. 

Now, the generalization of these results requires further sensitivity study with extended range and values of wind 
conditions, opening area, building dimension and buoyancy effect. Nonetheless, there is a significant scope of lowering 
the uncertainty of estimating floor heat transfer in natural ventilated space by including the effect of varying outdoor wind 
conditions in the existing empirical correlations. 
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Abstract: This research explores how parametric modelling integrated with environmental simulation, in combination 
with virtual and augmented reality, can be deployed at the early stages of design. Our approach is based on an integral 
design strategy, which gives equal weight to quantitative and qualitative evaluation. In effect, the study investigates how 
the qualitative aspects of post-occupancy evaluation can be brought forward to the early ‘pre-BIM’ stages, where the 
most added value can be delivered at the least cost. This paper reports the implementation of two software prototypes. 
A VR (Virtual Reality) application uses quasi-realistic graphics and spatial soundscapes to provide a virtual experience, 
where users undertake tasks and provide voice feedback, in combination with activity tracking and surveys. The second 
prototype uses AR (Augmented Reality) technology to compare design options: interactive models appear on a conference 
table; these are overlaid with environmental performance data; user activity tracking; survey data; and protocol analysis of 
voice comments. For the purpose of providing proof-of-concept a simple architectural design context is being examined 
– the simulation of a typical commercial office environment. The paper discusses preliminary feedback on the prototype 
applications, in advance of the next stage of the research where full evaluation with end users will be undertaken.

Keywords: Virtual Reality, Augmented Reality, Pre-Occupancy Evaluation, Design Evaluation

1. INTRODUCTION

Despite the theoretical cost-benefit advantages of Building Information Modelling (BIM) (MacLeamy, 2004), as discussed by 
Holzer (2011) full implementation of BiM in Australia has been limited. A more recent review of practice in Australia and New 
Zealand identifies a hybrid strategy where consultants are using a mix of technologies (Davies et al, 2017). This pragmatic 
approach recognizes that different firms will “use the technology in a manner which fits naturally with their own processes 
in order to derive the benefits from it.” (Davies et al, 2017, p 89). Concurring with these findings, the study proposes that 
there will never be a singular ‘silver bullet’ technology that can seamlessly deliver a building from conception to occupation. 
A hybrid approach enables the ongoing adaptation of new technologies and the exploration of new possibilities that they 
afford.  This research explores how parametric modelling integrated with environmental simulation, in combination with 
virtual (VR) and augmented (AR) reality can be deployed at the early stages of design. Our approach is based on an integral 
approach which gives equal weight to quantitative and qualitative evaluation. In this regard, traditional BIM only provides one 
half of the equation. While quantitative analysis of building performance is increasingly sophisticated, the qualitative aspects 
- how end users react to and occupy buildings - is still reliant on the experience and expertise of consultants. How might 
the information on the qualitative performance of buildings be generated - from a range of consultants, clients, stakeholders 
and end users - to inform decision making at the crucial early stages of design?

In effect this research project explores how the qualitative aspects of post-occupancy evaluation (POE) can be brought 
forward. This is not to suggest POE should not continue. Clearly there will be limits to what can be achieved with computer 
models, versus actual occupation. The recent ubiquitous availability of virtual and augmented reality technology, does 
however provide new opportunities that include the virtual occupation of buildings prior to construction. This study proposes 
that VR and AR has the potential to address the relative lack of qualitative simulation at the crucial early stages, where the 
most added value can be delivered at the least cost.

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.717–725. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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2. METHODOLOGY

The experimental prototypes reported here are the first stages in a larger research agenda, exploring how VR and AR can 
be deployed for the early stages of design in architecture, prior to developing a BIM model. A typical commercial open 
plan office environment was used as case study for this initial proof-of-the-concept research stage. This paper reports 
early outcomes of the development of software prototypes using a mix of agile methods (which at these early stages is 
based on participant-observer evaluation) and automated data collection methods. As has been established by Bury (2016) 
prototyping is a proven approach to developing innovative outcomes in response to opportunities afforded by new digital 
technologies.  

The scope of the undertaken study encompassed two main areas, with the corresponding research phases. The first 
phase included undertaking of a targeted literature review on existing applications for pre-occupancy evaluation, as well as 
the use of VR and AR technology in building simulation. Relevant integral (qualitative + quantitative) design evaluation metrics 
and viable methods of data generation/collection were identified. This informed the specification and implementation of two 
Pre-Occupancy Evaluation Tools (P-OET) / prototypes. The first was an immersive VR environment implemented for Oculus 
RiFT and Oculus Touch. The VR prototype was developed as a design exploration tool, intended to generate qualitative 
data, such as preferred design option, choice of materials, preferred light conditions and workplace, etc. The second 
prototype was a markerless AR application, enabling shared design comparison space, where interactive models were 
overlaid with environmental performance data, user activity tracking and pre-occupancy survey data allowing interactive 
evaluation of quantitative and qualitative data. Both of P-OET applications were developed with the Unity3D programming 
platform. The second phase of the research addressed a particular case study – simulation of a typical commercial office 
environment (two floors linked via a void and staircase). Three alternative parametric office spaces were developed for users 
to evaluate and compare. The quantitative analysis of the three options was performed using established daylighting and 
energy modeling tools such as Energy plus and Diva (Solemma, 2018). Initial (small-scale) user trials were run to test the 
functionality, interfaces and the workflow of both AR and VR prototypes. 

This study was undertaken in collaboration with the industry partner Metamosaic: architectural rendering and visualization 
group and the duration of this (first) research project stage was approximately six month, including active project development 
and initial prototype testing. The main intent at this stage was to evaluate potential workflow and human-computer interface 
(HCI) design as a precursor to a second set of software design iterations. The future research stage would include large-
scale (30+ participants) evaluations to be undertaken with the potential end users. Further development and plans for user 
evaluation studies and P-OET application to a larger research scope are being outlined in the conclusion section.

3. BACKGROUND

3.1 Existing applications for pre-occupancy simulation

Applications of pre-occupancy simulation have been developed and explored especially in the areas of architectural design 
and building energy consumption evaluation to estimate costs, rating level, construction time and selecting suitable options 
in building information and requirements (Mo and Boarin, 2017). Research project such as User Pre-Occupancy Evaluation 
Method (UPOEM) developed by The Hong Kong Polytechnic University introduces a design evaluation tool to enhance 
the designer-client communication through the techniques of building information modelling (BIM), user activity simulation 
and requirement management (Shen et al.,  2013). UPOEM is tested through a case study to verify the possibilities and 
potentials of practical implementation in a real project with the feedbacks and comments of a user study.  Another group of 
researchers from Sejong and Inha University also explore the similar evaluation approach but based on user behaviour in a 
3D virtual simulation. They proposed a method of Pre-Occupancy Evaluation (PrOE) to predict the possible burglary in an 
urban block as a case study. This approach intents to overcome the limitation of conventional design evaluation through the 
reflection and requirement of the users to achieve a more efficient design improvements prior to the physical implementation 
and construction of buildings (Shin et al., 2017).

Both existing applications of pre-occupancy simulation provide some precedent for our research agenda. Our study 
proposes that these methods of design evaluation could be further enhanced with the mixed reality that combine virtual 
and augmented reality technologies with real-time quantitative and qualitative feedback especially, during the early design 
stages.

3.2 Use of VR/AR technology in building simulation

Recent advancements in the field of VR/AR technology allow the ability for occupants be immersed into virtual built 
environments to visualise and interact with the environment (Heydarian and Becerik-Gerber, 2017). In addition, the immersive 
virtual environments are able to monitor and collect the data of occupant behaviour with a 1:1 scaled environment of real-
life events and scenarios (Niu et al., 2016). Recent studies from psychology indicate that there is less cognitive load on 
the brain in VR environment than a normal flat screen with a comparative experiment between 2D/3D non-immersive and 
3D immersive scenarios (Kozhevnikov and Dhond, 2012). Hence it has been proposed VR/AR 3D immersive environment 
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potentially creates a more natural environment for the brain in qualitative building simulation, as compared to the conventional 
2D screens (Hermund et al., 2017). 

There are a range of low -cost VR/AR technologies that include hardware such as Oculus Rift, Microsoft Hololens, 
Samsung Galaxy S8+ and the Unity3D Software development platform,  that provide ubiquitous access for  researchers. 
Oculus Rift and HTC VIVE are the two most commonly used VR headsets that allow users to experience and interact in 
the VR 3D immersive environment. Similar to VR, the hardware and software of AR technology is now available and can be 
considered for the development and exploration of building simulation. Based on currently available technology a two stage 
process was conceived: the use of VR for pre-occupancy qualitative simulation; which is then quantified and combined with 
environmental performance simulation data within interactive AR displays.

4. OVERVIEW OF P-OET

Figure 1 illustrates the overall approach where qualitative data generated from user engagement within VR is combined 
with performance simulation data, to enable collaborative decision making at the early stages of design. For the purpose 
of providing proof-of-concept a simple architectural design context was examined – the simulation of a typical commercial 
office environment (two floors linked via a void / staircase).

Figure 1: Pre-Occupancy Evaluation Tool (P-OET) Framework / Qualitative + Quantitative Metrics

4.1 System framework of P-OET

Figure 2: P-OET Software Architecture / Data Generation and Application

Pre-Occupancy Evaluation Tools (P-OET) for early feasibility design stages using virtual and augmented reality technology
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The P-OET application consisted of two key components: a VR simulation module and an AR data visualisation module. 
The VR module integrated functionalities such as enabling users to configure the environment settings, including the design 
of the space, the occupancy simulation, the ambient sound simulation and time of the day. There was a ‘task’ component 
that motivated the users to take certain actions in order to experience the VR environment and to give feedback on their 
experiences. The feedback was collected in the form of embedded survey questions and voice comments, which were 
sent to the P-OET online database simultaneously and visualised with the AR module as the qualitative data input. Figure 2 
shows the system framework of P-OET VR and AR applications:

4.2 Interaction design for P-OET

4.2.1 VR component

The Oculus Rift HMD (head-mounted display) and Touch controllers were used for the P-OET VR component. The 6-DOF 
(degree-of-freedom) HMD tracked the rotational and positional information of the user. The two Touch controllers, which 
were held by the user with both hands, tracked the hand motions including moving and rotating hands, touching, pushing 
and squeezing buttons. The tracked user data provided accurate information informing real-time rendering of users’ virtual 
hands (see Figure 3), enabling natural and smooth interactions in the P-OET VR settings. The VR P-OET prototype included 
a step-by-step tutorial of Oculus touch controls, VR space navigation and virtual clipboard interface use functions. Allowing 
users to get familiar with controls, movement within VR space, and interaction with game objects and virtual interfaces 
before commencing immersive design exploration.

Figure 3: P-OET VR Haptic Interface / Virtual Clipboard Enabling Design Interactions and Simulations

Existing research has shown that compared to non-diegetic interface such as HUD (heads-up display), diegetic user 
interfaces in VR environments may increase the level of user immersion (Ogier and Buchan 2017; Iacovides et al 2015). 
Thus the design of interactions in the VR settings followed a diegetic UI (user interfaces) approach - the UI elements 
were designed to be game objects in the environment to communicate information. An interactive “clipboard” which was 
attached to the user’s left hand was adopted as the key UI element in P-OET (see Figure 3). Clickable buttons were placed 
at the bottom of the virtual clipboard. Through hand-tracking, P-OET recognised user’s hand gestures such as moving, 
pointing, touching, grabbing and dropping.  With the virtual hand gestures, the user could “click” the virtual clipboard tabs 
and buttons to enable different functions.

There were four main functions available on the clipboard: (1) switching between designs, (2) changing the time of the 
day, (3) managing the simulation of occupancy and (4) managing the simulation of ambient sounds. Pressing each button 
brings up the relevant function panel. For instance, on the “sun simulation” panel, the user could choose the time of the day 
(morning, midday, afternoon or evening) and the season of the year (spring, summer, autumn or winter). Alternatively, they 
could hold and move the handle on the time slider to simulate a specific time of the day. On the “occupancy simulation” 
panel, the user could choose to show or hide the stationary and personal items on the office desks (which indicated 
the occupancy of those desks) by toggling the checkbox on the panel; they could also choose the levels of occupancy 
simulation (low, medium or high) by pressing relevant buttons. Fewer stationary and personal items were simulated at a low 
level whereas more at a high level of occupancy. Ambient sound simulation was informed by user’s location and changed 
depending on the functional zone of the office (lunch area, workstations, meeting zones etc)
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4.2.2 AR component

Figure 4: P-OET AR application / Shared Qualitative + Quantitative Design Evaluation

The quantitative and qualitative data analysis of the designs were visualised in both HoloLens and mobile AR formats in 
P-OET. Users could compare and contrast different designs with visualised data through Microsoft HoloLens AR glasses 
(Figure 4 / left) and through their mobile devices (Figure 4 / right). Furthermore, they could interact with the models and 
the visualisation by moving, scaling and rotating by hand gestures (HoloLens version) or on the touch screens (mobile 
AR version). User could also toggle what information to be visualised or to be hidden. When viewing from multiple mobile 
devices, the models and the visualised data could be viewed from different angles. This way, a group of people using the 
P-OET AR tool could have their own customised viewing perspectives while sharing a scene.

4.3 Data collection and representation in P-OET

The three concept design configurations that were used for testing the P-OET prototype were procedurally generated 
using Grasshopper (2018) for Rhinoceros (2018). Each open two-level office space had the same column-grid structure, 
stairs configuration and the first level floor dimensions, but different window-to-wall ratio, second floor area, materials and 
furniture set-up. All three designs were set with the same orientation and location, tested for Melbourne Australia (37.8136° 
S, 144.9631° E). The output models (generated designs) then went through quantitative analysis using DIVA / Solema 
(2018) - an established advanced daylighting and energy modeling plug-in for Rhinoceros and Grasshopper that, which 
simulations are based on EnergyPlus (2018), Radiance (2018) and Daysim (2018). See Figure 5 (Quantitative analysis of 3 
design options using DIVA). 

Figure 5: Quantitative analysis of three design options using DIVA / Solema (for Rhino / Grasshopper)
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Figure 6: VR Functionality:  Audio feedback / Time of the day (season) /Switching between design options / different floor plans / 
materials / furniture and number of desks

It was initially planned to run energy, daylight and other simulations in runtime, while the user makes changes in design 
configuration. However practice showed that most of DIVA simulation scripts, run directly from Grasshopper on relatively 
simple designs/geometry with minimal detail, took a considerate amount of time (up to 30 min). Therefore it was decided, 
that for the current stage of P-OET prototype development quantitative DIVA simulations will be run separately, prior to 
visualisation in AR application.  This quantitative analysis included: Solar Radiant Exposure, Daylight Factor, Daylight 
Autonomy, Daylight Availability, UDI Overlit/Underlit, Illuminance, Zone Lights Electric Energy, Zone Ideal Loads Supply Air 
Total Heating/Cooling Energy, Zone Thermal Comfort ASHRAE 55 Adaptive Model, Radiation maps, Radiance Renderings, 
Glare analysis and Sun Path Simulation/Shading.  See Figure 5. The data obtained from both DIVA and P-OET VR application 
was cleaned, sorted into tables, (where applicable) the values were remapped to a new (0-100) domain to ease further 
spatial data mapping and converted to CSV files which were used for P-OET AR data visualisation.
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Figure 7: Example of Data Collected from P-OET VR experience (pathways / hotspots / chosen desks / chosen light conditions / voice 
comments - protocol analysis (tag cloud) / survey data)

The user survey data collection on the other hand, provided insights on the subjective experiences of the users (Figure 6). 
The feedback was not restricted to predefined answers; instead, the P-OET system recorded feedback in the form of audio 
comments (see top left of Figure 7 in 3.2). Survey questions were shown on the virtual clipboard, and the user could record 
a 20-second voice comment for each question. Once recorded, an audio file with the file name “[user name]_[question 
id]_[time recorded].mp3” was uploaded to the P-OET database. The audio files were then to be processed into texts and 
evaluated using the protocol analysis method.

Quantitative (Figure 5) and qualitative (Figure 6) data of user feedbacks were collected in the P-OET VR settings, both 
passively (user tracking) and actively (user survey). While the user explored the VR environment, their locations were tracked 
behind the scene, and were recorded every second. Based on this data, a tracing map was drawn in the end of each user 
session. In doing so, heat-maps could be generated to visualise the popular spots in an environment. This passive user 
tracking function could provide an insights on how a designed space might be explored and occupied.

5. DISCUSSION AND FURTHER WORK

The objective of this first stage P-OET was to explore the potential of available VR / AR hardware, and develop software 
prototypes that provide proof-of-concept. To this end two robust applications were developed using the Unity3D platform 
(cross-platform game engine).  The VR prototype enabled users to virtually occupy design options and provide feedback 
on the qualitative aspects via voice enabled surveys and comments. A novel ‘clipboard’ haptic VR interface provided tasks 
for the virtual occupants to undertake and through this activity, further insight on user preferences and circulation patterns 
could be obtained and quantified through embedded activity data tracking. For these first stages the evaluation of the 
software has been based on participant - observer feedback (a 6 person research team). A preliminary user trials were 
undertaken with a large interdisciplinary design consultancy and a consultancy specializing in design visualization. Informal 
feedback has been generally positive, and the robustness of the qualitative data generation and representation has been 
tested and evaluated using a range of graphic and text based techniques. Our tactic of using multiple ways to generate 
qualitative feedback - task, surveys and voice comments - appeared to be successful, albeit these were very early stages 
of evaluation. The task oriented approach where users were on a quest to find the coffee machine, their favoured work 
location and a place to have a semi-formal conversation, was particularly engaging -  with surveys occurring as two question 
interludes - rather than confronting the user with a long list at the end of the virtual occupation.

Pre-Occupancy Evaluation Tools (P-OET) for early feasibility design stages using virtual and augmented reality technology
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Given that the intended use of P-OET is for the early stages of design, our VR prototype strikes a balance between photo-
realism and graphics that present design options of one of many ‘sketches’ , thus inviting critique. This approach is similar 
to that typically undertaken with analogue media at the early design stages, where freehand plans and perspective sketches 
open up dialogue, as opposed to printing out a CAD drawing for clients and end users. The graphics are minimalistic but 
designed to be engaging, such as providing parametrically generated ‘desk clutter’ (newspapers, coffee cups etc.). The 
tactic of communicating a sense of occupation through spatialized sound, also appears to be very promising in relation to 
engaging virtual occupants.  There is also a pragmatic driver for the quasi-realistic approach to 3D graphics as our intent 
is to provide a fast work-flow from parametric model integrated with environmental simulation processing to the real-time 
VR model which requires processing time to render.  While the interface between the parametric modeller (Grasshopper/ 
Rhino) allows a designer to link design models to accurate environmental simulation software, even with a low polygon office 
interior the time to calculate is substantial and provides the main obstacle to quick turn-around of design options. 

Another obstacle to uptake of P-OET is the ease of use of the VR hardware. The requirement to connect the headset 
to a VR capable computer and to set up and calibrate motion sensors is cumbersome and restricts portability. It can be 
noted that next generation headsets will be self-contained and as per Moore’s law, it can be expected that by the time we 
complete our research, hardware performance and ease of use will be substantially enhanced, enabling the distribution of 
VR files to stakeholders, rather than moving hardware around. Our anticipation is that it will be at this level of ubiquitous 
access that the qualitative data collection will become significant. The next research stage is planned to include a large-
scale case study involving over 30 participants in the design evaluations, who would also have previous experience of using 
VR environments. . This would allow more rigorous testing and generation of statistically significant results, which would 
enable qualitative data to have similar standing to environmental performance simulations, when comparing design options 
at the early stages of design. In summary, the authors are confident that the use of VR for pre-occupancy evaluation opens 
up new ways to obtain qualitative evaluation of design options prior to investing in a full BIM model.

The AR prototype combined multiple data sources, such as: environmental performance data generated via a parametric 
modelling interface to established simulation software; user activity data; survey data; and protocol analysis of voice 
comments. Thus the three design options generated for the office scenario, could be interactively compared using the 
Holens AR headset or a mobile device. As compared to the VR prototype, and based on initial feedback from the end users, 
no convincing evidences were found supporting the hypothesis that the AR prototype provides any significant advantage 
over displays of data on screen. In particular the current hardware (Hololens) did not provide a sufficient field of view for the 
comparative evaluation of large data sets. 

The next stage of the research will extend the range of task or ‘quests’ for the user and undertake full user evaluation 
studies of the office design VR scenario. It is also planned to evaluate the AR visualization of data in comparison with screen 
based data visualizations. From these evaluations the interfaces would be further developed and P-OET would be applied 
to a range of building types and scales.
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Abstract: We seek a framework for engaging people in urban design decision-making process by employing virtual 
tools. We adopt our previously developed parametric tools for design communication as a bridging method between 
conventional and participatory urban design approaches. We hypothesise that a virtual participatory urban design platform 
can provide more design associated information for laypeople to participate in design decision-making. The conventional 
urban design approaches investigate urban form as purely through the lens of urban professionals. In participatory urban 
design approaches the design decisions remain as general assumptions because of lack of enough associated information. 
Therefore, we have developed a methodology to produce urban forms by taking advantages of computational tools to 
engage stakeholders in complex urban design decision-making processes. This paper focuses on designing the charrette 
tools. We propose a mixed method of virtual and actual to orient people in the design discussion. We investigate our 
tools for Karori, a neighbourhood in New Zealand. We critically conclude the paper with an overview of our virtual design 
communication tools which is destined to engage people in a later stage.

Keywords: Informed design methods; decision-making; rules-based system; virtual environment.

1. INTRODUCTION 

Urban complexity and dynamics are interrelated and inter-dependent. Designing an urban scenario denotes a process of 
dealing with complex issues composed of physical and social attributes. The design techniques to deal with such complex 
issues requires a comprehensive method to configure the design decision-making process. Most of the design methods 
used by urban professionals as pen-pencil and digital methods are top-down approaches, where the scope of integrating 
laypeople in the design process is very less. Though such design approach seeks a better urban neighbourhood for its end 
users, but lack of visual information and tools in the design process doesn’t allow the end users to speculate the new design 
ideas before that has been built. Moreover, sometimes the design processes are cumbersome to address further details 
related to construction and post-occupancy period. This detailed information also does not help lay people to understand 
the overall design ideas. On top of that; the design processes have lack of iterations to offer multiple design ideas instead of 
one. In fact, it is also impossible for urban professionals to address all of the aspects of urban dynamics in a single design 
process. 

The study develops a design discussion platform to produce urban form by employing virtual tools. The quality urban 
design is that which response sufficiently to social, economic and environmental issues through the physical design. The 
conventional design approach has not had the tools to visualise urban form during the decision-making stage. Parametric 
design tools can offer a platform to visualise and analyse urban scenarios for urban designers and planners alongside 
stakeholders. However, there remains a disconnect between top-down planning processes and the real-life experiences 
of those who inhabit these neighbourhoods. Our research hypothesises that engaging stakeholders using a virtual design 
platform can reduce the gap between reality and conceptual design processes leading to a more favourable design 
outcome. The recent development of computational tools and accepting them in the design process has brought about a 
significant shift from utopian design approaches to a more systematic design approach. These tools offer a ubiquitous virtual 
interaction platform to produce and visualise iterative design ideas. We, in our previous work, argued that a computational 
design process could accommodate maximum urban complexities in a virtual platform for design discussion (Chowdhury 
and Schnabel, 2017; 2018). 

As a case study, we have considered the suburb, Karori in Wellington. In Karori, Wellington City Council (WCC) has run 
year-long charrettes to understand the community interests and priorities and identify locations for further development (The 

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.727–734. ©2018, The Architectural Science 
Association and RMIT University, Australia.



728

Karori Project, 2017; Wellington City Council, 2017). To date, the charrette process has generated a map of priorities within 
the Karori neighbourhood, and the mall area has been signalled as a priority for redevelopment (The Karori Project, 2017). 
Our research includes the mall site of Karori to produce new design ideas in a virtual parametric participatory platform. 

2. THE BIG RESEARCH 

In our previous paper (Chowdhury and Schnabel, 2018), we have developed a computational neighbourhood design 
framework (figure 2). The framework comprises four steps. It starts with developing the urban parameter, then instrument 
development, the engagement and ends with an evaluation. The output of every step feeds into the next step. We have 
considered the report of the WCC for Karori redevelopment and sought out the locations where the community wants to 
redevelop. From the consultation report of WCC on Medium Density Residential Area (MDRA), Karori community is looking 
for a thriving city centre surrounded by the Karori Mall, Karori Library and Karori Community Hall (Wellington.govt.nz, 2018). 
Also, re-conceptualising the Karori Mall is one of the prime concern for the community. Therefore, our framework seeks the 
physical aspects of designing urban form. We also have taken into consideration of building design guidelines prescribed 
by WCC. We have developed the urban parameters related to designing urban centres, such as land division, size of the 
courtyard, mixed-used functional area and their arrangement, energy consumption and annual revenue. The second step 
develops the rules of how these parameters are computed in an algorithmic process. Finally, we test our process through 
charrettes by engaging lay people. This research mainly focuses on the methods of engagement. The engagement happens 
with mini charrettes in virtual environments. We employ VR tools to initiate collaborative design discussion. Here, we plot 
the steps of charrettes and tools of the charrettes. Our paper seeks further ways of the charrettes. The paper develops the 
detail steps and tools for engaging people in virtual design discussion process. 

Figure 1 The big research framework

 

Figure 2 Research Steps in Engagement
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3. COMMUNICATION AND PARTICIPATION IN DESIGN PROCESSES

Communication is a sense-making process between virtual and actual. For Deleuze (1990) sense follows the logic of 
virtual events, as it brings into existence that which expresses. Sense is purely virtual which constantly actualized through 
communication (Luhmann, 2004). Between nineteen-sixties and early nineteen-seventies, there was a scholarly debate 
on the question of how a process of systematisation in a design methodology could be made accessible to laypeople. 
Till (2005) criticises the approach of the design methods movement, as he sees a fundamental contradiction between 
seemingly authoritarian aesthetics and high economic and technical expense on the one hand, and the social reality on the 
other.  On that note, Hofmann (2014) argues that the transparent design process alone was not enough to enable laypeople 
or users to participate since the drawings and technical information are only comprehensible to the experts. Again, regarding 
communication in urban design process, Steinø and Veirum (2005) have pointed out that the process is time and resource 
consuming. It also faces the barrier of differences in thinking and language between professionals and laypeople. Moreover, 
lack of detailing in the early design phase, does not allow lay people to understand the design while ironically, as the level 
of detailing increases, and makes it easier to understand which can no longer be changed without considerable expenses 
in terms of time and resources (Steinø and Veirum, 2005; Steinø et al., 2013).         

The conventional participatory planning process is based on pen and pencil, paper maps, photographs and physical 
models (Al-Kodmany, 2001). Such visualisation techniques still provide specific visual consequences of governing the design 
of data representation (Tufte and Robins, 1997). Visualization in urban context offers a method to see the unseen which 
enriches the process of scientific discovery and fosters profound and unexpected insights. Participatory design processes 
are based on these visualisation techniques. The participatory urban design process has brought the idea of the bottom-up 
approach. Healey (1997) points out the demands of public participation in decision-making for more accountability on the 
parts of stakeholders. It brings the shift from a top-down to bottom-up strategies in urban planning practices (Murray et al., 
2009). Bottom-up, participatory urban design approach encourages direct communication in urban design. Participation, 
concerning design processes, can be defined as information exchange (Sanoff, 2000). Walters (2007) argues about the 
importance of visualizing three-dimensional information in urban design process for ordinary people to see what their ideas 
look like. In the past few years, researchers have taken full advantages of computers in participatory design processes by 
producing three-dimensional graphics, virtual reality and web, at least at the stage of prototypes if not in planning practices. 
Arguments and counter-arguments are there for these explorations by raising the questions whether this kind of tools is best 
for communicating spatial ideas to encourage discussion and decision-making process with the public or not.

An individual user in a design participation process becomes a member of the design team (Dulgeroglu, 1977). It provides 
the participants with the opportunity to influence both the design process and the design product. Participation in design 
process does not necessarily mean user harmony, but that achieved the influence of the user in the design process. User 
participation denotes power interchange so that decision can be examined from the points of view of interested groups. 
Therefore, the user should help the designer in making decisions on conflicting issues of design to avoid the involvement of 
too many design participants.   

4. PARAMETRIC URBAN DESIGN SYSTEM

The current phase of parametric design tools has become an integral part not only of the manual design process but also 
of the cognitive design process. Such software tools are not only allowing designers to analyse and evaluate, but also 
generating and exploring alternative design proposals. These tools have already set free designers from ‘design fixation’ and 
the limitations of conventional wisdom and thereby allowing to explore a huge number of possible proposals for a design 
problem (Bentley, 1999). A generative design process leads to the possible proposals of designs. Criticism on generating 
design process comes from two different perspectives. Firstly, regarding the relationship with the contextual built form, such 
design process offers an unnecessarily wide range of proposals which most often inappropriate for the context. Secondly, 
the range of the proposals must not be unduly wide and at the same time must not be restrictively narrow.  Thus, the scope 
must be considered before the development of the generative proposals (Janssen et al., 2000). Janssen et al. (2000) argue 
that the generative process must be considered the designer’s personal style.  The intrinsic nature of an architectural design 
approach is to reveal the hidden knowledge which is familiar with the aspects of the design of the buildings.  This approach 
is indicated by the domain-specific knowledge-based design system which aims to challenge the designer. Similarly, 
Schnabel (2007) also argues that the architects do not prescribe a fixed gestalt, but on a set of rules and instructions which 
can inform and generate the desired outcome.  It allows a reaction on a variety of site-specific variables that can be modified 
according to the need. Parametric design techniques suggest controllable and adaptable solutions at an earlier stage of 
the process that reacts to the given situations and the outcomes. Our paper admits with the need for the scope to derive 
the design knowledge for a generative system and seeks the scopes from the design rules relevant to urban parameters.  

To ‘parametrize’ the quality of public space, it is necessary to understand the relationship between the physical properties 
of urban spaces and the human activities which are likely to engage within those spaces (Van Ameijde and Song, 2018). 
The famous sociologist William H. Whyte has prescribed many possible rule-sets for creating successful public spaces, 
including guidelines for visibility, accessibility, seating, greenery and environmental conditions (Whyte, 1980). Similar, Jacobs 
supports the conservation of organically grown neighbourhood qualities against large-scale renewal schemes. Jan Gehl’s 
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‘New Urbanism’ movement also seeks friendly urban networks by creating walkable neighbourhoods containing a mixture 
of housing types and workspaces. Our research relies on these urban theories to produce enclaves for quality urban 
spaces. We believe physical spatial dimensions of an urban space influence public behaviour. Therefore, we seek the 
urban parameters which influence the spatial connectivity between urban spaces. Our developed rules between urban 
parameters produce multiple physical properties of urban spaces. And our developed interface helps the end users to 
visualise alternative design ideas.    

5. COMMUNICATION IN VIRTUAL ENVIRONMENTS (VE)

Easy availability of affordable equipment and software for Virtual Environments (VE) already has transformed the architecture 
practices. VE has propelled the level of communications between designers and clients. Still, various issues are improving 
rapidly regarding communication and collaboration, technology overhead and potential contribution to design outcomes 
(Schnabel and Kvan, 2002). VE is leveraging the designers with a greater potentiality to perceive 3D understanding of space 
and volumes. Extension of VE to Immersive-VE (IVE) offers the user an active and real-time interaction with the design and 
therefore to some extent ensures a real sense of presence (Schnabel and Kvan, 2003). Schnabel and Kvan (2003) argue 
that as IVE plays a significant role in design and form-finding of architectural creations, so the virtuality becomes, in that 
sense reality.  Such immersive virtual environments help to perceive some volumetric qualities of a building or space which 
were hard to depict in 2D drawings. 

Virtual Reality (VR) is a marketing terms of virtual environment. VR acts as a medium of human communication through 
the means of sharing information and experiences among people (Sherman and Craig, 2003). It represents a technology to 
imitate certain aspects of reality. In a more profound sense, VR concedes with Jean Baudrillard (1981)‘hyperreality’ as an 
operational condition of a thing or idea which is defined by what it does rather than what it represents. He used the word 
“simulation” to describe the working concept of hyperreality. The word “simulation” denotes an experience that “feels real” 
produced by artificial means, usually (but not necessarily) digital. In the process of simulation, the user implicitly agrees 
to overlook the obvious fact that it is produced by radically different means of experience which it evokes (Scheer, 2016). 
At the end of the process, only the experience matters not the way, how it was produced. According to Scheer (2016), 
the main characteristic of hyperreal visibility is the pervasive elimination of the differences between image and reality. It 
is a deterministic approach not to experience images as realistic. Such fidelity to the pervasive nature put a value on the 
attributes of visual representation. The differences between reality and digitally produced images do not pass unnoticed but 
pervasive nature of fidelity convince to accept the experience. It explains hyperreality manifest the aspects of vision. Vision 
is accepted as primary sense through which people receive information about their world. The phenomenon of vision in the 
simulated virtual world provides more informative visual information to the users. Computation tools can facilitate simulation.  
We employ contemporary Virtual-Reality (VR) tools to produce hyperreal vision of urban scenarios for community people. 
We provide multiple design alternatives in the immersive virtual environment to perceive a broader concept of the new 
design ideas.    

6. CHARRETTE STEPS AND TOOLS

The engagement step includes charrettes. In general ‘Charrette’ is a method to devote people in a concerted effort to solve 
a problem. The number of participants varies with the type of charrettes and with the focus of the charrettes. We consider 
three people at a time in a single charrette event. Every charrette comprises four steps. Three participants will assign three 
different tasks. The first participant decides on urban forms and connectivity. The participant produces new building forms 
for Karori Mall, and it’s precinct by manipulating the information of land division, building height, functional arrangements, 
the size of the courtyard and spatial connectivity. The produced urban forms shared to the second participant to experience 
in immersive VR. Here, the second participant provides feedback on the decision of the first participant. Concurrently, the 
third participant keeps an eye on the change of the indicators of annual revenue, energy consumption and floor area.  The 
third participant provides feedback to other two participants on their decisions on urban forms. The whole process let the 
participants negotiate between themselves to come with desired urban scenarios. Finally, we do a questionnaire survey to 
report how such virtual design decision-making platform can help participants to visualise new neighbourhood.  

6.1 Charrette Information

Charrette steps and duration

1. The first participant produces the urban form in the parametric tool – 10 mins.

2. The second participant provides feedback on that urban form in immersive VR – 10 mins.

3. The third participant provides feedback on the information on energy and revenue – 10 mins.

4. Questionaire survey – 10 mins.

S. Chowdhury and M.A. Schnabel
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Participants

• People of Karori.

Tools

• A printed Google map of Karori to orient participants in the design discussion.

• Desktop pcs / laptops to let the participants produce different design ideas.

• VR-headsets to let the participants to virtually immersed in a newly designed environment.

Charrette Locations

• Karori Community Center.

Figure 3 Charrette Diagram

6.2 Charrette Interfaces

Three participants act in three different interfaces. These interfaces are linked to each other (figure 4). The first participant 
takes design decision on the urban form in an interface developed in Grasshopper3D. Here, the participant operates 
the relative numbers of physical aspects of building form. This interface allows the participant to take design decision on 
different urban parameters as a top-down approach. The parameters are land division, building height, size of the courtyard 
and urban connectivity. The second interface is a Sketchup VR interface. The second participant experiences the new 
urban form designed by the first participant in the immersive virtual environment. Concurrently, the second participant can 
provide feedback on visual connectivity in urban space. The third interface is an Excel diagram sheet. It indicates the new 
changes in construction cost, energy consumption and annual revenue. The third participant follows the real-time changes 
in the sheet and informs other participants to manipulate. Thus, three participants engage in collaborative design process. 
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Figure 4 The three interfaces

7. DISCUSSION AND CONCLUSION

We would like to discuss our work from two different perspectives. One is from the perspective of a community designer, and 
another is from the perspective of the digital turn in architecture practices. Designing a community bandies everybody from 
politicians to planner and urban designers to developers to members of communities themselves. The idea of community 
development represents the shares values between the individual and society. The conventional British and American urban 
planning and design practices have been criticised on the relationship between physical urban form and the social activities 
and attitudes of citizens (Walters, 2007). In this regard, the role of public participation in planning and urban design is crucial. 
Our research is also developing a parametric framework for public participation to design a community centre by employing 
form-based codes. We acknowledge that there would be debates between policymakers, professionals and public to set 
priorities on urban growth or development, open space, traffic, schools, parks, affordable housing and other urban issues. 
That’s why we synchronised the charrette decision making steps between the participators. Our research reduces the 
flexibility of decisions by setting different tasks for different participants.  

Throughout the nineteenth century, most architects either ignored or reacted against the new technologies of industrial 
mass production. As Le Corbusier and others began to claim in the early twenties, mechanisation was changing the world, 
and architecture had to rise to the challenge. Architects should invent new architectural forms, made to measure for the new 
tools of mechanical mass production and town planners should invent new urban forms, made to measure for the new tools 
of mechanical mass transportation. For the rest of the twentieth century, many architects and urbanists did just that. Oddly, 
many architects and urbanists are still doing that right now, as they ignore, or deny, that today’s machines are no longer 
those that Le Corbusier and his friends celebrated and sublimated almost a century ago (Carpo, 2011). Digital technologies 
are continually evolving to accommodate dialectic nature with reality which promotes innovative ways to interact with end 
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users. A problematic issue for parametric design approach, in general, is that it never resolves all the parameters which are 
necessary for design. Urban professionals still need to elaborate most parts of the design in their mind. Another problem 
of parametric programs that they have been designed and attached with conventional workflow in alignment with process 
thinking not intuition. Hence, the operators of these systems have to anticipate the project directions beforehand to create 
geometry and to build the inter-relationships. The criticism on VR technology is that it limits the number of the participants 
as the headset types allow one participant per computer. Again, with VR there is a distinct lack of face-to-face involvement 
with other participants.

Despite having limitation, our research illustrates a possible integration of end-users of a community in neighbourhood 
design discussion. We speculate that the low threshold based virtual interfaces can bridge the gap between top-down 
and bottom-up urban design processes. Neighbourhood design is a complex amalgamation of design decisions where 
the procedure lacks to integrate laypeople into the design process. In that context, our research presents a novel design 
decision–making method in neighbourhood design. In the end, the paper sets a possible direction to include laypeople in a 
virtual design charrette to design new urban alternatives for their neighbourhood. 
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Abstract: Building materials in the modern era have assumed significance in architectural theory which they had not 
possessed in the past. The change was no doubt due to the multiplicity of materials, newly minted due to the innovative 
industrial production, which imposed and invited new ways of building. John Ruskin (1819-1900) proved to have a great 
appreciation for the inherent qualities of building matter, its materiality and innovation by recognising the validity of the 
honest structure: Truth of the materials or rather honesty in the use of materials. However, the modern era has become the 
manifestation of the temporal, the momentary, the transitory, the ephemeral, the impermanent and as such this phenomenon 
is aligned closely to the innovation of materials/materiality within building practices. This paper deals with the manifestation 
of this modern paradigm in a series of lux architectural pavilions/folly over a period of six years: seven projects paralleling 
Ruskin’s Seven Lamps of Architecture (1849).

Keywords: Live build projects, Temporary Architecture, Architectural History, Experiential Practice 

1. INTRODUCTION

Seven live-build projects, over six years, align and correspond with John Ruskin’s Seven Lamps of Architecture. Ruskin’s 
book is premised on the sentiment that different values or qualities can be attributed to architecture in which he uses the 
analogous term “lamps”; Ballantyne discuses it thus:

The outcomes in particular buildings are therefore the result of the weighting given to each of the values – or to continue 
with Ruskin’s image, they will depend on the brightness with which each light is shining. (Ballantyne p121)

The case studies which are to be analysed and documented are the repurposing and reuse of materials through 
design-build projects via two major case studies of student live-build projects of temporary architecture between 2012-
2017: The FESTA (Festival of Transitional Architecture) Christchurch, New Zealand 2012, 2013, 2014, 2016; and Glow@
Artweek Auckland, situated in Silo-Park and Windsor Reserve, Devonport, Auckland, New Zealand 2015, 2016 and 2017. 
In total, some 530+ Bachelor of Architecture, second-year students of the Unitec Institute of Technology, produced 47+ 
discrete liminal temporary architectural pavilion/folly propositions which were disseminated to the public to reactivate a city 
centre: Christchurch due to the earthquakes of 2010/2011; and Devonport due to the demographic nature of the area, 
predominantly an Edwardian villa suburban area. Using the notion of a zero waste and zero budget design parameters and 
using FESTA’s material grading system of sources, four significant categories were covered and examined with the projects, 
as discussed in Pretty, Hyltén-Cavallius (2016 p379):

• End of Life - Materials that can no longer be used in its original function because of wear, tear or age. (Lamp of 
Sacrifice, Lamp of Obedience)

• Construction or Demolition Waste - Materials left over from construction, demolition and renovation projects. 
(Lamp of Power, Lamp of Beauty)

• Dead Stock - Outdated materials that is no longer manufactured or no longer has repair or technical support. 
(Lamp of Memory) 

• Production Waste - Residual materials from industrial production processes, including materials and components 
that fail quality control. (Lamp of Truth, Lamp of Memory)

As a result, each year a spectacular impermanent “pavilion city” has been articulated from reused ‘waste’ materials 
and the inner-city spaces transformed through the reuse of materials, albeit temporal in nature. The primary argument or 
discourse of the paper will be that this experimental approach and expansion of the architectural field regarding the use of 
unconventional materials, and the tools and techniques to deal with them, can be perceived as the contemporary answer 
to the Ruskin’s notion of Sacrifice, Truth, Power, Beauty, Life, Memory, and Obedience. 

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.737–744. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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The importance of materials and materiality in architecture has been of paramount concern throughout the history of 
architecture. Architects and builders developed and articulated theoretical and practical principles on how materials should 
be used, assembled, refined, and utilized in construction, continuously developing translation from raw materials to built 
form. Durability (as much as, if not more than aesthetic) was a main concern for most of that period. However, the Nineteenth 
century onwards saw the number of materials and construction technologies available to architects rapidly expand, and 
these new materials allowed a variety of new structures, forms, and effects. These changes marked the starting point of a 
new tendency: to see architecture and its materials as a symbol, a consequence, or a manifestation of “something else” 
(Watkin, p3). In architecture, the suppression of judgments based on purely visual properties started to prevail, together 
with a few tendencies: a) to judge architectural works as technical achievements; b) to merge the ethical and aesthetic 
judgments of architectural works; c) to apply moral concepts to physical things (Scott, p15-23). In that terms, Ruskin’s text 
exemplifies one of the first writings in which architecture started to be judged on the bases of abstract ideas, and as such, 
it is still very current and relevant today. 

2. THE LAMP OF SACRIFICE

In chapter one of Ruskin’s Seven Lamps of Architecture (1880 2nd ed.) he alludes to the notion of sacrifice. His interpretation 
of Sacrifice (bearing in mind he was a highly religious man (Ballantyne 2015)) is such that it must be demonstrated concerning 
the dedication of man’s craft to God: as visible proof of man’s love and obedience. According to Ruskin, the architect must 
sacrifice specific design desires in order to please God. Buildings and architecture must be completed so all men can have 
a holy place to pray to God, and the buildings must adhere to the principles set down by Him. Before ornateness is allowed, 
rightful and just structures need to be built for the everyday life. This is exemplified within the following quote:

Architecture is the art which so disposes and adorns the edifices raised by man for whatsoever uses, that 
the sight of them contribute to his mental health, power, and pleasure. It is very necessary, in the outset of all 
inquiry, to distinguish carefully between Architecture and Building. (Ruskin, I. p8)

Figure 1. 2013 Canterbury Tales Carnival, In conjunction with FESTA, George Parker & Free Theatre Christchurch: Team Highlight

Albeit the religious element in Ruskin’s first Lamp does not seems not to have a direct or an immediate contemporary 
interpretation, its connection with ornamentation unquestionably does. In 2013, a carnivalesque FESTA in conjunction with 
the Free Theatre of Christchurch culminated in an entirely different genesis of project brief, born out of frustrations from the 
Christchurch community of a perceived lack of traction in getting cornerstone projects of the ground; the mechanism was to 
use Chaucer’s Canterbury Tales. Naturally, a ‘double entendre’ used many of the stories as a vehicle to make commentary 
on the political situation. Team Highlight was partnered with a Pacific Island entertainment group Pacific Underground: 
originally based in Christchurch but which had relocated northwards after the earthquakes. However, their practice and 
context were within the Christchurch region, part of their brief was to create a space which could be perceived as a Fale 
performance space with clean lines and a clear structural emphasis which embodied this. 

Ruskin as a corollary to this, talks extensively within this chapter about the necessity for ornamentation not to be 
overcharged and it can be seen that the students within this project strategized about the manifestation of this by using 
elongated triangular strips of plasticised fabric (End of Life) to create a skin or walls to their structure, a passing nod to 
grass covered buildings within the Pacific islands. The result was simple but very effective. The strategy for this students 
project was to design and build the structure in Auckland and test the fabric. Once they were satisfied that the structure 
was feasible, bearing in mind windage is always a huge issue in live build projects (Pretty 2015 p843), was then to hire the 
exact scaffolding in Christchurch thus making shipping and installation relatively simple.

A.C. Pretty and R. Jadresin Milic
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3. THE LAMP OF TRUTH

Ruskin is rigorous and somewhat fastidious in his discussion, regarding his notion of honesty of structure and not overcooking 
the embellishments on buildings. Deceptive concealment of the structure is most definitely unacceptable. Truth for him is 
embodied by the handcrafted and honest display of materials and structure. Truth to materials and honest display of 
construction detail is paramount. Much is discussed by way of surface truth and ornamental truth. He considers it thusly:

We may not be able to command good, or beautiful, or inventive, architecture; but we can command an 
honest architecture: the meagreness of poverty may be pardoned, the sternness of utility respected; but what 
is there but scorn for the meanness of deception? (Ruskin V.p35)

Figure 2. 2014 City Up’s - The Future is Live, FESTA, and Studio [ ] Christchurch: Team ING (Inspire, Nurture, Grow) 

 

One modern consequence or interpretation of the Lamp of Truth can be evidenced by 2014 City Ups:  another 
collaboration of FESTA with numerous student team projects; the premise was to have a metaphorical proscenium arch 
with which to create a portal to create a forward-looking and backwards-looking lux-pavilions. CityUps consisted of six large 
scale scaffolding frames/portals (approx. 10m x 12m). The student teams suffered hugely from lack of ability to really test 
structural integrity as finding anywhere to hanging their structure of 10 metres proved a challenge. (due to health & safety 
issues) Ruskin describes an honest building as defined as a building that doesn’t hide its flaws under decorative notions. 
Wood should not purport to be stone, and windows should be nothing more - this can be exemplified by the strategy of 
ING to reuse 30,000 (Production Waste) bottles which were due to go to landfill in China; they were diverted used for the 
project and crushed and recollected by the company and resumed their journey to China (Pretty, Hyltén-Cavallius (2016 
p378). The pavilion had an honesty of structure which was clearly apparent to the viewers albeit a simple device of finding 
the correct sized mesh to screw the bottle lids through which enable the swaths/banners of bottles to hang from the portal. 
Simple LED lighting at the base of each banner meant for the impactful lighting of structure certainly not falsify the nature of 
the construction; as Ruskin would state: 

But in architecture another and less subtle, more contemptible, violation of truth is possible; a direct falsity of 
assertion respecting the nature of material or the quantity of labour. (Ruskin V. p34) 

Ephemeral Crossroads: seven lamps, six years, seven lux-pavilions
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4. THE LAMP OF POWER

In the Lamp of Power Ruskin examines: size, form weight, shadow, the massing of the structure, view, setting, and line are 
considered. Ruskin argues that a building possesses shape, and it is the duty of the architect to present that shape in the 
best possible fashion. 

Ruskin felt that buildings deserved to be viewed from all angles, and specific settings and lines of view disrupt the natural 
power of a building. Architects must consider all vantage points, building position, and the horizon when considering the 
design of a building. A building is a shape and a mass. Its immensity in comparison to man has its own effect apart from 
its ornamentation. The architect’s job is to display this shape to its best effect. Ruskin considers setting and view and line. 
A building set on a hill can have its mass well displayed. That same building with massive mountains as the backdrop may 
not seem so significant. If it is surrounded with buildings it could be hard to find a position to see it as a whole. Ruskin refers 
to the bounding line, and by that, he seems to mean an unfettered continuation of an edge or seam or horizon that the eye 
will follow:

Figure 3. 2016 Glow@Artweek Auckland, Windsor Reserve: Team Kina 

It has often been observed that a building, in order to show its magnitude, must be seen all at once; - it would, 
perhaps, be better to say, must be bounded as much as possible by continuous lines, and that its extreme 
points should be seen all at once; or we may state, in simple terms still, that it must have one visible bounding 
line from top to bottom, and from end to end. (Ruskin VI. p75)

Ruskin goes into depth about the bounding line and avoiding the disruption of continuity. The bounding line is the 
continuation of an edge that the eye follows on the entire structure. This proposal is typified in the approach Team Kina used 
during the 2016, Glow@Artweek Auckland, by designing a laser cut structure. Once the 200+recycled road cones were in 
place (the structure has to be designed such that the cones were not damaged) that clear, unimpeded views were afforded 
from many view shafts within Devonport. The fact that the cones luminesced under specific lighting meant for a dynamic 
radiating pavilion which glowed and illuminated the park space at night.

5. THE LAMP OF BEAUTY

Remember that the eye is at mercy more than the ear. “The eye, it cannot choose but see”. (Ruskin XVIII. p118)

In this section, Ruskin relies heavily on the designs seen in nature and points out that architecture should stem from the 
natural environment. Ornamentation is drawn from the natural world to represent the aspirational nature of God. Nature is 
the model for beauty. Lines and shapes should be derived from the natural world. Ruskin refers to skin and ornamentation. 
He draws heavily on nature because in his eyes nature is our schoolmaster for beauty. Therefore, art in our buildings should 
be imitative of the forms and lines and shapes we see in nature. If a column seems beautiful, it is because we see them all 
around us in the stems of plants. If a pointed arch is pleasing to the eye, it is because that shape was first pleasing as the 
shape of a leaf. He criticises ornamentation that is not imitative of nature:

Now, I would insist especially on the fact, of which I doubt not that farther illustrations will occur to the mind of 
every reader, that all most lovely forms and thoughts are directly taken from natural objects; because I would 
fain be allowed to assume also the converse of this, namely, that forms which are not taken from natural 
objects must be ugly. (Ruskin III. p105)
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Ruskin’s belief that architecture is an organic human interpretation of the environment and thus should be respected 
can be recognised in the modern understanding of this paradigm by 2017 Glow@Artweek Auckland Team Spectacle. 
They searched for a design material which personified this approach of using a natural product rather than the oft-used 
Production Waste. A generous supply of bamboo was sourced in West Auckland. The owners were more than happy to 
allow selective harvesting of this material. A pavilion structure was informed by the Tukutuku panels within a Wharenui, 
albeit using a very contemporary lashing material: car tyre inners (End of Life materials) which gave flex to the structure. This 
team’s approach brings us back to Ruskin’s discussion of restraint:  

Figure 4, 2017 Glow@Artweek Auckland Windsor Reserve: Team Spectacle 

Restraining ourselves, therefore to the use of such simple patterns, so far forth as our colour is subordinate 
either to architecture structure, or sculptural form. (Ruskin XL. p142) 

6. THE LAMP OF LIFE

Perfect finish characterizes alike the best architecture and the best painting (Ruskin Aphorism 24. P154)

Ruskin insists that great buildings are created by the hands of skilled architects and craftsmen - the basis for the Lamp 
of Life: Man, as a machine, social responsibility, poetry, and expressive freedom. Buildings should, therefore, be made 
by human hands so that the joy of masons and stone carvers are associated with the expressive freedom given them; 
masons and carpenters must pour their lives into a building project. This has less to do with the building per se, but rather 
the manner in which it was formed. The building, hence, becomes the manifestation of the intent of the builder. Ruskin 
takes a strong stance against large-scale building plans, and advocates for a local, unique approach to the design of every 
building. Ruskin valued the contribution of the individual artist and craftsmen. However, in today’s paradigm there is little in 
the way of current building activity, whether modern or traditional, that can be said to draw value from the contribution of 
its craftsmen. Mass production has prevailed, and this is evident in the 2015 Glow@Artweek Auckland - where Team Halo, 
repetitively used the balloon (Production Waste) as a device to create a cloud-like formation. Creating a transitory short-lived 
lux-pavilion which had a superb night-time presence but which fell short during the day, as the general public thought it 
more fun to pop the balloons than understanding they were part of a lux-folly. Albeit not an organic form of a cloud, due to 
the materiality: it was without fail a compelling vision. Needless to say, nearly all of the student projects have an element of 
the Lamp of Life due to the handcrafting aspect of making these pavilions/ lux-follies.

Figure 5. 2015 Glow @Artweek Auckland, Windsor Reserve: Team Halo 
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7. THE LAMP OF MEMORY

It is in the first of these two directions that Memory may truly be said to be the Sixth Lamp of Architecture; for 
it is in becoming memorial or monumental that a true perfection is attained by civil and domestic buildings; … 
(Ruskin III. p178-179) 

Ruskin’s sixth lamp is that of Memory, as recorded in the above quote, examines his premise of the civic and the domestic 
memory, and uses notions such as the picturesque, in his terminology the Parasitical Sublimity; and the sculpturesque. His 
belief is that buildings or architecture should reflect the culture and be next logical step after previous genres of architecture. 
They, in turn, will inform the culture that follows. Ruskin was not a devotee of innovative disruption. He believed that even 
gradual change was something to be distrusted: an inveterate conservative - many twenty century modernists discounted 
the Lamp of Memory instead of which returning to the Lamp of Truth: allowing the authenticity of the materials to shine 
through. Often as not theorists reject the Lamp of Memory, preferring to change the character of an area rather than reflect 
its values.

For Team Lustrous the paradigm of the picturesque was difficult to achieve (due to site, structure and materiality); 
however the notion of sculpturesque was one which resonated with them. In 2016 FESTA partnered with SuperUse studio 
from The Netherlands to create Lean Means; originally conceived that each student project would be supplied with an 
inverted tetrahedral scaffolding structure weighed down by the Dead Man’s weight (one-ton concrete blocks) however the 
fatigue of construction companies providing scaffolding etc pro bono, five years after original earthquakes was proving very 
thin; thus only two projects received the tetrahedral structure. Lustrous played on the notion of the structure and created 
three mini inverted pyramids from two Litre drink bottles which generated a gentle noise, not unlike a bamboo windchime, 
or the wind in the trees. While resonating Ruskin’s notion of sculpturesque, these pyramidal mountains were simultaneously 
looking back to the unique nature and culture of New Zealand.

Figure 6.  2016 Lean Means in conjunction with FESTA, and SuperUse Studios (Netherlands) Christchurch: Team Lustrous

8. THE LAMP OF OBEDIENCE

The glory and use of restraint (Ruskin Aphorism 33. p208)

Ruskin’s final Lamp – that of Obedience, is both knotty and perplexing, as he considers freedom and expressionist style 
as a linguistic analogy. No originality is allowed for its own sake, but conforming to the finest among existing English values, 
in particular, expressed through the “English Early Decorated” Gothic as the safest choice of style. Contemporary readers 
find similarities between this Lamp and Lamp of Sacrifice. However, the resonating imperative of this slim chapter is that of 
restraint: of surface texture, ornamentation, and simple colour combinations. 

A.C. Pretty and R. Jadresin Milic
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Figure 7. 2012 LuxCity In conjunction with (FESTA) Festival of Transitional Architecture, and Studio [ ] Christchurch: Team Archrobatics

In 2012 Team Archrobatics found an End of Life product which was not only free but had a degree of inherent stretchability 
which made for a perfect material which had the intrinsic qualities of Ruskin’s glory and use of restraint. The “sails” were 
made from the netting hung over vines to keep birds off the grapes. As this was the first year of reactivating inner-city 
Christchurch just after most of the Red Zone fencing was removed, far more gifting of pro bono cranes, scaffolding, 
heavy lifting machinery was available. Hence the concept to create a lux-pavilion out of scalene, acute, equilateral triangles 
proved to be a compelling solution, especially when simply or honestly lit from the LED lights. The addition of a café partner 
activated the space such that it became a compelling lux-pavillion folly.

9. CONCLUSIONS 

The scholarship and critique of Ruskin’s concepts within The Seven Lamps of Architecture is a vast panoply with which to 
delve and disentangle. The seven lamps reflect on ideas about honest materials and rational tectonics - which are at the 
heart of Ruskin’s raison d’être. However, this paper has no intention to have a new, or unique contribution to existing and 
rich scholarship on Ruskin, but rather to explain the students’ experience, learning and implications of this exercise on their 
architectural competence as they embark upon architectural practice.

Firstly, the seven case studies embody the use of standardised, mass-produced non-normative western building 
materials: bamboo, bird proof netting, building wrap plastic, disposable plastic bottles and road cones (within these case 
studies) in new ways while making structural innovations or even radical architecture. It was an essential part of students’ 
process in understanding and conceptualising the “live-build” scenario, as well as understanding the palpable issue of 
scalability. The student refrain of  “Oh, I never realised it would be so enormous” was extraordinary learning for students to 
grasp, and one perhaps which is vital for an Architect to master. (Pretty 2015 p844). It is this which pushes the boundaries 
of students’ understanding of materials and materiality and allows them to question traditional spaces and shapes. This 
notion of scalability (working to 1:1 rather than with a model) that will inform their practice, both post education and within 
the confines of better understand their studio practice, at latter years.

Secondly, the students authentically experienced the notion of co-design within the architectural paradigm, that of 
working within a team situation, and interacting with “clients”. The students had to identify their limitations regarding different 
tasks and project responsibilities they had to perform: preparing scale drawings for council consent, sourcing free materials 
(since the case studies were zero budget zero waste), fundraising, and the struggles of understanding the design and 
build process. All of that together provided a “real life” architectural experience – specifically since engineers had to sign 
off all installations for the non-notified building consent, plus pass engineering inspection on the opening night. However, 
principally, the students learnt about the importance of group work skills and an ability to conduct all aspects which 
coalesced together to get the project constructed. Cooperation and communication within groups is a fundamental part 
of their progress towards becoming architectural professionals. Masters students often remark to second-year students 
during reviews/critques that the live-build (FESTA & Glow) as team projects were the most defining studio project of their 
education. (Pretty 2016 p220). 

Finally, the students learnt that sustainability is not a process to be viewed discretely but one which needs to be 
considered as holistic, to architecture. All materials the students used were recycled and donated for reuse, so that little 
to no waste was produced – this is to promote sustainability and repurposing materials through design. Sourcing waste 
stream materials and producing a zero-waste installation enabled the students to learn how to revitalise dead stock, as well 
as damaged production waste, thus preventing these from ending up in a landfill. It raised the students’ awareness of the 
ecological impact that materiality has on an overall building project and also became an educational tool in the students’ 
hands: the number of bottles used in some pavilions highlighted the extent to which we consume products and produce 
waste, in the hopes that visitors would question where their waste goes, or how else it could be used for a new purpose. 
It results in the students’ awareness of architects’ role and/or influence in/for society. The choice of Ruskin as a vehicle to 
critically explore this experiential approach where lux pavilions are constructed by way of modest means which embeds 
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sustainability in which students need to co-design with their peers: to understand concerns about the possible (creative) 
use and role of re-purposed materials in architecture, and to show that architecture is not a singular endeavour but rather a 
crossroad between many complex issues, is we believe of paramount importance for architectural students.
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Design with climate in ancient Rome: Vitruvius meets 
Olgyay
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Abstract: The location and design of Roman cities, farmhouses and town houses took account of the climate, at least 
according to the works of several Roman authors spanning a period of about 500 years, beginning with Vitruvius’ De 
architectura. Issues considered included latitude, site selection, heat, solar orientation, winds and daylighting. Vitruvius 
emphasised health, an emphasis of regulatory building codes today, rather than comfort and amenity. Victor Olgyay, writing 
Design with climate in 1962, and addressing similar issues, was more interested in comfort. The two works are compared.

Keywords: Vitruvius; Olgyay; climate; design.

1. INTRODUCTION

Vitruvius’ De architectura (ca. 30-20 BCE) and Victor Olgyay’s 1963 classic, Design with climate, deal with design with climate 
– bioclimatic design – in part and wholly, respectively. In the absence of electrical and mechanical services, architecture 
in ancient Rome was obliged to take a passive approach to ventilation, lighting, heating and cooling, for health. Though 
Olgyay had access to electrical and mechanical services to achieve comfort in houses in different regions, he was interested 
in the possibilities of passive design, for comfort. He referenced Vitruvius at several points, which raises the question of a 
comparison between these two influential texts.

This pre-scientific Roman approach and the pioneering scientific approach of Olgyay are compared. The two books had 
a lot in common. Both discussed the effects of climate on man (e.g. Vitruvius 6.1.3-12; Olgyay, p. 14). Both refer to climatic 
response parallels in the plant and animal kingdoms. For example, Vitruvius provided an extensive rationale for avoiding 
heat and preferring cold, involving the weakening of organisms in summer but being invigorated by the cold (1.4.4), and 
the natures of animals with respect to the elements of heat, humidity, earth and air, because ‘good health is the essential 
prerequisite when siting city-walls’ (1.4.5-8). He recommended the examination of the livers of sacrificed local animals to 
determine if the food and water in a locale was healthy or not (1.4.9-10). Olgyay also explored climate and the plant and 
animal kingdoms (pp. 1-2, 53, and 84-85).

Both works recorded pre-existing ideas and suggested new ways forward, and were adopted (or not) by subsequent 
authors and architectural practice. Vitruvius was followed by Faventinus De diversis fabricis architectonicae (200-300 CE) 
and Palladius Opus agriculturae (ca. 450 CE). These books collectively give us an idea of how bioclimatic principles were 
considered in the Roman era over a 500-year period. They were in general agreement, if only because Faventinus’ book 
was a short epitome of Vitruvius, and Palladius in turn used this epitome for the architectural content of his book on farming. 
Olgyay in turn has been followed by numerous other authors up to the present day, a recent example being Szokolay (2014). 
Some others are given in Fieldson (2004).

2. LATITUDE

Vitruvius understood that the design of houses varied with the latitude: 

‘Houses, then, will be correctly planned if, first, we take careful notice of the regions and latitudes of the world 
in which they are to be built. For it clearly makes sense that one type of building should be built in Egypt, 
another in Spain, some other type in Pontus and a different one again in Rome, and so on, depending on the 
different characteristics of the countries and regions’ (6.1.1). 

This recognition of the importance of regional adaptation is quoted approvingly by Olgyay in Chapter I General introduction 
(p. 4) and referred to again when quoting Le Corbusier’s parallel recognition (p. 13).

Vitruvius had a basic understanding of why this was so: 

‘The reason is that one part of the earth is oppressed by the trajectory of the sun, another is a long way from it 
and yet another, lying along the middle zone, is temperate. Therefore, since the position of the heavens relative 

P. Rajagopalan and M.M Andamon (eds.), Engaging Architectural Science: Meeting the Challenges of Higher Density: 52nd 
International Conference of the Architectural Science Association 2018, pp.745–752. ©2018, The Architectural Science 
Association and RMIT University, Australia.
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to the mass of the earth is naturally governed by the inclination of the circle of the zodiac and the course of 
the sun, producing very different results, it is obvious that the siting of houses must be organized similarly with 
reference to the characteristics of the region and variations of climate’ (6.1.1).

He discussed the zodiac and sunpaths in more detail in Book 9, but with respect to sundial design. 

Olgyay dealt with regional variations in chapter III Regional evaluation. For four different locations – cold, temperate, hot-
arid and hot-humid – he produced bioclimatic charts mapping relative humidity against drybulb temperature, with a comfort 
zone and lines for freezing, shading, sunstroke, heatstroke, and a limit of work of moderate intensity (equals limit of wind and 
moisture), and curves for radiation, wind speed and moisture content. These charts were vastly more sophisticated than 
anything the Roman authors had, though Vitruvius had noted some of these criteria as issues, e.g. humidity, temperature, 
comfort, and wind speed.

3. SITE SELECTION

Cato (234-149 BCE) wrote, in De agricultura (1), that a good piece of farmland ‘should have a good climate, not subject to 
storms … if possible it should lie at the foot of a mountain and face south; the situation should be healthful … it should be 
well watered, and near it there should be … the sea, or a navigable stream …’. Vitruvius suggested farmhouses be located 
following similar principles to those for cities (6.6.1), and so presumably the converse would apply. The emphasis was on 
health.

Vitruvius introduced the siting of cities with respect to microclimate: ‘First, the choice of a very healthy site: this will be in a 
high place, without mists or frost, and exposed to weather conditions that are neither sweltering nor freezing, but temperate’ 
(1.4.1). Palladius echoed this, for the siting of farms, recommending ‘a location well away from valley bottoms and innocent 
of night mists’ (1.3).

For cities on the coast, Vitruvius wrote that, if they ‘face south or west, they will not be good for the health, because in 
the summer the zones exposed to the southern sky heat up with the rising sun and burn hot at midday, while a site facing 
west is warmed when the sun has risen, is hot at midday and swelters in the evening’ (1.4.1). This is quoted uncritically by 
Olgyay, in Chapter VI Sol-air orientation, who overlooked the limited application to cities on the coast, noted that Vitruvius 
‘was rightly concerned with both the quality and the regularity of sunshine’ (p. 53), and made no comment on the aversion 
to a southern aspect, which contradicted his own recommendations (Tables 1 and 2).

Bearing in mind the effects of latitude, Vitruvius argued that houses in the cooler north should be roofed over (no open 
courts), as closed as possible, with few apertures, and oriented towards the south (contradicting himself). On the other hand 
houses in the warmer south should have more apertures and face north or north-east (6.1.2). Palladius echoed this, saying 
that farmsteads in cold regions should be oriented to the east or south and, in hot regions, to the north (1.7.3). Palladius 
noted that ‘if it [the farmstead] is cut off from these aspects by some large mountain standing in the way, it will be freezing, 
with the sunshine excluded by a northern aspect, or postponed till evening by a westerly one’ (1.7.3). He suggested the 
whole farm building should face south ‘receiving the early morning sun in winter on its corner, while it is somewhat turned 
away from the setting sun in summer. The result will be that the building is lit by the sun through the winter, and unaffected 
by its heat in summer’ (1.8.3). See Table 1.

Table 1: Roman criteria for site selection.

Altitude Facing

Zone Cato Vitruvius Palladius Cato Vitruvius Palladius

Cool - - - - South East or south

Temperate Lower hillside High Away from valley bottom South - South

Warm - - - - North or north-east North

Olgyay mentioned microclimate in chapter V Site selection, and noted that ‘this effect is well known to farmers, who 
prefer southern slopes for growing grapes or cultivating orchards’ (p. 44), harking back to the concerns and experiences of 
Cato through to Palladius. Olgyay went on to discuss the effects of topography and natural and built-up surroundings, and 
recommended criteria for site selection (Table 2). His criteria for cool and temperate climates are similar to the Roman’s, but 
not for hot climates.

J. Gelder
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Table 2: Olgyay’s criteria for site selection.

Zone Altitude Facing Wind

Cool Half way up a slope SSE In wind shadow

Temperate Lower portions of slope Farther east of south (SE?) Avoid winter winds, use summer breezes

Hot-arid Lower hillside ESE Heat loss dominates

Hot-humid Crest of a hill South or north Wind flow dominates

3.1 Marshes

In consideration of their impact on health, Vitruvius discussed marshes at length. Marshes were a common issue for the 
siting of settlements in the ancient world because ideal new cities were built on flat land (for ease of construction and utility), 
on the coast (for trade), and near rivers (for fresh water). In those circumstances marshes were commonplace, and Vitruvius 
gave a number of examples: Altinum, Ravenna and Aquileia (1.4.11), and Salapia in Apulia (1.4.12), all on the Adriatic.

According to Vitruvius: ‘Proximity [of the proposed city] to marshy terrain is to be avoided’ (1.4.1). Palladius agreed 
(11.7.4). Vitruvius considered that the problem was the mist emitted by marshes: ‘For when the morning breezes blow 
towards the town at sunrise, and these are joined by the mists that have sprung up, and the noxious breath of marsh 
animals mixes with the mist and wafts into the bodies of the inhabitants – all this makes the site unhealthy’ (1.4.1). Palladius 
particularly recommended avoiding a marsh ‘which faces south or west and dries out in summer, in view of the pestilence 
or noxious animals that it generates’ (1.7.4). The principal cause of poor health arising from nearby marshes was, of course, 
mosquito-borne malaria, thought by some to have contributed to the fall of Rome (Thompson, 2011). Palladius perhaps 
understood this, in his reference to ‘noxious animals’, whereas Vitruvius did not.

Vitruvius mentioned drainage as a solution for coastal marshes higher than the seashore: ‘For the marsh water can be 
released onto the shore by digging ditches’ (1.4.11). He wrote that the Pontine Marshes south of Rome, partly below sea 
level and separated from the sea by coastal dunes, were difficult to drain, and gave out ‘heavy and unhealthy vapours’ 
(1.4.12). Julius Caesar intended to drain them, and Augustus dug a canal there. But they were first reclaimed under the 
Fascist Party in the 1930s as part of the eradication of malaria in Italy. This drainage system was destroyed by the Germans 
in 1943, but the marshes were re-drained after the war (Snowden, 2005).

Land-locked marshes were sometimes drained in the ancient world. One example is the Ptechai Lake on the island of 
Euboea, Greece, for which the contract is extant (336 -323 BCE) (Knoepfler, 2001). Another is the Fucine Lake in central 
Italy, drained under Claudius (55-66 CE), to control flooding and the health risk (O’Dwyer, 2018). The success of this project 
is uncertain. The lake was drained permanently in 1877.

Marshes were not mentioned by Olgyay, though they affect microclimate (McInnes, 2010).

4. SOLAR ORIENTATION

According to all three ancient authors – Vitruvius, Faventinus, and Palladius – the various parts of houses and farmhouses 
were to face in different directions, all to do with the sun (Table 3).

4.1 North-facing

Summer dining rooms should face north, wrote Vitruvius, because that orientation ‘is always cool and provides an environment 
that is healthy and pleasant to work in’ (6.4.2). Faventinus agreed, adding that ‘at the summer solstice it imparts to our bodies 
a pleasant sensation of good health’ (14). Palladius suggested that summer quarters ‘should face north and the sunrise at 
the solstice’ (1.9.5, 1.12). Vitruvius said, to ensure that colours do not fade, picture galleries, embroiderers’ workshops and 
painters’ studios should also face north (6.4.2). Faventinus (15) agreed, and explicitly mentioned the deterioration of purple 
dyes, which were very costly. He blamed the decay on heat rather than (UV) light. Faventinus also suggested that baths for 
summer use (presumably including cold baths) should face north or north-east: ‘This will give the bathers a healthier and 
pleasanter refreshment’ (16).

For the farmhouses of gentlemen-farmers, to the north was the wine cellar, ‘for if it faces in some other direction so that 
the sun could heat it up, the wine in such a cellar will be weak because it has been spoilt by the heat’ (6.6.2). And again, 
‘nobody takes the light for covered wine-stores from the south or west, but from the north, because that orientation is never 
subject to changes in temperature, but is always stable and unchanging’ (1.4.2). Faventinus (13) agreed with the reasoning, 
and Palladius simply agreed with the orientation (1.18.1). This is in line with current recommendations for storing wine: in a 
dark cellar, with a temperature in the range of 12-16°C, a relative humidity of 75%, and as little diurnal and seasonal variation 

Design with climate in ancient Rome: Vitruvius meets Olgyay
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in these parameters as possible (DanMurphy’s, 2018). Granaries, and stores for foodstuffs and fruit, likewise should face 
north (1.4.2) or to the north or north-east, ‘because this way the grain will not be able to heat up quickly, but, cooled by the 
air, will keep for a long time. In fact different orientations generate weevils and other small insects that habitually damage 
grain’ (6.6.4). Faventinus (13) agreed, giving similar reasons. Palladius agreed, but added that ‘it needs … to be fairly high, 
well away from all moisture … cold, windy and dry’ (1.19.1).

4.2 East-facing

For houses, bedrooms and libraries should face east because ‘their function requires morning light, and again, so that the 
books in the libraries will not rot. For in the case of libraries facing south and west, books are damaged by bookworm and 
the damp …’ (6.4.1). Faventinus (14) agreed that these rooms needed morning light. Spring and autumn dining rooms 
should also face east, ‘For the trajectory of the sun as it passes to the west opposite dining rooms exposed to the impact of 
its light makes their temperatures comfortable at the time when they are usually in use’ (6.4.2). Faventinus (14) and Palladius 
(1.12) agreed.

For farmhouses, facing the east were the cattle stalls, because ‘the coats of cattle facing light … do not become shaggy. 
Again, farmers, who are certainly [not] ignorant of the regions of the sky, do not think that cattle should face any other part 
of it except the east’ (6.6.1). He added that oxen ‘become more healthy looking’ if they eat their fodder in such stalls during 
winter mornings with clear skies (6.6.5). Faventinus disagreed, stating that stalls for oxen should be ‘in a southward-facing 
place … for they acquire a glossier complexion if they face the light’ (13).

4.3 South-west facing

For houses, winter dining rooms and bathrooms should face the south-west because ‘they need to receive the evening light; 
and also because the setting sun, shining splendidly in their direction and radiating heat, makes that orientation warmer in 
the evening’ (6.4.1). Faventinus had winter dining rooms facing the winter sunset (south-west), ‘for they need evening light. 
For the setting sun not only gives light but gives out a heat sufficiently strong to warm that part of the sky’ (14). Again, hot 
and warm baths in particular ‘should be lit from the south-west; but, if the character of the site prevents this, they should be 
lit from the south, because customarily the most popular time for bathing is from midday to evening’ (5.10.1). Faventinus (16) 
agreed. Palladius had the bath-house with ‘lights [i.e. windows] on the south side and facing west in winter, so it is cheered 
and brightened all day by the sunlight’ (1.39.1).

4.4 South-facing

Palladius stated that winter living quarters should face south, so ‘that they can be gladdened by virtually the whole course of 
the winter sun’ (1.9.1, 1.12). Vitruvius wrote that the kitchen should be located in the warmest part of the farmyard (6.6.1), 
and Faventinus (13) agreed with this.

Vitruvius wrote that for farmhouses, to the south was the oil cellar, ‘because oil must not be chilled but kept fluid by 
warm conditions’ (6.6.3), and Faventinus (13) and Palladius (1.20) agreed. Current recommendations for storing olive oil are 
the opposite: in a cool, dark storage space, in sealed containers such as fusti, decanting to small containers for daily use 
(Olive Oil Source, 2018). The stables should also be allocated to the warmest part of the farmhouse (but not near the kitchen 
fire) (6.6.4). Palladius advised that stables for horses and oxen should face south, but with a light source to the north and a 
fireplace close by (‘oxen will become sleeker’) (1.21). The condition of cattle was important!

J. Gelder
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Table 3: Roman room orientations.

North NE East SE South SW West NW

Bedrooms • 

Winter living quarters • 

Summer dining room • 

Spring & autumn dining room • 

Winter dining room • 

Kitchen • 

Library • 

Summer bath • • 

Hot & warm baths • • 

Bath house • • 

Picture gallery • 

Embroiderer’s workshop • 

Painter’s studio • 

Wine cellar • 

Oil cellar • 

Granaries • 

Cattle stalls • • 

Stables • 

Table 4: Olgyay’s room orientations.

North NE East SE South SW West NW

Bedrooms • • • • • • 

Living • • • • 

Dining • • • • • 

Kitchen • • • • 

Library • • • 

Bathrooms • • • • • • • • 
Workshop • • • 

Laundry • • • 

Play • • • • 

Drying yard • • • • 

Utility • • • 

Garage • • • • • • • • 
Terraces • • • • • 

Sun porch • • • • 

Olgyay dealt with solar orientation in chapter VI Sol-air orientation. His suggested room orientations are shown in Table 
4, for latitude 35° N (Rome is at 42° N). There are similarities with the Roman orientations. For example, in both cases 
workshops are to the north, bathrooms may face nearly any direction, and kitchens face a southerly direction. There 
are some differences. Roman farms used different dining rooms and bathrooms at different times of the year – Roman 
gentleman-farmers could afford it. Romans preferred east-facing bedrooms, whereas Olgyay had them facing from north 
to east to south-west.

Design with climate in ancient Rome: Vitruvius meets Olgyay
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The use of eaves for sun control on south-facing walls was not mentioned by the Roman authors, though they were 
familiar with shadow-casting for sundials. However, Palladius suggested that the farmyard should be open to the south and 
exposed to the sun, ‘since it will be quite easy to fashion lean-tos … to moderate summer’s heat for the animals in the yard’ 
(1.22). Olgyay discussed sunshading at length, in chapter VII Solar control.

5. WINDS

Aristotle thought that cities should be on east-facing slopes, because ‘breezes that blow from the sunrise are more healthy’, 
and that sites should face away from the north wind, so as to be milder in winter (Politics, 7:1330a). Vitruvius, on the other 
hand, regarded all winds as deleterious to health: ‘if the winds are cold they damage the health, if hot, they are infectious, 
and if humid, they are noxious’ (1.6.1). He argued for their complete exclusion: ‘Excluding the winds will not only make 
a place healthy for people who are well, but also … [diseases] will be cured more rapidly in these areas because of the 
moderate climate created by the exclusion of winds’ (1.6.3). Baths should face ‘away from the north and north-west 
winds’ (5.10.1). Faventinus noted, oddly, that ‘any [town house] apartments that face due south are spoilt by damp. This is 
because damp winds breathe moisture and corrupt anything with the pallor of decay’ (14).

Vitruvius accepted the teachings of ‘those who have looked into the matter’ that there were exactly eight winds, rather 
than four (1.6.4), or more than eight (1.6.9). Confusingly, Vitruvius added another 16 winds in the next paragraph, bringing 
the total up to 24 (1.6.10), but he did not use this number for setting out city grids. Faventinus listed both four and eight 
winds, echoing Vitruvius, but added that ‘most men assert that there are twelve winds’ (2). Vegetius agreed (4.38), for naval 
purposes, though his naming is sometimes at odds with both Aristotle (Meteorologica, 2.6) and Vitruvius.

Vitruvius described the construction of an eight-sided wind rose (1.6.6-7; 1.6.12-13). However, he did not recognise 
that different locations for cities might have different prevailing winds – the rose was not used to map the directions of the 
prevailing winds. Rather, he thought that the winds could come only from these eight directions and, for a given location, 
from any and all of them at various times. This was wrong-headed. Aristotle (350 BCE) was well aware of seasonal winds 
and their nature (Meteorologica, 2.6), and Vitruvius actually mentioned them in passing, along with morning breezes (1.6.11). 
But he ignored these ideas in his guidance for laying out cities.

This eight-wind logic suggested to Vitruvius that orienting the street grid in a city ‘between’ these eight directions, no 
matter where the city was located, could ensure that the inhabitants were not unduly exposed to the winds: ‘For these 
reasons, the rows of houses should be aligned away from the directions in which the winds blow, so that when they arrive, 
they buffet the corners of the blocks of houses and so are repelled and dissipate themselves’ (1.6.8). He produced two 
diagrams (schemata) to help the reader understand his proposals. One showed how, ‘by turning the alignments of the 
blocks of houses and avenues away from the winds’ onslaughts, their damaging blasts can be avoided’ (1.6.12). But, along 
with the other diagrams he prepared, these schemata have been lost.

Faventinus reduced all this to the idea that doors and windows should not face harmful winds (too strong or too cold): 
‘So in cold districts you must place your doors and windows so that they face south or the direction of winter sunsets, while 
in hot districts you must contrive that they face north’ (2).

Wind was also an issue in the layout of military encampments. Table 5 shows the orientation (the direction in which the 
principia faced) of gridded Roman forts (Bishop, 2012), against Vitruvius’ idea that this should be ‘between’ the winds. It can 
be seen that most are actually oriented with the winds (±5°). There were, of course, other considerations, such as expected 
enemy location, but this does suggest that Vitruvius was ignored in practice. This is also contrary also to Olgyay’s claim that 
the axis of Roman military camps ‘consistently ranged not more than 30° from the meridian [N-S axis]’ (p. 54). 
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Table 5: Orientation of 64 Roman legionary fortresses.

Orientation ±5° ±10° >10°

Between the 8 winds With the 8 winds

0 356; 0; 5 350; 6, 7, 8

22.5 21; 26 16; 28, 32 12; 33 

45 42, 43, 43.5; 45; 48, 50 35, 39; 52 34

67.5 71 59, 62; 77 78

90 88, 89; 90, 90; 93 100 79; 101

112.5 113 104, 106; 119, 121 123

135 130, 132; 140 124

157.5 156; 159, 161 150; 163

180 180; 185 172; 187, 188

202.5 204 196, 212

225 222, 223.5, 225, 226 219, 233, 235 214

247.5 248 258

270 270, 270 262 

292.5 286, 287 283; 303

315 320 322, 324 304

337.5

Olgyay dealt with winds in chapter IX Wind effects and air flow patterns. He recognised the need for settlements to be 
laid out to minimise exposure in cool windswept places, the importance of breezes for cooling in hot climates, and the need 
for a careful wind analysis in most climatic zones. To this end Olgyay used 8-sided wind roses, like Vitruvius, but showing 
frequency and velocity. He suggested a combined wind and sun orientation score, but for this he assumed that all winter 
winds were undesirable and all summer winds were desirable. This was nearly as simplistic as Vitruvius. Though moderated 
by his use of winter and summer thermal coefficients, a more nuanced approach is preferred. For Adelaide for example, 
northerly winds might be considered bad in summer and good in winter, and southerly winds good in summer but bad in 
winter.

6. DAYLIGHTING

Vitruvius advised that: ‘As a rule, we must organize things so that from whichever sides the sky can be seen, spaces for 
windows should be left there so that buildings will be well lit’ (6.6.7). This was easier to achieve for farm buildings than for 
city buildings ‘because no neighbour’s wall can get in the way’ (6.6.6). For buildings in cities, ‘obstructions caused either 
by the heights of party walls or restrictions of site create darkness’ (6.6.6). Faventinus blended these ideas, stating that ‘the 
beauty of a property in town must owe a lot to its lighting, especially when there are no adjacent walls to interrupt this’ (14). 
Palladius merely said that ‘in rural construction we must ensure first and foremost that it is bright and well lit’ (1.12).

Vitruvius proposed a simple test for ensuring adequate daylighting in these circumstances: 

‘on the side from which it is appropriate to take the light, a piece of string should be stretched to the top of the 
wall which seems to obstruct the light to the location where it would be convenient to admit it, and, if a wide 
area of the open sky can be seen when one looks up from the line [of the piece of string], the light there will 
not be obstructed. But if beams, lintels or wooden floors get in the way, the opening should be made higher 
up and the light admitted in this way’ (6.6.6-7).

This anticipated an idea behind the Waldram Diagram, now defunct (Walsh, 1961). He also anticipated the concern of 
the Australian National Construction Code (NCC) for safe movement: ‘While the necessity for illumination is at a maximum 
in dining rooms and other rooms, it is also essential in passages, ramps and stairs because people moving in opposite 
directions carrying loads often run into each other in such places’ (6.6.7). The NCC performance requirements, which prefer 
natural light for the purpose, apply to sanitary compartments, bathrooms, showers, airlocks, laundries and the like. It might 
be thought, with Vitruvius, that safe movement is more of an issue in passages, ramps and stairs.

Glazed windows were unknown to Vitruvius. Seneca (4 BCE-65 CE) wrote that glazed windows were ‘developed only 
within our own memory’ (Epistles 90.25). They were widely used in public baths, with gridded frames, as at the Baths of 
Faustina, Miletos (ca. 170 CE) (Taylor, 2003, p. 250). Glazed windows could, of course, admit more daylight (by doing away 
with shutters and screens) while excluding the winds of so much concern to Vitruvius – they changed architecture. Seneca 
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wrote that baths should be arranged to receive sunlight all day long through wide windows so gentlemen-farmers can bathe 
‘and get a coat of tan at the same time’ and ‘look out from their bath-tubs over stretches of land and sea’ (Epistles 86.8).

Olgyay did not address daylighting – Vitruvius’ approach to design with climate was in some ways more holistic.

7. CONCLUSION

Faventinus and Palladius happily derived their material from Vitruvius, suggesting that his ideas on design for climate were 
considered valid for close to 500 years. Some were referenced approvingly by Olgyay, 1500 years later. The Romans, 
then, were right about many things. They understood the importance of latitude to the design of buildings. Vitruvius had a 
good understanding of shadow casting, but for sundials rather than for sunshading. The Roman authors understood the 
importance of altitude and orientation in siting cities and farms, but did not attempt Olgyay’s systematic overview across 
climatic regimes. Vitruvius was concerned about marshes being near to cities, due to malaria, not mentioned by Olgyay. 
Like Olgyay, the Romans understood the importance of room orientation with respect to the sun. They took account of 
winds blowing from eight nominal directions, which is a good enough approximation of reality for design purposes – Olgyay 
understood this whereas Vitruvius did not. They advocated daylighting, not mentioned by Olgyay, and Vitruvius was ahead 
of his time in terms of daylighting for safety.

However, the Romans were wrong about other things, particularly the mechanisms behind their observations, e.g. why 
marshes are unhealthy, why the sun moves in the sky as it does, the generation of breezes, and the effects of heat. Vitruvius 
had a simplistic view of winds, regarding all as undesirable, but this was not much improved by Olgyay.

Vitruvius’ concern with winds, though overdone, makes sense given that window glass was unknown at the time. 
Indeed, the approach of the Roman authors to design with climate, though rationalised in terms of the state of knowledge 
at the time, and emphasising health, was often eminently sensible, and certainly warranted citation by Olgyay, though his 
emphasis was on comfort.
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Abstract: Cities all over the world are being densified in the quest for sustainable urban development. Whether or not this 
is a viable strategy is an ongoing debate, but as densifying cities face certain challenges, they can learn from already dense 
cities, where interactions between interior and exterior space are explicit. This paper takes Hong Kong as a model for the 
densifying city to focus on three levels of spatial organisation in hyper-dense urban space. The paper will discuss urban 
life forms through seamless interconnection between interior and exterior space. Using a micro-narrative methodology for 
organising personal experiences and communication data, the paper will take the interior workplace, porous urban space, 
and the urban landscape as three conditions for dense urbanism. The paper will deploy Hong Kong as an in intellectual 
framework and model for spatial design and construction in high density; it will explore three levels of space through 
micro-narratives; cross-analyse the micro-narratives to detect attributes and concepts for densification; and synthesise the 
findings to suggest directions for further research.

Keywords: city spatial organisation, high-density living, micro-narrative

1. HIGH-DENSITY IS HERE TO STAY

According to the UN World Urbanisation Prospects (DESA-UN, 2014), 54 per cent of the world’s population lives in urban 
areas, a proportion that is expected to increase to 66 per cent by 2050. Projections show that urbanisation combined with 
the overall growth of the world’s population could add another 2.5 billion people to the urban population by 2050. Cities are 
growing at a rapid pace in developed and developing economies, with close to 90 percent of the increase concentrated in 
Asia and Africa. Rem Koolhaas (1978) reflected on density when writing his seminal book Delirious New York: “Manhattan 
is the one urbanist ideology that has fed, from its conception, on the splendours and miseries of the metropolitan condition 
– hyper-density – without once losing faith in it as a basis for a desirable modern culture. Manhattan’s architecture is a 
paradigm for the exploitation of congestion.” The book was set as a blueprint for a “Culture of Congestion” (Koolhaas 1978, 
10).

Large cities will continue to expand in population. By 2030, Tokyo will lead the UN’s ranking of most populous cities 
with nearly 38 million people, followed by Delhi, Shanghai, Mexico City, Sao Paulo and Mumbai, each with over 30 million 
people. On the other hand, small cities are more numerous: nearly half of the world’s 3.9 billion urban dwellers reside in 
relatively small settlements with fewer than 500,000 inhabitants, while only around one in eight live in one of the world’s 28 
megacities (with 10 million inhabitants or more). Many of the fastest-growing cities in the world are relatively small urban 
settlements. By 2030, the world is projected to have 41 mega-cities (DESA-UN 2014). It is clear that we need to understand 
the implications of high-density living, not only from a quantitative approach but also from an experiential, qualitative one 
(Cuff and Sherman, 2011).

2. METHODOLOGY: CONSTRUCTING UNDERSTANDINGS THROUGH MICRO-NARRATIVES

This paper is qualitative in nature, and as such does not aim to confirm or reject hypotheses currently prevailing in 
research circles dealing with urban planning, city design and growth management. Instead, the paper’s aim is exploratory, 
following inductive rather than deductive logic using an interpretative approach. According to Swaffield and Deming (2011), 
interpretative research strategies “presumes that the meaning of objects, events, images and actions are not obvious,” 
hence requiring the researcher to make sense of them. The act of constructing such understandings positions the research 
in between the researcher(s) and the data (ibid). The methodology used here builds upon methods of autoethnography (cf. 
Denzin and Ellis) emphasising the researchers’ personal experience in relation to the research subject. This paper aims to 
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incorporate personal observations from first-hand experiences of Hong Kong’s dense urban fabric together with empirical 
data collected through literature studies. Using an autoethnographic approach, the paper’s three co-authors investigate 
subjective individual spatial and environmental experiences; hence, lessons are not to be taken deterministically but rather 
as a preamble to future research directions. 

As the structure of the paper follows that of a journey, the research also lends itself to methodologies inspired by the 
transareal approach of Alexander von Humboldt, appropriated by Diedrich, Lee and Braae (2014) into the method of 
travelling transect. In contrast to their method, in which they traverse an actual territory in situ, the three co-authors of this 
paper have revisited field notes and memories of Hong Kong in order to externalised their tacit experimental knowledge by 
means of a reflective narrative, here referred to as a micro-narrative.

The narrational style of the paper emphasises the autoethnographic methodology and the interpretational strategy of 
the research by conveying a series of related plots (Abbott, 1992). To Abbott, narration of a case such as Hong Kong is to 
be understood as a sequence of major turning points and the “situational consequences flowing from these” (Barab and 
Squire, 2004). Such “turning points” can also be found in the work of Diedrich, Lee and Braae, who talk about prompts, 
“places of situated knowledge, which captured and sometimes deviated the researchers’ attention on site from the planned 
itinerary”. In this paper, the co-authors recognise ”prompts” and ”turning points” in their own writing as the key findings 
to be collaboratively cross-analysed and synthesised into conclusions. The cross-analysis identifies shared experiences, 
incorporating individual views by consensus amongst all three authors. There are no traditional validations of the conclusion 
apart from the overlaps of shared first-hand experiences of Hong Kong.

The co-authors met twice in Hong Kong and held a number of follow-up meetings in Europe, where they discussed 
on their individual experiences of Hong Kong. The premise of this approach is that by eliciting personal experiences of the 
quality of life in the highest-density environment, one can translate those phenomena into principles to inform designing 
practices and the planning of future cities? The claim is that spatial micro-narratives and autoethnography can complement 
more quantitively driven research by incorporating lived experiences. With a personal constructivist exploratory approach, 
the ideation and envisioning mental process is in focus instead of binary ‘cause and effect’ inquiries. Our constructivist 
approach suggests the re-thinking of research questions as a step prior to quantitative investigations - which could happen 
at a later stage.

At this point, we believe that reflections from three personal and professionally informed experiences are of importance. 
Extracting those experiences, lessons and observations explicitly from a tacit domain is thus the aim of the personal 
micro-narratives that constitutes the next section of this paper. The micro-narratives are written in first person in order to 
emphasise the first-hand experiences and to offer a close proximity for the reader to the narrators.

3. CASE: HONG KONG AS A MICRO-NARRATIVE

In the following section, three individual voices share their personal micro-narratives. The structure is set as a journey, 
starting with reflections on interior spaces by the first author, moving into the movement between interior and exterior 
through three-dimensional urban porosity as narrated by the second author, and ending with a journey through the urban 
landscape by the third author. The combined narrative may show some points of overlap at which the authors define shared 
experience. This has been seen as positive, as those overlapping points become stronger in the cross-analysis exercise, 
creating clusters and allowing the authors to draw observations and conclusions.

 

Figure 1: Sketch of development above rail tracks, Mong Kok. Macro-micro space outlook from work-living space and photo collage of 
porous urban space in Mong Kok, threshold and airshaft.  

Sketch and Photo collage by co-authors Guillermo Aranda-Mena (left) and Per-Joan Dahl (right).

G. Aranda-Mena, PJ. Dahl and C. Dahl
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3.1 Narrative 1: Interior spaces

The first micro-story concerns life, work and play in a vertical city, in particular to the experience of interior spaces. Hong 
Kong’s Mong Kok district seems to thrive on the spatial logics of the now-demolished Walled City, which comprised an 
inward vertical neighbourhood – perhaps the densest in the world, reaching over 1,255,000 inhabitants per square kilometre 
in 1997. In the 1990s, the city went through a major reconstruction, including demolition to free up land for new residential 
towers (Frampton et.al. 2012). Mong Kok remains a tight-knit cluster of living spaces; there are lessons to learn from such 
urban conditions, from the rooftops where children played and did homework, to the alleyways and spaces in between, to 
the world of interiors and personal spaces. In response to challenging living conditions, residents form strong communities. 
This micro-narrative might teach us insights into ‘small-spaces’ – smart spaces for living, playing and working in today’s 
vertical cities.

The residential towers of Mong Kok are unique; they are particularly distinctive for their slender proportions, more so than 
in other vertical cities such as Singapore or Seoul. Mong Kok is the continental part of Hong Kong, not on the island but 
on the peninsula. I have experienced Mong Kok district over the last three years, visiting twice a year for short yet intensive 
periods of time to write, design and teach. My first visit to Hong Kong was in 2010 on a study tour I was leading, and it left 
me with many positive impressions. Little was I to know that I would return to the “City Flower” years later in a less transient 
capacity, and although I have not experienced life in Hong Kong as a permanent resident, I have explored the city on foot 
and by public transport and have also visited local friends and colleagues at their homes, getting a feel for interior spaces. 
The Mong Kok area is adjacent to the Kowloon City District, where the Kowloon Walled City Park has been established on 
the site of the infamous Walled City of the past.

I land in Hong Kong’s Chek Lap Kok airport, which is celebrating its 20th anniversary with a 570,000 square metre 
international terminal designed by Foster + Partners. After clearing customs and collecting luggage, it takes a few steps to 
connect to the express train to Kowloon, which is the second stop, 30 kilometres away; the third stop, 40 kilometres away, 
is Central Station on Hong Kong Island. This is my first experience of confined interior space in the city. The train takes less 
than half an hour and has free Wi-Fi, presenting an opportunity to update emails and notify family of safe arrival. Alighting at 
Kowloon’s train station, I take a free shuttle bus to my hotel which is in the neighbouring district of Mong Kok. The hotel will 
become my virtual home and office for the next week or two. 

The hospitality sector is awakening to the fact that business people have different spatial and service requirements 
than holidaymakers. Hotels are responding to the needs of nomadic workers with various new room arrangements; the 
traveller may now find the centre of the room occupied not by the bed but by the desk or worktable, with priority given to an 
ergonomic chair over fancy decoration. Business people can thus hold meetings and host colleagues during the trip without 
the party feeling like they invaded someone’s bedroom. Interiors that respond to their occupants needs and emotions.

In the case of my working experience in Hong Kong, I have always stayed in the same hotel in Mong Kong. The place has 
always reminded me of Le Corbusier’s writings on the cruise liners and the home as a machine for living. The building itself 
is only 20 years old, but truly built with Le Corbusier’s principles in mind (1923), bearing resemblance to the Marseille Unite 
d’Habitation with its rooftop running track. Instead of a car park on the bottom level, the Hong Kong version bridges across 
the railway lines connecting to mainland China.  The site is of some 250 metres long and only 50 metres wide, wedged in 
between a built-up area and a (former) green strip – a buffer zone for the rail tracks. Its podium is an over site development 
for retail space and also an entrance to the Mong Kok East MTR metro station. The building structure spans across the 
railway track and the tower is built over a purposely-built reinforced concrete deck. The tower is 20 storeys high, plus the 
podium levels which makes up the footprint. The complex is one of the few examples of what Le Corbusier referred as the 
anti-Skyscraper,

“he (Le Corbusier) is like a prestidigitator who accidentally gives his trick away: he makes the Skyscraper 
disappear in the black velvet pouch of his speculative universe, add jungle (nature in its purest possible form), 
the shakes up the incompatible elements on his Paranoid-Critical top hap and – surprise! - pulls out the 
Horizontal Skyscraper, Le Corbusier’s Cartesian rabbit” (in Koolhaas, 1978).

Working remotely from Melbourne as part of my Hong Kong experiences included time spent in interior spaces for quiet 
reflection, such as the gym, spa, pool and bar; and spaces for leisure including galleries, eating and shopping spaces, and 
small traditional shops and markets. Situated on an area of 1.1 square kilometres (0.4 square mile) with 143,000 inhabitants 
and a population density of 130,000 per square kilometre, Kowloon is one of the highest-density areas in the world. For 
comparison, Manhattan itself is nearly 26,000 inhabitants per square kilometre (67,000 inhabitants per square mile). Space 
is scarce, and less traditional residential areas appear to emerge, as referenced in an architect’s brief description of an 
architectural interpretation of Kowloon for designing the Kawasaki Amusement Park, Japan:
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“The Walled City has run a little wild - notably as visitors leave by crossing a pool of smoky-blue water on 
stepping stones. But the rest is eerily authentic. Through the steel-plate double doors of the entrance, passing 
the conspicuous sign banning entry to under-18s, is a claustrophobically small and red-lit chamber, all rivets 
and rust. Beyond, the visitor is in an alley with store shutters on one side, tattered corrugated iron and dim 
lights behind grimy windows. Advertising signs hang above the narrow passage.”

Accessing the interiors of homes and spaces could certainly become a maze-like experience. Even accessing my hotel 
room demands a kind of negotiation, as the lifts only go up to level 18 – level 19 is accessed by an internal staircase, causing 
me to wonder whether it was actually designed as an afterthought.

Vertical living, vertical working and shopping, vertical schools, vertical cinemas –vertical everything is the day-to-day 
situation in Hong Kong. Towers in the city can host all kinds of activities. In the more commercial areas such as in Mong 
Kok, narrow frontage could mean that up to the first six levels – and in some cases, all 10 or so – are devoted to commercial 
spaces, hosting a series of businesses. In the case of many residential towers, the upper levels would have larger floor-to-
ceiling clearance and larger windows, thus better views. Vertical transportation is via lifts, escalators or stairs. Hong Kong 
can host the longest escalators in the world such as the Langham Place commercial complex, spanning across four levels 
and going up to 12 levels above ground and three of underground concourse of retail, leisure and commercial spaces 
exceeding 60,000 square metres. Mass Transit Railway (MTR) stations are also intricate spaces with shops and restaurants 
placed in a network of underground connections and tunnels with a myriad of entry and exit points. Once outside the MTR/
Langham Place, one finds narrow but deep building frontages hosting shops or restaurants. Many of these businesses are 
named only in Cantonese, so unless you have done your homework and written down the address of a shop or restaurant 
to try, it is rather hit and miss. Small interiors are of all kinds, ranging from micro-shops of less than 10 square metres to 
whole- level restaurants of around 200 square metres. Spaces within.

3.2 Narrative 2: Weaving the porous urban spaces

Walking through the bustling Mong Kok area, I am reminded of the intricate urbanism flourishing in this northern part of the 
Yau Tsim Mong district. While the gridiron plan strives to impose a strict urban order, the city’s life and heterarchical profile 
suggests the opposite. On my southbound walk along Shanghai Street, I pass building after building, each radically different 
in height and width. Some towers are formalised building types, such as pencil towers and podium buildings, while others 
are mutants, remarkably thin with street frontages of less than 5 metres, yet reaching heights of four stories or more. 

The unifying element, however, is the storefront, which occupies the ground floor of every building. As various in size as 
the buildings they occupy, the selection of goods and services on offer is immense. Passing by the Mannings and 7Eleven 
supermarkets, I encounter a local waffle bakery at the intersection of Pitt Street, and a rice store after that. On the other side 
of the street are electrical equipment storefronts, offering everything from light bulbs and wires to pumps and pillar drilling 
machines. Activities sometimes spill out from the small storefronts to occupy also the sidewalk. I pass a rope manufacturer 
who, sitting on a plastic bucket, weaves rope for cargo ship mooring. Then, looking into one of the small storefronts, I detect 
the reason for my visit. An open door at the back of the shop reveals a bright light filtering down into one of Mong Kok’s 
alleyways, where I will walk on this overcast May day to collect data on porous urban space.

In Hong Kong’s hyper density, porous urban space serves as the interface between the urban landscape and the city’s 
interior workplaces. The alleyways in Mong Kok can be utilised as agents of porous urban space. Perceived as a kind 
of ‘hidden public space’, they challenge a series of normalised dichotomies such as public/private, formal/informal, and 
exterior/interior. The alleyways are regulated spaces that tend to be occupied informally. Installed as a second means of 
egress from tall buildings, they epitomize what the Greek scholar Stavros Stavrides refers to as “heterotopia”. Stavrides, 
who draws on Michel Foucault’s discourse, argues that the “concept of heterotopia can describe a collective experience of 
otherness, not as a stigmatizing spatial seclusion but rather as the practice of diffusing new forms of urban collective life” 
(Stavrides, 2007). Recognising that strict spatial orders are dissolved in porous urban space, he uses the threshold as an 
analogy to articulate its simultaneous connection with and separation from surrounding environments. 

Porosity is the measure of void spaces in material, which determines the ratio of pore volume to total volume. It is 
utilised in multiple fields in engineering to detect the total amount of void space accessible from a material’s surface. 
Walter Benjamin and Asja Lacis used the porous rocks of Naples as an analogy for the city’s intricate network of spaces. 
In their study of the characteristics of the dense Italian city, they observed how public life challenged the conventional 
separation between urbanism and architecture by connecting the streets and plazas with interior courtyards and stairwells. 
Porosity, they argued, is the “inexhaustible law of the life of this city, reappearing everywhere” (Benjamin and Lacis, 1978). 
Conflating space and opportunity, the porous architecture of Naples served as a platform for socio-economic interaction 
and improvisation. 

The lessons from Naples assist my analysis of Mong Kok. When transcending between gridiron and alleyway, I experience 
how improvisation and bottoms-up action serve to add porosity. The small storefront with an open door at the back that I 
saw when walking down Shanghai Street, is a perfect example of the transformation of legal boundaries, such as property 
lines, into porous borders. The storefront acts as a border to render ceremonies between the public agency of the customer 
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and the private entity of the shopkeeper. When the door at the end of the interior space is kept open, the storefront is 
immediately hybridised into an armature for public circulation. Thus, the light at the back of the store attracts customers, 
who traverse the commercial space not only for reasons of trade but also because the door has been reconceptualised into 
a threshold.

Unveiling the heterotopia of Mong Kok, the open door additionally serves as an analogue of heating, ventilation and air 
conditioning (HVAC) systems. While it adds light to the gloomy interiors, it also provides cross-ventilation to improve thermal 
comfort and indoor air quality. The narrow alleyway can thus be described as an airshaft, which coordinates a complex 
system of air streams, flowing through the numerous small storefronts, apartments, and other spaces that constitute the 
interface between the regulated gridiron and the informally populated alleyway.

If Richard Sennett is correct when he proclaims that “[m]aking buildings more porous will be one of the great challenges 
of 21st Century (sic) architecture”, then the lessons learned from Mong Kok’s urban block may be useful for subsequent 
practices (2018). When examining the urban porosity in Mong Kok, I decide to transgress the borders, using my own body 
to challenge conventional dichotomies. A door in the alleyway, which has been installed for escape, is also an entrance. 
Serving as a threshold to a new kind of public-private space mutation, it provides a second layer of analysis. Ascending the 
labyrinth of stairwells, the barred gratings of dwelling spaces in the dilapidated housing estate let the air through, and the 
gaze in. The sounds of children and the smells of food products thrive in the hallways and stairwells. I detect traces of fires 
in the stairway landings, and the wall patina has been formed by mould, dirt, and excrement. Stepping onto the rooftop, I 
sense the fragrances of plants and the breeze. The song birds, which are caged outside the informally occupied roof-cells, 
remind me of the caged bird tradition in Hong Kong, and I spot the Yuanpu Street Bird Park on the other side of Mong Kok.

3.3 Narrative 3: The urban landscape of Hong Kong

The compactness of the city is closing in on me as I crisscross the northern coast of Hong Kong Island on a slender two-
storey tram. I board the ferry, on the route to North Point, in East Kowloon. Crossing Victoria Harbour, the body of water that 
separates the peninsula of Kowloon from Hong Kong Island, I gaze upon the next generation of skyscrapers, climbing to 
heights that are closer in scale to the surrounding natural landscape than the compact yet porous urban fabric at their feet.

The tram, en route from Shau Kei Wan to Kennedy Town, makes stops at Tin Hau, Causeway Bay, Wan Chai, Admiralty, 
Central, Sheung Wan, Whitty Street, and Shek Tong Tsui – names that are often understood by the general public primarily 
as transport hubs. Historically, though, these were the names of fishing villages, trade ports and military posts. They are 
strategic locations on the shore, furthermore located at the mouth of a set of valleys that are perpendicular to the paramount 
ridge that shapes the island.

The natural landscape has guided the urban development and the distribution of density in the city. The topography of 
the area has initially determined the urban form following the settlement pattern described by Spiro Kostof (1999). However, 
while initially clustered on the slopes of the valleys or on the thin strip of waterfront property between the harbour and the 
mountain ridge, the urban fabric is now expanding uphill to previously unspoiled nature as well as spilling into the harbour 
through land reclamation. A study of the impact of urbanisation on landscape continuity on Hong Kong Island shows a 
significant increase in urbanised areas after the 1970’s, prompting a decrease in areas visually unobstructed by built-up land 
(Levin, Singer, & Lai, 2013). The constraints on available land in the city have generated not only an exceptional density but 
also a few iconic typologies: the pencil tower, the elevated walkway – or the double decker, as my co-author names it— and 
the sitting-out area. 

The pencil tower emerged in Hong Kong as one response to massive immigration following the Second World War. At 
the end of the war, the population of Hong Kong was 600,000; by 1947, the total population was 1.8 million and by 1960, 
it reached 3 million (Census and Statistic Department, 1973). A decade later, the population had already reached close to 
4 million, and during the 1970’s it increased by 800,000 inhabitants (Census and Statistic Department, 1983). The annual 
population growth has since been continual, with only one exception (Census and Statistic Department, 2018a). Today, 
Hong Kong harbours 7.4 million inhabitants (Census and Statistics Department, 2018b).

Looking out from the upper level of the rickety tram, the pencil towers are mushrooming in front of me. Reaching 
heights of 60 metres or more, their slender silhouettes are remarkable, though still visually subordinate to the mountain 
ridge. Sometimes accommodating no more than one small apartment on each floor, the tiny footprints of the buildings are 
a challenge to their structural integrity of the building. Somehow, this seems to be the only factor restraining them from 
reaching even higher. Visually appealing, the small building footprint also add quality to the streetscape through a diverse 
experience of storefronts and entrances when traveling through the city.

In contrast to the smaller scale of the streetscapes, the vertical scale is always conspicuous in Hong Kong. The vertical 
distribution of programmes in pencil towers and other high-rise buildings has promoted a vertical lifestyle. Architects Adam 
Frampton, Jonathan D. Solomon and Clara Wong (2012) even make the claim that the ground level in Hong Kong “does 
not exists”. What makes this possible is not only the vertical programming but also the elevated walkways that connect 
buildings with each other on various levels as well as with the surrounding landscape. The outdoor escalators climbing the 
hillsides of the Central district is one of the city’s popular tourist attractions. This network of walkways creates a continuous 
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circulation above, on, and below ground, causing a first-time visitor the sensation of “3D-confusion”. Am I supposed to take 
the elevator down in order to access the walkway on the third floor, to then cross over to the neighbouring building’s fifth 
floor, and from there exit to the street? No wonder maps don’t work in Hong Kong.

This multi-storey organisation of circulation not only causes the city the loss of a “ground” but also of the exterior, I would 
claim. Increased accessibility spurs even more congestion, according to Rem Koolhaas’s canonical book Delirious New 
York (1978). In Hong Kong, this is achieved through the elevated walkways. Consequently, the congestion of people attracts 
commercial interest, and storefronts are a common sight on the second and third floors along these elevated walkways. 
Koolhaas (ibid.) constructs his theory of congestion on the hypothesis that sufficient congestion causes a complete block 
to be experienced as one building. In Hong Kong, the whole of the city seems to be interconnected into one continuous 
space, an urban landscape of interiors.

The loss of the exterior is also manifested in the so-called sitting-out areas sprinkled though the city. They are small, 
hardscape pocket parks with a little shade, a few benches and tables, and sometimes a playground. Their main purpose 
is to offer the inhabitants of densely populated districts a place to rest, outside of the presumably cramped and loud 
apartment interior. They are defined as “passive open space” by the Planning Department (Dahl, 2017). 

Finally arriving in Kennedy Town, far west on Hong Kong Island, I alight the tram. Victoria Harbour is behind me, as is the 
dense city. Here, the urban fabric opens up to the South China Sea. Passing through the usually guarded gates, I reach my 
destination – a small harbour area along Shing Sai Road which is opened up to the neighbourhood during Sundays, formally 
or informally is unclear. People of all ages are playing games on the vast tarmac or enjoying a picnic tucked in between 
cargo of various kinds. To my left, the still unbuilt country park of Victoria Peak and Mount Davis closes in. Even nature is 
dense in Hong Kong.

4. SUMMARY AND CROSS-DISCUSSION: LESSONS LEARNT

In the following section, the co-authors shift mode from the personal micro-narratives to cross-analysing and synthesising 
shared experiences. Through the analysis, four main findings concerning ground, typology, programming and circulation 
are concluded on.

The proliferation of densities in Hong Kong depends on the cultural understanding of and references to the concept 
of ground. While Western cultures tend to render urban space through the dichotomies between figures and grounds, 
which were cemented in 1748 by Giambattista Nolli (Verstegen and Ceen 2013), the non-Western influences that have 
shaped Hong Kong accelerate performance in density by rendering the ground obsolete. Interior connections and porous 
urban spaces oscillate between horizontality and verticality without referencing the ground as a universal datum for spatial 
perception and navigation. With small and tricky plots, the construction industry has been forced to realise creative, often 
hybrid, approaches to space and circulation – a practice that is often disregarded when land is cheap and easy to develop. 
The spatial qualities rendered are worth further explorations. 

The contemporary urban landscape of Hong Kong includes numerous types and typologies, which, invented or 
advanced in the Southeast Asian metropolis, support the formation of sustainable environments in high density. The pencil 
tower building type, for example, encompasses an architectural response to land scarcity and amplified density, while the 
porous urban space describes a spatial typology in mutation between polarised dichotomies. The types and typologies of 
object and space which proliferate in Hong Kong can be catalogued, analysed, evaluated, and exported. Applied to foreign 
contexts through morphology, they can assist other cities in processes of densification.

The density and intensity of Hong Kong testifies to the possibilities of cross-programming in time and space. Cross-
programming in time happens through appropriation, formally or informally, like in the alleyways of Mong Kok and the 
harbour area turned into public open space in Kennedy Town. The vertical programming is evident throughout the city. In 
most cases, the programming formula consists of one main program supported by several amplifying programs. These are 
the result(s) of smart business management. However, the city also showcases unexpected blends of vertical programmes, 
for example public library plus highway and parking garage (cf. the building in the crossing of Shanghai Street and the 
West Kowloon Corridor in Yau Ma Tei). Contrary to more commercial buildings, these are not the result of smart business 
management but of necessity in a city where land is scarce. The ability to architecturally and legally meet such challenges 
is a lesson to be taken from Hong Kong.

Vertical cross-programming is dependent on vertical circulation. Hong Kong demonstrates a diversity of vertical 
circulation modes, ranging from conventional elevators to more city-specific solutions such as outdoor escalators and 
elevated walkways. What is even more intriguing, and a topic for further studies, is the nested circulation that arises from the 
congruence of urban porosity, a dramatic topography and vertical programming. Possibly, it is this nested circulation that 
makes the city work despite its extreme density and intensity. If so, then cities under pressure for higher density could learn 
from this systemic and spatial approach that moves beyond the conventions of plan drawing, property rights and public-
private dichotomies, and instead embraces continuity, connectivity and rhizomatic flow.
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What are the lessons to be taken from approaching a paper purely with a micro-narrative lens? First and foremost, it 
adds important experiential knowledge in an otherwise dominant positivist research paradigm. Secondly and perhaps more 
important, it allows for researchers to collaborate and synthesis findings cross disciplines. Working through the dynamics 
of shifting geographies, yet with a common objective and outlined set of questions, this research contributes not only 
with content but also with method. Autoethnography has provided a point of departure to convey personal views and 
experiences of a myriad city. Yes, there are lessons learned but it is also clear that more questions need to be asked. 
Academic research must engage with this realm if the research conducted is aiming at improving the liveability of densifying 
cities. Important steps forward in terms of architectural materialisation are what is proposed above in terms of hybrid 
spaces, nested circulation, and radical programming. 

References

Abbott, A. (1992) “What do cases do? Some notes on activity in sociological analysis”, in C. C. Ragin & H. S. Becker (eds.), What is a 
case? Exploring the foundation of social inquiry. p 53-82. Cambridge, MA: Cambridge University Press.

Barab, S. and Squire, K. (2004) “Design-Based Research: Putting a Stake in the Ground”, The Journal of Learning Sciences, 13(1), pp. 
1-14.

Benjamin, W. and Lacis, A. (1978) “Naples. In Walter Benjamin Reflections: Essays, Aphorisms, Autobiographical Writings”. Translated 
by Jephcott, E and edited by Peter Demetz, 163-73. New York: Harcourt Brace Jovanovich.

Cuff, D. and Sherman, R. (2011), “Introduction”, in D. Cuff and R. Sherman (eds.), Fast Forward Urbanism: Rethinking Architecture’s 
Engagement with the City (New York: Princeton Architectural Press), 10–33.

Dahl, PJ (2017) Exploring Design Potentials in Porous Urban Space: Split Vision Urbanism Hong Kong Through Montage. Research 
Institute for Experimental Architecture. Proceedings Beyond ISM: The Landscape of Landscape Urbanism, Alnarp, Sweden, 
October 19-21, 2016 pp. 117-124.

Diedrich, L., Lee, G. And Braae, E. (2014) “The Transect as a Method for Mapping and Narrating Water Landscapes: Humboldt’s 
Open Works and Transareal Travelling”, Nano Journal. Accessed on September 1, 2018. http://www.nanocrit.com/issues/issue6/
transect-method-mapping-narrating-water-landscapes-humboldts-open-works-transareal-travelling

Frampton, A., Solomon, J., Wong, C. (2012) Cities Without Ground: A Hong Kong Guidebook. Publisher: ORO Editions. Paperback 
128 pages ISBN: 978-1-935935-32-2 

Koolhaas, R. (1978) Delirious New York. Oxford University Press. Paperback 320 pages ISBN 978-1885254009

Kostof, S. (1999) The City Shaped. Publisher: Thames & Hudson Limited. Paperback 352 pages ISBN10 0500280991 

Le Corbusier (1923) Towards an architecture. Original title ‘Vers une Architecture’. Translator John Goodman (1927).  Paperback ISBN 
0-89236-822-5 

Levin, M., Singer, M. E., & Lai, P. C., (2013) Incorporating Topography into Landscape Continuity Analysis—Hong Kong Island as a 
Case Study. Land Journal, 2(4), 550-572 Open Access Land; ISSN 2073-445X

Sennett, R. (2015) Qant: The Public Realm. Essay on Gaimbattista Nolli http://www.richardsennett.com/site/senn/templates/general2.
aspx?pageid=16&cc=gb. Accessed July, 2018

Stavrides, Stavros. “Heterotopias and the Experience of Porous Urban Space.” In Loos Space: Possibility and Diversity in Urban Life, 
edited by Karen A. Franck and Quentin Stevens, 174-92. New York: Routledge, 2007.

Swaffield, S. & Deming, M. E. (2011) ”Research strategies in landscape architecture: mapping the terrain”, Journal of Landscape 
Architecture, 6:1, 34-45, DOI: 10.1080/18626033.2011.9723445

Verstegen, I. and Ceen, A. (2013) Giambattista Nolli and Rome: Mapping the City before and after the Pianta Grande. Publisher 
Studium Urbis. Length 261 pages. ISBN 1105989704, 9781105989704

Learning from dense cities: Hong Kong spatial constructs as narratives

http://www.richardsennett.com/site/senn/templates/general2.aspx?pageid=16&cc=gb
http://www.richardsennett.com/site/senn/templates/general2.aspx?pageid=16&cc=gb
https://doi.org/10.1080/18626033.2011.9723445


760



761

Tacit knowledge transfer for city design

Guillermo Aranda-Mena
RMIT University, Melbourne, Australia
guillermo.aranda-mena@rmit.edu.au

Abstract: This methodology paper aims to inform a multinational competitive research grant application on research 
approaches for knowledge sharing and in particular, tacit knowledge. The overall project involves researchers, planners 
and city designers from three continents: Europe, Asia and Africa. The project aims to facilitate knowledge transfer from 
European model-cities to recipient cities in developing regions. The paper develops a critical review of research methods and 
techniques for tacit knowledge elicitation coupled with explicit knowledge sharing. Current methods for knowledge capture 
and its application in urban design overlay on explicit knowledge including the knowledge sharing frameworks under the 
EU Integrated Urban Development, Directorate-General Regional and Urban Policy. This paper proposes a complementary 
side to the current framework by applying the Repertory Grid Technique (RGT). RGT provides an approach and a method 
to externalise participants’ knowledge and their tacit cognitive process. The technique links to Personal Construct Theory, 
thus building a sound theoretical framework. Knowledge transfer for the collaborative project is expected to take place 
across eight model and recipient cities. This paper provides an appropriate framework showing how knowledge elicitation 
can take place across project participants including expert city designers, planners and non-cognate stakeholders such as 
community representatives.

Keywords: city design, personal construct theory, repertory-grid technique and tacit knowledge

1. CHALLENGES WITH RAPID URBANISATION

In the context of the global urbanisation trend, up to 67% of the global population is expected to be not only urban but 
also concentrated in the lowest socio-economic groups by 2025. While global urbanisation faces a wide range of societal 
challenges (housing, transport, environment, employment, culture, and integration), cities are also major contributors to 
climate change. Cities do this mainly through energy generation and consumption, vehicle emissions, industry emissions 
and biomass use; consuming roughly two-thirds of the global primary energy supply and producing over 70% of the global 
energy-related green-house gas emissions. They are also vulnerable to the impacts of climate change, including impacts 
on health, infrastructure and quality of life, with the city inhabitants in low socio-economic groups being the most affected 
segment of society. However, cities are also drivers of innovation, growth and economic wellbeing, and about 60% of the 
global gross domestic product (GDP) is generated by 600 urban centres (UN-WUP 2018).

Reports such as the United Nations’ “State of the World´s Cities” highlight how Asia and Africa have dominated the 
global demographic growth picture, adding 0.88 and 0.23 million new urban dwellers respectively every week. The same 
report points out that large population concentrations in mega-cities are likely to remain a prominent feature in urban Asia 
(today, seven out of the 10 most populous cities of the world are in this region). In the case of Africa, the urban 
population is set to outstrip Europe in what promises to be one of the more remarkable forthcoming developments in the 
overall pattern of worldwide urbanisation (UN-WUP 2018).

Urbanisation in Africa has not yet brought the economic development and degree of prosperity that might otherwise 
have been expected. Inadequate education and lack of physical infrastructure, combined with poor governance, have 
constrained the efficient use of productive resources, and the industrial development that might have come with it. At the 
same time, the on-going urban economic momentum in Africa is a result of a number of the typical factors of prosperity 
at work in other regions of the world, such as economies of agglomeration, location advantages, and diversifi cation of the 
economic base. Asia is also confronted by the same urban paradox (United Nations 2012).

In South East Asia (SEA), urbanisation is a global concern since small and medium sized cities are facing rapid 
population growth due to more people moving away from rural areas to settle in urban hubs for economic reasons. These 
cities often have much lower capacity, financial and human resources and governance mandates to address this trend in a 
planned and controlled fashion. Indonesia, with 50% of its people living in cities, and an annual growth rate of 4.2% (1970-
2010), has one of the fastest urbanisation rates in the region, taking place primarily on the periphery of the existing cities 
due to a continuous influx of rural-urban migration; thus posing a serious threat to the infrastructure in the urban cities that 
is compounded by vulnerability to climate change impacts that may occur unless proper management and mitigation 
actions are taken (UN-WCR 2017). Vietnam is also rapidly urbanizing, at a rate of 3.1% per year (1970-2010), to amount 
to a 33% urbanised population, most of which is in and around Ho Chi Minh City and the millennia city of Hanoi.
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Both cities play a central role in Vietnam’s economic growth and proposed poverty reduction. Sustainable development 
and green infrastructure programs are rapidly emerging in the city action plans proposed in the Indonesia–Malaysia–
Thailand Growth Triangle since 2010 Asian Development Bank (ADB 2010). The sub-regional economic cooperation program 
of ADB’s Southeast Asia Regional Cooperation Division includes studies for the cities of Melaka (Malaysia) and Songkhla in 
Thailand (ADB 2010). In the case of South Africa (SA), 64% (2014) of the population is estimated to live in urban areas and 
this is expected to grow to 80% by 2050. However, large towns produce over 80% of the GDP, and metropolitan areas 
grow twice as fast as non-urban areas and account for 75% of all new jobs created (ADB 2010).

Overall, rapid urbanisation is a key challenge for balancing economic growth and environmental sustainability in order 
to achieve improved quality of life for people. While Southeast Asia is one of the world’s least urbanised regions, its urban 
population is growing 1.75 times faster than the world’s urban population (UN-WUP 2018). Rapid urban growth strains an 
urban authority’s capacity to meet infrastructural and other urban services demands. Cities, as drivers of economic growth, 
are resource intensive. They occupy about 2% of the world’s land, consume 75% of resources, and contribute to global 
climate change with their higher levels of greenhouse gas emissions. Cities generate enormous quantities of waste and 
pollution, contributing to environmental degradation. Lack of comprehensive urban planning and increased vulnerability 
from impacts of climate-induced change are exacerbating the challenge for developing countries. There are lessons to be 
learned.

2. LEARNING FROM EXPERIENCE

There is a clear need for cooperation in projects between cities, for sharing best practice knowledge as a key element in 
furthering sustainable urbanisation. This holistic approach integrates the economic, social, environmental and cultural 
dimensions of sustainable urban development, embedding many aspects ranging from poverty reduction and increased 
equity to the management of natural resources, climate change mitigation and resilient adaptation. These reasons drive 
for promoting an integrated approach,  which has become one of the main drivers of the European urban strategy. 
Since 2008, a key European vision has been developed with the contribution of sustainable city experts from a wide range 
of backgrounds. The report “Cities of Tomorrow – Challenges, visions, ways forward” in the European Commission, DG 
Regional Policy (EC-DG 2011) synthesizes the principles of the European sustainable urban development model.

Sectorial solutions have proved ineffective in tackling the complex urban issues, and thus new requirements and 
instruments have been included to promote an integrated approach. On the other side tools as the Reference Framework 
for Sustainable Cities (RFSC 2017), the European Sustainable Cities Platform (SCP 2016) or the UN-Habitat best 
practice award database (accessed in 2018) have been demonstrated effective in sharing and exchanging knowledge. 
Another key source is the Reference Framework included the European Structural Investment Fund for Urban Guidance 
(ESIF 2016) and the Toledo Declaration (Toledo 2010), which is a strategic framework for spatial, governance, social, 
economic and environmental dimensions to better plan and manage city growth.

Apart from the comprehensive urban strategies reviewed, the multi-level approach was chosen as a key to moving 
forward in urban sustainability. One example is the ‘Charter for Multilevel Governance in Europe’ (Egeberg 2006). The 
Committee of the Regions calls for all levels of government (local, regional, national, European and international) to recognize 
the added value of multi-level governance; thus bringing local and regional authorities closer and more accountable in the 
implementation of public policies. Therefore the premise to this paper is that “cooperation between cities for the transfer of 
best practice as shared knowledge both, explicit and tacit is an important element in furthering sustainable urbanisation”. In 
this context, Vietnam, Indonesia and South Africa will collaborate to bring EU experience for planning and managing urban 
developments, including infrastructure development, transport systems integration, energy and residents, together under 
the umbrella of what we refer as city design. It is also expected that there are tacit lessons to share across all participating 
cities.

3. METHOD AND TECHNIQUE: KNOWLEDGE TRANSFER

Knowledge-transfer and exchange of thematic frames for instance, EU good practices and the SA/SEA urban priority issues, 
will set specific domain focus. This initiative is expected to contribute to the improvement of quality of life in participating 
cities, by promoting sustainable and integrated urban development (Boose 1984). A twofold approach was selected and a 
general objective will be accomplished through the identification, sharing, exchange and transfer of policies and programs, 
here referred as explicit knowledge. A supporting second approach will include personal experiences, here referred as tacit 
knowledge. The project should directly contribute to build up a sound and long lasting network to stimulate EU cities-to-
South East Asia and South Africa (SEA/SA) cities partnership agreements and cooperation to address urban challenges.

3.1 Specific Objectives

The following three main specific objectives will guide the overarching project vision:
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• to facilitate the sharing of information among the cities of EU, South Africa and SE Asia

• to investigate methods for tacit transfer knowledge (good practices and lessons learned) on sustainable, 
climate resilient and integrated urban design practices beyond policies. Among participating cities in order to 
contribute to a learning process based on best practices and experiences not always clearly explained, known or 
understood

• to identify actions for improved city design that participating cities can implement in the short and mid-term 
and open up related new opportunities in other mature and developing cities

• to implement initiatives as action research: this will be done through sharing knowledge-webs for the exchange 
and transfer of good practices among cities on specific thematic areas and specific participants utilising Personal 
Construct Theory (PCT) and the repertory grid technique.

3.2 Method: Personal Construct Theory

Approaches to planning and city design practices are changing thus requirements and expectations on engaging with a 
wider base of stakeholders and communities are increasing, such as the needs and expectations for accountability and 
transparency (RFSC 2017). City design processes can also benefit by incorporating explicit and tacit knowledge. It is 
important to demand more engaging methods to assist the decision-making process in particular with tacit (or unspoken 
knowledge). Design principles can provide this. Identifying alternative yet, effective ways for knowledge elicitation is important 
and here explored. It was also important to consider empathetic research styles for effective uptake by planners, designers, 
local authorities and community representatives regardless of their profession, cultural background or to even overcome 
language barriers (Minsk 1990).

Tacit knowledge can bring meaningful representation of challenges and situations, and thus more certainty with the 
consequences of the decision-making processes (Schön 1991). For instance, a common problem encountered in quantitative 
studies is that they do not shed light on the reasons underlying the decisions. Other difficulties that accompany staying 
within the quantitative-positivist paradigm include those associated with legibility of relevant data. Cross-examination should 
not always be about triangulating results but also to expand vision through inductive logic (Crotty 1998).

Transferring knowledge and communicating human experiences not only with data and information but also with 
experiential, creative and innovative approaches which enable deeper insights and understanding. This paper explores the 
Repertory Grid Technique (RGT) as a technique which taps into tacit-knowledge elicitation and transfer. Cities must learn to 
grow sustainably transferring knowledge and applying best practice is paramount, not as a carbon copy but as a synthesis.

3.3 Technique: Repertory Grid

Knowledge could be divided into explicit such as speech, written documents, plots or log-data i.e. shown and explained in 
diagrams on the other hand tacit knowledge is the kind of knowing that resides in people’s minds often in the subconscious. 
A person becomes aware of his or her tacit knowledge when s/he faces specific problems to solve and actions to take, 
for instance, in an emergency event. Tacit knowledge is personal and hard to formalise. It is rooted in actions, procedures, 
commitment, values and emotions. Tacit is the knowledge which a person might be unaware of possessing (Polanyi 1967).

Approaches for tacit knowledge studies include ethnographic, behaviorists, social and cognitive academic disciplines 
and traditions. Within the ethnographic tradition methods, techniques and methodological frameworks include: contextual 
inquiries, ethnographic methods, participatory analysis of data usability, collaborative prototyping for design, semi-structured 
interviews, trialing prototyping and a number of the more traditional survey formats. In the context of this study a socio-
constructivist approach has been selected due its pragmatic approach utilising the Repertory Grid Technique (RGT). RGT 
has been applied for participatory design studies, initially at the Knowledge Science Institute at Calgary University in the mid 
90’s by Gains and Shaw (1999) and among several projects they developed knowledge maps for the aerospace industry 
and in particular for Boeing (Gains and Shaw 1997). Some of the methods used included process mapping, concept 
mapping, reflective thinking, diagramming and laddering. Nezafati et. al. (2007) provide a review of methods within the 
constructivist approach.

3.4 Introduction to the Repertory Grid Technique (RGT)

Emerging methodological capabilities to increase knowledge elicitation during the planning and design process are needed, 
and for this the RGT is proposed as the method to explore views from expert participants – thus unearthing their tacit 
knowledge. The RGT emerged from social psychology. Epistemics (2003) and Nezafati et al. (2007) explore a wider range 
of methods and techniques applied in the social sciences. In Figure 1 a Cartesian plane shows the types of knowledge that 
are elicited by the various different techniques each of which is represented by a separate labeled rectangular area, e.g. 
interviews, process mapping, laddering or observation.

Tacit knowledge transfer for city design
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Figure 1 reveals that RGT - represented by the rectangle that is labeled repertory grids – lends itself to eliciting tacit 
knowledge. RGT is most suited at the formative conceptual stage of particular topics/projects, because it facilitates 
evaluation and the mapping of knowledge from various stakeholders. The RGT has proven to be an effective technique in its 
ability to elicit domain knowledge. It not only serves to unpack tacit knowledge, but also to also divulge views and opinions 
of respondents in a more structured manner, rather than relying on open-ended questioning (see Figure 1).

Figure 1: Types of knowledge elicited by various research techniques adapted from Epistemics (2003)

On the horizontal axis we move from explicit knowledge to tacit knowledge. Explicit knowledge refers to the knowledge 
the respondent articulates in detail without leaving the analyst any room for doubt and confusion. On the other hand, tacit 
knowledge is the knowledge the respondent conveys only implicitly without actually articulating it. On the vertical axis we 
move from conceptual knowledge to process knowledge at its apex. Conceptual knowledge refers to abstract cognitive 
knowledge (i.e. knowledge that is evidenced by the respondent’s ability to convey his/her knowledge by forming mental 
pictures, by drawing analogies, by creating abstractions, by advancing notions). On the other hand, process knowledge 
evidences the respondent’s understanding of the sequence of actions, steps or skills that are required to achieve a certain 
objective or goal. The RGT requires respondents to compare and to contrast objects also known as elements.

3.5 RGT within Personal Construct Theory

The underpinning theoretical perspective for the Repertory Grid Technique is Personal Construct Theory; also known as 
Personal Construct Psychology (PCP) attributed to George Kelly (1955; 1970). Full insight into PCP is beyond the scope 
of this paper but in essence PCT offers a framework for understanding human behaviour, decision-making and cognition. 
PCT works on the premise that people spend a lifetime testing personal predictions or hypotheses. In other words, every 
person is viewed as a scientist who seeks to apply definitions, concepts and constructs (constructs as attributes attached 
to concepts) to each of his or her actions. By adopting such a view, PCT provides a framework where subjects think and 
reflect on their decision-making, attitudes, knowledge and as well as actions taken by individuals and collective groups. One 
of the research techniques used to elicit such knowledge and information is RGT (Kelly 1955; 1970).

To begin an RGT session on a particular topic the interviewee and the researcher discuss given scenarios known as 
‘elements’. Such elements could be situations, people, objects or any chosen scenario under investigation. In our case they 
may refer to different people accessibility aspects that planners are asked to consider when designing something, such as a 
door access to a metro station. As part of such discussions, the technique requires the interviewee, i.e. an expert designer 
or a commuter, to compare elements thus generating a list of bi-polar attributes or constructs (door with a ramp versus door 
with steps; inclusive versus exclusive; exposed vs. sheltered, etc.).

The comparisons require the subject to consider three elements at a time and to pair the two that, in the participant’s 
mind, seem most equivalent in a semantic sense and which together differ significantly from the third element in the triad. 
For instance, consider a set of five elements: {a B c D E} from which the randomly selected triad: {a c E} is drawn. Suppose 
that a respondent partitions the triad along the following lines: the element-pair {a E} is associated with the attribute 
“vowel” and the single element c with the attribute “consonant”. Thus, for this respondent the bipolar construct becomes 
vowel-consonant. A second respondent might well have partitioned the triad along different lines. For example, the bipolar 
construct could be uppercase-lowercase if a second respondent was to associated the elements: {a c} with the attribute 
“lower-case” and the single element E with the attribute “uppercase”. 

G. Aranda-Mena



765

The focus of a RGT session could be the assessment of open public spaces design. For this, several photographs are 
placed in front of a respondent, showing a range of known city squares. The RGT will then require participants to compare 
and contrast across all squares (or elements). The places represented could include El Zocalo, Times Square, Plaza Mayor, 
Piazza del Campo, Federation Square, and so forth. All images are laid out. Pairs or triads (i.e. three cards) are then 
extracted and displayed, and the interviewee is invited to identify or generate distinctions also known as bi-polar constructs.

When the approach is by triads, this comparison takes place by randomly bringing up three cards (or scenarios) at a time. 
Participants then have to identify an aspect that is similar to two scenarios and which makes a difference to a third scenario, 
thus generating grids with elements and bi-polar constructs. Grids are generated that imply conscious reflections. For the 
city squares, a participant such as a town planner might re-organise various triads of photos on similarities and differences. 
This might indicate knowledge observations such as ‘contained space’ versus ‘difficult for surveillance’ denoting the risk 
implications when designing large open spaces. A laddering technique can be applied to the constructs to yield a definition 
label such as risk or surveillance technology, thus moving above the topic of city squares. By bringing tacit knowledge into 
an explicit format, the study formalizes a method and procedures for knowledge elicitation and knowledge transfer across 
participants such as city designers, planners, stakeholders and other decision makers.

4. CASE PROJECT

The first phase of the proposed research comprises a description and objectives. This task aims to structure the Urban 
Cooperation Frame (UCF) through four sub-tasks. The Urban Cooperation Frame is made up of European Union (EU) 
role-model cities and South African (SA)/ South East Asian (SEA) receptor cities. The main objective of this phase is to 
identify EUrole-model cities with three main elements: good practices, contextual framework and stakeholder ecosystem. 
The SA/SEA receptor cities also have three main elements: the urban priority issues, conditional framework and stakeholder 
ecosystem (EU cities ′ SA/SEA cities). Although many world cities qualify to form part of this UCF project, a selection 
process is implemented. EU, South African, Indonesian, and Vietnamese cities are preselected with the support of the 
UCF project Steering Committee utilising combined criteria from the EU urban governance groups and global sources 
such as Worldwide Cultural and Creative City and the UN-Habitat best practices database (2010). 

A cluster organisation among the EU role-model cities and the SA/SEA receptor cities is carried out, with the definition 
of the specific thematic areas to exchange and transfer knowledge and experiences along to the second phase (Urban 
Cooperation Development) and matching attributes. From the second phase an Urban Cooperation Frame is shaped, 
ready to be implemented in the third phase, made up of participating cities and identification of the cities’ stakeholder 
ecosystems.

The four project phases are now discussed in more detail.

4.1 Project phase procedures

Phase 1 Participating cities selection:

This phase comprises the identification and selection of the EU role-model cities and the SA/SEA receptor cities participating 
in the network and knowledge transfer process. It is based on three aspects: the strategy context of the project, the 
potential added value of the transference regarding the urban challenges, and the sustainability of the future cooperation 
(including business cooperation). The selection criteria include: 

• city commitment and interest (urban strategies)

• diverse urbanisation needs (urban challenges)

• diverse best practices and ability to deliver (City to city matching)

• regional diversity EU, SA and SEA cities including contextual needs and demands (URBACT 2010).

As result of the selection process eight participating cities are suggested, including two South African (Cape Town and 
Strand), two Vietnamese cities (Da Nang and Hoi An) and two Indonesian cities (Malang, Java and Padang, Sumatra) as 
receptor cities. Two European cities act as role-models (Bilbao and Barcelona). Knowledge-transfer mechanisms will then 
be developed to ensure Urban Cooperation Framework Governance as the task objective.

Phase 2: Participating cities’ ecosystems

In addition to the participating cities (as regional and local authorities), the stakeholder ecosystems (firms, public and 
private agencies, universities and research centres) of the cities from EU, Indonesia, Vietnam and South Africa, are identifi ed. 
A database of cities’ stakeholder ecosystems is generated, and a strategy to engage stakeholder ecosystems as part 
of the UCF is defined. Once participating cities are selected, the identification of the stakeholder ecosystem for each 
city is identifi ed. A deeper identification and analysis is conducted with the participating cities in order to understand 
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the knowledge transfer environment of each city, to validate the components of the ecosystem and their roles in the 
development of the good practices ( for the EU cities), and their position to the urban challenges (for the SA/SEA cities), 
and to engage stakeholders in the process of “exchange and knowledge transfer”. Much of this is currently tacit knowledge.

Phase 3: Identification of discrete priorities

The main objective of this phase is to define the exchange thematic frame of the UCF between EU cities and SA/SEA 
receptor cities. The UCF aims to build up a sustainable network and to achieve the exchange and transfer of knowledge. 
To achieve this goal, the key experiences and practices of the exchange and transfer process are established, focusing on 
priority groups of thematic urban areas and specifi c topics. The thematic areas, which compose the exchange thematic 
frame, are firstly defined based on three sources and three steps:

• set a tentative pool of urban thematic issues based on preliminary selection of participating cities (EU and International 
database); 

• set thematic areas selection based on the candidature proposals of the participating cities; and 

• set specific thematic topics throughout the analyses of the situation, needs and demands of the SA/SEA receptor 
cities and the transferability from EU role-model cities, with expert support, including the facilitating RGT sessions, 
to define their urban priority areas and topics.

The project Steering Committee and national authorities are engaged in the identification of the priority areas such 
as urban planning performance, including the following thematic areas:

• urban planning and management of environmental dimensions: waste, water, land and energy;

• urban planning and management of mobility, including road safety;

• urban planning of climate change dimensions, resilience, disaster preparedness and mitigation;

• urban policies regarding the role of cities in facilitating local low carbon economic development, social inclusion 
and cultural heritage to highlight the main features from South East Asia. 

For South Africa the thematic priorities include:

• urban planning performance, resilient infrastructure, and governance;

• urban integration of underprivileged households and settlements; and

• urban policies regarding the role of cities in facilitating local low carbon economic development and social 
inclusion.

4.2 Knowledge Transfer utilising the RGT

Specifics and detailed topics are selected in order to cluster the topics and the partner cities’ exchange frame to structure the 
activities of “networking and knowledge exchange” through an identification, prioritisation and matching process between 
the partner cities through the following steps:

• Step 1: Preliminary exchange thematic frame: A tentative pool of urban thematic issues are reviewed and validated. 

• Step 2: Specific thematic areas selection. 

• Step 3: Specific thematic topics. The exchange thematic frame includes the final definition of specific thematic 
topics.
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Figure 2: Knowledge Transfer: Urban Challenges versus Stakeholders

Phase 4: Repertory Grids

This phase aims to organise and structure the pre-defined exchange thematic frame. It matches the thematic areas 
and topics and the good practices among the participating cities. The EU role model cities and SA/SEA receptor cities 
are organised by clustering similar problems, developed experiences and sustainable solutions to solve the problems and 
mitigate their impacts, and are then paired according to the discrete thematic areas and topics.

As a result, the structure of the “exchange and knowledge transfer” process is defined. Stakeholders will form the 
roles of RPT client, respondent or participant. From the start the stakeholder ecosystems should be designed with vertical 
and horizontal cooperation. 

Vertical cooperation ensures dialogue and representation between national, regional and local agents and, if it is 
possible, also with international agents (United Nations, Asian or African Development Banks or business clusters).

Horizontal cooperation integrates and coordinates sectorial aspects, putting in relation agents from different thematic 
areas.

Each participant, representing a city or region, lists specific or context themes representing (1) urban challenges and 
this will form the elements to apply utilising the RGT. Each participant develops a full repertory grid with the assistance of 
the researchers. The process of tacit knowledge elicitation begins by providing participants with triad (cards) of the urban 
challenges from the complete collection listed by each respondent. Urban challenges on the cards could be written or 
represented with a drawing, table, diagram or photograph. Triad selection takes place and bi-polar constructs emerge, 
thereby forming personal repertory grids of tacit-knowledge. Individual grids can then be compared and clustered. 
Conceptual and domain knowledge emerges as explicit and this is then possible to discuss, re-visit, be presented orally or 
visually and, more importantly, knowledge exchange or transfer can take place. Activities of clustering social-grids follow 
and, when enough qualitative clustering has been achieved, the UCF proposal framework for knowledge transfer can move 
into a quantitative mode.

The process of a qualitative grid starting to move towards a completing quantitative cluster can be permanently fed with 
feedbacks from the different task results and evaluation of the Repertory Grids. The result should be a report containing the 
final methodology, providing a detailed description of the planning teams and organisations. A two-way review of the EU, 
SA and SEA cities’ design discussions is proposed as a way to capture value emerging from the knowledge and experience 
gained by receptor cities which could be reverse-applied to the role-model cities.  This acknowledges the desirability of 
two-way knowledge transfer.
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5. CONCLUSIONS

The overall UCF project aims to support knowledge sharing and improved competency in integrated urban planning, including 
environmental management and climate resilience, social inclusion and deprived settlements, in low carbon emission urban 
economies to strengthen capacity for Sustainable and Integrated Urban Development implementation.

The paper focused on (tacit) Knowledge Transfer to effectively support the impact and efficiency of better-designed 
cities. City-to-city knowledge exchange might be achieved through best practice selection and analysis, and through 
exchange study visits. Encouraging direct exchanges between cities facing similar problems facilitates sharing information, 
experiences, and lessons learned about sustainable development and innovative urban policies.

A framework is needed which brings explicit and tacit knowledge together to support effective knowledge transfer and 
cooperation between receptor cities and role-model cities. 

There could also be lessons for role-model cities to learn from receptor cities. The proposed UCF and the RGT allows 
for this two-way transfer of knowledge. Repertory grid sessions with city planners, designers, urban policy makers and 
community representatives aim to share and disseminate knowledge and experiences on urban design and city growth 
issues. The RGT highlights urban priorities through personal and structured interviews with experts from eight participating 
EU, SA and SEA cities. Cross-examination of individual grids provides a socially-shared knowledge grid highlighting clusters 
of concern or interest across all participants.
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Abstract: The Melbourne brand has achieved unqualified and unquestionable success particularly if measured through 
various international rankings and, critically, via population growth of migrants ‘voting with their feet’. The population is 
forecasted to double by 2050 and the annual growth rate in the past few years (based on census data) suggest the rate has 
already been exceeded. Hence, today, the pressure is already felt, most acutely in the more affordable suburbs that have 
absorbed the growth, notably to the west, north and southeast – resulting in compromises in quality of life amongst social 
groups, distributive injustice, and leading to the increased reliance on the private vehicle and the longer commute times. The 
paper adopts a narrative methodology to enter into the evaluation of sub-urban liveability. It develops individual narrative 
stories of liveability in different residential suburbs in Melbourne and identify the challenge of adopting homogeneous 
conception of liveability in different temporal and spatial settings. We observe that this challenge lies in the complexity and 
diversity of each society, city, parts of the city and their historic evolution where individual perceptions and experiences of 
quality of life differ. We also observe the phenomenon contributes to the socio-economic inequity and spatial division, based 
on a set of key criteria. The paper reports on a preliminary trial of the narrative method to understand urban liveability and 
discusses its potential for future research.

Keywords: Suburban liveability; inequality; narrative method; context dependence

1. INTRODUCTION

The Melbourne brand has achieved unqualified and unquestionable success particularly if measured through various 
international rankings and, critically, via population growth of migrants ‘voting with their feet’. The population is forecasted 
to double by 2050 and the annual growth rate in the past few years (based on census data) suggest the rate has already 
been exceeded. Hence, today, the pressure is already felt, most acutely in the more affordable suburbs that have absorbed 
the growth, notably to the west, north and southeast – resulting in compromises in quality of life amongst social groups, 
distributive injustice, and leading to the increased reliance on the private vehicle and the longer commute times. 

This paper questions the legitimacy of metropolitan or city based conception and overall ratings for urban liveability. 
Given concerns of the spatially and temporally complex and diverse urban issues and physical conditions, the paper argues 
that it is important to consider intra-city divergence and dissimilarity in quality of lives. Here the paper poses the challenge 
to distinguish and discuss the sub-urban level liveability. Moreover, urban liveability can be meaningfully improved if quality 
of life at suburban scale is better understood and measured. 

2. CONCEPTION AND CONTEXT

The formal concept of liveability can be traced back to the four basic factors for human habitat environment specified by 
the World Health Organisation, namely safety, health, convenience, and amenity (WHO 1961). This represents a basic set of 
human habitat condition and value. In academia, some have critically examined the meaning, conceptual limit, and practical 
relevance of the concept (Holden and Scerri 2013; Ruth and Franklin 2014). They compare and relate the concepts of 
liveability to sustainability from a life-course perspective, considering associated environmental i.e. physical constraints from 
context to structure. For instance, Haan et al. (2014) connect liveability, sustainability and transition, developing and arguing 
for a social psychology based approach to complex concepts such as liveability. They consider perception, subjective 
human judgement and ecology as living environment and context through a behavioural angle. Zanella et al. (2015) 
developed an evaluation tool to combine urban liveability and sustainability. Theirs is a multi-variate evaluation tool applying 
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data envelopment analysis (DEA) methodology using empirical data. To demonstrate, they applied the liveability framework 
to evaluate societal urban water needs. Recognising that liveability is more complex a concept to evaluate than urban water 
need, Gough (2015) states that “community liveability is constructed by the sum of the physical and social characteristics 
experienced in places…” that together “…add up to a community’s quality of life”. Ultimately, liveability relates to the 
measure of quality of life and the challenges for liveability measure remains the lack of comprehensive understanding (Ruth 
and Franklin 2014). Given the concerns so far mentioned, one may see liveability a “conditional optimisation question” as 
people are subject to frame effect due to different resources, capacities and knowledge constraints as well as belief divide 
at aggregate levels. All imply that both individual psychology and social structure matter in shaping the general conception 
of urban liveability. 

While the liveability concept remains loose and multi-faceted, the notion of place-based liveable city is a more tangible 
concept to enable comparison and evaluation. As a collective choice on the relative quality of urban space or capital 
that offers public and private good in society, place-based measures evaluate natural, physical, human capital that is 
associated with the ‘urban’ both spatial and temporal. London Commission for Architecture and the Built Environment 
defines liveability as: the degree to which a place, be it a neighbourhood, town or city, supports quality of life, health and 
wellbeing for the people who live, work, or visit. Cities considered to have a high degree of liveability tend to have a high level 
of, and widespread (equitable) accessibility to, amenity (Buchanan et al 2007). As per the opinion of the U.S. Department 
of Transportation Secretary Ray LaHood, liveability means being able to take your kids to school, go to work, see a doctor, 
drop by the grocery or post office, go out to dinner and a movie, and play with your kids at the park, all without having to get 
into your car (EPA 2010). It is helpful to recognise that liveability measures tangible outcome of urban physical and human 
conditions as well as human perception of urban lives and, hence, is far from a straightforward task to measure urban 
liveability. This brings upfront the concern of human subjectivity and liveability evaluative judgement. 

Yet, like most commercial rankings, a key missing factor in city liveability assessment and comparison is equity and the 
question of how evenly distributed and shared the high quality of life is across individual cities by spatial and social terms. 
It is possible to propose that the urban justice principles, e.g. Fainstein (2014), focusing on equity and diversity, could 
guide the emerging urban liveability criteria. This requires a localized assessment that inevitably leads into a contextualised 
interpretation of urban liveability, highlighting that the conception of liveability appears to be ‘context dependent’, social 
structure related concept. Mccrea and Walters (2012) conducted an Australian study at intra-urban level using in-depth 
interview. They analyse the trade-off that urban land use policy needs to balance between liveability and consolidation at 
inner and outer localities. This approach is useful for suburban comparisons in a specific country’s city-regions e.g. capital 
cities in Australia or regional towns. These conceptions include Burnell and Galster (1992) on quality of life measurement and 
urban size, Rogers et al. (2018) on the impact of foreign capital, market diversity, and housing affordability, and Lowe et al. 
(2013, 2015) on neighbourhood level indicators of liveability and sustainability concerns in Melbourne.  

Previous literature often covers the judgement and evaluatively based concept of urban liveability, raising the question 
whether the liveability conception is static/dynamic, progressive/regressive, subjective/objective? (Sintusingha et al. 2017a, 
b).  Given the discussions, the objective(s) of this study is/are: (1) to move the research focus of liveability from metropolitan 
level to more local i.e. sub-urban community level. (2) to develop experience based individual stories about the sense of 
liveability and its change. The two combined will potentially provide new insights and more equitable perspectives to the 
general conception of urban liveability. 

3. A NARRATIVE METHOD

This paper adopts a narrative approach, noting that people express experience represented by memory which is often 
represented as ‘story-telling’. We concur with Connelly & Clandinin (1990) and Moen (2006) that the narrative method 
is “…both phenomenon and the method.” There are a diverse range and changing context and content in individual 
stories.  One’s experience tends to evolve over time so old stories will be altered to form newer versions. This process of 
‘memory adjustment’ continues as a temporal change of one’s mental model. This insight is applied in this study to capture 
differentiated human experience on liveability as a subjective quality of life measure in the context of temporal and spatial 
change in Melbourne. 

3.1 Narrative representation of human experience as a research tool

Recent work on the conception and measurement of urban liveability observes that ‘for whom’ urban liveability is valued/
assessed is an often-missed point in discussions (Sintusingha et al. 2017a, b). This factor brings urban diversity, human 
subjectivity, and inequity to the analysis of urban liveability. The narrative method is employed to speculate a more general 
frame to guide and organise interpretation and understanding of human experience and memory-based individual and 
collective narrative(s). It offers a human experience dependent perspective to the complex and subjective conception of 
liveability in urban context. The study analyses personal narrative(s) by interacting with the conceptual frame of liveability. As 
the narrative(s) are intended to be experience based, it is as if ‘theory free’. 
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More specifically in this initial phase of the research, we develop a comparative experience study of suburban liveability 
utilising the authors’ autobiographic reflections: a) a locally born and raised Melbournian, b) a CBD based resident (temporal-
permanent), and c) an inner-city resident (temporal-permanent).  The frame can be altered to be more spatially oriented 
for example, as illustrated in the following section, we focus on CBD based and an inner-city based resident experience 
narrative. The overall intention is to capture the complex diverse perspectives of the meanings of urban liveability. 

In Australia, the migrant specific, multi-cultural perspectives underpin the diversity of beliefs and complexity of social 
values that defines the possibility of an aggregate conception of ‘liveability’. The sample selection, therefore, is consistent 
with the ‘social setting’. Narratives are heterogeneous in relation to the value of urban liveability. 

3.2 Quality of life and evaluation of urban liveability

The development of the quality of life conception and research have been used to identify some of the critical qualitative 
and quantitative perspectives of human welfare and wellbeing (Roback 1982; Rosen 1974). Sen (1981) recognises the 
limit of ‘quality of life’ indicators, yet promotes its effectiveness for comparative and evaluative tool for welfare and human 
progression. This progression is both physical (e.g. health and longevity) and mental (e.g. knowledge and skill), which 
is relevant to some intensive inquiry of what is known as “human capability” (Nussbaum and Sen 1993). This individual 
capability based perspective also provides an opportunity of critical evaluation of suburban liveability as a guiding structure 
for the personal narratives and reflective stories presented in the following sections. It leads to the notion of relative or 
comparative quality of life which, when discussed in the urban context, may be evaluated in the domain of urban distributive 
justice theory. With this logic in mind, urban liveability and socio-economic (and spatial) inequity are analysed inclusively. It 
is our intension to explore and develop a narrative methodology to enable this form of analysis and evaluation.

Applying the narrative approach, the research is framed through a series of open-ended questions: 1) How would a local 
resident define liveability? 2) How familiar is he/she with the academic concept of liveability? 3) Based on the residents’ 
definition/understanding of liveability, how liveable is his/her suburb (how does he/she think it compares with other Melbourne 
suburbs?)? 3) Based on the definition and understanding of liveability, if he/she is not originally from Melbourne, how liveable 
is his/her home town (or where she lived previously)? How would he/she compare those experiences with Melbourne? 
Our reflection of liveability in the spaces of his neighbourhood and a broader perception of Melbourne are reported and 
categorised in the following sections.

4. PERSONAL REFLECTIONS ON PLACE 

4.1 Perception of home, neighbourhood and liveability

4.1.1 Subject a: locally born and raised Melbournian

When I mention Camberwell, I am specifically discussing what I would consider my neighbourhood area: which briefly 
could be described as the triangle formed by Burke Road Camberwell running down the western side of the triangle, with 
Our Lady of Victories Basilica as the Southern tip and Camberwell Railway station as the Northern tip. The Eastern tip 
would be Camberwell High School. This triangle conveniently takes in my parents’ street. While my adult life has mostly 
been spent at Kew, and more specifically the neighbourhood around Kew Junction. Therefore, I would consider my Kew 
neighbourhood area a much smaller footprint than my Camberwell one. However, in both places I have always enjoyed 
walking, and exercise, and if I take into consideration my stepchildren’s schools my neighbourhood area expands (both Kew 
and Camberwell sit in the council area of Boroondara).

Many of the ‘global’, social and economic changes I have witnessed and experienced revolve around my work places 
which have mostly been in the CBD. The city also provided learning and social opportunities through the Polish community, 
as well as postgraduate study. I also include my experiences of being brought up a Catholic, and attending Polish church 
in Richmond. My experience of the Western suburbs and other areas is through my family, and parents’ friends, who in 
many cases lived in areas such as Sunshine, Albion. I spent many hours driving to the suburbs that housed workers of the 
industrial and manufacturing areas of Melbourne’s west.

Boroondara is an inner eastern council in Melbourne that could be held up as a prime example of an area that possesses 
many of the amenities and services, and an environment that combined to make a specific place liveable. It could also be 
seen as a ‘hold out’ to features of what some might describe as developments (occurring elsewhere in Melbourne) that 
potentially disrupt and destroy residents’ enjoyment of the area that other areas are being effected by. Without going into 
specific detail, current amenity and services include: public transport options of train, tram and bus; primary and high 
schools, both public and private; shopping strips that do change with the times, as well as providing health services such 
as General Practitioner services (many bulk billing), private hospitals, chemists and dentists; 3 chain supermarket outlets, as 
well as a fresh food market. As the area’s population ages, there is also a marked increase in retirement and assisted care 
living. This hints at a strong desire of those in the area to remain in the area, as they age. Some of these particular residences 
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occupy large areas, as well as quite a few starting to turn into multi-level buildings. As an aside, the hospital in which I was 
born (late 60’s) has in the last few years started to exclusively provide aged care services.

4.1.2 Subject b: Inner-city and CBD

For almost two decades I have lived in Melbourne and came to an interesting realisation that the spatial-temporal 
characteristics of my residential location decision has consistently been CBD oriented (corner Swanston/Collins Streets, 
Docklands), work place oriented (Royal Parade, College Crescent). Walkability is a main concern of residential choice. I’ve 
experienced 1.5 years living in an inner-city location (i.e. Moreland) in the early days of my time in Melbourne and Tram 19 
and the Upfield trainline were the main means of transport. Overall, I am familiar with the immediate north side of the CBD 
area, namely Melbourne City, Parkville and Docklands. I have relative little ‘local knowledge’ and experience of the middle 
and outer suburbs for their relative quality of lives. From my own subjective judgement, I have seen improvement in the 
liveability of the immediate neighbourhood, or progression. I have also seen decline or some regression. Over time, my own 
worldview of the general quality of my lived environment is changing. My personal judgement of the liveability of suburbs 
that I have resided relates to basic human value and capability e.g. health, safety, and dignity. Also reflected are the urban 
population growth related intensification and city image effected liveability perception.

4.1.3 Subject c: Inner-north suburbs

My experiences of liveability are framed by my background as an international student in the late 1990s to early 2000s in 
Melbourne. Coming from a Southeast Asian megacity, I found Melbourne to be a far more liveable city as it is less congested 
with people and traffic; the air, the environment is cleaner, the weather is more pleasant overall. Based at my relatives’ house 
in the inner-suburb of Clifton Hill for most of 15 years, I experienced a suburb well-served by public transportation, parks, 
recreational and sports facilities. Moreover, because of that, I was relatively insulated from housing affordability issues – 
but learned about it from peers’ experiences of rental shared housing. As a cyclist over the time whole period, the cycling 
infrastructure has markedly improved which has also drawn in more users. This fact, and the fact that I stayed lived and 
studied in the inner-city, mainly between Clifton Hill and Carlton, that is well served by amenities makes me view the city’s 
evolution and its liveability more favourably.

4.2 Global and national factors that have impacted on suburban liveability: Economy, population growth, urban 
sprawl

4.2.1 Subject a

The most obvious change to occur in Melbourne is the population increase that has been significant. This has meant more 
sprawl, and the rise of the residential towers in the CBD, and significantly many inner areas around the CBD. Another obvious 
change is rapid globalisation and the challenges that brings. An impact of that is Australia has had to adapt, its services 
sector has grown and more traditional industries have struggled and some have fallen by the way side. It is argued that the 
changes Australia went through in the 1980’s set it up well for the opportunities that emerged in mid-1990s and that it has 
not experienced significant economic downturns and social upheaval, which other nations and regions have not been as 
fortunate in avoiding. The impact of some of these events (good and bad) are reflected across Melbourne’s suburbs. As an 
example, the manufacturing industries of mainly the western suburbs and outer suburbs have met employment downturns. 
The rise of the service industries, especially professional services, has benefited the inner and especially eastern suburbs. 
The idea that the smaller blocks, and high rise living options of the inner suburbs have become so desirable in the last few 
years would be of surprise to many whose experience of Melbourne was before the 1990s.  Melbourne’s sprawl, and the 
reliance on the car to cater to those living far from the city has impacted inner areas such as Boroondara. Boroondara is 
bordered by two freeways running through its Northern and Southern borders, which direct cars from outer eastern and 
south-eastern areas, which are growing, to the city. The construction of these freeways meant the destruction of housing, 
and the loss of amenity to those bordering and living a few blocks back from the new and expanded freeways. Though 
there are these two options, many of the major roads that run East to West through Boroondara are also major arterials for 
people to access the CBD. 

4.2.2 Subject b

Over the years, many aspects that draw my attention are relevant to the quality of life.  

Community participation (power) in local development remains strong. For example, the demolition of an Irish pub near 
the Melbourne Law School has triggered legal consequences with many discussion and debate in this area. Arguably the 
delay in protest is due to multi-culture diversity – a general impression is that, over time, the diversity and variety of races and 
nationalities will be commonplace in the CBD area. However, the fast pace and rapid growth seems to reduce stability of 
local communities. Moreover, students and tourists are shorter term stay. The sense of quality is reduced in a busy business 
like high-density environment. There is strong societal opinion on car-based project development and public transport 
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system. Treating city image or urban liveability as public good, government policy and action seems to link to the power 
of developers and investors wanting to build high-rises in the CBD. Yet the political leadership’s responses are often less 
predictable. In recent years, homelessness is becoming more clearly seen in the CBD and Carlton and, in 2018 candidates 
for the Lord Mayor of the City of Melbourne campaigned to work to resolve or reduce social effect of the development 
practices that produced inequity in the local community. The famous sports venues do not attract extensive funding for 
development. Price of house and apartment in the localities I associate myself with have clearly risen significantly between 
2004 and 2016. Houses in Parkville was below one million in early 2000s at least doubled by early 2010s. Rental prices also 
went up substantially, though at a lower increasing rate for lower quality residential space. What I clearly felt is that activities 
in Carlton, Fitzroy and the CBD (incl. Docklands) have increased with more business services become valiable.

4.2.3 Subject c

When I first arrived in the late 1990s, Melbourne was a far different city – the CBD became lifeless after work hours on the 
weekdays. The only place for late night and affordable meals was in Chinatown. The CBD and surrounding inner-suburbs 
were at the threshold of change – when the conflicts between new developments and population increases and pre-existing 
suburban lifestyles became acute. Many neighbourhood pubs, that were once the centre of social activities were gradually 
lost to medium to high density developments – mainly for international students. By the time I was completing my PhD in 
2004, Swanston Street’s (north of the CBD) commercial frontage reflected this transition and had a distinct Asian flavour 
reflecting its new demographic character.

This also occurred in the CBD, spreading both eastwards and westwards – and also upwards – from the Swanston 
St spine. Here the venues became increasingly diversified and catered to all and to specific demographics, local and 
international. The CBD became livelier after hours and in the weekends. The prices were getting dearer too and, as students, 
we also seek other suburbs that were value for money and easily accessible from the city. We found that in Victoria St, 
Richmond, Sydney Rd in Brunswick and also at Footscray. The other option was to shop at the local markets (QVM, 
Footscray) and cook, entertain at friends’ apartments. Again, as I can only compare with my experience in Southeast Asia, 
where it would be hard to meet friends and relatives as frequently due to the poor traffic, the quality of social life outside the 
home is quite good. The spaces to socialise is also diverse from night venues to the many parks and sports facilities both 
in and around the city on the weekends.

4.3 Physical environment, maintenance and higher-density developments, sustainability

4.3.1 Subject a

The personal spaces (private residences) away from the main roads, and shopping and office complexes, are often free-
standing houses on a quarter acre block, with large back yards and smaller gardens up the front. I would call many of them 
brick Edwardian (from around the early 1900s), with many large weatherboard homes. Again, as the population is tending 
to age in this area, the upkeep and services to these properties will become more of an issue not only for the residents but 
Council as well, while raising opportunities for service providers in the field. In the main, the private residences of Boroondara 
are well maintained. Their consistency provides pleasant streetscapes, which are also supported by Council maintenance. 
There are public parks sprinkled throughout, and at regular locations. Some are as small as what appear to be single 
property blocks. Many have playground equipment, and water features.

The consistency can be challenged by developments and some of the challenges already hinted at. As an example, 
maintenance of elder citizens’ homes, increased population pressures have seen renovations and new housing challenging 
the once low-density streetscapes. The rise of the pseudo mansion, or McMansion with underground carparks, and giant 
housing taking up all the area of what are large quarter acre blocks. With the environment, there are winners and losers, 
and as far as inner and middle suburbs go, there will also be winners and losers. Generally inner suburbs of Melbourne 
have been spared the disasters and catastrophes that affect cities. The closest to catastrophe we have experienced include 
intermittent flooding, and the most dangerous being fires. Every decade appears to unfortunately deliver the latter to the 
outskirts of Melbourne. There have been experiences of power blackouts, but an example of disaster would be the Gas 
explosion at Morwell. While the dust storm that blanketed Melbourne after the Ash Wednesday bush fire, where dust from 
Western plains was whipped up by winds. The relative safety and low risk to these types of catastrophes is something that 
we probably take for granted.

4.3.2 Subject b

In the context of the City of Melbourne, the suburbs I have lived differ in density and land use change. Parkville is subject 
to minor construction activities, similar to its neighbouring suburb Carlton. On its south, the northern region of the CBD has 
emerged to be one of the world’s most densely built area. Infrastructure support include the emergence of the free tram 
zone covering the CBD and part of Docklands. New railway lines are proposed or under construction. New forms of building 
use such as Airbnb emerged. Universities also intensely develop new building. South of the CBD, the arts precinct was 
developed to link the city and the National Gallery. A substantial transformation of the local suburbs is in place, alongside 
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with spatially-specific patterns reflecting segregation and spatial heterogeneity. East Melbourne attract professionals while 
north of the CBD include a large Chinese population especially students, whereas the Docklands seems to have a higher 
proportion of Indian habitat (i.e. Asian). Congestion arises alongside new initiatives to resolve them such as introduction 
of the free tram zone and a new subway line crossing the CBD. Retail shops are expanded on Bourke Street and Airbnb 
apartment stock near the Southern Cross Station is rapidly emerging and increasing. The medical precinct in Parkville has 
significantly expanded with new hospitals and new public parks built. What is unclear is the capacity increases. When 
compared to some cities with heavy use of bicycle, except Parkville, I feel that the quality of support for cycling and walking 
is not improving. 

4.4 Shifting urban functions, migrant settlements, memory and gentrification

4.4.1 Subject a

The idea that you work in the city, and reside in the suburbs will be a tradition that is going to only evolve in the future. Some 
of the larger mansions of Boroondara are testament to this idea from a bygone era of newspaper barons and city politicians. 
This is probably more reflected where people of more modest means live in the suburbs and have beach shacks, or holiday 
home. Technology has continually been part of the evolution of the city, and the strong idea of home office, remote working, 
etc. has had effect on Boroondara. This will have the effect of requiring new services to the next generation of workers. 
Boroondara will have the opportunity of being a place where people seek work, and see it as a working destination. This 
will make the suburb evolve as well.

Many of the institutions that are arguably representative of Boroondara are being affected by the changes mentioned (i.e. 
population increase, globalisation). Insights can be gained by simply walking down the shopping strip to see how demand 
for certain services are rising. It is well documented that in Melbourne migrant populations have been seen to begin, grow 
and flourish, and then move on. As an example, Victoria Street Richmond became a centre for Vietnamese immigrants while 
once it hosted Greek and Italian immigrants. In recent years, the suburb further changes its social mix: it attracts young 
professionals and medium-density inner-city living and is going through a process of gentrification.   These changes are 
probably experienced more subtly in Boroondara, which has for the most part remained prominently Anglo-Celtic.

4.4.2 Subject c

As my Melbourne relatives are Italian, I also inherited their sense of liveability from a different time through their memories. 
Once they were able to settle down in the 1960s, 70s – often in the once working-class (no gentrified) areas of Collingwood, 
Brunswick, Fitzroy, Clifton Hill etc., they often elect to move to larger houses out in the suburbs to recreate ‘familiarity’. 
They talked of once hunting rabbits just north of Reservoir and also raising chickens and pigs for consumption in their 
own backyards. These were during the post-war boom and the expanding suburbs gradually eroded that lifestyle, that the 
previous generation bought over from rural Southern Italy. In that sense, Melbourne has evolved very far in the past 5-6 
decades, and the city is or will have to re-invent itself as a liveable city that is far more multi-cultured and of higher density.

5. CONCLUSIONS

The objective of this study is to speculate the narrative method to further clarify the notion of urban liveability through the 
experiences of different groups. It complements previous critical review of urban liveability and measures and focus on 
the more substantive and more micro level of suburban liveability of individual experiences to identify temporal and spatial 
attributes that are less obvious in importance at the metropolitan level. 

Adopting a narrative method to evaluate sub-urban liveability, it develops individual narrative stories of liveability in 
different residential suburbs in Melbourne and challenges the adoption of homogeneous conception of liveability in different 
temporal and spatial settings. We observe that this challenge lies in the complexity and diversity of each society, city, parts 
of the city and their historic evolution where individual perceptions and experiences of quality of life differ. We also observe 
the phenomenon contributes to the socio-economic inequity and spatial division, based on a set of key criteria (Sintusingha 
et al. 2017a, b). As an example, even with the empirical finding of a land value determined rising house value in Melbourne 
(Wong and Wu, 2013), the idea that an inner suburban workman’s cottage could fetch over a $1 million price tag would 
surprise many – as subject a also observed. He also described Boroondara as a ‘hold out’, or a NIMBY area, to what 
residents in other suburban areas around Melbourne are experiencing is an issue that needs to be addressed, not only for 
its residents, but for entire city of Melbourne planning, and is a factor in the rise of the equality debate.

Some of the main points emerged from our preliminary trial are: (1) location (spatial) – temporal and social-context based 
conception of liveability. Individual narratives reveal a (preliminary) consensus that even at the sub-urban level, the CBD is a 
focal point for the subjective idea of liveability. Employment, connectivity and effect of agglomeration suggest CBD access 
as a key factor for sub-urban liveability, although it is true that some sub-urban areas also attract work. (2) Challenge faced 
by homogeneous conception of urban liveability due to social diversity within a metropolitan region. (3) Balance between 
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growth and stability (quality of life) in Melbourne. (4) Linkage between population growth, socio-economic status, wealth, 
asset value. (5) A sociological approach to address complexity and diversity of residents and personalised locally-dependent 
liveability of urban space through individual narrative vary with temporal and spatial diversities. These will be addressed in 
future research. 

We plan to frame income/personal wealth as an important factor be conducted via questionnaires. These can easily be 
at least two separate studies that is then synthesised into a major synthesis study: a) comparative study based on different 
cultural backgrounds (emergent in this paper); b) comparative study based on different socio-economic backgrounds; c) a 
synthesis study of a + b. Data from representative suburbs can be used to ascertain linkages between population growth, 
liveability, socio-economic status, property investment value outcomes and trends. This analysis can be benchmarked 
against other global cities in the Asia-Pacific region such as Hong Kong, Shanghai and Sydney, facing similar phenomenon 
– and are competitors to attract investment and skilled migrants, to provide the context.

References

Buchanan, C., Koch, A., Wederburn, M., Sieh, L., & Ho, S. (2007). Paved with gold-The real value of good street design. London, 
Commission for Architecture and the Built Environment.

Burnell, J and Galster, G. (1992). Quality-of-life measurements and urban size: an empirical note. Urban Studies, 29(5), 727-735. 

Connelly, M. F., Clandinin, J. D. (1990). Stories of experience and narrative inquiry. Educational Researcher, 19(5), 2–14.

Fainstein, S. (2014). The just city. International Journal of Urban Sciences. 18(1), 1-18. 

Gough, Z. (2015). Reconciling liveability and sustainability: conceptual and practical implications for planning. Journal of Planning 
Education and Research, 35, 145-160.

Haan, F., B Ferguson., R Adamowicz., P Johnstone., R Brown., & T Wong. (2014). The needs of society: a new understanding of 
transitions, sustainability and liveability. Technological Forecasting & Social Changes, 85, 121-132. 

Holden, M and A Scerri. (2013). More than this: liveable Melbourne meets liveable Vancouver. Cities, 31, 444-453. 

Iacobucci, D., Grisaffe, D., & DeSarbo, W. (2017). Statistical perceptual maps: using confidence region ellipses to enhance the 
interpretations of brand positions in multidimensional scaling. Journal of Market Anal. 5, 81-98. 

Lowe, M., Whitzman, C., Badland, H., Davern, M., Hes, D., Aye, L., Butterworth, L., Giles-Corti, B. (2013). Liveable, healthy, sustainable: 
what are the key indicators for Melbourne Neighbourhoods? Place, Health and Liveability Research Program, research paper 1. May 
2013. 

Lowe, M., Whitzman, C., Badland, H., Davern, M., Hes, D., Aye, L., Butterworth, L., Giles-Corti, B. (2015). Planning healthy, liveable and 
sustainable cities: how can indicators inform policy? Urban Policy and Research. 33(2), 131-144. 

McCrea, R and P Walters. (2012). Impacts of urban consolidation on urban liveability: comparing an inner and outer suburb in Brisbane, 
Australia. Housing, Theory and Society, 29(2), 190-206.

Melbourne’s booming population takes its toll on city’s trains, https://www.theage.com.au/national/victoria/melbourne-s-booming-
population-takes-its-toll-on-city-s-trains-20180330-p4z72b.html 

Moen, T. (2006). Reflections on the Narrative Research Approach. International Journal of Qualitative Methods, 5(4), 56-69.

Nussbaum, M and Sen, A. (1993). The Quality of Life. Oxford University Press. 

Roback, J. (1982). Wages, rents, and the quality of life. Journal of Political Economy. 90(6), 1257-1277. 

Rogers, D., J Nelson., & A Wong. (2018) Geographies of hyper′commodified housing: foreign capital, market activity, and housing stress. 
Geographical Research, https://doi.org/10.1111/1745-5871.12280

Ruth, M and R Franklin. (2014). Liveability for all? Conceptual limits and practical implications. Applied Geography, 49, 18-23.

Sen, A. (1981) public action and the quality of life in developing countries. Oxford Bulletin of Economics and Statistics. 43(4), 287-319. 

Sintusingha, S., Wu, H. and Li, X. (2017). Urban liveability in Melbourne. Shanghai Urban Planning Review, 136(5), 90-94.

Sintusingha, S., Wu, H. & Li, X. (2017). A note on the liveability measure in Melbourne. Proceedings of the 22nd International Conference 
on Advancement of Construction Management and Real Estate. Zou et al. (ed), 595-603.

WHO. (1961). Annual report of the Director-General for 1961: program aspects.

Wong, S K and WU, H. (2013). Differential price movements between houses and apartments in Australia, Proceedings of the 20th 
European Real Estate Society Annual Conference, Vienna, 3rd – 6th July

Zanella, A., A Camanho., & T Dias. (2015). The assessment of cities’ liveability integrating human wellbeing and environmental impact. 
Annual of Operation Research, 226, 695-726.

Suburban liveability in Melbourne: a narrative approach

https://doi.org/10.1111/1745-5871.12280


778



779

Revenge of the fragmented metropolis

Lineu Castello
UFRGS, Federal University of Rio Grande do Sul, Porto Alegre, Brazil
lincastello@terra.com.br

Abstract: The time seems ripe in architectural science for urban researchers to re-examine and further discuss the idea of the 
city. On the verge of Anthropocene change, architectural scholars seem not to have moved beyond their characterisation of 
the contemporary city as a fragmented metropolis.  What comes next? Cities are likely to survive – as well as to thrive. This 
paper discusses the major features of contemporary cities and how they address survival and continue to thrive, selecting 
the urban components they share vis-à-vis urban society’s stance towards contemporaneity. The paper ultimately points to 
the need to intensify the quest for a new diagram that can suitably represent the new conditions of contemporaneity in cities. 
If this diagram is inserted within the domains of architectural science, it might lead towards a more straightforward focus on 
the crucial elements of the city’s future. Two emblematic metropolises are closely examined, revealing innovations towards 
the containment of urbanized land to prevent unsustainable sprawl. There is also consideration of current uses typical of 
contemporary life and territorial discontinuities during the advance of the conurbation. Vague trends towards polycentrism 
are then considered, together with tendencies pointing towards containment of sprawl and the creation of new places that 
will somehow act in ‘gluing together’ the fractures. Architectural science is now challenged to outline a new diagram. 

Keywords: anthropocene; urban contemporaneity; places.

1. INTRODUCTION

Early twenty-first century urbanisation presents urban-architectural scholarship with a particular ecological situation: the 
world we live in is an urbanised one (UN, 2017). Furthermore, what we once called ‘cities’ have now acquired numerous 
other terms from several authors (e.g.: Ascher 2004; Carmona 2014; Garreau 1992; Glaeser 2011; Hajer & Dassen 2014; 
Koolhaas 2004; Rybczynski 2010), such as mega-cities, global cities, fractured cities, edge cities, regional cities and even 
digital cities. However, despite the copious narratives employed to depict a contemporary urban environment, most of 
them fail to enunciate satisfactorily the patterns that best characterize a city today (Ruby 2002). This paper will explore 
some of these patterns, mainly those that have appeared more durable, and will focus especially towards the fragmented 
metropolis. The paper aims to raise assumptions that may help towards deeper understanding of the eventual factors that 
might engage architectural science in its quest for enhancing the fundamentals of urban design. The perceived trends of 
contemporaneity raise challenges towards the establishment of a corresponding new diagram for the city of the future.

Research studies grounded on environmental perception methodologies indicate a tendency towards a sort of drive of 
‘revenge’ against the current fractured model of the metropolis. Indeed, it seems likely that the city of the Anthropocene will 
try to reverse and re-organize its current fragmentation. 

1.1 The contemporaneity of the city

We are on the verge of Anthropocene change. The Anthropocene defines Earth’s most recent geological time period as being 
human-influenced, or anthropogenic, based on overwhelming global evidence that atmospheric, geological, hydrological, 
biospherical and other earth-system processes are now altered by humans. The time seems ripe in architectural science for 
urban researchers to re-examine and further discuss the idea of the city. 

The city of the Anthropocene demands of Social Sciences researchers – like those of Architecture and Urbanism – an 
additional effort. Closer attention needs to be paid to the contemporaneity of cities in order to disclose alternatives for 
producing more positive results from urbanism schemes. Adding to the uncertainties typical of our current socio-spatial 
area of knowledge, social scientists need to address issues of a new universe of unknowns, introduced by the almost 
indecipherable conundrum of the Anthropocene. Among those issues, it seems imperative to try to address two of the most 
evident idiosyncrasies that will most surely affect the cities of the Anthropocene: to prevent their ever-increasing centrifugal 
expansion; and to stimulate the expansion of public spaces for social life. Architects say of this that cities should no longer 
expand their peripheries; whereas institutions such as the World Bank advocate the expansion of public spaces for social 
life, ascribing them the role of agents of prosperity in less developed cities.  

We are billions of people in finite urban environments experiencing constant growth, a concern that poses initial crucial 
conditions: we need to prevent the excessive covering of natural soils by urban use (Rogers 1998; Castello 2011). There 
is also concern for the provision of spaces for the social interaction of billions of city dwellers: there is a need to arrange 
the creation of places (Castello 2010; 2005) where people will be able to enjoy urbanity (Castello 2011b), that urban quality 
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that only cities can offer. In this light, two specific urban-architectural challenges for Anthropocene cities can already be 
anticipated: their governance will need to manage contemporary urbanism so as to design towards both urban development 
and environmental sustainability. Likewise, given the critical need to consider the influence of human behaviour on ecological 
issues, it will become highly advisable – if not imperative – to add a psychological bias to these two strands of research. 
Having set the likely set of references for the city of the Anthropocene, let us try to suggest diagrams that might represent it.

2. THE QUEST FOR A CONTEMPORARY DIAGRAM: THE FRAGMENTED METROPOLIS

Despite the numerous narratives employed to depict the contemporary urban environment, most fail to enunciate satisfactorily 
the patterns that best characterize a city today (Choay 1994). However, scholars of History and Theory seem to be fixed on 
the idea of fragmented metropolises as their most current image for best representing a city. It does not seem inappropriate 
to recall an old saying common among social scientists: there are no convictions in the applied Social Sciences. Even so, 
architectural science has bravely chosen to use diagrams, that is to say 

(…) simple visual statements that distil particular values, ideologies and policy agendas. A few have become 
iconic images, inspiring imitation, elaboration and critique. They are touchstones in the visual lexicon of urban 
planning and design (The Urbanist, 2012. https://www.spur.org/publications/urbanist-article/2012-11-09/
grand-reductions-10-diagrams-changed-city-planning). 

Many of the ideas influencing the design of cities have indeed been expressed through diagrams. One of the powers of 
a diagram is that it is reductionist, issuing a complex idea and conveying it through a visual message. Accordingly, diagrams 
representing the shape of our cities have been as multiple and varied as the ideas that originated them (Figure 1).

Figure 1: Examples of traditional city-region diagrams: Howard’s Garden City, Christaller’s Central Place (1933), and Gaston Bardet’s 
Cellular build-up of a city (1940) (Wall 2005:204).

Which diagram would best represent a contemporary metropolis? Which would translate more accurately the patterns 
of urban contemporaneity, to the extent of ensuring the feasibility of realistic urbanistic proposals? And why attempt to 
establish such a diagram? These are some of the fundamental questions behind the arguments discussed in this paper.

2.1 The Fragmented Metropolis

Early mention of fragmented cities can be attributed to Jonathan Barnett (1996) whose The Fractured Metropolis, published 
in the late 20th century, was a comprehensive study of a conspicuous phenomenon affecting cities, mainly those in North 
America, and increasingly spreading over neighbouring territories as disturbing overspill.  

Academic authors such as David Grahame Shane outline urban design models in the twentieth century. Shane points 
to four noteworthy patterns: the metropolis (which represents the features of the capital cities of nineteenth century 
global empires); the megalopolis (representing the huge agglomerates morphing the consolidated conurbations of global 
metropolitan regions); the fragmented metropolis (to be addressed below); and the global megacity (which includes 
unrecognized informal settlements interspersed in the metropolitan fabric, together with nuclei of urban agriculture). 

Shane writes interestingly about the background of the fragmented metropolis, its economic and financial causes, 
together with hypotheses about the consequent new morphological urban-architectural settings. Perhaps the fragmented 
metropolis model is the most useful descriptor of the particularities to be included in a diagram of the Anthropocene city. As 
regards the economic and financial causes of fragmentation, Shane’s interpretation is quite consistent with the fluctuations 
of contemporary capitalism. He connects 
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[…] urban fragmentation to the collapse of the modern financial system of Bretton Woods, based on nation-
states, and its replacement with a new system for global profit-seeking corporations, which then face the 
problem of investing their profits in urban enclaves demonstrating reliability that they preserve these values 
(Shane, 2011:194). 

He then adds background issues triggered by the success of new ventures in urban design, e.g., Battery Park City in New 
York (Stanton Eckstut and Alexander Cooper), many of which are accompanied by ‘special district’ policies, where, “in Mrs 
Thatcher’s Britain and in Ronald Reagan’s America, it became possible ‘to insert large urban fragments” (Shane, 2011:194). 
In addition, as regards the background issues associated with morphological concerns, he considers the decisive role of 
studies such as Collage City (Rowe & Koetter, 2001), proposing a new, more open urban configuration “[…] where multiple 
urban actors were free to build their fragmentary, utopian designs” (Shane, 2011:203). These ideas ended up endorsing 
libertarian views about the power of a fragmentary urban design, whose theoretical foundations had been established by 
pioneer architects such as Kevin Lynch and Gordon Cullen. The end of the twentieth century had brought about 

[…] the new norm of global development, along with independent state authorities able to aid development 
and finance (used, for instance, at Canary Wharf, London, Potsdamer Platz, Berlin or Pudong, Shanghai in the 
1990s) […] (Shane, 2011:200).

Shanghai, Berlin or London are not the only examples of such instances: the creation of invented places offers a strategic 
contribution to architectural science. Invented places are conceived through placemaking and placemarketing practices, 
and come morphed in diverse layouts: shopping malls, restored historical areas, sports complexes, integrated museums, 
hybrid compounds, and multiplex cinemas. These represent the influence of society’s current cultural behaviour on the 
shaping of the environment, and as such raise an interesting topic of investigation for environmental research (Castello 
2010). Moreover, they establish grounds for the inclusion of stellar names in the field of Architecture to act as agents both 
of the envisioned placemaking and of placemarketing. Every global metropolis has starchitects as a marketing brand. 
Likewise, innovative interventions of urban planning and urban design in such an urban scenario can be expected to bring 
about important changes in the morphology of cities. The media is emphatic about this. One global newspaper states: 

For the first time since the global economic downturn, there is a wave of expansion that is creating jobs, lifting 
fortunes and tempering fears of popular discontent (NY Times, 28/1/2018). 

While a local newspaper publishes: 

There was the fall of the Berlin Wall, the end of the Cold War, the prospect of a more cooperative and globalized 
world ... A return to the regional, to the tribal, as pointed out by thinkers like Bauman (. . .) and return to things 
that before seemed less likely, as in the case of Catalonia and Brexit (Zero Hora, Porto Alegre, 14/1/2018). 

Present times do indeed point to a future packed with uncertainties, though one thing seems guaranteed: the future of 
mankind is decisively urban. All in all, cities are likely to survive – as well as to thrive. Nonetheless, this will require the dawning 
of a thoroughly creative urban metabolism that simultaneously provides for both progress and sustainability. Hard times lie 
ahead for architectural researchers and practitioners. In other words, architectural science demands from us researchers 
and academics new directions for facing the challenges posed by the contemporary metropolis; not only to endorse global 
economic expansion but also to arrange for the booming of creative local places soundly imbued with urbanity.

2.2 Towards a diagram for the Anthropocene City 

Once an insurgent view takes hold, its imagery often comes to represent a new orthodoxy, becoming the 
target of new critiques and new assertions (The Urbanist 2012).

Fortunately, some authors are focusing strongly on the re-examination of traditional research themes, setting the grounds 
for a rethinking of old paradigms. One unquestionable highpoint among them can be found in the early writings of the 
architecture and urbanism critic Deyan Sudjic. His reflections have been fundamental for recognising the most significant 
drivers of innovation that helped to establish deep changes in the patterns of contemporary cities.

It is always reassuring to follow Sudjic’s reflections, especially now, when in a recent publication he provides a revealing 
update on the advance of ideas of the city, leading his readers progressively towards new paradigmatic views that clearly 
demonstrate the progress of contemporary cities: 

Centuries apart, if not always, our understanding of cities has been shaped by the traditional models of 
Rome and Florence, Paris and Vienna, London and Berlin (...). In the second half of the twentieth century a 
new generation of observers created their own reputations when confronted with shocking new city models. 
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Reyner Banham explored Los Angeles (...), Robert Venturi and Denise Scott Brown went to Las Vegas, and 
Rem Koolhaas discovered Lagos (Sudjic 2016: 189). 

Their great merit is that they went to these cities not to judge their excesses but rather to understand what was happening 
with this new form of city. Sudjic obviously does not fail to reflect on city paradigms recorded in premodern times, recalling 
the narratives of Dickens and Zola, and Engels in particular, whose harsh accounts of Manchester’s urban degradation in 
the England of the Industrial Revolution shocked the educated world of the time and provoked the urban initiatives that 
flourished in the first half of the twentieth century, culminating in the long domination of the guidelines of so-called Modernist 
Urbanism. Sudjic plainly implies that Los Angeles would now be regarded as “almost as much a horror as Manchester one 
day had been” (Sudjic 2016: 181). 

Another characteristic that is clearly noticeable in the contemporaneity of the city is a marked tendency to expand 
urbanised land into its surroundings. The resulting urbanization process can thus be seen as a dispersion of the city fabric. 
The resultant pattern is an irregular morphological configuration that spreads over a large territory, leading some authors, 
such as François Ascher, to create new designations like métapolis. In this tendency, virgin land adjacent to the urbanized 
area is also assigned as urbanized, and in the wake of this expansion fragmentations are formed. Similarly, fragmentations 
may also arise within the inner limits of the city itself, resulting from the obsolescence of certain urban land uses, such as 
land that was destined for industrial production in the times of the old Fordism model.

It is not difficult to notice the attachment of one prevailing role to the particular concept of place. The concept of 
place in the area of Architecture-Urbanism allows for variations, one of the most expressive of which registers that the 
classic approach to the concept has broadened and become more comprehensive: it is now possible to recognize the 
classic conception of place as a social construction, and its understanding as an economic construction. That is, it is 
now possible to create new places and to incorporate them into the existing repertoire of places in cities, and it has 
become totally acceptable to add yet other places to the traditional places formed by the spontaneous social interaction of 
people, generated through the implementation of specific urbanistic projects – projects conceived within strategies known 
as placemaking, to which juxtaposed actions known as placemarketing can be applied. The former come from the area of 
architectural-urban design; the latter relate to areas of urban management and urban economy. The traditional places we 
call places of urbanity, and the designed ones places of cloning, since the latter are created with the intention of cloning the 
urbanity manifested spontaneously in traditional places (Castello 2010).

The hypothesis that place should be considered as a basis for urban innovation has acquired considerable consistency, 
which is already disseminated through the reflections of scholars from different geographical and disciplinary origins 
(Hambleton, 2015).

3. CURTAILMENT OF SPRAWL AND CREATION OF PLACES

To conclude – and at the same time venturing an educated guess – it appears that two interesting trends can be recognized 
in the research area of Architecture-Urbanism, at least in purely hypothetical terms: we stand at the threshold of a positive 
curtailment of urban sprawl; and we are experiencing the creation of new inventive places of collective social interaction.

How can these two trends be beneficial in obtaining positive outcomes for the stimulation of synergies in the areas of 
urban design and increase the condition of wellbeing in built environments? 

One alternative might point towards redefinition of the regionally urbanised pattern, emphasizing achievement of a whole 
picture rather than scattered fragments. That is to say, planning for a consolidated urbanization. This seems to be the design 
suggested for the development of celebrated metropolises like Paris, for example, where an international consultation team 
discussing the future of the city (amc Le Moniteur Architecture 2009) proposed a diagram composed of a complex of 
centralities stimulating the growth of pre-existing ones (Figure 2). This diagram offers interesting suggestions for a diagram 
of the city of the Anthropocene, mentioned in section 2.2. The team understands ‘centrality’ as the capacity of a space to 
polarize nearby spaces, attract flows and appeal to people, and become crystallized as an urban centre characterized by 
maximization of density and the diversity of social realities grouped there, determining an urban intensity.
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Figure 2: A diagram suggested for growth of greater Paris. (source: amc Le Moniteur Architecture, 2009: 48)

This could be the initial diagram for representing the new Anthropocene city. In other words, it would induce a ‘gluing 
together’ of the fractured metropolis, designing an orderly distribution of its elements. Likewise, the design of an urban 
structure moulded by juxtaposition of urban places consolidating the fragments of the metropolis into a single layout – and 
ultimately configuring the city as made of a network of places – could set the basis for another tentative diagram. 

A glimpse of this tentative diagram could be outlined while examining the patterns of two of the most symptomatic global 
metropolises, like for example London and Los Angeles, appreciated in the light of the arguments drawn in this paper.

3.1 London

A simple glance at London’s features reveals many innovative urban projects. A few of London’s most interesting initiatives 
will illustrate some ideas previously discussed, as follows.

Study of the multiple situations experienced by an urban paradigm such as London, in its course towards becoming a 
legitimate representative of today’s model global metropolis, encourages some illuminating assumptions. London is indeed 
a wonderful urban environment, probably the closest mankind has come towards modelling a global city. It is therefore our 
duty as urban researchers to try to scrutinize the reasons. Which are the assets that make London so likely to become a 
paradigm of an Anthropocene global city? Could it be because it has managed to tame car traffic; or is it because its urban 
development paid due respect to revered traditional environments; or its urban design endorsed the pattern of creating 
multiple centralities; or the city’s urban governance endorsed the creation of new places of urbanity (including iconic ones)? 
The usual components of urban contemporaneity (urban interventions that respond to contemporary trends such as Mega 
enterprises; Multifunctional centres; Redevelopment of brownfields; Theme parks; and the like) are well represented.

It is our guess that all of these conditions were met as London grew, judging from specific documents such as London’s 
Towns. Shaping the Polycentric City, and Redefining London, published by NLA-New London Architecture, and more recently 
by The Composite City exhibition at the Museum of London (July 2017). According to the exhibitors, a contemporary city 
is composed of different types of components: gentrified city centres, housing estates in open countryside, shantytowns, 
central business districts, gated communities, shopping areas, industrial zones, residential suburbs, new towns and more. 

This tends intrinsically to be a regular pattern within contemporary cities. Indeed, it is as if an urban template been 
employed throughout the entire world defining the patterns of the Global City – or of the Anthropocene city. In this view, 
London and Los Angeles, the two metropolises chosen as paradigmatic of twenty-first century urbanization, have surprising 
similarities, as revealed by the architecture critic Anthony Vidler (2000, in Banham 2009, xxxvii): “(. . .) indeed, London and 
Los Angeles had a lot in common, each a conglomeration of small villages, spread out in endless tracts of single-family 
houses, despite the vast apparent differences – car travel, freeways, climate, scale – between them”.

For many observers, residents and visitors, approval ratings for London are ever higher, despite the United Kingdom 
being on the verge of leaving the European Union. Metropolis magazine’s consideration of The World’s Best Design Cities 
2017 (http://www.metropolismag.com/tag/best-of/), for example, states “London remains, for now, one of the capitals 
of the world, and large scale efforts are being made to make (…) creative niches more cohesively connected”, which can 
be read symbolically as ‘gluing together’ the fragmented metropolis through the creation of places. Even in the light of 
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serious aggression imposed by London’s new towers of commerce and services that break its once reserved skyline, it 
is possible to accept that some new policies of urban governance are meeting with success. Such policies are helping 
to achieve legitimate objectives, such as the possibilities for densification (Renzo Piano’s the Shard, for example – Figure 
3), and offering incentives for containing the peripheral expansion of urbanized boundaries by reusing obsolete areas (the 
redevelopment of King’s Cross – Figure 4). At the same time, while redevelopment of ‘brownfield’ sites is growing, old idle 
functional areas acquire unexpected and distinctive centrality (the most genuine example being Herzog & de Meuron’s Tate 
Modern – Figure 5). It now seems that the city, having already reached peak maturity, is not afraid to be bold and even 
subversive in urban governance. 

   

Figure 3: London, the Shard at London bridge station (source: the author, 2012)
Figure 4: London, King’s Cross project (source: the author, 2017) 

This can clearly be seen with the tactic of using ‘loose spaces’ in London. This recent trend in urban design, of using 
the so-called ‘loose spaces’ of a city for the creation of effective public places, can be found abundantly in London (Tate 
Modern again provides an illustrative example – the surrounding areas of the Museum display an exciting manifestation of 
urbanity – Figure 6). 

   

Figure 5: London, Tate Modern (source: the author, 2017) 
Figure 6: London, synergies of the place Tate Modern with its surroundings (source: the author, 2012)
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The expression ‘loose space’ means a space apart from the fixed or primary use for which it was originally intended (Frank 
& Stevens 2007). The literature understands ‘places’ as areas in which people carry out their daily urban life experiences, 
in a way of attributing them meaning. Loose spaces that are found freely throughout the metropolitan fabric increase 
the possibilities for placemaking and prevent unsustainable urban sprawl. This shows a strong tendency towards a new 
planning rationale.

3.2 Los Angeles

(. . .) like earlier generations of English intellectuals who taught themselves Italian in order to read Dante in the 
original, I learned to drive in order to read Los Angeles in the original (Banham 2009/1971:5).

A great many opinions have been issued about Los Angeles, some highly charged with corrosive criticism. Perhaps 
one of the least caustic simply reads the city of Los Angeles as a non-city. Indeed, when Los Angeles is examined, it looks 
like nothing more than an untidy regional agglomeration traversed by massive freeways and ‘spaghetti’ junctions, whose 
totality has been unable to morph into any really urban configuration. Ultimately, however, a closer and more attentive 
examination might reveal the chaotic agglomeration to be not that chaotic at all; it might in fact point to what may be the 
future diagram for representing an Anthropocene city. Reyner Banham’s passionate analysis of Los Angeles opened new 
ways into urban-architectural criticism when he patiently ‘learned to drive’ for better analysis of LA. An initial key for the best 
appreciation of the intriguing conundrum of the contemporary city might be to regard it in the framework of existing patterns 
of contemporaneity in the urbanized society of today. One does not need to regard LA with Pollyanna eyes to notice its 
contemporaneity. A glance at the overall renewal of Downtown LA, marked by Walt Disney Concert Hall, a place made by 
the city’s most famous ‘starchitect’, Canadian-born Frank Gehry (Figure 7), is sufficient to acknowledge the presence of 
contemporary features. It is also possible to identify clear manifestations of urbanity, though administered in small doses 
through the wonderful ‘islands of urbanity’ existing in the intimacy of many of the city’s suburbs and satellite towns (Figure 
8); or even, more astonishingly, in the very ambience of the complex cloverleaf flyovers.

   

Figure 7: Downtown Los Angeles, Walt Disney Concert Hall (source: the author, 2014) 
Figure 8: Los Angeles, Santa Monica (source: the author, 2014) 

Generically, we have seen that a broad panorama of the present Anthropocene city is like a mosaic of socially and 
physically segregated environments, demonstrating the manifestation of spatial fragmentation. But what if this fragmentary 
form is merely reflecting the designs (desires) of contemporary society, offering the daily way of life aspired to by this 
society (consumerist, individualistic, connected, etc.)? With this thought, it seems that an older discussion needs to be 
raised again in architectural science: can cities be disciplined by an urban model, or should they be shaped by society? 
Should fragmentation not be a priority in our area of studies, since the area aims to be recognised as Science? All in all, is 
fragmentation a malevolent feature? Should it be organized? Does it need to be corrected? Can it be corrected? 

However, if looked at a wider perspective, would it not be possible to consider that urbanity in Los Angeles is being 
inventively appreciated at a distinctive pace – a pace more compatible with the changing perceptions of contemporary 
society? Would this indicate we are facing a new and creative urban metabolism – a fresh metabolism – more akin with the 
Anthropocene phenomenon? 
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4. CONCLUSIONS

Today’s cities contain territorial fragmentations, in either extra-urban or intra-urban locations (the latter caused by the 
obsolescence of certain non-current uses in contemporary urban life); or territorial discontinuities found here and there 
throughout the advance of the conurbation.

In today’s cities, places of urbanity coexist with invented places, and both types offer opportunities to be enjoyed as 
spaces for socialising, thus contributing the growth of people’s quality of urban life. 

Innovations towards containment of urbanised land to prevent unsustainable sprawl are being investigated. Vague trends 
towards polycentrism are being considered; and tendencies also point towards curtailment of sprawl and the creation of 
new places. This might somehow lead to a ‘gluing together’ of the fractures, suggesting some kind of ‘revenge of the 
fractured metropolis’.
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