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Foreword
Towards Solutions for a Liveable Future: progress, practice, performance, people. 

There is hope! Since Al Gore disclosed the inconvenient truth, the climate has changed. The time of denial is over; 
the era of well-informed action and sound development is with us. Sustainability has now moved from the fringe, 
into the mainstream of politics, society, architecture and building practice. In this new context architectural science 
will contribute to two main tasks: prevent further damage to our environment, and respond to challenges invoked by 
climate change. 

The built environment and human activity within it account for a large part of the problem. Architectural science and 
architectural practice are part of the solution. The ANZAScA 2007 conference focuses on the solutions architectural 
science has to offer toward a liveable future through the following generic themes:  

progress – the evaluation and improvement of built facilities, new and existing, in terms of energy intensity, 
financial reward and environmental impact. 

practice – the relationship between our cultural heritage, new facility design, retrofit design and its realisation 
through construction. 

performance – the connection between building operation targets, validation of performance, and user comfort 
and interaction in new and existing environments.  

people – the effect of space on user behaviour, user responsibility and social wealth. 

In response to this challenge, architectural science researchers including students, educators, and practitioners at 
ANZAScA 2007, present a broad range of research activity and concern within the built environment from global 
issues down to the specific actions of individuals. 

Keynote speakers provide three distinct Environmentally Sustainable Development perspectives; an ESD 
practitioner, an ESD Government manager and an ESD Researcher. Together they provide a view of the 
formulating and operating conditions architects must engage with for delivery of sustainable outcomes. Around 
these keynotes, programmed sessions illuminate the generic themes in greater detail. 

Session 1 – Indicators of sustainable development provides various understandings of the built environment from 
global vision to local action. 

Session 2 – Human issues reveals the complex influence of process and people in the delivery of built 
environments. 

Session 3 – Effective environments has an emphasis on thermal research as a fundamental influence on 
sustainable building design. 

Session 4 – Construction and materials continues this emphasis with the thermal performance and energy 
significance of materials. 

Session 5 – Construction and materials asks the practical question ‘How should we build?’ in terms of 
sophistication, process and material use. 

Session 6 – Digital architecture, virtual environments and effective tools asks the visual question “How should we 
work?’. Now the digital realm is available to better understand the potential of built environments through visual 
science. 

Session 7 – Effective tools asks the question ‘Do we know how well our built environments work?’ and provides a 
range of evaluation techniques as detailed empirical measure. 

Session 8 – Effective tools and built environment education set the context for legislated ESD activity against the 
question ‘How do we teach built environment studies to the next generation of ESD architects?’. This is reviewed 
from the perspective of student learning and the influence of university environment and context. 

Session 9 – Built environment education continues this question from the perspective of virtual, international and 
team learning experiences and concludes with a position arguing for a holistic approach. 

These proceedings are a record of the 41st Conference of the Australian and New Zealand Architectural Science 
Association held at the School of Architecture and Building, Deakin University in 2007. On behalf of the Organising 
and Scientific Committees we express our gratitude to all contributors and reviewers. 

James Coulson & Dr. Dirk Schwede 
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Greg Anson, Architect, Director FMSA Architects, Melbourne 
‘Fundamental as Anything: ESD the Design Common Denominator’ 

Greg Anson is a director of FMSA Architects, a medium sized Melbourne based, architectural practice. Together 
with Peter Sandow, Greg works with the committed team in their office producing a wide variety of work 
specialising in sustainable design. The practice has recently completed a comprehensive portfolio of public and 
private buildings that explore an architectural language and expression based around environmentally sustainable 
design. Buildings components include: 

 Water walls  
 Green roofs  
 Wind turbines 
 Solar chimneys  
 Double facades  
 Night sky cooling  
 Passive ventilation 
 Integrated thermal mass  
 Exaggerated sunshade forms  

All of these elements come together in an integrated manner to generate a contemporary architectural expression. 
Sustainable function generates the form of the building becoming an organic response. FMSA’s work demonstrates 
that ESD buildings do not have to be 'heroes' with hero budgets. The language is accessible and buildable 
becoming relevant, and imperative, to mainstream Architectural discourse. 

Roger Kluske, Manager Built Environment, Sustainability Victoria. 
‘Sustainability in the Built Environment; a Government Perspective’ 

Roger Kluske, Sustainability Victoria Roger Kluske was appointed as Manager, Built Environment in Sustainability 
Victoria in February 2007. He leads a team of people dedicated to improving the environmental performance of all 
buildings across Victoria. His previous position was Manager, Sustainability for the Victorian Government Property 
Group, Department of Treasury & Finance, a position he held since January 2003. Roger has worked in the field of 
engineering and building project management for most of his career, always striving for good energy and 
environmental outcomes. He holds a Master of Business Administration (MBA) from the Victoria University of 
Technology and a Graduate Diploma in Building Services Engineering also from Victoria University of Technology. 
His base degree is in Mechanical Engineering from RMIT. 

Dr. Andrew J. Marsh, Square One Research, UK 
‘Education as a Performance Metric: A Different Approach to Environmental Management’ 

Co-Founder and Head of Research & Development at Square One, Andrew is an internationally known 
architectural researcher and software author. Andrew's main passion is writing software. He is the principal author 
of all the architectural science and design tools available at Square One, including ECOTECT, and all the web 
programming that drives much of this site. 

Andrew is also creative director of the Natural Frequency journal and, until recently, was a Research Fellow at 
Cardiff University - but is now working full-time on research and development at Square One. 



Sustainability in the built environment; 
a Government perspective

Roger Kluske 
Manager Built Environment, Sustainability Victoria, Melbourne Australia 

Abstract: The current and emerging policy initiatives in Government are aimed at making 
Victoria a sustainable state. The extended drought, melting icecaps and extreme weather 
conditions have solidified public awareness. The built environment should be an easy win 
in the war on climate change but there seems a reluctance to act from the private sector 
and a public campaign aimed at diffusing Government initiatives from some lobby groups. 
The government has ensured all new office buildings and houses in Victoria have to meet 
minimum energy and water standards. Further development of environmental standards 
for existing buildings are the next step and are necessary, however this must be carried 
out with high levels of consultation and in a spirit of cooperation.  

The paper examines green buildings, links staff productivity and indoor environment 
quality, building selection, corporate citizenship and strategies for building owners to 
adopt “defensive mechanisms”. By far the best scenario will be to encourage the private 
sector to act without the need for regulation.  

Rating tools are very important in creating long term sustainability. The Green Building 
Council of Australia’s “Green Star” rating tool, energy house rating software such as 
FirstRate5, developed by Sustainability Victoria, leads the field. ABGR and NABERS are 
both Government designed and supported rating tools – both are viral to drive the existing 
commercial building market.

Government is a major purchaser of goods and services and a major owner of property. 
The paper looks at a number of governments owned or leased buildings and their 
sustainable features. The guidelines Government set for their own operations are 
examined.  

Conference theme: Keynote address Government Policy  
Keywords: Government, Sustainability, Built Environment.   

INTRODUCTION 

Australians are the world’s largest emitters of greenhouse gas per capita. Victoria burns brown coal for 
electricity generation and therefore produces the highest amount of greenhouse gas of any Australian 
state. Energy, in most of the forms we use within our buildings, is not an unlimited resource and remains 
one of the key environmental initiatives in building operation.  
Electricity demand as well as consumption needs to be considered. The provision of additional 
infrastructure (the poles and wires) is a cost borne by all Victorians. There is a requirement to reduce 
maximum demand across all electricity consumers. One estimate puts the cost of providing 1 megaWatt 
of electricity to a new building or sub division at $4 million. 
The built environment has been defined as commercial and residential buildings. The building sector’s 
greenhouse gas emissions are the fastest growing in Australia. This sector consumed 21% of the total 
Australian emissions, or 81 million tonnes (Mt) of CO2-e

1.
Victoria’s greenhouse gas emissions in 2004 totalled 123 million tonnes. The “built environment” in 
Victoria was responsible for generating 35.5%, which represents 43.7 Mt of greenhouse gas emissions.2

Victoria’s emissions are projected to increase by an average of 1.9% per annum by 2020 to 160Mt. The 
energy use for the Australian residential sector is expected to increase 40% over the 20 year period of 
1990 to 2010, while greenhouse gas emissions are expected to increase by 17%.  

1 Million tonnes of carbon dioxide-equivalent. 
2 Data from secondary research by Sustainability Victoria 2007 – “Buildings energy use - A working 
document to support planning for market transformation”. 
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The problem is not just limited to energy, Waste is a major environmental issue in the built environment 
with more than 40% of landfill resulting from building related waste. The imperatives of sustainable 
design are to reduce, reuse and recycle. 
There is great potential to reduce operational waste during the life-cycle of the building. During “churn” 
(refitting of office space) there is a large volume of waste produced on site during demolition and 
construction. The “day to day” operation of the office generates large volumes of landfill. There is 
potential for these materials to be composted, reused or recycled rather than directed at landfill.  
Australia is the second driest continent on the planet, while Australians are the world’s largest 
consumers of water per capita. While water used in office buildings is a small proportion of our national 
usage, guaranteeing the supply and quality of mains water to our cities has large ramifications in terms 
of cost and availability of catchment resources. Available technologies and water pricing regimes do not 
currently provide many financially viable returns on investment for water conservation initiatives.  
Within existing buildings the priority is to remove harmful materials. Materials identified as dangerous to 
humans include asbestos, synthetic mineral fibre (SMF) materials including fibreglass, rockwool and 
ceramic fibre-based products, polychlorinated biphenyl (PCB) and other hazardous materials. During 
office churn and the fitout of new buildings, materials must be selected to minimise the impact on the 
environment.  
The sourcing and disposal of materials such as floor coverings, fabrics, aluminium, steel, plastics, plays 
a major role in defining the environmental sustainability of a building.  

1. CURRENT AND EMERGING POLICY INITIATIVES  
Former Vice President Gore and Sir Nicholas Stern have led a public call for action in addressing 
climate change. The results of climate change have been demonstrated with melting of polar icecaps, 
extremes in weather conditions, rising sea levels across the world. Closer to home the extended drought 
across Victoria and Australia has solidified public response and for the first time, we believe, the general 
public attitude is leading Government action.  

Victoria’s Response
In Victoria environmental statements like “Our Environment Our Future” and “Our Water Our Future” 
have placed the “marker in the sand”.  The Victorian Government is committed to making Victorian a 
sustainable State. New buildings are a key focus of this commitment. Government leadership is a term 
often used and misused however in the area of sustainability, Victoria is showing true leadership. The 
built environment is key area Government is focussing on to reduce environmental impact. Homes and 
offices are seen as easy wins and because their contribution to the problem is high they are also seen 
as achievable wins. Homes and office buildings constructed now will be around for 50 or 60 years. This 
is why Government have taken a strong stance in this area: 

> The new office building market has embraced sustainability. This has been driven by new 
regulatory requirements such as Section J of the Building Code, State level planning 
requirements for minimum energy and water efficiency and the City of Melbourne’s planning 
requirements (minimum 4.5 Star ABGR and 4 Star Green Star). 

> The new housing market is also delivering sustainable solutions with a requirement to deliver 5 
Star environmental standard that comprises energy rating for the building fabric as well as a 
rain water tank or a solar hot water system. Showerheads and taps must have flow rates no 
greater than 9 litres per minute.  

These standards are working. The report by George Wilkenfeld and Associates commissioned for the 
Department of Sustainability and Environment has shown that since 2005 when the 5 Star housing 
standard was introduced over 136,000 tonnes of greenhouse gas is saved each year.  This report also 
demonstrated that without this standard this sector would have increased in the order of 33%. 3

Future directions?
The Government believes that the further development of environmental standards for the built 
environment is necessary. A strengthening of regulation around existing buildings is needed – perhaps 
at point of sale or as mandatory disclosure at lease. This is particularly important for the disadvantaged 
sections of society. Recent policy position papers from industry associations have called for the “burden 
to be shared” and for a relaxing of standards in order to provide a more affordable housing. What this 
position fails to recognise is the “affordability” of the new home owners’ on going electricity, gas and 
water bills! The average house today is larger, much larger, than in the past and they use a great deal of 
energy, water and resources. However because high energy consuming items like low voltage halogen 
lighting and plasma televisions are not included in the 5 Star housing standards often these items are 
overlooked, with a consequence of increased energy use and greenhouse gas. By far the best scenario 
will be to encourage the private sector to act without the need for regulation. Education and rating tools 
can assist commercial and domestic building owners and tenants. 

3 Wilkenfeld 2007, Options to reduce greenhouse emissions from new homes in Victoria through the building 
approval process. Department of Sustainability and Environment.  
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2. WHY GREEN BUILDINGS?
Why are governments and private companies moving into, or asking for Green Buildings?  
There is a strong link between human productivity and green buildings. A key study from the Building 
Commission4  has showed a positive link between green buildings and improved Indoor Environment 
Quality (IEQ). Improved IEQ means improved productivity through reduced absenteeism and employee 
turnover, better concentration and ability to complete tasks quicker with greater accuracy. Tenants of 
green buildings are less likely to move and will pay higher rents once they have found a building that 
employees actually like. Improved comfort conditions leading to improved occupant productivity by 
increased levels of natural lights and ventilation, greater thermal control and reduction in unwanted 
noise. For example the use of chilled beam technology for cooling allows high levels of fresh air while 
maintaining good comfort conditions with low background noise.  
There is evidence of the importance of building selection in the ability of organisations to attract and 
retain staff. 5 The influence of environmental sustainability is certainly on the agenda for many 
organisations.    
“Good Corporate Citizenship” is another driver. A number of large corporate organisations are moving 
into either new or refurbished green space to show their green credentials. The market has moved. An 
increasing number of companies are becoming – or wanting to become – carbon neutral. The first step 
in the process is to identify and act on you buildings’ (or tenancy’s) environmental performance.  
Sustainability Victoria has been approached by a number of organisations with B to D grade office 
space enquiring about mechanisms to upgrade. Most are owners’ representatives or real estate 
professionals see the need to refurbish as a defensive mechanism. The alternative to a green 
refurbishment is to own or manage a building with diminishing returns, short term tenancies and limited 
future potential. The simple advice is for building owners to ensure that the building is performing well – 
with a high ABGR and GreenStar rating. 

3. RATING TOOLS 
Rating tools are a popular method of setting minimum standards – they also can be used to provide 
leadership and assistance to the industry. They can use either a(n):  

> design based approach, which seeks to predict the performance of a building based on an 
analysis of the design features or 

> outcome-based approach, which measures the actual consumption of resources and 
environmental impacts of the building in operation.  

Green Star
The Government was an early and financially significant supporter of rating tools. The Green Building 
Council of Australia was formed with assistance from State and Federal Governments. Victoria 
contributed to this process financially and with our own people sitting on technical committees and 
steering groups. As a good example the current Chair of the GBCA is Mr Tony Arnel, he is also the 
Victorian Building Commissioner. This is a demonstrated commitment of governments’ desire to drive 
sustainability in the built environment.  
The Green Star Environmental Rating System is designed to recognise and reward environmental 
leadership in buildings. The Green Star Environmental Rating System for buildings is applied to 
management, indoor air quality, energy, transport, water, materials, land use, site selection and ecology, 
and emissions. It also provides credit for Innovation. Green Star has rating tools for various phases of a 
building’s life cycle. 

FirstRate5
In the residential arena, as well, Victoria, through Sustainability Victoria (then the Sustainable Energy 
Authority), developed FirstRate – the house energy rating software. This enabled accurate assessment 
of the thermal performance of houses. The latest version of this house energy rating software is now 
available - FirstRate5 provides a step change in this area. The software will enable house plans to be 
directly uploaded from many formats and for changes to be accurately assessed and rated. We believe 
many hours of work can be saved with the software. FirstRate5 also treats timber floor constructed 
houses more accurately.  

ABGR & NABERS
The Federal and State Governments have developed and fully support the Australian Building 
Greenhouse Rating (ABGR) Scheme and the environmental rating tool NABERS (the National 
Australian Built Environment Rating System).  ABGR is a ‘world first initiative’ to help building owners 
and tenants across Australia benchmark building greenhouse performance while NABERS is a 
performance-based rating system for existing buildings. NABERS rates a building on the basis of its 
measured operational impacts on the environment. Both of these tools will be vital in the drive to 
upgrade the existing stock of commercial buildings.  

4 Victorian Building Commission 2006. Indoor Environment Quality – Leadership now or damage control in the 
future? Report by Business Outlook and Evaluation.  
5 Colliers International 2006 “Office Tenant Survey” 
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4. GOVERNMENT REQUIREMENTS FOR ITS OWNED PORTFOLIO AND BUILDINGS 

EMS
The Victorian Government Departments have a number of major policies and management directions 
that are providing this critical leadership across its portfolio. The Victorian Government introduced an 
environmental management system (EMS) in 2002-03. An EMS is designed to act upon and change 
staff behaviour. The EMS is a program that can be used to identify, manage and reduce an 
organisation's impact on the environment and generate reports on environmental performance progress. 
It provides a systematic and methodical approach to planning, implementing and reviewing an 
organisation's response to those impacts. Each Department and agency sets their own targets and 
priorities under the EMS which are reported annually and independently audited.  

Energy Management 
In 1999 the Government introduced a long term energy efficiency target for its’ own operations. This 
target was designed to deliver 15% energy reduction by 2005-06 and purchase of 10% Green Power for 
Government buildings. The development was carried out by the newly created Sustainable Energy 
Authority (now Sustainability Victoria) and the Greenhouse Policy Unit within the Department of Natural 
Resources and Environment (now the Department of Sustainability and Environment). The policy was 
intended to promote a culture of energy efficiency and sustainable energy practices. To date each 
department has delivered a good result. A public report is currently being prepared. 

A quiet sustainability revolution has occurred in Victorian Government owned buildings. Over the past 5 
or 6 years there have been substantial levels of Green refurbishment and new construction. A number of 
major research institutions of the Department of Primary Industries (DPI) have all undergone a green 
“makeover”. Buildings like the Marine and Freshwater Research Institute at Queenscliff is constructed 
with an earth roof and worlds’ best practice in the areas of energy, water and materials. The location is a 
former land fill disposal site in close proximity to Swan Bay. 6

55 St Andrews Place 
The owned office portfolio is also undergoing a green makeover. 55 St Andrews Place in Melbourne is a 
project7 the author managed while employed as Manager Sustainability for the Department of Treasury 
and Finance. The scope was to take a standard 1960s building and upgrade this to a 5 GreenStar 
building. The team integrated the base building works with the tenancy works. The team or Architects, 
Engineers, Project Mangers and the other professionals shared responsibility and moved away from 
traditional confrontational roles.  Issues such as poor indoor air quality, drafts, poor natural light, lack of 
comfort conditions and ongoing operational management were all addressed through this process. 
Attention was concentrated on achieving results. Interestingly instead of increasing the size of the 
airconditioning system the team opted to focus on the external fabric of the building by installing external 
venetian blinds. Improved water efficiency was achieved through installing flow restrictors to taps and 
showers, waterless urinals and a 48,000 litre rainwater tanks (providing water for toilet flushing), smart 
metering was installed to all electrical loads over about 20kW with a web based reporting system, 
improving the indoor environment quality by improved material selection, increasing access and facilities 
for bike riders, the reuse of existing furniture and the installation of indoor plants and external screening 
plants for top floor. 
    The building will deliver: 

> 48% reduction in annual energy consumption (6,700 GJ per annum)  
> A reduction of 2,760 tonnes of greenhouse gas emissions 
> Provide ongoing annual savings of over $115,000. 

Sustainability Victoria tenancy 
Government tenancies are also an area that is delivering sustainability improvements. A case in point is 
the fitout of Sustainability Victoria’s own tenancy at 50 Lonsdale Street Melbourne. This fitout is aiming 
for 6 GreenStar – Office As Built, which equals World Best Practice. This office is open plan, everyone 
from the chief executive sits in workstations. The design allows for quiet rooms, a recycled cardboard 
think-tank, and more formal meeting rooms adjacent a busy “social” hub. A number of case studies are 
developing including a MABEL (Mobile Architectural Built Environment Laboratory) study from Deakin 
University and a comprehensive productivity study.  

5. CURRENT STANDARDS FOR GOVERNMENT’S PROCUREMENT  
Government is a major purchaser of goods and services – from vehicles to computer software to 
buildings. Government at all levels have introduced standards for procuring their own buildings as well 

6 Department of Primary Industries - Environmentally Sustainable Design Case Study 5 - Queenscliff Centre 
7 Kluske R, Clarke D, 55 St Andrews Place – Turning a sparrow into a peacock, paper presented at the AIRAH 
pre-loved building conference 28 November 2006.  
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as leasing private sector buildings. From the SES headquarters in South Melbourne in 2001 to the latest 
development of the Royal Children’s Hospital with many ESD features and new 6 GreenStar Convention 
Centre, the government has provided world class buildings and created a legacy for the future 
generations. All government procurement methods today focus on delivering long term “public good” 
that includes operation cost and minimising environmental damage.  

50 Lonsdale Street (Urban Workshop) and 121 Exhibition Street (Southern Cross) 
The Government, for example, leases around 400,000 square metres of office space in the Melbourne 
CBD and in regional Victoria. Through the requirement to lease 100,000 square metres of office space 
in 2001 the Government made possible the construction of 121 Exhibition Street and 50 Lonsdale 
Street. Both buildings were built to ESD requirements and feature many environmentally friendly 
systems. It also should be noted that this design occurred before the introduction of the GreenStar rating 
tool in 2003. 

121 Exhibition Street - Southern Cross ESD features.  
> Fully integrated design (office fitout and base building)  
> Dual skin façade – with provides energy efficiency and thermal comfort.  
> Waste Management Plan on construction materials 
> Water efficient fittings  
> Black Water Treatment System in the design will recover all of the sewerage water for reuse on 

site.
> Multiplex has confirmed that occupant controlled internal blinds are included in the base building 

package to exterior windows to reduce glare associated with natural lighting 
> Daylight to workstations. 
> Attention to noise levels within the building  
> All refrigerants used for the Southern Cross Offices HVAC are R134A.  This is an HFC with an 

Ozone Depleting Potential of zero 
> Dedicated waste recycling areas   
> Good Public transport access and cyclists facilities  

50 Lonsdale Street- The Urban Workshop ESD features  
> Low energy lighting systems 
> Natural daylight to workstations 
> Window Shading 
> Solar hot water  
> Water efficient fittings  
> Black Water Treatment System 
> Waste Management Plan on construction materials including reuse 
> Healthy materials (low off gassing low VOC (volatile organic compounds)  
> Natural - renewable materials  
> Reduced levels of PVC & chrome 
> Best Practice ESD workstations 
> Good Public transport access and cyclists facilities  
> Seeking a 5 Green Stars rating (as built).  

Current Government office accommodation standards 
The Department of Treasury and Finance releases the Victorian Government Office Accommodation 
Guidelines. These guidelines specify the performance of office accommodation. This document provides 
a flow-on effect to other types of buildings for example public buildings, hospitals and schools. The 
guideline calls: 
for the following Green Star rating to apply to new office accommodation: 
> Green Star - Office Design 5 stars (Australian Excellence)  
> Green Star - Office Interiors 5 stars (Australian Excellence) 
for the following ABGR to apply to office accommodation:  
> Base Building - existing offices 4 stars  
> Base Building - new offices 4.5 stars 
> Tenancies - (new or existing offices) 5 stars

6. CONCLUSIONS
The Victorian Government is committed to making Victoria more sustainable. The built environment 
generates a vast quantity of greenhouse gas emissions, uses water like its’ an unlimited supply and 
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generates up to 40% of landfill. Government Policy is aimed at reversing this trend, but we will develop 
this policy with reference to all sectors of society and with consultation of the industry groups. However 
the Government would rather not be forced to act. The Governments’ own house must be in order as 
well – however through programs like the EMS and the 15% energy reduction initiative we believe we 
have commenced the long process.  

Private sector are taking up the challenge but like all market transformation there are innovators, early 
adopters, early majority, late majority and laggards (in that order). 

However we know that 98% of the built environment is already built and the take-up of sustainability has 
been slow in this sector. Sustainability in existing building stock is generally not sexy, and the innovation 
is a lot less about design than about better building operation and using good technology. It is not highly 
visible. There is a general perception in the marketplace therefore that sustainability is ‘all about new 
buildings’, which takes focus of existing buildings. The challenge for Government is to convince this 
market about the benefits of going green. 
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Chronicles of architectural internships: Student 
experiences versus practitioner expectations

Susan Ang
School of Architecture and Building, Deakin University, Geelong, Australia 

Abstract: This paper presents preliminary analysis and data gathered for a master of architecture by 
research study which seeks to explore the value of student work experience in architecture. It 
describes the theoretical framework upon which internships provide certain technical and professional 
knowledge and are regarded as an integral element of professional education. Until the last decade, 
internship in the architecture profession has received surprisingly little attention from researchers. 
Structural constraints unique to the architectural profession present challenges to how student work 
experience/internships can be sustained and it is pertinent to examine its precise relevance for the 
future. Vignettes of student learning experiences are presented and discussed against vignettes of 
practitioner expectations. The data in this study have been collected using combined methods of semi-
structured and open interviews and a qualitative approach to analysis of data.  The opportunity to test 
the results in the architectural practice experience unit currently offered as a one credit earning elective 
for the architecture degree program at Deakin University will be discussed. It expects to prompt 
exploration into the potentially potent and broader pedagogical outcomes of a form of work-integrated 
learning (WIL) framework for students of built environment professions in the future. 

Theme: Built environment education 
Keywords: Architectural internships, student work experiences, student learning, work-integrated 
learning (WIL) 

INTRODUCTION 

The School of Architecture and Building at Deakin University offers degree programs in the built environment 
professions which encompass architecture, infrastructure logistics (a blend of construction management and facilities 
management) and property and real estate.  The Bachelor of Construction Management is the only course that 
requires students to have at least eighty days of industry-based learning to be undertaken off-campus prior to 
graduation. As part of a suite of emerging built environment professions for the twenty first century, with its dynamic 
industry climate and potentially evolving professional landscape, consideration of systems which work towards 
enhancing classroom learning and increasing earlier engagement of practice/industry, perhaps revisiting the role of 
apprenticeships, would be worthwhile. 

Although significant literature (e.g. Savage 1994, 2000, 2003; Saunders and Gowing 1999) espousing the value of 
various forms of internships along with the different terms of reference used to describe a period of practical and/or 
work experience typical for professional education exists, academic programs for built environment education in 
Australia do not as a rule engage formally with the scholarship of work experience at the student level.  Australian 
employers are likely to engage a student under an employer-employee agreement in circumstances which suit their 
organisation’s need for staffing and logistics of maintaining work flow under frequently unstable economy 
environments. Quinn (2003:48) reports that economic volatility shifts power in the employee-employer relationship 
and affects the type and intensity of demands on architectural firms, and that both of these factors influence the 
quality of the internship. Often only the top performing students secure placement and there is an absence of formal 
pedagogic structure to inform or reflect upon the range of learning experiences, the formalization of supervision or 
mentorship, and the review and assessment of learning outcomes. 

The transition from graduate to professional employment experience has been noted to be anxiety ridden and 
unsatisfying on many levels including reports of dissatisfaction due to a mismatch of expectations (Cowdroy 1990; 
Cuff 1991; Drake, Williams and Kingsland 2003; Holt and RAIA WA 2004; Arch Voices 2000, 2007). Consequently, 
high anxiety and stress levels are common amongst working students having to juggle conflicting priorities between 
internship and university. Studies of graduates’ fitness for practice conducted by stakeholder representatives in the 
period between the first 4-18 months of a graduate’s working life have demonstrated that some unsatisfactory issues 
related to the transition process between education and practice exists, and it would be useful to be able to address 
these sooner (Cowdroy 1990; Drake et al 2003; RAIA WA Chapter 2004). Cuff (1991) admitted to being one graduate 
who was caught off guard by her early ventures out of university into the realm of actual practice, and sums up the 
experience as follows: 

“I felt as though I had awakened in a foreign culture with a coherent yet invisible system governing its 
behaviour, a system that seemed only vaguely familiar.” (Cuff 1991:1) 
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Observations and findings of graduates who lack work experience or exposure and insight of work environment and 
of professional practice range from trauma, disillusion, dissatisfaction, job disadvantage, disappointment, etc. 
(Cowdroy 1990; Cuff 1991; Johnston 1997; Drake et al 2003; Boyer and Mitgang 1996; RAIA WA Chapter 2004). The 
objective of this paper is to present a preliminary analysis of data collected for a master of architecture by research 
study through a comparative analysis of student learning experiences and practitioner expectations in practice 
contexts situated locally (Australia) and internationally (Malaysia) and to discuss the idea of a framework for work-
integrated learning for architecture. 

1.0 THE ROLE OF INTERNSHIPS 

“Architecture schools cannot be expected to teach all aspects of the profession because it is far too 
multifaceted. A practical-experience requirement would help fill the void.” (Mitgang 1999:120) 

Documented and perceived benefits from internship and various forms of learning in the workplace (work-based 
learning, cooperative learning, and work-integrated learning) are consistent across professional education disciplines 
(e.g. Schon 1983; Wright 2002; Zegwarrd, Coll and Hodges 2003; Holt, Mackay and Smith 2004; Marjanovic, Ruedi 
Ray and Tankard 2005; Abeysekera 2006; Kim 2006). Well structured internship programs can provide opportunities 
for students to have ‘hands-on’ experiences as part of their course of study – “providing training for future 
professionals and additional personnel on a limited basis to agencies” (Gordon, Hage and McBride 2000:4 as quoted 
by Ross and Elechi 2002:298). Students benefit substantially from performing internships “as they come to 
understand the requirements of a particular profession and are able to make informed decisions on their career 
choices, and can be mutually beneficial to both students and organizations. Students in internships gain access to 
more experienced members who can provide mentorship (Gust 2001). Consequently, many come to appreciate the 
workings and the challenges of that particular job. “Besides acquiring new skills, students on internships improve their 
writing and analytical skills while developing valuable references and contacts for future work” (Taylor 1999:1, as 
quoted by Ross and Elechi 2002:299). Ross and Elechi (2002:299-300), espouse the study of internship experiences 
“as a means for providing greater understanding of how well undergraduate curricula, firstly, meet the practical 
realities and demands of the market place and, secondly, prepare students for their future career.” 

Historically, architects were trained via apprenticeship. Since the evolution of the education system, following the lead 
of The École Nationale Supérieure des Beaux-Arts, and the advent of professionalism in the nineteenth century, 
architects have been formally educated. In Australia, three mandatory and consequential components are required in 
order to qualify as an architect. The first is a recognised accredited academic qualification or approved equivalent, 
the second is to have a period of training through experience, and the third is successful completion of the Architects 
Accreditation Council of Australia (AACA) Architectural Practice Examination (APE) (http://www.aaca.org.au date 
accessed 14/9/07).  In terms of education policy, The RAIA supports concurrent practice experience but cannot 
require mandatory practical experience as part of its Education Policy (RAIA Education Policy statement endorsed by 
National Council 2000, revised 2005).  This means that not all accredited course structures at the fifteen Schools of 
architecture require mandatory industry experience. Where for example, The University of Melbourne has a 
mandatory industry experience requirement of one year; at Deakin University, it is available as an elective option. 
Unless a student elects to gain work experience on their own accord and perhaps take the elective option up, 
students can complete their intensive five year course without any practical experience until they graduate. The 
architecture program and double degree program of architecture and construction management is five years and six 
years long respectively and intensive. The current course framework provides minimal support for students to take up 
work experience and there is also the issue of being able to manage the study workload comfortably. Research in the 
area of internships and learning in the workplace for architecture, whilst minimal and sporadic in frequency 
strenuously support the necessity to review and reform its role for the future sustainability of the profession (Boyer 
and Mitgang 1996; Arch Voices 2000, 2007; Quinn 2003).  

“The schism that currently exists between the academy and the theatre of action, the workplace, 
requires attention if the theory-practice, thinking-crafting, formal learning-informal learning divides are 
to be addressed in student learning.” (Savage 2000:2)  

2.0 RESEARCH QUESTIONS AND METHODOLOGY 

The purpose of the research was to document practice related learning experiences including expectations and 
reflections of students and practitioners of these experiences during a period of work experience undertaken with an 
architectural practice. The study delved into the following aspects: 

How do practice related student learning experiences influence a student’s personal and professional development in 
architecture? 
In what way is practice engagement at the student level relevant and of value to architecture education? Does the 
duration of the work experience make a difference? 
How do different cultural contexts of practice i.e. Australia and Malaysia affect a student’s learning? 
Why should practices engage students? What, if any are the benefits for the practitioner and/or the practice? 

The period when the practice experience is undertaken i.e. prior to graduation, is emphasized as significant to the 
learning outcome as during this period, there is opportunity to inform and enhance the formal education through 
reflection-in-learning and learning in the workplace. Comparative Australian and Malaysian practice contexts are 
specifically included in the study to shed deeper insight of student learning in the area of development of international 
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perspectives when different cultural contexts of practice are experienced. Previous research of Australian student 
learning experiences in Malaysian practices, through the Nick Beattie Scholarship has informed this aspect of the 
study (Ang 2004, 2005).  

The qualitative research design includes a participant sample of six students and six practitioners. Practitioner 
participants are deemed “experts in their field” based on their position of senior authority in their organizations and 
possess a minimum fifteen years of experience in that position. They are taken to simultaneously represent the view 
of the practice in this study. Each participant was asked to complete a questionnaire to establish some background 
information and profile and data was collected using in-depth taped interviews ranging between 1.5 hours to 2.5 
hours. The interview style employed combined a method of   semi-structured as well as open ended questioning. The 
first was carried out by conducting questions from a list of standardized predetermined questions relating to student 
learning during the practice experience, as it was necessary to affect a degree of systemization across participants to 
enable a comparative analysis to be performed.  

The open ended questioning proceeded much like informal conversations to draw out the participants’ expectations, 
perspectives and views on the topic of student work experience. In addition, written and oral submissions of student 
reflection of practice related experiences and learning have been collected from students over a period of four years 
who completed a practice situated work experience elective unit over a semester. These served as textual narrative 
data and will be analysed for thematic learning outcomes and reconciliation of classroom-based learning and 
practice- informed learning along with the interview findings at a later stage. Not all data are included in this paper. 

3.0 SCOPE AND LIMITATIONS OF THE STUDY 

This research is focused on exploring the role and potential value of practice engagement at the undergraduate 
student level through the documentation and analysis of student learning experiences, and student and practitioner 
expectations. Assessment processes and methods for any form of workplace learning per se have not been 
considered in this study. All applicable methods and criteria related to student academic assessment has precluded 
the responsibility of the employer from taking part. As students are enrolled full time on campus, the assessment for 
the elective unit currently has remained entirely in the domain of the academic institution.  It is acknowledged that the 
findings are reflective of the sample size only and not of all students and all practitioners. 

4.0 RESULTS
4.1 VIGNETTES 1- 4  

Two (out of a total six) student participant learning experiences and expectation of the experience are presented 
below as vignettes and discussed in parallel with two examples (out of a total six) of practitioner participants 
experiences and expectations. 

4.1.1 Vignette 1: Australian student in Malaysian architecture practice for 9 months. Prior work experience 
includes four months in the building industry. 

A lone Australian student arrives in a place he has barely heard of. On many levels, it is unlike anything he has 
experienced, and it took a good three to four months to adjust to local circumstances. The experience is described as 
“exciting” and something he is determined to stick out, and find out where it takes him. At the personal level, he 
develops greater tolerance for people and circumstances. There are many things he has previously taken for granted 
back home in Australia. His observations of how different circumstance affect different ways of life and people’s living 
standards are acute, and finds he returns home with more acceptance and awareness, especially from an “outside 
looking in perspective” – something he never experienced before leaving the comfort of home. The practice culture is 
something else. The people in the office never really spoke up and were reluctant to stand out in terms of individual 
or independent thought and opinion, and they never questioned the boss. Satisfaction for them was being able to do 
what the boss wants - always. This is vastly different to anything he has known in a cultural sense. 

Architecturally speaking, the role placed upon him in terms of architectural tasks and responsibilities within the office - 
these being principally to work conceptually and produce schematic and design development drawings-are absorbed 
in his stride. The area he learns the most from comes from communicating as an architect in the local context, and 
includes an unexpected element - that of responding to diverse client cultures and beliefs, and incorporating feng 
shui principles into design. He is given the opportunity to be in charge of designing projects which is not what he 
expected to get to do at all but relishes it completely.  

A significant outcome is building up confidence in self ability and competence in the design processes, particularly 
when he is given the opportunity to present to clients from China and Dubai. This boosts his self belief and reinforces 
his commitment to architecture. 

4.1.2 Vignette 2: Australian student in Australian architecture practice. 3-4 months prior architectural work 
experience. 

It tends to become a simultaneously nervous yet exciting prospect anticipating a new work situation – so having 
three-four months of work experience under one’s belt, even though minimal helps quell this anxiety. Work that is 
given is thankfully relative to his expected range of capabilities, until proven otherwise at some future stage. The 
people in the office – directors and staff - show understanding and willingness to help. No huge surprises therefore of 
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expectations and demands, other than how casual and informal the office atmosphere is. The biggest hurdle at the 
start is to develop and match technical skills with those utilized by the practice. In hindsight, this work experience 
caper should have been pursued even at first year level, just to see first hand what goes on in an office. But the 
thought of attempting such a challenge at that early stage just never went anywhere. 

Being “exposed” to the practice environment, even if not being directly involved in decision making - being there, 
seeing it happen, that is not something available in a classroom or studio – in a word - invaluable. The greater 
understanding, the experience gained from knowing how a building goes together, the methods, the procurement - it 
is all more realistic working on a real project – having to deal with the builders when there is a problem, having to 
communicate and interact under pressure– that is what makes it real. There is just no substitute for being in that 
situation personally, and it is also about being in a team and contributing as a team member; learning from the senior 
members and being able to start recognising problems. This offers a different level of exposure, and ultimately it is 
about experiencing situations. Engaging with practice builds awareness of industry standards, across the board, and 
all of a sudden finding oneself doing it, talking about it (architecture) and feeling confident and comfortable about it, 
that just makes the transition from university to workplace a whole lot more congenial. 

4.1.3 Vignette 3: Malaysian practitioner/practice who took Deakin student into his office for 9 months 

A Deakin student is expected to spend a period of some nine months because it takes this time for any exchange 
(between student and the office staff) to occur and have any flow on effect when there is a cultural exchange at 
stake. Experiences with students from previous three month stints show that length of time spent is significant to the 
quality aspect of learning. This relates directly to the processes a typical architectural project needs to go through; the 
time it takes for each stage of the project from inception to commission. A student’s aim when being part of an office 
should be to learn things, and this should be allowed to occur as naturally and progressively as possible. It is ideal 
when there is some exchange of intrinsic cultural and social knowledge.  

The culturally different work ethic stands out, and the passion with which the Australian student approaches and 
injects into his work is ultra valuable. Another outstanding difference is a local counterpart applies a conservative and 
“play it safe” approach to their work, not necessarily uncreative, just not so daring when it comes to different types of 
design, nothing that will challenge the system type of thing. The Australian student in contrast seems to be 
unrestricted in exploring different types of things.  

As practitioners are always constrained by building codes, client demands and budgets, it is students who are yet to 
confront these constraints that are able to be revolutionary in their approach to design tasks. Students offer an 
avenue to see where current or future trends of thinking lie. Taking students into the office to fulfil a social obligation 
to the education and professional system is regular practice. Students are given mainly design tasks and research 
tasks because from experience, this is what matches their competency levels; it also limits potential legal liability to 
the practice. It is always interesting to see how students struggle with having their ideas rejected on a regular basis 
by clients, and how they learn to deal with that.  Financially speaking, the firm does not benefit, in the sense that most 
of the work produced by students will not be able to be made use of, but in terms of culture i.e. that of changing the 
culture of the firm, making them think differently, these are benefits which are financially unrelated. 

4.1.4 Vignette 4: Australian practitioner/practice who took Deakin student for an initial three months which 
has turned into ongoing part time 

The first hour is revealing, particularly from the sort of questions students ask. Granted, progress is different from one 
individual to another, but the starting point is almost always the same; their potential shows in about two months. 
Knowing what they do not know and therefore asking the right questions tops the wish list. The good ones quickly 
learn where their deficiencies lie and make sure they find out what they need to before attempting a task. The 
average ones or the bad ones will attempt without asking and get it all wrong. Six months is a minimum time frame for 
students to develop skills and attributes that see them begin to contribute back to the office. 

Students add value to the culture within the office that comprises a variety of experience. Not so much to the ideas, 
but to the overall culture, therefore it is an office that is not dominated by old, very experienced architects, nor is it 
lacking in experience where there are too many young people, it is a culture that has emerged from having a good 
diversity of varied staff. This contributes significantly towards creating a good overall working environment, and a 
good working environment makes people produce good work. Another lesson learnt is that intelligence is probably 
more important than skills they demonstrate, because intelligent people make better decisions, even if they may be 
wrong, they are still better than an unintelligent person. 

There are some things that simply cannot be provided in an academic environment, so work experience completes 
this gap. Work experience is a daily exposure to current professional environments which cannot be summarised in 
one lecture or even a weekend workshop. This is just not possible. Experiencing the actual environment – what it 
feels like. What it means to get along with your colleagues, what it means to be able to get on with your management; 
we are dealing with a growing (dynamic) process - not just a knowledge based experience. There are events that 
cannot be planned for, and being exposed to them makes the difference. Too many students are not clear on their 
own aims in coming to work in the office, and it would be good for them to be prepared in some way. 
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4.2 STUDENT REFLECTION FROM PRACTICE SITUATED ELECTIVE UNIT WHICH INCLUDES 
INVESTIGATION OF A RELEVANT TOPIC WITHIN THE SCOPE OF ARCHITECTURE PRACTICE 

“As the architecture course is particularly long, I have found this unit provides an essential part of 
learning that should be experienced by all architecture students before they finish their degree.” (ESD 
principles and client response) 
“My experiences have provided me with the understanding of what a contemporary architectural 
practice is. The supportive and real world experience allowed me to develop skills that will stay with me 
into my future career” (The use of ArchiCAD in the office) 
“Undergoing this unit has given me opportunity to experience an aspect of my work I hadn’t been 
exposed to. This subject has allowed me to fill gaps in my knowledge through application in both 
universities as well as in a practice environment.” (Processes of contract administration) 

5.0 ANALYSIS OF FINDINGS 

A summary of typical student participant responses relating to three major thematic propositions are (1)Learning 
experiences and expectations in relation to self/personal eg development, expectation; (2) Learning experiences in 
relation to architectural/practice related/professional development; and (3) Learning experiences in relation to cultural 
or international. 

Table 1: Summary of student participant responses 

Thematic 
proposition 

Learning experiences in 
relation to personal 
development and/or self 
expectation  

Learning experiences in relation to 
architectural/practice related/professional 
development 

Learning experiences 
in relation to cultural or 
international 

Vignette 1 Developed greater 
tolerance for people and 
circumstances; 

Observed how different 
circumstance affect 
different ways of life and 
people’s living standards 
are acute; 

Returned home with more 
acceptance and 
awareness. 
Gained ” outside looking in 
perspective”  

Worked conceptually, produced 
schematic/design development drawings; 

Learned how architects communicate in local 
context; 
Learned how to respond to diverse client 
cultures and beliefs; incorporated feng shui 
principles into design; 

Opportunity to be in charge of designing 
projects; 

Built confidence/competence in design 
processes; 

Presented to clients from China and Dubai; 
Increased self belief and reinforced 
commitment to architecture. 

Office staff reluctant to 
share speak out or 
disagree with the 
boss;

Office staff  preferred 
to follow instructions 
and take instructions; 

Vignette  2 Nervous and excited at 
same time; 

Met expectations and 
demands, thankful work 
given is relative to 
capabilities; 

Found people in the office 
understanding and helpful; 

Feeling confident and 
comfortable; 

Developed technical skills; 

Experienced exposure and absorption of 
practice environment processes and 
operations; 

Communicated and interacted under pressure; 

Experienced working and contributing as a 
team; learnt from senior members; 
Ability to identify problems; 

Built awareness of industry standards, across 
the board; 

Smoother and enjoyable transition from 
university to workplace; 

Interaction with  
multicultural and 
diverse backgrounds 
of staff ; 

Awareness of 
international activities 
of practice but not 
directly involved. 

A summary of typical practitioner participant responses relating to four major thematic propositions are (1) 
Expectations of students; (2) Perceived Benefits from engaging students; (3) Time frame and principal student tasks; 
and (4) Other eg cultural/internationally related issues. 
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Table 2: Summary of practitioner participant responses 

Thematic 
proposition  

Expectations of 
students

Perceived benefits from 
engaging students 

Time frame 
and principal 
student tasks 

Other eg cultural/ 
internationally 
related issues 

Vignette 3  Culturally different work 
ethic;

Creativity and 
unrestricted thinking in 
design tasks; 

Influence of Australian work 
ethic eg passion/  
independent thinking; 

 Revolutionary solutions and   
approaches i.e. new ways of 
doing things and new ways 
of looking at things; 

Students offer an avenue to 
see where current or future 
trends of thinking lie.  

9 months; 

Design and 
research 
tasks;

Presenting to   
clients (under 
supervision); 

Exchange of 
intrinsic cultural and 
social knowledge 
ideal; 

Fulfils social 
obligation to 
education and 
professional 
system. 

Vignette 4 Ask when unsure, make 
sure they find out what 
they need to before 
attempting a task; 

Know  deficiencies and 
shortcomings; 

Contribute back to office 
once skills and attribute 
are up to speed; 

Be clear about aims in 
coming to work in the 
office.

Learn to operate as a 
team.

Added value to overall 
culture within office provides 
diversity of experiences 
effecting a good working 
environment, inturn 
influencing people to 
produce good work; 

Dynamic growth in students 
professional development in 
addition to the knowledge 
base gained in academia; 

Students are better prepared 
to respond to challenges of 
practice through 
experiencing events that 
cannot always be planned 
for.

6 months min; 

Technical 
production and 
documentation  
tasks;

Increase in 
responsibilities 

All tasks under 
full
supervision; 

Awareness of 
international issues 
sufficient;
Intercultural
relations within 
multicultural the 
office staff not an 
issue;

6.0 COMPARATIVE ANALYSIS  

The student operating outside a regular comfort zone is confronted with many personal challenges. To meet these 
challenges successfully, the bar is raised at the personal level. Reviewing how things have been done and the way 
things were previously taken for granted back home against the new setting provides opportunity to re-examine 
personal codes and benchmarks. Experiencing an “outside looking in perspective” has direct impact on character 
judgement and application of it in life. Prior to commencement and at the start of the work experience, student 2’s 
anticipation of work experience mirrors a powerful state of mixed emotion. Once commenced, he finds there are few 
surprises, and few cultural issues are confronted in the in the case of the Australian-Australian situation. The overall 
experience comes across as one that is no more and no less than expected.  

Both situations affirm significant personal benefit. In both situations, students are able to perform as required in 
architecturally related tasks, as the practices have considered the levels of competencies associated with students, 
and have moderated the tasks demanded of them. Both students experience valuable practice “know how” from the 
exposure and experience of being in it and being part of it. The overseas situation notably requires extra time to allow 
for adjustment and settling in issues, taking the three months away, indicates that both situations yield benefits from a 
minimum period of six months. The biggest similarities show up in the areas of perceived benefits from engaging 
students, and in the value of professional “know how” gained from being exposed and being engaged with the 
practice operations and the practice environment. In the case of other thematic propositions, due to different practice 
environments and different individual traits of students, including different cultural settings presented in the examples 
above, no patterns of observations can be made from these findings. From student reflections (4.2) we gain insight of 
what students think about their experiences and engagement with practice at the undergraduate level.

7.0 DISCUSSION: IMPLICATIONS AND SIGNIFICANCE TO BUILT ENVIRONMENT EDUCATION 

The built environment is in a continual state of balance in terms of how current resources and systems best meet 
future demands. Education is at the core of this balance, linking the past with the present, and the present with the 
future. Built environment degree programs are substantial in both content and duration - architecture five years 
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minimum; construction management 4years minimum; combined architecture and construction management six 
years minimum. They take place against a setting of a dynamic professional landscape liable to dramatic change 
both in the local as well as the global context. Impacts of globalization on architecture practice are reflected by 
increasing forays of Australian architects beyond national borders (RAIA 1998; Pilmer 2004), and mirrored by the 
concerns in the architectural community (Peck 2000; Avdiev 2001; Tombesi and Wilkins 2003; Knox and Taylor 
2004). With the uncertainty of this future, it is questionable that students are conceivably able to pursue and proceed 
through lengthy and insular pathways of education sans engagement with practices and practitioners of the built 
environment industry. Alignment with industry practice and the practitioner community must be considered more 
adequately in 21st century education for the built environment (Mitgang 1999). Whilst internship experiences provide 
only one way to address this issue, it is the most direct way. Benefits from internships can be expected to flow on to 
preparing graduates with highly sought after attributes as well as increase future career prospects in the global 
context.

“Academic educators of the twenty-first century are facing unprecedented demands to prepare professionals 
for what is commonly referred to as the ‘knowledge society. In attempting to meet these demands, universities 
need to recognize the value of practical working knowledge developed in workplace settings, and promote the 
value of academic forms of knowledge making to the practical concerns of everyday learning” (Mackay, Smith, 
Holt and Challis 2006:1).  

A form of internship subscribing to a framework for work-integrated learning (WIL) in the first instance applicable to 
for architecture could be expected to maximize the benefits evidenced from this study. It would serve to prompt more 
formal involvement from the practitioner community. WIL is defined as “student learning for credit designed to occur 
either in the workplace or within a-campus setting that emulates key aspects of the workplace.” (Reeders 2000 as 
quoted by Abeysekera 2006).  Work-integrated learning (WIL) programs can be used to bridge the gap between tacit 
and explicit knowledge, where tacit knowledge comprises experimentation and action learning in an academic setting 
and experience of practice in an industry setting, compared to explicit knowledge that comprises conceptualization in 
an academic setting, and reflection in an industry setting (Abeysekera 2006:8). Pedagogically, this bridging is a 
means towards increasing the scope of student learning experiences to enhance learning outcomes. Professionally, it 
serves to promote earlier engagement with industry and to accelerate graduates’ application for candidature towards 
their professional registration examination (APE) through the commencement of the logbook requirement of the first 
of the three part professional examination process.  

As previously mentioned, workplace experience opportunities for architecture students at Deakin are currently offered 
as an elective unit worth one credit point.  Due to the intensive course curriculum for core subject areas, the full time 
architecture program is heavily structured. Consequently the opportunity to undertake workplace experience for credit 
is limited. At the same time, increasing cuts in public funding for tertiary education suggest the option to pursue work 
experience to gain credit towards the degree program is an attractive option. The Master of Architecture at Deakin 
offers a professional study stream which includes an Architecture Internship.  Such a course of study will benefit 
expressly from this research. Aside from conventional architectural practice application, this could easily extend into 
multidisciplinary professional environments, significant to Deakin University’s commitment to built environment 
programs.  

Emerging/emergent forms of practice from multidisciplinary professional environments challenge the capacity of 
Deakin’s graduates to operate in this wider setting. The following organizations offer themselves up as potential pilot 
partners as these organizations have established links with the School of Architecture and Building:  ARUP (a global 
multidisciplinary design firm); Williams and Boag (a Melbourne architecture and planning, urban design and interior 
design); Sinclair Knight Merz (SKM- engineering, scientific studies, planning, economics, logistics, architecture, 
engineering, spatial planning and project management), Sustainable Built Environment (SBE -  integrated ESD 
services in architecture, engineering and environmental science); H2o (multidisciplinary architecture, interior design, 
planners, space planning, furniture design and project facilitation); and Hassell (multidisciplinary architecture, design 
and planning). All are examples of contemporary, multidisciplinary, international practices representing a sector of the 
employer community that can be expected to dominate the future profession. Lessons learnt could be transferable to 
the wider built environment disciplines with specific social constructs and cultural practices as applicable, such as 
facilities management and property and real estate management. 

8.0 FURTHER RESEARCH AND CONCLUSIONS 

The findings and analysis presented in this paper are abridged and represent four of a total of twelve participants in 
this study. As such, no conclusions are able to be offered. However, this paper shows that the findings so far, reveal 
a spectrum of benefits to both the students and practices who have participated in the research study through 
internship experiences, both in a local as well as in an international context.  Secondly, it validates the idea of a 
framework of WIL, to be formulated and piloted at Deakin, and ideally equally supported and resourced by both the 
academy and practice community. The significance of this research is that it yields insights into the relationship 
between students (future graduates) and practices (future employers) at a critical period, which provides a means to 
share knowledge between the principle groups of stakeholders i.e. the academy can be alerted and informed much 
sooner about contemporary modes of practice, or practice culture, and necessary education reforms; practitioners 
can be involved and engage with the responsibility of sustaining the future of its profession, and students can be 
better prepared for transition. All areas constitute ongoing and future research. Amidst big environmental issues such 
as climate change, global warming, sustainability and energy conservation, aspects of education for the built 
environment professions become easy to gloss over, yet it is education that will make a difference. 
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Delivering on sustainability: sustainability imperatives 
influencing professional architectural practice 

Megan Antcliff 
Woods Bagot, Adelaide, Australia and The University of Adelaide, Adelaide, Australia 

Abstract: This paper describes the results of a survey conducted in a large commercial architectural 
practice in Adelaide. The primary aim was to explore how professionals believe their time and energy 
should best be invested over the various phases of delivery of an architectural project from inception to 
building commissioning, and to compare this with what the literature in the area indicates as sustainability-
significant phases of project delivery.   
It was found that professional staff appear to have a good intuitive understanding of which phases of 
project delivery are likely to impact sustainability outcomes of a given project, although there was a 
general lack of focus on the post-completion phases of commissioning/building tuning and occupancy. It 
was also found that although professional staff have a shared understanding of the project delivery 
phases, professional groupings vary significantly in the importance they place on their role in each of the 
delivery phases. 

Conference theme: Towards Solutions for a Liveable Future: Practice. 
Keywords: Sustainability; Design process; Professional Practice; Survey 

INTRODUCTION 

No matter how you choose to read the history of the idea of sustainability, whether you see it as the natural progression 
for an environmental movement born in the 60’s and 70’s from mind-shifting events such as the Apollo 17 moon landing, 
the publication of Rachel Carson’s “Silent Spring”, James Lovelock’s Gaia Hypothesis, or the 1970’s oil crises; or indeed, 
if you see it as a revolutionary concept in which the health of the planet is for the first time appreciated as being linked to
the social and cultural fabric of human settlement as well as our economic prosperity. Whatever your reading of the 
series of ideas which lead us to our current collective focus, one thing is certain, sustainability is everywhere and 
everyone is concerned.  
Sustainability now takes a place in popular discourse and although still often poorly employed, sustainability is an 
increasingly well understood concept.  The 1987 United Nation’s World Commission on Environment and Development 
(WCED) known as the Brundtlandt Commission played a key role in providing perhaps the most widely used definition 
for sustainability. In their report ‘Our Common Future’, sustainability was defined in such a way that the environmental 
could no longer be separated from the social/cultural and the economical by introducing the concepts of inter- and intra-
generational equity and of development as essential to meeting human needs. The Brundtlandt Commission definition of 
sustainable development sets the collective challenge faced today across the three spheres of sustainability, the 
environmental the social and the economic.  
With this holistic concept as a shared guide, each industry sector, each profession and indeed each individual must 
reach an understanding of how the goal of sustainability applies to their individual practices and how they do business.  
“Companies are becoming increasingly aware that sustainability can be a defensible competitive advantage”.  (Gerrard 
2007) 
The architectural community has introduced itself to the issues surrounding sustainability. As a profession, architects are 
beginning to share a vocabulary, to employ similar tools in monitoring performance and improving practice and as a 
professional group, seem to hold similar concerns about the future. 
Architects are also beginning to recognise that sustainable building is as much a business imperative as it is a moral 
responsibility.  
For the property industry a few things are becoming clear: That there are risks associated with not building sustainably; 
that there are rewards to be had for those who do; that architects builders and developers have a certain duty of care to 
embrace sustainability; and that the challenge goes beyond professional practice, and squarely concerns personal and 
corporate ethics.  

1. ISSUES CURRENTLY INFLUENCING PROFESSIONAL PRACTICE 

1.1 Risks associated with not building sustainably
At the recent Green Building Council of Australia conference ‘Green Cities 2007’ (Wall 2007), GBCA Director Che Wall 
drew on Authur Little’s ‘The business case for Corporate citizenship’ (2002) to demonstrate a relatively recent shift in 
company valuation criteria. He demonstrated that where in 1981, company valuation was heavily dependant (over 80%) 
on company tangibles or financials, by 1998, a comparable share of company value (approximately 70%) could be 
demonstrated to reside in intangibles such as public image and stakeholder relationships. Good corporate governance, 
corporate citizenship and sustainable performance weighs heavily on the minds of today’s investors, for whom 
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accounting for sustainability is directly linked with real and perceived corporate risk profile and for whom comprehensive 
reporting against triple bottom line indicators is increasingly important.  
From a market perspective, there are financial risks associated with not ‘building green’ that go beyond investor 
confidence and to the long term viability of buildings.  A development or corporate project commenced today which does 
not include sustainability as a key project outcome will, in the words of Jerry Yudleson (Yudelson 2007) ‘be functionally 
obsolete the day it opens for business and economically disadvantaged for its entire lifetime’. As the building and 
development market rapidly converges toward green building development, entire portfolios may be at risk where they 
ignore the imperative of building sustainably.   
Whereas in the past project financiers assumed that that ‘building green’ was an option (indeed a luxury) which 
necessarily represented an additional project cost, today the project risk manager weighs in. The underlying assumption 
for those managing project and portfolio risk is that there could indeed be very high costs associated with inaction.  
In a recent article, Alex Hartmann opens the discussion on what he refers to as the ‘era of green litigation’ (Hartmann 
2006). At a time where the potential losses are high if specified green ratings are not achieved, including loosing blue 
chip government tenants (and the estimated 10-15% rental premiums they are reportedly willing to pay for the desired 
level of sustainability (Hartmann 2006)), reduced building valuation, higher ongoing operational costs and more onerous 
maintenance regimes; building owners will need to ensure that buildings designed to do so, actually deliver the required 
green rating.   
The responsibility for achieving the desired green rating inevitably rests with the design team, but as Hartmann points 
out, ‘in this environment of collective design responsibility and reliance on supplier data, individual consultants will be 
understandably reluctant to warrant that a specific environmental outcome will be achieved’. 

1.2. Rewards to be had in building sustainably
‘Sustainability is about opportunity, not just risk mitigation and cost reduction. New legislation in Australia and overseas 
(such as carbon trading, pollution taxes and extended responsibility) and new technologies (renewable energy, 
biodegradable plastics) are altering markets’ (Gerrard 2007). 
From a developer’s perspective the financial rewards in building sustainably can be significant and the associated 
marketing advantages are increasingly well recognised.  
One should be warned however against seeing sustainability as a simple marketing vehicle.  
In a recent Fairfax article, Gerrard warns ‘organisations that don’t heed the call should be prepared to face increasing 
regulatory pressure, decreased societal support, poor staff engagement and difficulty in branding their products as 
premium goods. Token efforts will not pay off. If sustainability initiatives are implemented poorly or are viewed as an add-
on or branding exercise, they can, and probably will, … [result in] increased costs and few rewards’ (Gerrard 2007).  
Beyond the corporate public relations and brand benefits of building sustainably, and the lower operating costs over a 
building’s life, there will be context-specific public policy initiatives (preferential processing of applications, density 
bonuses, renewable energy subsidies for example) from which building owners and developers might benefit. Into the 
future, these same building owners and developers will most certainly benefit from other financial rewards such as lower 
insurance premiums, improved access to green building development equity funds, etc.  
From a building occupants’ perspective the benefits will often extend beyond immediate financial benefits. Sustainable 
buildings are increasingly valued for the benefits they offer to building occupants, in staff health and wellbeing, 
productivity enhancements, recruitment and retention. 

1.3. Duty of Care 
Considering the amount of time each of us spends in buildings, the questions of the direct and indirect impacts of  
buildings on human health and safety become greater than the simple legal risks implied. The concept of duty of care 
becomes significant here.  
The health gains for building occupants from improved indoor air quality (including quality and exchange of external air, 
individual control task air, moisture control, pollutant source controls, natural and artificial light levels) are measurable, 
and people are concerned about the issue. Government building owners and tenants are accountable for the expenditure 
of public funds, whilst the private sector is accountable to investors who increasing hold good corporate environmental 
stewardship as a prerequisite for an organisation’s social license to operate. Importantly too, in-demand professionals 
now typically want to work for a company which shares their values, and as such, they too are demanding accountability 
on corporate duty of care.  

1.4. Ethical imperative 
The ethics of sustainability is a relatively new element to the mainstream sustainability debate. Whilst there has been 
discussion of sustainability as an ethical imperative as much as a social, environmental and economic necessity at an 
academic level for some time, the mainstreaming of the idea is more recent.
In the May 2007 issue of The McKinsey Quarterly, David Blood, past head of Goldman Sachs Asset Investment defined 
sustainability investing as ‘the explicit recognition that social, economic, environmental and ethical factors directly affect 
business strategy’ (Mendonca 2007). 
The recent Green Building Council of Australia ‘Green Cities 2007’ conference in Sydney reinforced the observation that 
sustainability as an ethical construct has ‘crossed over’ to the business sector.  
One of the conference’s keynote speakers and indeed one of the most inspirational, Joe van Bellegham of Vancouver’s 
Windmill Developments group, squarely addressed the question of values: ‘How do we justify not building sustainably, 
considering that it is the right thing to do, it is entirely within our power, and the financial arguments against doing so 
have all but vanished?’ (van Bellegham 2007) 
Architects too are seeing the opportunities, risks and imperatives for sustainable building as applied to their profession. 
Some are thinking deeply about how to get from past (‘business-as-usual’) practice, to a truly sustainable way of working 
with their clients to deliver responsible design solutions. These practitioners recognise that ‘sustainability’ needs to 
become standard practice with a very broad base of engagement. ‘Mainstreaming sustainability’ will rely on a conceptual 
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shift, where sustainability is no longer seen as a ‘product’, a design ‘feature’, a technological overlay, or a series of tasks,
points and credits to be achieved. Instead, sustainability must become an inherent part of the way architects work, a 
‘process’ through which the broad building team (including clients, design professionals, contractors and others) 
negotiate design decisions across the environmental, social and economic spheres.  
At the same time, sustainability outcomes are difficult to measure, because they are complex and because, in attempting  
to balance the social, the environmental and the economic, there are uncertainties.  
A number of authors focus less on quantifiable sustainability ‘outcomes’ and more on a qualitative ‘seriousness of intent’ 
(Portney 2003) as the best measure of an organisations ability to affect change towards sustainability.  

2. ATTITUDES TOWARD SUSTAINABILITY 

The conceptual shift required to mainstream sustainability, relies on all participants in the building team, including 
architects changing the way they think and design. The literature suggests a number of areas of focus.
These include building a clear understanding of the breadth of the concept of sustainability, and understanding the 
implications of its relative newness to the broader design profession. Sustainability demands of designers a new and 
holistic view of the built environment, its supporting ecosystems and its constituent products and materials; it demands 
the breaking down of traditional design team/ construction/ contractor barriers and the adoption of less confrontational, 
more holistic ‘team-based’ and partnering approaches where clients, contractors end-users and a range of other 
stakeholders can be considered as integral to the delivery of sustainable architecture; it requires as well, new building 
procurement procedures and funding structures, and what the UK Egan report ‘Rethinking Construction’ describes as 
‘joined up doing’ (Egan 1998). 
Designing for sustainability also demands a highly involved, informed and enthusiastic project sustainability champions 
integrated in the design team for the entire delivery process ideally from bidding through post occupancy evaluation. 
These champions need to foster and maintain the commitment to sustainability with which the broader project team 
approaches design decision-making. Sustainable design is about making ethical choices, one of which is the 
seriousness with which we approach the task of striving for the most sustainable solution for each particular context. 
As Ken Portney outlines in his 2003 publication, ‘Taking sustainable cities seriously: Economic Development, the 
Environment, and Quality of Life in American cities’, seriousness of intent has a tangible value. He argues that although it 
may be of interest to determine (by measuring) how sustainable cities have actually become, such assessments are in 
fact premature. Instead he argues that focus should be on ‘the policies, programmes, and activities of cities … that would 
seem consistent with an overall effort for cities to become more sustainable’, most of which will be encompassed in the 
cities ‘sustainability plan’, the presence of which signals the city’s willingness to address numerous issues in a 
systematic way (Portney 2003). 
Gerrard agrees: ‘the key is to take sustainability seriously. This means having a vision of the future and ensuring that 
initiatives are driven by a coherent sustainability strategy that is aligned with the corporate strategy. The board, the CEO, 
staff and customers must buy into the organisation’s values, goals and plans’. (Gerrard 2007) 

3. PRACTICES FOR SUSTAINABILITY 

3.1 Building design capacity for sustainability 
Initial steps in building a design capacity for sustainability involve mastering the design tools the market has in place to 
assist designers. These include building environmental assessment methods, rating tools, green specifications, 
guidelines, and green standards. As these tools evolve they quickly move away from the very prescriptive, first 
generation task lists (designed primarily to set minimum standards and minimise the impact of development) towards an 
increasingly performance based assessment. Increasingly the focus is on restorative action, building life cycle, and 
materials and products cradle to cradle. 
The green rating tools of the near future will certainly be more organic, more context sensitive, employing for example, 
bioregional weightings, they will allow for interaction integration with smart specification tools, and will be increasingly 
more demanding of project accounting, in particular with respect lifecycle costing (Malanca 2007). 
As rating tools evolve, there is clearly an increasing focus on the process by which a project is delivered (in particular 
towards a heavier ‘loading’ on commissioning, building tuning and post-occupancy stages), handed over to occupants, 
and managed.  

3.2 Mainstreaming sustainability 
Having mastered the tools available in the marketplace, the next steps in building a design capacity for sustainability will 
come through the mainstreaming of concepts surrounding sustainability, going beyond the ‘minimums’ of the rating tools 
and involving the broad design team, clients and stakeholders.  
Mainstreaming sustainability will not require vast amount of additional information, indeed in the context of the current 
sustainability ‘information overload’, the problem is ‘one of a lack of a procedure for integration of emerging sustainability 
issues into the design process, and the lack of a delivery mechanism’ (McElroy 2006), rather than a lack of information. 
Mendler et al. refer to this as shaping a design process to ‘ensure that sustainable design issues will be understood by 
all team members, the issues addressed, and solutions found’ (Mendler 2000).  

3.3 Design approach for sustainability – attitudes, tools and processes. 
An individual architectural firm’s design approach for sustainability comes from their understanding of the sustainability 
imperative, of the need to think seriously about sustainability and the built environment in the broadest possible sense, 
and of the need to educate their clients through the design process. Their particular design approach is built on the need 
to go beyond the market’s current simple, quantifiable measures such as building rating tools and move to a more 
holistic appreciation of sustainability addressing the economic and the social aspects as well as the environmental.  
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An architectural firm’s design approach or attitude towards sustainability plays a large role in their ability to design for 
sustainability. Beyond the approach however, is also the very practical need to give project professionals the tools to 
help them work towards sustainability outcomes. These tools, such as defined project stages with task lists, sign offs and 
approvals to proceed, design milestone peer reviews, quality assurance reviews and tests for buildability help structure 
an architect’s design thinking. Completing the picture then are what might be termed the firm’s design processes for 
sustainability. 

3.3 Design process for sustainability  
The question of design processes for sustainability provides the context of the research presented here: How does an 
architectural firm (in this case, Woods Bagot) think about design where sustainability is a new and significant design 
‘deliverable? And, how do architects design project processes such that they are well equipped to achieve sustainable 
design outcomes, however one chooses to measure these outcomes?
The current literature on design processes for sustainability identifies the importance of an integrated approach to 
design, where design is no longer conceptualised as a series of discrete tasks, but instead a dialogue through which all 
those included in the ‘design team’ seek to understand the implications and interdependence of every decision made 
through the design process, in a ‘collaborative and self-conscious effort’ (Mendler 2000).    
The traditional definition of building team is expanded to include stakeholders such as community, clients, and 
contactors, agents, building occupants and operators, to be sure to capture all the relevant expertise in the design stage 
and knowledge is shared ‘upstream’ and ‘down stream’ within the project team, benefiting all and building team capacity. 
New design processes for sustainability are more about the motivation of the team than about the application of new 
technologies, and they are more about the design process to reach a particular design outcome, than they are about the 
traditional understanding of the ‘architectural product’.  
New design processes for sustainability include considerations such as ensuring the continuity of design team; managing 
project knowledge or ‘design memory’ (in particular around phase hand-overs or the introduction of new stakeholders or 
consultants); the ongoing education of design team; and the adequate resourcing of final project delivery phases such as 
building commissioning/tuning, occupancy and post-occupancy evaluation.  

3.4 Through the project phases  
Assembling a design team of individuals already experienced and committed to sustainable design is an important first 
step. Here, Mendler et al (2000) emphasise that in the absence of team experience, individuals who are most committed 
to improve the design and who will show most care in the approach to each aspect of the design should be chosen. 
Project Initiation and Briefing stages are crucial as the client and design team set the sustainability vision and goals for 
the facility, clarify important decision-making criteria such as project cost analysis (Is the design team working to first-
cost or building life cycle costing?), and seek to understand the opportunities and constraints of the project context 
(physical and environmental, social and financial). 
The Design phases (typically Concept, Schematic and Design Development) of project delivery for sustainability then 
become cyclical loops of value engineering across the design disciplines, to ensure that each of the design elements is 
optimised. “Optimisation is the process of questioning each component and process to achieve the most with the least 
expenditure of resources” (Mendler 2000).   The best solutions will work as systems rather than simple components, they 
will see single strategies providing multiple benefits, will work to minimise waste at all levels and to be restorative.  
Documentation traditionally sees an expansion in the design team, (the ‘design team’ becomes the ‘delivery team’). 
Where key delivery team members have not been involved in early design stages, it is even more crucial for the 
sustainability vision, goals and strategies to be communicated to new team members as the project moves to 
Documentation phases and beyond.  
Tender, Construction and Commissioning phases require the design team to engage with building contractors, sub 
contractors materials and product manufacturers and certifiers in new ways, often around innovative systems and 
products. In these phases, the need for education and follow up is again critical for sustainability outcomes.  
During building Occupancy, the design team is still part of the life of the facility, and a robust post-occupancy evaluation 
ensures that lessons are learned. During building operation, lessons learned enter an operational feedback loop (from 
the occupants, managers and contractors, to the design team, and back again). 

4. TOOLS FOR SUSTAINABILITY 

With project delivery process emerging as a future focus for progressing both the general understanding of sustainability 
issues and their specific application to the built environment, Woods Bagot is seeking to better understand its current 
business practices, how current practices should (and indeed are) changing to meet the challenges of sustainability, and 
then to critically review these drawing on current literature.  It is hoped that a deeper understanding of the way Woods 
Bagot currently practices ‘for sustainability’ will help in the development of tools to continue to improve the organisation’s 
response to the challenges of designing for sustainability. 
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Figure 1: Professional ‘design effort’ by Project Phase. Woods Bagot ‘current’ practice (red) vs. a traditional fee structure 
(grey).

Figure 1 shows the project delivery phases (hoizontal axis) versus time and energy spent by the architectural team 
(vertical axis) as a percentage of total project effort. The grey curve shows a traditional expenditure of time (or fee) as a 
project progresses through the delivery phases derived from Royal Australian Institute of Architects Advisory Notes and 
from current industry practice. This curve is contrasted with a red curve illustrating how architectural team members at 
Woods Bagot perceive their effort by project phase in current ‘business as usual’ practice.  

4.1 Survey Introduction 
One version of a traditional project delivery phase breakdown shows Project Initiation through to Schematic Design 
phases accounting for 30% of architectural fees (with increasing effort required towards Concept and Schematic Design 
phases), Design Development and Documentation, together accounting for another 40% of fees, with the remaining 30% 
fee expenditure allocated for Tendering and Construction through to Defects liability, which, as a final project phase is 
allocated approximately 2.5% of architectural fees.  
Whilst there will always be variation in the above fee ‘loadings’ by project delivery phase depending on project sector, 
client, complexity, location, construction and procurement methods, these traditional fee structures do give some 
indication of the time and effort required by the architectural delivery team for each of the project phases.  

4.2 Survey Aims 
In the research presented below, the amount of time and energy spent by project phase is mapped across a number of 
project outcome scenarios: Traditional fee structure; ‘Business-as-usual’ practice; and, ‘Sustainability’ practice. 
This comparison between the different scenarios then becomes the basis of the analysis of project professional’s 
appreciation of project processes designed specifically to meet project sustainability outcomes.    
The discussion of how project processes might be ‘adapted’ to better meet the sustainability goals of clients and built 
projects takes its point of departure in the current literature. We can add to this understanding, and at the same time 
make the discussion relevant to Woods Bagot by engaging directly with project professionals.  
Here the aim is to gain an understanding of the potential ‘gap’ between how people feel their professional activity (time 
and energy) is spent per project delivery phase in a ‘standard’ project, and what they feel their activity by project delivery 
phase should be where their principal project deliverable is ‘sustainability’.  

4.3 Survey Methodology
In February 2007 Project professionals in the Woods Bagot Adelaide Studio were invited to participate in a pilot survey in 
which they were asked to ‘weight’ the amount of time and energy they spend in each of the Woods Bagot Project 
Delivery Phases. The first part of the survey used a ‘standard, or ‘business-as-usual’ scenario, and the second part 
asked participants to consider a project (real or imagined) for which sustainable outcomes are paramount.  
Woods Bagot uses a standard project delivery process across the range of project types, and across all studios globally. 
Encapsulated under the title ‘The Works’, this system supports project delivery through phase-based task lists, reference 
databases, programmed client reviews, structured internal reviews on design, buildability and value, as well as a range 
of Quality Assurance practices.  
‘The Works’ phase sequence is as follows: Project Initiation; Establishment; Briefing; Concept Design; Schematic 
Design; Design Development; Documentation, Tender; Construction; and, Wrap-up.  
For the purposes of this survey, an additional phase entitled ‘Commissioning and Occupancy’ was added to the 
traditional ‘Works’ phases based on the importance this ‘post-delivery’ phase is given in the literature on the subject. As 
the name and definition of project phases was taken directly from ‘The Works’, it is reasonable to assume that there was 
a common understanding of terms across the survey group, and a certain level of consistency in the results.   
As a means of gauging the amount of time and energy invested in each project phase, each respondent was given 20 
red stickers (each representing 5% of their total project time) to distribute through a phase matrix for each of the 
‘business as usual’ and ‘sustainable design’ scenarios.  
The technique was well received. It proved simple to explain, and as it relied on ‘building’ a visual representation of time 
and energy spent by phase using coloured dots, it was accessible to all, quick to introduce and to complete.  
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4.4 Results at a glance 
The research exercise gave us a deeper understanding of how Woods Bagot are currently working, and how project 
professionals believe their individual roles should respond to the challenges of delivering sustainable outcomes.  An 
attempt is made to add to the discussion on ‘current practice’ vs. ‘sustainability practice’ amongst Woods Bagot 
professionals, through a graphical suggestion of what the current literature suggests are sustainability-significant project 
delivery phases.  

Figure 2: Professional ‘design effort’ by project phase: Woods Bagot ‘Current’ practice (grey) with overlays of perceived 
‘sustainable practice’ (light green), and a suggested ideal, drawing on the literature (dark green). 

The results suggest that Woods Bagot professional staff do recognise that design processes for sustainability should 
differ from ‘standard’ (pre-sustainability as a major project outcome) practice.  
The results also go some way to suggesting how Woods Bagot might move to address the gaps between the current 
understanding of the impacts of project process on sustainability outcomes, and what the emerging literature on the 
subject tells us.  
There are a number of ways of looking at the data gathered through the survey and represented in Figure 2 in greater 
detail.  In the first instance we look at responses by groupings of project professionals, who for the sake of simplicity 
were grouped into ‘Project Principals’, ‘Design Architects’, ‘Delivery Architects’, and ‘Interior Designers’.  
In the second instance we look at respondent input by project delivery phase.   

4.5 Results in detail: by professional grouping
Woods Bagot staff were firstly asked to describe their role on a ‘business as usual’ project and to apply the same role 
when they were visioning how they would ideally spend their time and energy for sustainable outcomes. Here, the aim is 
to get beyond the somewhat reductionist ‘Architect’, ‘Interior Designer’, ‘Draftsperson’ classifications which address 
individual professional qualifications, rather than actual roles in project delivery.  
Respondents broadly grouped themselves as, ‘Architect – Design’, ‘Architect – Delivery’, and ‘Interior Designer’.  
Additional categories ‘Project Manager’ and ‘Architect – Presentation’ are present, but in this instance the sample size is 
too small to consider in depth. ‘Project Principals’ is also, by definition, a limited sample size but as this group is highly 
influential, these results have been considered significant for this discussion.   
Woods Bagot project professionals express a desire to ‘re-balance’ the amount of time and energy they spend through 
traditional project delivery to meet new sustainable design goals in the following ways:
Project Principals see a stronger need for their time and energy in the Schematic Design and Design Development 
phase and would look to reallocate the time and energy they currently spend in project Wrap-up and Commissioning and 
Occupancy phases to account for this.  
Design Architects express a strong desire to increase the time and energy available to them in the initial stages of project 
development, from Project Initiation to Concept Design. To afford this additional time ‘up-front’, they collectively envisage 
less time and energy spent through Documentation, Tender and Construction phases. This group sees value in
increased time and energy allocated to Commissioning and Occupancy phases.  
Interior Designers communicate the greatest difference in how they currently work, and how they feel they should work, if 
sustainability is to be a key project deliverable across the project professional groupings. From a majority of time and 
energy spent (in order) in Documentation, Design Development and Construction phases, interior designers would 
ideally see increased involvement in Project Establishment/ Initiation phases from currently minimal or no participation, to 
significant time and energy spent; as well as increases in Project Briefing and Concept Design for sustainability 
outcomes.
Typically made up of architects and draftspeople with technical competency and good construction experience, Delivery 
Architects express the desire to participate in all project phases for sustainability outcomes with a particular emphasis on 
more involvement in the Concept and Schematic design phases. Along with the ‘Design Architects’, this group sees 
value in an increased role in the Commissioning and Occupancy Phases.
Consistent then with the literature, survey respondents believe that the early phases of project delivery (Project Initiation 
to Concept Design) are crucial in achieving sustainability outcomes. Design Architects, Delivery Architects and Interior 
Designers each believe that increased focus in the early stages would be beneficial to sustainable outcomes. Project 
Principals are an exception to this, but their role means that they are currently already heavily committed at this stage of 
project delivery, so it is not necessarily a reflection of the importance they place on the phase that they do not ‘allocate’ 
additional time for sustainability outcomes.  
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From the literature, other important phases of project delivery are the Commissioning and Occupancy phases. Here, 
survey responses reflect less clearly the current trends. In fact, Project Principals and Interior Designers place little or no
importance for their roles on this phase for sustainability outcomes.   
A  Project Principals’ role is perhaps poorly aligned with the requirements of this more technical phase, which may 
explain the results. The reverse, however, might be said for Interior Designers, who at this final ‘hand-over stage of 
project delivery, often have the closest end-user or client contact.   
Design Architects and Delivery Architects place a similar time/energy weighting on Commissioning and Occupancy, with 
Delivery Architects most clearly expressing understanding of the importance of correct commissioning of a building for 
building energy performance and other sustainability outcomes.  

4.6 Results in detail: by project phase 
4.6.1 Project Initiation and Briefing
The Initiation and Establishment phases of project delivery reveal an interesting trend across project professionals. 
Whilst Delivery Architects believe that they are currently spending enough time and energy in these initial phases of 
project delivery to meet additional sustainability objectives, Design Architects and Interior Designers  across both Project 
Initiation and Project Establishment, feel they should contribute significantly more in these early phases. 
The Briefing phase is the most heavily ‘weighted’ by the survey respondents. Here, project professionals are telling us 
that they believe the briefing phase is the most influential in achieving sustainable outcomes. Each group also believes 
they have a contribution to make through this phase. This finding is consistent with the literature and it appears that 
instinctively, project professionals across the range of project delivery roles also believe this to be true. 
At the same time it is important to realise that ‘briefing’ or setting the goals for sustainability alone is not enough. 
Sustainable project outcomes can be achieved where design teams understand that real steps towards architectural 
sustainability will be made only when this is considered holistically and taken into account at each decision making stage 
through the whole project process. 
4.6.2 Design
The Concept Design phase is also heavily ‘weighted’ in the delivery of sustainable projects by all survey respondents. 
Again, each of the groups surveyed believe that they should spend more time and energy at the Concept Design phase if 
they are to positively impact on sustainability outcomes. Delivery Architects express this trend in the strongest terms, 
suggesting an almost two-fold increase in time and energy expended in the Concept Design Phase. 
Schematic Design appears to require more time and effort where sustainability is a key project deliverable. The desire to 
be more involved in this phase is most pronounced amongst Project Principals and Delivery Architects, who would 
ideally see the time and energy they spend in each phase increased by 75% and 245% respectively.  
This result may reflect what level of time and energy project professionals believe is really required at this stage of 
project delivery for sustainable outcomes. It may also, in part, reflect a general desire amongst architecturally trained 
professionals performing a range of architectural delivery roles, to participate in what might be seen to be the most 
creative, least constrained stage of project delivery. 
4.6.3 Design Development and Documentation
Averaging all survey responses, the Design Development phase appears to be ‘well balanced’, with the current time and 
energy expended by the design team as a whole, similar to what the team believes is required for sustainable project 
delivery.  Project Principals and Delivery Architects feel that this phase requires more of their time and energy where 
sustainability is a key project deliverable, whilst Design Architects and Interior Designers feel that they should be 
spending proportionally less time and energy in this phase.  
Interior designers, Design Architects and Delivery Architects tell us that the Documentation phase of sustainable projects 
should take less time and energy that it currently does, and this by a significant amount. Project Principals are the only 
group who feel that they should spend more time and energy on the Documentation phase for sustainable design 
outcomes.
Here, project professionals are telling us that if they ‘get it right up-front’ (i.e. in the Briefing and Concept Design phases), 
they will not need to spend the time they are currently spending in the Documentation Phases. 
4.6.4 Tender and Construction
Whilst Project Principals tell us that they are in fact currently spending the ‘right’ amount of time and energy in Tender 
phase, for sustainability outcomes, Design Architects and Delivery Architects feel they are spending too much time and 
energy by 53% and 33% respectively, and Interior Designers would ideally like to see their time and energy at this phase 
of delivery increased by 50% on current levels. This possibly reflects the ongoing dialogue between Interior Designers 
and contractors which is part of the normal design process, one which demands particular attention when it comes to 
materials selection, appropriate substitution and last minute design changes.  
The Construction phase is the only project delivery phase where all survey respondents, and most significantly Interior 
Designers and Design Architects believe they could proportionally reduce time and energy spent for a sustainable 
project, where this time is reallocated elsewhere, notably in the Briefing and Concept Design phases.  These results 
reflect perhaps the expectation that the construction industry should require less design professional input once 
documentation is complete and tender awarded but at the same time raises the question of the level of sustainability 
knowledge, experience or motivation architects can expect of construction contractors.  
Project Wrap-up appears particularly onerous for Project Principals, who feel that their effort in this phase might be 
reduced by up to 75%, and may be better spent in Schematic Design. Perhaps Principals are seeing the potential in the 
more collaborative, less adversarial design processes which favour sustainable design outcomes.  Understandably, this 
project phase is less relevant for project professionals without financial and managerial responsibilities. 
4.6.5 Commissioning 
Design and Delivery architects appear conscious of the importance of the building Commissioning/Tuning phase in the 
delivery of sustainable project outcomes. There is a willingness amongst these groups to participate in these phases, 
traditionally seen as ‘post-delivery’. For improved sustainability outcomes, gains may be made by simply increasing 
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scope of delivery for Design and Delivery architects in the Commissioning phases and empowering these professionals 
to take an active role in this end of project delivery.  
4.6.6 Occupancy
The building Occupancy phase is strongly implied in a buildings’ actual performance for sustainability. Research 
demonstrates the impact of building occupant behaviour on building energy and resource use and whilst, in part, 
architects can work to ensure that building users have a solid understanding of general issues surrounding 
environmental performance and built form, they must also take responsibility for educating clients and end-users on how 
best to use the facility designed for them. 
Here, interior designers have a significant role to play. They often have the closest client contact, particularly at the fit-out 
stage; they have an intimate understanding of why choices have been made on materials use, internal layouts, furniture 
and lighting strategies. Interior designers also understand the major base building issues and how these impact on the 
function of the facility for the end users.  
It would appear that there is scope within Woods Bagot to work with Interior designers on the importance of educating 
tenants and owners ‘into their new facility’ and to give interior designers the tools they need to deliver an effective service
at this post-Wrap-up phase, they hold, after all, the most intimate knowledge of the project at this stage.   
Interestingly, it appears that overall, the design team is providing the level of professional service they believe is required
to meet sustainability project goals at the Commissioning and Occupancy phases. At the same time, it would appear that 
the ‘wrong’ project professionals are delivering the service at this stage. Design Architects and Delivery Architects are 
wanting to take some of the responsibility from Project Principals.  

5. INFORMING PRACTICE 

If the aim is to structure project delivery to favour sustainable design outcomes, there are a number of phases Woods 
Bagot project professionals believe need to be resourced differently. Project Initiation and Project Establishment phases 
require near to twice the amount of ‘effort’ they traditionally receive, as does Briefing which is seen as the phase most 
significantly in need of attention if our principal project aim is sustainability. Concept Design and to a lesser extent, 
Schematic Design are also seen as ‘under serviced’ in the traditional project delivery scope.  
Beyond Design Development, and where early project phases (Initiation to Schematic Design) have been adequately 
resourced for sustainability, latter project phases should be able to be proportionally reduced in scope for a ‘sustainable’ 
outcome, with the Construction phase able to support the greatest reduction in time and effort in order to compensate for 
gains in earlier project delivery phases. Project professionals believe that to deliver a sustainable project, pre-Design 
Development phases need to be more heavily resourced, in which case, post-Design Development might reduce in 
‘scope’. An additional phase (which for survey purposes was in this instance entitled ‘Commissioning and Occupancy’), 
marks a reversal in this general trend however. Woods Bagot professionals generally see value in increasing their 
project effort through Commissioning and Occupancy phases as a means of achieving a more sustainable product and 
perhaps, as they evaluate how occupants ‘live the building’, completing the knowledge loop and informing their future 
architectural practice.  
The discussion of survey results above describes how project professionals in one studio perceive their current practice 
and how they perceive the changes necessary in their project practice as sustainability becomes a principal project 
deliverable. The ‘leap’ then is to place this discussion, specific to Woods Bagot project professionals, in the context of 
the broader sustainability debate and indeed in the context of the emerging body of literature on the importance of 
project delivery processes in achieving sustainability outcomes.   
The space between the grey ‘traditional delivery’ curve, and the red ‘current practice’ curve in Figure 1, represents how 
Woods Bagot currently adapts traditional project delivery to best meet client and project needs. The space between the 
grey ‘current practice’ curve and the green ‘greener still’ curve in Figure 2 represents the areas where Woods Bagot has 
the opportunity to re-balance the resource allocation by project phase, drawing on project professional’s intuitive 
understanding of sustainability-significant project phases to better meet the challenges of designing for sustainability.   

CONCLUSION 

Woods Bagot staff and clients are demanding that, as architects and planners, we demonstrate clear  credentials in 
designing for sustainability as well as a seriousness of intent to achieve sustainability, and a robust corporate 
sustainability ethic.  
From a business perspective, the importance of sustainability is also not to be understated.  Whilst we recognise that the 
ultimate sustainability success of any project is ‘largely dependant upon skill, goodwill and relationships of the parties 
involved rather than the imposition and enforcement of strict contractual obligations’ , we also know that the obligations 
upon design professionals to achieve the required green ratings (the market’s current most common measure of 
sustainability) will also come about in an ever stricter contractual context, which is likely to employ a mix of negotiated 
bonuses, liquidated damages, warranties and indemnities. 
In this context, Woods Bagot will do well to foster the right corporate attitudes to sustainability, the right project 
processes, and to develop appropriate tools to ensure we can deliver on the specifics of sustainability, as well as on its 
general intent.  This study demonstrates that Woods Bagot staff generally have a good understanding of how the 
sustainability imperative might influence project delivery processes and ‘intuitively’ understand sustainability-sensitive 
project delivery phases, with some small exceptions, and as such appears well placed to continue to deliver on 
sustainability.   

41st Annual Conference of the Architectural Science Association ANZAScA 2007 at Deakin University 22



ACKNOWLEDGEMENTS 

Dr Terry Williamson, The University of Adelaide; Dr Helen Bennetts, The University of Adelaide;  
Woods Bagot Public Research Fund, Adelaide Studio directors and staff.  
Public is Woods Bagot’s research branch developed in response to client research which showed that whilst Woods 
Bagot clients seek excellence in design and value for money, they most value knowledge.  Public is designed to 
encourage research within the organisation and in collaboration with external bodies, with the view to developing a 
culture of research-based design that is made available to the public. 

REFERENCES 

Egan, S. J. (1998). Rethinking Construction, Crown Copyright 1998 URN 03/951 HMSO. 2007. 

Gerrard, J. (2007). Sustainability essential for a company's prosperity. T. A. B. Day. Melbourne, Fairfax Digital. 2007. 

Hartmann, A. (2006). Green Buildings: getting the rating you need. Property Australia. 

Hartmann, A. (2006). Moving Forwards with Healthy Buildings: Trends, barriers, opportunities and next steps. Property 
Australia. July 2006. 

Malanca, M. (2007). Green Star 2020. Green Cities 2007, Sydney, Australia. 

McElroy, L., B. (2006). Better buildings, better lives? ANZAScA 2006, The University of Adelaide, South Australia. 

Mendler, S. F. O'Dell, William; Lazarus, Mary Ann (2000). The HOK Guidebook to Sustainable Design. Hoboken, New 
Jersey, John Wiley and Sons. 

Mendonca, L. O., J. (2007). Investing in Sustainability: An interview with Al Gore and David Blood. The McKinsey 
Quarterly (May 2007). 

Portney, K. E. (2003). Taking Sustainable Cities Seriously. Economic Development, the Environment, and Quality of Life 
in American Cities. Cambridge, Massachusetts, The MIT Press. 

van Bellegham, J. (2007). Green Developments - A Developer’s Perspective. Green Cities 2007, Sydney, Australia. 

Wall, C. (2007). Green Buildings and Green Cities… Our Environmental, Economic and Social Responsibility. Green 
Cities '07, Sydney, Australia, Green Building Council of Australia. 

Yudelson, J. (2007). How to Achieve Green Building Marketing Success. Green Cities '07, Sydney, Australia, Green 
Building Council of Australia. 

41st Annual Conference of the Architectural Science Association ANZAScA 2007 at Deakin University 23



Energy source impacts and design
of tropical eco-resorts 

Zbigniew Bromberek 
School of Architecture, University of Tasmania, Launceston, Australia 

ABSTRACT: This paper is concerned with the direct planning and design implications of selecting the 
energy source—aimed at limiting impacts related to the associated noise, vibrations, visual impacts, 
operational or safety requirements. Other considerations include impacts from maintenance materials 
and activities. Such environmental impacts can expand human-felt presence, scaring off wildlife or 
making adjacent areas unhabitable for the local fauna and even for those more sensitive flora species, 
thus undermining the very reason for establishing an eco-tourism facility. The extent of such impacts 
depends on the system or combination of systems selected to meet resort’s energy needs. Generally, 
two options are available: a grid connection, involving electricity generated elsewhere and transmission 
lines, and power generation on-site. Both these options are briefly discussed, focussing on standalone 
system options, which are more typical in tropical eco-resorts—as usually removed from the grid. They 
can be broadly categorised as conventional and unconventional generators. A different classification 
divides energy generation into groups of renewable and non-renewable sources. These two 
classifications are not mutually exclusive. Advantages and disadvantages of various energy sources 
are briefly presented from a tropical eco-resort design point of view. An attempt is made to draw 
conclusions in form of recommendations for energy source selection in eco-resort setting. 

Conference theme: Indicators of sustainable development: space, energy, water, waste 
Key words: eco-resort, design, energy, tropics 

INTRODUCTION 

Eco-tourist resort operations hugely depend on energy needs, waste and pollution minimisation. While most of the 
respective aims are achieved through adopted practices and considerate behaviour of staff and guests, some 
aspects of minimisation programs have to be supported with adequate planning and design. The tropics occupy a 
very specific position in this regard. They offer environments more fragile than in most other locations and pose 
problems not encountered by eco-resort developers and operators elsewhere (WMO 2005). Tropical resorts must be 
thus considered as a separate category. 
Resorts use significant amounts of energy required for their daily operations and recreational activities. In most 
remote facilities, energy costs are the largest part of operational costs. This high demand for energy is often due to 
the use of energy-intensive technologies to provide home comforts and conveniences, such as air conditioning, to 
resort guests—whether they want it or not. The vast majority of resorts meet their energy needs by generating or 
purchasing energy produced through burning of fuels from sources such as coal, oil and natural gas, which contribute 
to air pollution locally and to climate change globally. Passive design with efficient use of renewable energy usually 
decrease dependency on unnecessary energy input. Environmentally friendly practices also can enhance resort 
reputation among its guests and others who are concerned about impacts from growing energy consumption. 
Decisions regarding energy generation and supply are among the most significant environmental initiatives that may 
be taken in a resort. Although global warming, acid rains and other broad environmental impacts usually are not 
something that we are concerned about when it comes to using relatively small amounts of energy in remote areas, 
the utilised energy systems certainly belong to the most visible aspects of running any establishment aiming at the 
eco-friendly status. It is because even more serious than the global impacts are, in this instance, the environmental 
problems, which have very local impacts, for instance fuel spills, disposal of used engine oil, discarded batteries and 
worn-out engines, fumes, noise and fire hazard (ONT 1997). The extent of such impacts depends on the system or 
combination of systems selected to meet resort’s energy needs. There are also direct planning and design 
implications of selecting some energy sources—because of the associated noise, vibrations, visual impacts, 
operational requirements or safety reasons. Such implications, when neglected, can have a very significant impact on 
efficiency of the utilised systems, operational costs of the resort and potentially detrimental effect on the eco-friendly 
image being at the core of any environment-focussed development. 

1. ENERGY MANAGEMENT 

The key to minimising impacts from the energy systems is to minimise the need for using the energy in the first place, 
and then to increase efficiency of energy use: in its generation, then—supply and, finally, possibly recovery. It is 
necessary to identify tasks for which the energy will be needed in the resort, identify the most efficient way of 
performing these tasks, quantify the energy required to meet the needs, and finally, to generate and supply quantified 
amounts of energy in a most efficient way and with the least environmental impact. Environmental and other location 
or site specific constraints, for example availability of spare parts and expert repair services, should be factored in 
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before selecting a power generation system (Figure 1; compare Baker 1987 and ONT 1997). The starting point is at 
the assessment of the forecast energy use to determine where the highest energy consumption takes place within 
the resort and the most likely places for efficiency improvements on the basis of existing similar resorts. The design 
should enable guests to follow energy-saving practices, such as going without lights and air conditioning when they 
are not really needed, closing window shades before leaving their rooms during the day and opening windows for the 
night (compare Energy Victoria 1994). When feasible, renewable energy sources, such as biogas, wind or solar 
power, should be used. Decisions taken at the design stage will have a long lasting effect in terms of impact on the 
environment, operational costs and, ultimately, customer satisfaction. The ultimate goal should always be to maintain, 
or prevent deterioration, to the natural condition of the site. 

Figure 1 Energy system selection process 

From the energy management point of view, the important issues to be resolved are: identification of needs and 
services requiring additional energy inputs in terms of input timing, place, quantity and quality (compare Boele 1996). 
Energy can be used in a tropical resort for water pumping, space cooling, ventilation, lighting, water heating, food 
refrigeration and preparation, site transportation, powering small appliances, office needs, communication and 
information services and a range of others. These energy decisions must prevent air, water and soil pollution as well 
as minimise any visual and acoustic impacts from a power source. Depending on the type of the source, other 
considerations include impacts from maintenance materials and activities. Possibility of pollution caused by regular 
deliveries of the required type of fuel and with this, the risk of accidents (fires, spills etc.) must also be considered. 
There are resorts in the tropics using energy for only limited lighting and cooking, and there are others, where power 
can be used also to aerate decorative fishponds. The base for making decisions—about which services are or are not 
offered—are beyond the scope of this paper. In this place only a few considerations will be presented that can help in 
reducing energy amounts needed for most of these services. Passive design, supported by adequate site plan is well 
suited to addressing issues of cooling, ventilation and lighting. It is, most certainly, capable of meeting needs in these 
areas to a large extent without resorting to powered machinery and equipment (Baker 1987). We will move on now to 
the remaining aspects of power generation, supply and recovery. 

2. POWER SUPPLY 

Once the needs have been identified and a decision about using energy-based devices to meet them has been 
taken, power supply system must be considered. Generally, two options are available: a grid connection, involving 
electricity generated elsewhere and transmission lines, and power generation on-site. The grid connection is a viable 
option for resorts located fairly close to the local powerlines network: distances of several kilometres make the 
connection prohibitively expensive in both capital and maintenance costs. In a few places around the world an 
attractive hybrid solution is possible, whereby resort is connected to the grid and generating its own electricity on-site 
with any surplus energy flowing back to the grid in buy-back schemes. This option is most desirable where resort’s 
own electricity is generated by photovoltaic (PV) panels and thus having its peak output mismatched with its peak 
energy demand. Opportunities for recovering heat in a process of energy generation should also be explored as a 
means to curb demand (Carbon Trust 2005 and 2005a). 
A number of energy sources are available for use in standalone systems used in generating electricity on-site 
(Fraenkel 1979, Hulscher and Fraenkel 1994). There is a large variety of options, which can be broadly categorised 
as conventional and unconventional generators with a boundary between them increasingly blurred. A different 
classification divides energy generation into groups of renewable and non-renewable sources. These classifications 
are not mutually exclusive as it is shown in the diagram (Figure 2). It should be noted that not all unconventional 
sources can be used in a remote tropical location, while others might not be suitable in small applications. On the 
other hand, use of some renewable fuels, such as biodiesel or charcoal, can have potentially disastrous impact on 
the environment bringing with them deforestation, monoculture crops, soil erosion and plethora of other problems. 
Other renewables can cause environmental problems in the regions where the components are sourced from or 
manufactured. The main reason for favouring renewable technologies in tropical eco-resorts are usually difficulties 
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and costs related to conventional fuel supplies on a regular basis, transmission losses over large distances and 
reliability of powerlines, or problematic maintenance. In this particular setting, also the non-tangible effects of using 
conventional diesel or petrol engine-driven systems, such as noise, vibrations and smells, can be crucial to resort’s 
operations. Such environmental factors can expand human-felt presence scaring-off wildlife or making adjacent areas 
unhabitable for the local fauna. A definite advantage of using conventional power sources lies in relative easiness of 
storing energy (or rather—fuel for its generation) and using it in line with the current demand levels. Non-conventional 
systems are not reliable in all-weather conditions and require back-up to secure vital services, although in some 
areas the opposite might be true. Non-grid energy supply options include renewable energy sources such as 
photovoltaic cells, wind and micro-hydroelectricity, and non-renewable diesel or petrol generators. The quietness and 
environmental benefits of most renewable energy sources make them preferable to fossil fuel-fired generators.  

Figure 2 Energy source classification 

Generator capacity should be carefully matched to the expected electrical load. For small, variable loads, and in 
parallel with electricity generation to meet peak demands, batteries can be charged by a generator, which does not 
have to run when loads are very low. This solution, however, adds to cost and complexity of the system and has its 
own design/planning implication in regard to required outbuildings, supply roads and distances from other parts of the 
resort.
Where possible, low power DC (direct current) equipment can be used to minimise the need for the use of inverters. 
While this will involve using a distribution system with heavier duty wiring than would be required for an AC (alternate 
current) distribution system, and may also require duplication of distribution systems to some areas, the reduced cost 
of installing and maintaining inverters was considered a reason good enough for this choice. 

3. DESIGN AND PLANNING ISSUES 

Eco-resorts require energy for lighting and cooking. Secondary demands include power for air-conditioning, water 
heating, powering communication equipment, and transportation needs among others. As it was mentioned earlier, 
selecting the energy source has almost always certain implications for planning/design of a resort. A list of affected 
issues is quite extensive: from zoning with the aim of reducing acoustic and visual impacts, through distances 
impacting on system efficiencies, particularly DC power transmission and direct solar heating, to safety, security and 
risk management. Closely related are the fuel and energy storage problems. 

Internal combustion (IC) engine generators 
Fossil fuels, or rather—fuels from fossil sources, are the most common type of fuel used to generate power. Due to 
the rate of replenishment, they must be considered a non-renewable resource. Nearly all uses of fossil fuels also 
belong to the “principal greenhouse gas polluter” category. The major advantages and disadvantages of generators 
using this type of fuel are listed in the Table 1 (Hulscher and Fraenkel 1994).  
Biofuels, as both liquid and gaseous fuels such as bio-diesel or ethanol, are emerging as a viable alternative to fuels 
from fossil sources as an energy source in IC generators. The requirements for their use are virtually identical to 
fossil fuels but they are effectively carbon emission neutral and renewable. Another, similar source, is biomass. 
Biomass energy is a general term for energy sourced from organic materials. It can be used directly (by combustion) 
or can be converted into a biofuel. Biofuel is a more efficient and convenient form to store and use. The process of 
converting biomass into biofuel uses either biological (by fermentation) or thermochemical (by pyrolysis, gasification 
and trans-esterification) processes.  

Table 1 Major planning/design advantages and disadvantages of using IC engine generators
Advantages Disadvantages 
Availability  
Popularly known installation and maintenance 
procedures
Relatively small size 
Constant source of reliable power 
Flexibility in terms of installation location 

Non-renewable fuel that requires, usually hazardous, replenishment procedures 
Require isolation and/or insulation for noise and vibrations
Level of pollution produced (noxious exhaust fumes contain CO2, nitrates, 
particulates, etc.) is high locally 
Uneconomical at intermittent power demand below 0.5kW 
Biofuels are destructive to the natural environment as their source are large 
monoculture crop fields/plantations (land use competition) 
Biomass requires a fairly large organic waste base 
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Solar generators 
Solar energy can be used in power generation systems of two types. Generators of the first type convert light into 
electricity using solar photovoltaic arrays. Most common systems are currently available with power outputs ranging 
from a few watts to the megawatt level. Single solar modules are available in a variety of power ratings up to 200W. 
In generators of the second type, solar energy is concentrated using mirrors or lenses to produce high temperatures. 
The heat is then used to generate steam, which in turn is used to drive either a generator or alternator to produce the 
electricity. Solar systems, which currently are being installed, have efficiencies around 30%—similar to petrol-driven 
generators. Major advantages and disadvantages of using solar generators as power source are listed in Table 2 
(Hulscher and Fraenkel 1994).  

Table 2 Major planning/design advantages and disadvantages of using solar PV generators
Advantages  Disadvantages  
No pollution associated with operation 
No fuel supply required 
Require little ongoing low skill maintenance 
Easily installed  
Can be integrated into the roof design  
Provides extra shading for the roof  
Robust and resilient – no moving parts  
Long life (10+ years guarantee)  

Only work at full efficiency for part of the day, and at reduced efficiency at other 
times—mismatched with resort demands 
Require significant energy storage capacity  
May require backup power source  
Fairly large area required (1m2 per 200W at the best commercially available 
technologies)
Susceptible to mechanical damage – particularly crystalline arrays that have a 
glass cover  
Require full exposure to sunlight—efficiency is dramatically decreasing even 
when fractionally shaded 

Wind energy 
Wind power is utilising the kinetic energy of the wind and converting it into mechanical energy, which is then used to 
generate electricity. Several types of wind turbines are available on the market. Typically, a turbine needs to be 
raised high above the ground to capture more wind energy. Wind availability and speeds increase with height and, as 
the power increase is proportional to the wind speed increase cubed, significant gains can be achieved with 
increases in height. Horizontal axis systems usually also have the generator raised. Vertical axis systems can have 
the generator either at ground level or raised. Horizontal axis turbines are efficient at lower wind speeds and are self 
starting but they need to be oriented to the wind which adds complexity to the system (Hulscher and Fraenkel 1994).  

Table 3 Major planning/design advantages and disadvantages of using wind generators
Advantages  Disadvantages  
Little pollution associated with operation 
Require little ongoing maintenance 
No fuel supply required 
Require little ongoing low skill maintenance 
Easily installed 

Only work at full efficiency at certain wind speeds, and at reduced efficiency at 
other times—not always matching resort operations 
Require significant energy storage capacity  
May require backup power source  
Significant visual impacts 
Significant sound pollution 
Significant source of ultrasounds, having potential health impacts  
Susceptible to mechanical damage 
Can pose a serious threat to wildlife: birds and bats 

Hydraulic generators 
The use of water as an energy source is a well established technology. There are three major methods to generate 
energy using water. The most popular of these technologies converts the potential and kinetic energies of water 
flowing down a gradient to power a turbine. Other technologies utilise wave and tidal powers of the ocean as energy 
sources and are, usually, beyond reach of small customers. 
Hydroelectric schemes usually require a dam to provide substantial drop and to maintain adequate flow rates. One 
litre of water per second falling about 100 metres can generate about one kilowatt. Small scale hydro systems with 
outputs as small as 200 Watts can be installed to provide electricity for a small resort. These systems need only 
constant water supply and a drop of as little as 1m. Even lesser an impact have in-stream turbines, typically installed 
floating on pontoons. Some advantages and disadvantages of using hydro-electric schemes are shown in Table 4 
(Hulscher and Fraenkel 1994). 

Table 4 Major planning/design advantages and disadvantages of using hydro-electric generators
Advantages  Disadvantages  
Little pollution associated with operation 
Require little ongoing maintenance 
No fuel supply required 
Continuous supply — no need for power storage 
The dam can be multi-usage. It provides excellent 
space for leisure facilities such as water sports—it 
can be use for irrigation and flood control 
Long life span 

Great impact both to downstream and upstream river environments (scouring of 
river beds, loss of riverbanks and erosion of sand bars disturbing aquatic life, 
silting etc.) 
Might produce methane (green house gas) as the newly flooded area being is 
inundated with water and decaying in an anaerobic environment—having local 
impact on wildlife and resort operations 
Site-specific and quite restrictive technologies requiring high head (altitude 
differential) or fast flowing permanent stream 
Subject to seasonal shortages often mismatched with resort operations 

Geothermal energy 
Geothermal energy is extracted from the earth in the form of heat. Practically not a limitless source (as it was plainly 
demonstrated in Rotorua, New Zealand, where the source has been easily depleted), technically it is renewable and 
sustainable when used responsibly. Temperature increases with depth: well depths of a few kilometres are required 
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for viable systems and are thus impractical for small customers. Geothermal energy can also be used in conjunction 
with heat pumps. Pipes buried only a few metres underground can heat a liquid medium passing through them to a 
practically constant temperature. The heat is carried to the building where temperature can be further raised in a heat 
exchanger. Coupling heat pumps to the ground heat produces a very reliable and cheap source of thermal energy. It 
is not suitable for conversion into electricity but, since supply of hot water places a large demand on power system in 
a resort, the overall demand for electricity can be substantially reduced (Hulscher and Fraenkel 1994). 

Energy storage 
A problem closely related to energy generation is that of energy storage. Here too, there is a large variety of 
solutions, some intrusive and environmentally damaging, some others more neutral. A number of energy storage 
options are available depending on what form of energy is being used to generate heat and/or electricity.  
Batteries are the most generally useful and the most readily available form of energy storage. They are also a form of 
storage that does not require an alternate generation system to convert the stored energy back to electricity. They 
can also be used to store energy irrespective of energy source being used. The use of kinetic energy storage in the 
form of flywheels is somewhat problematic when used on a large scale. The use of water as a potential energy store 
is a practical system and has been shown to be effective in large scale systems where water is pumped to a higher 
level using excess power and then used in a hydro system when the primary power source is not available. The use 
of compressed liquefied gas as an energy storage system to drive a turbine is also a practical system. The 
conversion of water to hydrogen by electrolysis is a generally useful system but other chemical storage systems like 
the conversion of ammonia to hydrogen and nitrogen and methane to longer chain hydrocarbons are only useful 
when the high temperatures generated by concentrating solar energy is the energy source. Major advantages and 
disadvantages of these systems are listed in Table 5 (Hulscher and Fraenkel 1994).  
Many of the energy storage systems described here require a conversion system to change the stored energy back 
into electricity. The required conversion is usually different to the original energy capture system. This re-conversion 
requirement adds complexity and cost to the system. Most of them also represent technologies that are not 
environmentally neutral. The environmental impact of batteries’ disposal is thus also of significant concern. 

Table 5 Major planning/design advantages and disadvantages of energy storage systems
Storage system  Advantages  Disadvantages  
Batteries Easily available  

Available in a wide range of capacities  
Relatively efficient  
Can be used with all major energy sources 

Weight and size of the system 
Pollution on disposal  
Short life span

Kinetic energy storage  Inexpensive operation  
Maintenance free  
Expected long operational life  
Pollution free 

Expensive to install
Apparently unproven technology at useful scales  

Potential energy (water)  Fairly closed system  
Pollution free 
Potential for multiple uses 

Large storage area required  
Requires significant height difference 
Potential environmental impacts coming with the 
changed water table level and its interrupted flow 

Potential energy (compressed/ 
liquefied gas)

Can use air so an open system is possible Danger from high pressures requires isolation  
Requirement for large quantity storage  
Relatively high maintenance requirement  

Chemical energy (hydrogen 
from water)  

Established process
Non polluting

Relatively inefficient  
Requires storage of explosive gas  
May require large amount of storage  

Chemical energy (methane and 
ammonia)

Can be a closed process  Both are pollutants  
Requires specialised processing
Relatively high maintenance  
Only useful where high temperatures are available  

4. IMPLICATIONS OF ENERGY SYSTEM SELECTION 

Power generators for remote areas are a very small segment of the market. As a result, they are expensive in initial 
outlay requirements, expensive to run when fuel transportation is involved, and require highly skilled labour to provide 
maintenance. Small scale of operation (output is usually under 100kW) results in using machinery that is less efficient 
and less durable (Fraenkel 1997). 
The utilised energy systems certainly belong to the most visible aspects of running any establishment aiming at the 
eco-friendly status. Energy costs are also the largest part of operational costs in most resorts that are remotely 
located, which the majority of eco-resorts are (Bromberek 2007). This high cost, tied to high demand for energy, is 
often due to the use of energy-intensive technologies to provide home comforts and conveniences, such as air-
conditioning, to resort guests. Passive design, typical of eco-resorts, with its limited use of energy, can only decrease 
dependency on total energy input. The biggest opportunities to save energy usually occur during the design, 
construction, refurbishment and replacement stages. The decisions taken at these stages can lock in long-term 
energy efficiency or inefficiency and influence the environmental impact of energy use for many years.  
The cheapest, from capital requirements point of view, are internal combustion (IC) petrol and diesel engines 
(Fraenkel 1997). They are also most expensive in terms of running costs and most problematic from environmental 
impact standpoints in all aspects of their exploitation. Wind and water turbines, photovoltaic cells and solar hot water 
heaters, although neutral in operation and less invasive to the environment they are operated in, often have high 
embodied energy and, even more often, represent high capital cost and/or require expert and costly maintenance 
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(Boele 1996). The economics of these devices indicates that power generators utilising renewable resources quickly 
become competitive and their pay-back periods have substantially shortened over the recent years. 
To maximise the effectiveness of power generation, it is important to assess energy end-uses carefully. Some power 
needs are constant, for example refrigeration, and require reliable supply while others, for example pumping water to 
storage tanks, are time–independent and can be supplied from less predictable or intermittent sources such as wind 
or sun. Variation of demand and variability of load are important considerations as generators are generally more 
efficient at full load. That makes a number of smaller generators a better option than one large generator even if the 
larger one is more efficient, but only while running at its full capacity (Hulscher and Fraenkel 1994).  
In assessing the cost of alternatives the following should be taken into consideration (compare ONT 1997): 

—Cost of purchasing and replacing, which has to include cost of the loan or interest lost had the money been 
invested elsewhere; 

—Cost of fuel, if the generator requires any, including cost of transporting the fuel to the site. The amount of fuel 
required in one year of operation should be calculated and together with delivery charges added to the cost of 
purchase; 

—Cost of maintenance and repairs; 
—Risk of possible environmental pollution assessed against possible power failure of less reliable but safer option; 
—Noise and vibrations; 
—Visual pollution; 
—Risk of failure to the facility and its operation. 

For example, low voltage DC operated systems are usually preferable over systems using 120/240V AC wiring: they 
are safer, equally efficient, and can be run directly (without still largely inefficient and quite expensive inverters) from 
the renewable power system. In particular, low wattage compact fluorescent fixtures, while more expensive to buy 
than conventional incandescent lamps, last longer, consume less energy and usually prove much cheaper in the long 
run. For electricity generation in a self-contained development, a combination of PV and wind generator can often 
offer the best solution because it diversifies the (renewable) sources. Water heating is a large user of energy and a 
solar water heater is a simple and economically competitive solution. 
The following Table 6 summarises some of the characteristics of the existing and emerging technologies (compare 
Fraenkel 1979, Hulscher and Fraenkel 1994). 

Table 6 Various energy sources, their costs and environmental impacts 

Sound generated in the resort can come from many sources. Most power generators (including wind turbines) can 
develop substantial noise levels, vehicles and most vessels (except for sailing boats) used in and around the resort 
produce sounds peaking (in terms of irritability) at the potent low–frequency end of the spectrum. Transportation of 
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supplies should use carefully plotted routes and vehicles/vessels using electric rather than internal combustion 
engines (ONT 1997). Where the latter seem unavoidable, they should be placed in soundproofed enclosures. 
From the designer/planner point of view, the selection of energy supply (and storage) system will have implications 
translated into a need for separation of the source (in cases of vibrations, ultrasound generation or unwanted sound 
and smells) or conversely—total integration with the parts of the resort occupied by its guests (solar water heaters or 
PV panels). In some instances safety zones need to be established around fuel stores and/or electricity generation 
equipment, and sometimes separate buildings to house generators must be provided. Planning and design should 
include supply and maintenance roads and buffer zones. Environmental impacts of the selected system should be 
carefully considered as the condition of the environment is the very basis on which operation of eco-resort depends. 

CONCLUSION 

The architectural expression is only the last one of the four steps in the process of building a climate-responsive 
tropical resort. It must be preceded by the study of the variables in climate, biology and technology. Different energy 
efficiencies of tourist facilities, which is the main economic effect to be accomplished in this process, can be achieved 
through reduction of demand, use of energy efficient appliances and use of renewable sources. A comprehensive 
effort in all the three areas is the only solution acceptable to the majority users in the eco-tourism market segment. 
While higher efficiencies and lesser impacts are achievable through retrofitting of existing structures, a real reduction 
of demand, put on the energy system in use, requires changes (over a ‘conventional’ resort) introduced at the 
planning and design stages of development and include adjustment to the selected power supply system. 
The eco-resort is a mark of human presence in an otherwise largely undisturbed environment. Among many other 
impacts, the resort is a source of light, sound, air, water and soil pollution related to its operation. All of these will 
increase with the scale of operations, including power generation and supply. Hence, first of all: design and plan of 
the resort should help to reduce the demand. With the selection of energy source the most important factor for 
deliberation is the local context, which should determine the type and size of the system. This consideration must be 
in step with resort’s plan and design to ensure that the least amount of energy is being wasted either in transmission, 
or conversion, or as operational losses. Selection of the source of energy required in resort operations should not be 
based on its capital cost alone. It must be preceded by consideration of many different factors that are likely to 
manifest their importance at any stage of the eco-resort’s entire lifecycle. They range from difficulties in maintaining 
and reliability of delivery, through risks involved in operating the generator and running its supplies, to any anticipated 
environmental impacts. The selection must also be coordinated with the planning and design process: it should 
inform and be informed by decisions regarding siting, building materials, roof forms and their orientation, and even by 
prevailing winds’ direction —to avoid noise, light, vibration or smell affecting more sensitive areas: at the resort or 
around it. Separating the source from resort plan and design will inevitably lead to inefficiencies in energy 
management resulting in increased demand and expanding, otherwise avoidable, impacts on the surroundings. 
It must be noted that many of the so called ‘alternative’ sources can successfully compete with ‘traditionally’ used IC 
generators both on price and operational costs. It appears that interest in alternative energy has already grown into a 
whole industry. Alternative energy sources are increasingly attractive to the public. Depletion of natural resources and 
subsequent energy price increases, combined with the economy of scale can soon result in a significant improvement 
of economic indicators for those solutions, which already are quite competitive. Economic feasibility lays down a solid 
foundation on which arguments for implementation of such solutions can be based. What is even more important, 
economic benefits of alternative systems do not have to be achieved at the expense of the environment in this is 
particularly important for eco-resorts. 
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Abstract: This paper will seek to answer; “How do architects in Victoria incorporate Ecologically 
Sustainable Development (ESD) criteria into the design process?” 

For the purpose of this paper, “Ecologically Sustainable Development” is defined in line with the judging 
criteria used by the Royal Australian Institute of Architects for the ‘Sustainable Architecture Award’. The 
RAIA states that (Maddison, 2003 p.7), “the goal of sustainable architecture is to achieve development that 
improves the total quality of life, in a way that maintains the processes on which life depends. The project 
assessment covers ecologically sustainable development and energy efficient design.”    

By researching exemplary building projects that have been awarded a Victorian Sustainable Architecture 
Award, this paper will enlighten a design methodology for the pursuit of excellence in ecologically 
sustainable development. Key elements in the design process will be determined by comparing and 
analysing the processes of different architectural practices. This will be achieved through the study of 
published literature on the award winning designs, qualitative analysis of interviews with the architects who 
designed the selected projects and quantitative analysis of questionnaires completed by the architects.  

Conference theme: Human Issues: social, cultural, economic 
Keywords: Design process, sustainable architecture 

INTRODUCTION 

This study has been undertaken to gain insight into how architects in Victoria design buildings that have received awards 
for ‘sustainable’ design. It is hoped that from a study of the design processes of architectural practices recognised for 
“Ecologically Sustainable Development” (ESD), a design methodology can be enlightened to further the pursuit of 
sustainable architecture. 

The selection of architects used in this study was restricted to Victorian practices who have won awards for ‘Sustainable’ 
architecture. Four of the participating practices have won a RAIA ‘Sustainable Architecture Award’. There is some debate 
over the judging and judging criteria of the ‘Sustainable Architecture Award’, however the purpose of this study is not to 
question the merits of the award or its winners, but to use the award as a basis for choosing architects and projects that 
have been acknowledged as addressing issues of ESD. As the majority of participating practices have won the RAIA 
‘Sustainable Architecture Award’, sustainable design is defined for the purpose of this study by the judging criteria used 
by the RAIA, which states (Maddison 2003), “the goal of sustainable architecture is to achieve development that 
improves the total quality of life, in a way that maintains the processes on which life depends. The project assessment 
covers ecologically sustainable development and energy efficient design.” Thus, in this paper the term ‘ESD’ will be used 
in preference to the term ‘sustainable’ architecture, unless the point being discussed might include references to aims for 
social and economic sustainability.  

Five architectural practices chose to participate in the study. Examination into the design processes of these architects 
took the form of interviews structured by the use of a questionnaire exploring the attitudes to ESD that informed their 
award winning designs.  The questionnaire was informed by research into the design processes of sustainable 
architecture (E.C. 1999; Owen 2003; Hes 2005), and published case studies were examined to gain an understanding of 
the participating architects’ award winning work before the interviews took place.  

We shall now consider the award winning designs and design processes of the participating practices as described in 
interview. The headings of each section describe the approach employed by the practice to design and deliver what has 
been acknowledged as ‘sustainable’ architecture. The practices’ interview responses are discussed under four topics; 
namely, “Attitudes to ESD,” “Design Process,” “Performance Targets and Evaluation Tools,” and “Collaboration.” 

1. ADVOCACY AND RESEARCH 

The first project reviewed is a retail development, located in a regional centre of Victoria, consisting of a supermarket 
with smaller retail premises. The project embraces opportunities of sustainable architecture in a vigorous exploration of 
environmental, social and economic considerations. Through advocacy, collaboration and research, the architect 
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established needs and opportunities within the community and facilitated the incorporation of these into the design 
process.

1.1 Attitudes to ESD 
The interviewed design architect strongly agrees that sustainability is a very important consideration in his practice’s 
work, and states that environmental, social and economic issues encompassed by sustainable design are core 
considerations in their designs. As the practice believes that no site or project is ever the same, they consider each 
project to have unique ESD criteria. The design architect agrees that a focus on ESD is often driven by the client and 
that the major barrier to ESD is ”the issue of ensuring equitable sharing of costs and benefits, for example, the developer 
may not enjoy the benefit of their effort if the project is not properly structured.” 

1.2 Design Process 
ESD is facilitated from the ‘inception’ stage and then throughout the design process by “leadership from the design team” 
advanced through ”dialogue with clients, councils and authorities and good advocacy skills to convince stakeholders of 
relevance and need of ESD.” The practice does not use pro forma procedures and strategies in the design process as 
“they rarely do two projects the same.” Different design strategies for projects with a focus on ESD are not used as the 
practice considers ESD aims important to all projects. Resources used to advance ESD in the practice’s design 
processes take the form of “in-house doctoral research, urban design tools for pedestrian movement, overshadowing, 
and input from consultants on energy use, footprints, orientation, catchments, landscape choices and use of checklists.” 

1.3 Performance Targets and Evaluation Tools 
The design architect strongly agrees with the use of environmental performance targets to measure the success of 
designs for all projects. These targets are set by “benchmarking national and international examples,” and by the 
“investigation of individual project opportunities, short-listing identified opportunities and assessing the implications of the
suggested initiatives.”  Performance targets are checked through review at key points of the design process by the 
design team and measured after construction by a comparison of “reductions in resource use against a sample of 
standard approaches” and by post occupancy evaluation. Life cycle cost analysis is also often used. The design architect 
believes ESD design intentions are often carried through successfully to construction, although there are no special ESD 
design clauses incorporated into agreements and contracts.    

1.4 Collaboration 
The design architect ‘strongly agrees’ that using consultants with expertise in ESD is considered important and the 
practice has therefore fostered “good relationships with specialist consultants” to aid sustainability outcomes. Thus, 
specialist environmental consultants are always used and are usually appointed by the architect.  Interdisciplinary 
collaboration is considered important and integral to the success of all projects as ESD is always viewed by the practice 
as a prime concern from the feasibility stage onwards. 

2. REDUCED RESOURCE CONSUMPTION 

The client for this building was a government department whose brief it was to design and construct a “benchmark 
environmentally responsive building as a model to the construction industry and other governmental departments (DEH 
2006).”  The design architect advocated the use of passive design to reduce resource consumption.  

2.1 Attitudes to ESD 
The interviewed design architect considers ESD integral to the design process such that every project has unique ESD 
criteria in response to the characteristics of program, site and context. The design architect believes that reducing 
consumption is the key to ecological sustainability, although he acknowledges that Western society operates on a 
system of increasing consumption.  The design architect disagreed with the statement that a focus on ESD is often lead 
by the client, suggesting instead that there is usually a joint focus by practice and client. Major barriers encountered by 
the practice when advancing ESD in the design process are cost, especially for water conserving systems. The practice 
relies on an integrated design process based on passive, cost effective environmental innovations with social initiatives.  

2.2 Design Process 
The architect strongly agrees that ESD must be considered early in the design process.  ESD is facilitated in projects by 
good passive design and through researching other ESD Buildings in Australia and overseas. The design architect 
advocates the use of low technology passive systems, such as the use of thermal mass, and believes that expensive 
systems, such as mixed mode ventilation, are often misused and overridden by building managers’ over reliance on 
mechanical systems.  The practice does not use pro forma procedures in the design process as knowledge gained 
through experience ensures consideration of ESD initiatives in all projects. The design architect agreed with the 
statement that ESD design intentions are not often successfully carried through to construction, even though office 
specifications and finishes schedules include special ESD clauses.  

2.3 Performance Targets and Evaluation Tools 
ESD initiatives are implemented from sketch design through to construction and completion so that environmental 
performance targets are essentially “embedded in the design.” Environmental performance, the design architect 
believes, can be better measured by client feedback. The practice ensures ESD building performance requirements are 
achieved by “knowledge and persistence.” Evaluation tools are not used in the design process by the practice, but life 
cycle cost analysis is used when required by the client.  The responsibility for environmental management systems and 
environmental impact assessments are transferred in the specification to the builder, and post occupancy evaluations 
are carried out only when funded by the client. 
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2.4 Collaboration 
The design architect strongly disagrees with the statement that using consultants with expertise in ESD is important, 
believing instead that the practice has enough ESD expertise to inform and direct non-specialist consultants. Specialist 
environmental consultants are therefore only sometimes used and are usually client appointed.  The design architect 
strongly agrees that interdisciplinary collaboration should occur ”as early as possible” in the design process and continue 
through all stages to handover, although he believes that interdisciplinary collaboration is not integral to the ultimate 
success of a project in terms of ESD. 

3. CLIENT LED INITIATIVES 

The third award-winning project discussed is a six-storey office building redesigned into a six-star Green Star rated 
building for commercial use that showcases new technologies resulting from innovative procurement processes.  The 
building was the first large-scale ESD project that the practice had undertaken and its design was led by the client’s ESD 
brief.

3.1 Attitudes to ESD 
The interviewed design architect considers ESD as a very important consideration in the work of his practice. Unlike 
those previously interviewed, he does not believe each project has unique ESD criteria. He agrees that a focus on ESD 
is often driven by the client. Barriers to the practice advancing ESD in the design process are generally cost and time – 
time when the design team lack specific expertise and the cost required of justifying ESD initiatives. 

3.2 Design Process 
ESD is facilitated in the practice by peer design reviews, by the use of an ESD office procedure checklist, and by the 
early appointing of consultants. The design architect strongly agrees that ESD is considered early in the design process, 
before even the initial sketch design phase. He agrees that ESD pro forma procedures are followed closely in the design 
process but that ESD design intentions are not often carried through successfully to construction, as frequently “builders 
look for loopholes” in ESD design clauses incorporated into contracts. Resources used to advance ESD in the design 
process take the form of “consultants – ESD, Mechanical, Electrical – the use of the Green Star Manual, web resources, 
previous projects by the office and other case studies.” Design strategies used in a project with an ESD focus that differ 
from those where ESD is unimportant are greater “consideration given to the end user and facility management than 
typical”, as well as “orientation, ventilation, materials, indoor environment quality, energy and water use, transport and 
parking.” 

3.3 Performance Targets and Evaluation Tools 
The practice consistently uses environmental performance targets and measures when ESD is considered important.  
These evaluation strategies take the form of embodied energy and ecological footprint targets, payback periods and 
rating systems such as First Rate, ABGR and Green Star.  Performance targets are measured by “feedback through post 
occupancy evaluations and post occupancy interviews conducted by a staff member, design reviews and on-site 
inspections.” The degree of measurement depends on contractual arrangements. Life cycle cost analysis use depends 
on the nature and scale of a project.  The office does use an environmental management system for projects with an 
ESD focus, as this is normally a requirement of the builder.  The practice sometimes completes Environmental Impact 
Assessments but only clients perform Post Occupancy Evaluations. 

3.4 Collaboration 
The design architect strongly agrees that using consultants with expertise in ESD is important.  His office does not 
always use specialist environmental consultants but recognises that this will be a requirement soon.  The client usually 
appoints environmental consultants unless they insist that the architect appoint them. Interdisciplinary collaboration is 
important for the practice when ESD is integral to the ultimate success of a project and this collaboration usually, 
depending on project size, occurs early in the design process. For a large project, consultant appointments are made at 
the beginning of the design process, while for smaller projects appointments might not be made until after schematic 
design when a town planning permit has been issued.   

The interview revealed a separation in the design process of ESD principles from architecture, especially compared to 
the other practices interviewed who saw ESD as integral to design. As the scheme discussed above was the practice’s 
first large-scale ESD project, the design architect views integration of ESD as an evolving process of gaining the relevant 
knowledge for the implementation of an assimilated design approach. A high standard of integration within the discussed 
building, however, has occurred through a vigorous design process and attitudes to ESD within the practice appear to be 
progressive. 

4. ESD INTEGRAL TO THE DESIGN PROCESS 

The fourth project reviewed is an interactive educational facility for teaching to schoolchildren diverse environmental 
topics.   The design architect views ESD as integral to the design process of all architecture.    

4.1 Attitudes to ESD 
The interviewed design architect agreed that ESD is a very important consideration in the work of the practice. Each 
project is considered by the practice to have unique ESD criteria identified “firstly through passive design measures; 
secondly through active design measures” and through design workshops that consider the budget constraints of ESD 
initiatives. The design architect agrees that the client often drives a focus on ESD. No design strategies are used in 
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projects with an ESD focus that are different to those used in projects without such a focus because the practice believes 
that “all projects have ESD imperatives.”   Major barriers to advancing ESD in the practice’s design processes include 
budget limitations and occupants’ preconceptions of perceived comfort levels. 

4.2 Design Process 
The design architect strongly agreed that ESD is considered early in the practice’s projects (from the “conceptual” stage) 
and is integral to the design process from then on. The design architect was undecided about whether ESD pro forma 
procedures were followed closely in the design process and whether ESD design intentions were largely carried through 
successfully to construction. Although he added that, to counter the possibility that ESD intentions are not carried 
through, special ESD clauses are incorporated into contracts such as those for the specification of demolition 
procedures, recycling and use of chemicals.  These special ESD clauses are contained in an office master specification 
manual that is the basis for all specification in the office.  The office’s client/architect contract agreements also include 
ESD clauses. Resources used to advance ESD in the design process include solar modelling, climate data analysis, 
consultant input and ESD client consultation. 

4.3 Performance Targets and Evaluation Tools 
The design architect agrees that the practice consistently uses environmental performance targets and measures when 
ESD is considered important, and explained that these targets are determined via “clients’ good citizenship, budget, the 
practice’s design ethos, Government targets and the BCA [Building Code of Australia].”  The practice uses a number of 
evaluation tools and measures to test if building performance requirements are achieved, such as Green Star 
Accreditation, Post Occupancy Evaluations and energy metering. The practice uses as part of the design process 
evaluation tools such as informal post occupancy evaluations, specialist consultant evaluations and life cycle cost 
analysis. The practice uses consultants to carry out Environmental Impact Assessments. 

4.4 Collaboration 
The design architect agreed that using consultants with expertise in ESD is important, and explained that responsibility 
for the appointment of the consultants varied between client and architect. Specialist environmental consultants are 
therefore always used.  Interdisciplinary collaboration is important for the practice in a project where ESD is a prime 
concern, and it is vital that this occurs early in a project and preferably at concept design stage.  

5. DESIGN PROCESS “FRONT-END LOADED” 

The final project reviewed, having achieved a six Star Green Star rating, is generally considered as globally significant in 
the design of ESD office buildings. The project contains many innovative design features combined to provide multiple 
energy saving benefits. Integration of ESD was incorporated from the inception stage with exploration of ESD 
possibilities made early in the design process that involved a multi-disciplinary team. The design process was described 
by the design architect as being “front-end loaded.” 

5.1 Attitudes to ESD 
The interviewed design architect agreed that ESD is a very important aim in the work of the practice. Each project is 
viewed by the practice as having unique ESD criteria such that the “degree of sustainability applicability has to be 
accessed for each project to determine the best response.” ESD is a focus that has often been well led by the practice’s 
clients.  The main barrier to ESD innovation encountered in the design process is capital cost versus payback period. 

5.2 Design Process 
The design architect strongly agrees that ESD is considered by his practice early in the design process – “from inception 
to completion” - and this includes the use of ESD specific sections in an office design standards manual that governs 
specification and on-site construction management. ESD is further facilitated by the use of peer reviews at key points in 
the project, and by the dissemination of new ESD knowledge via in-house monthly construction forums. The design 
architect was undecided about whether ESD pro forma procedures and strategies are used consistently in the office. He 
believed that the heavy use of generic design responses does not always yield the best results.   The design architect 
was also undecided about whether ESD design intentions were consistently carried through to construction, but added 
that to help achieve design performance targets special ESD clauses are incorporated into construction and materials 
specification. Resources used to aid the design process in ESD projects by the practice are listed as: expertise and 
collaboration, evaluation tools such as the modelling of likely energy use, the early development of design initiatives and 
the vigorous testing and costing of these initiatives. 

5.3 Performance Targets and Evaluation Tools 
The office uses a performance checklist loosely based on Green Star to aid assessment of ESD initiatives. 
Environmental performance targets such as Green Star are used consistently to measure the success of all projects, 
although the design architect cautions against over reliance on generic rating systems believing care must be taken that 
they do not dictate design, for such dependence does not always lead to the best outcomes.   Performance targets are 
measured during design by peer review and after completion using Building Management Systems and other forms of 
monitoring. While life cycle cost analysis is not undertaken by the practice, they work closely with quantity surveyors on 
this form of assessment.  The practice do not have an office environmental management system, nor do they complete 
environmental impact assessments or post occupancy evaluations apart from informal ‘social’ evaluations of projects in 
the form of research.
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5.4 Collaboration 
The design architect agrees that using consultants with expertise in ESD is important, adding that his practice prefers 
using mechanical, structural and electrical engineers from the same consultancy firm to ease co-ordination and 
integration.  Environmental consultants are always used by the practice for projects with a value of one million dollars or 
more, and clients, with advice from the architect, usually appoint these consultants. In order to facilitate early 
interdisciplinary collaboration, intensive multidisciplinary design charrettes have been used at the sketch design stage. 
        
Now that the participating practices have been examined individually, we shall compare their responses to the 
questionnaires to identify similarities in and inconsistencies between their ESD processes.

6. COMPARISON OF DESIGN METHODOLOGY CONSISTANCIES 

A comparison of questionnaire responses identifying similarities and inconsistencies will now be analysed quantitatively -
by means of counting responses - and qualitatively - by comparing keywords and common descriptions of underlying 
methodologies used by the practices. These similarities and inconsistencies are set out in Tables 1 and 2. Responses 
have been considered similar when four out of five of the practices answered either on the agree side of the Likert 
responses or on the disagree side. Responses are considered similar in the expanded questions if more than one 
practice has the same response. A response to a question is considered to be inconsistent when recorded by only one of 
the participating practices. The practice similarities and inconsistencies revealed in the questionnaired will be discussed 
under the four headings that structured the interviews, namely; “Attitudes to ESD,” “Design Process,” “Performance 
Targets and Evaluation Tools,” and “Collaboration.”

1. ATTITUDE TO ESD: The general attitude to ESD expressed by the participants is that ESD is a very important 
consideration in their practices’ work. Four practices regard ESD to be integral to all their projects. Only one practice 
does not see ESD as integral to all design or considers unique ESD criteria, but admits to being at the early stages 
of a transition phase of implementing changes in their design process to rectify this deficiency. The practices’ clients’ 
attitudes to sustainability appear to be a significant factor in facilitating ESD initiatives in projects and providing 
opportunities for the practices to gain knowledge in this area. The major barrier in changing attitudes to 
implementing ESD design is cost. However, the architect is seen to be able to overcome this by ensuring the 
equitable sharing of costs and benefits to stakeholders. 

2. DESIGN PROCESS: All the participating practises agreed that ESD must be considered at the earliest stage 
possible of the design process and continue to be considered throughout design and beyond construction and 
completion. Leadership by the architect in advocating appropriate ESD initiatives enhances opportunities for ESD 
while maintaining design integrity. Passive design responses should be considered before mechanical outcomes to 
reduce resource consumption. Design checklists can be used to inform knowledge of ESD initiatives, but generic 
responses to rating systems should be avoided. Common resources that can aid ESD design are web based 
research, the use of case studies, in-house design reviews and workshops, specialist consultants (especially for 
environmental evaluation tools), vigorous testing and costing of initiatives and client and user input. Ensuring ESD 
design intentions are carried through to construction can be difficult and appears to rely more on good project 
management rather than the incorporation of special ESD clauses in documentation. 

3. PERFORMANCE TARGETS AND EVALUATION TOOLS: Environmental performance targets are often used 
by the practices to measure the success of a project in terms of ESD. The most common targets used are; 
benchmarking through case studies, determining appropriate ESD initiatives for individual projects and evaluating 
costs and benefits of these initiatives compared to non-ESD alternatives through life cycle cost analysis and 
payback periods, the use of design reviews at key points in the design process to evaluate performance targets and 
of post occupancy evaluation to ascertain reduction in resource use through Building Management Systems and 
metering. Client feedback is also an important evaluation tool, which is more often gained through informal feedback 
rather than post occupancy evaluation. Rating Systems are often been used to establish ESD credibility with the 
most commonly used evaluation being Green Star Accreditation.   

4. COLLABORATION: Early collaboration with a multi-disciplinary team is seen by the practices as one of the 
most significant factors in the success of ecologically sustainable design. This collaboration should continue 
throughout the project to ensure design intentions are carried through to construction. Collaboration with an ESD 
expert consultant is considered important to gain better design outcomes, but it is suggested that the architect 
should lead the consultant team to maintain design integrity. Collaboration is also enhanced if the mechanical, 
structural and electrical engineers are of the same consultant firm as this eases team co-ordination. 
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Table 1: Consistencies in the Design Processes of Sample Practices 

Table of similar questionnaire responses 
Questions displaying similar responses Strongly 

agree
Agree Undecided Disagree Strongly 

disagree
Ecologically sustainable development (ESD) is a very 
important consideration in our work 

60% 40%

ESD is considered early in the design process 100%
ESD is not considered until after the initial sketch design 
phase of a project.  

20% 40% 40%

Environmental performance targets are used consistently to 
measure the success of designs when ESD is considered 
important

40% 40% 20%

Interdisciplinary collaboration is unimportant in a project 
where ESD is a prime concern. 

20% 80%

It is important that interdisciplinary collaboration occurs early 
in the design process where ESD is a prime concern. 

80% 20%

A focus on ESD is often driven by the client 80% 20%
Using consultants with expertise in ESD is important 40% 40% 20%
Does each project have unique sustainability criteria? - 80% of practices said yes 
How is sustainability facilitated in your projects? - Leadership by the design team 

- ESD working groups 
- Consultant input 
- Passive design 

At what stage of the process does this (facilitating 
sustainability) occur? 

- Starting at inception / concept and continuing 
throughout 

How are environmental performance targets set? - Benchmarking through case studies using national 
and international example 

- Rating systems like Green Star and reducing energy 
consumption

- Budget 
Are these (environmental performance) targets measured? - Yes 40% of participants 

- Sometimes / mostly 60% of participants 
If so (measuring targets) how are they measured? - points, weightings, stars for the different rating 

systems 
- Client feedback 
- building monitoring 
- In house design reviews 

- Yes 60%  of participants Are specialist environmental consultants always used? 
If so (using specialist environmental consultants) who 
appoints them? 

- Client usually 80%  of participants 

At what stage of the design process does interdisciplinary 
collaboration occur? 

- Feasibility and continuing throughout the project 
- Varies 
- Building monitoring 
- Accreditation such as Green Star 

How do you ensure the ESD building performance 
requirements are achieved? 

- Post occupancy evaluations 
Are special ESD design clauses incorporated into 
agreements and contracts? 

- Specifications and finishes schedule 

- Case studies of other projects nationally and 
internationally 

What resources do you use to aid the design process? 

- ESD working groups 
- Consultant input 

Do you use evaluation tools? - Yes 40% of participants 
- No / Consultants do 40% of participants 

Do you do life cycle cost analysis? - Yes 60% of participants 
- No 40% of participants 
- ESD is important in all projects 80% of participants What kind of design strategies are used in a project with a 

focus on ESD that are different to those of projects where 
ESD is unimportant? 
What are the major barriers encountered in the design 
process in terms of ESD 

- Cost / budget 

Do you have in place an Environmental Management 
System? 

- No transferred to builder 60% of participants 
- Informally 40% of participants 

Do you do Environmental Impact Assessments? - No 60% of participants 
- Yes 40% of participants 
- Yes 20% of participants Do you use Post Occupancy Evaluations 
- Yes informally 40% of participants 
- Yes when funded by the client 40% of participants 
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Table 2: Inconsistencies in the Design Processes of Sample Practices

Table of inconsistent questionnaire responses 
Questions displaying inconsistent responses Strongly 

agree
Agree Undecided Disagree Strongly 

disagree
A focus on ESD is often driven by the client 80% 20%
Using consultants with expertise in ESD is important 40% 40% 20%
ESD pro forma procedures and strategies are followed 
closely in the design process 

20% 40% 40%

ESD design intensions are not often carried through 
successfully to construction 

40% 40% 20%

Does each project have unique sustainability criteria? One practice said no 
How is sustainability facilitated in your projects? - Use of singular design elements with multiple 

benefits
- Clients good citizenship and the practice design 

ethos
- Regulations 

How are environmental performance targets set? 

- Marketing or image value 
If so (measuring targets) how are they measured? - Increased capacity for targeted outcomes 
Are specialist environmental consultants always used? - No 

- Sometimes 
- Architect usually If so (using specialist environmental consultants) who 

appoints them? 
At what stage of the design process does interdisciplinary 
collaboration occur? 

- Varies – for a small project usually after schematic 
design and town planning permit 

- By knowledge and persistence 
- Client commitment at sketch design sign off 

How do you ensure the ESD building performance 
requirements are achieved? 

- Having a clear idea of design targets to be met. 
Are special ESD design clauses incorporated into 
agreements and contracts? 

- No 

What resources do you use to aid the design process? - In house doctorial research 
- Urban design tools 
- Checklists 
- Web resources 
- Solar modelling 
- Climate data 
- Client consultation 

Do you use evaluation tools? - Sometimes 
- Special Contractual Client Architect Agreement to 

meet ESD targets 
What kind of design strategies are used in a project with a 
focus on ESD that are different to those of projects where 
ESD is unimportant? - More consideration of the end user 

- More consideration of transport and car parking 
- Orientation, ventilation, materials, indoor 

environment quality, energy and water use 
- Occupants preconceptions (comfort) What are the major barriers encountered in the design 

process in terms of ESD - Time when knowledge is not there 
- Knowledge both within the office or consultant group 
- Equitable sharing of benefits 

CONCLUSION 

This paper has investigated design methodologies employed by Australian architects in the state of Victoria who have 
won awards for addressing the issue of sustainability in architecture. In concluding the above research, common threads 
in the design processes of the practices have been identified to enlighten a successful design process for ESD 
architecture. 

The key design strategies for award winning ESD architecture to emerge from our analysis of the sample practice’s 
design processes are: 

1.  ATTITUDE: 
- Establish the importance of ESD to client and users and identify unique opportunities for specific 

projects in terms of social, environmental and economic impact 
- Overcome cost barriers to ESD by establishing long-term costs and benefits to all stakeholders  

2. DESIGN PROCESS: 
- Consider ESD throughout the entire life of a project 
- Architect to lead collaborative design team  
- Consider passive design before mechanical intervention 
- Make design decisions based on research and gained knowledge and avoid generic design responses 
- Use of singular elements with multiple benefits can be cost effective 
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- Use specialist consultant input 
- Design objectives must be clearly understood by all participants 
- In combination with good project management, use special ESD clauses in contracts and 

specifications to aid the delivery of ESD design intentions through to construction  

3.  PERFORMANCE TARGETS AND EVALUATION TOOLS: 
- Set and measure performance targets for ESD 
- Evaluate costs and benefits of alternative initiatives for comparison 
- Consider life cycle analysis and payback periods to establish the costs and benefits of ESD initiatives 
- Use periodic evaluations of the design at key stages of the design process 
- Use informal or formal post occupancy evaluations to facilitate the gaining of ESD knowledge and 

improve design outcomes. 
- Use of accredited rating systems such as Green Star to promote ESD design 

4. COLLABORATION_ 
- Consider ESD at project inception and continue to do so throughout all stages of design and 

construction 
- Intensive workshops such as design charrettes with a multi-disciplinary team should be considered to 

explore all possible ESD initiatives 
   

Our research and interviews have shown that the integration of sustainability issues into the design processes of the 
sample practices is well under way but that this integration process is, as we might expect, still evolving. Although some 
of the social impacts of sustainability are less evident than ecological concerns in many of the projects that won these 
practices sustainability awards, some projects display an exemplary approach and offer hope that “sustainable 
architecture” may not remain a contradiction in terms. 

REFERENCES 

DEH (2006). Esd design guide for australian government buildings edition 2, Commonwealth of Australia 2006. 

E.C. (1999). A green vitruvius - principles of sustainable architectural design. London, European Commission, 
Directorate General XVII for Energy and the Architect's Council of Europe. 

Hes, D. (2005). Faciliting green innovation in the built environment through reflective practice. Proveedings: The 2005 
World Sustainable Building Conference. Tokyo.

Maddison, P. (2003). Victorian architecture awards. Victorian Architect, Awards 2003, Royal Institute of Architects 
Victorian Chapter. 

Owen, C. (2003). The green field: The sub culture of sustainable architecture, (phd). Faculty of Architecture, Building and 
Planning. Melbourne, University of Melbourne. 

41st Annual Conference of the Architectural Science Association ANZAScA 2007 at Deakin University 38



A pilot study examining the use of 3D CAD 
in contemporary architectural practices 

Bede Campbell and Ning Gu 
School of Architecture & Built Environment 

University of Newcastle, Australia 

Abstract: 3D Computer Aided Design (CAD) programs have become a vital part of contemporary 
architectural design practices. The introduction of computers & CAD into the profession has revolutionised 
the design & construction documentation process (Cory, 2001). Previous research has shown that 3D CAD 
programs have increased the efficiency of architectural practices (Bozell & Cory, 2001), & demonstrated 
the technical benefits of 3D CAD (Novitski, 1998). Despite the technological advancements in CAD, the 
success of an architectural practice does not solely rely on the use of cutting edge technologies. The 
majority of research in the field focuses on (1) the technological developments of CAD & (2) the exploration 
of the use of CAD technologies for design innovation. There is a general lack of studies in identifying & 
examining the practical impacts of 3D CAD programs on contemporary architectural design practices, in 
particular, cost efficiency, time management & quality assurance. This paper presents the results from an 
empirical pilot study conducted on a large-scale architecture firm in Australia. The interview results show 
that 3D CAD has reduced the time & cost in producing documentations. The results also show that while 
3D CAD has reduced the time in producing documentations, it has not lowered the documentation quality.

Conference theme: Effective Tools: design, assessment, operation.
Keywords: Effective CAD tools, empirical study.

1. INTRODUCTION 

Computer-aided design (CAD) can be generally defined as to the use of a wide range of computer-based tools that 
assist engineers, architects & other design professionals in their design activities. It is the main geometry authoring tool 
within the Product Lifecycle Management process & involves both software & sometimes special-purpose hardware.
Current packages range from 2D vector based drafting systems to 3D solid & surface modellers. The last decade 
witnessed a phenomenal growth in the use of computer technology at all levels of the architectural profession. More 
architects are being convinced with the technology & its enhancements to their design work. They are starting to accept, 
plan & budget for the use of Information Technology (IT) as an integral part of their practices. Indications show that the 
technology is no more considered an excessive expensive luxury tool, but rather a necessity that offices are starting to 
invest in both human resources & in financial terms (Arif & Karam, 2001).  
                      
Preliminary reading of 3D CAD literature suggested that the majority of previous research in the field focussed on (1) the 
further developments of the CAD technologies & (2) the exploration of the use of these technologies for design 
innovation. The increasing development of the Internet has produced a new collaborative CAD (COCAD) system. This 
system allows two or more geographically dispersed users to work on a 3D CAD geometry together enabling effective & 
efficient collaborative design (Tay & Roy, 2003). Current trends show that in the next few decades, practices will move to 
a new electronic, digital building representation known as a Building Product Model (BPM). A BPM is a digital information 
structure of the objects making up a building. This new representation will bring new capabilities while still generating 
documents such as traditional drawings (Eastman, 2000). This new representation will be used as a design tool. 

Despite the current technological advancements in 3D CAD, the success of an architectural practice does not solely rely 
on the use of cutting edge technologies. Architectural practices are businesses & therefore have practical values & 
concerns in terms of cost, time & quality that are essential for the continuing operation of the business. The use of 3D 
CAD programs has fundamentally changed the traditional design practice. The study is significant, especially to the 
architectural design industry as it will contribute to the future development of 3D CAD, by revealing the positive & 
negative impacts 3D CAD has had on design practices & aiming to improve the way 3D CAD is being used. The further 
advancement of CAD technologies will provide better supports to the architectural design industry in the current digital 
era. There has been a lack of research done on the impacts 3D CAD has had on the cost, time & quality of project 
documentation within architectural firms. This paper presents a pilot study that aims to study these three issues within a 
local architectural firm & make recommendations to improve the way 3D CAD is being used within the profession. This 
research shows that 3D CAD can potentially reduce the time taken to produce documentations, it has become more cost 
effective without reducing the quality. 
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2. BACKGROUND: 3D CAD 

Advances in technology have now made desktop computers a lot more affordable & therefore they have become 
appealing to a wider range of people (Charles & Brown,1994). Improved rendering & animation programs have allowed 
the client & designer to realistically experience an unbuilt space. Such advancements has enabled changes to be made 
to a project seem effortless, which also enables the client to be closely engaged that may result in an extended design 
process.

In today’s market it is common practice to combine tasks, resulting in a reduction of time & money. The introduction of 
CAD has saved both time & energy, but CAD is not being utilised to its full potential (Bozell & Cory, 2001). Many 
architectural firms are only using two-dimensional CAD programs, but the idea of using computers is to bring another 
dimension to the profession. Using three-dimensional CAD programs allows architects to produce 3D models at 
schematic design stage, right through to 2D plans for construction documentation. This can all be done using the same 
computer program. Most architects & engineers have by now accepted the role of 3D CAD as a drafting aid, & to some 
extent it is now seen as mandatory even on projects where it may not be necessarily useful. But those at the forefront of 
3D CAD-use have acknowledged more extensive capabilities, & the prospective of CAM (Computer Aided Manufacture) 
for building is now beginning to be examined. (Chaszar, 2006). 

During schematic design, the 3D CAD programs allow the architect to do mass modelling of the approximate building 
size & form. This is very beneficial as the architect is able to communicate their ideas the client (Novitski, 1998). Showing 
the client a rough perspective of the development can prevent misunderstandings later in the process. In the design 
development stage the 3D model is developed including building materials chosen & facades are considered in detail. 
When changes are made to the model in section or elevation, the floor plans are automatically amended. This saves 
considerable time & eliminates errors in the plans due to forgetfulness. In terms of construction documentation, 3D CAD 
systems are able to produce 2D plans, elevations & sections from the model. Details can be embedded into the 3D 
model that the traditional line between design development & construction documents phases is becoming increasingly 
blurred. With time, 3D modelling systems can potentially overpower the traditional 2D drawings as people begin to 
realise the full potential of 3D programs.

3D CAD has since been considered as one of the most important technologies for the survival of modern enterprises 
(Tay & Roy, 2003). The increasing development of CAD features empowered by current Internet & Intranet development 
leads to the surfacing of new collaborative CAD (COCAD) system. A COCAD system extends an existing single-location 
CAD system to a multi-location CAD application so that two or more geographically dispersed users can work together 
on a 3D CAD geometry co-editing & CAD-related tasks dynamically & collaboratively. A proposed COCAD system 
named "CyberCAD" has been developed on JavaTM platform to dynamically support large volumes of 3D-CAD data 
transmission. Over the last few years, computer-based videoconferencing has evolved to become one of today's most 
exciting multimedia applications. Implementing videoconferencing technique, CyberCAD aims to establish a virtual 
synchronous collaborative design environment to overcome geographical constraints, shorten product development time 
& cost through the Internet. The design activities have been studied & implemented to enable effective & efficient 
collaborative design. 

New 3D CAD systems can also play a central role in the creation of knowledge-based product development systems 
(Baba & Nobeoka,1998). Based on a model of product development & knowledge creation which incorporates 3D CAD 
technology, it is argued that information technologies can contribute not only to efficiency improvements but also to 
improved hypothesis creation capabilities in engineers & organisations through technical features such as full 
visualisation, digital pre-assembly & simulation. There are many factors that hinder the effective introduction of 3D CAD 
technology as well as the potential management & organisational requirements for successful adaptation. Firms need to 
have both long-term & system-level perspectives & they need staff members who have a broader set of skills that were 
previously scattered over multiple functions. 

A recent survey about the current & planned use of information technology (IT) & its impact on the architecture, 
engineering, & construction (AEC) industry showed that many business processes are now almost completely 
computerised & the tendency is toward a greater computerisation of the remaining processes. However, the benefits of 
IT come at a cost since the complexity of work, the administrative needs & the costs of doing business have all increased 
(Rivard, 2000). The continual demand for upgrading & the greater know-how required are considered important 
obstacles.  

Despite of the above advancement & potentials, there is a general lack of previous research in identifying & examining 
the practical impacts of 3D CAD programs on contemporary architectural design practices, in regard to: 

 Cost efficiency,
 Time management & 
 Quality assurance. 

A recent survey about the current & planned use of information technology (IT) & its impact on the architecture, 
engineering, & construction (AEC) industry showed that many business processes are now almost completely 
computerised & the tendency is toward a greater computerisation of the remaining processes. However, the benefits of 
IT come at a cost since the complexity of work, the administrative needs & the costs of doing business have all increased 
(Rivard, 2000). The continual demand for upgrading & the greater know-how required are considered important 
obstacles. This research therefore set out to gain a deeper understanding of the effectiveness of 3D CAD programs in 
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architectural practices in relation to the issues mentioned above. Through a pilot study, this paper discusses the positive 
& negative impacts of 3D CAD on design practices & aims to recommend ways to improve the use of 3D CAD within the 
industry. 

3. METHODOLOGY 

In order to obtain an informative scale of the effective impact 3D CAD has on local Architectural practices, a series of 
interview questions were designed to target three main topic areas: 1) cost efficiency, 2) time management & 3) quality 
assurance.  

Because 3D CAD is relatively new to the industry, previous research undertaken in this field tends to define & test 
computer-interpretable representations that are general yet support the customised representation of project & company 
specific knowledge. The data is then segmented for coding & analysis. For this research, because there is little previous 
research to draw upon, an interview was undertaken to enable the researcher the opportunity to have in-depth 
conversations with the interviewees about the subject matter resulting in a deeper level of research, aiming to cover both 
a factual & a meaning level (Kvale, 1996). Due to the constraints of time and resources, the interviews conducted for this 
pilot study is limited to one firm only. The specific culture and practice of the firm may affect the findings of the study. 
Nevertheless, the interview provides an important mean for further exploiting this subject area. 

In order to select an architectural firm to study, five local architectural firms were invited to guarantee that at least one 
would accept the invitation. The requirements for the selected firm are: 

 The firm is locally located to allow easy access to the interviewees. 
 It is a large sized firm that typically represent the same sized firm in the industry. 
 The firm was established prior to the introduction of 3D CAD so that the interviewees may have knowledge & 

experience with both 3D CAD & non-3D CAD. 
 It must be currently using 3D CAD programs to produce project documentation. 

From the selected firm, a number of staff members are invited to take part in the study. By choosing staff members in 
different roles, it provided a range of design professionals with different qualifications / experience.  By interviewing a 
team with diverse backgrounds, the research aims to minimize the bias that may arise from specific interviewee groups. 
Participants are required to answer questions in a one-on-one interview, & have their responses recorded for later 
transcription. Data analysis is followed after the interviews & transcriptions. 

4. INTERVIEW SETUP 

A set of interview questions were designed to allow the researcher to have in-depth interviews with selected staff 
members regarding the use of 3D CAD in contemporary architectural design practices in relation to cost efficiency, time 
management, & quality assurance. The questions that were asked to the interviewees were:

1) Is it cheaper to use 3D CAD to produce documentation? In what stages of the design process is 3D CAD 
cheaper/more expensive? What aspects of 3D CAD make it cheaper/more expensive? 

2) Is it quicker to use CAD to produce documentation? In what stages of the design process is CAD 
quicker/slower? What aspects of CAD make it quicker/slower? 

3) Does the use of 3D CAD allow for efficient communication between staff members working on a project? What 
aspects of 3D CAD have increased efficient communication between staff members? 

4) Are less staff members required to produce documentation using 3D CAD? Has the introduction of 3D CAD led 
to team members specialising in a specific field e.g. design / documentation? 

5) Has 3D CAD increased multidisciplinary collaboration? What aspects of 3D CAD has allowed for this? 
6) Does CAD produce higher quality design documentation? What aspects of documentation have increased the 

quality? e.g. 3D graphics, accuracy etc. 
7) Do clients appeal to 3D graphics? Why are they more inclined to want CAD used on their projects? 

The interviews were conducted in May 2007. Of the five firms invited, one of the accepting firms was selected to take 
part in the study. From the selected firm, a number of staff members were invited to take part in the study. The number of 
staff invited to take part in the study was derived from requiring a group of staff members that all had different levels of 
experience/background using 3D CAD. Staff members in the following positions were chosen: (1) Director, (2) Associate, 
(3) Project Architect, (4) Design Architect, (5) Recent Architectural graduate, & (6) Draftsperson. 

The selected firm is a large sized firm employing approximately 50 staff. The firm was established in the 1970’s before 
3D CAD was introduced to practice. The selected firm uses AutoCAD (http//www.autodesk.com.au) as their 2D CAD 
program & a combination of ArchiCAD (http//www.graphisoft.com.au) & Sketchup (http//www.cnet.com.au) for their 3D 
CAD programs. The majority of those interviewed use ArchiCAD as their preferred 3D CAD package. Careful 
consideration was taken in the design of the interview questions & the order in which they were asked, making a clear 
distinction between the different topics. The interview included seven main questions, which were aimed at the following 
three categories: 1) cost efficiency, 2) time management & 3) quality assurance. On average each interview went for 
approximately 10-15 minutes & proved to be enough time for each question to be discussed at length. One interview 
took approximately 3 hours to complete as the participant wanted to show examples of work & discuss them at length. 
This proved to be beneficial as the examples shown in the interview provided insights for the discussion section.  
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To examine the relationship between the participants & their responses in the interviews, a “General Profile” of the 
participants is first introduced. It comprises a general review of the age, sex & education of the participants as well as 
their experience with using 3D CAD programs. 

Age profile: two-thirds of participants are under 40 years of age. This is a good representation of the age groups 
throughout the firm. The majority of the staff is quite young with the fewer number of senior staff having leadership roles. 
One of the participants is in the “60+ year old” category.

Academic profile: Table 1, shows that the highest percentage (49%) comes from the “Graduate Architect with Bachelor” 
category. The second highest is concentrated in the “Registered Architect” category with 34%. This is a true 
representation of the firm’s staffing structure. 

Degree Number % of Total 
Architect (registered) with Masters - Director 1 17
Architect (registered) with Bachelor 1 17
Graduate Architect with Bachelor - 1 x Associate 3 49
Technician with Diploma 1 17
TOTAL 6 100

Table 1. Participants Academic Background. 

CAD experience: The use of 3D CAD is still relatively new to the architecture profession so it is not unusual for the 
younger staff in the office to be the operators. The director of the firm has no experience with 3D CAD. He draws quick 
sketches on butter paper & gives to the 3D CAD operators to draw up. The interesting thing that was picked up in this 
section was that the staff member in the “60+ year old” category of section 3.1.1, is a regular user of 3D CAD. He 
converted from hand drawing to 3D CAD approximately 3 years ago & produces images in 3D CAD & digital imaging 
tools that look as if they have been hand drawn/painted. The remaining regular users of 3D CAD are in the ‘21-30’ year 
old category. 

5. RESULTS 

The interview results showed that staff members have different views on how 3D CAD is used in contemporary 
architectural design practices. This section will present the findings in the following order: Cost efficiency, time 
management, & quality assurance. 

5.1 Cost efficiency profile
Is it cheaper to use 3D CAD to produce documentation?
The first interview question was targeted at the Director & Associate of the firm. The reason for this was that they have a 
better understanding of the financial benefits of using 3D CAD in the office. The Director believed that this all depends on 
the operator that produces the documentation. “Certain people are quicker drawing manually but at the same time some 
3D CAD operators can produce documents quicker. No drafting technique is cheaper, it all depends on the operators 
experience, training & ability.” He also said that while 3D CAD allowed the operator to copy elements & use them 
numerous times, the continual upgrading of hardware & software to keep up with the competitors is a large expense to 
the company. The Associate believed that the economic & business benefit of using 3D CAD out weighed the cost of 
regular hardware & software upgrades. The firm encourages staff members to upgrade their skills in 3D CAD, which is a 
sign that 3D CAD must be financially beneficial to the company. He also stated that the company must continue to 
expand their knowledge of 3D CAD to keep up with the competition. 

Both believed that 3D CAD was cheaper in the early design stages of a project but was more expensive in the 
construction documentation stage. 3D CAD is able to produce schematic drawings from a 3D model that the operator 
“builds”. This results in less drafting as the elevations & sections could be generated from the model at the click of a 
button.  2D CAD was believed to be cheaper in the construction documentation stage as a wider range of staff members 
could use 2D CAD & they were more experienced in that field. 

5.2 Time management profile
Is it quicker to use 3D CAD to produce documentation?
The majority of responses to this question were ‘yes’. The interview results indicated that the reason for this answer was 
that 3D CAD allows the operator to build a 3D model of the project in a virtual environment from which the floor plans, 
elevations & sections of the building can be generated at the click of a button. This allows the operator to make changes 
to the 3D model, which will automatically update the floor plans, elevations & sections. As a result of this, less drafting is 
required which reduces the time needed to produce documentation. Everyone that answered ‘yes’ to this question 
agreed that 3D CAD was quicker in the design development stage of the project but then lost a lot of it’s benefits when it 
came to producing construction documentation.  Being able to produce a quick 3-dimensional form & generating a set of 
drawings from the model is the reason why 3D CAD is quicker in the design development stage. Once construction 
documentation starts, 3D CAD wasn’t any quicker than 2D CAD programs. The reason for this was because essentially 
the two programs are used the same way by using 2-dimensional lines to generate a 2D line drawing.  
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The two participants that did not believe 3D CAD was quicker, either believed that 3D CAD required too much 
information to produce documentation or that it depended on the user of the program. The participants were located in 
the ‘31-40’ & ‘41-50’ year old categories & had limited & no experience respectively, using 3D CAD programs. 

Does the use of 3D CAD allow for efficient communication between staff members working on a project?
All participants, with the exception of one, answered ‘yes’ to this question. The one participant that answered ‘no’ to this 
question believed that “…3D CAD doesn’t allow for efficient communication between staff members anymore than 2D 
CAD or hand drawing…”. This participant also falls in the ‘31-40’ year old category & has limited experience using 3D 
CAD programs. 

The general response to this answer was that if a 3D model is built in a virtual environment, then any staff member that 
is working on the project or coming onto the project at a later stage could visualise what the design intent is & can work 
towards achieving the desired outcome. The 3D CAD program that the selected firm mainly uses is ArchiCAD. ArchiCAD 
allows for efficient communication between staff members due to the ‘Teamwork’ function that it provides. Teamwork 
allows multiple staff members to work on a project simultaneously. This is done by assigning certain ‘storeys’ of the 
drawing to specific staff members. By doing this, it means that the workload can be divided between staff members, 
therefore reducing the time taken to produce documentation. To use this tool effectively, staff members must 
communicate frequently to know where everyone is up to & to make sure that they are all working towards the same 
goal. The participant that answered ‘no’ to this has not been exposed to the Teamwork function of ArchiCAD & therefore 
does not appreciate its potential for use on larger scale projects. 

Are less staff members required to produce documentation using 3D CAD?
The majority of participants believed that 3D CAD programs require less staff members to produce documentation. The 
one participant that answered ‘no’ believed that 3D CAD does not solely reduce the number of staff required to produce 
documentation as it also depends on the skills of the operator using the program. Of the participants that answered ‘yes’ 
to this question, the general consensus was that less members are required to produce documentation using 3D CAD 
because “…the sections, elevations & plans are all generated from the 3D model. Once the model is updated, all other 
drawings are automatically updated at the same time reducing the amount of drafting required, resulting in less staff 
needed to produce the same amount of documentation…”. 

The topic of ‘specialisation’ was brought up in this question regarding either the design or documentation fields. The 
feedback from this conversation led to the conclusion that 3D CAD was mainly used in the design stage of projects while 
2D CAD was then implemented to complete the construction documentation stage. This was due to the ability to view the 
3D model in a virtual environment when making design decisions. The operator is immediately able to view the change 
they make to the design in the form of a 3D model. This is where 3D CAD has a major advantage over 2D CAD 
programs. In the construction documentation stage, this is not so important therefore it can be quicker to produce the 
documentation using 2D CAD. 

Has 3D CAD increased multidisciplinary collaboration?
One-third of participants agreed that 3D CAD has increased multidisciplinary collaboration, while the other two-thirds 
believed that it has not. The reasons were: 

 “…the ability to import a consultant’s 2D drawing into 3D CAD programs allow the user to build 3D forms from 
these drawings…” & 

 “…the ability to see what’s happening with the services of a building through a 3D model can certainly detect 
clashes earlier in the design process than if it were in a 2D CAD program…”.  

The two participants that answered ‘yes’ to this question were the two most senior participants that took part in the 
interviews with one being in the ‘41-50’ year old category & the other in the ‘60+’ category. One of the participants has no 
experience using 3D CAD & the other regularly uses 3D CAD programs.  

The reasons why people didn’t believe that 3D CAD has increased multidisciplinary collaboration were “…not many other 
engineering disciplines use 3D CAD but it can be helpful to show an engineer what a 3D form may look like to assist 
them in coming up with the best solution & still meet the architects design intent. But it is certainly not the reverse…”. 

5.3 Quality assurance profile
Does 3D CAD produce higher quality design documentation?
Half of the participants agreed that 3D CAD produces higher quality design documentation. These participants all use 3D 
CAD programs regularly & are in the ‘21-30’ year old & ‘60+’ category. The participant that is in the ‘60+’ category is a 
very rare case as he learnt to use computers when he was in his 60’s & has only been using 3D CAD for approximately 3 
years. The reasons why the participants believed that 3D CAD has increased the quality of design documentation were 
“…good construction documentation can be very clear to read & contain a lot of information on the drawings…”  

All participants believed that 3D CAD is more beneficial in the early stage of the design process but then 2D CAD can 
produce the same quality of documentation in the construction documentation stage of the project. They also believed 
that 3D CAD programs have definitely increased the presentation graphics dramatically. One participant believed that 
“…3D CAD has allowed us to go to a level that was never before possible. This is done by rendering the 3D model to 
produce still images, fly-throughs, & VR objects…”. A number of participants believed that the quality of design 
documentation depended on the operator of the program. This is valid because no matter how good a program is, the 
operator must be proficient at using the program to produce high quality documentation. 
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Do clients appeal to 3D graphics?
Every participant that answered this question agreed that clients appeal to 3D graphics. This was because “…in the early 
stages of design, 3D modelling is able to show you a form model so that more people can understand it & it’s a universal 
understanding rather than people trying to interpret 2D drawings…” Other reasons included: 

 “…clients can visualise the project at a very early stage in the design process which allows them to make 
changes earlier in the process which can be very beneficial…” &  

 “…so that clients can get a quick representation of what the building is going to look like before it is actually 
built…”.

The interview results indicated that the reasons why clients want 3D CAD used on their projects included: 
 “…2D CAD drawings can contain a lot of information but can often be quite lifeless…they communicate but they 

don’t stimulate” &  
 “…whether the client is a lay person such as a husband & wife wanting a new house, or they are high level 

management of an institution or organisation, you can watch their face when you show them the 2 dimensional 
drawings & as soon as you show them a 3D image, that’s what promotes discussion. They want to be able to 
visualise their building before it is built…” 

6. DISCUSSION 

The interview results of the pilot study indicate that 3D CAD reduce the time taken to produce documentation, this may 
also affected the cost of producing documentation. The interview results also show that while 3D CAD has reduced the 
time taken to produce documentation, it has not lowered the quality of work produced as suggested by the participants. 
In many cases, it has allowed the profession to produce animations, VR objects & still images that were not achievable 
prior to 3D CAD. The interview results also showed that staffs that are of a younger age group & have used 3D CAD 
during their studies react more positively towards 3D CAD. In the future study, we plan to develop more comprehensive 
interview questions and recruit more diverse participants from other firms to further validate the current findings. 

6.1 Cost efficiency profile 
The interview results showed that while the Director believed the operator determined whether or not the specific drafting 
technique was cheaper, the Associate believed that 3D CAD definitely has the potential to produce documentation a lot 
quicker than other techniques. Currently 3D CAD is not used to its full potential within the firm as not all staff members 
are proficient at using 3D CAD & therefore most jobs are started in 3D CAD & then transferred into 2D CAD programs. 

If the firm continues to use 3D CAD in the office, more staff should be required to learn how to operate 3D CAD so that 
time spent on transferring drawings from 3D CAD to 2D CAD can be minimised. Line weights, fills, text & dimensions all 
become un-editable once the drawing has been transferred into 2D CAD. This often requires the operator to manually 
edit the drawing so that it complies with office standards for 2D CAD programs. This results in a lot of delays due to the 
re-drafting of drawings that have already been completed. 

In a longer term, the time that it would take to train the staff members that aren’t proficient in using 3D CAD would be 
considerably less than if the time that is currently being wasted in re-drafting continues. It would be financially beneficial 
for the company to outlay the initial cost of in-house 3D CAD training sessions.  

6.2 Time management profile 
As an overall result, this pilot study showed that generally 3D CAD is quicker to produce documentation than hand 
drawing & 2D CAD programs. One factor that impacts this result is the skills of the operators. The participants that did 
not believe that 3D CAD was quicker, have had limited to no experience using 3D CAD programs & are in the 31-50 year 
old age bracket. The following examples were discussed by one of the participants during the interviews. He believes 
once a 3D model has been produced in 3D CAD’s virtual environment, multiple images can be extracted from the model. 
If multiple images were required by hand, a lot of time & effort is taken to set up the perspective & then add colours & 
details. Figure 1 shows a hand drawn perspective was set up & rendered. This image took this participant approximately 
18 hours to complete using a drawing board & ink pens.  
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Figure 1. Hand drawn perspective of Newcastle’s CBD – 18hrs (Source: Charles Martin) 

On the other hand Figures 2 & 3 were both taken from the same 3D CAD model & developed using graphic software, in 
this case Adobe Photoshop (http//www.adobe.com), by the same participant. Multiple images were extracted from one 
basic 3D CAD model & then were taken through a number of processes to achieve the desired outcome. These two 
images were produced in approximately a total of 8 hours. It is quicker to hand draw if only one image is required. 3D 
CAD becomes beneficial if more than one image is needed, due to the extra time invested in making the 3D model. In 
this case, the 3D CAD model took approximately 30 hours to produce but the model was also used to produce 3D 
animations & VR objects of the development. A recommendation to reduce the time taken to produce these computer-
generated images would be to use a ‘graphic tablet’. This would in turn increase the speed in which the operator can get 
the information into the computer. 

Another reason why the participants believe that 3D CAD is quicker is because it allows components to be copied & 
reproduced, reducing the amount of drafting required. This can also be achieved using graphic software such as 
Photoshop. 

Figures 2 & 3. 3D CAD perspectives of proposed Western Grandstand at Energy Australia Stadium – 4hrs each 
(Source: Charles Martin) 

6.3 Quality assurance profile 

As discussed in 6.1 & 6.2, the results of the pilot study has shown that the use of 3D CAD can be beneficial in terms of 
cost efficiency and time management. With the assistance of other graphic software, the quality of the documents can be 
maintained. The interview results also show that the quality level of documents produced using 3D CAD is dependant on 
the operators.  

For example, figure 4 shows an image produced directly in 3D CAD. Figure 5 shows the image after it has been 
retouched in Photoshop. While Figure 4 shows the exact details of the building, it is quite lifeless & does not present the 
design in its context. This kind of images can be useful in the design process but are not adequate for presentations. 
Figure 5 shows the kind of extra information that is needed for presentation purposes. The participant use this example 
to demonstrate us that computer generated images can resemble his hand drawn images, and documentations and 
presentations can be produced of a similar standard in a shorter time period. 
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Figures 4 & 5. Image rendered directly from 3D CAD (left) & Image refined using Photoshop (right). 
(Source: Charles Martin) 
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Historic timber bridges reveal lessons, and 
questions about the reliability of radiata 

John Chapman
School of Architecture & Planning, University of Auckland. Jb.chapman@auckland.ac.nz 

Abstract: The paper looks at 3 recent studies to discuss the use of pinus radiata for industrial and 
commercial construction. The first study reports on two historic bridges and the lessons they reveal for 
designers of modern timber structures. The stresses in the bridge members and their significance for 
future maintenance works are explained. 
In the 2nd project, a 5th year architecture student compared a conventional glulam bridge with an 
equivalent bridge, which utilises historic bridge structural and jointing systems. The paper reports how 
the historic bridge structure with radiata pole elements proved to be considerably more economic in 
the amount of timber used and in material cost than the conventional glulam bridge.   
The historic timber bridges, built in New Zealand for road and rail, were made of Australian hardwoods. 
When applying the relevant New Zealand code, ‘Timber Structures Standard, NZS3603:1993’, pinus 
radiata poles appear to have physical properties which approach those of Australian hardwoods, such 
as Jarrah. However, in the 3rd study, questions about the reliability of the strength of the current crop of 
pinus radiata poles arise when joints made from radiata poles, and designed similarly to successful 
joints in historic bridges, fail at unexpectedly low loadings. 

Conference Theme: construction and materials 
Keywords: timber, bridges, jointing, quality-control 

INTRODUCTION 

Once numbered in their thousands (in New Zealand), timber truss bridges are now becoming a rarity….’, Thornton 
(2001).  
   The bridges that are the subjects of this paper are the ‘Tauranga Track’ and the ‘Manganuku Stream’.  They are 
located in the Waioeka Gorge, which is in the Bay of Plenty region of the North Island of New Zealand.  Even though 
they were both constructed with Australian hardwood as road bridges, they have different structural systems.  The 
Tauranga Track Bridge is a harp suspension structure and the Manganuku Stream Bridge is a Howe truss. On close 
inspection, aspects of the Howe truss bridge structure were very effective and elegant and may prove useful in the 
future for industrial timber structures. These lessons are discussed. 
   At the beginning of the 1990’s, the bridges were close to collapse. Fortunately, their historic value was recognised 
and, during the 1990’s, restoration work was carried out on them. Briefs were written for the restoration of the bridges 
based on the principles of the International Council on Monuments and Sites Charter, ICOMOS (1993) 
The bridges are no longer used for vehicular traffic but have become integrated with national walkways, which enable 
the public to walk across and enjoy them.  This paper reports on recent analyses undertaken of the likely maximum 
stresses occurring in the structural elements to assist the prioritising of future restoration works. 
A 5th year architecture student asked to do an elective study on a ‘real structure’. By co-incidence, a glulam bridge 
was required to be designed for a cycleway at the Unitec Campus, in Auckland’s western suburbs. In addition to 
assessing the section sizes for the glulam bridge, the student completed an alternative design based on historic 
bridge structures. The student found that the materials for the bridge based on historic structures were considerably 
more economic than those for the glulam bridge.  
Recently, we have attempted to replicate the compact tension joints in the Howe Truss bottom chords using radiata 
in the forms of LVL and poles. The results for the LVL are as expected but the poles proved to be alarmingly weak 
and bring into question the reliability of the current crop of radiata poles for structural use. 

1. LESSONS FOR FUTURE TIMBER STRUCTURES ARE REVEALED WHEN STUDYING HISTORIC 
BRIDGES.  

At present, the ongoing maintenance of both bridges is organised by the New Zealand Department of Conservation, 
DOC (1998).  However, money to fund these works is not plentiful and ways are being sort to make the maintenance 
programs as efficient as possible.  To assist, the Technology Department at the School of Architecture and Planning, 
have deduced the maximum bending stresses in the structural elements, for dead load and an expected live load of 
2kN/sq.m.  We are hoping that, by knowing these stresses, the Department of Conservation will be better able to 
prioritise what parts need repairing. E.g. If there are 2 elements of equal decay, the more highly stressed one will 
have more need of replacement.   
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Figure 1 :  Tauranga Track Bridge, harp suspension structure. 

1.1. Tauranga Track Bridge 

The 58m span Tauranga Track Bridge was built across the Waioeka Gorge in 1922 to serve a fledging farming 
community.  It is a ‘harp’ suspension bridge, which is rare in New Zealand. Except for the steel suspension cables 
and reinforced concrete pier on the left bank, the bridge elements are Australian hardwood.  

“A framed timber tower supports the bridge on each bank of the river, on the true right hand bank the tower is 
continuous with a framed timber pier or substructure and on the left bank the tower rests on a concrete pier.  The 
deck is supported by transoms at six points between the piers; (the end of) each transom in turn (is) supported by a 
steel cable that is continuous between the anchor sets on each side of the river, running over the towers and down to 
the transoms.  There are twelve cables altogether, six on the upstream and six on the downstream side; two timber 
cable stay structures at transoms two and five act to stabilise the cables. 
   Between the transoms, a timber deck and handrail is carried on four longitudinal timber beams or stringers.  The 
handrail is braced both to the transoms and to cantilevered deck planks.  Wind bracing cables fixed to the transoms 
are anchored on each bank, two upstream and two downstream.”, DOC (1998). (see figures 1,2, & 3)  

Figure 2: Tauranga Track Bridge, true left tower                 Figure 3: Tauranga Track Bridge, transoms and stringer 

2
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1.2. Manganuku Stream bridge 

The Manganuku Stream Bridge, built by the Public Works Department and completed in 1928, has a Howe truss 
spanning 24.8m across the Manganuku Stream. The carriageway is 4.7m wide (see figure 4). Most timber bridges 
constructed in New Zealand for road and rail, had a Howe truss structure.   
   The Howe truss structure overcomes the problems of connecting the ends of timber tension members.  The cleats, 
at the ends of timber tension members, require considerable numbers of screw, nail or bolt fixings; and finding 
enough space for these fixings can be very awkward for the designer.   
   The advantage of the Howe truss is that the web tension members are vertical.  Because they do not carry 
compression that causes buckling in slender elements, they are made out of steel rods. The rods pass through holes 
in the top and bottom chords and their ends are threaded and are secured by nuts. Large washers are placed under 
the nuts to reduce bearing pressures on the timber chords (see figure 5). 
   We notice, when studying the Manganuku Stream Bridge that each element has been sized according to the load it 
carries. An example is the diameters of the vertical steel rods, which reduce towards the middle of the span because 
the loads in them get less.  This avoids waste, but also adds to the visual elegance and sense of correct proportions 
to the observer.  

Figure 4: Manganuku Stream Bridge, Howe truss structure 

The joints in the bottom chords of the trusses looked compact for the amount of tension load that they were required 
to transfer. The number of bolts needed is halved by utilising steel bar shear keys as shown in figure 5.  
The bolts, as well as transferring tension load, bind the joint together and thus hold the shear keys in place.  By 
applying the New Zealand timber structures code, (NZS3604:1999), the total splice tension capacity is 407kN.  This 
capacity will be suitable for a bridge deck live load of 6.1 kPa.    

                                                

Figure 5:  Manganuku Stream Bridge, top chord joint                 Figure 6: Manganuku Stream Bridge., chord splice                          
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The truss joints have clever ‘intermediate’ lengths of timber, which are placed between the webs and chords (see 
figure 5). They are shaped so as to receive the squared ends of web compression members and thus relieve joint 
congestion and the bearing pressure normal to the timber grain. Also, they are keyed 25mm to 50mm into the top 
and bottom chords to assist in transferring horizontal loads into them from the webs.    

1.3. Bridges’ stress analyses 

Table 1:   Tauranga Track Bridge, Waioeke Gorge, Opotiki, New Zealand 
Stresses in Timber Members for G+Q Load Condition 

Q = 2.0 kn/m2; or point load = 1.8 kn 
Decking Stringers Transoms Tower Struts Pier Piles 

Depth m 0.07 0.30 0.33 0.22 -
Width m 1.00 0.20 0.32 0.22 -

Diameter m - - - - 0.30
Section Area mm2 70000.00 60000.00 105600.00 48400.00 282743.34 

Elastic Modulus, Z mm3 816666.67 3000000.00 5808000.00 1774666.67 21205800.00 
Max Bending Action, M kn.m 0.17 18.59 48.12 0.00 0.00
Max. Compression, N kn 0.00 0.00 0.00 151.95 151.95 
Max Shear Action, V kn 0.92 9.29 50.65 0.00 0.00

Max bending Stress, fb n/mm2 3.04 6.20 8.28 0.00 0.00
Max. Compressive Stress, fc n/mm2 0.00 0.00 0.00 3.14 0.54

Max Shear Stress, fs n/mm2 0.22 0.15 0.48 0.00 0.00

Table 2:   Manganuku Stream Bridge, Waioeke Gorge, Opotiki, New Zealand 
Stresses in Timber Members for G+Q Load Condition 

Q = 2.0 kn/m2; or point load = 1.8 kn 
Decking Stringers Transoms Chords Webs 

Depth m 0.08 0.35 0.40 0.28 0.22
Width m 1.00 0.16 0.30 0.39 0.26

Section Area mm2 75000.00 56000.00 120000.00 107250.00 57200.00 
Elastic Modulus, Z mm3 937500.00 3266666.67 8000000.00 4915625.00 2097333.33 

Max Bending Action, M kn.m 0.26 5.99 34.22 0.00 0.00
Max. Compression, N kn 0.00 0.00 0.00 137.00 76.30
Max Shear Action, V kn 1.17 5.80 30.55 0.00 0.00

Max bending Stress, fb n/mm2 3.34 1.83 4.28 0.00 0.00
Max. Compressive Stress, fc n/mm2 0.00 0.00 0.00 1.28 1.33

Max Shear Stress, fs n/mm2 0.24 0.10 0.25 0.00 0.00

At present, the maximum loading expected on the bridge is 2kpa or 1.8kn for point loads, due to walking groups 
(NZS 4203). Under these conditions, the most significant bending stresses are for the transoms at 8.3 n/mm2 and 4.3 
n/mm2 for the Tauranga Track Bridge and Manganuku Stream bridges respectively. 
   The axial compression stresses are relatively small for both bridges. The Tauranga Track Bridge has 8 vertical or 
near vertical struts at each tower. Because it is unlikely that the bridge loads will be shared equally by all 8 struts, 
each tower load is considered to be supported by 4 struts only. This is the basis of the calculated axial stress in the 
struts of 3.1n/mm2.
    The Department of Conservation can use these analyses and regard fibre loss or deterioration in the transoms as 
more significant than for the other timber elements. Also, a transom failure would be more catastrophic than a failure 
in any other type of timber member.  
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2. CYCLEWAY BRIDGES FOR UNITEC CAMPUS  

2.1. Glulam bridge 

Auckland Uniservices Ltd, the consulting arm of the University of Auckland, was asked to design a 14m span * 2.4m 
wide glulam bridge for a cycleway on the Unitec campus. Under supervision, the bridge was designed by a 5th year 
architecture student as part of an elective study. The bridge is shown in figure 7 and includes 2 main longitudinal 
glulam beams; 4 transverse glulam beams; glulam joists; and lumber decking. The cost of the timber elements was 
estimated to be $21,300. 

2.2. Alternative Cycleway Bridge based on Historic Bridge Structures 

The structural arrangement for this alternative bridge is shown in figure 8. It reflects the historic bridge designs 
where, the main structural elements work either in tension and compression, without bending. Only the bridge-deck 
beams and joists work in bending, High outer density tanalith treated pinus radiata poles were specified for the main 
compression elements, the transverse deck beams, and the joists. Poles are tree stems that have had their bark 
removed by peeling or shaving processes. In New Zealand and elsewhere around the world the usefulness of round 
timbers as elements for building structures is being recognised (Chapman, 2004). Further references can be found 
on www.unilog.co.nz. The 8 no. tension ties were considered to be steel rods. The estimated cost of the materials 
was NZ$5,200, which is considerably less, at 24% the cost of the materials for the glulam bridge.  

Figure 7: Unitec campus, glulam footbridge Figure 8: Unitec Campus, alternative radiata pole bridge 

Table 3: Comparing the Material Costs of 14m span * 2.4m wide Glulam Footbridge 
with the Equivalent Using a Historic Bridge Type Structure

Costs in NZ$. (handrails not included) 
Item Material Vol. 

(cu.m.)
Cost / cu.m. 

(NZ$)
Item Cost 

(NZ$)
Glulam Bridge

Main beams, 945d*230w 6.30 2200.00 13866.93 
Transverse beams, 585d*140w 0.64 2200.00 1398.20 

Joists, 360d*90w 0.94 2200.00 2067.12 
Decking, 50 thick lumber 3.48 1100.00 3828.00 

Cleats, galvanised steel 0.02 9960.00 155.14 
TOTAL 11.37 $21,315.39 

Historic Bridge Structure, using poles 
Inclined top chord, 250 dia. pole 1.56 350.00 545.41 

Transverse bearers, 250 dia. poles 0.74 350.00 257.71 
Joists @ 600 c/c, 150 dia poles 1.28 350.00 448.41 

Decking, 50 thick lumber 3.48 1100.00 3828.00 
Tension rods, galvanised steel 0.01 9960.00 128.22 

TOTAL 7.07 $5,207.76 

Modern glulam structures typically have columns and beams in bending. In historic timber structures, bending 
moments within structural members were avoided, wherever possible, to reduce the member section sizes and 
overall material volume. Also, moment transferring joints, which can be cumbersome and expensive, are not 
required. Thus, structures which are similar to those of historic bridges, could have significant cost advantages as 
illustrated in table 3. 

2.3. Replicating historic bridge tension joints using pinus radiata 

In the hope of using pinus radiata to replace hardwood for the tension joints found in the bottom chords of historic 
bridges, a series of simple joints were built and tested. Joints were made using two forms of radiata, LVL and round 
timber (figures 9 & 10). The LVL joints behaved as expected with failure due to crushing along the grain at around 25 
mPa. The round timber was supplied as being high outer density grade as per the relevant NZ code NZS3603:1993, 
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which should demonstrate a minimum characteristic compression stress along the grain of 25 mPa. However, three 
joints failed at compression stresses 2.5 times less than this, at around 10mPa. These results were of concern 
because they indicate that the compression strength of the poles supplied is well below the expected strength.  
These result lead to the questions:  

a) For radiata poles, that are presently being supplied to the market, what are the true values of MoE (material 
stiffness) and ultimate stresses? 

b) Have the strength and stiffness values of radiata poles significantly lowered since NZS 3603 was published 
in 1993? 

c) Were our results unusual, not reflecting the true picture?  

Radiata poles, for structural use, are considered to have two categories that are related to outer pole density: 
a) high outer zone density of at least 450 kg/m2, or 
b) normal outer zone density of at least 350 kg/m2

The ‘outer zone’ is considered to be the outside of poles to a depth of 20% of the pole radius. 

The company supplying the poles for the shear key tests said they were from a stand of trees that were regarded as 
having high outer zone wood density. However, they were not accompanied with documents verifying the outer zone 
wood density. It appears that, at present, no companies are supplying this verifying paper work. NZS3603: 1993 
states that the suppliers of high density poles shall either: 

(a) Provide evidence that the poles have an outer density exceeding the minimum value specified, or  
(b) Subject the poles to the proof testing requirements of NZS 3605.  

NZS 3605 requires that ‘proof testing…..from each timber source milled, such testing to be repeated….annually. At 
least 100 piles shall be selected by random sampling procedures so as to fairly represent the manufacturer’s 
production.’ 

Figure 9: Shear key test arrangement with ram     Figure 10: Keyed joint. Failure by timber crushing  
pushing down on middle timber pole element 

The surprisingly poor results for axial compression strength for poles prompted our next research project into the 
density of timber poles that are from a variety of regions in both the north ands south Islands of NZ. For softwoods 
grown in NZ, research has shown that modulus of elasticity (material stiffness), and strength are related to wood 
density (Walford, 1994). Thus the strength and stiffness of radiata poles, which are presently being supplied to the 
market, can be measured by studying wood density.  
Hopefully, high density poles as per NZS3603:1993 can be selected to form reliable and useful structural elements.  

CONCLUSIONS 

After studying these historic timber bridges, one is left in awe of their designers and constructors. The designers of 
these bridges were economic with the material used, as proven in the 5th year’s student project. The carpentry 
involved in preparing and fitting the heavy timber elements with no power tools is remarkable. For the Tauranga 
Track Bridge, the cables and associated joints required skills involved in shipbuilding as well as those of carpentry. 
The structural elements and their joints had to be thoroughly considered and skilfully constructed in order to transfer 
the very large loads they supported. Wood-working machinery that includes robotics, which can accurately 
manufacture timber elements, may be useful in the future for the types of timber members previously crafted by 
skilled carpenters. 
The most obvious lesson to be learnt from the Manganuku Stream Bridge is the use of the Howe truss. This 
structural system enables the tension members to be simple steel rods, which avoids awkward end connections for 
timber tension members. However, there are many other design details to inform us. One of these is the tension 
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chord splice detail, which uses shear keys.  Another interesting feature is the intermediate timber elements for 
making the joints less congested but also assisting with load transference.  
These historic bridge structures are elegant and contribute to their landscapes. To the observer, the arrangement 
and sizing of the structural elements make sense and form a harmonious and united whole. On the day that I 
measured the Tauranga Track Bridge, which is a 10 minute, walk away form a quiet highway; a consistent number of 
visitors were attracted down to view the bridge.  
At present, we are out of the habit of building large industrial structures in timber. The 5th year student project 
showed that a structural system for industrial structures based on the historic timber bridges may have considerable 
cost advantages over the current trend of using glulam beams.  
As global climate changes become more apparent, a return to timber industrial structures is to be expected because 
they require less energy for fabrication and absorb the greenhouse gas, CO2, from the atmosphere rather than 
produce greenhouse gases.   
Industry is recognising the viability of radiata poles as structural elements. An example of this is the recently 
constructed round timber telecommunication towers whose pole elements support loads of up to 200 tonne, Reelick 
and Reelick (2004).  
Test joints made with poles, and based on arrangements that were successful for historic bridges, were unexpectedly 
weak and showed that the compression strength of the poles was up to 2.5 times less than would be expected based 
on the relevant NZ code. These tests bring into question the reliability of the current crop of radiata poles for 
structural use. 
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Can pinus radiata pole floor beams and joists make 
useful floors for multi-storey building? 

John Chapman, George Dodd 
School of Architecture and Planning, University of Auckland. jb.chapman@auckland.ac.nz 

Abstract: The overall aim of our research is to eventually develop a viable system for building 
multi-storey timber buildings that uses radiata poles for the main structural elements. The main 
issues, to be hopefully solved by the research, are achieving floor plans, building elevations, 
and jointing systems that are architecturally elegant and structurally reliable; and to ensuring 
viable arrangements for achieving floor sound insulation.  
This paper describes preliminary testing for shear jointing in built-up pole floor beams. Also, it 
reports on the testing of a prototype floor with radiata pole joists for sound insulation properties, 
and economic viability.  
A major question of the floor was not only ‘would it achieve the sound insulation performance 
that is required by the New Zealand building code (NZBC)?’ but also ‘would it provide 
subjectively satisfactory insulation at low frequencies – i.e. below the range assessed by the 
current NZBC performance requirement’? Measurements therefore have been made of the 
objective performance and complemented by subjective comparisons made in a purpose-built 
IEC Listening room. The results indicate that the floor meets code requirements – even when it 
has a hard surface. The subjective assessments are still underway and the results will be 
reported at the conference. 

Conference theme: construction and materials 
Keywords: commercial, floors, poles, soundproofing 

INTRODUCTION 

This initiative brought together, for the first time, research at the Architecture Technologies Department into timber 
jointing, and the work at the Acoustic Research Centre into soundproof timber floor systems.  
This research is part of a larger plan to investigate the use of radiata poles as the main structural elements for 
commercial buildings up to 6 storeys. Main unresolved issues, for this form of construction, include achieving 
soundproof floors, and reliable connections between poles to form floor beams. This paper reports on research into 
these two issues. 
Previous research at the SoA&P has shown the potential of timber poles for the structural elements of multi-storey 
building (Chapman, 2004). Also, it has proposed arrangements of structure to achieve useful floor plans and building 
elevations. An important benefit of this proposed building system is that the energy required for manufacture is 
around 30% of the energy for a traditional reinforced concrete building. Also, the buildings’ pole structural elements 
absorb CO2 during growth and are thus are a reducer of greenhouse gases. The construction of a reinforced 
concrete building results in additional atmospheric CO2 of approximately 75kg for each square meter of floor area 
(Chapman, 2005).  
Studies are in progress to investigate the viability of using pinus radiata poles for floor beams in multi-storey building. 
The proposed beams are made up of 3 poles stacked on top of one another and jointed together as per figure 1. The 
poles are connected with bolts and shear keys, which are similar to the attachments observed in historic timber 
bridges and overcome the common problem with poles of loss of joint strength due to radial cracking. (Chapman, 
2006). However, in testing, we found that the strength of the pole connections with shear keys was much lower than 
expected due to poor timber quality. 
The prototype floor described in this paper incorporates findings from recent research undertaken at the Acoustics 
Research Centre of the University of Auckland. This research (sponsored by the Forest and Wood Products 
Research and Development Corporation of Australia) aimed to investigate and extend our understanding of how 
lightweight timber floors can be designed to provide sound insulation - both for airborne and impact sound - 
comparable with that achievable with typical concrete floor constructions which meet the Australian and NZ building 
code requirements. 
Of particular concern was the low frequency range currently not included in formal performance measures used in 
our building codes - i.e. frequencies below 100 Hz. From a wide ranging parametric study together with objective 
testing and subjective assessment of the insulation provided by a wide range of purpose-built test floors 
(incorporating variations in component properties and design which are buildable using existing construction skills) a 
generic solution floor has been proposed [Chung, H. et al  2006 ] which has guided the design of the floor described 
here. Subjective assessments of the generic solution floor which used a range of impact sources (i.e. lightweight and 
heavy standard impact sources, walking, running and cutlery drops) demonstrated that the floor performed equal to 
or better - depending on the impact source - than the reference concrete floor used for comparison [Dodd, G., 
Emms,G. et al, 2006 ][Dodd, G., Schmid, et al 2006]. The floor described in this paper is a specific realisation of the 
generic floor but using radiata poles for the joists in place of engineered 'I' joists. Replacing the ‘I’ joists with timber 
poles reduces the timber floor costs by $20/m2. However, it is still more expensive than an equivalent reinforced 
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concrete floor. A disadvantage of the pole joists, when compared to the engineered ‘I’ joists, is that they are 
considerably heavier, and will need cranage and require marginally larger floor beams and columns etc. However, 
an acoustical advantage may result from the fact that the poles have greater stiffness laterally and their cross-
sections have more individual variation, - which is that the floor's overall response to sound and peaks in its 
frequency response will be reduced. 

1. POLE FLOOR BEAMS FOR MULI-STOREY CONSTRUCTION 

The beams are required to span between the columns and to support the floor joists. For columns placed on a 
square grid at 5.4m centres, it is estimated that the floor beams will need to be 3 no. 200 dia. high outer density 
radiata poles as per figure 1. The question is: ‘can the poles be reliably joined together so that they do not slip 
relative to each other?’  
Recently a series of tests were carried out on 3 no. simple shear key joints in poles. The shear keys were steel pipes 
that were filled with concrete to ensure the timber failed in compression before failure occurred within the key. 
The test arrangement and typical load/deflection curve are shown in figures 2 & 3. Failure in these joints occurs due 
to timber crushing along the grain where it bears against the shear key. 

Figure 1, 5.4m span Pole Floor Beam for commercial buildings, elevation and cross-section 
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Figure 2, shear key test arrangement with ram pushing  Figure 3, Typical Load/deflection curve for shear test 
 down on middle timber pole element  

The reasons why the above shear connecting system was considered appropriate are as follows. Traditionally, bolts 
and nails are used to connect timber elements. However, these methods are not possible with pole members due to 
their frequent radial cracks. Radial cracking are cracks that extend from the centre of the pole to the outside surface. 
These cracks form after the tree stem is cut down and shrinkage occurs as the stem releases moisture, going from a 
‘green’ to a ‘dry’ condition. Radial cracking does not involve material fibre loss and does not weaken a pole element. 
However, it precludes the reliable use of bolts and nails, which will loose significant strength if placed at the location 
of a radial crack. A viable solution to this dilemma of jointing poles appears to be the use of ‘shear keys’. Shear key 
joints were utilised in historic NZ road and rail bridges (Chapman, 2006). Shear key action occurs at right angles to 
the direction of the radial crack and over a considerably larger bearing area than for a bolt or nail. As a consequence 
radial cracking at a shear key location has a minimal effect on the joint strength.  
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1.1. Shear Key Strength Testing 
The results of the strength testing of the shear key connections were a complete surprise. The joints failed at 
compression stresses that were consistently around 2.5 times less than the minimum expected. The compression 
stresses at failure were consistently around 10mPa. However, the code NZS 3603:1993 has the characteristic 
compression stress for radiata poles, with high outer zone density, at 25mPa. The NZS3603:1993 code requires that 
95% of poles will have a characteristic compression stress of 25mPa or more. Even after modification factors are 
applied to the characteristic compression stress for machine shaving of the pole, steam treatment for drying, and a 
dry use factor, the effective design compression stress is around 25mPa, which is 250% greater than the failure 
stresses of the shear key test joints.  
These result lead to the questions:  

a) For radiata poles, that are presently being supplied to the market, what are the true values of MoE (material 
stiffness) and ultimate stresses? 

b) Have the strength and stiffness values of radiata poles significantly lowered since NZS 3603 was published 
in 1993? 

c) Were our results unusual, not reflecting the true picture?  
Radiata poles, for structural use, are considered to have two categories that are related to outer pole density: 

a) high outer zone density of at least 450 kg/m2, or 
b) normal outer zone density of at least 350 kg/m2

The ‘outer zone’ is considered to be the outside of poles to a depth of 20% of the pole radius. 
The company supplying the poles for the shear key tests said they were from a stand of trees that were regarded as 
having high outer zone wood density. However, they were not accompanied with documents verifying the outer zone 
wood density. It appears that, at present, no companies are supplying this verifying paper work, which may indicate 
the companies may be aware of the variations in pole quality. NZS3603:1993 states that the suppliers of high 
density poles shall either: 

(a) Provide evidence that the poles have an outer density exceeding the minimum value specified, or  
(b) Subject the poles to the proof testing requirements of NZS 3605.  

NZS 3605 requires that ‘proof testing…..from each timber source milled, such testing to be repeated….annually. At 
least 100 piles shall be selected by random sampling procedures so as to fairly represent the manufacturer’s 
production.’ 
Due to the above surprisingly poor results for axial compression stress strength for poles, we considered that to 
continue on our initial plan of building and testing two floor beams was a poor use of our time; and that our time and 
resources should be involved in checking the outer zone wood density of poles that are currently being supplied to 
the NZ market. In the next while, our intention is to do density testing of poles from different forest regions, including 
Northland, Central North Island, and Nelson. 
For softwoods grown in NZ, research has shown that modulus of elasticity (material stiffness), and strength are 
related to wood density (Walford, 1994). Thus the strength and stiffness of radiata poles, which are presently being 
supplied to the market, can be measured by studying wood density. Hopefully, high density poles as per 
NZS3603:1993 can be selected to form reliable and useful structural elements.  

2. PROTOTYPE FLOOR WITH POLE JOISTS FOR ACOUSTIC TESTING 

A test floor of approximately 50 sq.m was constructed with 200mm dia. radiata pole joists @ 600mm centres as per 
figures 5 & 8. Timber floors previously developed by a team that included the Acoustic Research Centre informed 
the design of the flooring and ceiling components. The main difference is that this test floor used timber pole joists, 
and the previous floors used engineered ‘I’ joists. The tapered poles have two opposite faces cut at 205mm apart to 
provide consistent depth and flat surfaces for connecting flooring and ceiling elements. The advantages of the pole 
joists, when they are compared to engineered ‘I’ joists, are that they are cheaper to buy require less heat to 
manufacture, and involve less discharge of CO2 into the atmosphere. Also, an acoustic advantage may be that 
because all pole cross-sections vary, the joists are less likely to resonate in unison. A disadvantage of the pole 
joists, when compared to the engineered ‘I’ joists, is that they are considerably heavier, and will need cranage and 
require marginally larger beams and columns etc. 
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Figure4, Floor test rig    Figure 5, Test floor joists, 200 SED poles @ 600mm centres  

The 200SED pole joists have, based on published values in NZS3603:1993, an EI value for stiffness of 9.4*1011 

Nmm2, and a Mn value for bending strength of 23.6 kN.m. The pinus radiata engineered ‘I’ joist by carter Holt 
Harvey Ltd that has the approximately equivalent values for stiffness and strength, HJ360-63, is 360mm deep with 
45mm wide * 63mm deep top and bottom chords. One of the main issues for timber floors is that they are more 
expensive than an equivalent pre-stressed concrete system as per table 1 (Willson, 2007). The cost of 200SED 
joists, with two cut parallel faces, is $11.00/m and the engineered ‘I’ joist has a price of $22.00/m, which results in a 
floor cost difference of $20/m2.

Table 1: Comparing Costs of Commercial Floors - Timber with Pole Joists & Equivalent RC 
Costs are Per Square Metre of Floor in NZ$. 

Item
Unit Rate Quantity / m2 Cost / m2

Timber Floor  
ply sheathing sq.m 46.75 2.00 93.50

75*50 flooring battens m 9.30 1.67 15.50
sand sawdust filling cu.m 120.00 0.05 5.55

200mm dia untreated rad. pole joists m 1.67 11.00 18.33
fibreglass batts sq.m 18.60 0.67 12.40

sound insulation clips m 8.90 1.67 14.83
plasterboard, 25mm thick sq.m 61.50 1.00 61.58

Plasterboard stopping sq.m 7.50 1.00 7.50
TOTAL NZ$229.19 

RC Equivalent Floor 
prestressed units, 100mm interspan sq.m 135.00 1.00 135.00 

665 mesh sq.m 8.70 1.00 8.70
ceiling battens @ 400mm centres m 8.90 2.50 3.56

plasterboards, 9mm thick sq.m 30.10 1.00 30.10
Plasterboard stopping sq.m 7.50 1.00 7.50

TOTAL NZ$184.86 

3. RESEARCH INTO THE INSULATION AGAINST SOUND OF THE PROTOTYPE FLOOR SYSTEM

3.1. Construction and Testing 
A dedicated floor-test rig for impact insulation that was built near the University’s Tamaki campus for a previous 
research project was the test bed for the prototype floor. A building contractor was hired to build the floor (OSH 
regulations ruled out the building by University personnel) and the floor was completed in a timely and trouble-free 
manner. (The test rig and the floor as built are shown in Figures 4 & 8.)  
The test facility – whilst not part of the Acoustic Research Centre’s suite of ISO chambers of reverberation chambers 
with suppressed flanking transmission – meets the requirements for laboratory testing (according to ISO 140) of the 
impact insulation of floors (Figures 4 & 6 show the floor-test facility with and without the prototype floor in place; 
Figure 7 shows the set-up for measuring the IIC and Ln,w ratings). It provides for constructions to remain in place for 
extended periods for detailed study and experiment (this not possible in the ARC’s main chambers because of 
commercial use). 

3.2. Performance requirements 
Unlike wall partitions, floor constructions have a dual insulation role in buildings – to insulate against structure borne 
sound and also against airborne sound. There are performance requirements specified in the NZ Building Code for 
each of these, and for a floor-ceiling system to be successful it must meet these requirements as well as proving 
attractive structurally, economically and for serviceability (i.e. buildability and maintenance).  

3.3. Obtaining the insulation performances 
The Tamaki test facility is only suitable for testing the structure borne or impact sound insulation. For conventional 
flooring systems this is not a serious limitation as we have modelling software which allows us predict the 
acceptability of airborne insulation, provided the performance is not borderline. For innovative floor developments 
which, as for the prototype pole floor, have more complexity than a basic double-leaf structure, the airborne 
insulation must be verified by measurement. In this case, as the airborne insulation could not be measured directly, 
we anticipated applying findings from other research currently being carried out in the ARC in which we are 
proposing a technique for relating structure borne and airborne performance of floors so one can be predicted from a 
measurement of the other. The purpose of this approach is to make screening checks on buildings easier by 
obviating the need to make both types of measurement. The airborne insulation result shown below has been 
obtained by this technique and is therefore a prediction from the measured impact sound insulation (details of the 
technique will be published later).] 
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3.4. Objective findings 
The results for both forms of insulation show that the performance meets the requirements of the current NZ Building 
Code – the results of STC 60 and IIC 55 compare with the minimum performance requirements of both STC and IIC 
55. Figures 8 and 9 show the detailed 1/3rd octave band results and the single figure performance values, STC, Rw, 
IIC and Ln,w . It is important to note, however, that these results are for the uncovered, bare floor. One of the 
challenges that we face from the current fashion for uncarpeted rooms is to meet the impact insulation requirements 
with hard surfaces. The prototype floor meets the code functional requirement without any covering and – as with 
other flooring systems – will attenuate impact sound even better if carpeted. 

3.5. Subjective Testing 
The ARC has been a strong critic of the NZ Building Code for expressing the performance requirements in terms of 
the US rating system. This system was formulated a half century ago and ignores the low frequency range which 
has become a dominant factor for Light Timber Frame buildings (LTF) in this era of high-power, wide-bandwidth 
home entertainment systems. 
The more recent ISO ratings of Rw, and Ln,w (with low frequency extensions and spectrum adaptation terms) have 
yet to be the subject of comprehensive and convincing experimentation. In the absence of low frequency 
acceptability criteria – and especially for LTF structures – we have argued that subjective testing and comparisons 
with concrete-slab based floor systems are necessary.  
Therefore the testing of the prototype floor, in addition to the formal objective measurements, has included making 
recordings of the radiated sound when it was excited in various ways - including walking, running and the dropping 
of cutlery. In previous research (see report PN04.2005 for Forest and Wood Products Research and Development 
Council (FWPRDC) of Australia) we have used the IEC Listening Room of the ARC to make controlled forced-choice 
comparisons of recordings from a variety of floor constructions also built at the Tamaki facility. The sounds from the 
prototype pole floor will be assessed against the best performing LTF constructions to verify their acceptability.  
Since the features identified in the FWPRDC research as optimising performance in light-weight floors were 
incorporated in the design of the prototype floor – i.e. added mass and damping from an internal layer of sand – we 
are reasonably confident that the good objective performance (i.e. STC 60 and bare-floor IIC 55) will be mirrored by 
a high preference subjectively. 
However, the subjective testing requires a significant time and is not yet completed. 

                 

Figure 6, Floor in place for testing                    Figure 7, Measuring the sound field under the installed floor 
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Figure 6. The 1/3rd octave band normalised impact sound levels measured from the prototype pole-floor, and the 
single-figure ratings of impact sound insulation (IIC and Ln,w) derived from them. 
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Figure 7. The 1/3rd octave band values of airborne sound insulation – which are a theoretical prediction (with 
correction factors) – from the measured values of normalised impact sound pressure levels. Also shown are the 
single figure ratings STC and Rw. 
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CONCLUSIONS 

The overall aim of this line of research is to develop a system for building 6 storey commercial buildings using 
radiata poles as the main structural elements. This paper reported on 2 aspects of this study. The 1st is developing 
the jointing for built-up pole floor beams; and the 2nd is a floor arrangement, with pole joists, that has acceptable 
sound-proof properties.  
When testing joints for connecting poles to form floor beams, a surprising result was the very low compressive 
strength of the pinus radiata poles, which were bought as poles with high outer zone density. The compression 
strength was 250% lower than the expected values as published in the relevant code, NZS3603:1993. There are 
now some doubts about the reliability of the strength of radiata poles that are being supplied to the New Zealand 
market.
It is intended that future research will evaluate density and compression strength from poles from a wide range of 
locations within New Zealand. This research may indicate that radiata poles need a more comprehensive quality 
evaluation system than presently used. Hopefully, by implementing better quality control systems, high density poles 
as per NZS3603:1993 will be readily available and pole floor beams can be reliably and economically constructed 
using a combination of bolts and shear keys. 
The cost advantages of pole joists over engineered ‘I’ joists is $20/m2. This reduces the timber floor costs to $229/m2

and significantly reduces the cost advantage of an equivalent reinforced concrete floor at $185/m2.
The objective acoustic testing of the prototype floor, using radiata pole joists, meets all the acoustical requirements 
of the NZ Building Code when it is not carpeted. This is an excellent result for a hard surface flooring system. The 
construction incorporates features identified in previous research as maximising the insulation from a given mass of 
lightweight flooring and hence we expect that the subjective acceptability will be at least as high as the best 
performing construction in that research. Verification of this by means of subjective comparisons is in progress. 
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Fore and against: science, aesthetics and the visual 
complexities of figure-ground in urban analysis

Michael Chapman, Michael J. Ostwald 
University of Newcastle, Australia 

Abstract: As the pre-eminent diagram for the visual analysis and design of urban environments since the 
Renaissance, the figure-ground plan is an important graphic device, not only representing 
diagrammatically the relationship between buildings and their surroundings but, at the psychological level, 
the perceptual distinction between solid and void. This paper will look at the scientific categorisations 
implied in the figure-ground and its relationship to broader arguments in psychology and aesthetics. By 
looking at the models of urban analysis developed by Mario Gandelsonas in his work X-Urbanism (1999) 
the paper will demonstrate the confluence of aesthetic and psychological models of organisation and the 
affiliations established between scientific systems of categorisation and the analysis of urban form.  

Conference theme: Effective tools: design, assessment, operation
Keywords: aesthetics, urbanism, Mario Gandelsonas, Rosalind Krauss, Salvador Dali

INTRODUCTION 

In 1999 the American architect and theorist Mario Gandelsonas published a series of graphic investigations into 
“reading” and “writing” the urban landscape under the title X-Urbanism. Gandelsonas’s project, spanning 20 years, was 
clear from the start: to use the two-dimensional plan of the city as the basis for a psychological decoding of architectural 
space, revealing, through visual tactics of reduction and assimilation, the traces of a spatial “unconscious” that lie 
beneath the urban matrix of the city. Gandelsonas drew heavily from aesthetics and psychology in his attempt to map 
this unseen framework of desire and created a platform through which these two warring disciplines could be integrated 
in the pursuit of architectural knowledge. At the heart of his work was the “figure-ground” plan which traced contours 
between solid and void, object and context and, for Gandelsonas, the historical junction between architecture (figure) 
and urbanism (ground).  

Representing one of the primary graphic models through which urban spaces and architecture are represented, the 
“figure-ground” plan is situated at an important and contested crossroads between art and science, theory and logic. 
Central to the evolution of aesthetic theory and the discourse of Twentieth Century art, the figure-ground is equally 
embedded in the evolution of modern psychology, central to a scientific understanding of human cognition and implicated 
in the invasive techniques of psychoanalysis. In both cases the figure-ground is the primary representation of visual 
complexity, divisive and objective at the same time as it is inclusive and idiosyncratic. The intangible (and illogical) space 
between figure and ground (the “contour”) has created a fertile gathering place where the divergent disciplines of 
aesthetics and psychology have been assembled across the landscape of the Twentieth Century. 

Two clear trajectories linked the figure-ground dyad with the broader cultural symptoms of the period. Firstly, it was in the 
direction of psychology, where empirical studies of perception and cognition attempted to explain the “deepening” 
observed in certain configurations of figure-ground. Psychologists were led to conclude that a space between the figure 
and ground was read by the eye that, confused by the whole, oscillated between a focus on figure and on ground. This 
led to a phenomenological attempt to link lived experience with visual sensation through an understanding of gestalt. The 
second, and opposing trajectory, was pursued in aesthetics and art, where a movement against the “figurative” saw a 
flattening of the picture plane and the spatial and visual ambiguities that were implied by that. The picture plane became 
the interface where the “artist” and “viewer” met: encoding psychological processes on one side, and decoding them 
through “interpretation” on the other. In each case psychology was posited as an active (rather than passive) force which 
conditioned the relationship between the viewer and the viewing plane. Both psychology and aesthetics interpreted this 
collision between subject-object as equivalent to the visual collision between figure and ground.  

The figure-ground can be read as the primary visual evidence of what art critic Rosalind Krauss calls an “optical 
unconscious”—the manifestation of embedded psychological material which is revealed in the flattening and deepening 
of these two competing states. Artists, interested in Freud and the techniques of psychoanalysis, exploited these 
cognitive effects throughout the 1930s, 40s and 50s, at the same time as scientists undertook strategic research into its 
visual effects and their relationship to the psyche. The way that these two trajectories intersect with the broader themes 
of urban analysis is inscribed in recent strategies to “read” the city by reducing it to a visual, two-dimensional text. While 
grounded in the urban models of the 1960s—particularly those of Venturi, Scott-Brown and Izenour (1977), Aldo Rossi 
and Colin Rowe—the resurgence of these models of “reading” the city coincided with the evolution of structuralist models 
of aesthetic analysis, and a reappraisal of the psychology of Sigmund Freud, particularly through the linguistic re-
readings of the French psychologist Jacques Lacan. In the 1960s Lacan had posited an “image screen” which lay 
between “reality” itself on one side and its “reception” (or interpretation) by the viewer. These ideas framed a scientific 
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approach to aesthetics, which drew not only from Lacan, but also from systems of ordering and entabulating data familiar 
to mathematics and science.  

This paper will look at the way the urban plan, as a figurative map of the city, draws together the twin strategies of 
psychology (subject-object) and aesthetics (image-viewer) through the figure-ground plan. The plan constitutes, in a 
Lacanian sense, an “image screen” between the reality of the built environment and its psychological construction, 
constituting both an objective record, as well as a visual, psychological device to be decoded. Theoretically bridging both 
aesthetics and psychology, the urban analysis of Mario Gandelsonas provides a platform where these scientific and 
artistic strategies are married in a creative dialogue with the city and its continual interpretation. The paper will look at 
two specific aesthetic trajectories in Gandelsonas’s work and their relationship to psychological theories of figure-ground. 
Firstly, the paper will look at the relationship between figure and ground in cognitive research and aesthetics 
demonstrating a complex marriage between order and chaos. These dialectical components have been introduced into 
aesthetics through the “Kleinian” group, which uses figure-and ground as poles that divide and connect the competing 
and incompatible strategies of organisation and complexity.  This “flattening” of the picture plane enables impulses to be 
read at the surface through the tracing of contours and their multiple trajectories. These strategies were explored 
creatively in the work of Jackson Pollock and its revered “flatness” in the criticism of Greenberg. Borrowing from the 
theoretical investigations of Rosalind Krauss, and the scientific theory of vision explored through cognitive psychology, 
the paper will show how Gandelsonas’s analysis of the plan of Chicago interweaves these aesthetic and mathematical 
models of ordering, by using the spatial incongruities of the plan as moments where psychological impulses (desire) are 
buried or revealed. Secondly the paper will demonstrate the figure-ground as a decoding device within the context of 
Surrealism, and in particular Salvador Dali’s “Paranoid-Critical Method”. Dali’s method introduced the scientific 
speculations of Freud into art through a deliberate “deepening” of the picture plane to accentuate (rather than collapse) 
the spatial phenomenon of the figure-ground. As an early reader of Lacan, Dali played on the notion of paranoia to 
create ambiguous and psychologically loaded images which revealed multiple constructed readings. The paper will show 
how these strategies are inscribed in Gandelsonas’s project for Des Moines, which read visual ambiguities into the urban 
landscape of Des Moines, and the American city in general.  

1. FIGURE-GROUND AND THE OPTICAL UNCONSCIOUS IN URBAN ANALYSIS

The observance of ambiguity and empirical anomalies in the human understanding of visual fields fuelled scientific 
analysis into cognition throughout the second-half of the Nineteenth Century until the Second World War. The linked 
terms of “figure” and “ground” became the convenient poles through which vision was understood: bracketed as an 
object and differentiated through optical contrast (“contours”) from its contextual field. The importance of this visual 
dialectic to the emerging field of psychology fuelled scientific research into cognition and established the figure-ground 
as a visual and scientific model for analysing the human mind. Pioneered in the work of Edgar Rubin, the complexities of 
figure-ground analysis revealed a complex retinal exchange between opposing states. These complexities were made 
famous in Rubin’s “vase” image (Figure 1), where two competing faces in the “ground” field create a vase in the “figure” 
field. The optical effect is uncanny, where figure and ground can no longer be appreciated in unison, but only in isolation, 
either as vase or faces, rather than both at the same time. A similar effect is achieved in the series of “pillars” or 
pediments carved from the spaces between interchanging human bodies (Figure 2). Like the vase image, the effect of 
“either/or” is achieved, despite the common “contours” that define the forms. The effect is also infinitely reversible.

Figure 1: Vase, after Rubin (Source: Wallschlaeger, 1992, 349).  
Figure 2: Pillars, after Rubin (Source: Wallschlaeger, 1992, 349).  

Equally important in the evolution of a scientific theory of figure-ground were the visual experiments of Schumann who 
used configurations of parallel lines against a white backdrop to establish principles of spatial depth where the lines are 
projected forward (protruding in consciousness) while the white paper recedes into spatial obscurity. The escalation of 
research into these visual phenomena coincided with the formulation of techniques of urban analysis that specifically 
employed the visual ambiguities of the figure-ground plane to divergent strategic ends. Representing the city as 
solid/void, the figure-ground was a powerful diagrammatic device that depicted, unambiguously, the spaces occupied 
and constructed between buildings within a city. While the use of the figure-ground plan dates at least as far back as 
Nolli in the 18th Century, the Second Half of the Twentieth Century saw it reinvigorated as a model of “critique” rather 
than mere representation. The first to use the figure-ground prominently as a discursive tactic of urban analysis was 
Colin Rowe (1978) who polemically inverted the figure-ground to show the city as a space between the buildings (the 
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ground-figure plan) rather than created by them. Rowe employed a process of collaging, theoretically configured to this 
inverted figure-ground to establish a confluence between urban spaces and the buildings which created them. In the 
same decade Venturi, Scott Brown and Izenour (1977) used a series of figure-ground diagrams to distil the complex 
visual landscape of Las Vegas into discursive categories such as bitumen/not bitumen and religious space/not religious 
space. The “either/or” nature of these figure-ground images was at odds with Venturi’s “both-and” approach to 
architectural culture, but at the same time highlighted the peculiar “contours” where the complex social and 
environmental changes in the urban landscape of Las Vegas could be mapped. 

What is inscribed in both of these strategies is the use of the figure-ground to rewrite the urban spaces of the city. The 
visual complexities of the figure-ground established a field of architectural research where opposites in complex urban 
landscapes could be visually incorporated rather than excluded. To understand the process through which the figure-
ground plan was transformed from an “architectural plan” into a discursive “spatial text”, the field of aesthetics becomes 
increasingly important. While figure-ground represent convenient polarities in urban form, constituting the ground-plane, 
and buildings respectively, in art, they are divested with the visual properties of subject/context. The collapse of these 
fields, and the collapse of the “figurative” in art in general is prefigured in art theory through abstraction, and specifically
through the American adventure of Abstract Expressionism, manifestly expressed in the drip paintings of Jackson 
Pollock. Pollock’s work is significant in the visual strategies of art in two dimensions. Pollock painted horizontally across 
a flat canvas arrayed across the ground, claiming to paint, a metre above the surface, the nightmarish images of his 
childhood. Acknowledging the importance of Freud in his work, Pollock’s work dismantled the visual “window” of 
figurative art by transforming it into a spatial and temporal field where the “process” was given visual hegemony over the 
“representation” of any scene or landscape. In the paintings of Pollock, marking a celebrated transition in the history of 
Twentieth Century art, the fields of figure and ground are merged into a single spatial field where the viewer, like the 
artist, are left to decode and decipher the hidden rhythms and subliminal trajectories that were buried in the process of 
applying paint.  

The confluence of scientific theories of vision, and their creative expression, particularly through Abstract Expressionism, 
occurred most poignantly in the psychoanalytical investigations of Jacques Lacan. Lacan’s essay “Of the Gaze”, 
published in English in The Four Fundamental Concepts of Psychoanalysis (1973) located vision on one side of a 
psychologically constructed “image screen” which mediated its relationship with the “subject of representation” on the 
other (Figure 3). This psychological construction was mirrored with an optical one, locating light and picture as the two 
poles. While represented as a scientific abstraction, the metaphorical relationship to the image-laden field of aesthetics is 
explicit: easily interpreted as the connection between the artist/viewer (gaze), the figure (subject) and the picture (image 
screen). Gaze/image/subject can equally be read as the spatial embodiment of ground/contour/figure where the 
psychological ambiguities of cognition are located and problematised across the field of the image screen. What was 
implied in Lacan’s schema was that vision was a psychologically constructed “reality” at odds with the concrete nature of 
things, and underpinned by a complex and nomadic unconscious field of desire and repression. 

Figure 3: Lacan, Gaze/Image/Representation diagrams, (Source: Foster, 2004, 274).  

Given the readymade link with aesthetics, it is not surprising that the scientific (and hypothetical) reasoning of Lacan 
would be used as a model for both the creation, and critique of artistic processes. The most rigorous of these theoretical 
models for integrating psychology and vision comes from the American theorist Rosalind Krauss, and her 1994 work, 
The Optical Unconscious. Krauss argues that the collapsing of the figure-ground in the work of Pollock, not only marks a 
new visual paradigm in art, but equally marks the emergence of an “optical unconscious” where the vibrating effects of 
figure and ground create a spatial field of analysis (and an alternate history of modern art). Krauss draws from the 
psychological evolution of cognition in her analysis, charting its emergence against the proliferation of a vast array of 
artistic strategies that have exploited its knowledge. In the opening chapter of The Optical Unconscious Krauss argues 
that the history of art can be reduced to the following mathematical construction (Figure 4), organised along the structure 
of a Kleinian group: 

Figure 4: Krauss, Kleinian Diagram  (Source: Krauss, 1994, 20).  
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What is important in Krauss’s structuring of aesthetics along these lines is not the visual categorisation of figure and 
ground, but its organisation within the logic of the “Kleinian Group” where constructed axes link opposing, mirrored and 
replicated poles. This figure is descended from mathematics and scientific models of organisation and, as Krauss 
acknowledges, was a favourite model of linguistic analysis, common in the work of anthropologists such as Claude Levi-
Strauss and Algirdas Greimas (who termed it the “semiotic square”). It was also used in a broader cultural/ideological 
sense in the influential political theory of Frederic Jameson (1981). Acknowledging its intellectual appeal, Krauss writes: 

The semiotic square, or the structuralists’ graph, is a way of picturing the whole of a cultural universe in the grip of 
two opposing choices, two incompatible possibilities. Cultural production is the creation of an imaginative space in 
which these two things can be related. The conflict will not go away. But it will be, as it were, suspended. Worked 
and reworked in the space, for example, of myth. (Krauss, 1994, 21) 

For Krauss, the use of a Kleinian group provides a means of mediating complexity in aesthetics where the axes that 
connect “figure” and “ground” are equally poles that divide them along the relative scale of complexity. Krauss provides a 
similar dyad in her essay “Sculpture in the Expanded Field” where she identifies recent strategies in contemporary 
sculpture from the 70s as deliberate tendencies away from both architecture and nature (landscape) respectively. 
However Krauss’s model of figure/ground, while destabilising these fixed states of “either/or”, is more concerned with 
providing an organisational framework for introducing the themes of psychoanalysis into a broader theory of aesthetics 
which, borrowing directly from Jameson, demonstrates evidence of an “optical unconscious”. Krauss hinges her thesis 
on the successful rhyming of the figure/ground graph with Lacan’s own mapping of psychology (Figure 5) along 
contested poles of “ego and “other”, linked by the sliding axes of “unconscious” and “imagination”. The confluence of 
these two diagrams creates a visual plane of analysis effectively “sowing the psychoanalytical subject over a [visual] 
field” (Krauss, 1994, 23). 

Figure 5 (left): Lacan, Psychic Diagram (Source: Krauss, 1994, 22).  
Figure 6 (right): Krauss, Kleinian Diagram  (Source: Krauss, 1994, 74).  

This Lacanian construction, which draws from the concept of the “image screen” that divides “self” and “reality”, locates 
opposites through dynamic and volatile connections rather than static and stable ones. Krauss, uses these hypothetical, 
sliding axes of the unconscious to reposit her own diagram, marked now by a diagonal “unconscious” link between the 
figure and ground (Figure 6). Krauss also collects other visual “states” under the titles of figure and ground, linking them 
in relationship to the body (belonging and absence) and visual tactics (synchrony and repetition). Deepening the 
connection between these symbiotic states of opposition and architectural analysis, the next evolution of this structural 
diagram locates ”figure” and ”ground” as states of ”inside and ”outside” connected with the psychological states through 
which infants understand and create their own independent cognitive environment. In Beyond the Pleasure Principle
Freud had argued that infants created imaginary or ”unconscious” games to relive the trauma of separation such as the 
”fort/da” game of loss and retrieval. This principle of creating a psychic apparatus to relive the trauma of separation (or 
castration) was central to the formulation of Lacan’s ”image-screen” which mediates between the objective ”reality” and 
its subjective ”interpretation”. A number of art theorists have connected this neurotic phenomenon with artistic processes 
and the construction of a psychological environment through which the infant manages and accelerates their 
independence in the world (Fer, 1995, 1998; Potts, 1998; Foster 1995, 2004). 

Figure 7: Krauss, Kleinian Diagram  (Source: Krauss, 1994, 74).  
These hypothetical systems of organising and curating aesthetic strategies are introduced into the broader field of urban 
analysis through the writing of Mario Gandelsonas’s, which draws from Krauss’s theory of the ”diagonally” constructed 
optical unconscious and the pre-eminence of the figure/ground. Gandelsonas identifies the urban grid as the “neutral” 
backdrop to a landscape of constructed desire that can be decoded at the level of the figure/ground plan. Constituting a 
horizontal ”image-screen”, the ground plane of the city is the flattened record of a collective accumulation of 
archaeological data which, when represented through its opposing states, reveals hidden landscapes of desire and the 
unconscious. The gridded field of the city is marked with scars of ”unconscious” intrusion that work against the ordering 
systems of the urban landscape and create interstitial contours of complexity and contradiction. Where Krauss uses her 
constructed logic of the figure-ground to posit an alternate history of art, Gandelsonas constructs his own discursive 
reading of the figure/ground to create an alternate model of analysing and interpreting the city: through layering in 
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drawings. Analogous to the “drip” layering of Pollock, the meticulous overlays of Gandelsonas dismantle the city as 
object and establish its evolution in a temporal sense, through the opposing states of “architecture” (figure) and 
“urbanism” (ground). Gandelsonas writes that the drawings that constitute X-Urbanism “were developed […] as a critique 
of the traditional role of drawings as representations of the city as a physical fact: they were proposed as a site where the 
articulation of two different practices, of two different ‘discursive surfaces’—architecture and the city—took place.” 
(Gandelsonas, 1999, 1) 

Gandelsonas argues that the paradigms of European (historical) and American (modern) urbanism created a “circuit of 
desire” across the Atlantic, where each side fantasized the tactics of the other (Gandelsonas, 1999, 12). This is a tension 
between the “ideal plan” of the architectural utopia and the overwriting mystique of the constructed historical city. 
Gandelsonas follows Rowe (1978) in attributing to “architecture” the role of figure and to “urbanism” the role of ground. 
Gandelsonas (1999, 59) argued that the “building”, rendered complex in the figure/ground plan, is common to both the 
practices of urbanism and those of architecture, creating an ambiguous and contested terrain that is articulated at the 
level of the ground-plane. Within the context of Krauss’s analytical structure, the fields of figure and ground (inside and 
outside) are constructed as poles of architecture and urbanism, linked and divided by a sliding scale of aesthetic 
complexity and psychological repression that is revealed and decoded through the process of drawing.  

Gandelsonas uses the Freudian term “traumatic” (1999, 1) to describe the recurring practices of urban dislocations that 
are teased out through his analytical techniques. For Gandelsonas’s this is “a process where architecture and the city 
occupy and switch the positions of analyst and analysand (the one who is being analysed)”. He, like Krauss before him, 
drags Lacan into the visual domain of architectural analysis, using terms specific to psychoanalysis in his reading of the 
contemporary urban condition. Gandelsonas writes: 

the modernist architect’s desire was not for the existing city [...]: urban fantasies construct architecture’s desire 
itself by giving its coordinates, by locating its subject and specifying its object. The construction of desire entails 
not just depicting a future scene and designating its elements—the garden with objects, the Modernist grid, the 
Cartesian skyscraper—but also designating the gaze that witnesses it. (Gandelsonas, 1999, 59). 

For Gandelsonas’s the “gaze” is equivalent to the layering process of analysis that, by scrutinising the figure/ground-
plane, reveals the hidden contours of desire that are embedded beneath it. Drawing, as a model of interpretation, is 
central to the construction of this gaze, and the figure/ground is the medium through which it is transmitted. 

The model of urban analysis developed by Gandelsonas replicates the aesthetic model of Krauss where psychology is 
overlayed against the poles of figure and ground, creating a diagonal “unconscious” axes or what Gandelsonas’s terms 
desire. These contours of desire vibrate against the objective “neutrality” of the grid and establish a “formless” trajectory 
revealed in the figure ground. This space, carved from the solid spaces of “architecture” and the voids of “urbanism” is 
decoded by continual and methodical overlaying that distils visual information into the categories of “grid” and “other”. 
Gandelsonas describes his obsession with places of “scriptural density where the neutral grid of the city collapses and 
trajectories against it are brought forward. (Gandelsonas, 1999, 68). Nowhere is this more evident than in two 
diagrammatic reconstructions of Chicago that Gandelsonas’s uses to describe this slicing ”formless” logic within the 
Cartesian grid. Presented as both figure/ground (Figure 8) and ground/figure (Figure 9) these inverted diagrams show a 
horizontal abstraction of the city where diagonal trajectories not only cross the city, but dissect it.  

Figure 8: Gandelsonas, Chicago  (Source: Gandelsonas, 1999, 141).  
Figure 9: Gandelsonas, Chicago  (Source: Gandelsonas, 1999, 141). 

This methodical reading of the urban figure/ground in Gandelsonas’s work constitutes, like the painting of Pollock, a 
“flattening” of the picture plane where the inherent “depth” of the architectural plan is eroded by its diagrammatic 
reduction. The emergence of formal elements against the repetitive structures of the grid creates a visual dialectic that 
runs throughout his analysis. However what is also inscribed in Gandelsonas’s analysis of Chicago is an apparatus 
through which myth is incorporated into the certainties implied in the figure/ground. Krauss, in her Kleinian graph, 
attributed a role to myth in mediating the poles of figure and ground. In Gandelsonas’s analysis, these myths are created: 
read from the text of the figure/ground plane itself. Tracing the contours that divide the city between building and void, 
Gandelsonas’s reveals the fossil of a topographical beast assumed, by him, to be a whale lying stranded beside the Lake 
of Michigan (Figure 10). This beached whale, drawn forward through his ideographic diagrams, is used as a mythic 
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construction which can be traced in the urban configuration of the city. Buried beneath the grid, the whale creates its own 
contours that can only be read in the figure/ground plan as the limit of two competing states. Gandelsonas’s uses the 
whale to “decode” the city, establishing a speculative formal history, but at the same time dismantling the orthogonal 
hegemony of the ground plan.  

Figure 10: Gandelsonas, Chicago  (Source: Gandelsonas, 1999, 134).  

Here the neutrality of the grid is disfigured by the topography of the land, the mythical shape of the whale and the 
proximity of the natural lake that destabilises the autonomy of the grid and flattens it. This “formless” trajectory 
contradicts the formal properties of the grid and its infinite repetition creating a speculative psychological profile at the 
surface of the city. This can be read, in the context of aesthetics and cognition, as a flattening of the picture plane where 
the objective reality on one side of Lacan’s graphic construction is counteracted with a psychologically constructed 
“unconscious” reality that is revealed at the level of the ground. Equivalent to the processes of Jackson Pollock, the 
method collapses the spatial object into a horizontal field of process and archaeology where layering and time replace 
spatial or objective reality as the datum of architectural logic. The flattened image oscillates, like the pioneering studies of
Rubin, between states of either/or, figure/ground, inside/outside and architecture/urbanism.  The resulting image is either 
decoded through psychology, or encrypted through creative aesthetics. 

2. FIGURE GROUND AND DALI’S PARANOID-CRITICAL METHOD AS A TECHNIQUE OF URBAN 
ANALYSIS

If Pollock’s work prefigured a flattening of the visual field into a horizontal space of psychological impulses, the parallel 
work of Salvador Dali, sought to “deepen” the picture plane through his “paranoid-critical” method. Dali never 
relinquished his faith in figurative art and, rather than collapsing the figure-ground sought to expose the ambiguities 
inscribed within it. Dali was fascinated with the visual experiments of early psychology and particularly the experiments 
undertaken in cognition concerning visual phenomenon and optical illusions. The paranoid-critical method of Dali is 
essentially concerned with the complexities inscribed within the figure-ground. Dali’s painting of the period demonstrated 
an obsessive concern with blurring the “flatness” of the picture plane through optical illusion and the foreshortening of 
perspective. 

Dali was also linked intimately with the scientific theorising of Lacan, who, throughout the 1930s, maintained a close 
relationship with the Surrealists and had published many of his early papers in Surrealist journals such as Minotaur. Of 
particular interest to Dali was Lacan’s “The Problem of Style and the Psychiatric Conception of the Paranoiac Forms of 
Experience” (1933), which was contemporaneous with Dali’s own “Paranoiac-Critical interpretation of the Obsessive 
Image of Millet’s Angelus” (1933). He had also read Lacan’s thesis from the period entitled “On Paranoiac Psychosis in 
its Relations with the Personality”. Dali saw his own visual practices as building upon the psychological observations of 
Lacan as well as the empirical studies into cognition that were emerging in the period. His paranoid-critical method was a 
way of reading complexity and ambiguity into images through paranoid associations that gave them multiple 
interpretations. A famous visual example was his painting Invisible Sleeper (1930) where a horse’s head turns into a lion 
which is then transformed into a human torso. Like the figure-ground effects being discovered in the period, each of 
these “states” exists in isolation, and cannot be appreciated in totality or unison. Throughout the 1950s Dali’s work 
became obsessed with the psychological possibilities of figure-ground distortions, informed by developments in optics 
and his own reading of mathematical principles of vision. Images such as Portrait of My Dead Brother were constructed 
completely of orchestrated figure-ground anomalies so that the pixelated face of his childhood sibling is constructed form 
a field of “figure” blobs that transform and morph into soldiers marching in an army. Dali drew widely from architecture in 
his work, and uses architectural and urban imagery in a number of his explorations of the paranoid-critical method. In 
Phantom Chariot (c. 1933) Dali blurs the figure ground to such an extent that a stagecoach in the foreground disappears 
in the fabric of a city behind. In Later works such as Exploding Raphaelesque Head, an architectural dome, probably the 
Pantheon, is visually constructed from a floating field of Rhinoceros Horns (a phallic geometric shape that he linked to 
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Vermeer’s Lacemaker) at the same time depicting the exploded interior of a feminine head. Dali had written about 
architecture directly in his 1931 essay, which was accompanied by the highly eroticised photos of Brassai of the art-
nouveau subway entrances of Paris. The importance of the Paranoid-Critical method to architecture (and particularly the 
avant-garde) was first established by Rem Koolhaas (1978) who, in his urban analysis of Manhattan devoted a 
significant chapter of Delirious New York to Dali’s eccentric visit to America. However the actual process embodied in the 
paranoid-critical method—where “surreal” images are decoded from familiar surroundings—has strong correlations with 
the methodology of Gandelsonas. Where, in the analysis of Chicago, he reveals a mythical whale lying dormant beneath 
the city, it is in Des Moines where these spatial paranoia explode across the landscape of the city.   

Gandelsonas acknowledges the importance of Surrealism in his method, directly referencing the work of Krauss and Hal 
Foster. Seeing parallels between the flaneur’s of Surrealism and his own textual decoding of the city, Gandelsonas 
writes: “there is a strong connection between the reader of the architecture of the city […] and the Surrealist conception 
of the artist as ‘agonised witness’” (Gandelsonas, 1999, 66). However where the process in Chicago is a meticulous 
flattening of the figure/ground (equivalent to the “formalism” of Pollock), the strategy in Des Moines is a deepening, 
where figure and ground are played against each other to reveal the inherent “figures” hidden in the urban grid. This is 
reminiscent of the “figurative” images of Dali where the subject of the picture is dismantled by visual games at the level of 
the picture plane. The evidence of Dali’s process of visual-encryption is clear in Gandelsonas’s reading of the plan of 
Des Moines (Figure 11), where he locates, among others, the shapes of “duck”, “hawk”, “Labyrinth”, Lozenge”, “building”, 
“fish”, “face”, “bow” and many others. This taxonomy of paranoia, read at the level of the city, reveals not only the places 
of “scriptural density” in the urban plan, but also the subjective encoding of psychoanalytical principles which compete 
with the organising structures of the grid. 

Figure 11: Gandelsonas, Des Moines Plan  (Source: Gandelsonas, 1999, 164).  

The textual demarcation of the plan of Des Moines is a retroactive reconstruction of the unconscious impulses that the 
surrealists saw in the physical city. Executed as a spatial abstraction, the haptic experience of the city is reconfigured, as 
an abstraction of embedded paranoia, specific to the process of “interpretation” and to the act of reading itself. 

Figure 12: Gandelsonas, Duck  (Source: Gandelsonas, 1999, 169).  
Figure 13: Gandelsonas, Centipede  (Source: Gandelsonas, 1999, 168).  

Where figures such as the “duck” (Figure 12) and the “centipede” (Figure 13) can be reduced to simplistic 2-dimensional 
encodings of spatial objects, they are equally markers of the intellectual process through which they are revealed. Dali 
always associated his method with a liquid, amorphous “substance” supported by a propped structure that kept it from 
the ground. In Gandelsonas’ plan of Des Moines the “figures” are lifted from the grounded context of the city, brought 
forward from the picture plane and deepening the figure/ground. 
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3. CONCLUSION

The ambiguities embodied in the figure-ground plane provide a rich psychological and spatial history that has 
underpinned scientific and aesthetic understanding of vision. The fascination of science with aesthetic games in the first 
half of the century, and the obsession of aesthetics with scientific methods and psychological themes has created a 
fertile landscape where this spatial history is being aggressively reconstructed. Rebuilding this history through the work 
of Krauss, the competing, but related, aesthetic poles of the “formal” and the “figurative” can be read as radicalised 
artistic strategies where the figure and the ground are placed in tension, effectively blurring the boundaries where these 
states start ad finish. The psychological impulses implied in this, and the scientific strategies through which these 
observations have been organised, has created in itself, a field of creative exploration in architecture where the inherent 
certainties of the urban landscape can be dismantled.  

These twin aesthetic strategies—one of flattening (through the celebration of formal properties of method) and the other 
deepening (enhancing the figurative insights of the paranoid-critical method)— represent the complex and encrypted 
status of the figure-ground plan and its fluid relationship to psychological structures. The work of Gandelsonas uses 
these parallel creative strategies (deepening and flattening) to psychologically reconstruct the city. At the same time 
Gandelsonas repositions the picture plane, removing it form the fixed associations of spatial and temporal certainty, and 
creating a moving, floating and ephemeral field where changes in the landscape of a city can be charted against 
speculative and neurotic phenomena.  By destabilising the picture plane in this way, Gandelsonas’ method creates a 
framework through which the “optical unconscious” can be assimilated into architectural discourse as well as the 
associated fields of urbanism and environmental psychology. Creating a tool for decoding the city, the textual 
archaeology undertaken by Gandelsonas reveals a skeletal structure through which the concerns of aesthetics and 
psychology are rendered visible. They represent the tactics through which a “neutral” grid is violated by the psychological 
“unconscious” structures that underpin it at the level of the image and its representation. In the first case they illustrate an
aesthetic model of organising opposites, in the latter the spatial embodiment of paranoia. In both cases they mark a 
creative limit to the visual concerns of aesthetic theory and empirical psychology across the Twentieth Century.  
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indoor environment and student performance 
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ABSTRACT: In 2006-7 the Australian government will invest $9.3 billion in state government and non-
government educational facilities (DEST 20061).  One area of particular interest to both government 
and school designers is maximising this investment through providing students with healthy and 
productive indoor learning environments.  The lack of post-occupancy evaluations carried out in 
schools (Lackney 2001) means that designers are reliant on “best practice” indoor environment quality 
guidelines developed primarily from scientific studies.  The problem with scientific evaluation is that 
often the complexity of the influences upon student performance is simplified in order to gather 
information, rather than necessarily providing a more holistic and realistic explanation of any improved 
outcomes. This paper examines the scope of various studies of classroom indoor environment 
qualities that have thus far contributed to current understanding of their impact on student learning 
outcomes. The review demonstrates the lack of comprehensive research into the full range of 
influences on student performance and offers a better understanding of the limitations of knowledge 
about indoor environment qualities. This information provides valuable input to research development 
and post-occupancy evaluation that can better integrate the full range of influences upon students of 
school facilities and test the assumptions made about “best practice”.

Conference theme: Effective environments: thermal, luminous, sonic, haptic, hygienic
Keywords: indoor environment quality, student performance, post occupancy evaluation, school design 

INTRODUCTION 

Understanding the impact of school design on student performance is important for designers to provide effective 
learning environments in schools (Daisey et al 2003, Mendell and Heath 2005, Freitag et al 2002).  Past studies have 
demonstrated the influential links between indoor environment quality and office worker performance (Leaman and 
Bordass 1999, Seppanen et al. 1999), thus leading building professionals to investigate the impact of school indoor 
environments on student performance.   

Measures of indoor environmental quality (IEQ) encompass the assessment of those aspects of an environment that 
have an impact on the health and comfort of occupants.  Scientific studies of IEQ have attempted to demonstrate the 
link between the impact of, for example, indoor air quality, ventilation rates, temperature, lighting and acoustics on 
student performance outcomes which can range from mental or physical well-being, student engagement and 
motivation through to academic achievement or even language development.  The method adopted for analysis of 
the scientific studies in this review, involves the categorising and coding of studies into three performance output 
measures: productivity, behaviour and health. Thus student  Productivity:  is taken to refer to studies using measures 
of academic achievement, task performance, task persistence, concentration, work errors, learning rates, ability to 
learn, perceptual learning, concept formation, language development and creative/aesthetic growth (Lackney 1999, 
Heschong et al 2002, EPA 2005, Opdenakker and Van Damme 2000); student Behaviour:  concerns research using 
measures of student attitudes, engagement and motivation (Milton et al 2000, Lackney 1999, Ainley 2004); and 
student Health:  encompasses studies using assessments of mental wellbeing, physical wellbeing and comfort 
(Milton et al 2000, Shendell et al 2004, Lackney 1999, Opdenakker and Van Damme 2000). 

This paper reviews the current body of research of indoor environment qualities (indoor air quality, ventilation rates, 
temperature, lighting and acoustics) against these three aspects of student performance outcomes (productivity, 
behaviour, and health), and seeks to demonstrate the limitations of scientific investigation in such research in both 
breadth of approach and reliability.  Scientific method requires simplification of complex systems in order to make 
them testable and thus gather information. As a result, when scientific method is used to investigate school indoor 
environment quality, only one or two aspects are selected for testing and the conclusions drawn may not adequately 
consider the full range of influences or measure the full range of outcomes. For example, studies take no account of 
external or internal influences upon student performance (for example, home environment and parental support, 
teacher calibre, or student motivation and interest in a subject) which are highly likely to have a major influence upon 
student achievement.  An example of the difficulties of separating the most influential aspects of school environment 
on student performance is provided by one case study that measured the impact of the comprehensive overhaul of 
an inner-city school (Berry 2002) on student academic achievement and student behaviour. Whilst problems 
identified with the indoor environment qualities of its’ classrooms were rectified, a wide range of educational and 
community programs were also instituted.  Significant improvements in student productivity, measured by academic 

1 http://www.dest.gov.au/sectors/school_education/default.htm
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achievement and in student behaviour, ascertained in attitudinal surveys and attendance records, were identified, but 
no health outcomes were measured.  The scope of the school’s overhaul has made it impossible to determine which 
of the changes proved to be responsible for different productivity and behaviour improvements.  Indeed, a review of 
studies of the influence of indoor environmental quality on student performance by Mendell and Heath (2005) 
concluded that there was insufficient good quality research to form any solid conclusions.   

It is therefore important for school designers to understand the nature of the limitations of current “best practice” 
information, both to inform further research and to critically implement strategies recommended by current 
guidelines.   School design needs to be informed by broader-based more comprehensive studies that examine the 
complexities of the relationship between student performance and elements of the school environment.   

1. INDOOR AIR QUALITY 
Evidence suggests that, due to its impact on both health and productivity, the quality of air in the classroom has the 
largest impact of all indoor environment quality factors on student performance (Schneider 2002).  It has been 
estimated that poor indoor air quality affects more than 15,000 schools, or over 8 million children, in the United 
States (Schneider 2002).  The young are particularly susceptible to pollution, as they have had less lifetime exposure 
to environmental conditions to develop resistance and they breathe higher volumes of air relative to their body weight 
(Heath and Mendell 2003, Kahn 2004).   

Scientific studies utilising measures of indoor air quality have been analysed and categorised for their contributions 
to research knowledge according to the three student performance outcomes. Table 1 illustrates the distribution of 
this research undertaken into the effect of indoor air quality on student performance.  The research studies tend to 
measure either productivity or health and only one study attempts to measure the effect of indoor air quality on 
student behaviour (Berry 2002).   

Table 1: Research into the Influence of Indoor Air Quality on Student Performance 

Indoor Air Quality Research  Student performance outcome measure 
Productivity Behaviour Health 

Berry 2002 X X 
Clements-Croome et al. 2005 X X
Daisey et al. 2003 X
Fisher 2001 X X
Heath and Mendell 2002 X
Schneider 2002 X
Smedje et al. 1997 X

Student health and wellbeing is a fundamental factor affecting their attendance (Heath and Mendell 2002), behaviour 
in the classroom, and productivity (Clements-Croome et al 2005).  The results of Smedje et al (1997) suggest that 
asthma symptoms are exacerbated by school environments with large classrooms, furnished with dust-holding 
fittings, low air exchange rates, moisture damage from poor maintenance and high airborne allergen burdens.  
However, in most cases, studies that measured indoor air quality did not measure health symptoms in those schools 
(Daisey et al. 2003). According to Daisey et al. (2003), evidence was strong that schools in the USA and Canada 
experienced poor indoor air quality, however few studies went on to investigate the subsequent effect on student 
health in these conditions.  Those studies which did measure both air quality and student performance outcomes 
were unlikely to cover even two categories of performance outcomes from the full spectrum.   

Whilst providing encouraging links between indoor air quality and student performance, none of the research actually 
investigated the impact of air quality in the classroom on all outcome types: productivity, behaviour and health.  
Overall, the scientific studies of indoor air quality do not offer assured outcomes of improving student performance 
and the precise impact that indoor air quality has on student learning remains indeterminate. 

2. VENTILATION RATES 
Adequate ventilation can reduce the effects of poor air quality in classrooms (Daisey et al. 2003) and evidence also 
illustrates the links between student performance/attendance and poor ventilation (Heath and Mendell 2002).  
Although this evidence is inconclusive, it is important to note that poor ventilation of rooms has been related to 
productivity and health effects, including lower student concentration levels and higher numbers of health complaints 
(Mendell and Heath 2003), increased student absence (Shendell et al. 2004), and lower performance in both children 
and adults (Mendell and Heath 2005).  

Of particular concern is the occurrence of very high levels of carbon dioxide in classrooms. Schneider (2002) reports 
that concentrations of carbon dioxide from 1000 parts per million (ppm) and above cause headaches, drowsiness 
and attention problems, while Clements-Croome et al. (2005) and Daisey et al.(2003) indicate that carbon dioxide in 
classrooms can reach up to 4000ppm.  Benefits of improved ventilation through the instalment of operable windows 
were measured by the Heschong Mahone Group (1999) to increase student progression by 7-8% compared to 
rooms with fixed windows irrespective of air conditioning systems.   
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Table 2: Research into the Influence of Ventilation on Student Performance 

Ventilation Research  Student performance outcome measure 
Productivity Behaviour Health 

Clements-Croome et al. 2005 X X
Daisey et al. 2003 X
Mendell and Heath 2003 X X
Heath and Mendell 2002 X X
Heschong Mahone Group 1999 X
Mendell and  Heath 2005 X X
Myhrvold 1996 X X
Schneider 2002 X X
Shendell et al. 2003 X X

Table 2 shows the distribution of research into the effect of ventilation on student performance.  While it is commonly 
accepted that ventilation levels affect health and productivity, where the reviewed research above falls short is in its’ 
rigid interpretation that absentee rates are the sole behavioural outcome of poor ventilation. The researchers fail to 
take other factors into account; students may be absent due to illness, as well as truancy, but the research figures do 
not differentiate between those reasons.  Chen et al. (2000) suggests that outdoor pollution levels are also strongly 
linked to school absenteeism, which is again not clarified as a behaviour or health symptom.  Most of the research 
investigated student performance, as affected by ventilation, as both productivity and health outcomes.  Whilst  
ventilation design for classrooms can be strongly linked to improved productivity and health for students, the impact 
on behaviour is less well understood in these research investigations.  This means that “best practice” guidelines for 
school design which recommend high levels of fresh air for classrooms are not based on any proven causal 
relationships.  

3. TEMPERATURE 
The temperature and humidity conditions inside a classroom have been linked to student task performance, attention 
to task spans and reported levels of comfort (Lackney 1999, Smith and Bradley 1994)). Evidence suggests 
temperatures ideal for learning are dependant on individual comfort preferences and external climate (de Dear et al 
1997). Higher temperatures increase discomfort among students leading to shorter attention spans and lower 
achievements, while lower temperatures affect dexterity (Schneider 2002, Fisher 2001, Lackney 1999).  Schneider 
(2002) reports that teachers surveyed felt that the issue of thermal control was integral to the performance of 
students and teaching staff in the classroom.  Higgins et al (2005) agrees that the control of the thermal environment 
is most important, a lack of control contributing to lower productivity and absenteeism. Jago and Tanner (1999) 
conclude that the classroom thermal environment affects student productivity at all grades of learning.  Schneider’s 
(2002) survey reported the importance of temperature to performance observed by teachers first-hand in the 
classroom.  Table 3 demonstrates the results of these scientific studies to understand the impact of the thermal 
environment on student performance. 

Table 3: Research into the Influence of Temperature on Student Performance 

Temperature Research  Student performance outcome measure 
Productivity Behaviour Health 

Berry 2002 X X 
Fisher 2002 X X
Higgins et al. 2005 X X
Jago & Tanner 1999 X
Lackney 1999 X
Mendell and Heath 2004 X X
Schneider 2002 X

Investigations into the effect of temperature on performance outcomes for students are mainly focussed on 
productivity, not on student behaviour which would be an obvious counterpart to overall performance measures.  The 
research suggests that productivity is affected by extreme temperatures and lack of environmental control, however, 
since Mendell and Heath (2005) warn that the results of the influence of temperature on performance are mixed, 
largely owing to personal responses to temperature, the understanding of “best practice” temperature tolerances on 
student health and behaviour is not conclusive.   

4. LIGHTING 
Research in the field of lighting and student learning environments has shown that daylight significantly affects 
learning rates: elementary school children performing 20% faster in Mathematics and 26% faster on reading tests in 
one year in classrooms with high exposure to daylight compared with those with minimal exposure (Heschong 
Mahone Group 1999).  Schneider (2002), however, suggests errors in their methodology because it had not been 
proven that teachers in those classrooms compared in the study were of similar calibre.  Plympton et al. (2000) 
compared the results of four case study schools with improved daylighting and concluded that there are both 
productivity and health benefits for students. 
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Heschong Mahone Group (1999) also showed that students in classrooms with diffused daylight improved 19-21% 
faster than those students in classrooms without daylight diffusing skylights.  Schneider (2002) Fisher (2001) and 
Lackney (1999) concur that classroom behaviour benefits from well designed natural and artificial classroom lighting. 
Fisher (2001) concludes that full spectrum lighting offers health benefits, while Nicklas and Bailey (1996) suggest 
that vitamin D in full-spectrum lighting can offer student enhanced dental health and more growth than students in 
average lighting conditions.  In a study investigating the effects of brightly lit and dim reading settings, Lackney 
(1999) concluded that the amount of light appropriate for a task will be determined by the individual student’s 
learning style, therefore the teacher’s ability to provide a combination of bright and dim spaces for reading activities 
was important to improved learning outcomes. 

Table 4: Research into the Effect of Lighting on Student Performance 

Lighting Research  Student performance outcome measure 
Productivity Behaviour Health 

Berry 2002 X X 
Fisher 2001 X X X
Heschong Mahone Group 1999 X
Lackney1999 X
Nicklas and Bailey 1996 X X X
Olson & Kellum 2003 X
Plympton et al. 2000 X X
Schneider 2002 X

Table 4 details scientific studies utilising lighting improvement measures analysed and categorised for their 
contributions to research knowledge according to the three student performance outcomes. Fisher (2001) and 
Nicklas and Bailey (1996) review existing research and conclude that lighting has an impact on all three aspects of 
student performance outcomes. As in the case of the other indoor environment qualities, the effect of lighting is 
generally measured against student test scores – and seen to primarily influence their productivity. Berry’s (2002) 
case study of the Charles Young Elementary School presumed daylighting improvements influenced behaviour, and 
productivity.  Unfortunately, the Charles Young study involved too many interventions to be able to determine which 
of the improvements to the indoor environment impacted most highly on student behaviour, or proved any causal 
relationship.  Overall, most studies suggest that lighting does impact on student learning outcomes, however, 
individual learning styles often can mask attempts to link performance to lighting levels and few studies take 
health or behavioural issues into account. 

5. ACOUSTICS 
Current research indicates that high levels of external noise are particularly detrimental to the learning process 
(Lackney 1999, Fisher 2001, Schneider 2002). Noise interferes with communication within the classroom (Berry 
2002) and causes disruption with the child’s information processing, feelings of personal control and level of arousal 
Lackney 1999).  Schneider (2002) also reported negative responses to high levels of noise in the classroom, 
including loss of concentration, less task persistence and higher levels of work error.  Fisher (2001) and Schneider 
(2002) found increased blood pressure in students exposed to high levels of noise in the classroom, while Fisher 
(2001) again, cites higher levels of stress amongst students who are exposed to prolonged periods of noise.  A 
recent overview of literature on school environments by Higgins et al. (2005) concluded that exposure to high levels 
of noise hinders cognitive processes in children and is detrimental to academic achievement in students. 

Table 5: Research into the Effect of Acoustics on Student Performance 

Acoustics Research  Student performance outcome measure 
Productivity Behaviour Health 

Berry 2002 X X 
Fisher 2001 X X
Higgins et al. 2005 X
Lackney1999 X
Schneider 2002 X X

The body of information reviewed regarding the acoustics of learning environments, is largely concerned with how 
exposure to sound affects students’ stress levels and their academic achievement.  Table 5 illustrates how selective 
these studies are – with limited research attempting to understand the impact of acoustics on student  behaviour in 
particular.  None of the studies listed in Table 5 comprehensively engage with the full scope of student performance 
outcomes impacted by acoustics in the learning environment.  The studies do not fully assist with guidelines as to 
how to overcome noise or acoustical problems in school design. 

CONCLUSION  
What has been determined from the research is that there are demonstrable effects of the quality of school indoor 
environments on student performance (Mendell and Heath 2002, Daisey et al. 2003, Schneider 2002).  Clean air, 
good light, quiet, comfortable and safe learning environments appear to impact on student achievement (Schneider 
2002, Lackney 1999, Heschong Mahone Group 2002, US EPA 2000, Mendell and Heath 2002, Heath and Mendell 
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2004).  However, the exact nature of the inter-relationships is often poorly defined and causal relationships are not 
always proven, the full range of influences are not always measured, which means that guidelines issued for 
designing healthy, productive schools are not soundly based.   

The problem with scientific evaluations such as these, is that often the complexity of the influences upon student 
performance is simplified in order to gather information – student performance outcomes are often reduced to test 
score performance for example.  The tabulation of the school indoor environment quality studies above, clearly 
illustrate the effect of scientific rationalisation that reduces the complex real-world classroom environment into 
measurable features.  Certainly none of the individual indoor environment qualities, indoor air quality, ventilation, 
temperature, lighting and acoustics, have been subjected to a thorough and comprehensive investigation of their 
impact on the full range of student performance outcomes – ie student productivity, student behaviour and student 
health.   Additionally, these studies take no account of external or internal influences upon student performance 
(home environment and parental support for example, or motivation and interest in a subject) which could have a 
major influence upon student achievement.  There is a lack of good quality research on which to base any sound 
conclusions (Mendell and Heath 2005).  These findings strongly argue for a more holistic approach to scientific 
research design, to take into account the full spectrum of student performance outcomes.  This extensive review and 
categorisation of current research offers a better understanding of the limitations of knowledge about indoor 
environment qualities and illustrates how student performance outcomes are often too narrowly defined. This 
information provides valuable input to research development and suggests the need for post-occupancy evaluation 
that can better integrate the full range of influences upon students of school facilities and test the assumptions made 
about “best practice”. School design needs to be supported by better designed trans-disciplinary research that 
reflects real world situations if the academic and social goals of education providing effective teaching and learning 
environments are to be realised.  
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Positing a holistic approach to sustainability

Dr Ursula M de Jong 
School of Architecture and Building, Deakin University, Geelong, Australia 

Abstract: This paper uses my home institution, the School of Architecture and Building at Deakin 
University, Geelong, Victoria, Australia, as a case study of sustainability in context.   Reflectively and 
critically it looks at three areas: the Waterfront Campus which houses the School of Architecture and 
Building; the underpinning pedagogy of the current curriculum in the School of Architecture and 
Building; and the challenges of implementing an integrated holistic transdisciplinary approach to ESD 
(variously defined as ecologically sustainable design or environmentally sustainable development) in 
the School of Architecture and Building.  This paper examines: Where is it taught?  What is taught? 
What guides the teaching?  How are they related? and What would be a better way of teaching?  
The School of Architecture and Building is located in a restored, recycled and redeveloped woolstore, 
originally built during the nineteenth and early twentieth centuries, overlooking Corio Bay.  As a living 
example of adaptive reuse it invites consideration of the ongoing cultural, social and civic values of 
heritage, and demonstrates aspects of sustainability, and unsustainability, in practice to students who 
use it every day. An exploration of the underpinning pedagogy and raison d’etre of the current 
curriculum in the School of Architecture and Building reveals an additive rather than an integrated 
approach to sustainability.  The architecture profession’s approach to ESD will be examined through 
the RAIA’s policies and their impact on practice.  The nexus between practice and teaching is revealed 
through the accreditation process.  Traditionally aspects of ESD have been taught as separate units of 
study within the curriculum.  This paper argues for a significant transformation in our thinking, in order 
to affect a change in our teaching/learning approach, such that current social, environmental and 
economic issues are addressed holistically.  In a climate where we are doing “too little, too late” it 
signals a profound shift in the way we must address the issue of sustainability. 

Conference theme: teaching in architecture 
Keywords: educating for sustainability; adaptive reuse, architecture, ESD 

INTRODUCTION 
There can be few more pressing and critical goals for the future of humankind than to ensure steady improvement in 
the quality of life for this and future generations, in a way that respects our common heritage – the planet we live on 
…  Education for sustainable development is a life-wide and lifelong endeavour which challenges individuals, 
institutions and societies to view tomorrow as a day that belongs to all of us, or it will not belong to anyone. 
(Australian Government, Draft IIS for DESD:7) 

This paper uses my home institution, the School of Architecture and Building (a+b) at Deakin University, Geelong, 
Victoria, Australia, as a case study of sustainability in context, and argues for a more holistic approach to 
sustainability.  In essence the paper understands sustainability to be about meeting the needs of today, without 
adversely impacting on the needs of tomorrow.  As a term it can be applied across a range of areas, such as the 
environment, society and the economy.  If you look up ‘sustainable architecture’ in Wikipedia, a source frequently 
accessed by students, it tells you the notion is encompassed by the broader term sustainability, then separates out 
various components of environmental technology such as energy, air pollution, waste management, etc. 
(Sustainability, Wikipedia, the free encyclopedia, accessed 25 August 2007).  This Wikipedia definition of 
‘sustainable architecture’ represents the status quo and is the antithesis of the meaning of sustainability that this 
paper embraces.   

Reflectively and critically then, this paper looks at three areas: the Waterfront Campus which houses the School of 
Architecture and Building; the underpinning pedagogy of the current curriculum in the School of Architecture and 
Building; and the challenges of implementing an integrated holistic transdisciplinary approach to ESD (variously 
defined as ecologically sustainable design or environmentally sustainable development) in the School of Architecture 
and Building.  This paper examines: Where is it taught?  What is taught? What guides the teaching?  How are they 
related? and What would be a better way of teaching?   

1. a+b AT DEAKIN’S WATERFRONT CAMPUS  
The School of Architecture and Building is located in a restored, recycled and redeveloped woolstore, originally built 
during the nineteenth and early twentieth centuries, overlooking Corio Bay.  As a living example of adaptive reuse it 
invites consideration of the ongoing cultural, social and civic values of heritage, and demonstrates aspects of 
sustainability in practice to students who use it every day.   

How does a warehouse get transformed into a university campus?  The waterfront woolstores in Geelong symbolised 
the significance of the nineteenth century wool industry, which surpassed even the wealth of the 1850s Victorian gold 
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rushes.  The grandest of the brick and timber structures that dominated the waterfront was the Dalgety Woolstores, 
built by Frederick Gonnermann Dalgety in 1891.   

As wool production expanded and demand increased the Dalgety Woolstores site expanded to seven connected 
buildings including the prominent Dennys Lascelles building.  Each building is a testament to a different era.  The 
1890s relied on construction with all imported timbers.  The 1930s heralded the era of steel columns and beams.  In 
the wartime 1940s, builders reverted to timber but this time it was iron bark and hardwood from Victorian forests that 
were used in place of the scarce metals and imported woods.    The final major addition was completed in 1954, in 
the era of concrete columns, beams and floors.(Deakin Inauguration booklet: 1996)   

But the wool industry was changing, and by the second half of the twentieth century traditional woolstores were no 
longer appropriate for the mechanised handling and selling of wool.  While the wool industry remains a multi-million 
dollar export industry for Australia, most of Geelong’s woolstores fell into disrepair by the 1980s. The Dalgety 
Woolstores was the last of the nineteenth century Victorian woolstores still involved in regular wool sales. In the 
decline, it became a forgotten building in a neglected part of the city of Geelong.  If another use could not be found 
the woolstores would be demolished (Geelong Advertiser:1992; Stevens:1996) 

In the 1990s an initiative to transform the historic structure came from local, state and federal governments in 
partnership with Deakin University (Rule: 1992; Geelong Advertiser: 1992).  In 1993 the local firm of architects 
McGlashan Everist won a national design competition to transform the derelict woolstores into a new university 
campus.  In articulating their vision McGlashan Everist argued that this was ‘more than an opportunity for the creative 
recycling of a woolstore, it would be the catalyst for the rejuvenation of Corio Bay’s foreshore’ (Deakin Inauguration 
booklet:1996). Thus McGlashan Everist addressed three aspects in their design: the relationship between existing 
fabric and the new; the typology of a collegiate campus; and urban connections.  Indeed the competition jury 
considered McGlashan Everist’s ‘sensitive treatment of a heritage site is enhanced by skilful and imaginative 
transformation into a university campus and into a significant linking of Corio Bay with the Geelong CBD’ 
(Architect1994:5). 

From the competition jury’s report we learn that McGlashan Everist’s competition entry was ‘unanimously admired for 
its quiet, tactful and sensitive handling of the scale, structure and materials of the existing buildings’ (Architect
1994:6).  The proposal, according to the competition jury,  ‘was characterised by an intelligent and logical 
arrangement of the academic units of the new campus and a coherent zoning of the project stages.  The use of a 
variety of internal courtyards, cloisters, arcades and open and covered spaces was seen as conducive to an 
agreeable collegial quality of life, and was further enhanced by the imaginative creation of new spaces’ linking to bay 
and city.  ‘The design handled light and sun penetration well, in particular opening up facades and creating pleasant 
and sunny courtyards and maximising access to the northern aspect of the site.  It demonstrated a thorough 
approach to building services integration to enhance amenity and conserve energy’ (Architect 1994:6). The 
competition jury also considered that ‘generally the urban design and planning aspects of the proposal were well 
handled’ (Architect 1994:6). 

1.1 Adaptive reuse – seizing an opportunity 
To allay concerns that the adaptation of the complex would reduce the historical value of the buildings the 
conservation architect Alan Willingham was engaged to produce a conservation plan.  This plan guided the project 
throughout its construction phase.  Thus interventions are distinguished from the existing fabric: the original 
woolstores were directly designed to fulfil their storage function with deep floor plates of endless structural frames 
enclosed by thick masonry walls pierced with openings for light.   

A three–storey section of deep internal space was carved out to create a central courtyard to serve as the heart and 
lungs of the new campus.  Similarly, the feeling of light and space in the atria, walkways and several smaller courts 
were formed by the removal of parts of the old structure (‘The making of a university campus’, Geelong Advertiser,
feature: 2 April 1996)  

transforming the once dark interior.   Max Gurrie writes that  
Courts are roofed or open to the sky, studios are single or double floor height with structure supported with a new 
generation of barrap trusses and other imaginative engineering solutions.  Some bale lifts and chutes are retained 
…(Gurrie 1996:6)   

Architects McGlashan Everist reveal that  
One of the great joys is that the demolished timbers of red gum, jarrah, iron bark, and brush box are being given a 
second life as stair treads, handrails, fittings and furniture (Deakin Inauguration booklet 1996). …   [Yet]  integrated 
with this heritage of the past new non-maintenance materials such as glass, galvanised steel, zincalume  panels, 
and the dramatic communications tower emphasise the university’s commitment to the next century… (Gurrie 
1996:6).

In July 1997 McGlashan Everist’s Woolstore Campus for Deakin University won the RAIA President’s Award for 
Recycled Buildings (AA 1997), the state’s top conservation award, for its ‘creative approach to adaptive reuse of a 
heritage building of regional and local significance’ (Geelong Business News, 1997:11).  The Burra Charter is the 
philosophical base for the assessment of the RAIA Conservation Awards.  It states: 

Conservation means all the processes of looking after a place so as to retain its cultural significance.  It includes 
maintenance, preservation, restoration, reconstruction, adaptation and compatible use involving no changes to 
significant structure, changes substantially reversible, changes requiring minimal impact.   

Recreation and conjectural reconstruction are outside the scope of the Burra Charter.  The RAIA jury recognised 
McGlashan Everist’s Woolstores Campus contribution to conservation.  In summing up they stated that  
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The project demonstrates the cost effectiveness of conserving and reusing a building with considerable budget 
savings for such a facility.  The project represents a creative and modernist architectural approach to adaptive reuse 
of existing buildings, while at the same time accommodating an ideological shift, from an icon of Geelong’s former 
wealth to an academic institution symbolising the future economic and cultural wealth of Geelong (Architect
1997:16-17). 

McGlashan Everist’s directors, Max Gurrie, Geoff Saunders and John Lee, didn’t see the project in the technical 
sense of conservation of minute fabric or details.   

We weren’t trying to replace things that were lost.  It was really conservation of the spirit of the place, its presence 
on the foreshore, and its integrity of structure (Gurrie, Geelong Business News 1997:13)   

Wherever you look, the old and the new sit engagingly, and at times provocatively, side-by-side.  The information 
tower strikes a chord for the technological age, just as the sky-reaching chimney stacks resonated with an era long 
past.  Modern materials such as steel and glass close in on areas of rough hewn timber and brick.  But overall there 
seems minimal interference to the feel of a historically significant structure.  The architects initial design has been 
realised ‘heart and soul’ says Geoff Saunders (Geelong Business News 1997:13).  John Lee writes that  

Simple and bold construction provided a strong starting point for conversion.  The challenge was to achieve a 
university character including some large scale interior space, clear patterns of circulation and congregation, and 
natural light and ventilation through the layered and continuous storage areas.  Balanced against this transformation 
was the conservation requirement to retain and conserve as much of the existing building as practical.  This 
transition was achieved by retaining the existing building exterior and by dismantling some internal construction to 
create courts and atria, which open and connect the space, and provide natural light’. Lee confirms that ‘much of the 
supporting structure was of beautifully air dried ironbark which, where possible, was retained or recycled into stair 
treads, hand rails and large structural elements.  

Some interventions were necessary.   
The whole structure was upgraded to meet earthquake requirements, largely achieved by connecting the timber 
floors to brace and support the masonry walls.  Fire protection was satisfied by installing sprinklers throughout.  

Lee recognises the contribution of the builders, Wycombe Constructions, who he says  
contributed significantly to the building of the Great Hall, by understanding that the necessary construction was 
substantially in place, and the required work was selective de-construction.  They built from the top down, first 
modifying the roof to provide the required sound control, then proceeding to the acoustic ceiling and walls and so on 
down through the four levels of the woolstore.  … This design concept achieved excellent economy combined with 
fully functional space, and the campus is a great showcase for quality timbers, well used. … (Lee 1997:10). 

1.2  What do students see/learn from adaptive reuse? 
The National Trust of Australia (Victoria) policy, the adaptive reuse of culturally significant places, states that   

Adaptive reuse provides an opportunity to achieve viable new uses or places of cultural significance, thus ensuring their 
future care and maintenance.   

The School of a+b was the first major occupant of Deakin’s new waterfront campus, moving into the top floor 
premises in 1996.  In a building steeped in designs and building techniques that span more than a century it was 
particularly fitting that architecture and building students should be the first to appreciate this environment and 
surrounds.  From the start, the school was supported by an extensive Library.  Everyone who visits the building is 
impressed.  The abundance of glass resulting from the sawtooth roof provides a light open feel to the public and 
private spaces.  A gallery overlooking Corio Bay enables a surprisingly intimate link with changing weather patterns, 
and the wide open spaces that are typical of Australia.  Some of the romance of the woolstores has been retained.  
In a modern development inspired by its origins and acknowledging its history, links with the past have been 
combined with the functions of the present.  Spaces are treated quite differently:  the one large space above the 
library was sub-divided into gallery, reception, administration suite, staff offices, meeting rooms and small teaching 
areas; in the a+b studio, known as the barn, the more adventurous option of retaining one large open space was 
taken, here the building structure directly determines what learning environment or space is created.  Throughout the 
woolstores there is a conscious contrast between clean, crisp technological details and the timbers, brickwork and 
scars of a century of industrial use.  It is possible to appreciate building materials and understand different 
construction techniques through use, through a lived experience.  Philosophically Rasmussen concurs with these 
observations arguing that “Understanding architecture … is not the same as being able to determine the style of a 
building by certain external features.  It is not enough to see architecture; you must experience it …” (Rasmussen 
1982: 33, 208).  Clearly neither the teaching of adaptive reuse nor the broader concept of sustainability needs to take 
place in a recycled woolstore.  But the experiential opportunity offered by this woolstore cannot be ignored: it has the 
capacity to both enhance and challenge students’ thinking, learning and practice in regard to these critical issues.  
The opportunity for close study is exemplified by a second year technology project unit based on the woolstores and 
recorded on a website virtual tour through the building complex 
(http://www.ab.deakin.edu.au/online/woolstores_casestudy/default.html).

1.3 Assessment of the performance of the building 
The National Trust of Australia (Victoria) policy, the adaptive reuse of culturally significant places, also states that the 
reuse of places  

has the potential to achieve ecologically sustainable development through the recognition and retention of embodied 
energy conservation and recycling practices. 

The architects McGlashan Everist clearly recognised the economic benefits and cost savings of recycling.   Other 
aspects of sustainability are only considered obliquely.  While ‘all building services were designed to conserve 
energy and provide cost effective long term operation’ (The Geelong Advertiser 1997) sustainability was not the 
underlying philosophical underpinning of the design or adaptive reuse of the woolstores.  Given the nature of the 
atrium spaces, it was initially thought that the building would require minimal air conditioning and heating.  There are 
however a number of major issues with the reuse of this building: black window frames and blinds on the west side of 
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the building are elegant but hot!  Windows are barely openable,  outside offices only being able to access fresh air.  
Internal offices have no fresh air.  Temperature control/climate control is difficult with heat gain and loss from roof 
glazing.  Cross ventilation could have been facilitated, by allowing the fuller opening of windows and the provision of 
a number of openable panels on the sawtooth skylights. This strategy was deemed to be a security issue and not 
implemented.  The retrofitting of a heating/ cooling system after summer temperatures reached the high 30s on the 
top floor was costly and the new exposed ductwork detracts from the original design work.  Lighting is another major 
issue: the whole building is lit up all day, with no individual controls in place.  This negates the energy efficiency of 
operations in the building complex.  In a city which has been under level 4 water restrictions for years there is no 
system in the woolstores complex for collecting rainwater and recycling it within the building, for example for the 
flushing of toilets.  Anecdotally the open plan offices are noisy and privacy issues abound.  More formally, systematic 
post occupancy studies are being undertaken by staff and their final year thesis students and postgraduate students.  
Two research projects undertaken recently are a ‘Daylighting analysis of the Barn Space’ and a ‘Report on the 
performance of the a+b Studio Solar Air Heater’.  Through the daylight analysis, it has been discovered that no direct 
sunlight penetrates into the barn space on either 21 June or 21 December at 9am or 12noon because of the 
orientation of the glazing.  It was suggested that clerestory skylights combined with existing fenestration augmented 
by electric lighting would be the most advantageous combination for this large studio space.  The second report 
states that solar air heating offers the potential to reduce greenhouse gas emissions.  Normally it is designed to 
contribute up to 50% of heat to the space, complementing conventional fossil fuelled space heaters.  After twelve 
months of monitoring the contribution of the two 60m2 solar air heaters serving the large a+b studio, it has been 
found that their contribution is in fact less than 5% due to poor controls and poor design.  

The sheer size of these buildings and the variety of spaces accommodated in the building envelope create a 
multitude of challenges for researchers not found in newer constructions. It is fortuitous that in the School of a+b 
there are skilled people who can actually study and monitor them on a day-to-day basis, with little impost or extra 
cost, enabling students to experience first hand relevant projects, where research continues in order to improve the 
buildings for people and their environment.  Thus these recycled refurbished woolstores provide a real laboratory for 
building performance investigations.  

2. a+b CURRICULUM 
An exploration of the underpinning pedagogy and raison d’etre of the current curriculum in the School of Architecture 
and Building reveals an additive rather than an integrated approach to sustainability.  The architecture profession’s 
approach to ESD will be examined through the RAIA’s policies and their impact on practice.  The nexus between 
practice and teaching is revealed through the accreditation process. 

Architecture is a professional discipline that embodies all creative fields concerning the design of our physical 
environment, whether residential, cultural, commercial or industrial.  The graduates of the School of a+b ‘help to 
create outstanding, productive and sustainable places for living and working.’  Our School promotes a number of 
core degrees in construction management and architecture: Bachelor of Construction Management (BCM), Bachelor 
of Facilities Management (BFM), Bachelor of Design (Architecture) (BDA), and Master of Architecture (MArch.).   The 
BCM course description mentions ‘… implementing sustainable solutions’, while the aims and objectives include 
‘…environmental awareness and social responsibility’. It is worth noting that the AIQS  Australian Cost Management 
Manual Volume 4, Elevation of Sustainable Development, ‘provides tools designed to assist the Quantity Surveying 
profession in the communication of their skills whilst contributing in the Sustainable Development process’. Among 
other things, the manual comes with a software tool for evaluating buildings, providing an index to indicate their 
"sustainableness".  The wide ranging units in the BCM however, on building economics, professional practice, 
construction and structures, building materials sciences, technical projects and building research projects provide 
only glancing references to sustainability.  Building Environmental Studies 1 at second year considers ESD, while 
Building Environmental Sciences at third year explores ‘alternative approaches with lower environmental impact’.  At 
fourth year a Building Technology elective unit focuses on ESD via innovative technologies, biomimicry and 
sustainable architecture.  The unit Built Environment Integrated Project is a new school wide capture unit undertaken 
by all undergraduate students in their final year.  While students are referred to P Brandon and P Lombardi’s (2005) 
Evaluating Sustainable Development in the Built Environment (Blackwell Publishers), the only lecture on 
sustainability is delivered in the final week of the unit, when the students have already completed their integrated 
project!  Nonetheless the BCM and BCM (Hons) degrees rightly claim to deliver ‘ a well-rounded graduate able to 
deal with new challenges, process innovation and project complexity’.  This paper suggests they could do more.  A 
comprehensive approach to education for sustainable development is needed.  Together the BCM and the BFM train 
our key professionals in the building industry.  They are in a prime position therefore to educate future graduates to 
have a clear understanding of sustainability as the fundamental platform of the building industry, integrating 
professional and environmental ethics, environmental awareness and social responsibility into a holistic framework, 
at a time when theoretical frameworks and practical models for a more sustainable world are becoming clearer.   

In the course description and academic rationale for the BDA it is envisaged that students will be able to ‘implement 
sustainable solutions’.  The degree offers ‘major streams in building technologies, architectural design, architectural 
history and theory, sustainable environmental studies and communication’.  Under aims and objectives of the BDA 
students will acquire ‘… knowledge of building technology services and sustainable practices … the ability to 
envision imaginative and sustainable futures and leadership skills necessary to realise them’.  Knowledge and 
understanding of principles and applications of sustainable development are gained through Building Environmental 
Studies 1 and 2 and Building Environmental Sciences and are integrated into design projects.  Awareness of 
professional ethics, social responsibility and cultural diversity are developed in history and theory, design, 

41st Annual Conference of the Architectural Science Association ANZAScA 2007 at Deakin University 79



environmental sustainability and technical units.  The focus in design projects at first year is on composition and 
making meaningful and appropriate dwellings; in second year responding to human needs in various climate zones; 
and architecture and tectonics; in third year there is an emphasis on ESD goals.  In construction and structures 
energy efficiency is dealt with in housing at first year level; in highrise at third year level.  In Building Materials 
Science first year students are referred to P Graham (2003) Building Ecology First Principles for a Sustainable Built 
Environment; at third year Building Environmental Studies 2 examines heat, light and sound in the context of 
sustainable design, construction and operation. The new MArch  is to ‘have a global sustainability focus’.  The 
distinguishing features of the MArch  program are an architecture design masterclass and a major sequence in 
designing urban environments.  Sustainable Futures is offered as an elective examining smart technologies for 
sustainable architecture.  Deakin University’s School of Architecture and Building leads the field in research into 
sustainable built environments as is demonstrated by its attraction of large research grants over recent years and the 
success of MABEL (Mobile Architecture & Built Environment Laboratory) and BERG (Built Environment Research 
Group).  When one looks at the curriculum as a whole however and scans current units for ESD components, it is 
evident that we are only tinkering around the edges of ecologically sustainable design and environmentally 
sustainable development.  Sustainability remains an add on, an adjunct, an optional extra.  Yet the built environment 
contributes enormously to the degradation of the environment.   In a world where there is ever more focus, 
acknowledgement and understanding of the plight of our planet earth (eg Crude Impact), why is this so? 

2.1 The RAIA and sustainability 
The a+b courses are accredited by their respective professional bodies in building, construction, quantity surveying 
and architecture.  It is the Royal Australian Institute of Architects (RAIA) that guides teaching in architecture by 
accrediting the architecture courses (BDA and MArch), and it is this body that is the focus of the discussion in this 
part of the paper.   

In 1993 The RAIA adopted the International Union of Architects ‘Declaration of Interdependence for a Sustainable 
Future’.  In so doing the RAIA recognised that:  

 A sustainable society restores, preserves and enhances nature and culture for the benefit of all life, 
present and future; a diverse and healthy environment is intrinsically valuable and essential to a healthy society; 
today’s society is seriously degrading the environment and is not sustainable. 
 We are ecologically interdependent with the whole natural environment; we are socially, culturally and 

economically interdependent with all of humanity; sustainability in the context of this interdependence, requires 
partnership, equity, and balance among all parties. 
 Buildings and the built environment play a major role in the human impact on the natural environment 

and on the quality of life; sustainable design integrates consideration of resource and energy efficiency, healthy 
buildings and materials, ecologically and socially sensitive land-use, and an aesthetic sensitivity that inspires, 
affirms and ennobles; sustainable design can significantly reduce adverse human impacts on the natural 
environment while simultaneously improving quality of life and economic will being. (RAIA Environment Policy 
2001:1)

In 2000 the RAIA proposed an Australian Built Environment Policy for adoption by the Council of Australian 
Governments (COAG) (19 July 2000).  In relation to sustainable development it stated:  

As it is no longer an effective policy to continue to determine the quality of the built environment solely by 
regulations which set minimum construction standards, the objective of sustainable development will be 
encouraged by promoting architecture and infrastructure which: 
 minimises pollution of the soil, air and water and sustains natural eco-systems 
 minimises the consumption of non-renewable resources 
 maximises the health, safety and comfort of the community 

The RAIA affirmed the responsibility of the architectural profession, as a key player in the construction industry to 
embrace an integrated approach to ecological, social and economic sustainability.  They saw this being done through 
individual practice and by bringing to bear their collective expertise and influence in the community.  In order to 
achieve this, the RAIA set down five guiding principles:  

1. commit (place sustainability at the core of practice and professional responsibilities) 
2. develop (research and develop policies, regulations, practices, curricula, services, 

standards, contracts and other mechanisms to facilitate implementation of sustainability) 
3. educate (educate architects and fellow professionals, the building industry, clients, building 

users, students, government, manufacturers and the general public about the critical 
importance and substantial opportunities of sustainability) 

4. formalise (encourage policies, regulations and practices in government and the private 
sector of the construction industry to ensure sustainability becomes, and remains, normal 
practice)

5. implement (implement and continually improve, subject to professional responsibilities to 
clients, sustainability in the resourcing, construction, use and reuse of buildings and the built 
environment) (RAIA Environment Policy 2001:1) 

The RAIA Environment Policy was followed up with supplementary documents (RAIA 2001:1) affirming that it has as 
an objective the implementation of sustainable design practices.  In order for architects to meet the objectives they 
are advised to consider four inter-related tenets of environmental sustainability: bio-diversity, resources, pollution and 
quality of life.  The RAIA recommends specific strategies and actions to make appropriate sustainable design 
solutions, while recognising that these ‘do not form a comprehensive list’, often being ‘merely a prompt for the most 
commonly encountered issues.  They do not offer solutions, sometimes just raising issues to be considered’.  The 
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architect should always be mindful of the current state of knowledge and technology and be open to change.  For the 
RAIA ‘sustainability’ refers to ‘environmental sustainability’; and ‘ESD means Ecologically Sustainable Development’. 

The impact of such strategies in practice becomes clear when one looks at a new popular publication called 
Sanctuary, subtitled ‘sustainable living with style’, published by the Alternative Technology Association (ATA).  The 
editorial in Issue 1 states that ‘sustainable houses are starting to make a big impact’ and that we ‘no longer have to 
compromise on comfort or style’.  Sanctuary features ‘15 of Australia’s leading practitioners of sustainable house 
design’ and has tips to ‘create your own sustainable haven’.  In Issue 2, the editorial focuses on making ‘homes more 
water and energy efficient’.  The second issue features 

a range of beautiful homes from across Australia that showcase the best sustainable design.  Using good passive 
solar design techniques appropriate to their climate, these houses are not only stylish but are cheaper to run, 
healthier and more comfortable to live in.   

Each house considered, has a summary listing key features at the end of the article.  Included are things like 
recycling (materials), rainwater capture, water efficient appliances and fixtures, zoning, solar hot water and 
photovoltaic power cells, glazing, garden design as relevant.  A house is seen to be made more sustainable by 
simply adding certain components.  While all these elements are admirable, sustainability per se is not discussed, 
nor is it made clear why any of the projects are in fact ‘sustainable’. There is no direct or indirect reference to 
emissions, to footprint, to life cycle analysis.  Drawings have no scale and the size of dwellings and occupancy rates 
are not critically considered.   It is not just what we consume but how much we consume that is critical to the 
question of sustainability. (You can calculate your ‘ecological footprint’, a broad brush measure, at 
www.myfootprint.org/.  For all humans on earth to enjoy a typical Australian lifestyle we would need at least another 
two earth’s worth of resources!) (Mellersh-Lucas, de Jong, Fuller:2006).

The RAIA Education policy spells out the role of the education policy in the context of the development of 
architecture in a rapidly changing world, where ‘architecture involves everything that influences the way the built 
environment is planned, designed, made, used and maintained’ and architects ‘have a major role in shaping 
Australia’s future’.  Consideration of sustainability and ESD however is only inferred under the section ‘Knowledge: 
environmental studies’, which encompasses  

(i) an ability to inform action through knowledge of natural systems and built environments 
(ii) an understanding of issues of ecological sustainability and design for reduction of energy and environmental 

impact
(iii) an understanding of the history and practice of urban design and issues of city planning 
(iv) an understanding of passive systems for thermal comfort, lighting and acoustics and their relationship to 

active systems 
(v) an awareness of the cultural and spiritual dimension of place 
(vi) an awareness of issues of national and regional planning and their relationship to global and local 

demography and resources 
(vii) an awareness of landscape design and management of natural systems(RAIA Education Policy 2005:8) 

It is clear that the RAIA has no fully integrated policy on ESD.  References must be sought and are found across 
various policy documents and frameworks.  Sustainability is not an underpinning philosophy of the architecture 
profession even though the RAIA would have it be seen as core within any architectural practice.  Instead, 
sustainability is seen as one subject in the larger curriculum, rather than the driving force behind the curriculum.  
Sustainability is often confused with the narrower field of environmental studies, which are seen as one aspect of 
study within a broader curriculum.  While the RAIA states that sustainability always refers to environmental 
sustainability and ESD means ecologically sustainable development, these terms are not clearly defined; they are 
open to individual interpretation; and there is no mandatory compliance with a code of conduct, instead there are 
strategies, prompts and exercises for awareness raising.  The School of a+b BDA and MArch degrees clearly meet 
all the requirements of the RAIA education policy.   The School of a+b has been highly commended for its courses 
and standards by the RAIA, and was fully accredited in 2006 for another 5 years.   

In Australia the aim of the UN Decade of Education for Sustainable Development (2005 - 2014) has been interpreted 
as ‘fostering broad awareness and understanding of ESD’ (Calder 2005:7).  Environmental unawareness means we 
are inactive.  Pollution control means we are reactive.  Process integration and holistic facility planning means we are 
becoming interactive.  Not until we are developing industrial ecology and pursuing sustainable regional and global 
development are we beginning to be proactive.   Raising awareness is one step up from the lowest level of 
engagement with the issues of sustainability, with ESD.  And while recycling, rainwater capture, water efficient 
appliances and fixtures, zoning, solar hot water and photovoltaic power cells, glazing and garden design are to be 
commended, they do not encompass a change in behaviour or attitude or design strategy. Thomas Berry argues 
convincingly that  

Sustainable development I consider a contradiction.  What we need is sustainable life … In the 20th century the glory 
of the human has become the desolation of the earth.  The desolation of the earth is becoming the destiny of the 
human.  All human institutions, activities and programmes must be judged primarily by the extent to which they 
inhibit, ignore, or foster a mutually enhancing human-earth relationship.  That’s my summary of the 20th century.  
The 21st century is going to be a terrible century to control because the consequences of the 20th century are flowing 
over to the 21st century.  So we have the re-building of the planet Earth, the re-ordering of the planet, the re-ordering 
of human relations, the re-thinking of our food, clothing, energy systems, the re-thinking of populations.  All or these 
things are going to have to be re-done.  All the professions … are going to go in to a completely new period … We 
need to establish the conditions which are going to need to be observed if we are going to enter into a new creative 
period’ (Berry HOPE Art Design Ecology).

We need to urgently and fundamentally rethink what we as design/building professionals define as ecologically/ 
environmentally sustainable development/ design. 
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3. TOWARDS AN INTEGRATED HOLISTIC APPROACH 
The recycled woolstore which houses the School of a+b demonstrates the up-sides and down-sides of adaptive 
reuse in practice.  From the perspectives of heritage and architectural design McGlashan Everist have created a 
finely integrated project, such that the woolstores retain much of their rich heritage ‘without compromising the 
function, technology or comfort of a modern university’ (Gurrie 1996:5).  The potential of adaptive reuse to contribute 
fully to sustainability however has not been addressed.  a+b staff and students do get leverage out of being in a 
recycled heritage building because it provides many opportunities for experiential learning and meaningful 
discussions about adaptive reuse and ESD.  Traditionally however, and as furthered by RAIA policies and 
demonstrated by the current a+b curriculum, aspects of ESD have been and continue to be taught as separate units 
of study within the curriculum (for example measuring building performance, or calculating embodied energy or 
building orientation).  This paper argues for a significant transformation in our thinking, in order to affect a change in 
our teaching/learning approach, such that current social, environmental and economic issues are addressed 
holistically.  In a climate where we are doing “too little, too late” it signals a profound shift in the way we must address 
the issue of sustainability. It supports the ‘debatable perspectives’ taken by UNESCO’s International Implementation 
Scheme (IIS) that ‘ESD should not be equated with environmental education, but rather encompass it and go beyond 
it’ and that ‘ESD cannot be taught as an independent subject, but should be infused throughout the curriculum and 
the disciplines’ (Calder:2005:5).  Thomas Berry argues that   

We must be wary of the current cultural traditions.  Although they carry many rich elements, they have not enabled 
us to avoid destroying the planet.  In other words, it is not functionally an adequate guide.  So we need to establish 
a cultural guide for the human that can guide us into the future and this amounts to a new revelatory experience … 
we must respond with critical reflection … (Berry HOPE Art Design Ecology)

The Australian Government’s 2007 document Caring for Our Future, the Australian Government Strategy for the 
United Nations Decade of Education for Sustainable Development, 2005-2014, builds on its 2000 Environmental 
Education for a Sustainable Future report.  It concludes that ultimately the success of the strategy

rests on the ability and willingness of people across all walks of life to make informed decisions at work and in their 
homes and to take responsibility for their impact on the quality of life of other people, locally and globally (p. 9). 

In the end this document is disappointing, rich in rhetoric, poor in providing leadership in committing Australia to 
ecologically sustainable development, poor in committing to action for change.   

Peter Graham (2005:10) argues that unsustainable development is not a design problem but an attitude problem.  
Educators need support to change the mind an architect designs with! (Refer also to Su Mellersh-Lucas). Indeed 
Graham suggests that we begin by identifying and eliminating unsustainability from our own lives.  ‘The conversation 
about how to implement this while prospering and being happy then becomes a process of sustainable development’ 
(Graham 2005:10). While some argue that Graham’s approach represents an extreme position, this paper sees it 
rather as at one end of a ‘sustainability’ continuum, with an integrated holistic lifestyle at one end (Graham’s position) 
and selective choices or ‘add ons’ at the other (such as the houses featured in Sanctuary cited earlier).  Ken Wiltshire 
sees the solution to ESD as learning how to think in terms of ‘forever’.   

At policy level integrating ESD into national, state and local economic, environment and social policies … In 
education practice, embrace an ethic of sustainability; make ESD a pervasive part of teaching; use a wide range 
of learner-centred teaching strategies appropriate to developing the ‘heart’ (values) and the ‘hands’ (action) of life 
as well as the ‘head’ (cognitive learning) (Wiltshire 2005:preface) 

ESD is fundamentally about values, with respect at the centre: respect for others, including those of present and 
future generations, for difference and diversity, for the environment, for the resources of the planet we inhabit 
(Australian National Commission … National Symposium 2005:3). 

Sustainable development as defined by the Brundtland Report (1987), while it has its critics, is still pertinent  
development that meets the needs of the present without compromising the ability of future generations to meet 
their own needs,  

globally addressing the triple bottom line of environmental, social and economic considerations.  
Achieving sustainable development will require not only appropriate skills and resources but a fundamental 
alteration to the way development and change are conceptualised  (A situational analysis of education for 
sustainable development in the Asia-Pacific region: 6) 

McDonough and Braungardt posit not only a holistic way of thinking about ‘sustainability’, as articulated in their 
waste=food model and championed in their book Cradle to Cradle, but also profess their vision in practice (SBS 
Documentary waste=food 2007).   

In regards to education for ESD Caroline Haddad states that it is ‘imperative that stakeholders understand the unique 
holistic and cross-cutting nature of ESD’ (Haddad 2005:5). She argues that ‘ESD should not be viewed as ‘one more 
subject’ to be added to an overcrowded curriculum (Haddad 2005:8).  Instead, education for ESD should be treated 
as ‘a holistic or ‘whole school approach’ where sustainable development is seen as a context for delivering existing 
aims of education and not as a competing priority’ (Haddad 2005:8).  Education for ESD should therefore be 
interdisciplinary and holistic.  It should be values-driven, based on sharing the values and principles underpinning 
sustainable development; and determined by critical thinking and problem solving, leading to confidence in 
addressing the dilemmas and challenges of sustainable development (Australian National Commission … National 
Symposium 2005). 

While the current education system represents a major barrier to pursuing an interdisciplinary and holistic approach 
to ESD, the Decade of Education for Sustainable Development (DESD) offers an opportunity to support educators to 
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attain the competence and the will to include sustainability learning as a central theme in their curriculum.  It affords 
the School of a+b the prospect to conduct a more formal snapshot of what is happening to identify gaps/opportunities 
to re-orient the entire program towards ESD.  It creates the opportunity to appropriately embed ESD in the degree 
structures, to make sustainability a core component of all programs; to facilitate complex understandings; to work 
towards the School of a+b becoming a model of sustainable lifestyle; to evaluate the outputs (tools), outcomes 
(knowledge, values and skills) and impacts (clear behavioural changes and improvements in sustainability) of ESD; 
and with the RAIA to celebrate practices that achieve ESD.  

4. ACKNOWLEDGEMENTS 
The author would like to thank her colleagues in the School of a+b for many stimulating conversations, in particular 
Jeremy Ham, Robert Fuller and Su Mellersh-Lucas, PhD candidate. 

5. REFERENCES 
Architectural Design Competition, Site Masterplan and Stage 1 Development of the Geelong Woolstores Campus of 

Deakin University, Jury’s report (edited) Architect, 1994, pp. 5-6 

Architecture Australia, December, 1997 

Architect, July (Awards) 1997 pp. 16-17 

Australian Government, Department of Environment and Heritage: United Nations Decade of Education for 
Sustainable Development 2005 – 2014, Educating for a Sustainable Future, Draft International Implementation 
Scheme for the DESD, p. 7 

Australian Government, Department of Environment and Heritage, Environmental Education for a Sustainable 
Future, Commonwealth of Australia, 2000 

Australian Government, Department of Environment and Heritage, Caring for Our Future, the Australian Government 
Strategy for the United Nations Decade of Education for Sustainable Development, 2005-2014, Commonwealth 
of Australia, 2007 

Australian Government, A situational analysis of education for sustainable development in the Asia-Pacific region: 
2005:6 

Australian National Commission for UNESCO, Initiating the United Nations Decade of Education for Sustainable 
Development in Australia, Report of a National Symposium, Melbourne, 7 July 2005 

Bolt, Barbara, Craig Burton, Des Smith, Richard Weller (eds), HOPE Art Design Ecology, The School of Architecture 
and Fine Arts, The University of Western Australia, ISBN 0 86422 369 2 

Calder, Wynn, ‘The UN Decade of Education for Sustainable Development – a progress report’, The Declaration,
Volume 7, Number 2, Fall 2005, pp. 1, 5-8 

Chan, Wai Yip, Mark Luther, ‘Daylighting analysis of the Barn Space’, unpublished report, School of Architecture and 
Building, 2006 

Deakin, Deakin University Woolstores Campus, Inauguration Ceremony 3 April 1996 

(Deakin Inauguration booklet 1996). 

Dober, Richard P, Campus Architecture, Building in the Groves of Academe, McGraw-Hill, New York, 1996 

Geelong Advertiser, ‘Threat to our wool stores’, 10 July 1992; 3 July 1992; 11 July 1992 

Geelong Advertiser, ‘The making of a university campus’, feature, 2 April 1996 

Geelong Advertiser, 21 July 1997 

Geelong Business News, August 1997, p. 11 

Graham, Peter, ‘Architecture and DESD’, Report of a National Symposium, Melbourne, 7 July 2005, p. 10 

Gurrie, Max, Director McGlashan Everist, ‘Deakin University Woolstores Campus’, Architect, May 1996, pp. 5-6 

Haddad, Caroline (ed), Working Paper: Asia-Pacific Regional Strategy for Education for Sustainable Development, 
second edition, UNESCO Asia and Pacific Regional Bureau for Education, Bangkok, 2005 

Ham, Jeremy, ‘Towards an understanding of the Human: Nature relationship’, Unpublished fifth year thesis, 1992 

Kenney, Daniel R, Ricardo Dumont, Ginger Kenney, Mission and Place Strengthening Learning and Community 
through Campus Design, American Council on Education and Praeger Publishers, Westport CT, 2005 

McDonough and Braungardt, Cradle to Cradle 

Lee, John, Director McGlashan Everist, ‘Inner Space Deakin Woolstores Campus, Architect Nov/Dec 1997, p. 10). 

Mellersh-Lucas, S., PhD studies, School a+b, Deakin University, Geelong, Australia (unpublished) 

41st Annual Conference of the Architectural Science Association ANZAScA 2007 at Deakin University 83



Mellersh-Lucas, S., de Jong, U. and Fuller, R., 2006 ‘Architecture, Ethics and Sustainability - An Exploration’, 
Challenges for Architectural Science in Changing Climates: Proceedings of the 40th Annual Conference of the 
Architectural Science Association ANZAScA, pp. 350-357 

RAIA, 2000, Australian Built Environment Policy for adoption by the Council of Australian Governments (COAG) 19 
July 2000 

RAIA, 2001, The BDP Environment Design Guide, RAIA Environment policy, RAIA 

RAIA, 2001, Sustainable Design Strategies, August 2001, RAIA Environment Policy – Supplementary Document, p.1 

RAIA, 2005, Education Policy, endorsed 2000, amended 2002, revised June 2005 

Rasmussen, Steen Eiler, 1982, Experiencing Architecture

Rule, Greg, ‘Deakin plans city centre campus’, Geelong Advertiser, 19 February, 1992, p. 1 

Rule, Greg, ‘Grand plan for bayfront’, Geelong Advertiser, 22 July 1992, p.3 

Paul Rogers, Mark Luther and Robert Fuller, Report on the Performance of the a+b Studio Solar Air Heater’, 
unpublished report, School of Architecture and Building, March 2007 

Sanctuary, sustainable living with style, Alternative Technology Association (ATA), Issue 1, 2006; Issue 2 2007 

Stevens, John, ‘Doing the woolstore twist in Geelong’, Marvellous Melbourne, The Age, 1 August, 1992 

‘Waste Equals Food’, Future Focus, SBS, screened Tuesday 8 May 2007 

‘Crude Impact’, Future Focus, SBS, screened 24 April 2007 

Wiltshire, Ken, Chair, Australian National Commission for UNESCO preface to Australian National Commission for 
UNESCO, Initiating the United Nations Decade of Education for Sustainable Development in Australia, Report of 
a National Symposium, Melbourne, 7 July 2005 

41st Annual Conference of the Architectural Science Association ANZAScA 2007 at Deakin University 84



Architectural science and student-centred learning 

Nur Demirbilek1, Oya Demirbilek2
1Queensland University of Technology, Faculty of Built Environment and Engineering,  

School of Design, Brisbane, Australia 
2University of New South Wales, Faculty of the Built Environment, Sydney, Australia 

Abstract: The curricula of architectural schools consist of various types of teaching as design studios 
and supporting subjects, contextual/technology oriented design studios, or integration of these topics to 
design studio teaching. The present paper reviews insights from the theoretical literature on research 
into students’ learning experiences. Deep and surface learning approaches are discussed, as well as 
the student-centred learning approach in design studios. The paper also aims to present and discuss 
the experience gained through the authors’ teaching practice, especially through student engagement 
in learning. During the past decade, technology and science units have been carried out harmoniously 
with the design studio, providing an opportunity to support the design process, taking some pressure off 
the workload of the design project by providing solutions to some of the technical issues separately, yet 
in synchronization. Exercises and assignments have been organized in the form of hands-on 
applications or by the use of computer software, in accordance with the design project criteria. In this 
way, students see, touch, feel, or try to experiment various solutions.  

Conference theme: built environment education 
Keywords: teaching and learning, architectural science education, hands-on exercises, design studio 

INTRODUCTION 

The aim of architecture is to improve the quality of life and environment. The objective of architectural education is to 
provide an educational experience for the next generation that will be responsible for planning, designing, 
constructing, and maintaining the physical environment. Traditionally, success in architectural design has usually 
been regarded to be equivalent to successful aesthetic and functional qualities. However, the early decades of the 
twentieth century saw some radical changes in design approaches due to industrialisation and technological 
advancements forcing these issues to be crucially considered in architectural design. This in turn, required the 
designer to be more knowledgeable in technical and technological matters.

The International Technology Education Association (ITEA) defines technology as human innovation in action which 
involves the generation of knowledge and process for developing systems to solve problems and extend human 
capabilities (Douglass, 1998). While we are all surrounded by technology, with an ever growing emphasis on 
designing for climate, energy conservation, sustainability, and healthy buildings, it becomes vital for designers to 
understand the basic principles of architectural sciences and appreciate their importance more than ever. 
Furthermore, the responsibility for achieving an optimum outcome for any project lies with each and every member of 
a design team. 

The present paper aims to share and discuss insight gained through the experience of the authors especially through 
the process of student-centred learning. The students have been engaged by the hands-on experiments that they 
carry out in technology and science lectures and the integration of architectural science topics into the design studio 
by applying these exercises to their design projects. These experiments and exercises consist of heliodon, artificial 
sky, computer software, various measuring appliances, and workshops that have been included in the curricula 
throughout the years. The active engagement promoted through student-centred learning helps the students to learn 
and achieve the results by themselves guided by lecturers and tutors. The authors believe that this approach 
enhances student learning, helps them to apply the information gained to design, and gives them a better chance to 
remember later on.  

1. BACKGROUND 

1.1. Student learning experience  
The student-centred learning approach in design studios deals with the way individual students can build knowledge 
through the visual senses, and learn through designing. This approach focuses on the goals, tasks, skills, 
expectations and interests of the student, including continuous learning through socialization, the evolving culture of 
the environment, and the rapid changes in technology (Branham, 1999).  

Design teaching is concerned with the fact that students learn best when they are involved in solving a design 
problem by themselves and motivated to seek out new knowledge and skills for it. Another important fact mentioned 
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by Rhem (1995), related to the sense of ownership in learning, is that students do prefer exploring and constructing 
knowledge themselves rather than listening to a static lecture and reading textbooks (Branham, 1999). In design 
studios, learner activity and ‘learning by doing’ are constantly fostered by connecting this activity with abstract 
concepts.

The motivational context is in itself very important, and Csikszentmihalyi (2002) presents two approaches to boost the 
motivation to learn. The first one is to provide a clear statement of the advantages and disadvantages expected from 
the subject. This approach aligns with Ponton et al. (2005), who state that clearly defined and understandable goals 
and outcome expectancies are crucial tools to motivate student engagement. 

Csikszentmihalyi’s second approach (2002) is to make students aware of how much fun learning can be. He points 
out the fact that students have serious motivational problems discouraging them to invest energy in learning, in other 
words, disengaging them. He also claims that, if educators were devoting more energy on stimulating the students' 
enjoyment of learning rather than spending it in conveying information, they could achieve much better results. 
Jerram (2002) shares the same opinion, and considers motivation as one of the key issue in teaching and learning. 

Moreover, learning effectively happens when students are motivated and able to engage in a constructive activity, 
embracing a deep approach to learning. Facilitating a good dialogue between staff and students and among students 
is an effective way to initiate this engagement (Biggs, 1999). Furthermore, encouraging the exchange of ideas among 
peers is listed among Rhem’s (1995) strategies for facilitating deep approaches to learning. Two other strategies 
mentioned by Rhem include the creation of a motivational context in which students are given a sense of ownership 
in the process which helps them feel more in control of their time and their contribution; and the connection of new 
concepts with students’ prior experience and existing knowledge.  

As opposed to deep learning, Rhem (1995) points out that a surface approach to learning transpires when there is 
too much learning material to cover in the curriculum; relatively high class contact hours; lack of opportunity to pursue 
subjects in depth; lack of choice over subjects; and a lack of choice over the method of study; and on top of all, a 
threatening and anxiety provoking assessment system.  

1.2. Self directed learning  

Self-directed learning, an important aspect of university education, has a long history and is defined by Brookfield 
(1995) as taking control of one’s own learning. Furthermore, it is essential to the goals of student-centred and lifelong 
learning, and implies setting learning goals, locating appropriate resources, deciding the learning method(s) to use 
and self-evaluating one’s own progress. Similarly, Knowles (1975) believes that self-directed learning is a teaching 
strategy that encourages students to take responsibility for their own learning. Knowles (2002) gives a list of the life 
long skills required in order to be able to take responsibility of one’s own learning (see Figure 1). He states that 
students can develop these skills by themselves and agrees with Csikszentmihalyi (2002) that they need serious 
motivation in order to do so.

Biggs (2003) argues that what needs to be taught is the way to learn; to find new information; to apply it and evaluate 
its importance. According to him, students should be sequentially equipped with generic study skills; then with 
content-specific study skills allowing them to organize and conceptualize knowledge in their own discipline; and finally 
with metacognitive learning skills allowing students to reconceptualise the discourse. Brookfield (1998), on the other 
hand, believes that social networks and peer support play a role in the educational and emotional development of 
students.

                                                                                                                 Source: (Knowles, 2002) 
Figure 1: Tasks related to the life long skills of self-directed learners.  

2. TECHNOLOGY AND ARCHITECTURAL EDUCATION 

As Banerjee and De Graff (1996) state about architectural education,  
the concept is that of a symphony where the overriding single purpose is to produce good music, which is possible 
only if there is complete integration of all individual instruments in the orchestra. 

Similarly, in a design educational perspective, the single purpose is to focus on design excellence. In order to 
improve the quality of design and in an attempt to bring the benefits of technology, the integration of architectural 
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science within the curricula of design education can be traced back to the 1950s. This was the time when the Science 
Committee set up by RIBA initiated the recommendation of an increase in research and science teaching (Cowan, 
2004; Hawkes, 1996).  

Architectural Science comprises a number of issues such as structures, construction, and environmental science. 
Environmental science includes climate studies, solar control, sound and noise control, and lighting. The objectives of 
the architectural science stream in architectural education are to encourage students to manipulate the technical 
knowledge of different scientific considerations into their design projects, and to fulfil functional, social, and aesthetic 
criteria in order to achieve better architectural solutions. Furthermore, following theoretical discussions on the 
scientific aspects, attention is given to the comprehensive examination of building concepts, elements and design 
patterns in order to provide safe, comfortable, and healthy conditions inside the designed space. 

The lack of integration of architectural science in architectural design is one of the causes of inappropriate design, 
misuse, and lack of care in application. This becomes one of the causes for environmental problems such as 
diminishing resources and air / land / noise / light pollution, which in turn have negative effects on the lives of human 
beings and animals as well as nature. 

Today, though not widely adhered to internationally, the approach to the integration of architectural science to the 
curricula varies among architectural schools. One approach is to have design studios and technological subjects 
separately but running in parallel. In this way technological issues are inserted within architectural education through 
lectures and seminars. However, although the integration of supporting subjects into design studios becomes 
essential, this usually somewhat lags behind. Students usually seem to overlook or disconnect the application of the 
knowledge they gained for their projects during the design process unless specifically requested in the course outline. 
They are far too busy dealing with the more glamorous and complex activity of designing. A second approach is to 
run technology oriented design studios. In these design studios students learn about technological issues in terms of 
the design context; however, other design issues frequently suffer. Within the past few decades, integration of 
architectural science knowledge into the domain of architectural design studio’s has been of growing concern and 
importance, particularly with the accelerating global imperatives of energy crisis, environmental pollution, and climate 
change. Addressing this emerging responsibility by integrating architectural science teaching criteria into the 
objectives of architectural studio projects has given way to a third approach.  

In the authors’ teaching experience these three approaches have been applied at various times and in various 
combinations. For example, the building physics content is now integrated into the curricula with the conception that 
students are designers. While Technology and Science stream units have been carried out in the form of separate 
streams, they have usually been kept in harmony with the Design Studio, where possible. In doing so, related hands-
on experiments and exercises have been designed to encourage student-centred learning. Keeping the stream in 
harmony with the design studio has also provided an opportunity to support the design process. This alleviates some 
pressure off the design project work-load by solving the technical issues separately, yet in synchronization. The 
second approach, running technology oriented studios with technology being the driving force, has been carried out 
more recently and will be analysed and discussed in a future study. In the third approach, architectural science has 
been integrated into design studios in various ways and in different scales over time.  

3. ARCHITECTURAL SCIENCE EDUCATION 

Architectural science can be efficiently supported with theoretical and practical tools. The widespread use of 
computers originated the conception of software for structural, acoustical, lighting, and thermal analysis of the built 
environment, allowing the development of a good part of the theoretical tools alongside charts, graphs, rules-of-
thumb etc. Rational use of software tools help to improve the quality of the design and eases students’ 
comprehension. Practical tools such as case studies, pilot projects, monitoring studies, and lab experiments give 
support for the design process, providing experience to the designer. As Unay and Atimtay (1999) point out even 
sites damaged by disasters can be the biggest and most educational laboratory that can possibly exist. 

The literature and past experience shows that less theory and more hands-on applications and computer based 
studies are essential for students’ engagement and learning (Hutchinson and Demirbilek, 2005). Many design 
students are either reluctant, or lacking the time and energy to work with mathematical calculations or learn through 
research and reading. Some of the students also seem to have a tendency to overlook the integration of this 
knowledge into design unless specifically requested in their design brief. Usually formal, spatial, and theoretical 
aspects of design take priority. Student feedback received over the years indicates that they learn the technical 
subjects more easily and are more willing to apply those to their design projects at the University and their practice. 
Some extracts from former students´ emails and student replies to the question ‘Aspects which are done well and 
which should be continued’ in the Student Evaluation of Teaching forms and of the Units show the students’ 
appreciation of these experiments and exercises. This is illustrated by the following QUT student comments: “I feel I 
remember / understand more from an exercise then test.”; “[Exercises] allowed us to immediately put what we had 
learnt in the lectures to practice”; and “The unit continued from what was done last year. This feeling that we are 
building up our knowledge and skills is good.” 

In their feedback comments, in alignment with Csikszentmihalyi’s (2002) and Jerram’s (2002) statements on the fun 
aspects of learning, students also used words like: “I really enjoyed this unit… it was also fun”, “… midterm [exercise] 
assessment is valuable and motivating”, “Role play was very effective and fun way to learn about HVAC” and “I 
enjoyed the semester a lot” to describe their enjoyment and motivation. 
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3.1. Hands-on experiments, exercises 
In accordance with University policy, every QUT and UNSW course aim to develop graduates who are able to 
demonstrate the ability to work independently and collaboratively, including being a cooperative and productive team 
member or leader (QUT MOPP, 2005; UNSW L. & T. Unit, 2003). Group work, including teamwork, is used to 
develop interactive working techniques or to introduce a social dimension to student learning (QUT MOPP, 2005). 
Hence, students are asked to form their groups composed of various members, in order to do some of their research 
or experiments, and to prepare their reports in the form of teamwork. In this way, they not only learn from each other 
while carrying out the experiments, analysing the outcomes, and writing their reports but also keep in touch socially 
and build their network (see Figure 2). 

                                                                                                                                                 Source: (Author 2004-2007)                                    
Figure 2: Some groups of students carrying out various exercises in teams.

The big task of environmental control and design with climate is broken into smaller tasks of designing shading 
devices, analysing and improving the thermal performance of a building by testing various design options and 
material choice, experimenting with the effects of material surface characteristics that might affect the thermal 
performance of buildings, designing openings for obtaining necessary daylighting levels and distribution as well as 
improving spatial quality, attempting to design building services. Exercises and assignments have been organized in 
the form of hands-on applications and role-plays or by the use of computer software, where possible, in accordance 
with the design project criteria. Consequently, students see, touch, feel, or try to experiment with various solutions in 
accordance with Confucius’s saying I hear and I forget, I see and I remember, I do and I understand (see Figure 3). 

In their feedback comments about learning by doing, QUT students expressed the following: “I experimented in first 
person what I was studying and I understood not only how things work but also why they work like that. In this way I 
am not going to forget it in future.”; “I have calculated and designed a typical shading structure for a school [at work]. I 
wanted to thank you for teaching me. Please find an attached photo. The design was very simple, but the calculation 
of the shading structure is actually working. How exciting!!!”; “I find the exercises quite beneficial; especially the 
environmental exercises that link directly to design. I preferred the extra log book exercise over the test for 
environment as I feel I remember/understand more from an exercise then test.”; “The hands-on way of learning was 
good & cemented ideas covered in lectures”; and “[the] Interaction [of technology and science unit] with the design 
studio was best aspect of the design studio this semester.”
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                                                                                                                    Source: (Author 2007) 
Figure 3: A student measuring the lighting levels and taking the photographs of a space for analysing various 

daylighting options.  

A few of these hands-on exercises are summarized below. 

Shading devices 
Students learn from the bioclimatic chart exercise and through personal experience that depending on latitude and 
climatic region building interiors regions benefit from solar radiation in wintertime whereas the same interiors, unless 
protected from the severe effects of solar radiation, may be quite uncomfortable in summer. 

Hence, some exercises are set to help the students to understand how shading devices work, design shading 
devices integrated to design studio, understand the difference between openings facing different orientations, find an 
optimum solution for varying conditions, integrate shading devices in facades of buildings, and discuss materials and 
application from ESD point of view by using Eco-specifier. Among these exercises observation of existing shading 
devices to understand how they function, designing shading devices, and analysing them by the help of 
computer software and heliodon can be mentioned. These exercises, in return, help students to design their own 
shading devices for Architectural Design projects.  

While designing the shading devices, students are expected to keep in mind that this is part of the design process, 
incorporating technology and science. The following student feedback clearly indicates that they have learnt from 
these exercises and they have understood that this is a design tool: “ I have calculated and designed a typical 
shading structure for a school [at work]. … the shading structure is actually working. How exciting!!!”; “[The heliodon] 
gave a good perspective on shading devices, and allowed for trial and error testing different options. … the work we 
did here was a great practical application of our designs.”; and “The materials covered in the environmental section 
are pretty interesting and useful, especially the topic of shading device. I think this is one of the most useful thing I 
learnt in this semester. …[it] should be kept & continued.” 

Colour
This is a small set of exercises that seek to develop an understanding of how solar and thermal radiation affects the 
built environment. It allows students to be aware of the importance of planning and designing for colour and material, 
which is especially valid for sunny climates. The diverse materials used in the set have a variety of surface colours, 
finishes, and textures.  Students learn to use thermocouple meters for measuring the surface temperature of various 
surface colour and texture under sun and heat. 

Daylighting 
Students are asked to carry out experiments by measuring the lighting levels in various exercises and undertake a 
project applying analysis techniques to discover the effects of natural lighting on an interior space using 3 
dimensional models. The aim of the exercises on daylighting is to help students to reinforce an understanding of the 
basic concepts of natural lighting in interior spaces, and to analyse the effect of various openings on indoor natural 
lighting conditions (see Figure 3). These exercises include daylighting performance observation, which aims to 
see the variation of daylighting levels coming through various openings according to the distance away from the 
opening; analysing the spatial quality and its integration to design studio, which requires the students to 
investigate and analyse the issues of natural light in a key space of their project in design studio by using a 3 
dimensional model in the studio, outdoors, and in the artificial sky laboratory by testing various apertures for walls 
and/or roof and measuring the variation in light distribution. 
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3.2. Integration of architectural science into design studio: 
At QUT, design studio leaders and architectural science experts have collaborated towards the integration of building 
science criteria into measurable qualities of architectural design in various semesters. In particular, imperatives of 
optimum orientation, good natural ventilation and solar control have been identified as design criteria to be observed 
and assessed in student projects. This has occurred particularly in the second or third year of the curriculum, as part 
of the formulative semesters of a student’s education, and likely to have a fundamental impact on the learner. 
Although each group of students have their tutor for the whole semester or project, an architectural science expert 
also spends time with the students, discussing the environmental design criteria and providing desk critiques. Some 
words from the students’ feedback on the integration of architectural science into design studio are as follows: 
“Having both practical work & theory lectures is good.”; “Diverse use of tools – computers, heliodon, 
analytical/empirical methods –all prove something.”; and “I know I will remember this phase of my life for many years 
to come.”

More recently, a similar but slightly different approach has been experimented a number of times. Technology and 
science topics have been incorporated to the studio design brief in a structured way. One of the design studio 
coordinators developed an approach with an objective to broaden the base from which design can emanate through 
an emphasis on the design process. By acknowledging that there exists a multiplicity of solutions to any given 
problem, the process aims to avoid the narrowness of the singular conceptual dimension and works instead towards 
a situation whereby design solutions are achieved through the recognition of divergent criteria. The process 
examines three primary criteria; Spatial Thinking (spatial relationships - circulation - context / adjacencies / 
functionality); Formal Thinking (form / expression / aesthetics / composition; and Logical Thinking (systematic - 
logistics / building performance / climatic filter (light / ventilation) / materials / structural resolution/ technology / 
resources). The possibilities and constraints of these domains are tested over three weekly design workshops that 
contribute towards an understanding of how these separate modes need to be integrated to achieve a 
comprehensive design outcome.  

Collaboration of the students with an architectural science expert, the expertise of whom provided guidance for them 
to develop logical thinking, has assisted the improvement of the projects. The outcomes of such design studios have 
been very positive and this is evidenced through student design projects that demonstrate architectural science as an 
integral attribute of sustainable architectural solutions (Sanders, 2007).  

CONCLUSION 

Gradual integration of practical applications into architectural science teaching through exercises have enhanced the 
authors’ methods of teaching in academia from theory-only to combination of theory with practice, for the last decade. 
This in turn improved the active commitment and success of the students through their engagement in class. 
Although it is very hard to document the evidence of student learning, a few examples can still be given. One such 
example is that, before the inclusion of the colour exercises into the curriculum, information on the effects of colour 
and material on thermal performance was provided through lectures and text books with the help of the absorbance, 
emmittance, and reflectance tables. Assessment via essay and/or multiple choice exams would give quite successful 
results on average indicating that students had learnt the importance of choosing the surface colour/characteristics 
and go for the most appropriate one once asked. However, this would rarely be the case during the review of design 
studio projects, as only a handful of students were ending up thinking about appropriate colours for the climatic 
region they were designing for. This situation has been reversed after the application of above mentioned colour 
exercises, resulting in a larger portion of students considering the choice of material and colour from climate point of 
view in their design projects. 

Similarly, although the stream contained detailed lectures on daylighting and students have been successful at the 
end-of-semester exams for many years, after the gradual inclusion of the hands-on daylighting exercises into 
teaching, students benefited more from active learning. The activities of actually measuring the lighting levels 
indoors, analysing the variation, converting the results to graphs themselves, and then discussing the outcomes with 
their team members have been much more useful than seeing charts produced by others. After carrying out 3 
dimensional model exercises, the location and dimensions of apertures in design projects tend to be better designed. 
Students usually give more importance to indoor illumination levels and to the quality of light and sometimes to the 
creation of mood; all getting a step ahead of aesthetic concerns of facades. Folio review members often notice the 
difference, and can appreciate the integration of technical aspects into the design projects.

Such anecdotal observations and feedback  from students, studio tutors, and folio review members lead the authors 
to agree with Knowles’s (1975), Rhem’s (1995), Brookfield’s (1995), and Branham’s (1999) ideas related to the sense 
of ownership in learning, students’ preference to explore and construct knowledge themselves, and the stimulation of 
students' enjoyment of learning; as well as Rhem’s (1995) statement on encouraging exchange of ideas and 
collaboration among peers; and Csikszentmihalyi’s (2002) and Jerram’s (2002) acceptance of motivation as a key 
issue to improve student engagement. Student feedback received over the years shows a clear indication that they 
now learn these technical subjects more easily and are more willing to apply that knowledge to their design projects 
at the University and latter, in their practice.  
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The design of three thermal performance  
test cells in Launceston   
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Abstract: The increase in energy efficiency measures for residential construction in the Building Code of 
Australia has led to a shift from timber platform to slab on ground housing. Both industry and government have 
recognised the need to validate AccuRate’s thermal simulation modelling of platform floored housing. The 
University of Tasmania in collaboration with the Wood & Forest Products Research Development Corporation 
and the Australian Greenhouse Office is undertaking research to validate empirically AccuRate in cool 
temperate climates. This is an ongoing project involving the construction and monitoring of thermal 
performance test cells and developer designed and constructed houses.  
There is an acknowledged shortage of appropriate data on platform floor housing to validate AccuRate. The 
problem facing platform floors is the perceived thermal limitations in cool temperate climates of Australia. In 
these regions the need for appropriate solutions of sub floor insulation is becoming urgent. The university has 
designed and constructed three thermal performance test cells on its Launceston Campus. Launceston has a 
wide diurnal temperature range in winter, which can assist in the close analysis of building fabric performance. 
The three thermal performance test cells include an un-enclosed perimeter platform floor, an enclosed 
perimeter platform floor and a concrete slab on ground floor. The test cells have been designed to allow for 
future fabric changes to floors, walls, windows and roofing. The platform floored test cells have allowed for the 
inclusion and modification of sub floor insulation. The designs examined international and national past 
practise.

Conference theme: Indicators of sustainable development: space, energy, water, waste  
Keywords: Building Energy, Thermal Performance, Test Buildings

INTRODUCTION 
Three thermal performance test cells have been constructed in Launceston. They consist of the three primary 
building types of residential housing in Australia, which includes; un-enclosed perimeter platform floor, enclosed 
perimeter platform floor and concrete slab on ground floor. The three test cells have been designed and constructed 
for the purpose of testing and validating the thermal performance of building systems and the AccuRate house 
energy rating software. They have been designed and constructed in a manner which allows for ongoing 
modifications to the sub floor, wall and roof fabric over time. It is intended that building fabric modifications will be 
made each year to assess the relative decrease or improvement in thermal performance that occurs as a result of the 
change in building fabric.  

Figure 1

University of Tasmania 
: North western view of the three Thermal Performance Test Cells at Launceston campus,  

ITE SELECTION
e three Test Cells is on land owned by the University of Tasmania, at the Newnham Campus. 

S
The site chosen for th
Newnham is a suburb of Launceston. Though Launceston is situated on a tidal river, it is approximately 50km from 
the open sea and influences by maritime weather conditions are minimal. Launceston is a cool temperate climate 
with significant swings in temperature range in the winter and summer seasons. The location of the Test Cells within 
the campus is as per Figure 2. A more detailed plan of the Test Cell arrangement is shown in Figure 3.
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Figure 4: Site plan - Newnham Campus, University of Tasmania 

he site is open with the predominant weather from the north-west. The site constraints consist of: 

s to the east 

T
- a car park and sports oval along the western boundary 
- a well established treed area to the south 
- open grass and reasonably distant building
- open grass and reasonably distant buildings to the north.

Figure 5: Test cell Site Plan - Newnham Campus, University of Tasmania

BUILDING TYPES  
Australia, three standard types of building are noted for residential construction. These 

g Types ((ABCB., 2005)) 

- Test Cell 1 is an ilding sits on timber poles, is 

- uilding sits on poles but has a brick 
veneer cladding that extends to the ground plane. There are vent holes in the sub floor brick work to 
allow for ventilation. Test cell 2 also has a sheet metal roof.   

Within the Building Code of 
building types are the Unenclosed Perimeter Platform Floor, Enclosed Perimeter Platform Floor & Concrete Slab on 
Ground Floor. As the BCA is the point of reference for construction practise, the construction should follow standard 
building practice principles. Figure 4 below is a diagram from section 3.12.1.1, volume 2 of the 2005 BCA.   

Figure 6: Residential Buildin

 unenclosed perimeter platform floored building. The bu
timber framed with plywood cladding and has a sheet metal roof.   
Test cell 2 is an enclosed perimeter platform floored building. The b
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- Test Cell 3 is a concrete slab on ground floored building. The timber framing and brick veneer sit on it 
the concrete slab. The brick veneer cladding that extends to the ground plane. Test cell 3 also has a 
sheet metal roof.   

TEST CELL
o establish  & height) for the test cells, international and national examples were examined. 
here was little similarity between various projects(Heathcote, 2006, Rees, 2002, (Lomas, 1994, Guyon, 1999, Rees, 

udkoff, 1983, Burch, 1982)) but there are two distinct types of Test Cells. These are either of 

ynamics. Fabric elements are normally designed for limited 

The co i ternal fabric is of great importance, to minimise possible variables in the thermal 
perform n eatest care was undertaken to ensure a reasonable standard of practise by 
ontractors during the construction period (this will be discussed in later documentation). The same approach to care 

Unenclosed Perimeter Enclosed Perimeter Slab on Ground 

 DESIGN 
a size (width, depthT

T
2002, Heathcote, 2006, J
the PASSYS or standard type. The PASSYS type of test cell has a changeable wall to the elements, normally on the 
solar side, two side walls with exposure the elements and an equipment room to the non solar side (Baker, 2007). 
This type of test cell is primarily used to examine the solar admittance, solar absorption and solar reflectance of 
building materials and the affect this has on the internal room. The PASSYS type is often rectangular in shape with 
the longer axis being north south. In many instances they are in groupings with co-joined walls on the east/west wall 
(Manz, 2006, Loutzenhiser, 2006, Jimenez, 2007).  
Stand alone test buildings are designed as less of a solar testing vehicle but more as a vehicle for testing overall 
building thermal performance. They are exposed to the seasonal influences on all walls, which allows for a greater 
research capacity into overall building thermal d
modifications. These buildings are normally divided into Test Chamber and Test Cell types where a test box may only 
be 8m3 in size and be specifically designed to assess the conductivity of fabric components. The test cell type is 
normally in the magnitude of 70m3, as this promotes the activity of room thermal fluid dynamics. In this context most 
test cells are built to standard room heights (Lomas, 1994). Within Australia, three test cells had been recently built at 
the University of Newcastle (Sugo, 2005). These were built to an external dimension of six metres with the standard 
2.4 metre internal room height. So that future research would be able to adequately evaluate the differences between 
the performances of the Newcastle and Launceston test cells, it was decided to replicate the volumetric principles of 
the Newcastle test cells. The three University of Tasmania test cells have the internal parameters of; 

- Internal Length: 5480mm 
- Internal Width: 5480mm 
- Internal Height: 2440mm 
- Internal Volume: 73.27m3

- Orientation: Solar North 

ns stency and quality of the ex
a ce of each test cell. Gr

c
was applied equally to all three test cells (Strachan, 2007). During construction, this required daily management and 
advice to the builder and subcontractors to ensure the desired standard of construction practise was achieved. The 
structure for the roof and walls is identical. The fabric matrix table 1 below lists the fabric of the test cells.  

Element Test Cell 1 Test Cell 2 Test Cell 3 

Sub Floor Open Single ski m brick 
venee

ccess hatch  

Not applicn brick 110m
r with; 

2 x air vents on each wall 

1 x Plywood a

able 

Floor 19 Particle Board Deck 100 Ground keyed concrete 
slab

19 Particle Board Deck 

Walls 12 Ply 

21 cavity (treated pine battens) 

ve Foil Vapour Barrier  

50 cavity 

ur Barrier  

wool Wall Batt 

vity 

ur Barrier  

wool Wall Batt 

Reflecti

R2.5 Rockwool Wall Batt 

10 Plasterboard 

110 Clay Brick 

Reflective Foil Vapo

R2.5 Rock

10 Plasterboard 

110 Clay Brick 

50 ca

Reflective Foil Vapo

R2.5 Rock

10 Plasterboard 

Door Solid core access door Solid core access door Solid core access door 

Ceiling 

batt batt batt

10 Plasterboard 

R4.0 Glass wool ceiling 

10 Plasterboard 

R4.0 Glass wool ceiling 

10 Plasterboard 

R4.0 Glass wool ceiling 

Roof Reflective Sarking

Colorbond roofing 

Reflective Sarking

Colorbond roofing 

Reflective Sarking

Colorbond roofing 

Other All reflective foil vapour 
rking were 

il vapour 
king were 

il vapour 
rking were barriers and sa

taped not stapled. 

All reflective fo
barriers and sar
taped not stapled. 

All reflective fo
barriers and sa
taped not stapled. 
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 – Test Cell Fabric Matrix Table 1

The table above lists the elements but further explanation of fabric construction practise and issues is detailed below; 
- Test cell roof – The roof of all three l and finish. The same truss, colour of 

colorbond sheet metal roofing and refl or all three test cells. The additional item 
 test cells is identical in materia
ective foil sarking has been used f

of note for the roof construction is the installation of the sarking, which has two significant differences to standard 
practise. Discussions with the manufacturer and industry raised concern about current installation practise. For 
reflective foil sarking to work effectively, it requires a no contact air gap between the roofing material and the foil 
sarking. This is normally achieved by the practise of laying the sarking over the battens. During the installation 
process the foil sarking is to be drooped between battens. It has been found that the foil sarking is often being 
pulled tight for ease of installation, creating a thermal bridge and negating the insulation benefit of the sarking. It 
was decided to lay the sarking over the rafters and lay the battens on top of the sarking. This guaranteed a batten 
depth air gap between the sheet metal roofing and the sarking. 

Figure 7: CSR Bradford, Building Design Guide p.26

- Test cell ceiling – The ceiling system for all three test cells incorporates the use of 10mm plasterboard and R4.0 
glass wool ceiling batts. Th e of an R3.5 ceiling batt. It is 
envisioned that the test cells will be used for some time as a platform of testing windows, doors and flooring 

-

-

the

-

building 

t

ce

e current requirement for housing in Tasmania is the us

Base of wall cavity sealed to 
maintain still air space 

Base of wall cavity sealed 
between subfloor and wall to 
maintain still air spa

systems. With this in mind it was considered that the use of the highest value standard ceiling batt would be a 
wise choice. The current off the shelf maximum product is the R4.0 ceiling batt. In terms of verifying software or 
test cell performance, the value of the insulation can be varied for calculation purposes. 
Test cell external walls - The three test cells have the same internal plasterboard wall lining and wall batt 
insulation but the cavity size and external linings vary. The plywood cladding of the unenclosed perimeter varies 
from the brick veneer of the enclosed perimeter and slab on ground test cells. The plywood cladding has a very 
similar resistance value to that of the clay brick veneer but has a differing thermal capacity. It is initially felt that 
the still air cavity and wall batt insulation will eliminate any thermal affect between the external cladding and the 
internal plasterboard wall lining.  
The cavity of the brick veneer test cells is 50mm wide. This is to allow for the possibility of adding in cavity 
insulation. As the brick is a veneer, it can be removed and rebuilt at any time. This principle also allows for the 
evaluation in performance of differing veneer or cladding systems.   

- Wall insulation - the three test cells have R2.5 rockwool wall insulation batts. The current requirement for 
housing in Tasmania is the use of an R1.5 wall batt. It is envisaged that the test cells will be used for some time
as a platform of testing windows, doors and flooring systems. With this in mind it was considered that the use of
the highest value standard wall batt would be a wise choice. The current off the shelf maximum product is 
R2.5 rockwool wall batt. In terms of verifying software or test cell performance, the value of the insulation can be 
varied for calculation purposes. 
The taping of joints in sarking - Standard practise requires a 150mm overlap at joints in the sarking.  
Roof space - The practise of a 150mm overlap does allow the foil sarking to reflect heat but it also allows for a 
certain amount of air movement between the general roof space and the super heated or night cooled air 
between the sheet metal roofing and sarking. As the experiment of the test cells was to examine best 
practise and reduce performance variables, the practise of taping the sarking was adopted. 
Walls - As with the roof space, the application of the building wrap to the walls of the test cells was considered a
length. Standard installation practise provides a 150mm overlap between sheets and this is applied to the 
structure with steel staples. Common faults with this form of application include the puncturing of the wrap and 
the provision of air movement between the cavity air space and the outside face of the plasterboard lining. To 
eliminate this possible variable and to display best construction practise the building wrap was taped at joints. At 
the same time any punctures in the building wrap were also taped (Figure 6).  
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-
f the wall panel for this addition. 

Wall framing - The wall framing included consideration for the future addition of windows on each face of the 
building. This required the inclusion of framing within the standard stud work o
The framing included a knock out panel large enough to allow for an 1800 x 2100mm glazing unit. Figure 7 
below is the draft framing plan for the test cells. 

Figure 8: Taped and patched building wrap 

Figure 9: Test Cell Framing Plan 

SHADING ISSUES 
The test cell site was docume ible configurations 

t cells were modelled extensively. Sun and shadow studies of the entire site were generated 

Figure 10: Photograph of Test Cell 1 Wall and Roof Framing 

nted using three-dimensional computer aided drafting and the poss
and locations of the tes
and locations refined so that the final site plan provided the minimal use of land and provided the least shading. The 
three major shading issues were:  
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- Test cells shading each other: The test cell shadow studies defined the optimum separation between the tes
cells, such that no overshadow

t
ing should occur between test cells. It was found that a 7000 to 7500mm north–

-
 trees to the north of the test cell area. Due to university landscape practices, there was a desire to 

     Fi

- Existing buildings: The site includes existing buildings to the east and north of the test cell site. The desire to 
eliminate winter shading was paramount in the site planning of the test cells. To reduce the impact of shading, 
the test cells were located as south as possible from he northern building. Extensive shadow studies showed 
that on the w f shading would 
have minima e reasonably 

CO
It wa
The
practises of the umenting their test cells. One of 

e purposes of this paper is to further publish and discuss the design and construction parameters adopted.  
me of a test cell must represent what its long or short term purpose is. The degree of flexibility and 

lls are 

n data.  

south separation between the test cells should eliminate any shading from one test cell to the other during the 
winter period. The winter solstice occurred near the end of construction and the real location of the shadow path 
was extremely close to that predicted by the computer simulation. No overshadowing of one test cell by another 
occurred.

Landscape: The existing landscape included some well-established trees to the south and some younger native 
shrubs and
retain the established southern trees. The retention of these trees met our primary design criteria concerns of full 
solar access during the winter cycle. The trees to the north would have provided critical shading of the test cells 
and were removed.  

Figure 11: clearing of northern trees gure 12: Established southern trees 

 t
inter solstice, Test Cell 1 would be in full sun by 9.00am. It was felt that this level o
l thermal impact and could be monitored and recorded. The buildings to the east ar

distant providing minimal shading. The shading that is created by the eastern building occurs during the sunrise 
period at the equinox. As with the shade from the northern building, it was felt that this level of shading would 
have minimal thermal impact and could be monitored and recorded.  

NCLUSION 
s found that there is limited literature on the design parameters of this type of test cell constructed in the past. 

re is often extensive literature on the results of projects but little documentation on the design and construction 
 same. Within Australia the University of Newcastle has started doc

th
The type and volu
volume are all variable based on this parameter. As the University of Tasmania test cells are for the purpose of 
validating the thermal performance of Australian residential building practises, the volume and building types 
adopted, are for maximising this type of testing process. The ability to test building systems holistically has a much 
greater benefit than the testing individual components.  
The construction of the three thermal performance test cells has developed a greater understanding of many aspects 
of current building practise and will be discussed and published in later papers. The process of ensuring that a 
drawing leads to a building constructed to a good standard requires competent project supervision. The test ce
now fitted with extensive thermal measuring equipment providing data of actual thermal performance. This data will 
be compared with house energy rating software simulatio

TEST CELL STRUCTURAL INFORMATION 

Test Cell 1: Un-enclosed platform floor 

Figure 13: Test cell 1 – Western View  
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Figure 14: Test Cell 1 section 

Test Cell 2 – Enclosed Platform Floor 

Figure 15: Test Cell 2 – Western View 

Figure 16: Test Cell 2 section 
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Test Cell 3 – Concrete Slab on Ground Floor 

Figure 17: Test Cell 3 – Western View 

Figure 18: Test Cell 3 section 
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Assessing brick waste on domestic
construction sites for future avoidance 

Perry Forsythe, Kirsty Máté 
UNSW, Sydney, Australia 

Abstract: The problem of construction waste on building sites is not new and continues to be a significant 
problem to the waste stream. Much has been done to better understand and encourage re-use and 
recycling, but relatively little has been done on avoiding the occurrence of waste in the first place. A 
significant contributor to the waste stream on domestic housing sites in Australia is brick waste. A common 
solution to the problem is recycling the waste into crushed brick, used as a landscaping aggregate or low 
grade road base. This relies on the stability of recycling markets and so a more ideal situation is to avoid 
brick waste in the first place. This paper investigates the issue of brick waste and strategies for avoidance. 
From site investigations, it was found that bricks accounted for the main loose waste onsite (by weight). As 
much as 75% of this waste was caused from cutting waste – often in trying to obtain half bricks. Through 
experimentation it was found that the brick design could be marginally changed during manufacture to 
better facilitate a successful ‘first strike’ of the brick, providing a clean split and thereby reducing wastage 
through unsuccessful strikes. This simple change could see a reduction in brick waste on domestic 
construction sites in Australia 

Conference theme: indicators of sustainable development: space, energy, water, waste OR construction 
and materials 
Keywords: construction; waste; brick, masonry 

1. INTRODUCTION 

In 2003 the Australian Bureau of Statistics (ABS) reported that Australians were consuming more resources and 
producing more waste than at any other time and that Australia was one of the top 10 solid waste producers amongst all 
OECD countries. A growing population and rising living standards are increasing consumption patterns (DEC NSW 
2006). Whilst much of this consumption is for smaller and more durable goods, a change in population demographics 
has also seen an increase in the size of homes. When coupled with the reduction of household sizes and increasing 
urban sprawl (ABS 2006) this has the effect of intensifying construction waste problems. Australians have been adding to 
the building stock at 3.8% per annum and in 2005 new construction for separate houses accounted for 33 million m2 and 
home improvements 7 million m2 (Walker-Morison et al 2007). In addition, residential building size has increased by 40% 
over the period from 1985 to 2005 (Walker-Morison et al 2007). 

Issues associated with waste on new domestic construction sites are not novel and pose economic as well as ecological 
problems (Formoso et al. 2002; Forsythe & Marsden 1999). The Australian Bureau of Statistics (2006) classify 
construction and demolition waste as “Waste which is mostly inert materials such as timber, bricks, plaster off cuts, 
concrete, rubble, steel, and excavated earth.” Using this definition, construction and demolition waste accounted for over 
13,000 million tonnes of waste between 2002-03, accounting for approximately 42% of the total waste produced. Of this 
13,000 million tonnes, 57% was recycled, leaving nearly 6,000 million tonnes going to landfill (ABS 2006). 

These growing patterns of consumption and waste in the construction industry are not sustainable. This paper addresses 
how avoidance, being the highest level of waste prevention, and brick waste, being the largest form of waste on new 
residential construction sites, can assist in alleviating construction waste issues. 

1.1. Construction sites and waste 

Many studies have been undertaken on the constitution of waste from construction sites around the world (Kharrufa 
2006; Crowther 2000; Formoso et al. 2002; Forsythe & Marsden 1999; Skoyles 1976 ). Others have focused on how to 
reduce it (Tam V. & Tam C. 2006; Formoso et al. 2002; Poon et al. 2004; Ekanayake & Ofori 2004). However despite this 
knowledge, construction waste continues to be a major problem in Australia and elsewhere.  

Some State Governments in Australia have had an influence on reducing construction and demolition (C&D) waste to 
landfill with the introduction of landfill levies (ABS 2006; Crowther 2000). These levies are paid on each tonne of waste 
tipped at landfill and have proven moderately successful in making reuse and recycling options more inviting – especially 
where heavy weight materials are involved. A down side is that in some cases it has also increased illegal dumping.  

Construction sites in states such as NSW and the ACT are required to produce a waste management plan indicating how 
wastes will be sorted, separated and recycled or disposed of from site (Crowther 2000). Good practice guides such as 
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the WasteWise Construction Handbook: Techniques for Reducing Construction Waste produced by the Commonwealth 
Government, (Bell & McWhinney 2000) also advise on the sorting and separation of wastes on construction sites. This 
practice has become more common place in recent years and with large amounts of waste created on building sites, has 
led to the creation of private collectors. These companies provide a service to collect recyclable material for 
reprocessing, saving builders increasing landfill levies and creating their own individual income streams. 

Recycled materials are an economic commodity, reliant on supply and demand markets for their economic value. An 
oversupply of material with a low demand can ‘flood’ the market, causing the economic value of the commodity to 
plummet. Such conditions can adversely affect the economic viability of recycling and make landfill a better option.  

Projections for waste generation in C&D over the next 15 years are expected to continue to grow whilst recycling is 
expected to remain stable at 56-7%, presuming a continual demand for recycled product (ABS 2006). C&D waste 
disposed of to landfill therefore could nearly double by 2022-23 (ABS 2006). 

A popular concept to reduce the universal problem of waste is the waste hierarchy concept. This concept was first 
introduced in the 1970’s as a consequence of the environment movement’s criticism on the practice of disposal-based 
waste management systems (Gertsakis & Lewis 2003). The waste management hierarchy is now evident in numerous 
environmental policies in both the private sector as well as government internationally, as an approach to reducing 
waste. At the top of the hierarchy is the intention to avoid waste followed by reuse, recycling and last of all disposal. 
Disposal is least desirable because in theoretical terms, the inherent physical value of the material becomes totally lost.  

While the likes of re-use and recycling are beneficial as predominately ameliorative processes, avoidance has the benefit 
of being a preventative approach, maintaining the full value of a material (Gertsakis & Lewis 2003). With the expected 
growth pattern in C&D waste, coupled with a degree of uncertainty about the long term stability of re-use and recycle 
markets, avoidance has a valid role to play in reducing overall construction waste.  

1.2. Bricks as a contributor to construction waste

Bricks remain a dominant material in residential construction (Page 2007; RMIT 2006) and can account for a large 
proportion of C&D waste on new residential construction sites (Crowther 2000; Formoso et al. 2002). It has been 
estimated in a recent study that the future demand of bricks over the next 50 years, will remain the second most 
significant building material, maintaining an average 25% share of the total building material requirements by mass 
(RMIT 2006). The use of brick is seen most significantly in single unit dwellings. While the future trend is towards multi-
unit dwellings, which will mean a slight drop in demand for bricks, brick will remain the second most significant building 
material after concrete (RMIT 2006). 

Bricks are largely treated as waste when broken or damaged from the brick production line or from construction and 
demolition sites (Crowther 2000; Formoso et al. 2002; Demir 2003; ABS 2006). Previous studies have shown that brick 
and concrete waste can constitute up to 75% of C&D waste from a construction site and that a large proportion of this 
waste is due to poor internal handling and excessive cutting (Crowther 2000; Formosa et al. 2002). (Note: statistical 
figures are combined for C&D waste and therefore could not be separated) 

Given the previous discussion it was decided to undertake a study aimed at: 
o Finding out how waste occurs in Australian brick construction on domestic housing sites; 
o Responding to the above findings by trialling ways of redesigning brick construction to avoid brick waste – ultimately 

this resulted in a minor redesign of the standard brick to avoid waste from mis-cut bricks. 

4. RESEARCHING CAUSES AND SOURCES OF BRICK WASTE  

The research method revolved around a study of housing developments in Sydney comprising of 23 medium density 
housing projects and 20 detached dwelling projects. All were brick veneer construction and were used to find out how 
waste occurred in brick construction and how this could be avoided through brick design. 

Both quantitative and qualitative data was collected from the sites including material quantity studies, landfill weigh 
bridge studies, site observations, site interviews and focus groups with bricklayers. 

Ten separate causes of brick waste were evident from both qualitive and quantitative data analysis.  The findings are are 
summarised in Table 1 which concentrates on causes and sources of the waste problems. 
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Table 1 Causes of brick waste in typical rank order of importance 

Causes of waste Characteristic of waste variables Source
1. Cut bricks (i.e. off-cuts 

and breakages are rarely 
reused). 

Example: cut bricks make 
up as much as 75% of 
total brick waste 

 Bricklayers often use a trowel instead of a bolster to 
cut bricks in half. This practice is used because it is 
faster but may cause multiple bricks to shatter 
before getting the desired half brick. 

 Bricks which are brittle or do not cut cleanly will 
increase the problem. 

 Some subcontractors are resistant to using a brick 
saw as they find it slow, changes their normal work 
processes, requires them to get off scaffolding, the 
equipment is expensive to purchase and maintain, 
and creates the need for an extra labourer to 
operate the saw. 

 Cutting increases with larger than normal amounts 
of sills, window reveals, raking cutting, offset walls or 
closing bond at the ends of blade walls. 

 “Fix only” subcontracts rarely create motivation for 
bricklayers to re-use offcuts. 

 Poor “off-cuts” are not often suitable in “face” walls.

 Work practices 
 Manufacture
 Builidng design

2. Handling and stacking 
breakages

 Bricks delivered on inclined surfaces cause leaves in 
the brick stack to fall and break. 

 Muddy areas make handling more difficult and 
creates a risk of dirt contamination of bottom bricks. 

 The more re-stacking and barrowing, the higher the 
expected breakages.

 Work practices 
 Site 
management 

 Equipment 
technology

3. Ordering mistakes  Inaccurate quantity take-off and/or over ordering 
ultimately create extra waste. 

 On large jobs, the risk of over ordering tends to be 
reduced because deliveries are made progressively 
through job and only the last order needs accurate 
take-off and ordering.  

 Construction 
management 

4. Incremental ordering 
problems on small jobs  

Example: On a job 
requiring 1,100 bricks, 
1,500 bricks must be 
ordered resulting in 27% 
waste. 

 Minor contributor on medium to large jobs. 
 Can be a significant contributor on small jobs if the 
bricks are only supplied in large order increments 
and only a small amount of the last order increment 
is required. 

 Incremental ordering problems will potentially 
worsen if the brickwork is made up of small amounts 
of different brick types – as may be required in 
blended brickwork.

 Manufacturer/ 
Supplier 

5. Contracting issues  Subcontract payment to bricklayers for labour only 
and based on the completed insitu brick count does 
not provide a payment system that encourages low 
wastage. 

 Work practices 

6. Delivery waste  No hard strap protectors at corners and edges of 
stacks can cause damage to bricks. 

 Hand unloading may increase waste. 
 Uneven landing pad for stacks can cause damage to 
bricks.

 Packaging 
during 
manufacturer 

 Construction 
management

7. Waste from setout 
problems 

 Design not to bond. 
 Brick on edge used instead of stretcher bond where 
trying to create a level first course on an uneven 
footing.

 Building design  
 Manufacture 

8. Use of bricks for 
scaffolding and other 
unintended uses

 Mainly due to poor site control.  Construction 
management 

9. Bricks contaminated by 
dirt

 Bottom course may be effected. Bricks stacked on 
pallets are less likely to be effected 

 Construction 
management 

10. Theft  Situation specific. Large brick thefts are uncommon  Societal issue 
Note: Despite the rank order, each cause will vary from job to job. The middle column identifies issues which may cause 
variation. This should be used to pick from “Ideal”, “Average” or “Upper range” waste margins. 

Strategies attempting to address the Table 1 causes are shown in Table 2. These strategies were developed with the 
assistance of those involved in the research. The strategies have been listed in the context of short, medium and long 
term solutions - as set against the previously discussed concepts of avoidance, reuse and recycling. 
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Table 2 Potential waste minimisation strategies for brickwork

Alternative 1 – Avoid waste Alternative 2 – Re-use 
waste (on-site) 

Alternative 3 – Re-cycle waste 

Short term  Order bricks more 
accurately using best take-
off practice. 

 Ensure bottom layers of 
bricks remain useable by 
preventing soil 
contamination. 

 Store bricks in a stable flat 
area to avoid breakages 
from fall overs. 

 Take unwanted bricks 
back to brick yard for 
crushing and re-use in 
brick production. 

 Offer the customer left 
over (full) bricks. 

 Include a clean-up 
payment in the scope of 
the bricklayer’s sub-
contract to assist 
recycling and to 
discourage wasteful site 
practices..

 Take brick left-overs away to 
use as aggregate or 
landscaping cover.

Medium 
term

 Determine a means for 
cutting bricks into half more 
accurately so that both 
halves can be used and 
breakages avoided. 

 Supplier to provide more 
flexible “last pack” sizes i.e. 
a “fractional ” pallet instead 
of a full pallet. 

 Develop an agreement where 
a contractor “sells back” the 
re-cycled waste from the 
original material supplier.

Long term  Manufacture half bricks. 

Note: The feasibility of the above strategies is dependent on efficient site collection and waste transportation. 

Clearly, a number of the more novel strategies in Table 2 require feasibility testing before they are likely to advance to 
active use in construction. Undertaking the full gamut of such testing is beyond the scope of this paper. However, in 
order to demonstrate new possibilities, it was decided to go some way in advancing the feasibility of strategies relating to 
waste from brick cutting. as this was identified in earlier stages of the research as the biggest contributor to brick waste. 
To this end, two manufacturing ideas were explored to avoid cutting waste. Each is discussed below. 

5. THE FEASIBILITY OF MANUFACTURING HALF BRICKS 

It was suggested during the course of the research that manufacturers may be able to produce half bricks with little 
change to their production process. However, upon exploration of common manufacturing processes, key problems 
relating to this idea were found and included: 
o Extra work for the brick manufacturer relating to marketing, stock control, ordering practices and administration. 
o Varying colours between half and full bricks due to variance in overall mass. 
o Hole patterns in some bricks occur at the half way point requiring expensive changes to production and product 

design. 
o Half bricks may present a cheaper solution (overall) but in a direct comparison of production costs, a half brick will 

probably cost more to place on the market than a full brick. 
o There would be a considerable time lag in changing and re-tooling the production process to make half bricks. 

Given the above problems it was decided that the up-take of manufacturing half bricks was unlikely to be successful and 
subsequently greater attention was placed on the alternative idea of modifying standard brick design with a view to 
improving the ability to cut them in half more easily and accurately, thus minimising waste.  

6. THE FEASIBILITY OF MANUFACTURING A FRACTURE GROOVE INTO STANDARD BRICKS  

This idea aimed to test the concept of adding shallow grooves to the brick (i.e. during manufacture) to make it easier and 
more accurate to cut in half onsite. In essence, the grooves aimed to facilitate a fracture plane when the brick was hit 
with a bolster (as per traditional trade practice). The intended result was to obtain two useable half bricks from only a 
single blow from the bolster. 

In order to determine the manufacturing feasibility of this idea, inquiries were made with a large Sydney based brick 
manufacturer. From this, it was decided that the least disruptive approach to manufacturing the grooves was to modify 
the cylindrically shaped “buttons” used to create the extrusion holes in bricks. These grooves would only be needed for 
the “buttons” creating the holes at the mid section of the brick and would result as opposing grooves on either sides of 
those holes as shown in Figures 1 and 2. It was unclear if the vertical grooves would be sufficient to create a fracture 
plane and so half the sample included an additional horizontal groove, tooled into the surface of the brick (refer Figure 3). 
Provision of such a groove would require a new point in the manufacturing process, but was considered realistically 
achievable, subject to production line modifications.  
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Having determined the manufacturing feasibility of the groove incisions, mock-ups to replicate them were created. Here, 
a sample of 10 extruded bricks was taken from the aforementioned brick manufacturer’s production line in a pre-fired 
(green) state. Grooves approximately 1-2mm deep were cut into the brick using a hack saw blade. On half the bricks, 
only vertical grooves were provided (refer Figures 1, 2), on the other half, horizontal top grooves were added (refer 
Figure 3). After cutting the grooves the bricks were fired under normal conditions. After being removed from the kiln for 
approximately 2 weeks the bricks were cut using a 55mm wide bolster by striking it with a limp hammer. The results from 
this are shown in Table 3. 

Figure 1: Plan view of vertical grooves only

Figure 2: Perspective showing vertical grooves only 

A

Figure 3: Perspective view of vertical and horizontal grooves
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Table 3: Brick cutting results

Bricks Cutting Results  
No. of bolster blows to brick 

C
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e 
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o.
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e 
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pe
 

front
face

rear
face

top
face

Total 
number 

Comment Result

1 V 1 1 0 2 Very accurate cut 2 useable halves 
2 V 2 0 1 3 2 useable halves 
3 V 2 1 0 3 2 useable halves 
4 V 0 1 0 1 2 useable halves 
5 V 1 1 0 2 Shallow groove depth 1 useable half 
6 HV 1 0 1 2 2 useable halves 
7 HV 1 0 0 1 2 useable halves 
8 HV 2 0 0 2 Non-linear cut 

fracture line at the 
back section of brick 

2 useable halves 

9 HV 0 1 0 1 2 useable halves 
10 HV 2 0 1 3 Shallow grove depth 1 useable half 

Legend: 
V = Vertical grooves only 

HV= Horizontal and vertical grooves 

7. OBSERVATIONS AND FINDINGS FROM THE FEASIBILITY TESTING 

Though only a small pilot sample was undertaken, it was found that groove depth was important to the efficiency and 
accuracy of cutting the bricks. For instance, the grooves were cut into the prototype bricks using simple hand sawing 
rather than precision machinery. As a result, groove depths varied slightly across the sample (a range of 0.75mm). Here 
it was found that bricks with grooves in the order of 1.5mm – 2.0mm deep, performed well in terms of a minimal number 
of blows from the bolster and a neat cut line. Bricks with a shallower groove in the order of 1.25mm deep (refer Cases 5 
and 10 on Table 3) either required extra blows with the bolster (i.e. 3 blows) and also resulted in only one half of the brick 
being usable. This occurred irrespective of one brick having a vertical groove only (as in Case 5) and the other having 
both a vertical and horizontal groove (as in Case 10). As a result, it would seem that a groove depth of 1.5mm (min.) is 
an important design feature. 

Except for the case mentioned above, all the other cases resulted in two usable half bricks. Such results were 
encouraging in terms of meeting one of the main aims of the feasibility testing. In terms of the number of bolster blows 
required to cut bricks in half, one to two medium blows were found to be sufficient to cut most of the bricks in half. Some 
required three blows which was thought to be boarding on an undesirable work feature. One such case was possibly 
caused by the shallow groove problem discussed previously (as in Case 10). Another two occurred where two blows to 
the front face were insufficient to cut the brick, so a third blow was made to another face (i.e. the top face as in Case 2, 
and the rear face as in Case 3). 

Within the above context, early cases in the sample were dealt with by attempting one to two blows to the front face of 
the brick to encourage simplicity in work practice and to try and ensure a neat cut to the exposed face of the resulting 
half bricks. But this was not always successful. For instance as alluded to previously, occasional extra blows were 
required to other faces and in Case 8 the emphasis on blows to the front face create a fracture line but also caused this 
line to fracture splay sideways at the back of the brick. Here, one half of the brick had a jutting rear piece and the other 
half had a corresponding missing piece. Though this did not prevent both halves from being used, the regular occurrence 
of such a result onsite would ultimately mean extra work for the bricklayer in trimming the jutting piece off. To counteract 
this problem the remaining bricks were treated differently with a single blow to either the top or rear of the brick first, 
followed by face blows. This seemed to benefit the process. Though the sample is too small to judge this with any 
certainty, it can be said that a blow to the rear of the brick first, followed by a heavier blow to the front face, seemed to 
work best (as in Cases 1, 3, 5).. In two other instances (Cases 4 and 9), one rear blow was sufficient to cut the brick. 
Interestingly this did not prevent the front face from cutting accurately. 

Apart from these observations, no obvious pattern emerged regarding the usefulness of the top groove in the half the 
bricks.

8. DISCUSSION ABOUT ONGOING TESTING 

Clearly, the experiment is insufficient in size to provide broad generalised findings. Its main purpose was simply to test 
the feasibility of modifying the basic brick design to assist site cutting. Further design development is required as is 
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further testing. This should consider the usefulness of the previously discussed horizontal groove. Another option would 
be to consider an additional vertical groove located on the rear (unseen) face of the brick. 

Other variables that require further testing include bricks with different hole patterns which may effect the accuracy of the 
fracture line. Variability in the baked clay itself, may also influence the accuracy of the fracture line. 

Apart from laboratory testing, it must also be tested by bricklayers on site, to obtain feedback on its workability and to 
provide statistics on the anticipated reduced brick waste. 

CONCLUSION 

It has been found that bricks are the second most significant building material by mass after concrete in Australia. It 
accounts for a large proportion of C&D waste in new residential construction. Waste through inaccurate brick cutting – 
primarily by chopping at bricks with a trowel – creates the main amount of that waste. Strategies exist in terms of 
avoidance, reuse and recycling. 

Focusing on the avoidance issue, this research concluded that the manufacturing half bricks was unlikley to be taken up 
by manufacturers. However, it has shown that through a simple re-design of the common brick (via fracture grooves 
manufactured into the brick) there is considerable potential to allow more efficient and accurate cutting of bricks on site.  
As such, there is potential that much waste can be avoided. The research also indicates that this can be achieved with 
minimum disruption to existing brick production proceses. Initial results are promising with 80% of the bricks successfully 
cut to provide two useable half bricks. Bricks with grooves at least 1.5mm deep were found easy and fast to cut with a 
bolster. Based on the above results and the potential for further design improvements, there is likelihood that 1-2 medium 
bolster blows will be sufficient to cut a brick. If this is achieved then a simple yet viable means of avoiding waste may be 
possible. However while the concept shows promise, it is still at an early stage of development. A much broader and 
thorough range of testing is required. It is hoped that such testing and further development may come from brick 
manufacturers. 
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Profiling and characterisation of key weather 
variables and their implication on building design 

Lisa Guan 
School of Engineering Systems, Queensland University of Technology, Brisbane, Australia 

Abstract: Local climate is a critical element in the design of buildings. In this paper, ten years of 
historical weather data in Australia's all eight capital cities are analyzed to characterize the variation 
profiles of climatic variables. The method of descriptive statistics is employed. Either the pattern of 
cumulative distribution and/or the profile of percentage distribution are used to graphically illustrate 
the similarity and difference between different study locations. It is found that although the weather 
variables vary with different locations, except for the extreme parts, there is often a good, nearly 
linear relation between weather variable and its cumulative percentage for the majority of middle 
part. The implication of these extreme parts and the slopes of the middle parts on building design is 
also discussed.

Conference theme: Effective environments: thermal, luminous, sonic, haptic, hygienic 
Keywords: weather variables, multiple year weather data, building design  

1.  INTRODUCTION 

Any architectural realization concretizes a microcosm in more or less close connection with the environment to 
which it belongs (Gratia and De Herde, 2003). The goal of the design, renovation and construction of a building is 
therefore to achieve a microcosm in optimal agreement with its environment. Local climate is a critical element in 
the building design. It tends to not only influence the shapes and forms of the local buildings but also dictate the 
types of environmental control required (Lam, et al, 2005). The climate of a particular location is often described by 
the prevailing long-term weather conditions, including evolution of the sunshine and the temperatures, and mode 
of the winds and precipitations (Gratia and De Herde, 2003). The process of identifying, understanding and 
controlling the climatic influences at a building site is perhaps one of the most critical parts of building design (Hui, 
1996). 

For buildings in Australia, the design requirements will vary from location to location. For instance, in a warm 
humid climate, buildings designs are often required to promote air movement to keep people’s comfort. Streets 
and buildings are therefore designed to orient as much as possible to catch the breezes. A mix of buildings heights 
will also have positive effect. By contrast, in a hot dry climate, protection from the intense sun–shine becomes 
essential. In a temperate climate, the wind direction usually changes markedly with the season. Therefore, design 
a building which blocks cold winter winds, but allows cooling summer breezes is important (BOM, 1997). 

In this paper, ten years of historical weather data in Australia are analyzed to characterize the variation profiles of 
climatic variables. The method of descriptive statistics is employed to study the key weather variables contained in 
the weather database. Either the pattern of cumulative distribution and/or the profile of percentage distribution for 
ten years weather data will be used to graphically illustrate the similarity and difference between different study 
locations. In addition to the dry bulb temperature (DBT), the profiles of other key weather variables will also be 
studied, which include: atmospheric pressure, wind speed and wind direction, air humidity, total cloud cover, and 
the total global solar irradiance on a horizontal plane. General distribution of weather variables will be profiled and 
compared between the different capital cities in Australia. Their implication in building design will also be 
discussed. 

2.  RESEARCH METHODOLOGY

2.1 Study locations 

The Australian island continent features a wide range of climatic zones, from the tropical regions of the north, 
through the arid expanses of the interior, to the temperate regions of the south (ABS, 2005). The majority of the 
country is hot and dry. The sea exerts little moderating influence beyond the coast, and the highland area is too 
small and too low to have more than local effect (ASA, 2005). Most of the populations live in the coast cities. 
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In this paper, all the eight capital cities in Australia, including Adelaide, Brisbane, Canberra, Darwin, Hobart, 
Melbourne, Perth and Sydney, have been chosen for the study. These capital cities represent Australia's wide 
climate conditions including: 

 Hot humid summer, warm winter (e.g. Darwin) 
 Warm humid summer, mild winter (e.g. Brisbane) 
 Warm temperate climate (e.g. Adelaide, Perth and Sydney) 
 Mild temperate (e.g. Melbourne) 
 Cool temperate climate (e.g. Canberra and Hobart) 

2.2 Weather database 

The hourly weather database used in this study is summarized in Table 1. This historic climatic data is supplied by 
ACADS-BSG, which is a consulting company based in Melbourne, Australia, and supplies weather data for 
building simulation to Australia, New Zealand, Hong Kong and Singapore.  

Table 1: Information of studied sites in Australia 

W.M.O 
Index No. 

Locality Latitude Longitude Elevation (m) Years 
Between 

94675 Adelaide -34.9 138.6 47 1978-1987 
94578 Brisbane -27.4 153.1 4 1978-1988 
94925 Canberra -35.3 149.1 564 1978-1989 
94121 Darwin -12.5 130.8 27 1969-1973 
94970 Hobart -42.9 147.3 55 1968-1987 
94868 Melbourne -37.8 145 112 1967-1987 
94608 Perth -32 115.9 19 1972-1987 
94768 Sydney -33.9 151.2 42 1978-1987 

The weather variables contained in the above Australian climatic database include the hourly records of the dry 
bulb temperature (DBT), humidity ratio, atmospheric pressure, wind speed and direction, cloud cover, global solar 
irradiance on a horizontal plane, diffuse solar irradiance on a horizontal plane and direct solar irradiance on a 
plane normal to the beam. Except for the last two parameters (diffuse and direct solar irradiance), all other 
meteorological parameters will be analyzed and compared for different locations studied in this paper.   

2.3 Study approach and methods of characterisations: 

In order to compare the difference and/or similarity of climatic feature between different locations, the method of 
descriptive statistics is employed in this paper to study and characterise the profiles of key weather variables 
contained in the weather database. Either the pattern of cumulative distribution and/or the profile of percentage 
distribution for study years will be used to graphically illustrate the similarity / difference between different selected 
locations.

Descriptive statistics can be defined as those methods involving the collection, presentation, and characterization 
of a set of data in order to properly describe the various features of that set of data (Levine, et al 1999). Through 
frequencies procedure of descriptive statistics analysis (eg, by SPSS software), a report of univariate statistics for 
data in the input range will be generated, which provides detailed information on the central tendency and 
variability of the input data. In this paper the pattern of cumulative distribution and/or percentage distribution will be 
used to compare the similarity and/or difference of weather patterns between different years and different 
locations. It will also be linked to building design.  

3.  RESULTS AND DISCUSSIONS  

In order to understand the general distribution of weather variables for the study locations and their implication in 
building design, the general profiles of key weather variables from multiple years weather data are analyzed and 
illustrated in this section for all the eight state capital cities in Australia. 

3.1 Dry bulb temperature: 

Air temperature is a measure of the heat content of air and its changes, therefore reflecting the gain or loss of 
energy over time. The addition of energy produces increased molecular motion, resulting in higher temperatures 
(Sturman and Tapper, 2005). Three different temperature measurements, named as dry bulb temperature (the 
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measure of molecular motion), wet bulb temperature (reflection of the cooling effect of evaporating water) and dew 
point temperature (the temperature below which moisture will condense out of the air) are often used in the 
psychrometric chart to represent different types of air properties. However, when people refer to the temperature 
of the air, they are usually referring to dry bulb temperature. Air temperature is undoubtedly the most important 
climatic parameter, with its variation being primarily controlled by incoming solar energy and outgoing earth energy 
(Guan et al, 2007). 
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Figure 1: The cumulative distribution of DBT 

The cumulative distribution of dry bulb temperature (DBT) is shown in Figure 1. It can be seen that although the 
DBT distributions vary with different locations, except for the extreme top and bottom 20% parts, there is always a 
nearly linear relation between DBT and its cumulative percentage for the middle 60% part. By comparing the 
slopes of these temperature profiles, the range of temperature changes over multiple–years can also be 
compared. With a flatter slope, this range of temperature change would be relatively greater. Typical examples 
include Canberra, Adelaide and Perth.  

Table 2: A summary of descriptive statistic of DBT (ºC) 

Location Mean Std. Deviation Median Minimum Maximum 
Adelaide 16.6 64 15.4 -0.4 44.2
Brisbane 20.2 51 20.5 2.6 38.5
Canberra 13.1 75 12.6 -8 38.7
Darwin 27.4 29 27.6 15.7 36.7
Hobart 12.4 46 12.2 -1.9 38.3

Melbourne 15.1 54 14.3 -0.4 43.1
Perth 18.6 56 18.1 3.8 44.2

Sydney 18.0 48 18.2 3.7 43.6

The implication of such wider temperature variation could be significant on building design, as wider extreme 
design temperature may be required for these cities. This can be demonstrated through the comparison between 
mean temperatures for multiple years in Table 2 with the corresponding (peak) design temperatures for air 
conditioning system in Table 3. It can be seen that for instance, although Canberra has much lower mean 
temperature (13.1°C) than Brisbane (20.2°C), it actually has higher summer design temperature (34.3°C) than 
Brisbane (31.9°C). The comparison between Perth and Darwin also illustrates this phenomenon. Although Perth 
has 8.8°C lower mean temperature than Darwin, it actually has 2.2°C higher summer design temperature than 
Darwin. This indicates the air conditioning systems in these cities will have to work longer hours at part-load and 
are utilized inefficiently in comparison with other cities. 

Table 3: Outdoor design temperatures (Comfort or Non-Critical Process Installations) for the state capital cities in 
Australia (AIRAH, 1997). 
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Outdoor Design Temperature (°C) 
Summer Winter

Location DBT (°C) WBT(°C) DBT (°C) RH (%) 
Adelaide 34.8 21.3 6.4 80
Brisbane 31.9 24.9 9.3 80
Canberra 34.3 19.6 –2.2 80
Darwin 34.4 27.7 18.1 80
Hobart 27.0 18.0 1.9 80

Melbourne 34.3 20.5 3.5 80
Perth 36.6 22.4 7.4 80

Sydney 31.1 22.7 7.2 80

Because outdoor design temperature is essentially determined by the extreme hot or cold part, the outdoor design 
cooling or heating temperature used for different cities may therefore not always correspond to people’s general 
(average) perception. For instance, although Darwin and Brisbane have higher mean year temperatures than the 
other cities, their cooling design temperatures however may actually be lower than the other cities, such as 
Adelaide and Perth. 

From Figure 1, it is also noted that except for Darwin, all Australian capital cites have more than 80% of hours 
when the outdoor temperature is lower than 25°C. This indicates the great potential of using outdoor air for “free 
cooling”. In particular, for an internal load dominated building (eg, office building), because the amount of energy 
given off by people, equipment, and lights is usually considerably greater than the energy lost through the building 
envelope, cooling energy can be still required even in winter season (Gratia and De Herde, 2003 and Meredith, 
2004). The adoption of economiser in air conditioning system for the use of outdoor air for “free cooling” or the use 
of mixed mode (or hybrid) ventilation can save considerable building cooling energy in this case. 

3.2 Atmospheric pressure: 
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Figure 2: The cumulative distribution of atmospheric pressure

Air or barometric pressure is an important weather forecasting tool because of its close association with general 
weather situations and wind (Sturman and Tapper, 2005). One of the important features of the barometric 
pressure is that it could affect the evaporation and moisture saturation level of the air, and therefore influence the 
calculation of wet bulb temperatures and relative humidity (Degelman, 1991). Spatial and temporal variations of 
pressure are of fundamental importance, as they are closely linked to the horizontal and vertical airflow that 
produces the weather (Sturman and Tapper, 2005). Rising pressures usually indicates improving weather 
conditions; falling pressures may reflect impending inclement weather. For building services design, although the 
atmospheric pressure has no direct impact on the building thermal performance, it indirectly affects building 
thermal comfort and heat transfer calculations through its influence on the formulation of air humidity and wind 
characters.
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The cumulative distribution of atmospheric pressure is shown in Figure 2. It can be seen that similar to DBT 
profiles, if both the top and bottom extreme parts are excluded, there is also a nearly linear relation between 
atmospheric pressure and its cumulative percentage for the middle part.  

It also appears that Canberra has a remarkably lower atmospheric pressure than the other capital cities. This 
indicates the incorporation of local atmospheric pressure in the conversion of air humidity terms is particularly 
important for Canberra. If the standard atmospheric pressure (i.e. 101325 Pa) is still used for the air humidity 
conversion in Canberra, then the calculated results would introduce significant errors. Moreover, Darwin has 
significantly steeper distribution pattern than other cities. This indicates that it has a narrower range of variation in 
atmospheric pressure. This is similar to its variation profile for temperature.  

3.3 Air humidity 

Atmospheric air contains many gaseous components, such as dry air, as well as water vapour and miscellaneous 
contaminants, including smoke, pollen, and gaseous pollutants. Dry air exists when all water vapour and 
contaminants are removed from the atmospheric air. The composition of dry air is relatively constant, but small 
variation in the amounts of individual components may occur with time, geographic location, and altitude. Moist air 
is a binary (or two-component) mixture of dry air and water vapour. The amount of water vapour in moist air varies 
from zero (dry air) to a maximum (saturation), depending on the local temperature and pressure. The saturation 
condition is a state of neutral equilibrium between moist air and the condensed water phase. 

In order to express air humidity, different climatic terms may be used, which include the humidity ratio or absolute 
humidity (W), relative humidity (RH), wet bulb temperature (Twet) and dew point temperature (Tdew). Among these 
four variables, absolute humidity, which is an absolute measure of the amount of water vapour contained in the air, 
and relative humidity, which is the percentage of amount of water vapour actually in the air to the amount of water 
vapour the air can hold, are more often used in the practice. Given the dry bulb temperature (Tdry) and any one of 
the other four humidity related climatic terms (W, RH, Twet or Tdew), the other three variables can be readily 
calculated. 

The cumulative distribution of absolute humidity and relative humidity is shown in Figure 3. It can be seen that the 
variations between different cities are much broader for humidity ratio than for relative humidity. Although it may be 
found that the hotter region may generally have higher humidity ratio, their relative humidity is not necessarily 
higher too. For instance, Canberra has about 35% of time having RH above 80%. This is in comparison with 
Darwin which has only about 25% of time and Perth which has only about 20% of time having RH above 80%. 
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Figure 3: The cumulative distribution of air humidity 

Through the comparison between local temperature and its absolute moisture content, it can also be found from 
Figure 3 (a) that although Perth has a higher mean temperature than Sydney, it actually has clearly less absolute 
moisture content than Sydney. This shows that Perth has a drier air than that Sydney. Comparing Figure 3 (a) to 
Figure 1, it can also be found that Adelaide has a drier air than that Melbourne.  

From Figure 3 (b), it can be seen that Perth and Adelaide are actually the two driest capital cities in Australia. It 
may also be noted that Canberra is actually a much more humid city than other cities in Australia. This may be 
attributed to the fact that, rather than having a high moisture content during the day, as seen in Figure 3 (a), 
Canberra is usually much colder at night. This (a higher RH at night) would however not have much impact on 
cooling loads during the daytime in Canberra. 

Humid or dry air has significant implication not only in the cooling load calculation for air conditioning system 
design, but also for people’s perception in thermal comfort. In a warm and humid climate, considerable air 
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movement may be required to keep people's comfort, while in a hot and dry climate, protection from the intense 
sunshine is essential.  

3.4 Wind  

Wind is the movement of air as a result of pressure and density gradients. It is a vector quantity, having both 
magnitude and direction (Sturman and Tapper, 2005). The sun’s radiation provides the energy that sets the 
atmosphere in motion, both horizontally and vertically (Aerographer's Mate, 2004). The rising and expanding of the 
air when it is warmed, or the descending and contracting of the air when it is cooled causes the vertical motion. 
The horizontal motion is caused by different temperatures due to the inequalities in gain and loss of heat. The 
differences in the type of surface, the differential heating, the unequal distribution of land and water, the relative 
position of oceans to land, forests to mountains, lakes to surrounding land, and the like, can cause different types 
of circulation of the air (Aerographer's Mate, 2004). The pressure variations produced by heat and humidity (with 
heat being the dominant force) create Earth’s winds through the flow of atmospheric mass from an area of higher 
pressure to an area of lower pressure.  

Wind is the climatic element that transports heat and moisture from one location to another, so it is also important 
in the design of building HVAC system, in particular for the natural ventilation of buildings, that the effects of both 
air exchange for ventilation and wind pressure for infiltration be taken into account.  

The cumulative distribution of wind speed and direction is shown in Figure 4. It can be seen from Figure 4(a) that 
Hobart (a coast city) has the highest wind speed, while Canberra (an inland city) has the lowest wind speed 
among the eight capital cities. It is also noted from Figure 4(b) that in Darwin, there is 38% of time being calm, no 
breeze at all. This is followed by Brisbane which has 31% of time being calm. The lowest rate of calm time is 
17.5%, which occurs in Adelaide. The rates of calm time for other cities are between 20 to 30%. 
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Figure 4: The cumulative distribution and percentage distribution of wind character 

From Figure 4(b), it can also be seen that different cities may have different prevailing wind direction. For the eight 
capital cities, their dominated wind directions are (Figure 4):  

 Adelaide – around either South–West (10) or North–East (2);  
 Brisbane – around South–West (9) and South (8);  
 Canberra – around North–West (14) and North North–West (15);  
 Darwin – around either North–West (14) or South–East (6); 
 Hobart – around North–West to North with North North–West (15) has the highest rate of time. 
 Melbourne – around either South (8), or North (16) to North North–East (1), or West (12); 
 Perth – around South–West (10) or East (4); 
 Sydney – around West (12) or East (4). 

Overall, in comparison with other key weather elements, wind is generally much more “changeable” and more 
strongly influenced by the local factors. Moreover, wind measurement is also particularly sensitive to the site 
condition and the instrument used. It has been previously found that the effects of wind data on building thermal 
designs and energy analysis are difficult to define and quantify, but are generally believed to be relatively less 
important, except for in locations where severe wind conditions predominate (Lam et al, 2005). However, for 
natural ventilation buildings, wind data of both direction and speed is very important and would have significant 
implication on building design, especially for the calculation of ventilation air exchange and the possible infiltration. 

41st Annual Conference of the Architectural Science Association ANZAScA 2007 at Deakin University 114



3.5 Solar radiation  

In certain sense, it may be reasonable to assume the Sun is the sole source of heat energy that is supplied to 
earth’s surface and the atmosphere (Aerographer’s mate, 2004). Solar radiation, which is defined as the total 
electromagnetic energy emitted by the Sun, drives almost every physical and biological cycle in the Earth’s climate 
system (NASA, 2005). Solar radiation reaches the earth's surface either by being directly transmitted through the 
atmosphere ("direct solar radiation"), or by being scattered or reflected to the earth’s surface ("diffuse sky 
radiation") (NSIDC, 2005). It is estimated that about 50 percent of solar (shortwave) radiation is reflected back into 
space, while the remaining is absorbed by the earth's surface and re-radiated as thermal infrared (longwave) 
radiation. 

For a specific location, both direct and diffuse solar radiation are determined by the sun’s position (or incident solar 
angle), sun-earth distance and the sky condition (i.e. cloud cover). The global solar irradiation, which is the sum of 
direct solar radiation and diffuse solar (sky) radiation, therefore varies throughout a year with monthly maximum 
solar radiation reaching the highest value in summer and falls to the lowest value in winter. During a day, the solar 
radiation heat gradually increases to reach its maximum at midday and then gradually decreases to zero after 
sunset, following the pattern of cosine bell. Different cities have different scales of variations in solar radiation, and 
reach different levels of daily peak solar radiation (Guan et al 2007). It is expected that the difference of peak solar 
radiation between different cities would be greater in winter time and smaller in summer time.  

The cumulative distribution of global solar irradiance on a horizontal plane and total cloud cover for the eight 
capital cites in Australia is shown in Figure 5. It can be seen that because different cities have different latitudes 
and longitudes, their relative positions to the Sun could be quite different. Moreover, the sky condition (i.e. could 
cover) may also be different for the different cities. All these factors have contributed to the different rates of solar 
irradiation to the different cities. 
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Figure 5: The cumulative distribution and percentage distribution of solar radiation and could cover 

From Figure 5(a), it can be seen that Darwin has the highest solar irradiance, while Hobart has the lowest solar 
irradiance. It is also noted that although Darwin may have the largest amount of solar irradiation, Perth and 
Canberra may receive stronger peak solar irradiation than Darwin (see the top 5% part). This result is consistent 
with the finding by Guan et al (2007) which showed that Darwin has relatively low monthly peak solar radiation in 
the summer period.   

From Figure 5 (b), it is also found that 25% of time in Perth has clear sky, which is followed by Brisbane with 18% 
of time having clear sky. By contrast, Hobart only has 3.5% of time having clear sky. In comparison, Adelaide, 
Hobart and Melbourne have higher broken clouds (7 oktas) than the other cities. Darwin has the highest rate of 
overcast.

4.  CONCLUSION

Through the statistic analysis of climatic parameters, the general distribution profile of weather variables for the 
eight capital cities in Australia has been investigated. It has been found that although the weather variable 
distributions vary with different locations, except for the top and bottom extreme parts, there is generally a good, 
nearly linear relation between the weather variable and its cumulative percentage for the majority of middle part.  

By comparing the slopes of these distribution profiles, it may be possible to determine the relative range of 
changes of the particular weather variables for a given city. With a flatter slope, the range of weather variable 
change over multiple–years would be relatively greater. Using the dry bulb temperature (DBT) as an example, this 
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can have significant implications on the design of buildings, particularly in terms of design heating and cooling 
temperatures for HVAC systems and the potential of using outdoor air for “free cooling”.    

Furthermore, the extreme part of the above distribution profile can also a have significant effect on the design of 
buildings. Because outdoor design temperature is essentially determined by the extreme hot or cold part, the 
outdoor design cooling or heating temperature used for different cities may therefore not always be consistent with 
people’s general (average) perception. For instance, although Perth has 8.8°C lower mean temperature than 
Darwin, it actually has 2.2°C higher summer (peak) design temperature than Darwin. This indicates the air 
conditioning systems in these cities will have to work longer hours at part load and utilized inefficiently in 
comparison with other cities. 

In addition to the dry bulb temperature (DBT), the profiles of other key weather variables have also been studied, 
which include: atmospheric pressure, wind speed and wind direction, air humidity, total cloud cover, and the total 
global solar irradiance on a horizontal plane. In particular, it has been found that Canberra has a remarkably lower 
atmospheric pressure than other capital cities. This indicates the incorporation of local atmospheric pressure in the 
conversion of air humidity terms is particularly important for Canberra. If the standard atmospheric pressure (i.e. 
101325 Pa) is still used for the air humidity conversion in Canberra, significant errors may be introduced. For air 
humidity, the variations between different cities are much broader for humidity ratio than for relative humidity. 
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Abstract: The cyclical interaction between climate change and building performance is of dynamic 
nature and both elements are essentially the cause and the effect of each other. On one hand, 
buildings contribute significantly to the global warming process. On the other hand, climate change is 
also expected to impact on many aspects of building performance. In this paper, the status of current 
research on the implication of climate change on built environment is reviewed. It is found that although 
present investigation has covered broad areas of research, these studies are generally only limited to 
the qualitative analyses. It is also highlighted that, although it is widely realized that reducing 
greenhouse gas emissions from the building sector is very important, the adoption of a complementary 
adaptation strategy to prepare the building for a range of climate change scenarios is also necessary. 
Due to the lack of holistic approach to generate future hourly weather data, various approaches have 
been used to generate different key weather variables. This ad hoc situation has seriously hindered the 
application of building simulation techniques to the climate change impact studies, in particular, in 
providing quantitative information for policy and design development.

Conference theme: Indicators of sustainable development: space, energy, water, waste 
Keywords: climate change, built environment, building research, weather data 

1. INTRODUCTION 

One of the main functions of buildings is to act as a climatic modifier, separating the indoor built environment from the 
external climate. It is however also widely recognised (Figure 1) that the cycling interaction between climate change 
and building performance is of dynamic nature and both are essentially the cause and the effect of each other (Guan 
et al, 2004).  

Figure 1: The cyclical interaction between buildings and the external climate 
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On one hand, buildings contribute significantly to the global warming process. Worldwide, the WorldWatch Institute 
estimates that buildings consume some 40% of the world energy and 16% of the water used annually (Roodman and 
Lenssen, 1995). In Australia, buildings in particular are a major contributor to energy consumption and greenhouse gas 
emissions due to their heavy reliance on grid-supplied electricity which is mostly generated from fossil fuels (mostly 
coal). Specifically, it has been found that the building sector in Australia produces some 95 Mt CO2 greenhouse gases 
annually, which is more than all the emissions of the cars running on the Australian roads (AGO, 2000).  

On the other hand, climate change is also expected to impact on many aspects of building performance (Camilleri, et 
al 2001; UKCIP/EPSRC, 2001), including:  

Higher building energy consumption. Global warming may require more use and higher capacity of air-
conditioning equipment to meet the required level of occupant comfort inside the buildings (Sailor and 
Pavlova, 2003);  

Deteriorating internal thermal environment, such as more overheating in summer. This can impact on 
occupant health, comfort and productivities (Gwilliam and Jones, 2002). It has been estimated that global 
warming is currently contributing to the death of about 160,000 people every year (Bhattacharya, 2003) 

External fabric. The durability of building fabrics could be affected by increased storm, rain, flood and other 
weather conditions (Gwilliam and Jones, 2002); 

Structural integrity, such as wind and snow loading, foundation movement (Lisø et al., 2003, Larsson, 2003, 
Sanders and Phillipson, 2003 and Kasperski, 1998);  

Construction process. This may be disrupted due to adverse weather condition;  

Service infrastructure, such as inadequacy of existing water resources and drainage to deal with storm 
loads.

In the following, the status of current research and development in these broad areas, in particular the building thermal 
performance and energy uses, and the adaptation strategies will be reviewed. The current trends, the gaps in 
knowledge, and new research initiatives will also be highlighted. 

2. STATUS OF CURRENT RESEARCH AND GAPS OF KNOWLEDGE 

2.1 Generic issues of the industry 

It has been found that existing work on the impact of climate change on built environment has covered broad areas of 
research, but generally has only qualitative analysis and is of early exploratory nature (Salagnac, 2004). These works 
have also highlighted the importance of the consideration of local context, the role of building regulation and insurance 
industry, and the divergence of interests between different stakeholders. 

Consideration of local context  

The importance of local context in mediating the various impacts of climate change has been recognised by many 
researchers, including those from the UK (Sanders and Phillipson, 2003, Hunt, 2004), Japan (Shimoda, 2003), New 
Zealand (Camilleri et al., 2001), Canada (Larsson, 2003), South Africa (du Plessis, et al, 2003) and Germany 
(Deilmann, 2004). It is realised that different regions and/or nations have different geographic features and economic 
strengths. This will determine the types of impacts and dictate their action/strategies of responses. For instance, 
different from the other papers which consider the impacts of multiple factors of flooding, overheating, wind damage 
and storm damage etc (Camilleri et al., 2001, Sanders and Phillipson, 2003), Shimoda (2003) chose to deal almost 
entirely with warming in the urban heat island (in Japan). Moreover, in contrast to the papers from industrialised 
countries, du Plessis et al. (2003) felt that the present debate on climate change in the developing world appears to be 
a luxury that only the developed world can afford.  

Role of building regulation and insurance industry  

The role of building regulation and design codes has also been discussed by Lisø et al. (2003), Sanders and Phillipson 
(2003), Larsson (2004), White (2004) and Lowe (2004). It is agreed by all that building regulation plays a crucial role in 
the anticipation and avoidance of risk. The importance of shifting from a reliance on historical data to a reliance on 
predicted future data is also recognised, as it is needed to describe the conditions which buildings and other 
infrastructure will need to withstand in the future. It is argued that simply raising performance standards as a response 
to climate change, without dealing with the issue of non-compliance with existing standards, may not be effective and 
may run the risk of undermining the legitimacy of regulation generally (Lowe, 2003). In parallel, the role of the 
insurance industry in dealing with risk due to climate change has also been discussed by Hertin et al. (2003), Lisø et 
al. (2003), Mills (2003), Milne (2004) and Salagnac (2004). Their studies have highlighted the complexity of the issues 
in this area and the inter-disciplinary approach needed to deal effectively with them (Lowe, 2003). 

Divergence of interests between different stakeholders 
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The problem of divergence of interests of different built environment stakeholders has been discussed by Hertin et al 
(2003) and Larsson (2004). They found that one of the most obvious potential divergences is between the construction 
industry and owners and operators of buildings. Other divergences also exist within the web of interests in the built 
environment – for example between the construction industry and the insurance industry, and between the insurance 
industry and building owners/operators. It is therefore suggested that a systematic understanding of conflicts and 
divergences of interest and of the interplay between different construction industry and built environment agendas be 
carried out. This information would be essential to the process of policy formation and implementation in this area 
(Lowe, 2003). 

2.2 Generation of future hourly weather data for building simulation study 

Because energy, comfort, and lighting performance of buildings depends on the complex interactions between a large 
number of energy transfer mechanisms, building parameters, and the external weather condition, computer simulation 
approach is often the only practical way to bring a systems integration problem of this magnitude within the grasp of 
building consultants (Judkoff and Neymark, 1995). Particularly, because most existing buildings are designed to 
operate in the current weather condition, the thermal performance of such buildings under the conditions of climate 
warming is therefore unclear and remains a great concern, given the rate of CO2 buildup around the globe.  

However, because most of building simulation programs require hourly weather data input for their thermal comfort 
and energy evaluation, the provision of suitable forecast weather data for the future climate is essential. To meet this 
requirement, several different approaches have been proposed (Figure 2). From simple to complex, they may be 
broadly classed as the extrapolating statistic method, the constant offset method, the stochastic weather model and 
the global climate models (Guan et al, 2005). It is found that among these four methods, except for the constant offset 
method, the other (three) methods appear to be either incapable of producing hourly weather data (for extrapolating 
statistic method) or be too complicated and require the metrologist specialists to construct and run the weather model 
(for the stochastic weather model and global climate model). Therefore, constant offset methods are often preferred by 
many building simulation specialists (Scott et al, 1994, Mullan, 1999, Cullen, 2001, Degelman, 2002, Crawley, 2003 
and Belcher et al, 2005). 

Figure 2: The relationship between different methods  

Because of the lack of a holistic approach to generate future hourly weather for the use of building simulation 
technique, various approaches have also been adopted in different studies. Some studies only considered the change 
in temperature (Cullen, 2001), while other have included the potential change in air humidity with different assumptions 
applied (i.e. Scott et al, 1994, Mullan, 1999, Degelman, 2002). Although Belcher et al, (2005) has summarised the 
common approaches, called morphing approach, to implement constant offset method used by different researchers 
into a standard set of procedure, however, this approach only focuses on the morphing of individual weather 
parameters, while the potential cross-correlation between different weather variables is ignored. The approaches to 
deal with the situation when there is no enough or reliable information on projection of future change for some specific 
weather parameters have also not been developed.  

Overall, it may be found that the above situation has seriously hindered the application of building simulation technique 
to the global warming impact study. It is therefore suggested that the development of a framework to convert the 
available local historical weather data and projected future regional weather data to a format suitable for the uses of 
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building simulation program is essential and is required to stimulate the research in the impact study of global warming 
on buildings. 

2.3 Quantitative analysis of building internal thermal environment under global warming conditions 

So far, most quantified studies regarding the impact of global warming on the built environment have focused on the 
prediction of energy use of buildings. A number of different approaches have been employed, including the empirical 
degree-day method (Rosenthal et al, 1995 and Belzer et al, 1996, Sailor and Pavlova, 2003), and the more 
fundamental building energy simulation models (Scott et al, 1994, Sheppard et al, 1997, Cullen, 2001, Aguiar et al, 
2002, Degelman, 2002 and Crawley, 2003). Overall, these studies are all able to confirm that under global warming, 
the contrast between cooling and heating energy consumption would be more significant, but the extent would vary 
from region to region. Where heating and cooling are provided by different fuels, it is also shown that these variations 
would have significant influence on the design and operations of energy delivery systems.     

While most of the current research work concentrates on the prediction of energy use by buildings, there appear to be 
few studies on building internal thermal environment affected by global warming. Despite the recognition of the 
importance of updating design weather data for building design to ensure buildings provide a comfortable indoor 
thermal environment (Pretlove and Oreszczyn, 1998, and Chow et al, 2002, Wright, 2002, Van Paassen and Luo, 
2002), few previous studies presented quantified information on the consequence of change in indoor thermal comfort 
due to a potentially warming climate. It is particularly noted here that existing and most new buildings were only built to 
deal with the climate current at the time of the construction. For a building to be truly sustaining, it needs to endure and 
adapt to climate change incrementally over time (Steemers, 2003 and Bullen, 2004). Integrating innovative retrofit 
measures with the requirements of climate change adaptation is therefore an immediate necessary task for built 
environment research (Bullen, 2004; Steemers, 2003; and Lowe, 2004). 

2.4 Quantitative research on the adaptation strategies  

With the understanding of the effect of global warming on the building energy and thermal performance, adaptation 
strategies based on assessment of potential changes in regional climate and their impacts are also necessary (CSIRO, 
2001a). Corresponding changes in design criteria and operation procedures will also need to be developed in order to 
minimise adverse impacts and maximize benefits from predicted global warming (CSIRO, 2001). However, the extent 
to which the built environment community has engaged with climate change has hitherto been focussed on the 
reduction of energy use and carbon emissions to mitigate change, thus less attention has been paid to the challenge of 
adapting to climate change (Lowe, 2003, Lis  et al, 2003, Larsson, 2003, Hasegawa, 2004). It appears that much of 
the technical and policy-making community has been reluctant to address the problem of adaptation (Lowe, 2003).  

Within the climate impacts literature, there is now a growing realisation and emphasis on adaptation and the need to 
enhance adaptive capacity, both in developed and developing countries (Kelly and Adger, 2000, Burton et al., 2002, 
Lowe, 2003). There is a general view that some form of adaptation may be able to reduce climate change impacts on 
the built environment (Camilleri et al, 2001, Hertin et al 2003, Larsson 2003, Liso et al 2003, Steemers 2003, Lowe 
2004, and Rousseau 2004). Moreover, adaptation is also gaining increasing recognition as an effective strategy to 
improve the sustainability of existing buildings (Ball 1999, Kohler 1999, Cooper 2001, Kohler and Hassler 2002, Mills 
2003 and Larsson 2004). However, given the early stages of development of this field, this research generally displays 
a tentative approach with only qualitative analysis (Salagnac, 2004). None of the investigations has been based on 
rigorous quantitative analysis.  

Currently, one of the interesting topics is the debate on the relationship between adaptation and mitigation. The 
potential for both synergy and conflict between adaptation and mitigation measures and strategies requires the 
development of integrated rather than separate responses (Lowe, 2001a, b, Steemers, 2003 and Lowe 2004). It is also 
believed that there is tight intertwine between the issues of adaptation and mitigation (Camilleri et al, 2001, Shimoda, 
2003 and Mills, 2003). Mills (2003) described the particular dual roles that energy-efficient and renewable energy 
technologies can play in mitigating greenhouse gas emissions while increasing adaptive capacity by making buildings 
more disaster-resilient. Steemers (2003) also emphasized the integration between adaptation and energy efficient 
design. This places a premium on the pursuit of synergies between different agendas, and specifically on the 
development of integrated climate change strategies for the built environment, which address the problems of both 
mitigation and adaptation. Lowe (2002) argued that a clear distinction between adaptation and mitigation strategies 
may not always be unhelpful, because there are potentially significant interactions between the two classes of 
measures. 

Many researchers also suggested different social and behaviour strategies to the global warming. For example, 
Hargreaves et al, (2002) suggested a method of paper-based publication as a climate change mitigation and 
adaptation tool to encourage individuals to think about the connections between their actions and impacts on the 
climate and to enable people to take action to prepare for the likely impacts. Steemers (2003) discussed the adaptive 
potential of buildings and people, while Shimoda (2003) referred to the Kansai ‘summer eco-style campaign’ to reduce 
the impact of the urban heat island by social engineering. It is also realised that the problem of understanding the 
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factors that determine the extent to which they are implemented is complex, requiring significant further research 
(Lowe, 2003, White, 2004).   

3. CURRENT TRENDS AND NEW RESEARCH INITIATIVES 

From the above review, it can be seen that the impact of climate change on the built environment is currently under–
researched (UKCIP/EPSRC, 2001). In recognition of this, several research centres have now been established around 
the world to address this issue. For instance, CIB (The International Council for Research and Innovation in Building 
and Construction) Working Commission 108 – “Climate Change and the Built Environment” was set up in 2002 for 
researchers, designers, regulators and CIB members to “exchange information and ideas from their own countries on 
dealing with the great challenge of climate change and its effect on buildings, their occupants and sustainability” 
(Levermore, 2002).  

Special issues of professional journals have also been published to highlight the current state of the research, 
including the Journal of Building Services Engineering Research and Technology (Vol. 23, No. 4, 2002), and Journal of 
Building Research & Information (Vol. 31, No. 3–4, 2003, Vol. 32, No. 1, 2004, and Vol. 35 No. 4, 2007 ). In early 
2005, the Australian Government, through the Department of the Environment and Heritage also called for a tender to 
carry out a scoping study into measures to identify and assess the need to adapt buildings for the unavoidable 
consequences of climate change. Recently, the Australian Government also announced in the 2007–08 Budget a $170 
million package to help Australian industries and communities to manage the effects of climate change. Federal 
Minister for the Environment and Water Resources, Mr Malcolm Turnbull, said that the additional funding include $26 
million for setting up an Australian Centre for Climate Change Adaptation, $100 million for programme funding for the 
Centre, and $44 million for an Adaptation Flagship to be established in the CSIRO (AGO, 2007). 

Overall, because greenhouse gas concentrations are continuing to increase, the issues of implication of global 
warming on built environment will become more urgent and increasingly more significant. There is clearly also a 
significant gap in this area of research, particularly in terms of provision of quantified information and systematic case 
studies for different climate types. 

4. CONCLUSION 

The cycling interaction between climate change and building performance is of dynamic nature and both are 
essentially the cause and the effect of each other. On one hand, buildings contribute significantly to the global warming 
process. On the other hand, climate change is also expected to impact on many aspects of building performance, 
which may include building energy consumption, internal thermal environment, external fabric, structural integrity, 
construction process and service infrastructure. 

In this paper, the status of current research on the implication of climate change on built environment has been 
reviewed. The current trends and the gaps in these knowledge have been highlighted. It has been found that although 
the present research on the impact of climate change on built environment has covered broad areas of research, it is 
generally only limited to the qualitative analyses. So far, most quantified studies have also been typically focusing on 
the prediction of energy use of buildings, while studies on the impact of climate change on building internal thermal 
environment and adaptation strategies appear to be relatively rare.  

It has also been highlighted that although it is widely realized that reducing greenhouse gas emissions from the 
building sector to limit future climate change is very important, the adoption of complementary measures to prepare the 
building for a range of climate change scenarios is also necessary. Moreover, due to the lack of holistic approach to 
generate future hourly weather data, various approaches were adopted to generate different key weather variables. 
This ad hoc situation has seriously hindered the application of building simulation technique to the climate change 
impact study, in particular, to provide quantitative information for policy and design development.  
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Do designer’s decisions affect the
CO2-e Impact for a House? 

Janet Henriksen and David Liefer
University of Sydney, Australia 

Abstract: This paper reports thesis findings that quantified the impact of design decisions on the carbon 
dioxide equivalent gas (CO2-e) emissions of a house. 

Three architects’ designs for an energy efficient house in a temperate zone are compared. A life cycle 
analysis approach developed from the perspective of a designer formed a framework to assist design 
decision-making. The BHP Steel LISA program, which assesses the impact of materials, was linked to 
the NatHERS rating tool. Spreadsheet based programs have been developed to model the site 
construction and the renovation component of a lifecycle. A spreadsheet program was developed to 
identify the number of hours a design is outside a defined temperature range, allowing modelling of 
heating and cooling appliance energy requirement.  

The difference between specific design decisions is conceptualized as a ‘D-value’, reflecting the 
complexity of decisions when a designer desires to minimise CO2-e impact of a dwelling in a 
temperate climate. 

The difference between design options illustrates the fact that design decisions have significant impact 
over a life cycle. The results found using this method are then subjected to a sensitivity analysis on the 
best and worst performing solutions, to identify the most effective design decisions  

Conference theme: Human Issues: social, cultural, economic 
Keywords:  LCA, Energy, design. 

INTRODUCTION 

From the findings of environmental research regarding the effects of increased levels of anthropomorphic release of 
CO2-e there is an imperative to building designers to reduce the impact of buildings, and specifically the impact of 
their design decisions.   

Before designers can reduce their impact, they need to know what the impact of their specific decisions is likely to be. 
The issue is complicated by the lack of understanding of the relative impact of production versus the life cycle benefit 
of the material choice. In addition, there are many combinations of materials available to designers and, this choice 
combined with choices regarding the form, contribute to a process described as messy (Schon 1987:157) and 
‘wicked’ (Lang 1987:23). Even a large practice that invests time in evaluating the impact of all their built projects may 
not be able to determine appropriate strategies, as many options with possibly less impact would remain untested.  
Some work has been done by Pullen (2000), Fay (1999) and Mackley (1998), who from different viewpoints 
examined the life cycle energy use of typical Australian dwellings. Their research focused on the energy use 
attributable to the stages of the life cycle, and not so much on comparing options to determine the impact of 
designer’s decisions. 

The aim of this paper is to present a limited investigation of modelled variants for three house designs for the one site 
quantifying the CO2-e impact of specific design decisions. To reduce the complexity specific designs are taken and 
differences modelled. The difference between one design option and another is conceptualized as a ‘D-value’ 
allowing comparison.  Selected calculations are subjected to a sensitivity analysis. 

1. DESIGN OPTIONS 

The three designs were proposals for an energy efficient house for LandCom at Metford, 28km due West of 
Williamtown, which is the source of climate data for the cities of Newcastle and Maitland NSW. The winning design by 
the architect Glen Spicer was built. It is called Design S below. A design by Ian Gill that was commended is below 
called Design G. An experimental design by Lindsay Johnston is called Design J. These three architects were all 
committed to an environmental response and were working with the same brief. This was an ideal situation to 
compare design responses.  

The combination of only 3 design forms, 24 cladding/roofing choices, 9 insulation levels, 2 ceiling heights and 2 
different roof types leads to 2592 permutations. Of these a subset was examined.   
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1.1 Design S 
The house is both a conscious attempt at passive solar design and could still be considered a typical suburban 
house. Refer to Figures 1 and 2. It has a floor area of 182 m2 including the garage. The Living and Bedrooms were 
retrospectively air-conditioned after hand over. This equates to a conditioned area of 131m2. The house is orientated 
o face the street with the Living room windows facing 27 degrees East of North. 

igure 1. Plan of house Design S Living to the North, bedrooms to South.

.2 Design G 
y Ian Gill. It has a floor area of 181m2 including the garage. The living and bedrooms have a floor 

Source: Glen Spicer North

Figure 1. Plan of Design S  (N.T.S)

 F

1
This proposal is b
area of 110m2, which for this study are assumed air-conditioned. The house is orientated due North. Of the three 
proposals this was the most strongly zoned, with all of the habitable rooms facing North. (Figures 3 and 4) 

North

Figure 2. North view of S house.

Source: Ian Gill 

Source: Glen Spicer 

Figure 3. Case study house plan Design G showing all living and bedroom spaces orientated to the North.
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Source: Ian Gill

Source: Ian Gill 

Figure 4. Case study house Section Design G showing designers intent. 
1.3 Design J 
Architect Lindsay Johnston designed this house as a response to the experience of his award winning house, Four 
Horizons. It has a compact plan, with the house area being 118m2 or 160m2 including the separate garage. If the 
living and bedrooms spaces are air-conditioned, this produces a conditioned area of 94.3m2. The house is orientated 
27 degrees East of North, to allow greater morning solar access to the living spaces and reduce the impact of the 
Western summer sun. Figure 5 shows the very compact 2 storey design with a double roof and large eaves and 
Figure 6 shows the small footprint. 

Source: Lindsay Johnston 

Figure 5. Model of Design J house Figure 6. Plan of Design J case study house

2. METHOD 

2.1 Life cycle analysis 
The Life Cycle Analysis method was used to show quantitatively the consequences for CO2-e emissions of selected 
design options. The method used was based on Fay (1999) and modified. The operational energy component of the 
Life Cycle focuses only on the operational energy from heating and cooling. The energy used in the life cycle of a 
house is classified into the following stages: material processing, material transport, site construction, renovation, 
operational energy, and recycling. For this study the impact resulting from the energy used in each stage is converted 
to tCO2-e and is added together. This is expressed as Equation 1: 

LCI =  EIp + EIt + EIc +  [EIp x (          -1) x QPp]  + LCx [ OEHeat x IHeat + OECool x ICool ]  - EIp x R    Equation 1 
LC

RPp
Where
EIp =  Embodied Impact in materials in tCO2-e
EIt =  Embodied Impact in material transport to site in tCO2-e
EIc =  Embodied Impact in construction in  tCO2-e
I  = Impact in tCO2-e 
LC= Building life cycle in years 
OE = Annual heating and cooling energy in GJ 
RPp= Material replacement rate in years 
QPp = Proportion of product replaced 
R=   Recycled percentage  

2.2 Embodied energy and transport 
The quantity of the various materials that would be needed to make each design option was estimated. For example, 
to compare a timber floor to a concrete slab on ground, the approximate volume of timber, brick, metal and concrete 
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for each of the options respectively was estimated. These volumes were entered into the spreadsheet of the LCA in 
Sustainable Architecture (LISA) decision support tool, developed by BHP Steel (BlueScope Steel 2003). The LISA 
database contains inventory values for 60 construction materials, per unit of weight or volume, derived from analysis 
of manufacturing processes. The output data categories are: CO2-e, resource energy consumption, particulate, NOx 
and SOx emissions and freshwater consumption. This paper uses the CO2-e emissions indicator data. The LISA data 
for each material is multiplied by the estimated volume of the material to obtain the Embodied Impact of the materials. 
LISA also contains data for the impacts of transportation fuels. The impact of the material’s transport in construction 
is calculated with the weight and estimates of distances that the material would be transported. 

As the embodied impact values are derived from the direct inputs of energy into manufacturing process they do not 
take into account the industries such as office supplies and banking that support the process. This is a wider system 
boundary and increases the values as the work of Treloar (1998) shows. This paper assumes that for the purposes of 
comparing two similar buildings the activity of associated support or service industries to the various processes would 
be relatively similar.  

2.3 Impacts for construction 
The construction energy used on site was calculated based on values from the study by See (Pullen 2000).  A 
spreadsheet was made of the energy used and its impact for each part of the construction process as either an item 
rate or per m2. In addition some processes were estimated based on construction experience. These rates were 
applied to the material assembly processes expected for the design variants. 

2.4 The building’s operational life cycle length  
The life cycle chosen is 50 years. Predicting the life expectancy for a house is difficult, as the reasons for the end of 
life are varied (Johnstone 2002). A period of 50 years was chosen as it seems to be an average figure used by 
industry and researchers in published literature (Petersen & Solberg 2002, Pullen 2000, Winther & Hestnes 1999). 
Also a period of 50 years is supported by housing maintenance schedules published by the National Public Works 
Council (1993). For simplification it is assumed that the actions of the household will be consistent over the life cycle. 
Though studies have shown that global warming scenarios do have an effect on energy use (Luxmoore, Jayasinghe, 
Thishan and Mahendran 2005, Guan,Yang and Bell 2005), however, as there are number of global warming climate 
scenarios, for simplification, it is assumed that the climate is consistent over the 50 years of the assumed life cycle.   

2.5 Operational heating and cooling energy simulation 
The design variants were simulated in the Nationwide House Energy Rating Scheme (NatHERS) thermal modelling 
program, which is based on the CSIRO CheNATH program, a successor to Cheetah. It allows the modelling of the 
thermal performance of a building as three zones in a preset climate. The users of the building are standardised with 
assumed ventilation rates and activities such as blind and curtain operations are preset.  

NatHERS figures do not account for the efficiencies of fuel or appliance type or for patterns of energy use, but rather 
are the absolute energy requirement predicted to heat and cool to bring the temperature inside a defined range. A 
number of models were simulated and the hours outside the temperature range of 18-27deg.C were analysed and 
assumed to have an air conditioner switch on and run for an hour at its full rated power usage and at fan for the 
remaining hours. The air conditioner had a coefficient of performance (COP) value. In this case it is assumed that it 
equates to an air conditioner with a heating COP of 3.3 and a cooling COP of 2.8 (Daikin 2002). The resulting energy 
use was compared to the NatHERS output value. There was some correlation which is reported in Henriksen (2006) 
and resulted in the following: 

OEHeat = [Aa/c(9.667Ner+89.36)+Afan((33.386Ner+194.25)-(9.667Ner+89.36))] x3.6  
OECool=  [Aa/c(11.199Ner–0.967)+Afan((43.258Ner–4.1796)–(11.199Ner–0.967))] x3.6  

Where 
OEHeat= Annual operational heating energy (GJ) 
OECool = Annual operational cooling energy (GJ) 
A = Appliance’s rated power use (MW/h) 
Eg= Energy use (GJ/h) 
Ner= NatHERS yearly energy requirement (GJ) 

The annual heating and cooling energy use for each model is multiplied by 50 years to give a life cycle value. The 
normalized energy figures are then multiplied by the impact of grid electricity for New South Wales, the location of the 
site, to allow comparison with the impacts of the materials.  

NatHERS contains ventilation regime and also levels of infiltration based on the exposure of the site and whether the 
house is weather-stripped. The NatHERS ventilation model also included theoretical occupants opening the windows 
when conditions are favourable externally and closing them when the external temperature is not desirable. 

2.6 Renovation 
Using data from the National Public Works Council (1993) and personal experience, renovation rates for materials 
were linked to LISA, and a spreadsheet developed for output of embodied and transport impact for 5 yearly 
increments over the 50 year life.  
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2.7 Recycling 
The recycling component is the embodied impact returned to the economy as usable material at the end of life. 
Where a material requires minimal energy for re-use, it is assumed that a proportion of the initial energy used is 
recycled.  Other material’s such as aluminium are given a factor that reflects the energy saved in recycling rather than 
formation of the material from excavation.  

2.8 The design variants (functional units) 
The three designs were assumed to be constructed of materials to match a Base Model of concrete slab on ground 
uninsulated timber framed brick veneer, 2400 high ceiling, with timber truss and metal roof. They were also modified 
to include specific thermal strategies, including insulation. The designer’s arrangement of the spaces and windows 
was considered fixed. Table 1 lists all the models and their attributes. 

Table 1: Summary of specific design options 

Model Description
Base Model Concrete slab on ground, styrene pod, timber framed brick veneer, 2.4m high ceiling, plasterb’d 

lined, timber truss roof, Colorbond Custom Orb roof on foil blanket, 450mm eaves, Aluminium 
framed windows, single glazed, Carpet floor finish to Bedrooms and living, with tile elsewhere. 

1  Standard Slab Slab where the pods are removed and beams added under walls. 
2  Roof Vent. The vented roof As Designed is added. 
3 Tile Roof The metal roofing is changed to Concrete Tile 
4 Tile Roof Sark Sarking (foil backed paper) is added to the tile roof above  
5 Timber Floor A framed timber floor on brick piers, brick sub-wall replaces the concrete slab.  
6  Reverse B'veneer Brick veneer is changed to reverse veneer with weatherboard cladding and internal brick walls. 
7  Metal Cladding The brick veneer is changed to corrugated colorbond metal cladding.  
8  Metal Clad Sark Under this metal cladding is in addition sarking  
9   Fibre Cement Clad The brick veneer is changed to fibre cement cladding 
10  W'board clad The brick veneer is changed to timber weatherboard cladding 
11  W'bd Timber Floor In addition the floor is changes to timber framing on brick piers, brick sub-wall. 
12  W'bd Tim Fl Tile Roof The above is given a tile roof instead of a metal one 
13  Wb'd Tim Fl Tile, Sark Additionally the tile roof is sarked 
14 W'board Clad Tile Roof Base Model brick veneer changed to weatherboard cladding & metal roof sheet to tile roof. 
15 A W'board Tile Roof, Sark Additionally the tile roof is sarked 
16   Cavity Brick Brick veneer and internal studs replaced with brick internal walls and cavity brick external walls 
17   CB Tile Roof In addition the Metal roof is replaced with Tiles 
18 CB Tile Roof Sark Above is sarked 
19   Cavity Bk Tile Timber Fl The J1 model above is modified by changing the slab to a timber framed floor  
20  Rammed Earth Base Model modified with rammed earth walls 150mm internal walls and 300mm for external.  
21  AAC Veneer The brick veneer of base Model replaced with aerated concrete block/panel.  
22  Drapes Pelmet The base case in addition has timber pelmets and heavy woollen drapes on aluminium track. 

2.7 The Difference due to design 
The calculation of Life Cycle Impacts for various designs provides data. However, to a designer it is important to 
know which design strategies deliver solutions with less impact. Therefore designs are grouped and a number of 
variants are modified to test a strategy. These are related back to a base model and the difference in impact due to 
the modification to the design is called the D-value, where Life Cycle Impact is LCI: 

D-value= LCI  Design n – LCI Base Model. 

2.8 Sensitivity Analysis 
The results for the D-value obtained give a single value. However, this value is based on the many inputs made at 
each stage of the LCI calculations. Model variants were selected that had the least or greatest impact and subjected 
to a sensitivity analysis by changing every data value input by ±5% to indicate the reliability of the results.  

3. RESULTS 

3.1 Results summary 
The Life Cycle Impact for Base model is compared to the various design options to calculate the Difference or (D- 
value) and is reported in Table 2. A large positive value in columns 4 to 7 indicates that a variant has a significant 
reduction in life cycle impact when compared to the Base Model. A negative value indicates in increase in Life Cycle 
Impact over the Base Model. Where there were a number of design variants used to examine one strategy the results 
varied over a range and are reported as a maximum (Column 4) and minimum (Column 6). All values are also 
reported as a percentage of the Base Model.  
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3.2 Difference for 22 cladding variations 
Assuming a similar heating and cooling regime, by changing the Base Model from slab, brick veneer and metal roof 
to have a timber floor, weatherboards and a tile roof, there could be an increase in impact of 46%. In general most 
options produced an increase in impact. The options that produced a reduced impact were: Replacing the brick 
veneer with corrugated metal cladding on sarking, replacing the brick veneer with AAC Veneer and, with a marginal 
improvement, replacing the brick veneer with rammed earth. It was found that adding pelmets and the occupants 
using heavy drapes almost equalled the reduction in impact predicted for metal cladding on sarking and AAC Veneer.   

3.3 The effect of Insulation variation 
Though increasing the insulation levels incrementally from one ‘R’ value to the next did not yield remarkable 
differences, the difference between an uninsulated house and the super insulated house predicted was between 108 
and 233.5 t CO2-e, assuming the heating and cooling regime. This represented between a 40% and 50% saving in 
impact. It is to be noted that these insulated models were modelled as weather-stripped, or sealed from infiltration. 

Table 2: Summary of D-values for specific design options and relationship as a percentage of the Base-case 

LCI   50 yrs    (t CO2-e) 

Base Model 271
1 2 3 4 5 6 7

Design option Variant (s) 
D I Max  
(t CO2-e) 

% D max 
Base-case

D I Min
(t CO2-e) 

% D min 
Base-case

Base Model 22 cladding options 55.1 20.3 -126.3 -46.5
1 uninsulated 2 Roof insul.R2 127.6 47.1 51.7 19.1
2 Roof insul.R2 3 Wallsark RoofR2 38.7 14.3 3.5 1.3
3 Wallsark RoofR2 4 Wall R1.5 6.6 2.4 1.0 0.4
4 Wall R1.5 5 Wall R2 4.0 1.5 0.7 0.3
5 Wall R2 6 Wall R2 Roof R3 7.0 2.6 3.1 1.1
6 Wall R2 Roof R3 7 DG R2, R3 37.1 13.7 18.1 6.7
7 DG R2, R3 9 DG LowE R2, R4 20.1 7.4 9.7 3.6
1 uninsulated 9 DG LowE R2, R4 233.5 86.2 109.0 40.2
Base Case 13 Passive variants 129.7 47.9 72.0 26.6
Ceiling 2.4m Ceiling 2.7m -1.1 -0.4 -6.9 -2.5
Insulated uninsulated RC slab -1.5 -0.6 -8.9 -3.3
Standard Roof vented roof space 0.3 0.1 -35.7 -13.2
No drapes Drapes Pelmets 25.2 9.3 4.5 1.7
Base Model As Designed  83 30.3

Design
S

North orientation Other 3 Orientations 0 0.0 -29 -10.7
1 uninsulated 2 Roof R2 75 27.7 43 15.9
2 Roof R2 3 Wall sark Roof R2 24 8.9 20 7.4
3 Wall sark Roof R2 4 Wall R1.5 RoofR2 8 3.0 4 1.5
4 Wall R1.5 RoofR2 5 Wall R2, Roof R2 2 0.7 -1 -0.4
5 Wall R2  Roof R2 6 Wall R2, Roof R3 4 1.5 3 1.1
6 Wall R2, Roof R3  7 DG wall R2, R3 39 14.4 24 8.9
7 DG wall R2, R3  9 DG LowE R2, R4 21 7.7 9 3.3
1 uninsulated 9 DG LowE R2, R4 158 58.3 108 39.9
Ceiling 2.4m Ceiling 2.7m -3 -1.1 -12 -4.4
Base Type As Designed  78 28.8

Design
G

North orientation/  Other Orientation 0 0.0 -46 -17.0
Standard roof Parasol Roof 2.3 0.8 0.2 0.1
Brick veneer Reverse Bk veneer 28 10.3 9 3.3
Base Type As Designed  122 45.0

Design
J

North Orientation  other 3 orientations -32 -11.8
North Orientation Six forms other 3 orientations -46 -17.0
Base-Model six forms 121 44.6 -29 -10.7
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3.4 Passive design  
Of the passive design variants tested there was between 72 and 130 tCO2-e predicted reduction over the life cycle 
impact of the Base model given the heating and cooling regime. Those models with aluminium framed operable 
pergolas increased the solar access to the North (equator facing) glazing in winter and reduced it in summer, which 
improved the thermal performance over the models with a fixed overhang. Despite the higher embodied energy of the 
models with the aluminium pergola, they had a reduced impact over the 50 year life cycle, assuming air conditioning 
was used. Some variants also increased the tile area over carpet which also over a life cycle slightly reduced the 
impact, assuming air-conditioning was used by the occupants to achieve the assumed temperature range.  

3.5 A higher ceiling 
If all parameters are equal, increasing a ceiling height increases the life cycle impact slightly. In this set of models 
tested, the minimum increase for a 2.7m high ceiling over one at 2.4m is 3 tCO2-e and the maximum increase in 
impact is 12 tCO2-e.

3.6 Difference due to form 
The form, or configuration of the design, has a significant effect on the D-value. This study compared the 3 designs 
as they were designed, with each design having a version with a more standard suburban form with a hip roof and 
brick veneer walls to create 6 models. The variation between the highest and the lowest impact over the 6 models is 
121t CO2-e or 44% saving in impact of one design over another. The most compact Design J, As-designed model, 
has the lowest impact. This was due to both the design requiring material to build and to the improved thermal 
performance predicted.    

4. SENSITIVITY ANALYSIS 

4.1 The type of data 
For a life cycle analysis the impact for each stage is added to the previous impact. When two numbers are added 
together, increasing the input values of both numbers by 5% is the same as increasing the sum of the two numbers 
by 5%. However, in each life cycle stage there are sub-calculations that involve simulation and multiplication by 
impact factors.

4.2 Results of Sensitivity Analysis  
The results for the sensitivity analysis are in Figure 7 below. They show that the method is robust enough to predict 
differences of over 50tCO2-e, and that generally confidence may be placed in the prediction of which model is better 
than another.  

Sensitivity Analysis
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Figure 7. Results of sensitivity analysis. 
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5. DISCUSSION 
5.1 Brick veneer  
A significant proportion of housing constructed in Australia is brick veneer, the ABS (1999) reported a figure of 41%, 
the next most popular wall construction being cavity brick at 30%. Uninsulated cavity brick compared to the 
uninsulated brick veneer resulted in an impact of just over 10tonne CO2-e over a 50 year life cycle assuming an 
equivalent heating regime. Brick veneer is significantly easier to sark or insulate, with the ties and the presence of 
water in cavity brick presenting a barrier to incorporating insulation. Reverse veneer is found to have a slightly higher 
impact that brick veneer for Design S, but it is negligible. For Design J reverse veneer resulted in a reduction in 
impact of between 28 and 9 tCO2-e over the lifetime. An analysis during the research period found that the increase 
in impact for Design S was due to the impact the energy required to heat the masonry internal skin on the South 
during winter. In other words the best result for reverse veneer was when it was normal veneer to the south and 
reverse construction to the North, assuming a significant proportion of the gazing of the house was to the North (or 
equator facing).    

5.2 Issues relating to the ceiling height 
In all cases the higher ceiling resulted in a higher life cycle impact. This is due to the fact that more material is 
required to make it. In addition it increases the wall area and therefore the exposure of the inside climate to the 
outside climate, which is often outside the temperature range desired inside.  

A 2.4m high ceiling is not conducive to the installation of ceiling fans. If by installing ceiling fans the effective 
temperature achieved by air movement is acceptable than the embodied energy in the material may be justified.  Also 
it is to be noted that the architect’s as- designed models, despite having higher ceiling’s overall had less impact than 
the Base model.  

5.3 Uncertainty and the relative scale of the difference due to design  
The D-value is only a guide to the possible impact of a designer’s decisions. It assumes a behaviour pattern on the 
part of the occupants, including air-conditioning both living and bedrooms in their house, which may or may not occur. 
The D-value is a tool to quantify a possible impact within certain given parameters.  
However, though it allows comparison it does not allow a sense of how big the saving due to design may be. One 
point of comparison is the overall impact of the occupants in the house over 50 years. The Australian impact in 1990 
was estimated as 499.9 MtCO2-e (AGO 2007) with a population of 17.065 million (ABS 1995) this is a per capita 
impact of 29 tCO2-e for that year. In 2005 the Australian impact was estimated at 522.2 MtCO2-e (AGO 2005), with a 
population of 20.559 million (ABS 2007), which equates to a per capita emission of 25.4 tCO2-e for that year. For the 
sake of comparison the current situation is projected for 50 years. If it is assumed an average household size is 2.6, 
as it was in 2001 (ABS 2006), and assuming current emissions are maintained over 50 years, the household 
proportion of the total Australian impact would be approximately 3500 tCO2-e for the 50 years. The maximum D-value 
was 233 tCO2-e over a 50 year building life assuming, the occupants use air-conditioning to heat and cool. This is 
approximately a fifteenth of the estimated average total Australian household impact assuming current conditions.   

6. CONCLUSION 
As the financial investment in the construction of housing is so high (Rawlinsons 2006), there is a considerable 
economic incentive to build for the cheapest cost, which results in the construction being to the lowest standard. By 
identifying those design issues that have greatest impact upon CO2-e, stakeholders are readily able to identify the 
‘good’ characteristics of a house. These have been identified as: orientation of the majority of the glazing to the 
North, appropriate use of mass in passive design and appropriate insulation.  

The study has also shown the large impact that inappropriate design of form can have. Both designs G and J which 
look more different that the more ‘standard’ suburban house model resulted in a significantly lower life cycle impact, 
assuming the heating and cooling regime modelled. This result questions the validity of the ‘standard’ project home 
typology. In an environment where householders desire both increased levels of comfort and reduced environmental 
impact, the form and material of the Australian house should be climate responsive.  
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A Post Occupancy Evaluation (POE) of Lark Quarry 
Trackways Building and Shelter, Winton, Queensland 
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Abstract: The aim of the paper is to report the outcomes of a POE study of Lark Quarry Trackways 
Building and Shelter, Winton, Queensland. The project is of interest due to its design process, remote 
location and desert climate. The research approach uses a number of post occupancy methods, 
including a green design benchmarking tool and stakeholder feedback, combined with an 
environmental monitoring program over a period of one year. The outcomes of the research are 
recommendations for improving the climate responsiveness of the building, in particular to address 
overheating, and arguments for the adoption of new POE methods for evaluating buildings in remote 
areas.

Conference theme: Building Case Studies
Keywords: Thermal, Post-occupancy Evaluations

INTRODUCTION 

The Lark Quarry study arose out of research work on improving the Post Occupancy Evaluation (POE) methodology 
to make it more relevant to architectural practices. This has involved prior research that argued that, to be relevant for 
current needs, POE’s have to be grounded more fully in sustainability issues and better nested within the design 
process; and also that a diagnostic framework should be created, incorporating aspects of both monitoring and 
investigative processes over time. This POE approach must also be scaled to match resources to the funding base of 
clients and the design team (Hyde & Davidson 2006; Hyde, Watson, Cheshire & Thomson, 2007).  

The Lark Quarry project offered an ideal test case study. It has a relatively simple brief; it is located in a remote 
area in a highly fragile desert ecology that challenges the demands for sustainability (see Figure. 1). The client and 
design team are committed to establishing the framework of a longitudinal investigation to study the museum’s 
technical performance over time, initially for a twelve-month period. In addition a number of factors make this building 
a suitable test-bed for the purpose, due to its remote location, desert climate and lack of access to services.  

First, the remote location means that the transportation and servicing of materials and systems is problematic, 
since the supply lines are long. Second, the building is located in a highly aggressive desert climate, with high 
temperatures in the summer, a large diurnal swing and significant humidity fluctuations; and it is cold in winter.  
Finally, the availability of services to the site is limited.  Neither grid-based electric power nor reticulated water is 
available, which creates a need for a high level of building self-sufficiency.  

These factors had implications for the POE methodology. The tyranny of distance not only has an influence on 
design and construction (a fourteen hour road trip or a two hour flight) but also has an impact on the POE 
methodology, in particular gaining access to the site and the building users, and retrieving as well as installing 
monitoring equipment. Many POE studies have a broad focus, which means they are costly and do not necessarily 
address the key issues. A scaled methodology was required to address the key research questions while being more 
cost effective and definitive in its approach.  Consequently, four research questions are addressed in this paper: 

1) How efficient was the POE methodology? 
2) To what extent does the building achieve its design intentions? 
3) How effective are the passive building strategies? 
4) What suggestions can be made for improving the building’s performance?

The paper is divided into four parts: the first describes the research methods used and improvements to the POE 
methodology, the second describes the design intent and evaluation, the third examines the use of passive systems, 
and finally the fourth suggests ways of improving the building’s performance. 

1 POE RESEARCH APPROACH 

1.1 Research methods 
Preiser (1995) has identified three ‘levels’ or types of POE – indicative, investigative, and diagnostic – and 

explains that these levels are related to the effort a practitioner must expend in undertaking a particular evaluation. 
Indicative POEs are quick, walk-through evaluations, involving structured interviews with key personnel as well as 
inspections in which both positive and negative aspects of building performance are documented photographically. 
Investigative POEs are more in-depth and use interviews and survey questionnaires, as well as photographic and 
physical measurements. Diagnostic POEs are focused, longitudinal and cross-sectional evaluation studies of such 
performance aspects as … safety, orientation … lighting, privacy, overcrowding, etc. (Preiser 1995: 22.) 
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Figure 1: Left. Site plan shows the orientation of the buildings, access road and layout (source: Gall and Medek 
Architects). Right. A view looking south showing geologically significant mesa-butte topography, entrance shelter 

building, walkway, display area connected to the Trackways building (source Lin Martin).

Building on Preiser’s (1995) work, Bycroft and McGregor (2002: 5) explain the differences in each type of POE. 
They show that the indicative POE has a broad scope, which gives immediate feedback to the evaluator, whereas the 
investigative POE “involves a more detailed analysis,” and builds on the indicative approach by focusing on the 
technical aspects of the building’s performance. The post occupancy evaluation of the Lark Quarry Trackways 
combines elements of these types into a diagnostic framework, as it incorporates aspects of both the indicative and 
investigative processes outlined above. This framework sets up a longitudinal research methodology for monitoring 
the museum’s technical performance over a six-month period, as well as investigating the cultural and community 
impacts of the building. The work reported here examines the results of the monitoring work, of which there are three 
main components. First, walk-through evaluations, involving interviews with key personnel as well as inspections in 
which both positive and negative aspects of building performance are documented; second, thermal monitoring using 
temperature and humidity sensors and data loggers over a twelve-month period and third, a satisfaction 
questionnaire administered to the building users, mostly visitors to the museum. 

1.2 Research plan
The research plan involved several components: first, there was an initial discussion with representatives of the 

design team to ascertain the design intent for the project and to collect drawings and specification information. There 
was an initial two-day site visit in June 2006, when the instrumentation was installed, with a follow-up visit in early 
December 2006 when further spot measures and installation of equipment took place, followed by a final visit in June 
2007, for discussions with Winton Council and to obtain user feedback and administer the questionnaire.  

The initial field trip to Lark Quarry to install the measuring equipment gave researchers an opportunity to discuss 
the operational and environmental performance of the building with museum staff and members of Winton Shire 
Council. This was followed by fieldwork and site visits to set up the monitoring program. Initial spot measures were 
taken to assist with calibrating the electronic sensors and to obtain some initial data to assist with the diagnostic 
work. The POE study was extended to include the summer period, so a six-month period of measurement was used, 
between July, the coolest time of the year, and February, the hottest. Portable and non-intrusive data loggers were 
set up to measure diurnal temperature and humidity changes at 30-minute intervals over that period.  Lux meters 
were used to gauge the effectiveness of the building’s skylights. Airflow within the building was measured with 
anemometers. Data on electricity and water usage could not be collected, due to a lack of available meters.  

1.3 Improvement to POE methodology 
Improvements to the POE methodology centred on minimising some of the limitations inherent in this type of 

study. One limitation was the availability of the built-in monitoring sensors and meters, which meant that it was 
difficult to gather data on the energy, water and waste consumption during ongoing monitoring. It was also difficult to 
gauge the operation of the photovoltaic system.  

 A further difficulty was accessing user information; the staff at Winton Council and rangers at Lark Quarry 
cooperated in assisting with the process, but time for training needs to be factored into the methodology to facilitate 
this. Finally, although the use of individual data loggers was a reliable way of collecting data, retrieving the equipment 
was problematic; two were lost in the final measurement period.  

2 DESIGN INTENT AND EVALUATION 

2.1. Design objectives and site constraints 
The Lark Quarry Trackways Building is in a remote desert area, 120 kilometres southwest of Winton in Central 

Queensland, and accommodates a set of dinosaur footprints that are unique to the area and have been 
acknowledged to be of significant archaeological value. The Lark Quarry Conservation Park protects these excavated 
dinosaur footprints, which are 93 million years old and are the world’s best-known record of a dinosaur stampede. 
The isolation and fragility of this natural resource requires special consideration with regard to access, conservation 
and presentation.  
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Figure 2: Right. Long section. (Source Gall Medek.) Left. East elevation showing the display area with the Trackways 
building behind. Low maintenance materials are used, comprising steel roofing with steel sandwich panel 

construction for walls to provide insulation. Horizontal shading is provided to the easterly windows. (Source: Lin Martin.)

A working group was established, with representatives from Tourism Queensland, the Queensland Parks and Wildlife 
Service, the Department of the Premier and Cabinet, the Queensland Heritage Trails Network and a number of 
consulting organizations, to produce a concept design and pre-feasibility study in order to advance the development 
funding for this project. The major issues considered by the working group were: preservation of the Trackways 
surface; ongoing funding of site facilities; additional requirements brought about by increased site visitation; and 
defining the interpretation focus for the facility.

Further issues were: promotion of the Trackways facility; accommodation at the facility; and the incorporation of 
ecologically sustainable design and technology, appropriate for the environment and for the experience. The 
Queensland Museum advised that the dinosaur tracks could potentially extend further into the hill on which they are 
situated, and that other, as yet undiscovered, palaeontologic resources might be found on any or all of the 
surrounding ridges. This site constraint resulted in the decision to locate the primary visitor facility, together with any 
camping accommodation, well away from the Trackways conservation building. The buildings are joined by an 
elevated walkway that brings visitors into the display area. From there a further walkway and viewing platform is used 
to enter and circulate around the Trackways building, so as to avoid damage to the rock floor.  

Four main design requirements for the project were identified:  
1) Conservation of the dinosaur tracks;  
2) Provision of accommodation and access for visitors;  
3) Interpretation to visitors of the meanings of the tracks and the surrounding landscape, focusing on the 

existing landscape and the history, theories, and information behind the dinosaur Trackways.   
4) Showcasing of ‘best practice’ ESD (Ecologically Sustainable Development) principles. 

2.2 Design requirements and strategies   
The design requirements are addressed through the provision of three buildings and their linking walkways. The 

Trackways building conserves the footprints; visitors enter by a walkway which is suspended above the footprints to 
provide protection and security. Additional visitor requirements are accommodated by an entrance shelter and 
Interpretation display area. As visitors arrive at the site they are accommodated in the entrance area, which is a 
shelter with minimal enclosure. It is set on a three-metre grid, and contains seating and information. The building has 
heavyweight walls and floor, and a lightweight roof. From here visitors move across the elevated walkway and into 
the display area. This is connected to the Trackways area on one side and has a lightweight floor and roof. The 
building has fixed glazing on three sides, with horizontal shading to the east. Another walkway allows visitors to travel 
outside from the display area to the further viewing area on the top of the butte to the north of the building.  

Weather protection and security for the footprints 
The first requirement involved protecting the Trackways footprints from the effects of weather and from other 

sources of damage, such as animals. A key influence on the position, geometry and form of the Trackways building is 
the nature of the dinosaur tracks. The excavation is approximately 22m by 22m, and is roughly triangular. The 
resulting building is a large ‘shed’, consisting of a steel superstructure (on a six-metre grid) that spans the tracks and 
supports the enclosure (see Figure 2). The form has additional bays added to the roof structure, which extend the 
building into the hill to keep ground water away from the footprints 

Minimising exposure of the footprints to excessive range of temperature and humidity  
The second major requirement is minimising the temperature and humidity range, which it is thought might cause 

stress to the footprints and possible fracturing and cracking (the footprints were formerly covered by rock and were 
unearthed accidentally by Opal mining) (Winton Council 2007). These requirements are addressed through the use of 
a highly defensive building envelope to minimise heat flux. Two strategies are used – insulation and thermal mass. 
The lightweight cladding system of 100mm thick sandwich panels (see Figure 1) gives a thermal resistance (R-value) 
of 1.5, while the roof provides an R-value of 2.5. The internal walls are made of rammed earth, 300 to 450mm thick 
and, in conjunction with the rock floor of the Trackways, provide thermal storage for the building. One wall to the 
north has since collapsed and the rammed earth has been removed.  
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Figure 3: Centre. Water conservation strategies are used and the technology is integrated under the building. 
(Source: Lin Martin.) Left. Display area to provides an opportunity for visitors to gain an understanding of the 

environmental qualities of the building. Right. Plan of the Trackways building, the dinosaur tracks are in the large 
space, with the display area forming the entrance. A walkway enables viewing of the footprints (Source: Gall Medek).

Providing visual and thermal comfort for the visitors and staff 
A third requirement for this building is that it should accommodate visitors who are interested in viewing the 

footprints. To this end, strategies for creating visual and thermal comfort have been selected. Visual comfort 
strategies involve maximising daylight, which is brought into the Trackways building by ten angular selective 1.2m 
square skylights. During the design phase, modelling of daylighting in the Trackways building showed that these 
would provide adequate daylight for differing sky conditions, all year long (Wilraith, op cit: 3). Light is admitted 
through the roof and a diffusing panel is placed at ceiling level to reduce glare (Figure 3). Providing thermal comfort 
for visitors and staff was a major determinant in the design of the project. Similar strategies to those that provide 
protection to the footprints, using a highly thermal defensive envelope, are used to control comfort within the building. 
Visitors are expected mainly in the cooler seasons.  

Table 1a Mahoney Table (source DA•SketchPAD).  
Location: Longreach, Australia® Latitude : 23' 27" S Longitude : 144' 15" E (data not available for Winton). 

Jan Feb Mar Apr  May Jun Jul  Aug Sep Oct  Nov Dec 
Mean range (K):  14.5 14.2 14.2 15.2 15.0 15.6 15.8 16.8 17.0 17.0 17.0 15.9 
Humidity cat*:    2  2  2  2  2  2  2  2  1  1  1  2 
Humidity indicator total:      *1= 3     *2= 0     *3= 0     *4=0     *5=0 
Day upper limit:    30.0 30.0 30.0 30.0 30.0 30.0 30.0 30.0 33.0 33.0 33.0 30.0 
Day low limit:   25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 26.0 26.0 26.0 25.0 
Mean max.temp:  37.2 36.7 34.7 31.6 26.1 23.9 23.0 25.9 29.5 34.0 36.5 37.5 
Day-stress*:   +  +  +  +  0   -  -  0  0  +  +  + 
Temperature day stress indicator total:  += 7  0 = 3 - = 2      
Night upper.limit:  24.0  24.0  24.0  24.0  24.0  24.0  24.0  24.0  25.0  25.0  25.0  24.0 
Night low limit:  17.0  17.0  17.0  17.0  17.0  17.0  17.0  17.0  17.0  17.0  17.0  17.0 
Mean min.temp:    22.7  22.5  20.5  16.4  11.1   8.3   7.2   9.1  12.5  17.0  19.5  21.6 
Night-stress:        0     0     0      -     -      -      -      -      -      0     0     0 
Temperature night stress indicator total : += 0  0 = 6  - = 6     

Table 1b Strategies developed from the Mahoney Table in 1a (source DA•SketchPAD) 
Location: Longreach, Australia ® Latitude : 23' 27" S Longitude : 144' 15" E (data not available for Winton).
Standard strategies, recommendations for a building form and fabric in this 
climate 

Lark Quarry strategies 

Layout : compact courtyard plan Separate pavilion buildings 
Spacing: compact estate layout Compact layout not provided 
Air movement : no cross-ventilation is required No cross-ventilation, little ventilation  
Opening sizes: very small: 10-20% of wall surface Small windows but large windows in the 

Display area 
Opening position: Not applicable Not applicable 
Opening protection: full permanent shading Shading provided 
Walls and floors : heavy, over 8 hours time-lag Light weight, some mass internal walls, 

mass floor. 
Roof construction: heavy, over 8 hours time-lag Light weight
External features: outdoor sleeping area is advisable Not applicable 

Addressing ESD principles.  
The building is also designed according to ESD principles. These requirements were developed in the pre-design 

phase during the briefing process. ESD principles minimise impacts on our local and global environments, while 
benefiting the local community. This involves using local materials and labour where possible, choosing materials that 
have low embodied energy and are reusable or recyclable (embodied energy is the energy used to create or 
manufacture materials).  
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(Source James Davison and Merv Gordon) 
Figure 4: Data logger ST 5 (586043) located on the Trackways footprints (with 436629) inside the building, 

measuring surface temperature over a measurement period from July (winter) to December (summer) 2006. 

Collecting water from roofs and processing waste water on site is a priority, involving installing closed system 
composting toilets which use little water, with the end product disposed of off-site or used as fertiliser. Little grid 
power is available on site, so power is supplied by a grid-connected solar system. Passive systems, such as the use 
of natural daylight and passive heating and cooling were integrated in the project. Finally it was ensured that there 
would be minimal impact during construction and that the site would be re-vegetated with local native plants (Winton 
Council 2007). 

With regard to the ESD objectives, the building was benchmarked under the Green Globe Design and Construct 
Standard (Law & Hyde 2002, Hyde et al 2007). The building has meet these requirements and valuable lessons were 
learned. Design strategies suggest the building should achieve high levels of efficiency in the areas of water, energy 
and waste (Hyde 2007). Yet, as seen in the first section, a limitation of the POE was that it was difficult to get data on 
these factors.

2.3 Design feedback and evaluation  
In summary, does the building design match its design intent? Many of the issues concerning the design intent 

were addressed in the Green Globe Assessment. This was a design phase assessment and used data from the 
design process. For example part of the Green Globe Design and Construct Assessment focused on the use of 
passive design strategies. Mahoney Tables are used in the assessment of buildings in composite climates (ones 
that have both hot and cold periods) like Queensland. This creates conflicting requirements, hence a weighting 
system is used to assess the relative importance of these requirements. ‘The system accommodates the duration 
and severity of the various climatic factors and classifies precisely the nocturnal and diurnal thermal stress in 
centigrade scale of temperature. The comfortable hot and cold periods are clearly outlined’ ( DA Sketch Pad.) From 
the Tables idealised design strategies can be generated, as seen in Table 1, and these can be compared to those in 
the project. 

From Table 1 it can be seen that most of the strategies used in the project are consistent with the idealised 
Mahoney recommendations. Planning of desert buildings favours a more compact courtyard plan, preferably around 
a water feature to promote evaporative cooling. In this case the planning involved using separate pavilion buildings. 
The main deviation regarding construction is with the walls, where heavyweight construction with an eight-hour time 
lag is recommended. In the case of this project, the Trackways building, lightweight insulated walls are used with 
thermal mass located inside this skin, and a heavyweight floor. This form of construction is favoured as it insulates 
the thermal mass from the exterior, in theory improving the flywheel effect, which uses the thermal mass as a heat 
sink. For this the thermal mass must be purged at night to extract heat that is absorbed during the day.  

The Display area shows the highest inconsistency, with mainly lightweight walls and floor (only one wall uses 
heavy weight construction), with large tinted windows and some horizontal shading. 

3 MONITORING RESULTS 
The monitoring examined the effectiveness of the passive systems, firstly to moderate the external temperature 

range and secondly to provide thermal comfort for the staff and visitors.  

3.1 Climate interpretation 
Climate data from the Mahoney Tables shown in Figure 1a gives details of the humidity and temperature 

conditions with reference to comfort levels of 25 degrees C and 60 per cent humidity. Whilst the humidity indicators 
are low, the day temperature stress is high, with mean maxima of over 30 degrees C for seven months of the year. 
Night stress on the other hand is minimal, with temperatures at the comfort level or below. 
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Source: (DA Sketch Pad) 
Figure 5: Psychrometric information for Longreach. The climate delivers significant under-heating in winter and over-
heating in summer, the area being notorious for extreme variations in temperature. Low relative humidity dominates 

the yearly moisture cycle. Key. + Maximum internal temperature

3.2 Mitigating the diurnal range in temperature 
The aim of the passive design strategies is to reduce the influence of outside temperature, in particular the high 

points and low points over the daily range of temperatures. To examine effects of the passive design, readings of the 
surface temperatures of the footprints are needed; hence a surface temperature sensor was placed on the footprints 
and isolated from the surrounding air. A control sensor was placed outside the building to monitor air temperature. 
Figure 4 shows the data from the data logger ST 5 located on the footprints. In July for some of the coolest days, 
external air temperature ranges were about 10 degrees C; 6 degrees C minimum at night and 18 degrees C 
maximum in the day. The surface temperatures of the footprints on these coolest days were minimum 16 degrees C 
and maximum 21 degrees C, range of 5 degrees C. On the hottest days, the temperature was 35 degrees C 
minimum and 38 degrees C maximum (external air temperatures 33 to 45 degrees C, range of 12 degrees C). 

3.2 Thermal comfort for visitors and staff 
Psychometric information 

Thermal comfort can be achieved by a range of strategies, through passive solar heating in winter; for the other 
months, temperature levels are mostly higher than the comfort zone and thus require cooling. The Psychometric 
chart provides useful data to examine the extent to which these strategies are practicable. For passive cooling, three 
strategies can be used for extending the human comfort zone in the building (See Figure 5). 

1) Air effect through ventilation. One of the best methods in this situation would be to use the stack effect, 
where cold air enters the lower areas of the building during the night and displaces the lighter, hotter air 
exiting from the upper levels. Air will need to be filtered to prevent dust from entering the building.  

2) Thermal mass. This is key to stabilizing the temperature for user comfort in this building. In addition to 
thermal mass, insulation and limits to the glazing area are also important for comfort issues, as well as for 
preserving the dinosaur footprints. Night purging is needed for temperatures over 33 degrees C. 

3) Evaporative cooling. The average relative humidity level ranges around 20 to 50 per cent during the year, 
hence this strategy can be used to 40 degrees C with indirect cooling, i.e. where the evaporative process is 
linked to an air-conditioning system.  

 (Source James Davison and Merv Gordon) 
Figure 6 Data logger AT 7 (595626) located on top of the eastern rammed-earth wall inside the building, measuring 

internal air temperature and relative humidity. 
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Figure 7: The visitor’s responses to thermal comfort and other related issues compared to overall satisfaction with 

the building. Rating 5 is highest satisfaction, 0 is lowest. 

To measure thermal comfort for the purposes of this paper, the extreme conditions were examined, i.e. days of 
lowest and highest temperature, reasoning that these are likely to be the days of greatest discomfort. What 
constitutes thermal comfort for occupants in this building will vary widely; staff using the building will acclimatise to 
local conditions and so will have a very different perception of comfort to that of the visitors; many of the visitors are 
from overseas or are from different locations within Australia. Hence two indicators for comfort were used. The first 
measures comfort indicators by using temperature and humidity monitoring data and comparing these with the 
comfort parameters found in the psychometric chart (Figure 5). The second uses a questionnaire to get feedback 
from visitors. 

Comfort indicator 1. Temperature and humidity measurement  
Figure 6 shows the output from AT7 (595626), which gives a maximum internal temperature of approximately 38 

degrees C, relative humidity 25 per cent. Comparing this data to the psychometric chart it is seen that on the hottest 
days the temperature will be well beyond the comfort zone. It is also beyond the conditions that can be moderated by 
thermal mass, even with night purging, which the building does not provide. A strategy that could moderate 
conditions is indirect evaporative cooling that would not affect the air humidity but reduce internal temperatures 
through the latent heat gain from evaporation. Problems may exist in generating the electrical energy to power this 
system. An adaptive approach may be better, where visiting times are coordinated with the coolest time of the day, 
i.e. a period from 6-10 am, periods in the afternoon being avoided.  

Table 2 Summer spot measurements
Key AT: Air temperature. RH: Relative Humidity 

EXTERNAL RADIANT SURFACE TEMPERATURES °C 
EXTERNAL CONDITIONS North South East West 

Time AT
(°C)

RH
(%) Shaded Not

shaded Shaded Services
level

Entry Level Shaded

11:30 34 43 36  white 
cladding
37 grey 
cladding

57 41-39 34 37 glass 
cladding

34

INTERNAL RADIANT TEMPERATURES °C (inside walls) 
EXTERNAL CONDITIONS North South East West

Time AT
(°C)

RH
(%) Shaded Not

shaded Shaded Wall (at centre)  Shaded
(Entry level) 

Shaded
Wall (centre) 

11:40 35 32 35 - 35 34 35

Comfort indicator 2. User satisfaction 
Feedback from users seems to support some of the issues in the monitoring process. A questionnaire was used, 

based on the Dillon and Visher (1987) Building User Works Survey, which rates visitor’s satisfaction with aspects of 
the environment. It was administered to visitors during the summer of 2006.  

A sample size of 23 was achieved. The results show that whilst the building was rated highly overall in terms of 
occupant satisfaction, overheating in the building was, and continues to be a problem. Most visitors found the building 
too hot and staff reported instances of heat stroke.  A comfort meter was installed to assist staff with health and 
safety monitoring in the Trackways area, so as to alert users/visitors to the threat of heat stroke. More detailed 
analysis was carried out of the design strategies as compared to those suggested by the theoretical Mahoney 
Analysis (Table 1b), which provides recommendations for building design based on climate criteria. The building is 
not consistent with all the recommended strategies. In view of the largely lightweight construction, cross-ventilation is 
required, particularly in areas where visitors will spend the most time.  
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4. SUGGESTED IMPROVEMENTS 
Furthermore, the summer performance has a small range; it is elevated towards the midday highest temperature 

suggesting the building is not passively cooling effectively. The aim should be to keep the building’s midday 
temperature in alignment with the night temperature. In this way, the seasonal range in surface temperature will also 
be reduced. Additional passive strategies are needed, i.e. more thermal mass and more ventilation, particularly at 
night; more insulation would address this problem. The need for more insulation is apparent in the spot 
measurements taken in summer. Comparison of radiant temperatures inside and outside the building shows high 
external surface temperatures on unshaded walls (see Table 1).  

4.1 Hot spots compromising thermal comfort 
Part of the research process was to determine hot spots in the building, i.e. areas where thermal comfort is 

compromised. Both the Trackways building and the entry/ display facilities building are oriented along an east/west 
axis with orientation eight degrees west of north, with its longitudinal side facing North and South, thus minimizing 
exposure to West and East. The display area on the easterly side of the building had elevated radiant temperatures 
from the glass skin. Although shaded and tinted, the high ambient radiation in summer (37 degrees C was measured 
with an ambient air temperature of 34 degrees C, see Table 2) is absorbed by the glass and radiated into the 
building. Lack of operable windows elevates internal temperatures and reduces visitor comfort. 

The detailed analysis carried out of the design strategies were compared to those suggested by the theoretical 
Mahoney Analysis (Table 1b), which makes recommendations for building design and suggests cross ventilation for 
overheating.. The building is not consistent with all the recommended strategies. In view of the largely lightweight 
construction, cross-ventilation is required, particularly in areas where visitors will spend most time. Whilst it is 
recognised that the building brief limited visitors use of the building at hot times of the year, Winton Council is trying 
to use the building through out the year to promote tourism in the area. In view of this policy building improvements 
are needed. 

5. CONCLUSIONS
Overall, the building is highly defensive and uses the building envelope to mitigate heat gains or losses to the 

exterior environment. As opposed to a defensive building, an interactive system is required, where the envelope 
works to accept favourable heat flux and reject unfavourable climate events.  Not all of the available passive 
strategies are used; some of them are inconsistent with recommendations for this type of climate. And thirdly, in 
answering the question on what suggestions can be made for improving the building’s performance, our 
recommendations are that retrofitting the building is needed for five reasons:  

1) There is a need to remove barriers to visitor access based on thermal discomfort. This will enhance economic 
returns and attract more visitors to Winton over the summer period.  

2) The existing reduction of the seasonal and diurnal temperature ranges of the Trackways can be enhanced. Use of 
air effect to prevent overheating is needed to reduce the internal diurnal mean night temperatures. Passive solar 
heating is needed to warm the building relative to winter mean temperatures.  

3) There are no mechanisms for controlling humidity; evaporative systems are needed to control moisture, low 
humidity prevails through the measurements period, hence water, collected on site, can be added to cool and 
regulate humidity within the building fabric.  

4) A more interactive building envelope is needed, with a better synergy between the active and passive systems. 
5) A more permanent monitoring system is needed, to help to regulate the building performance and to achieve the 

design objectives, without this is it difficult to obtain the information needed to regulate the internal conditions to 
the levels desired.  
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Thermal comfort, temperature and humidity variation 
according to Malaysian terrace house orientation 
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Abstract: Cross-sectional study was carried out with specific objective to determine the mean indoor 
temperature, outdoor temperature, relative humidity and indoor thermal comfort level in relation to 
north-south orientated and east-west orientated of single storey terrace houses. The study focused on 
32 units of north-south orientated and 32 units of east-west orientated single storey terrace houses in 
Petaling Jaya, Selangor Darul Ehsan, Malaysia The instrument used is Thermo-Hygrometer, Model: 
THG312 which monitors the indoor temperature, outdoor temperature and relative humidity digitally at 
3 hours intervals form 10.00 pm to 7.00 pm on 2 consecutive days. T-test revealed that the mean 
indoor temperature is proportionate to mean outdoor temperature but the mean relative humidity is 
reciprocal to mean outdoor temperature. Using Multiple Linear Regression – ‘Stepwise’ method, a 
Mathematical Models showing different influence on different time period were developed for both 
north-south and east-west orientated single storey terrace houses. R2 which indicates the relationship 
strength and p-value which indicates the significance revealed that the east-west orientated single 
storey terrace houses have stronger correlation / association of the mean outdoor temperature and the 
mean relative humidity on the mean indoor temperature. 

Conference Theme: Effective environments: thermal, luminous, sonic, haptic, hygienic. 
Keywords: Thermal comfort, Orientation, Indoor temperature, Outdoor temperature, Relative humidity. 

1.0 INTRODUCTION 

Thermal comfort for a person is defined as “that condition of mind, which expresses satisfaction with the 
thermal environment” (Fanger, 1970). If a population is considered a state of “thermal comfort” exists when a 
percentage of those persons exposed to a given environment who indicate that it is “acceptable” (Gagge, 1981). The 
percentage “acceptable” is 80% in the ASHRAE (American Society of Heating, Refrigeration and Air Conditioning 
Engineers) standard and 95% in the comfort formula used by Fanger (1970). Creating a thermally comfortable 
environment is still one of the most important parameters to be considered when designing buildings (Innova, 1997). 
To build a thermally comfortable housing environment, it should be made at the design stage itself (McIntyre, 1981). 
Straaten J.F. Van (1967) suggested that there are three (3) requirements to be considered in the thermal design of 
building. First the evaluation of indoor environment factors, second, outdoor environment factors and finally the 
design of the building itself.  

During the day, Malaysian concrete houses absorb the solar radiation through the roof and walls and the 
heat is stored in the concrete mass increases the indoor temperature of the house, 2oC to 5oC hotter than outdoor 
temperature. When the sun goes down, the walls reradiates the stored heat and turns house into an oven whereby 
the indoor temperature is above the upper thermal comfort level (28oC for Malaysian humid tropics) for much of the 
night, particularly after hot days. (Davis, Shanmugavelu, Adam, 1997). In the study carried out by Davis et al (1997), 
the results shows that single storey and double storey link houses are only thermally comfortable (defined by these 
authors as being between 24 oC to 28 oC) for a brief of 3 to 5 hours in the early morning. Overheating and thermal 
discomfort in concrete/brick houses has been a source of problem and a fundamental defect for a long time in 
modern Malaysian houses (Davies and Shanmugavelu, 1999). It is common to find that 40-60% of the home's 
heating and cooling costs could be saved with proper but simple planning with a little extra cost (IRPA,1998). 

Increased use of air-conditioning releases substantial amounts of heated carbon dioxide and 
chlorofluorocarbons into the atmosphere, further affecting our already polluted air quality. The situation is urgent as 
there are 2.4 million such houses (A.M.A. Rahman, 1995). Air conditioners are very wasteful and expensive solution 
which does not address the underlying problem. Furthermore it can cost more in electricity to run the air conditioner 
over 40 years than the original cost of the house (Davis et al., 1997). Climate-sensible design in Malaysia should be 
carried out with more thought for internal comfort. “Sick Buildings Syndrome” is a term applied to modern buildings 
when occupants experience discomfort that may have arisen from poor design of the building. They may reflect a 
failure in the ability of a building to provide a satisfactorily comfortable environment for the occupants to work in 
(Chow et al, 1991). The potential factors causing this syndrome include extremes of thermal comfort, reduced 
humidity, insufficient fresh air supply, and excessive air movement (Occupational and Environmental Medicine 
Journal, 2000; 57). Research into causal factors of the sick building syndrome have examined a variety of sources 
such as air-conditioning, low ventilation rates, low air velocity, high temperature and low relative humidity 
(Scandinavian Journal Work Environmental Health, 1996; 22). 
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In a random household survey carried out by a well known university, University Putra Malaysia, 50-75% 
says that their terrace houses are too hot on half the days of the year. It is termed the ‘sweat box effect’. The 
experiments prove that 10 million Malaysians living in 2 million overheated concrete houses would suffer 2-3 times 
less “heat stress” if they abandoned their houses and lived under trees. On hot days inside their houses, some 67% 
say they suffer headaches, one third reported getting angry and one third reported getting dizzy or sick which are 
general symptoms of “heat stress”. Death from heatstroke can occur at 39oC under Malaysian humidity in perhaps 20 
minutes (Bulletin Ingenieur,2002; 2). “Heat stress” is the integrated net thermal load on the body that is imposed by 
environmental temperature, humidity, wind speed, metabolic work demands and clothing (AIHA Journal, 2003; 64). 
With high “heat stress” levels, mental confusion can develop and other heat illness can occur such as heat syncope, 
heat exhaustion, heat cramps, classic and exert ional heatstroke (Occupational Medicine, 2001;51).  

2.0 THERMAL COMFORT 

Dung (1995) defined ‘human thermal comfort’ as the background for setting up and improving of the 
standards of the indoor air temperature in the housing, public and industrial buildings. There is no “ideal temperature” 
for any group of people or individuals as it vary greatly in physical characteristics, temperaments and adaptability 
(Angus, 1968). The function of discomfort is to protect the person from extreme conditions. For example, a range of a 
few degrees of temperature is comfortable for most people, which called “thermal comfort” range. Extend the 
temperature out of this range, people will become increasingly more “thermally uncomfortable” (Bennet, 1977). 

 Climate (from Greek: klima) is defined by the Oxford dictionary as   ‘region with certain conditions of 
temperature, dryness, wind, light, etc.’ A more scientific definition is: ‘an integration in time of the physical states of 
the atmospheric environment, characteristic of a certain geographical location.’ ‘Tropical climates’ like Malaysia are 
those where heat is the dominant problem, where, for the greater part of the year buildings serve to keep the 
occupants cool, rather than warm, where the annual mean temperature is not less than 20 0C (Koenigsberger et al, 
1973). Micro-climatic data is required for the formulation of the building type, orientation and form given for desired 
function. It is also pertinent to the assessment of thermal comfort of the occupants. Micro-climatic data required are 
such as longitude and latitude, air temperature, relative humidity, rainfall, wind velocity and solar radiation.  

In order to evaluate thermal sensation and its significance in respect of human comfort and efficiency, there 
are six important variables to be considered. It is air temperature, relative humidity, air velocity / air movement, mean 
radiant temperature (MRT), activity level and clothing (Angus, 1968; Bennet, 1977; Cena and Clark, 1986; Fanger, 
1970; Goromosov, 1968; Jennings, 1978; Kukreja, 1978; McQuiston and Parker, 1988). This six important factors 
influence each other in some way the heat exchange process between the human body and its environment 
(Koenigsberger et al, 1973). To create thermal comfort, we must understand not only the heat dissipation 
mechanisms of the human body but also the air temperature, relative humidity, air velocity and the mean radiant 
temperature (Lechner, 2001). The indoor thermal environment of house is influenced by the thermal characteristics of 
exterior envelope (Li, 1992). To maintain a suitable internal “thermally comfortable” environment, there are several 
factors can be controlled in designing of a building such as orientation, building materials, ventilation / air movement, 
insulation, shading devices and landscaping (Senn, 1964). 

3.0 RESEARCH METHODOLOGY 

The study area focused on sixty four (64) units of single storey terrace houses constructed of bricks and 
concrete in Petaling Jaya, Selangor Darul Ehsan, Malaysia. The selected single storey terrace houses for the study 
will be of two (2) categories. Category one (1), thirty-two (32) units of North-South orientated single storey terrace 
houses, in reference to the front or rear of the houses is facing either North or South with 20o angle adjustment on 
east or west side and category two (2), thirty-two (32) units of East-West orientated single storey terrace houses, in 
reference to the front or rear of the houses is facing either East or West with 20o angle adjustment on north or south 
side (refer to the layout and the picture below). 

2
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This study is a cross-sectional and intended to determine whether the orientation of single storey terraced 
houses (north-south and east-west) have any relation to the cause of thermal discomfort to the occupants. This study 
also determines whether there is any influence of mean outdoor temperature and mean relative humidity on mean 
indoor thermal comfort level. Primary data of north-south orientated and east-west orientated single storey terrace 
houses mean indoor temperature, mean outdoor temperature and mean relative humidity will be obtained and 
analyzed. Data was collected for 2 days from 10 pm to 7 pm continuously and the mean was found for both the 
orientation separately and analyzed.  

The instrument used is Thermo-Hygrometer, Model: THG312 (refer the picture below). This rectangular 
device monitors the indoor temperature, outdoor temperature and relative humidity digitally. To read the outdoor 
temperature and the relative humidity, it has a connector wire with a receptor rod acts like a probe at the end of the 
wire. 

4.0 RESULTS AND DISCUSSION  

The table 4.0 below shows the summary of relationship between the mean indoor temperature, the mean 
outdoor temperature and the mean relative humidity for north-south and east-west orientated single storey terrace 
houses. 

For north-south orientated single storey terrace house, at 10 pm, 4 am and 1 pm there is no significant 
influence of the mean outdoor temperature and the mean relative humidity on the mean indoor temperature. It can be 
concluded that, at these particular time for north-south orientation, the mean outdoor temperature and the mean 
relative humidity do not significantly influence the mean indoor temperature. At 1 am and 7 pm, only the mean 
outdoor temperature have significant influence on the mean indoor temperature. Where else, at 7 am and 4 pm, only 
the mean relative humidity have significant influence on the mean indoor temperature. At 10 am, both the mean 
outdoor temperature and the mean relative humidity have significant influence on the mean indoor temperature. 
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TABLE 4.0 
Summary of Relationship between Mean Indoor Temperature with Mean Outdoor Temperature and Mean Relative 

Humidity for North-South and East-West Orientated Single Storey Terrace Houses 

Time Constant 
Outdoor 

Temperature 
(OT) 

Relative 
Humidity 

(RH)

Model For 
Indoor Temperature 

(IT)

10 pm No relationship between Indoor, Outdoor and Relative Humidity 

1 am 18.573 0.380 IT = 18.573 + 0.380 (OT) 

4 am No relationship between Indoor, Outdoor and Relative Humidity 

7 am 36.954 - 0.111 IT = 36.954 – 0.111 (RH) 

10 am 34.370 0.120 - 0.118 IT = 34.370 + 0.120 (OT) – 0.118 (RH) 

1 pm No relationship between Indoor, Outdoor and Relative Humidity 

4 pm 40.992 - 0.142 IT = 40.992 – 0.142 (RH) 

N
or

th
-S

ou
th

 
O

rie
nt

at
io

n 

7 pm 23.444 0.224 IT = 23.444 + 0.224 (OT) 

10 pm 22.422 0.479 - 0.074 IT = 22.422 + 0.479 (OT) – 0.074 (RH) 

1am 30.712 0.671 - 0.248 IT = 30.712 + 0.671 (OT) – 0.248 (RH) 

4 am 26.657 0.576 - 0.167 IT = 26.657 + 0.576 (OT) – 0.167 (RH) 

7 am 34.907 0.889 - 0.358 IT = 34.907 + 0.889 (OT) – 0.358 (RH) 

10 am No relationship between Indoor, Outdoor and Relative Humidity 

1 pm 53.766 - 0.224 - 0.220 IT = 53.766 – 0.224 (OT) – 0.220 (RH) 

4 pm 149.623 - 3.045 - 0.323 IT = 149.623 – 3.045 (OT) – 0.323 (RH) 

Ea
st

-W
es

t 
O

rie
nt

at
io

n 

7 pm 41.736 0.412 - 0.312 IT = 41.736 + 0.412 (OT) – 0.312 (RH) 

* The mean difference is significant at the p < 0.05 level  

 For north-south and east-west orientated single storey terrace house, the correlation between the mean 
indoor temperature, the mean outdoor temperature and the mean relative humidity is irregular. Therefore a separate 
model is developed to show the different relationship at different time period. Furthermore for north-south orientated 
single storey terrace house, the model indicates that the mean outdoor temperature have proportionate influence 
over the mean indoor temperature, but the mean relative humidity have reciprocal influence over the mean indoor 
temperature. 

Where else, for east-west orientated single storey terrace house, only at 10 am there is no significant 
influence of the mean outdoor temperature and the mean relative humidity on the mean indoor temperature. It can be 
concluded that, at these particular time for east-west orientation, the mean outdoor temperature and the mean 
relative humidity do not significantly influence the mean indoor temperature. At 10 pm, 1 am, 4 am, 7 am and 7 pm, 
the mean outdoor temperature and the mean relative humidity have significant influence on the mean indoor 
temperature. From the model it indicates that the mean outdoor temperature have proportionate influence over the 
mean indoor temperature, but the mean relative humidity have reciprocal influence over the mean indoor 
temperature. At 1 pm and 4 pm, the mean outdoor temperature and the mean relative humidity also have significant 
influence on the mean indoor temperature but from the model it indicates that the mean outdoor temperature and the 
mean relative humidity both have reciprocal influence over the mean indoor temperature. 

4
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Table 4.1 below shows the summary of relationship of (R2) and (p-value) between the mean indoor 
temperature, the mean outdoor temperature and the mean relative humidity for north-south and east-west orientated 
single storey terrace houses. 

TABLE 4.1 
Summary Of Relationship Showing (R2) and (p-value) Between Mean Indoor Temperature with Mean Outdoor 

Temperature and Mean Relative Humidity for North-South and East-West Orientated Single Storey Terrace Houses. 

Time Model For Indoor Temperature 
(IT) R2 p

10 pm 

1 am IT = 18.573 + 0.380 (OT) 24.5 % 0.004

4 am 

7 am IT = 36.954 – 0.111 (RH) 30.4 % 0.001

10 am IT = 34.370 + 0.120 (OT) – 0.118 (RH) 67.1 % < 0.001 

1 pm 

4 pm IT = 40.992 – 0.142 (RH) 31.4 % 0.001

N
or

th
-S

ou
th

 
O

rie
nt

at
io

n 

7 pm IT = 23.444 + 0.224 (OT) 23.0 % 0.006

10 pm IT = 22.422 + 0.479 (OT) – 0.074 (RH) 74.1 % < 0.001 

1 am IT = 30.712 + 0.671 (OT) – 0.248 (RH) 66.3 % < 0.001 

4 am IT = 26.657 + 0.576 (OT) – 0.167 (RH) 75.4 % < 0.001 

7 am IT = 34.907 + 0.889 (OT) – 0.358 (RH) 91.1 % < 0.001 

10 am 

1pm IT = 53.766 – 0.224 (OT) – 0.220 (RH) 81.3 % < 0.001 

4 pm IT = 149.623 – 3.045 (OT) – 0.323 (RH) 75.0 % < 0.001 

Ea
st

-W
es

t 
O

rie
nt

at
io

n 

7 pm IT = 41.736 + 0.412 (OT) – 0.312 (RH) 91.2 % < 0.001 

* The mean difference is significant at the p < 0.05 level  

For the north-south orientated single storey terrace house, the strength of relationship (R2) of the mean 
outdoor temperature and the mean relative humidity on the mean indoor temperature ranges from 23 % to 67.1 % 
and the significance (p-value) ranges from < 0.001 to 0.006.  For the east-west orientated single storey terrace 
house, the strength of relationship (R2) of the mean outdoor temperature and the mean relative humidity on the mean 
indoor temperature ranges from 66.3 % to 91.2 % and all the significance (p-value) is < 0.001. Comparatively, the 
strength of relationship (R2) for east-west orientated single storey terrace house indicates a higher % compared to 
north-south orientated single storey terrace house. Furthermore, the east-west orientated single storey terrace house 
indicates a p-value of < 0.001 which is highly significant compared to north-south orientated single storey terrace 
house, even though the mean difference is significance at the p < 0.05 level. 

5.0 CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

There is a correlation / association between the mean indoor temperature, the mean outdoor temperature 
and the mean relative humidity of north-south and east-west orientated single storey terrace house. Analysis from the 
summary of relationship showing R2 and the p-value (Table 4.1) indicates that comparatively, east-west orientated 
single storey terrace houses have stronger correlation / association between the mean indoor temperature, the mean 
outdoor temperature and the mean relative humidity. It also can be concluded that there is a correlation / association 
between the indoor thermal comfort level of north-south orientated and east west orientated single storey terrace 
houses. Analysis also indicates that comparatively, indoor thermal comfort level of east-west orientated single storey 
terrace houses have stronger correlation / association.  
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 The sample site, Petaling Jaya is located at Latitude 3  6’ N whereby most of the heat gain through the 
solar radiation in a building is received through the east wall, south wall and west wall. This is due to the sun path 
(movement) which is through East South West side.

This sun path (movement) also explains why there is a strong correlation / association between the mean 
indoor temperature, the mean outdoor temperature and the mean relative humidity towards east-west orientated 
single storey terrace houses which also indicates on why there is a strong correlation / association on the indoor 
thermal comfort level on east-west orientation. For north-south orientated single storey terrace house, the strength of 
relationship (R2) is on the lower end or weak ranging from 23 % to 67.1 % due to other factors which influences the 
mean indoor temperature ranging from 32.9 % to 77 %. Similarly, for east-west orientated single storey terrace 
house, the strength of relationship (R2) is on the higher end or strong ranging from 66.3 % to 91.2 % due to other 
factors which influences the mean indoor temperature ranging from 8.8 % to 33.7 %. These factors are such as the 
colour of external wall paint and roof tiles whereby darker colour have higher absorption coefficient of heat, heat 
emitted from human body due to different metabolic activities, heat emitted from equipment e.g. lights, computers and 
the rate of ‘heat flow’ emitted from human or equipment used in the houses whereby ‘heat flow’ is the heat being 
conducted to colder objects. 

5.2 Recommendations 

This study has concluded that there is a statistically significant relationship between the mean indoor 
temperature, the mean outdoor temperature and the mean relative humidity of the east-west orientated single storey 
terrace houses, arrangement of the floor plan for thermal planning can be carried out for both present and future 
development planning of houses. A solar / thermal bubble diagram for designing a residence can be carried out for 
future development planning of houses. Bedrooms and utility areas can be placed at north orientation to create cool 
spaces, kitchen and dining areas can be placed at east orientation to create morning spaces, family and living areas 
can be placed at south orientation for warm spaces and garage / store rooms can be placed at west orientation to 
create hot spaces. Environmentally we are under stress due to issues like green house effects, global warming and 
rise of sea level due to increase in global temperature makes us to re-look into our current practices. One small 
positive step a head will make up our homes a better place to live.  
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Environmental impacts of ventilation and solar control 
systems in double skin façade office buildings
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Abstract: Buildings are one of the important energy consuming sectors. The increasing environmental 
awareness has triggered a great emphasis on sustainable design in the current global building 
industry. Since the past century, there has been a distinct growing trend in the use of fully glazed 
façade in office buildings. This paper discussed and analysed how solar control and natural ventilation 
systems can be integrated into double skin façade systems to minimise the environmental impacts. 
Sun shading should be considered as an integral part of fenestration system design that is adapted into 
the façade design of office buildings. The technology of façade systems that integrate solar control and 
ventilation systems encompasses a wide range of strategies and options resulting in energy efficient 
building design. Such façade systems minimise overheating and excessive solar gains during summer 
whilst increasing direct solar gains during winter to minimise the use of mechanical heating. Through 
case studies, this paper examines the performances of different double skin façades systems. 
Evaluations and recommendations are made to enhance the future designs of glass façade systems. 

Conference theme: Construction and materials. 
Keywords: Double skin façades systems; Sustainable design; and office buildings. 

1. INTRODUCTION

The last few decades have shown significant advancements in the nature of glazing systems in the building industry. 
The increasing use of fully glazed façade in office buildings is due to this technological advancement. On one hand, 
the façade of a building is particularly important as an expression of the designer’s creativity. Fully glazed building 
façades give the impression of light and transparency with maximum exposure to daylight as compared to traditional 
buildings. On the other hand, the technology of ventilation, solar control and daylighting were used to improve the 
indoor air quality, energy efficiency of the building consumption and thermal comfort thus, increasing the occupant 
performance (Tzempelikos, Athienitis, 2006). 

On its own the fully glazed façade of a building may appear to be slick and elegant but it is not an effective design in 
terms of energy efficiency (Sala, 1997). The application of the glass façade in office building designs has evolved to 
the extent where the appearance of the building is more significant than the functionality of the glass facade. 
Meanwhile, innovative new buildings have been constructed with fully glazed façades that claim to include energy 
efficiency, sustainability and other environmental considerations. The variety of technological solutions used to 
produce high performance building façades are based on basic fundamentals of building physics for day lighting, 
solar heat gain control, ventilation and space conditioning. Through case studies, this paper critically assesses and 
compares the performance requirements of various fully glazed façade systems in office buildings that consider 
environmental impacts. The paper will 

 examine the different types of glass façade systems, in particular double skin façade systems that 
incorporate environmental performance; 

 identify and evaluate each parameter that influences the environmental performance of the glass façade. 

By studying the environmental performances of different glass façade systems, this paper will contribute to the 
development of related technologies that help to minimise the environmental impacts of fully glazed office buildings. 
The study will also raise the awareness of the importance of the glass facade systems being not purely aesthetically 
driven. The underlying functionality of the systems such as the environmental performances should also be 
considered.  

2. GLASS FAÇADE SYSTEMS

2.1 Glass as a building material 
Glass is a remarkable material. It allows natural light into interior spaces. Its multiple functions to reflect, transform 
and enclose spaces without appearing to do so has made it a material that is a must have in almost all contemporary 
buildings. The evolution of glass has a long history in architecture from fixed, plain, stained, light permeable to the 
modern glazing system. Glass as a building material led to the significance of windows in the design of any building. 
The traditional purpose of windows was to provide light, view and fresh air for the occupants. Windows are a 
dominant feature of a building that provides opportunities for natural ventilation.  Nowadays, windows have become a 
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component of the building that is completely sealed, mechanically ventilated and electrically lit. The role in addressing 
occupant’s needs have declined. However with technological advancement, environmental concerns are becoming a 
growing recognition. Nowadays these concerns are highly valued and contribute to the satisfaction, health and 
productivity of building occupants (Carmody et al., 2004). 

In the late 19th century 15% of window-surface areas were typical for the architecture during that period. The window 
surface gradually increased to 80% by the beginning of the 1970s. This change had resulted in the increase of winter 
heat-loss and summer heat-gain as well as the increasing heat stress on the external surface materials. In order to 
prevent further damage, an entire line of construction measures were necessary (Szell, 2002). As the technology 
developed it allowed the advancement of glazing to be used in buildings. 

This led to the invention of the curtain glass wall that evolved through the growing need for buildings to appear sleek 
and transparent. Architects began to design buildings that were fully glazed and appeared to have a floating façade. 
The curtain glass wall opened a new window for architectural expression where the use of glass as a building 
envelope material in commercial buildings kicked started the development of fully glazed façades. One of the factors 
of the curtain glass wall that led unavoidably to a further step in the successful march of glass as a building envelope 
was its very poor thermal performance (Butera, 2005). 

Presently, sustainable design and ecological considerations have become fashionable words in the building industry. 
Technological advancement has made it such where the popularity of glass as a building material has grown. The 
architectural language has given more and more emphasis to the lightness and transparency of the building gradually 
becoming fully glazed envelopes. The increase popularity of applying fully glazed facades into building design has 
grown to the extent where it has become an environmental concern (Butera, 2005). 

2.2 Environmental awareness of the glass façade systems 
The increase in use of fully glazed façade’s is due to the developments of heating and cooling systems, otherwise the 
buildings would be uninhabitable. This has led to the enhancement of the functionality in glass facades that have 
been altered to provide added intrinsic capabilities (Carmondy, 2003). The overall performance of glass as a building 
component can be further developed when it is designed to an integrated part of the building as a complete façade 
system. Through the past decade sustainability and environmental concerns has become a predominant issue 
globally in the architectural discipline.  

In recent years there has been a growing awareness of the impact of buildings on its environment. According to the 
World Watch Institute, “as much as a tenth of the global economy is dedicated to buildings: to construction, operating 
and equipping our built environment. Blame for much of the environmental damage occurring today, from destruction 
of forests and rivers to air and water pollution and climate destabilisation, must be laced squarely at the doorsteps of 
modern buildings. Many buildings do harm on the inside as well: they subject us to unhealthy air or alienating 
physical environments, making occupants both less healthy and less productive” (Roodman and Lesson, 1995). 

The functional aspect of windows meeting the goals of energy efficiency while providing daylight, views and other 
amenities of windows has traditionally been a problem. Single pane windows are a great source of unwanted heat 
loss and heat gain. In the last 20 years, the energy efficient properties of windows have been improved by 
innovations in glass coatings, gas fill, low conductance spacers and frames and suspended plastic films that result in 
multiple glazing layers (Schittich, 1999). These improvements to standard windows are only one aspect of 
developments that has transformed windows into dynamic elements that provide a filter for light, heat, air, view and 
sound 

The development of curtain walls in office buildings is without a doubt a phenomenon hardly reversible, in a sense 
that these building practices belong to natural evolution in the use of materials and to expectation of users who 
consider normal the present standards of natural lighting and transparency of the building envelope. The application 
to the curtain walls of the exploitation of solar energy and of ventilation is a natural development of this technology. 
On the one hand the presence of extended glass surfaces allows the use of thermal solar energy in winter or to the 
introduction of photovoltaic panels. On the other hand the ever increasing pollution of the most central urban areas 
forces the designers to a consideration of the ventilation system avoiding the direct relationship with the outside 
(Sala, 1994). 

New technologies such as motorised shading systems and electrochromic glazing make it possible for windows to 
optimise energy use and interior environmental conditions. The past decade has seen a lot of improvement in the 
building façade system. There has been a wave of innovation by architects and manufacturers exploring advanced 
façade systems. These systems are designed to manage energy flows, view and comfort. One type of advanced 
façade of current interest is the double envelope system. Windows and façades are at the cutting edge of new 
technologies in buildings.  

3. Double skin façade  

Double skin façades was developed to increase the transparency of buildings integrating a combination of systems 
that provides a comfortable indoor environment that attempts to reduce energy use. The double skin façade is a trend 
that began in Europe. There are a few design aspects that drove the development of this advance system: 

 the aesthetic desire for an all glass façade that leads to the increase transparency appearance of a building 
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 the need to improve indoor environment qualities 
 the need for improving the acoustics in buildings located at noise polluted areas 
 the reduction of energy used due to environmental concerns 

Double skin façades are composed of two façade layers separated by a cavity. The configuration of the façade can 
vary in the depth of the cavity, materials used on each façade layer, the window to wall ration, the division of the air 
cavity and shading materials used in the cavity. The exterior façade is usually glazed and can be fully glazed. The 
interior façade is an insulated double glazed unit and is usually not fully glazed. The air cavity between the two panes 
can be natural, fan supported or mechanically ventilated. The width of the cavity can influence the way that the 
façade is maintained (Hamza, 2006). 

The interior window is usually operable by the user. There are more advanced façade technologies that have 
automated ventilating systems that regulate the natural air flow into the building. Some double skin façade systems 
integrate automatically controlled solar shading inside the air cavity. Although the double skin façade is not a new 
technology there is still a growing need understand the function of this façade type (Poirazis, 2004).  

Heat extraction double skin façade rely on sun shading located in the interstitial space between the exterior glass 
façade and interior façade to control solar loads. The concept is similar to exterior shading; solar radiation loads are 
blocked before entering the building. Heat absorbed by the shading system is released within the intermediate space 
and is drawn off through the exterior skin by natural or mechanical ventilative means (Carmondy…et al., 2003).  

The effectiveness of ventilation driven by thermal buoyancy or stack effect is determined by the inlet air temperature, 
height between inlet and outlet, openings size, degree of flow resistance, temperature or the louvers and interfacial 
mixing that may occur if there is no wind. Box windows are single story double skin facades that are divided by 
structural bay widths or on a room by room basis. Shaft box facades couple single story box windows to multi story 
vertical glass chimneys via a bypass opening at the top of the box window. Corridor facades are single story facades 
that have no vertical divisions except those required at the corners of the building for structural, acoustic or fire 
protection reasons (Poirazis, 2004). 

The position of the Venetian blind within the air cavity affects the rate of the heat transfer to the interior and amount of 
thermal stress on the glazing layers. The blind should be placed toward the exterior pane with adequate room for air 
circulation on both sides. Heat recovery strategies can be implemented using the same construction to reduce 
heating load requirements during the winter.  

3.1 Solar control façade 
Spectrally selective glazing is a type of glass that permits some portion of solar spectrum to enter a building while 
blocking others. This glazing admits as much daylight as possible while preventing transmission of as much solar 
heat as possible. It functions by controlling solar heat gains in summer and prevents loss of interior heat in winter 
(Ralegaonkar, 2004). 

Angular selective façades provide solar control based on the sun’s angle of incidence on the façade. The main 
objective is to block or reflect direct sun and solar heat gains during summer. It also admits diffuse sky light for 
daylighting. There are a few variations that include between pane louvers, or blinds with mirrored upper surface 
where the upper surface is treated with reflective coating. These systems fully or partially block direct sun and 
redirect sunlight towards the interior ceiling plane. Conventional louvered or Venetian blind systems enable users to 
adjust the angle of blockage according to solar position, daylight availability and glare (Poirazis, 2004). 

Exterior solar control as mentioned before in the sun shading section can be provided by overhang, fin or fully 
window screen geometries. The shape and the material will define the architectural character of the building. The 
main concept is to intercept direct sun before it enters the building. Operable systems can be used to control thermal 
gain, reduce glare and redirect sunlight. Operable systems provide more flexibility responding to outdoor conditions. I 
hot climates the system can be used to provide more daylight and absorb solar radiation before it penetrates into the 
building. 

Conventional side lighting concepts distribute flux principally 0-15 feet from the window wall causing glare, high 
contrast and excessive brightness, leaving the remainder of the perimeter zone and the core in the dark. We live in a 
computer orientated society and glare on the computer screen can cause severe eye sight problems therefore 
indirect lighting is much preferred in office buildings. Systems using direct sunlight are most effective on the south 
façade and for practical geometric simplicity and efficiency are designed based on seasonal variations in solar 
altitude.

Light shelves are typically a horizontal exterior projection that uses a high reflectance, diffuse or semi-secular upper 
surface to reflect incident sunlight to a given interior depth from the window wall. Between panes light shelves employ 
many of the same principles of their larger counter parts but can be fabricated in volume and protected from dirt and 
dust between two panes of glass. Optical efficiency with respect to redirection may be poor since the primary design 
intent is to diffuse incoming daylight. In most systems, view is distorted or impaired so placement of such a system 
above standing view height is typically recommended. With many of the transparent systems glare is not controlled 
since the direct sun increases the luminance of the panels well above acceptable limits for most office tasks. 
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3.2 Active façade
Smart windows and shading systems have optical and thermal properties that can be changed in response to 
climate, occupant preference and building energy management control system requirements. These include 
motorised shades, switchable electrochromic or gasochromic window coatings and double envelope macroscopic 
window wall systems. User choice and options will be further enhanced if they have the flexibility to dynamically 
control envelope driven cooling and lighting loads (Lee….et al, 2002). 

Many people recognise that control of solar heat gains during peak periods can be accomplished by simply blocking 
all solar radiation before or just after it enter the windows. It is also recognise that admitting daylight reduces the need 
for electric lighting. Determining the optimum energy balance between solar heat gains and daylight is a critical issue 
and is the key to optimising window and lighting peak demand reductions during the summer. Other long term 
opportunities not normally associated with window systems are those that allow windows to become part of the space 
conditioning solution. Natural ventilation, heat extraction and night time cooling strategies using operable windows 
reduce a building’s dependence on mechanical cooling or shift the load to off peak hours. 

4 METHODOLOGY

Research on office building designs has developed over the years. It looks to improve the quality of the environment 
through the introduction of more natural technologies in the lighting, heating and ventilation of the spaces. The main 
objectives of researchers are to investigate and test façade systems that are being used in buildings and determine 
ways of how it could produce reliable environmental performance, low coast, high efficient solar components which 
can be integrated in a wide range of building typologies (Sala,1994).

In this research, five case studies have been selected each based on office building types that is fully glazed and 
have different approaches on the use of its façade treatment. Examining individual buildings and analysing the 
functionality of the façade system, each case study looks into the selected performance criteria that are solar control, 
daylighting and ventilation.  

The scope of this research is based on current research and practice on the theoretical principles of the standard 
types of double skin façade system in terms of solar control, daylighting and thermal comfort. The selected study on 
innovative façade systems intends to explore the possible design parameters of the façade system used in modern 
high-rise buildings. The recommendation of improvements to the façade system excludes the consideration of 
thermal massing, energy consumption, and user comfort. 

The limitation of this research is that the case studies available to the study and selected are based on northern 
hemisphere locations. External pollution factors therefore are not considered in this research. The issue of 
maintenance with external shading devices is also not part of the scope of this paper. Nevertheless, the findings of 
the study, especially the technical aspects are relevant and applicable to the global context. 

5 RESULT 

The case studies were analysed base on the performance of the façade in relation to the orientation, design and 
environmental performance. Each case study has a façade system that provides examples that attempts to achieve 
an integrated active façade system. The design of each façade system integrates ventilation and solar control with 
the aid of an automated and manual operation mode. The results are divided into three sections: ventilation, solar 
control and façade glazing. The selected buildings for the case studies: 

1 Helicon, United Kingdom, 1996. 
2 Building Research Establishment, United Kingdom, 1997. 
3 Debis Headquarters, Germany, 1997. 
4 Stadttor, Germany, 1997. 
5 GSW Headquarters, Germany, 1999. 

5.1 Ventilation of façade system
Ventilation considerations 1 2 3 4 5

External air intake 

Integrated system (natural and mechanical) 

Cross ventilation 

Stack effect 

Openable internal windows 

Ventilation box 

Mechanical extractor 

Table 1 Types of ventilation performance used 
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Common parameters
The comparison of the ventilation performance used in each building show a common similarity. It is a popular 
method to integrate natural and mechanical ventilation systems. This consideration is due to the enhancement of air 
quality in the building and minimising air conditioning cost. Each case study tries to achieve this by allowing external 
or natural air intake into the cavity to assist with the filtration of interior air. This combined system shows that it is 
possible to enhance the air quality within the working areas and to create a more comfortable and productive 
environment for the users. 

Suggestions
Openable window that are integrated into the building’s façade system is a good design to adopt. However, this may 
lead to the loss of too much interior air being dispersed to the outside.  Noise penetration may be another issue 
where if the building is located at a busy or noisy district the noised from the outside may be heard from the inside. 
This will cause a lot of discomfort to the users of the building 

5.2 Solar control of façade system

Solar control considerations 1 2 3 4 5

External sun shading 

Internal sun shading within cavity 

Wider depth of cavity 

Interior blinds 

Fully glazed 

Integrated artificial lighting  

Table 2 Types of solar control system 

Common parameters
Solar control for each building shows that most façade systems have solar control within the cavity. All the systems 
have an automated and manual function where the solar control can be adjusted by the user or according to internal 
lighting conditions that are picked up by sensors. Integrating artificial lighting to responds with the amount of natural 
lighting that light up a space is an economical way to increase energy efficiency. This type of system is mainly a 
monitored system that is done by computers picking up light levels through sensors that a place within the office 
space. Interior blinds within the work area are so that users can minimise the amount of glare that gets into the work 
space.

Suggestions
Most solar controls in the buildings are designed in a way to deflect the solar radiation from penetrating into the 
interior space. However the most effective way would be to have the solar controls on the exterior of the building 
where it deflects the rays before it penetrates into the cavity. The amount of solar rays that penetrate into the interior 
office space would be minimised.  

This proves that the need to have a sleek and smooth appearance drives most of the façade design.  The solar 
control within the cavity is an effective way to block out solar rays whilst still maintaining a smooth and light façade. 
However, by having the solar controls within the cavity does increase the temperature within the cavity and this may 
cause over heating. 

5.3 Façade glazing 
Consideration for façade design
Transparency levels on each façade depend on the amount of glazing used on the façade. The result shows that 
each façade should be treated differently and the consideration of the orientation of the building is very important. 
Strong levels of sun light come from the eastern and western side of the buildings. Therefore it is more suitable if both 
sides of the façade are less transparent or has more sun shading as to filter and disperse the direct sunrays.  

The southern façade needs horizontal sun shading to deflect solar rays from penetrating the interior. On the northern 
façade it is the façade that least needs sun shading. The northern façade is usually the façade that permits diffused 
light into the building and provides a good amount of light. 

41st Annual Conference of the Architectural Science Association ANZAScA 2007 at Deakin University 153



0%

20%

40%

60%

80%

100%

Helicon BRE Debis Stadttor GSW

North
East
South
West

Chart 1 Façade transparency 

6 DISCUSSION 

6.1 Façade design strategies
All five buildings were selected because they have been widely considered as good examples of façade systems with 
solar control and natural ventilation for office buildings. Base on the results from the case studies, double skin façade 
systems have been identified as effective common glass façade types. Integrating solar control and ventilation 
systems within the façade cavity seams to be the most common parameter for the double skin façade system. The 
performance and type of integration methods vary according to the different building criteria.  

The most important issue that should be considered for façade design is the orientation of the building. The buildings 
from the case studies were all located in the same region and all had similar weather conditions. The treatment to 
each building facades should vary from one to the other and reflect the geographical context. The northern façade 
can be fully glazed without any solar control as it is the façade that get diffused light from the north. For the eastern 
and western façade vertical solar controls are more appropriate for minimising solar radiation as it blocks direct 
sunlight at different angles throughout the day. 

6.2 Solar control strategy
Climatic conditions and daylighting play a major role in the design and control of a shading system. The location, 
properties and control of the shading devices have a significant impact on daylighting and the prevention of glare 
within the parameter of the office space. 

A shaded façade will only have to sustain the diffuse and reflected radiations. The diffuse solar radiation depends on 
the surrounding environment and can be reduced with use of vegetation, colour and material texture. Other distinct 
parameters that should be considered when deciding on solar control devices are the orientation of the building, 
glass transparency, position of sun shading and the materiality.  

Maximization of daylight usage is desired because visual quality within an office increases user productivity and 
artificial lighting consumption is reduced significantly. The consideration of placing solar control on the exterior of the 
façade is so that the sun shading is able to minimise the amount of solar radiation that penetrates into the cavity thus 
minimising the need for using internal blinds. Although some of the case studies were able to minimise or control the 
amount of lighting needed in the interior space the shading devices were still unable to cope with blocking out glare 
externally. This is noted as a major concern as glare is harmful to the user especially when it affects the visibility of 
computer screens. 

The integration of the automated control system is a good technology but user controlled of movable shading devices 
is not reliable and may cause a constant disruption for other occupants. Dynamic control of automated shading 
devices, fenestration systems, electric lighting and HVAC system components could lead to minimization of energy 
consumption for lighting, heating and cooling while offering a comfortable indoor environment under continuously 
changing outside conditions (Tzempelikos and Athienitis,2007) 

6.3 Integration of natural and mechanical ventilation
The integration of natural and mechanical ventilation is known as a hybrid system. When natural ventilation is 
employed, cool outside air is drawn into the building to provide free cooling. It reduces the energy that is consumed 
by fans to circulate air within the building. The fresh air that is naturally vented into the building improves the air 
quality.  
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Base on the results of the case studies there are two ways that the buildings can be ventilated by stack effect or 
cross ventilation. The cross ventilation method works best when the depth of the floor plan is slim and does not have 
any obstructions. As for the stack effect method is where the external air intake is done within the cavity of the double 
skin façade. The cavity can be used as a stack, where recycled internal hot air can be exhausted into the cavity and 
is extracted up and out. The natural air intake can then be mixed with the internal air that is circulated and dispersed 
through air vents. This creates a more comfortable environment for the users within the building and thus increases 
productivity.  

6.4 Relationship between the functionality of the façade and aesthetics
Shading is the interactive concept between aesthetics and solar control. An optimal façade design is determined by 
the consideration of a smooth exterior façade and incorporating all the functionality of façade performances within the 
cavity of the double skin. When the applications of façade systems are integrated into the design it presents more 
design opportunities for the designer to develop an interesting and exciting façade. This will allow the functionality of 
the façade to be enhanced by the architectural quality of the façade design. 

6.5 Summary 
Based on the above results and discussions, it is evident that the double skin façade system with solar control and 
ventilation is an ideal façade system that can be further developed and optimised to minimise environmental impacts. 
It considers the fundamental design parameters of how a building should be ventilated and integrates the normal air 
conditioning system with a hybrid system. The façade design can create an appealing building envelope that would 
efficiently control solar gains, contribute to reduction in energy demand and maintain comfortable indoor conditions.  

The impact of shading design and control is critical for the daylighting performance in an office spaces. Translucent 
glazing is recommended to help minimise glare. The consideration of using external solar control would be a more 
effective method but if other requirements need to be accommodated, the use of automated integral Venetian blinds 
within the cavity of the double skin façade proves to be sufficient. 

Horizontal solar controls are effective for blocking sunlight and improve the uniformity of the light in the interior space. 
The problem of eliminating glare is still yet to be developed. The current solution is the use of a more translucent 
glazing material or the use of manually controlled roller shades. This provides the users with some control over the 
visual environment that suits their needs. However with internal shading within the cavity it does contributes to the 
over heating of the cavity. Over heating of the cavity especially during summer proves to be a major problem with the 
double skin façade system. By having the sun controls within the cavity does contributes to the increase in 
temperature. 

With the ventilation system it provides many good opportunities to further develop the integration of natural ventilation 
system with mechanical assistance. The results from the case study presents the same aims that is seeks to be 
achieved but is done through different façade systems. The most suitable ventilation method would be through stack 
effect. Where the air is filtered or circulated within the cavity of the double skin façade. This then allows the extracted 
interior air to be released and exhausted out of the building through the stack effect process.  

The cavity within the façade can be divided up into zones or by floor. Where the temperature within the building can 
be regulated with an automated system and the users on each floor level can adjust the temperature and ventilation 
mode to suit their needs. There are a few other issues that have yet to be addressed like air pollutions in the urban 
environment. This would be a major consideration in selecting the type of ventilation system that would be 
appropriate for the type of environment. The recommended strategies can be considered as the principles to apply to 
different façade systems. Although the examples presented in this paper are based on northern hemisphere context, 
the principles and performance criteria are the same if applied to southern hemisphere.  

7 CONCLUSION

This paper provides an insightful analysis of different double skin façade system used in office buildings with 
recommendations made to the solar control and ventilation of the façade system design.  

The emphasis on environmental considerations and sustainable designs can be seen in the attempts of buildings to 
maximise natural resources and minimise energy use. Glass façade systems can be integrated with many different 
parameters that will assist with the building performance. Solar control and Ventilation is the most primary function 
that needs to be considered in the design of the façade system. Although the emphasis on having a light and 
transparent façade may still be one of the driving factors in designing façade systems, this paper argues that the 
functionality in relation to the environmental performance of the façade is as important and can be integrated in 
enhancing the aesthetics of the façade. Although the examples presented in this paper are based on northern 
hemisphere context, the principles and performance criteria are the same if applied to southern hemisphere.  

This research stresses on the need to develop the double skin façade technology further to fully realise its potential in 
minimising energy usage within a building and creating a better and more adaptable interior environment. The design 
of solar controls on the exterior of the façade will pose a further challenge to architects. With the continuous trend of 
achieving visual transparency, integrating solar controls on the exterior will create new design topics and 
opportunities in future office building design. The use of façade systems does have a greater purpose beyond 
aesthetics.
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Revisiting Prefabricated Building Systems
for the Future 

Mark .B. Luther, Luca Moreschini and Helen Pallot
School of Architecture and Building, Deakin University, Geelong 3217, Victoria 

Abstract: Prefabricated building systems are becoming popular again, promising more than just 
affordable architecture. The new paradigm offers consistency, predictable environmental control, 
modular flexibility, and quick assembly.  Above all, this type of construction may be the only promise in 
obtaining a sustainable architecture for our future.  The language of prefabricated building is not new 
and offers varied solutions ranging from a ‘kit-of-parts’ to fully assembled modules.  

This paper attempts to diagnose and evaluate prefabricated modular building systems.  It aims to 
categorise various modular systems and to observe their attributes regarding materials, flexibility, 
structural integrity, delivery and constructability.  Finally, the paper suggests that pre-fabricated 
architecture can deliver high order design and diversity within the framework of waste reduction, 
renewable systems integration and optimal performance. 

1.0 INTRODUCTION:  

The demand for affordable architecture has arisen from the immediate dwelling and shelter needs of a society that 
can no longer sustain the existing paradigm.  Relief and crisis dwellings are ever-increasing in demand, as well as 
those due to population growth.  The economic costs of housing capital have come at crossroads with those of 
affordability.  Land prices over the last few years have well exceeded the cost of the dwelling.  Solutions to these 
problems are of course multi-faceted.  Land will be leased while the capital development rests with an owner.  The 
capital development will become an investment, an entity of resale, reuse and recyclability. 

At present, energy and material resource impacts of dwellings are enormous in regards to natural resources, 
manufacturing, community infrastructure support and operation.  With an anticipated dwelling boom over the next 5-
10 years: $950 million expected in the Northern Territory, Australia and  $50 million on relocatables in Victoria alone, 
as well as a moratorium on housing development in Broome (due to the lack of infra-structure), the need for a 
solution is inevitable.  Power plants and water services are next in line to becoming unaffordable for governments to 
support.   

This foreseen crisis however, has been single handedly dealt with through a multitude of innovative product 
manufacturers throughout Australia.  Among such products are progressive solutions to renewable energy, water 
purification systems, autonomous and low-energy lighting, innovative ventilation and air conditioning, and endless 
newly fabricated building materials. These manufacturers are optimistic, yet, face an unknown marketplace for their 
specific product.  One of the primary issues is that there is no integration between the different products which 
requires further design development.  This also requires testing efficiency and performance evaluation of the various 
design solutions.  

Therefore the problem rests with our current approach to building design and its process of construction, 
development and research towards the end product as a living unit.  Furthermore, the feedback loop of performance 
and outcomes is next to non-existent. In situ testing, for energy use, comfort, (thermal, lighting and acoustic), health, 
structural integrity, etc. are beyond the research scope of many projects. 

2.0 BACKGROUND 
Modular design is not new.  The 1920’s to the early 60’s were full of inventors and innovations for modular 
construction and its on-site delivery.  The ‘Turning Point of Building’ (Wachsmann, 1961) was an indication that such 
constructs would be the predecessor over conventional building processes as we know them today.  Relocatable 
school buildings represent one of the most popular forms of ‘modular’ construction today.  Yet, the processes by 
which such buildings are manufactured, is a far cry from applying present technological advancements.  There are 
significant opportunities to advance the entire modular design, its structure, building materials and services 
technology.  These opportunities require research at the pre-design as well as the prototype stages.  This assignment 
is also in need of an organized research structure inclusive of economic, environmental, and social benefits of 
modular dwellings. 

In order to obtain a better sense of what prefabricated buildings can offer, in the context of our present global 
situation, it is best to provide a review of the past.  The objective is to acknowledge the established principles of 
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prefabrication in the context of modularity.  Many pioneers considered ‘modularity’ as a key component of 
prefabrication.  Le Corbusier, Jean Prouve’, Konrad Wachsmann, Fritz Haller, all embraced various principles and 
interpretations of modular design.  The modular or ‘prefab revival’ is indebted to its past and must overcome several 
of its established phobias in order to advance and gain acceptance in today marketplace. 

3.0 A DEFINITION OF MODULAR BUILDING 

Modular design is based on the dimensions of a building component defining the ‘module’, used as a unit of 
measurement or standard which as a result determines the proportions of the remaining construction.  The Japanese 
Tatami mat, for example is based on the proportions of the human body.  All other dimensions of that building system 
evolved around the mat size, resulting in a systematic architecture, scaled and proportioned according to the unit of 
the human; one person lying or two people sitting. 

The beginning of industrialized building can be dated to 1851 when Paxton created his Crystal Palace.  The glass 
panel is the module of this building system.  Everything else was designed according to its dimension.  The 
innovations on the Crystal Palace were a huge step forward for the building industry which unfortunately did not 
maintain its momentum.  If the building industry had developed and embraced technology as it did the aircraft or car 
industry, for example, we would all live in highly technologically sophisticated houses today.  However, there is 
actually a huge discrepancy in the development between building and other industries. (Horden, 2001). 

As Richard Horden states “change in building construction technologies, in most countries, is generally slow and 
rarely noticeable.  When people think of a house, they are influenced by what already exists.  The sense of familiarity 
is greater than the desire of experiment. Most people are looking for a home which is not the same as a product.
They haven’t accepted the idea of a home being modular or prefabricated. For an office block or an airport this 
concept is perhaps more acceptable”. (Horden, 2001). 

3.1 Modular Construction Benefits 

Prefabricated design can be applied to both on site as well as modular construction methods; however, modular 
prefabrication is the preferred and more efficient method as it takes on similar principles of repetition and 
standardisation.  The advantages of modular prefabricated construction methods are: 

• Low Cost 
• Easy and Compact Shipping Methods 
• Time Efficiency in Product Delivery 
• Increase of quality control through organized machine-based manufacturing 
• Increased standard of OH&S (Occupational Health & Safety) manufacturing 
• Reduction of Unforeseen Risks 
• Easy Assembling of Parts 
• Predictable Environmental Conditions and Services
• Tremendous material waste reduction

Failures in modular building have resulted from a vicious co-dependency on public acceptance, volume production, 
and distribution infrastructure.  None of these attributes can successfully exist without the presence of the others.  
The public was looking for cost reduction and availability, while such reductions, in turn, depended upon mass 
production, and high public demand, offering little flexibility.  Today the robotic and pre-programmed processes of 
building can offer ‘one-offs’ and unique diversity (Bock, 2006).  While modularity remains a key component of such 
building systems, the limits of ‘modules’ have been redefined and the aspect of pre-fabrication is an economic 
advantage.

4.0 EVALUATING MODULAR DESIGN SYSTEMS 
Solutions to modular and pre-fabrication need to be considered and approached as design problems.  Modular and 
pre-fabrication design should consider: 

• Systems that are composed of separate components (modules) that can be connected or integrated together.   
• Systems that allow components to be added or replaced without affecting the rest of the system. 
• Systems that can create spaces of differing scale through repetition of components. 
• A “modular architecture” easily allows the addition or subtraction of components and can enhance the flexibility

of usage and maintenance of a built structure. 

4.1  Modular Categories 

In order to develop a strategy to evaluating as well as designing future modular and pre-fabricated systems it may be 
useful to try and provide a ‘classification of modular systems’.  In fact, it may be difficult to segregate these 
‘categories’ from an actual design solution, but they can help in defining distinctive characteristics of modular 
prefabricated design.  Figure 1 outlines an evaluation of modular design in terms of prefabrication or on-site 
construction for either of the modular systems: skeletal, panel / skin and cellular types.  
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Figure 1:  A Categorisation of Modular Pre-fabrication Systems and Construction Methods 

At first, we consider that a modular system can be prefabricated or constructed on site.  Since we are engaged in the 
paradigm of pre-fabricated construction we might explore whether pre-fabrication it-self can be categorized into 
particular types.  In our analysis, a panel/skin, skeletal or cellular type of modular unit is determined to be a distinctive 
category of prefabricated building.  These prefabricated systems are units that can be constructed by one or more 
modular systems.  In this case, elements or components, a kit-of-parts, a fill-in or an assembled complete unit 
constitute modular design systems.  Next, we define the possible construction stages and how modular pre-fabricated 
systems can become or are a part of this in their design.  These construction stages are categorized as: foundation, 
sub-floor, envelope, roof, services and energy sources.  The last two stages, ‘service’ and ‘energy source’ are 
intended as independent stages or products that could be delivered as pre-fabricated units or become a part of the 
other building stages. 

The boundaries between the ‘of modular building categories’, and the ‘modular design systems’ are quite flexible 
such that, as shown in the following two examples, a panel as well as a skeletal type of modular unit can be part of a 
design system such as a kit of parts. 

A panel system is defined here as: 
the construction based on a single integrated unit. 
external cladding, structure, insulation, internal lining, fenestration and design for  
ventilation may be included in the unit, making it diverse and unique. 
a system which may span floor to ceiling (wall panel) or floor or roof panel.   
a system which can minimize the building elements as well as provide an integrated structural stability. 

Panels can comprise the entire envelope and structure (see Figure 2) such as in the Tropical House by Jean Prouve.
Prouvé designed the Tropical House as a prototype for inexpensive, readily assembled housing that could be easily 
transported to France’s African colonies.  Fabricated in Prouvé’s French workshops, the components were completed 
and flown disassembled to Africa in the cargo hold of an airplane.  The house sits on a simple one-meter grid system 
with fork-shaped portico support of bent steel.  All but the largest structural elements are aluminium. No piece is 
longer than 13 feet, which corresponds to the capacity of the rolling machine, or heavier than 220 pounds, for easy 
handling by two men.

The house volume is defined as multiples of the basic modular component the “wall panel” which integrates a full 
prefabricated envelope system; structure, external cladding, internal lining, solar penetration, ventilation and 
insulation. The lightweight (aluminium and insulation) panels may act as a secondary element to the main structure or 
as doors, walls and windows. 
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Figure 2: The Tropical House by Jean Prouve

s
em.

The Renault Centre (1982) – Norman Foster 

directional growth for future change or expansion with minimum 

A keletal system is defined as: 
individual components assembled to provide a structural frame, foundation or structural syst
a system which acts as an independent element to which envelope elements are attached. 

Inter-connection or integration can occur between the skeletal system and other mechanical services. 

Figure 3: 

Built in 1980 - 1982 in Swindon England, the Renault Centre by Foster Associates stands as an example of modular 
system building (Figure 3).  The concept uses an umbrella structure as a “modular unit” to span the required distance 
(a bay dimension of 24 meters). The system consists of self-sustaining modules capable of grouping in a variety of 
configurations and responds to the demand of the site and its internal use, to requirements of flexibility, speed of 
construction and low cost.  This allows incremental bi-

terruption to the current function of building. in

A cellular system is defined as: 
Components which form entire singular spaces, that combine together, create a building or are prefabricated as 
an entire cellular building. 
Envelope, interior, mechanical and structural systems can be incorporated within a single unit. Delivered to the 
site as one unit (see Figure 4). 
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Figure 4: Nagakin Capsule Building - Kisho Kurokava, 1970-72 

4.2 Modular Design Systems 

After defining the ‘Categories of Modular Units’ we move on to considering their fabrication through ‘Modular Design 
Systems’ which are broken down into four groups (see Figure 1). These describe the manner in which the modular 
building unit is constructed  

An element or component system is: 
based on a single modular component 
can be easily constructed or assembled into a system 
can produce a skeletal or panel building typology 

Figure 5:  Takuya Onishi - Fedex Thailand

Figure 5 is an example of a modular design system based on a single ‘component’ the FedEx envelope. The material 
tradename is ‘Tyvek’, which is made from 25% post-consumer recycled materials, is water resistant, and can be used 
as a modular building.   The system is highly flexible, like LEGO blocks.   

A ‘kit-of-parts’ system is: 
a set of variable components packed together which make up a building. 
can be assembled on-site or delivered as a pre-fabricated system. 

The problem with this particular ‘design system’ may be that only one solution of assembly exists.  A ‘kit of parts’
should benefit by offering flexibility in modular components.  The Toyota Motor Corporation is offering prefabricated 
housing where consumers can assemble their ’dream home’ from over 350,000 single parts.  Computer-aided design 
and manufacturing will produce around 2,000 components which in turn make approximately 300 functional modules 
(Bock, 2006). 

Figure 6 below is an example of a cellular type of modular unit, based on a “Kit of Parts” design system. 
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Figure 6: Modular Mobile Sanitary Facility:  Timothy Yee (5th year) University of Melbourne student 

A ‘fill-in’ system could be defined as: 
one spanning between two structurally complete units. 
a combination of modular pre-fabricated systems:  panel, skeletal or cellular units 
simply a ‘fill-in’ to make up the void or open space. 

Figure 7  is a mobile medical unit project which is an example of a cellular type unit based upon a shipping container 
applying a ‘fill in’. 

A ‘complete unit’ might be defined as: 
a preassembled cellular module ready for use 
a module which can consist of pre-fabricated panels and services. 
a system made up from the others fulfilling both structural and envelope needs. 

Figure 7:  KHRAS Denmark an Example of a ‘Fill-in’
Figure 8:  Takuya Onishi - LaunchPad 05, 

an Example of a Cellular Module

Figure 8 shows an example of a mobile medical unit project, a cellular type, but this time based on a ‘complete unit’ 
design system as an inflatable bubble. 

The final portion of Figure 1 relates to how we consider the construction stages of modular pre-fabricated design.  
The stages consist of considerations for prefabrication such as the foundation system, sub-floor, building envelope or 
roof.  An example of such system designs is provided in the structural and drainage integration by the architect Fritz 
Haller (Figure 9) and the organization of prefabricated heating and water supply units (Figure 10).  Such essential 
components of construction need to become the backbone of modular prefabricated systems if they are going to be 
successful.  Further investigation into renewable energy systems, storage and their control are an additional, yet to 
be integrated part, of contemporary sustainable design and construction.  ‘Plug-in’ renewable energy systems have a 
well placed future in prefabricated modular design.  Finally, the idea that services are an essential part of the 
construction stage in prefabricated design is acknowledged. 
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Figure 9: Structural System with Drainage Pipes (F. 
Haller) 

Figure 10: Plumbing Network as a Single Element  
or System (courtesy of Digitales Bauen) 

5.0  THE NEXT PREFABRICATED SYSTEMS:  A SOLUTION 
We need to rethink the way we make things, especially our architecture. A total re-engineering of building materials, 
their manufacturing processes, construction and operation requires redesign, waste reduction and transformation into 
energy producing products and building.  A sustainable future of architecture demands research into renewable, 
adaptive, recyclable and environmental building components.  This design needs to offer the composition of modular 
flexible space and versatility.  Our next architecture will require innovative engineering of building services together 
with progressive design, applying the knowledge of material chemical composition, detailed construction assembly 
and the implementation of renewable energy and water systems.  

Modular prefabricated building requires a new paradigm to make it work and coexist with present demands of 
affordability and reassuring sustainability. This paper is only a small step in trying to revisit and convince the designer 
that there may be a future in architecture with prefabricated systems and that we need to be open minded about what 
they can offer. 

One of the primary intentions of revisiting modular building systems is to explore the past, discover possible patterns 
and solutions and reconsider what might be missing.  Within this context we might consider a new approach or 
purpose for prefabricated modular building and what it could offer.  An example is provided in Figure 11, which 
focuses on modular medical relief structures, and this approach is extended into the building life and transportability 
of the unit.  Depicting the permanent, temporary and transient conditions of the modular prefabricated unit directly 
relates to its construction category or type, its application of modular systems, its material selection, and construction 
method.

Figure 11:  An Example of Applying the Modular Systems to Medical Relief Centers 
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It is therefore useful to perform an analytical diagnosis of modular designs in an attempt to find opportunities to 
improve them.  One of the major opportunities for modular designs is their application of RARE (renewable, adaptive, 
recyclable, and environmental) architecture principals integrated into the design.  As stated by (Luther Altomonte & 
Coulson 2006), “it could be expected that our buildings become energy resources, instead of energy consumers”.  
Modular often translates to individual units, allowing easier integration of services (i.e. heating and cooling) control in 
comparison with conventional building.  Prefabricated design provides a good opportunity to take on the R.A.R.E. 
principles because it supports the idea of integrated design at all stages in a project and offers the possibility to 
combine multiple systems and services.  The focus is on flexibility, of design, of adaptation, of space and aesthetics.  
By identifying and classifying modular design we open up a larger playing field and therefore more variations.  
Modular design has not been as accessible in the past due to high costs and code restrictions.  However today 
modular designs are becoming more intelligent as our sophistication of materials, energy systems and building 
services improve.  The new paradigm for modular design is to understand its classifications, taking onboard our 
developed technologies, using renewable and adaptive principals to rectify livable space and through testing, 
combining and refining modular architecture it can be readdressed within a new light, one that may be more 
successful than the past.

6.0  CONCLUSION 

This paper has attempted to organize and provide an analytical method in the design evaluation of prefabricated 
modular building.  The necessity for such is apparent to students who are presented with abundant examples on the 
topic with no particular design objectives, direction or construction methodology.  The authors are not stating that the 
proposed method of investigation is the definitive on modular prefabricated building diagnostics, but rather a start to a 
possible approach.  Teaching ourselves about the topic of modularity and prefabrication prompted a desire to find an 
organization of it.  We wanted to ‘discover’ how it could be explained and taught to others.   

This research lead to a better understanding of the subject matter and provides inference on how to evaluate new 
modular prefabricated systems designed by others.  It has also provided insight towards an approach in designing 
our own modular systems as well as providing critical analysis of our limits in a particular design.  If we can 
categorize and put things temporarily into silos, only to be able to take them out again as need be, we are better off 
than designing in a atmosphere of unknown chaos.   

The recognition of integrating innovative building services and renewable energy sources into modular prefabricated 
design is a huge step towards sustainable living unit production.  If we can organize our designs with a checklist of 
optimum flexibility through prefabrication and modularity we may finally be on the road towards an effective 
architecture. 
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Embodied energy of building materials 
A comparative analysis of terraced houses in Malaysia 
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Abstract: Built Environment is accountable for the increase in degradation of environmental quality in 
recent times. A considerable amount of energy is consumed during its construction, operational and 
post use phase. In acknowledging this, research into building energy efficiency is concentrated on 
active energy use which overshadows the embodied energy required for its production. Embodied 
energy content varies enormously between products and materials. Choices of materials and 
construction methods can significantly change the amount of energy embodied in   buildings. This 
study is carried out to gauge the embodied energy efficiency of materials utilized in Malaysian double 
storey terraced houses. This study prepares an estimation of embodied energy of major materials used 
in five double storey terraced houses such as concrete, steel, glass, timber, plywood, ceramics, 
aluminium, bricks and roof tiles. Through the tabulated data, a comparative analysis has been carried 
out to gauge the total embodied energy locked up in these houses. The findings show that average 
total embodied energy of major materials of these houses is 4.46GJ/m2. Materials such as aluminium, 
bricks, concrete, plywood and steel are the main contributors to high embodied energy. The study also 
highlights the significant reasons, which leads to energy efficient alternatives to reduce the 
environmental impact. 

Conference Theme: Construction and materials 
Key words: Embodied Energy, Building Materials, Houses, Energy Efficiency, Life Cycle Assessment 

INTRODUCTION 

Energy and Building 

Exploitation of finite non-renewable energy resource accelerated its depletion and contributes to environmental 
pollution.   This has forced the exploration for energy efficient alternatives and this is true especially for the building 
industry as it is the largest consumer of energy intensive material.   It is far more difficult to adopt sustainability in the 
construction of buildings as many materials, production plant and downstream processes are also involved. 
Manufacturing of many varied building materials such as steel, concrete, bricks, aluminium, glass, cement etc. have 
to be studied in order to determine its energy and ecological cost. The energy required for the production of most of 
the energy intensive building materials in Malaysia are basically from non-renewable energy sources. Energy 
consumption in the commercial and residential sectors Malaysia is at 13.4 % of total. These sectors, however, only 
include the energy consumed in buildings during the period of their active usage. The percentage of energy 
consumed by the building sector in the production of the building materials and services for the industry is not 
included. The manufacturing or the industrial sector consumes a total of 38% of total energy consumed in the country 
(Malaysian Energy Centre 2006).  Furthermore the rapid growth of population, 2.4% per annum and the stress it 
applies to the manufacturing industry are increasing the requirements for these materials especially in the housing 
sector. Petaling Jaya covers a land area of 97.2km2 but accommodates about 1.6% of its total population (Statistics 
Department Malaysia 2006). A total of 160,377 units of houses have been constructed to accommodate its population 
and about 32% of these houses are of terraced units (Petaling Jaya City Council 2005). Hence, a significant study is 
being carried out to study the total embodied energy major materials of terraced houses and to explore the alternative 
building materials with lower embodied energy values which would be able to reduce the cost environmental effect.  

The energy consumption assessment in a building covers three phases (1) preconstruction-initial embodied energy of 
materials, (2) construction phase-operational energy (3) post construction phase-demolition energy. Whereas the 
energy used in operating a building can be readily measured, the embodied energy contained in the structure is 
difficult to assess. In the case of buildings, the energy required to operate a building over its life greatly overshadows 
the energy attributed to the products used in its construction. It is a common claim that energy-efficiency measures 
can reduce the operating energy of an individual building by 60% or more. Comparatively little attention has been 
focused, however, on recognizing or reducing the embodied energy of structures. (Mumma 1997). There are several 
reasons for this, among them the lack of a clear assessment methodology and the data required to implement it, as 
well as a common assumption that the initial energy needed for production of a building is minor compared to its long-
term operational needs. In fact some studies have shown that this is the case, citing figures in the range of 80% 
running energy to 20% embodied energy (RAIA 2004). Reddy and Jagadish (2003) had suggested that study of both 
the types of energy consumption is required for complete Life Cycle Assessment (LCA). 
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Life Cycle Assessment (LCA) 

Building materials used in present construction industry has many unperceived irreversible environmental impacts 
because of the energy used and carbon dioxide emission in its production process. The manufacturing processes of 
these building materials in local industry are fueled by electricity generated from fossil fuel which causes severe 
environmental impact. This impact is unobserved by designers due to lack of building LCA studies conducted in 
Malaysia. There are normally alternative materials which can perform the same function in a building and given that 
their energy-efficiency may differ, energy used during this pre-construction phase can be reduced by using these 
alternative materials. Reducing this energy consumption would certainly reduce the severity in environmental impact. 
Further energy-efficiency can be accomplished through use of renewable energy in the production process, and 
reusing or recycling of existing products. The concern of these environmental impacts does not become apparent 
until we examine the materials from a life cycle approach (LCA).To obtain a comprehensive picture of a product's 
whole-life environmental costs, a number of guidelines and draft standards have been developed in recent years. 
LCA is a process whereby the component and overall environmental flows in a system are quantified and evaluated 
(Scheuer and Keolian 2002).  

LCA examines the total environmental impact of a material or product through every step of its life from obtaining raw 
materials (for example, through mining or logging) all the way through manufacture, transport to a store, using it in the 
home and disposal or recycling. LCA can consider a range of environmental impacts such as resource depletion, 
energy and water use, greenhouse emissions, waste generation and so on. Life cycle assessment, or LCA, is a tool 
for comprehensively measuring and accounting for the resource consumptions and environmental burdens 
associated with a product over its life.  LCA studies generally consist of four phases, as set out in ISO Standard 
14040 (ISO 1997): goal and scope definition, life-cycle inventory, impact assessment and interpretation. These four 
steps of the LCA methodology can be applied specifically for life-cycle energy analysis (LCEA), which uses energy as 
the only measure of environmental impact. 

Embodied Energy in Life Cycle of Buildings 

Energy is needed not only to run a building it also takes energy to create the building products and to build it. The 
embodied energy of a material, product, or assembly includes the energy required to extract and process the raw 
materials, manufacture the product, and transport the material and product from source to end use (Kim and Ringdon 
1998). The embodied energy of a material refers to the total energy required to produce that material, including the 
collection of raw materials. This includes the energy of the fuel used to power the harvesting or mining equipment, the 
processing equipment, and the transportation devices that move raw material to a processing facility. This energy 
typically comes from the burning of fossil fuels, which are a limited, non-renewable resource.  Fay, Treolar and Iyer-
Raniga (2000) have shown in their research that embodied energy used in buildings life cycle energy consumption 
can be a significant portion and there is a need to assess this life cycle energy in order to identify a possible reduction 
in this consumption. Energy required for this phase of the life cycle is normally derived from combustion of fossil fuels 
in developing countries. The combustion of fossil fuels also has severe environmental consequences, from localized 
smog to acid rain. The greater a material’s embodied energy, the greater the amount of energy required to produce it, 
implying more severe ecological consequences (Kim and Ringdon 1998).  

Every building is a complex combination of many processed materials, each of which contributes to the building's 
total embodied energy. The energy required to extract and process the raw material for an individual component, as 
well the energy used to transport the finished product to the job site and install it, all become part of the embodied 
energy cost of the completed structure. Furthermore, energy involved in maintaining an individual building 
component, and finally removing it and recycling it or otherwise disposing of it at the end of its useful life, can all be 
part of the embodied energy equation for a particular building material, depending on how the embodied energy is 
quantified (Mumma 1997). Embodied energy content varies enormously between products and materials. Choices of 
materials and construction methods can significantly change the amount of energy embodied in the structure of a 
building. Embodied energy content of building was always thought as small as compared to the operational energy of 
a building until now where, much effort and attention is being paid in reducing or improving this energy content. 
Recent researches has shown that embodied energy can be the equivalent of many years of operational energy if a 
careful thought is not given in the selection of material during the construction stages. True low energy building 
design will consider this important aspect and take a broader life cycle approach to energy assessment. Merely 
looking at the energy used to operate the building is not really acceptable (Mumma 1997). Building material choices 
are important in sustainable design because of the extensive network of extraction, processing, and transportation 
steps required in processing them. Activities to create building materials pollute the air and water, destroy natural 
habitats, and deplete natural resources (Scheuer and Keoleian 2002).  The environmental consequences from 
building materials can significantly be reduced if these materials are produced from reused or recycled resource. 
Building materials which incorporate industrial and consumer wastes (such as fly-ash concrete, recycled plastic 
lumber, etc.) can reduce both the depletion of natural resources and the pollution generated by disposal and the 
usage of these “environmentally friendly” materials are becoming more widespread in the industry (Scheuer and 
Keoleian 2002).

This energy use is often hidden and can only be fully quantified through a complete LCA. Embodied energy can be 
split into: (1) energy consumed in the production of basic building materials, (2) energy needed for transportation of 
the building materials, and (3) energy required for assembling the various materials to form the building (Reddy and 
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Jagadish 2003). Gross Energy Requirement (GER) is a measure of the true embodied energy of a material, which is 
the measure of all energy inputs including, energy consumption in building materials extraction, transportation plant 
and processing, energy in transportation of building materials, energy input in construction of the buildings and 
building systems.  Process Energy Requirement (PER) is a measure of the energy directly related to the manufacture 
of the material of the materials itself (Lawson 1996 p.13). Process Energy Requirement (PER) aspects of embodied 
energy is used in tabulation of embodied energy values. Due to unavailability of local energy intensities value of 
building materials, data from Australia is referred and used in the tabulations. Ideally, the energy intensity reported 
from Malaysia should be adopted in this study, since the overall energy efficiency in different countries may vary 
significantly. At present, these data have not been available in the public domain in Malaysia due of lack of or no LCA 
studies have been conducted by local manufacturing companies in their production processes. Therefore, the energy 
intensities (PER) of different building materials is taken from the table published in Building Materials Energy and 
Environment authored by Bill Lawson, 1996.  These Australian data is not a representation of Malaysian scenario but 
the intention is to use reliable relative data rather than absolute embodied energy data which are not available. This 
sets the limitation in this study and therefore the recommendation and conclusion is considered with this limitation.   

Research Objective and Study Area 

This present study aims to determine the embodied energy value of current constructed double storey terraced 
houses and to evaluate the environmental impact generated by the materials used to construct these buildings. This 
study will also show that building materials with lower embodied energy can be used instead to reduce the 
environmental impacts. The study is limited to main or major building materials used to construct the typical terraced 
houses locally such as concrete, plywood, reinforcement, bricks, floor finishes, glass, timber, aluminum and concrete 
roof tile. All houses are of double storey terraced units with built-up area of 130-160 meter square and constructed of 
reinforced concrete structure with either cement sand or clay brick wall. None of the house is renovated or 
refurbished.  

The study focuses on five (5) units of double storey terraced houses located in Petaling Jaya. Petaling Jaya, Malaysia 
is located in Klang Valley, Selangor Darul Ehsan at Latitude 30 6’ and longitude 101 39’. This area is approximately 
60meters height above sea level: a very dense city where many have taken up residence. The selected double storey 
terraced houses have similar designs, construction method and building materials specification.  

Building Description 

The chosen houses are of 20’ x 70’ double-storey terraced intermediate units located at Petaling Jaya area designed 
by several local designers. These dwellings are typical sub-urban prototypes consists of four bedrooms and three 
bathrooms, with the gross floor area (GFA) of approximately 130-160 square meter or 1400-1700 square feet. Figure 
(1) and (2) below shows typical floor plans and section of houses studied.  

These houses are constructed from reinforced concrete structure which is made of the three main components that 
are concrete, formwork and reinforcement (steel). Formwork used is generally of sawn plywood and in-situ concrete 
of Grade 20 and 25 is used to cast the structures. The foundation is constructed from pre-cast reinforced concrete 
pile with pile caps. The brick walls are non-load bearing laid with clay bricks for party wall and cement sand bricks for 
internal and external walls. The pitched roofs of these houses are constructed of timber trusses covered with 
concrete roof tiles. The staircase is of reinforced concrete structure, finished with ceramic tiling or timber finishes 
complete with mild steel balustrades and hardwood hand railing. For doors and windows frames is either timber or 
aluminium is used and the door panels are from plywood or hardwood timber. Glazing for windows are made up of 
4mm thick clear float glass. There are few types of floor finishes such as ceramic tiles, broken marble and cement 
rendering. As for wall finishes, weather shield paint is applied to external walls and emulsion paint for internal walls. 
Walls are also tiled with 1500mm high ceramic tiles to kitchen and full height to bathrooms.  
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Ground Floor Plan   First Floor Plan 

(Source: KP See Architect Sdn. Bhd.) 
Figure (1):  Typical Floor Plans of the Chosen Residences 

(Source: KP See Architect Sdn. Bhd.) 
Figure (2): Typical Longitudinal Section of Chosen Residences 

Embodied Energy Analysis Method 

The embodied energy of selected terraced houses were estimated by entering the quantities of each elements i.e. 
substructure, superstructure, brickwork, finishes, etc. into a spreadsheet format. Those quantities are taken in the 
principle dimensions (mostly m3, m2 or kg). Quantities are then converted into mass of each individual material by 
multiplying the density of each individual material. Finally, the embodied energy is obtained by multiplying the mass 
with the energy coefficient (MJ/kg). However, this research focuses is on tabulating the major elements i.e. concrete, 
timber, plywood, reinforcement, brickwork, roofing, aluminium and finishes. Example of how the calculation was 
carried out to acquire the embodied energy value of building materials is shown on Table (1) below. 
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 Table (1): Example Embodied Energy Value Calculation of Residential-1 

ELEMENT
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Energy 
Co-eff
(MJ/kg)
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(M
J)

G
J/

m
2

Concrete m3         
34.70 2400   83,271.96  

             
1.70

     
141,562.33  1.03

 Plywood m3           
2.26 700         

1,579.34  
           
10.40

       
16,425.11  0.12

Reinforcement kg 3,591.25  
      
3,591.25  

           
34.00

     
122,102.63  0.89

Clay brick m3           
9.81 2403   23,577.76  

             
2.50

       
58,944.39  0.43

Cement Sand 
brick m3         

18.96 2050   38,875.18  
             
2.7

     
104,962.98  0.77

Ceramic tiles m3           
0.46 2000            

924.92  
            
5.00

         
4,624.60  0.03

Broken Marble  m3           
0.14 2563            

351.51  
             
5.90

         
2,073.91  0.02

Glass m3           
0.08 2500            

194.03  
           
12.70

         
2,464.18  0.02

Hardwood 
Timber m3         

15.95 850   13,554.97  
             
2.00

       
27,109.94  0.20

Aluminium m3           
0.20 2700            

540.00  
         
170.00  

       
91,800.00  0.67

Concrete roof 
tile m2       

119.84  44       
5,272.96  

             
2.10

       
11,073.22  0.08

TOTAL  4.28

Results and Analysis 

Based on the study carried out on five houses as per shown in Figure-(3) below, the average total embodied energy 
of the major material of a typical Malaysian double storey terraced house is 4.46GJ/m2. It also indicates that 
residential-3 has the highest average embodied energy, 5.38GJ/m2. The embodied energy of residential 4 is the 
lowest, 4.12GJ/m2 and followed by residential 5 with the value of 4.18GJ/m2. The lower embodied energy of these 
two residences is due to non usage of aluminium (energy co-efficient -170MJ/kg) for the door and window frames. 
Furthermore both residences had limited the use of plywood (energy co-efficient - 10.4 MJ/kg) in its construction for 
formwork and door panels. In contrast to residential 3, residential 4 and 5 did not use plywood as door panel instead 
used hardwood timber with lower energy co-efficient (2 MJ/kg) and with higher durability, longer life or reduced 
maintenance requirement. Refer to table 2 below. 
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Table 2: Material Breakdown for Residential Units-Embodied Energy per Square Meter Area (GJ/m2)

ITEM ELEMENT
Res 1 Res 2 Res 3 Res 4 Res 5 

Ave.(GJ/m2) 

137 136 154 153.89 145

1 Concrete 1.03 1.16 1.12 0.89 1.23 1.09

2  Plywood 0.12 0.37 1.38 0.32 0.27 0.49

3 Reinforcement 0.89 1.12 0.68 0.97 0.95 0.92

4 Clay brick 0.43 0.38 0.27 1.27 0.48 0.57

5 Cement Sand brick 0.77 1.04 0.74 0 0.40 0.59

6 Ceramic tiles 0.03 0.11 0.08 0.08 0.15 0.09

7 Broken Marble  0.02 0 0 0 0 0.00

8 Glass 0.02 0.05 0.07 0.02 0.02 0.03

9 Hardwood Timber 0.20 0.06 0.12 0.48 0.60 0.29

10 Aluminium 0.67 0 0.83 0 0.00 0.30
11 Concrete roof tile 0.08 0.10 0.08 0.09 0.09 0.09

TOTAL (GJ/m2) 4.26 4.40 5.38 4.12 4.18 4.46

Embodied Energy of Major Building Materials (GJ/m2)

4.26

5.38

4.12

4.18

4.40

0.00 1.00 2.00 3.00 4.00 5.00 6.00

Residental 1 (137m2)

Residental 2 (136m2)

Residental 3 (154m2)

Residental 4 (153.89m2)

Residental 5 (145m2)

Embodied Energy (GJ/m2)

Figure (3): Embodied Energy Value of Five Residences 

As per shown in figure (4), Residential-3 below, the embodied energy value is high (5.38GJ/m2) due to the usage of 
plywood (energy co-efficient -10.4MJ/kg) for formwork and interior door panels. The use of plywood is generous due 
to its cheaper price but its embodied energy co-efficient is 10.4GJ/m2 which is rather high and reuse capability is 
lesser as compared to material such as plastic, alloy aluminium and timber. The embodied energy value for aluminum 
is also high despite the minimal usage of this material for the door and window frame since the energy coefficient of 
this metal is very high (170MJ/kg). Usage of aluminium door and window frame has become very popular in the 
housing industry due to its easier and cheaper maintenance and is a more economical substitute for hardwood 
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timber. Concrete too contributes high embodied energy value -1.12GJ/m2, because it is used to construct the entire 
structural element of the building and it provides the required structural strength.  

Residental 3 (154m2)-Embodied Energy (GJ/m2) 
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Figure (4):  Residential-3 – Embodied Energy of Building Materials/m2

For local construction, the essential element of a building is its structural component i.e. piled foundation, 
substructure, superstructure, upper floor and staircase. The structural components are fabricated from three main 
materials which are concrete, steel (reinforcement) and plywood (formwork).  

Residential 1 (137m2)-Embodied Energy  (GJ/m2)
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Figure (5): Residential-1 – Embodied Energy of Building Materials/m2
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Figure (5) above shows the total embodied energy value of structural elements such as concrete, steel and plywood 
formwork of Residential-1, which contributes approximately 1.03GJ/m2, 0.89GJ/m2 and 0.12GJ/m2.  Aluminium 
contributes a high embodied energy value (0.67GJ/m2) despite the minimal quantity used for window and door 
frames. This is because the energy co-efficient of aluminium is extremely high (170-190MJ/kg) compared to other 
materials such as timber and steel. 

Based on the study carried out on the five local houses as per shown below in figure (6), materials such as 
aluminium, cement sand bricks, concrete, plywood and steel have been identified as contributing to high embodied 
energy value. These are the materials with very high energy co-efficient and the use of these materials in 
construction has great impact to the environment. These materials are used in the construction of the structural 
system such as columns, beams, slab, window frames and walls. To perform the same function, strength and 
durability, often there are a range of different materials with significant energy efficiency can be used to substitute 
these materials.  

Average Building Materials Embodied Energy (GJ/m2)
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Figure (6): Analysis of Average Building Material Usage-Malaysia 

RECOMMENDATIONS AND CONCLUSION 

Based on the study, certain materials used in materials used in the present construction of prototypical sub-urban 
terrace housing in Malaysia can be replaced by materials with lower embodied energy to serve the same purpose as 
well as maintain the investment value. As such materials like pre-cast concrete is a good option compared to cast in-
situ concrete. This is because pre-cast concrete is pre-fabricated and it is labor saving and in turn reduces cost. 
Compared to cast in-situ concrete, the energy coefficient of pre-cast concrete is only 1.9MJ/kg, where as in-situ 
concrete consist of concrete (1.7MJ/kg), formwork (10.4MJ/kg) and steel (34.0MJ/kg). Alternatives such as pre-cast 
concrete method is ideal in terms of time, cost and quality and it should be used more widely to replace the cast in-
situ method. 

Use of plywood formwork in construction is not environmental friendly and it also implies a high proportion in 
embodied energy value (energy coefficient 10.4 MJ/kg). The use of metal formwork is getting more popular in 
construction industry. Metal formworks are made of steel can be used to substitute the plywood formwork that is used 
widely due to its low cost. Although the embodied energy of steel is higher than plywood, steel formwork is more 
durable than plywood and it can be recycled many more times as compared to plywood which can only be recycled 
for maximum of five times, therefore reduces the quantity of materials to be used as formwork. Further more steel 
formwork can be dismantled at very early stage and can be reused at the same time and speed up the drying 
process, hence lessens the amount of quantities used as well. As a result the total embodied energy required for 
formwork by using steel is much lesser. 

The other alternative to replace the use of plywood in the industry is alminium formwork systems. The basic element 
of the formwork is the panel which is an extruded aluminium rail section, welded to an aluminium sheet. The panels 
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are made from a high strength aluminium alloy. These panels are manufactured within factory environment. The 
embodied energy co-efficient of aluminium is high (170-190MJ/kg) but the advantages such as the reusability of the 
material more than 100 times and low wastage offsets its high embodied energy and recycling aluminum requires 
only about 6% of energy that is required to produce it from virgin material (Kim and Ringdon 1998). 

Plasboard is another alternative for plywood formworks which is also currently used in local construction industry but 
not as widely as conventional plywood. The plasboard consists of three layers composite board, highly versatile as 
formwork product. Compared to natural plywood, plasboard is an environmentally friendly product as it is made of 
recycled wood or wood powder and recycled material. Being produced from recycled wood or wood powder this 
product has a lower embodied energy. Furthermore, plasboard is more economical compared to plywood because 
this material can be reused for more than 100 times.  

Other than being used for formwork, plywood is also a very popular material for interior door panel as is a much 
cheaper material than timber.  Timber is an environmentally better alternative to plywood panel as it lasts longer thus 
reduces the embodied energy involved in replacement and maintenance process throughout the buildings life. 

It is also evident that aluminium used for door and window frames in local construction has very high energy 
coefficient (170-190MJ/kg) and the use of this virgin materials should be reduced unless it is manufactured from 
scraps which would takes up only six percent as much energy (Kim and Ringdon 1998). Another alternative for 
aluminium is hardwood timber which has a much lower embodied energy coefficient 2MJ/kg of about 99% lower 
embodied energy compared to aluminium and can be recycled as well. The use of virgin aluminium building have to 
be   avoided, in-lieu of that materials with lower embodied energy such as recycled aluminium, timber and steel can 
be used to perform the same function. 

This study shows that specification of certain identified materials in local housing construction can be improved in 
respect of embodied energy and environmental consequences.  Materials such as pre-cast concrete for structure, 
recycled aluminium or timber for door and window frame, hardwood timber for door panels and formworks from metal, 
plastic or aluminium provides an energy efficient solution for local housing systems. The use of these alternative 
materials would have significant contribution from the construction industry in reducing the environmental impact in 
view of the fact that they are also reusable and recyclable.  As an environmentally conscious designer, it is the 
responsibility of the building professionals to choose materials for construction, high proportion of recycled or 
recyclable materials is the main selection in order to reduce the embodied energy as well as construction cost. 
Undoubtedly, the best way is to utilize locally produced materials and products than imported materials in local 
construction industry to minimize transportation energy as well.  
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Abstract: The effect of time-lag (or thermal-lag) – where thermal mass and ground coupling provide 
dampening effects that reduce the amplitude of temperature variations – is often used as a way to justify 
masonry construction technologies in hot/humid climates. Structures with mass walls are thermally more 
stable than those with lightweight walls because thermal mass diminishes the effects of both high and low 
temperatures. This paper questions the value of mass construction technologies in hot/humid climates. A 
series of test modules were constructed from both lightweight and mass materials with a series of internal 
temperature measurements recorded over an extended period of time. Analysis shows that in hot/humid 
climates the thermal comfort advantages associated with mass construction are particular to a short period 
of the day in specific conditions and are on the whole negligible. It finds that additional factors such as 
ground coupling, ventilation and the presence or absence of shade play a more significant role determining 
temperature variations. The paper suggests that lightweight construction offers additional advantages over 
mass construction and concludes by suggesting that internal temperature fluctuations within lightweight 
and mass modules are more closely linked to factors other than thermal mass. 

Conference theme: Construction and materials
Keywords: Temperature variables, Time-lag, hot/humid climate, masonry construction, lightweight 
construction

INTRODUCTION 
Koenigsberger et al introduced the notion of time-lag in the text Manual of Tropical Housing and Building (1974) and 
describes it as the period between peak outdoor temperatures and peak indoor temperatures. Anderson’s seminal text 
Solar Energy: Fundamentals in Building Design (1977) plots the temperatures inside both lightweight and mass buildings 
against time and reveals temperature gradients fluctuating according to time. His model suggests that temperatures 
inside lightweight buildings are sometimes higher than temperatures inside mass buildings and his rationale is that 
lightweight buildings respond more rapidly to changes in outdoor temperatures while mass buildings tend to maintain 
their temperature over a longer period of time. The moderate temperature profile generated within mass buildings comes 
about because thermal mass and ground coupling provide both dampening and time-lag effects which reduce the 
amplitude of the temperature variations and delay their effects by several hours. 

Source: (Adapted by the author from Anderson 1977) 
Figure 1: A comparison of temperatures within lightweight and mass buildings 
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This paper compares the internal temperatures within a series of test modules. The test modules have been built to test 
both lightweight and mass construction technologies, ground coupling or non-ground coupling, the effect of openings that 
enable cross-ventilation, and exposed or shaded locations. It seeks to clarify results derived from forty interviews 
conducted by the author between 2000 and 2005. These interviews were conducted in a hot/humid climate in rural 
Thailand and the results suggest Anderson’s model might not hold true in all conditions and locations. No hard data 
emerged from this set of interviews – the questions were specifically focussed on resident’s experiences and attitudes to 
the housing culture. However there were many instances where the interviewees talked of their discomfort inside the 
newer masonry houses and there were repeated suggestions that lightweight timber houses were generally cooler.  

A more closely controlled research study has been initiated to triangulate the results derived from interviews. (de Dear 
2004) argues the case for both the person/environment based approach (which he calls ‘architectural’) coupled with a 
deterministic approach (which he terms ‘engineered’). The interview techniques mentioned above were more closely 
aligned with the ‘architectural’ approach, where the occupants themselves form part of the system being investigated, 
and hence deny researchers the opportunity to derive quantitative data. It is therefore useful to supplement this study 
with data gathered by the ‘engineering’ approach favoured by the early pioneers of thermal comfort researchers such as 
Fanger and outlined in his seminal text Thermal Comfort: Analysis and Applications in Environmental Engineering
(Fanger 1972).  

The author has initiated a controlled study with a methodology derived in part from a study undertaken at the Chinese 
University of Hong Kong and published as Effect of Envelope Colour and Thermal Mass on Indoor Temperatures in Hot 
Humid Climate (Cheng et al 2005). In Cheng’s study a series of cubic test ‘cells’ – with sides up to 1.5 metres and raised 
0.8 metres – were built on the roof of a seven-storey building with measurements taken to record the impact of the colour 
and wall types on the internal thermal performance of the cells. The effect of envelope colour is not the focus of this 
paper however the effect wall thickness plays on thermal performance is relevant. Cheng compared the thermal 
performance inside the modules and external temperatures were not recorded. This research revealed two significant 
outcomes. Firstly the added thermal mass had the effect of further suppressing the diurnal swing as compared with the 
lightweight cell – there were lower maximum temperatures and higher minimum temperatures – and the diurnal swing 
was halved. This reinforces Anderson’s model described above. Secondly the peak temperature in the mass cell was 
delayed by four hours, which enabled periods of time in the morning when the temperature inside the mass cell would be 
lower than in a lightweight cell. This enables a temperature/time profile to be plotted where it would be possible for 
periods of the day to be cooler inside a mass building – in line with Anderson’s model but at odds with the results 
obtained during the interviews. 

1. RESEARCH STRATEGY 
The project outlined in this paper is similar to Cheng’s as it compares temperature variations inside a series of test 
modules built with both mass and lightweight walls. However it differs from Cheng’s as it tests a series of additional 
variables that might have a bearing on internal temperature. The effects of ground coupling, location and openings are 
also tested. This project uses three types of modules and locates modules in two distinctly different environments. The 
first set of three modules was built on the roof of the Architecture Faculty at Chiang Mai University. The rooftop is 
constructed from concrete and is exposed to sunlight, rain and wind. The second set of three modules was located under 
a series of large trees in the garden to the northwest of the Architecture Building. These modules are well shaded and 
during daylight receive approximately 20% of the sunlight as compared with those on the roof. While a single overarching 
climate surrounds the Architecture Building there are distinct microclimates and the intention here was to test two types 
of environment – one on the roof where the modules are subject to a harsh environment similar to those typically found 
in ‘urban’ areas and the other in a well shaded garden where the modules are more closely related to a ‘rural’ or 
‘forested’ environment. 

Fig. 3: The three test modules in the garden (at left) and the three on the rooftop (at right) 

Six modules were built in all – three sets of modules were constructed in both locations. Each of the six modules were 
built with identical overall dimensions, with the same number and size of openings, the same capacity to open and close 
openings with fibre-cement panels, the same floor and roof materials, and with identically sized overhangs. Hence the 
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overall design of the six modules was in many ways very similar. However the capacity to control differences between 
modules enabled the testing strategy to focus on the effects of the construction technology, the differences between 
open and closed modules, ground coupling and module location. 

Two module types were built with lightweight construction – one was located directly on the ground and the other raised 
600mm high on metal legs to enable air to flow beneath the module. The third was a masonry module located directly on 
the ground. A raised masonry module was not tested because of the technical difficulties associated with constructing a 
masonry module in this particular manner. The lightweight modules were built from 8mm thick fibre-cement board 
produced by Viva Industries and distributed widely in Thailand under the Viva Board brand-name. The masonry module 
was built with the most commonly available 65mm thick hollow core concrete block and sat on a 12mm thick sheet of 
Viva Board placed directly on the ground. All six of the modules (two lightweight on ground, two lightweight raised 
600mm high and two masonry on ground) had the same external dimensions – 1200mm long, 800mm wide and 600mm 
high. Construction and deployment issues helped govern the size of the modules – lightweight panels were cut from 
1200 x 2400mm sheets. To minimize wastage, costs and construction time a particular series of dimensions based on 
600mm, 800mm and 1200mm were chosen. These dimensions also suited the common concrete block size. Lightweight 
modules were constructed in a workshop and were sized so they could be carried through doorways. Masonry modules 
were constructed in-situ with 10mm mortar beds. All modules had the same roof system – a single sheet of 1600mm x 
1200mm Viva Board 8mm thick with 200mm overhangs on all sides. Each module had 400mm wide, 200mm high 
openings located centrally in each of the four sides. These openings operated as ‘windows’ throughout the testing period 
and could be either left fully closed, partially closed or fully open. 

The internal temperatures within the modules were recorded with ‘Tinytag’ temperature loggers programmed to record 
temperature measurements (in degrees celcius) at five-minute intervals over a period of one week. At the end of each 
week’s cycle the logger’s data was downloaded into a computer and the logger reset and relocated. A testing schedule 
was initiated that tested four main sets of variables (Table 1.) with results plotted on a series of graphs. Each pair of 
variables has been tested more than once and in each case the results from one test have been corroborated in the 
second. However for the purposes of this paper only one set has been presented and discussed. This research project is 
still continuing with results that enable the comparisons between the cool and hot seasons still in the process of being 
recorded and not analysed in this paper. However at this early stage some useful comparisons can be drawn. 

Table 1: Four sets of variables 

1. Thermal mass Mass walls 
Concrete block

Lightweight walls 
Viva Board 

2. Ground coupling Module directly on ground Module raised above ground 
600 millimetres 

3. Openings Windows open 
(or partially open) 

Windows closed 

4. Microclimate Exposed environment 
(no shade, hard surfaces) 

Sheltered environment 
(shade, soft surfaces) 

Chiang Mai was selected as the location for this research project for two main reasons. Firstly its climate is more variable 
than many of the cities in Asia with hot/humid climates. It has a distinct hot season around April, a brief but cool season 
around December/January, and a wet season around August/September (Fig. 4). Average maximum daily temperatures 
fluctuate between 29oC in December and 36oC in April. Average minimum daily temperatures fluctuate around 15oC in 
December and 24oC between May and August (World Weather Information Service: 2007). This enables a long-term 
study to take into account the effects of seasonal variety and provides a more complex data set. Secondly other large 
cities, such as Bangkok, have climates that are heavily influenced by the effects of urban pollution that tends to inflate 
both day-time and night-time temperatures. Conversely testing in rural areas with low-pollution levels ignores the effects 
of these urban climates and does not provide data for locations where housing is most needed. Hence Chiang Mai is 
seen as an ideal compromise between a metropolis and provincial town while also offering a distinct set of seasonal 
variety. Unfortunately it is not possible to obtain more detailed official weather records for the specific periods when the 
tests were being run.  

3. RESULTS 

3.1. Thermal mass – Mass and lightweight walls 
Figure 4 compares temperature gradients inside two modules for the period between 12 and 17 January. Both modules 
were located directly in the shaded garden sun with windows open throughout the test period. One module was 
constructed with mass walls while the other was constructed with lightweight walls. The temperature gradients are very 
similar until 11am when the temperature inside the mass module tends to taper off while it continues to climb in the 
lightweight module. The largest difference occurs at 12pm and is typically between 2-3 degrees celcius. After 3pm the 
temperature gradients in the two modules are close to identical until 11am the following day. 
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Mass walls                                 Lightweight walls 

Fig. 4: Comparison between mass and lightweight walls in sheltered location 

Figure 5 compares temperature gradients inside two modules for the period between 29 December and 3 January. Both 
modules were located directly on the roof in direct sun with windows open throughout the test period. One module was 
constructed with mass walls while the other was constructed with lightweight walls. The temperature gradients are very 
similar with the difference never larger than one half a degree celcius. The largest discrepancy occurs in the two hours 
before and after 9pm where the lightweight module records temperatures a fraction of one degree lower than the mass 
module. 

Mass walls                                 Lightweight walls 

Fig. 5: Comparison between mass and lightweight walls in exposed location 
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3.2. Ground coupling – Modules on ground and raised above ground 
Figure 6 compares the effect ground coupling plays on internal temperatures for the period between 26 and 30 January. 
Two modules were tested on the roof of the building – both were built with lightweight walls and both had the windows 
open throughout the test period. One module was built with ground coupling (attached to the concrete slab) while the 
other was raised 600 millimetres on a set of four steel posts. Again the gradients follow a similar curve and daytime 
temperatures in each module were almost identical. However the raised module showed lower internal temperatures, 
averaging one degree, in the early morning hours between midnight and 8am. 

Module on ground                     Module raised 

Period with cool northern winds

Fig. 6: Comparison between modules built on ground and raised above ground

3.3. Openings – Windows open and closed
Figure 7 compares temperature gradients inside mass and lightweight modules constructed directly on the roof of a
building. It covers period between 31 December and 6 January. Half way during this period (8am on 3 January) the
windows were closed. During the time the windows were open temperature gradients in both modules were close to
identical. However when the windows were closed the lightweight module showed higher peak temperatures during the
day – averaging between one and two degrees. In the evening and night the lightweight module recorded lower
temperatures – averaging one degree. Once the windows were closed the average peak temperatures rose 3-4 degrees
in the mass walled module and 4-5 degrees in the lightweight module. The average minimum temperatures remained
comparable although minimum temperatures were slightly higher in the mass module when the windows were closed.

Mass walls    Lightweight walls
Windows open Windows closed
(before 8am 3/1/07)    (after 8am 3/1/07) 

Fig. 7: Comparison between modules with windows open and closed
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3.4. Microclimate – Exposed and sheltered environments 
Figures 8 and 9 compare differences in microclimates – exposed mass walled modules on the concrete roof of the 
architecture building (hard heat absorbing surfaces in direct sunlight) and sheltered mass walled modules in the garden 
setting (soft surfaces shaded with vegetation). Figure 8 compares temperature gradients inside two modules for the 
period between 12 and 17 January. Both were constructed with mass walls directly on the ground and both had windows 
open throughout the test period. The gradients follow a similar curved profile however the module in the sheltered 
environment showed consistently lower internal temperatures ranging from an average seven degrees at midday to an 
average of one degree during the evening, night and early morning. 

Exposed environment                Sheltered environment 

Fig. 8: Comparison between exposed and sheltered environments (mass construction) 

Figure 9 compares temperature gradients inside two modules for the period between 12 and 17 January. Both modules 
were constructed with lightweight walls directly on the ground and both had windows open throughout the test period. 
One was located in the exposed environment while the other was in the sheltered environment. The gradients follow a 
similar curve however the module in the sheltered environment showed consistently lower internal temperatures ranging 
from an average four degrees at midday to an average of one degree during the evening, night and early morning. 

Exposed environment                  Sheltered environment 

Fig. 9: Comparison between exposed and sheltered environments (lightweight construction)
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Five main points emerge from this study. Firstly Figure 4 demonstrates that it is possible to replicate one segment of the 
temperature profile as described in the literature. There is a period between 11am and 3pm when the mass module 
remains cooler than the lightweight module up to 2-3 degrees celcius. However the profile described in Figure 4 departs 
from the model described in the literature because the remaining 20 hours of the day show a very similar profile in both 
the mass and lightweight modules. There is no discernable difference in the two profiles and no indication that the 
minimum daily temperature inside the lightweight module is less than the mass module. 

However Figure 5 reveals a different story altogether with the temperature profiles of the two modules far closer than that 
suggested by the literature. When the modules are in a more exposed environment (on the roof of the building) 
maximum daily temperatures are close to identical with the maximum in the mass module occurring within one hour after 
the maximum recorded in the lightweight module. Overall the difference between the internal temperatures inside the 
mass and lightweight test modules never exceeds one degree celcius. The lowest recorded minimum temperature 
occurs in the lightweight module in the hours between 7pm and midnight. 

Thirdly Figure 6 reveals that a more significant difference is noted when we compare a lightweight module on ground 
with another located above ground. During periods of peak temperature (in the hours before sundown) the temperature 
difference between the module on ground and the raised module was negligible – a small fraction of a degree. However 
during the evening and night a difference of between 1 to 2 degrees becomes apparent. This is due to the effects of 
ground coupling – the module built on the ground retains the heat gained during the day whereas the raised module 
without ground coupling enables air to flow beneath the module to cool the module overnight. 

Fourthly Figure 7 shows that openings in the modules play a significant role determining internal temperatures. In the 
period with open windows both mass and lightweight modules demonstrate very similar temperature profiles with 
maximum daily temperatures close to 31oC and minimums close to 16oC. Once the windows were closed the maximum 
daily temperatures increased 3-5 degrees in the mass module and 5-7 degrees in the lightweight module. Closing the 
windows eliminates cross-ventilation and enables heat loads to build up during the daytime. There is little noticeable 
difference in minimum daily temperatures. This profile shows the great value of cross-ventilation – particularly for 
lightweight modules where peak temperatures can be reduced an average 6 degrees. 

Finally Figures 8 and 9 reveal that modules in environments with more exposure to sunlight and hard surfaces record 
higher peak daytime temperatures than modules exposed to less sunlight and softer surfaces. The hours between 
midday and 6pm record the most significant difference – up to 7 degrees for mass construction and up to 6 degrees for 
lightweight construction during these peak periods. However the difference for minimum daily temperatures is similar in 
both locations and for both construction types. During the evening, night and morning the exposed environment 
produces internal temperatures approximately one degree higher than the sheltered environment.  

In many respects this project has provided more complex results than anticipated. It would be unwise to dismiss 
Anderson’s and Cheng’s models completely as the mass walled modules in shaded conditions demonstrated that mass 
walls can reduce and delay peak indoor temperatures. However in the harsher condition on the roof the time-lag factor is 
minimal – bordering on non-existent – a situation that Anderson’s and Cheng’s models do not accurately predict. Instead 
the key generator of difference is centred on other factors – ground coupling, openings and microclimate – issues not 
addressed by Anderson and Cheng. More forgiving microclimates, good cross-ventilation – both through and under the 
modules – are more likely to reduce internal heat loads than mass wall systems alone. 

4. FURTHER RESEARCH 
To broaden the value of this data it is useful to speculate on its capacity to help model full-scale modules and even 
houses. This paper does not attempt to claim that results obtained by this research strategy would be identical to those 
obtained in a full-scale module or house. More research must be undertaken before it can be claimed that full-scale 
modules or houses with lightweight construction have lower internal temperatures than those with mass walls. Imbabi 
(1991) discusses Buckingham’s PI theorem, and describes a process taking into account a variety of additional factors 
that come to play as the scale is increased. However Imbabi concludes that scale models do offer useful indicators of 
what to expect with full-scale prototypes. 

If the results were to be extrapolated to houses it would suggest that under particular conditions it is possible for houses 
built with mass walls to record lower maximum daily temperatures that fit more closely to human comfort levels than 
identically sized, styled, located and ventilated lightweight houses. This backs up the case for time-lag playing a 
beneficial role moderating high heat loads in specific conditions. However these specific conditions under which this 
reduced heat load is likely to occur is during the daytime. This diminished heat load during the daytime occurs when 
houses are less likely to be occupied as the occupants are at work. Under general conditions it is more than likely that 
lightweight houses will perform equally as well as mass houses. However lightweight construction systems are more 
likely to provide higher levels of comfort over a longer period of time and during the hours the house is most likely to be 
occupied – evenings and during the night. These speculations are useful for designers grappling with the need for 
sustainable low-cost housing in countries with hot/humid climates. They suggest that houses built with lightweight wall 
systems could provide similar, or perhaps improved, thermal performance characteristics. This research also suggests 
that the additional factors tested here – the break from the ground coupling that occurs as interior volumes are lifted 
above ground on stilts, the use of openings to create cross-ventilation, and the careful location of volumes to take 
advantage of less harsh microclimates, all play a significant role reducing internal temperatures.  

Further research that models Buckingham’s PI theorem and/or uses computer simulation software such as TRNSYS 
would compliment data gathered from physical models. However the value of this research is its capacity to identify 
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relevant variables and begin quantifying their effect on thermal comfort. Future studies can then designed to model and 
test these results against full-scale houses.  

CONCLUSION 
Various factors influence internal temperatures within test modules. The phenomena of time-lag is one part of suite of 
factors determining temperature fluctuations This paper demonstrates that under specific conditions mass wall systems 
can diminish high heat loads in hot/humid climates. However mass walled modules located in conditions with high heat 
can perform more poorly than lightweight systems. Furthermore on a day-to-day basis mass modules record lesser heat 
loads for short durations whereas lightweight modules record lesser loads over a longer period. Other factors, including 
ground coupling, capacity for cross-ventilation and the local microclimate have greater impacts on internal temperatures 
within test modules.  
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Reconsidering Bovill’s method for determining the 
fractal geometry of architecture 
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Abstract: Throughout the 1970s the mathematician Benoit Mandelbrot developed an argument which 
proposes that natural systems frequently possess characteristic geometric or visual complexity over 
multiple scales of observation. This argument lead to the formulation of fractal geometry and it was central 
to the rise of the sciences of non-linearity and complexity. During the 1990s, researchers Michael Batty 
and Paul Longley, Bill Hiller and Carl Bovill developed this concept in relation to, respectively, the city, 
urban neighborhoods and individual buildings. More recently, architectural scholars and building scientists 
have suggested that such models might be used to determine quantitative measures of visual complexity 
in architectural form. In parallel, a range of computational tools have also been developed to assist in the 
determination of the characteristic visual complexity of architecture. At the heart of such approaches is a 
set of rules developed by Bovill for analyzing buildings. However, despite its growing importance, the 
assumptions implicit in Bovill’s method have never been adequately questioned. The present paper returns 
to the origins of Bovill’s analytical method to reconsider his assumptions, arguments and the evidence he 
uses to support his case. A series of alternative variations on Bovill’s method are then proposed and 
discussed. 

Conference theme: Digital Architecture, Virtual Environments 
Keywords: fractal architecture, computational tools, design assessment

INTRODUCTION 

While a growing number of scientific or computational tools have been developed for the analysis of architectural plans, 
the production of similar tools for the investigation of the visual attributes of a building proved more problematic (Lynch, 
1960; Hillier and Hanson, 1984) until fractal geometry began to be applied to architecture in the 1990s (Ostwald and 
Moore, 1993; 1996). However, despite these more recent developments, the few methods that do exist for the visual 
analysis of architecture have not been subjected to the same level of scholarly scrutiny as the previous generation of 
planning tools. As a result of this situation, there is a considerable gap in quality and consistency between the application 
of methods (like Space Syntax) for the analysis of architectural plans and those for the analysis of building elevations 
(encompassing visual qualities). This introduction provides a brief background to both fractal geometry and methods of 
visual analysis, to position the research, before the paper focuses on one key analytical method developed by Bovill for 
investigating the visual qualities of elevations.  

In 1975 the mathematician Benoit Mandelbrot published Les Objects Fractals: Form Hasard et Dimension. At the core of 
Mandelbrot’s research is an attempt to understand the geometric rules that underlie nature. In this work Euclidean 
geometry, the traditional tool used in science to describe natural objects, is viewed as fundamentally unable to fulfil this 
purpose. Clearly, to paraphrase Mandelbrot (1977), mountains are not conical in form, clouds are not spherical and 
rivers are not orthogonal. While historically, science considered roughness and irregularity an aberration disguising 
underlying ordered systems with a fixed-state or finite values, Mandelbrot argues that the fragmentation of all naturally 
occurring phenomena cannot so easily be disregarded (Ostwald 2003a). A coastline is not straight and no Euclidean 
Geometric construct can approximate the form of a coastline without serious abstraction or artificiality (Mandelbrot, 
1977). As a result of this natural fragmentation, mathematicians have shown that the length of the coastline cannot be 
determined at all (Feder, 1988). Yet, the characteristic irregularity of a coastline may be measured by imagining that the 
increasingly complicated and detailed path of the coastline is actually somewhere between a one-dimensional line and a 
two-dimensional surface (Schroeder, 1991). The more complicated the line, the closer it becomes to being a two-
dimensional surface. Therefore, coastlines and many similar natural lines can be viewed as being fractions of integers, or 
what Mandelbrot describes as fractal geometric forms. Thus, fractal geometry describes irregular or complex lines, 
planes and volumes that exist between whole number integer dimensions. This implies that instead of having a 
dimension, or D, of 1, 2, or 3, fractals might have a D of 1.51, 1.93 or 2.74. 

Architects adopted fractal geometry as a design tool in the 1980s but, despite some interesting outcomes, it rarely 
produced an enduring architectural response (Jencks 1995; Ostwald 2001). In contrast, the history of applications of 
fractal geometry to the analysis of architectural and urban forms is still evolving and is displaying more promising results. 
For example, Oku (1990) and Cooper (2003; 2005) have separately attempted to use fractal geometry to provide a 
quantitative measure of the visual qualities of an urban skyline. Yamagishi, Uchida and Kuga (1988) have sought to 
determine geometric complexity in street vistas and Kakei and Mizuno (1990) have applied fractal geometry to the 
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analysis of historic street plans; a project that has been extended by Rodin and Rodina (2000). At a much finer scale, 
Capo (2004) has provided an explanation of the complexity of the architectural orders (Doric, Ionic and Corinthian 
columns) using fractal geometry and Eaton (1998) has interpreted the layout and decoration of some of Frank Lloyd 
Wright’s Houses as being fractalesque. At a larger scale Cartwright (1991) offered an overview of the importance of 
fractal geometry and complexity science in town planning and Batty and Longley (1994) and Hillier (1996) have each 
developed increasingly refined methods for using fractal geometry to understand the visual qualities of macro-scale 
urban environments. More recently, Batty (2005) has combined fractal geometry with computational automata to produce 
a further detailed explanation for the visual and formal complexity observed in cities. In particular, Batty has analyzed the 
fractal dimension of various urban plans allowing different cities to be ranked or described in terms of their growth 
patterns, geometric distribution and graphic density (see figure 1). 

Albany NY (Urban overview) Albany NY (Urban Detail) 

D = 1.39 

Buffalo NY (Urban overview) Buffalo NY (Urban Detail) 

D = 1.92 

Figure 1: Comparative analysis of fractal dimension (D) of the cities of Albany and Buffalo in New York State, USA. The 
comparison of D values suggests that Buffalo has a consistently more dense, and complex urban pattern than Albany. 

(Source: Batty 2005: 510) 

Despite these examples, one of the more commonly repeated methods for the analysis of visual character in architecture 
is Bovill’s (1996) extrapolation of Mandelbrot’s box-counting approach to determining fractal dimension (Mandelbrot, 
1977; 1982). Bovill’s original contribution to the box-counting method rests primarily in his explanation of its potential 
application in architecture, design and the arts. Bovill’s interpretation of Mandelbrot’s box counting method—henceforth 
“Bovill’s method”—has been used to analyse historic and modern building facades along with streetscapes and skylines; 
all situations where visual complexity is important and quantitative methods have not previously been available. Since his 
original publication, Bovill has offered an extrapolation of its use (1997) and Bechhoefer and Appleby (1997) have used 
the method to consider the visual qualities of vernacular architecture. Bovill’s method has also been repeated by a range 
of researchers including Makhzoumi and Pungetti (1999) and Burkle-Elizondo, Sala and Valdez-Cepeda (2004) and Sala 
(2006). Controversially, it has recently been suggested by Taylor (2006), that Bovill’s method may be useful in helping 
provide some determination of the psychological impact of architectural form.

The following sections examine Bovill’s method in detail. The purpose of this analysis is not to criticise Bovill’s 
approach—fundamentally his method is accepted as a valuable procedure and his work on the topic was 
groundbreaking—but to subject it to a range of tests and begin the process of exploring and exposing its potential limits. 

1. BOVILL’S METHOD

1.1 Founding Assumptions 
Before considering Bovill’s mathematical method, the assumptions implicit in his application of fractal geometry to 
architecture are worth examining. For example, Bovill commences his work with the argument that architecture is 
necessarily produced through the manipulation of rhythmic forms. He expands this to propose that fractal geometry will 
allow a “quantifiable measure of the mixture of order and surprise” (1996: 3) in such rhythmic forms to be determined 
and, moreover, that this will reveal the essence of the architectural composition.  

Architectural composition is concerned with the progression of interesting forms from the distant view of the 
facade to the intimate details. This progression is necessary to maintain interest. As one approaches and 
enters a building, there should always be another smaller-scale, interesting detail that expresses the overall 
intent of the composition. This is a fractal concept. Fractal geometry is the formal study of this progression of 
self-similar detail from large to small scales. (Bovill 1996: 3)  

Contrary to this claim, the desire to “maintain interest” or produce a cascade of detail from different perspectives is not a 
primary formal motivation in any major architectural theory since Roman times (Kruft 1994). Indeed, the exact opposite is 
true for much Ancient Greek and Renaissance architecture. In the former case elaborate geometric strategies (including 
entasis in columns) were employed to artificially correct a range of changes that occur when a building is viewed from 
different ranges. In the latter case, Renaissance architecture was designed to be appreciated from a singular, almost 
Platonic, perspective viewpoint. European Baroque architecture is marginally closer to Bovill’s argument but the 
underlying theory of its form is still essentially identical to Renaissance architecture regardless of its extravagant 
decoration (Portughesi 1970). While a person experiencing a building may appreciate detail over a range of scales it is 
not, and probably never has been, a primary theory for shaping architectural form.  
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In the second stage of his proposition Bovill maintains that the use of fractal analysis in architecture might explain why 
some modern buildings have never been fully appreciated by the general public, whereas some vernacular architecture 
is more widely liked (1996: 6). Here Bovill assumes that modern architecture (by which he means the international style 
architecture of mid-career Le Corbusier or Mies van der Rohe) will have a lower fractal dimension and, therefore, a lower 
correlation with natural geometry than, say, historic architecture. In this proposition Bovill repeats Mandelbrot’s argument 
which has as its founding assumption the Kantian belief that nature is innately beautiful and that people are drawn to the 
appreciation of natural forms because of this. For Bovill, fractal images; 

are pleasant because they capture the character and depth of texture that nature displays. Our perceptual 
mechanisms evolved in nature and therefore respond to a similar textural quality. The study of fractal 
geometry should help the designer achieve a better understanding of the cascade of detail all around us in 
the natural world. (Bovill 1996: 70) 

Yet, as philosophers have observed, the Kantian belief in the essential rightness, goodness or beauty of nature is not 
supported by strong evidence and it does not stand up to close scrutiny. Gray (1991) and Ostwald (2003b) have also 
reviewed Mandelbrot’s assumptions and uncovered a range of political and philosophical problems in the aesthetic and 
cultural values embedded in his work. For example, Mandelbrot is highly critical of Modern architecture while praising 
Beaux-Arts or Baroque buildings. This is problematic for a range of reasons most notably because it places an undue 
positive emphasis on higher fractal dimensions (those closer to natural results like D = 1.8) while dismissing those that 
have relatively abstract or plain forms (say with a fractal D = 1.1) as being alienating. However, despite Mandelbrot’s 
assertions, fractal dimension is not a determinant of good architecture, social responsibility or cultural meaning in the 
built environment. Fundamentally there is no direct correlation between fractal dimension and successful architecture. 
Fractal dimension in architecture is only useful as a comparative tool; it allows, for example, the visual complexity of a 
neighbourhood or street to be determined and this may then be compared with the visual complexity of a building that is 
proposed for this street. In this way, fractal geometry can suggest the extent to which a proposed building is “in-keeping 
with”, or “sympathetic to” its visual environment. 

2.2 The Mathematics of Box Counting 
Bovill’s method takes as its starting point a line drawing, say the façade of a building. A grid is then placed over the 
drawing and each square in the grid is analysed to determine whether any lines from the façade are present in it. Those 
grid boxes that have some detail in them are then marked. This data is then processed using the following numerical 
values;

 (s)   =  the size of the grid  
 N(s) =  the number of boxes containing some detail 
 1/s   =  is the number of boxes at the base of the grid  

Next, a grid of smaller scale is placed over the same façade and the same determination is made of whether detail is 
present in the boxes of the grid. A comparison is then made of the number of boxes with detail in the first grid (N(s1)) and 
the number of boxes with detail in the second grid (N(s2)). Such a comparison is made by plotting a log-log diagram 
(log[N(s)] versus log[1/s]) for each grid size. This leads to the production of an estimate of the fractal dimension of the 
façade; actually it is an estimate of the box-counting dimension (Db) which is sufficiently similar that most researchers 
don’t differentiate between the two.  

The slope of the line (Db) is given by the following formula: 

[log(N(s2)) – log (N(s1))]
Db =

[log(1/s2) – log (1/s1)]

where (1/s) = the number of boxes across the bottom of the grid. (Bovill 1996: 42) 

2.3 The Case Study Examples 
In order to demonstrate the use of the box-counting method for determining fractal dimension in architecture Bovill offers 
several examples and a variation of the method. Before considering his case study examples, the variation is worthy of 
note even if only to observe that it is not repeated in any of the analyses inspired by, or directly adopting, Bovill’s method.
In explaining the variation Bovill rightly notes that architectural forms in general, and to a certain extent houses in 
particular, often have a striated form wherein the base and the top have difference visual complexities to that present in 
the central sections. In order to accommodate these differences, Bovill experiments with determinations of fractal 
dimension for the top, middle and bottom sections of buildings as well as comparisons between elements in the building 
on this basis. To a certain extent Bovill is right to realise that buildings necessarily have different visual complexities in 
different parts for a range of functional or largely pragmatic reasons. However, the percentage of examples of 
architecture that display the tripartite distribution of form is relatively small. Thus, in order for his method to be equally 
valid for a wide range of structures, the variation is not useful unless the characteristic forms being analysed possess 
clear horizontal or vertical striations. For example, certain Edwardian streetscapes display a range of characteristic 
horizontal bands and within such a historic neighbourhood the variation on Bovill’s method may be useful. For the 
majority of other cases, a clear comparison, regardless of building type, is more important.  
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The first two of the examples considered by Bovill are Frank Lloyd Wright’s Robie House and his Unity Temple. In the 
former case Bovill uses four grids, and three comparisons between the grids. As a result of this analysis he determines 
that the façade of the Robie House has a range of fractal dimensions from D = 1.645 to D = 1.441 although he proposes 
that the lower dimension is likely to be more accurate (see figure 2.1). In an interesting test of this result, Bovill then 
analyses a window detail from the Robie house and finds, in Wright’s elaborate stained glass patterns, a slightly higher 
fractal dimension. Such a result would not be unexpected in one of Wright’s houses of the era (Eaton 1998). These 
houses typically display more detail, up to a point at least, the closer the viewer comes to them. Mandelbrot refers to this 
point as the ”scaling limit” and most real-world objects, including everything from buildings to trees, have such a limit. 
There is also an outer scaling limit; beyond which point an object blurs into a mass of points and looses any self 
similarity. Neither the inner nor the outer scaling limits are defined or discussed in detail by Bovill although a future 
determination of both would be useful for formalising Bovill’s method and making it applicable to a wide range of cases.  

Figure 2.1: Bovill’s box-counting method applied to the Robie House (Source: Bovill 1996: 120)

For his analysis of Wright’s Unity Temple, Bovill uses three grids and two comparisons between grids. From this process 
Bovill determines that the façade of the Unity Temple has a fractal range of between D = 1.621 and D = 1.482 (see figure 
2.2). Again, Bovill seeks validation of his result by analysing a smaller detail in the design; a planter box.  

There are further case studies in Bovill’s work, including Le Corbusier’s Villa Savoye and several studies of elements in 
Alvar Aalto’s work, but the method for considering the visual character and complexity of facades remains similar. 
Overall, the method delivers low fractal dimension figures for Le Corbusier’s work (1 < D <1.5) and higher ones for Frank 
Lloyd Wright’s architecture (1.5 < D <2).  

Figure 2.2: Bovill’s box-counting method applied to the Unity Temple (Source: Bovill 1996: 129)

3.0 DISCUSSION: FRAMING THE IMAGE 
At its core, Bovill’s method analyses images, and yet, there is relatively little discussion in his work, and even less in the 
research that has followed his lead, about the type of image to use for fractal analysis. An obvious question would be, 
why use elevations? The human eye reads the world in perspective. It is impossible to experience an elevation; the 
problems of parallax ensure that in the “real world” no two lines are ever, perceptually at least, parallel. Why not then use 
perspective views? This question is even more compelling when you take into account the fact that fractal geometry is 
about a comparison between different scales of viewing. Bovill even argues, although it is partially refuted above, that a 
cascade of detail is critical for leading the eye closer to the building. Yet, Bovill’s method doesn’t rely on recording the 
change in detail as the eye comes closer to the building, instead it assumes that the eye (or viewing point) remains fixed 
while the amount of detail entering the eye increases. This is akin to placing a digital camera on a tripod and then, after 
manipulating the lens to perfectly correct the perspective, taking a 2 mega-pixel photo. Then, from the same position and 
after another level of parallax correction, a 4 mega-pixel image is taken and then an 8 mega-pixel image and so on. This 
differs from Bovill’s view of the purpose of architecture. These are critical questions about the way in which the analysis 
of architecture is approached and they are all concerned with the framing of the raw image data.  
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Example View, PP1 - PP4 

Figure 3.1: Fixed position, one-point perspective. Vf is a fixed 
viewpoint point and PP1-5 are picture planes where an image is 

recorded.

Example View, PP1 - PP4 

The following, seemingly more realistic 
variations on Bovill’s method, are alternative 
ways of framing the image that is analysed. 
Each variation uses a different combination of 
view points, perspective planes (and picture 
planes where the image is ultimately 
recorded). These variations also introduce the 
role of the cone of vision; something 
conspicuously lacking from much fractal 
analysis of architecture. In the following 
descriptions, for simplicity, the methods are 
described for orthogonal structures. Also, it is 
acknowledged that in order to determine the 
fractal dimension of an image, a comparison 
of two separate “grids” is required. For the 
purpose of considering alternatives, the 
following variations describe these paired 
grids typically as one conceptual view or 
picture plane.  

3.1 Fixed position, one-point perspective
(see figure 3.1) 
This variation involves a fixed viewpoint with 
the eye at right angles to the dominant surface 
of the façade, but with no correction for 
parallax. This variation suggests that all 
images are in one-point perspective, and that 
the gathering of data is analogous to 
increasing the mega-pixel value set in the 
camera. This variation has the advantage of a 
consistent rule for setting up the image 
composition (at right angles to the façade and 
a certain distance from it based on the 
dimensions of the building being considered 
and determined by a standard cone of vision). 

3.2 Fixed position, two-point perspective
(see figure 3.2) 
A fixed viewpoint with the eye/camera not at 
right angles to the dominant surface of the 
façade, but with no correction for parallax. 
This suggests that all images are in at least 
two-point perspective and that the gathering of 
data is analogous to increasing the mega-pixel 
value set in the camera. This has the problem 
that there is no clear rule for setting the 
viewpoint even though the image is more 
natural (the fixed, one-point version above is 
relatively artificial for this reason). 

Figure 3.2: Fixed position, two-point perspective. Vf is a fixed 
viewpoint point and PP1-5 are picture planes where an image is 

recorded.

3.3 Variable position, one-point perspective (see figure 3.3) 
This variation uses a range of viewpoints, starting further away from the façade and moving closer to it, but all at right 
angles to the dominant surface of the façade. At each viewpoint the standard cone of vision of the human eye 
determines the extent of the façade that is analysed. This means that, with each iteration, a reduced portion of the 
façade is considered. This is close to the way a human eye would operate if a person walked directly towards a façade. 
This variation can be refined to set a range of standard viewing distances along a line to the façade allowing it to be 
repeatable for a wide range of circumstances. 

3.4 Variable position, two-point perspective (see figure 3.4) 
A range of viewpoints positioned along a line, starting further away from the façade and moving closer to it, are used. 
None of these viewpoints are at right angles to the façade’s geometry. At each viewpoint the standard cone of vision of 
the human eye determines the extent of the façade that is analysed. 

3.5 Variable position, multiple-point perspective (see figure 3.5) 
A range of viewpoints, starting further away from the façade and moving closer to it, are used. None of these viewpoints 
are at right angles to the façade’s geometry and none are in a fixed line between the original view point and the final one 
(a characteristic of the other variations). At each viewpoint the standard cone of vision of the human eye determines the 
extent of the façade that is recorded.  
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Example Views, PP1 – PP 
Figure 3.3: Variable position, one-point Perspective. V1-5 are 
sequential viewing points. PP1-5 are picture planes where an 

image is recorded.

Example Views, PP1 – PP3 

This is the closest of any of the methods to 
reality. It suggests that people rarely approach 
buildings along a single vector and it 
acknowledges the importance of the limits of 
human vision. However, despite these 
strengths it is hard to see how this could be 
repeated for multiple buildings (because 
fractal dimension in architecture is mostly 
useful, from an analytical point of view, as a 
comparative value). Notwithstanding this 
problem, there might be some ways to use 
this variation. For example, some houses can 
only be approached along a proscribed entry 
path; several of Wright’s houses have hedges 
that line paths forcing a visitor to walk around 
to the rear to enter. In such cases, where the 
experience of the architecture is 
choreographed, it would be interesting to 
determine the fractal dimension of the 
architecture (or even the landscape framed in 
this way) along the entry route. Such an 
analysis would produce a valuable numerical 
expression of the way a designer intends to 
reveal the visual qualities of a building. An 
alternative way of using this variation might be 
to compare the fractal dimension of different 
approaches taken by people to a building. For 
example, imagine a civic building facing a 
piazza. A statistical analysis could be 
undertaken of the way in which many 
hundreds of people approach the building 
across the piazza. Imagine that, all things 
being equal in the piazza (ie. no physical or 
visual obstacles), there are three dominant 
paths taken by people. What would a fractal 
analysis of visual complexity of the 
environment along these three paths reveal? 
Would it suggest that people are drawn along 
similar or different visual paths? Are people 
drawn to the paths that maximise the visual 
complexity of the environment? This is 
certainly the untested assumption implicit in 
many applications of Mandelbrot’s ideas in 
architecture. 

An important characteristic of the five 
variations proposed is that, unlike Bovill’s 
method, these will produce a wider range of D
results. This is because there is an 
assumption implicit in the proposed variations, 
that a person’s experience of a building 
changes as their perspective shifts, or 
distance from the building changes. This also 
suggests that the D value of a building will 
change, and sometimes substantially so, as a 
person’s spatial relationship with the building 
alters. This mirrors Mandelbrot’s early 
assertion that “scaling limits” apply to natural 
fractals; as a person comes closer to tree, 
sooner or later, their experience of it changes 
completely (and especially when they finally 
reach its trunk). In contrast, Bovill’s method 
assumes that a person who is standing still 
will gain more information about the building 
the longer they look at it. 

Figure 3.4: Variable position, two-point perspective. V1-5 are 
sequential viewing points. PP1-5 are picture planes where an 

image is recorded.
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Both of these assumptions have some evidence for them and are at least partially true. Bovill is effectively advocating a 
mode of interaction with a building that is akin to scientific observation, whereas the five variations proposed in the 
present paper have more in common with the approaches of social scientists and anthropologists. Future research by 
the authors will provide comparative D values for Bovill’s method and the new variations proposed.  

Example View, PP3 

Figure 3.5: Variable position, multiple-point perspectives. V1-5 are sequential viewing points and PP1-5 are picture 
planes where an image is recorded.

CONCLUSION 

This analysis of Bovill’s method has begun to uncover a range of issues that should be refined, corrected or developed 
as a precursor to the method being tacitly accepted as a consistent tool to determine the visual character, of the built 
environment. Ultimately, the analysis of the assumptions implicit in Bovill’s method does not undermine its importance, 
but it does reinforce the view that this method is not able to be used to make quality judgements about architecture. The 
method may be used to suggest the extent to which a design has multiple levels of detail, but this is not, in and of itself, 
any reflection of design quality, aesthetics or ethical values. Similarly, high fractal dimensions in architecture (where D
approaches 2 in an image, or 3 in a form) are not any more “natural” than low fractal dimensions; fundamentally 
architecture is not nature and a higher D does not infer that a building is any closer to nature than a lower D. This is 
because the relationship between architectural form and nature is a symbolic or metaphoric one. Edward De Zurko 
famously criticised architects use of organic and natural descriptors for their buildings because “[t]he obvious truth of the 
matter is that buildings are not plants or animals […] Architecture is not an organism; it is a product of the human will, the 
creative spirit of mankind.” (1957: 3)The formal complexity of an architectural design may have similarities to the formal 
complexity of nature, but that does not make the building natural. At best, such a correlation suggests a similar visual 
quality which is, like military camouflage, artificial and hides substantial differences (Ostwald 2003a).  

Consider Reading’s argument that architectural designs that have been shaped in accordance to fractal geometry in 
general, and the golden section spiral in particular, (the golden section is regarded by mathematicians as a “trivial” 
fractal) will be environmentally beneficial to the planet (1994). As a detailed analysis of Reading shows, not only isn’t this 
true—and especially not from a mathematical perspective—but it is likely to be the exact opposite case (Ostwald and 
Wassell 2002). First, buildings that are shaped around the golden section have a symbolic connection to nature. A 
symbolic quality may have some cultural or social benefit to the community, but it will not have any direct, or necessarily 
positive, impact on the ecology of its region. Next, the more fractal an object is, like a tree or plant, the more surface area
it has. This is especially beneficial for the tree which requires surface area to assist photosynthesis. In contrast, buildings
use more energy and material the larger their surface area. Buildings do not require complex surface profiles because 
they do not photosynthesise. They also do not need complex forms to encourage birds to be attracted to them to serve 
the needs of pollination, or to encourage the sacrificial erosion of limbs that promotes new growth. In many cases, the 
simpler the building form, the more likely it is to minimise environmental impact. This is because, at the very least, 
straightforward building forms tend to have less embodied energy invested in them which, in turn, means that they start 
their existence with a reduced ecological imprint. This does not mean that a building with a complex form, and 
associated high D value, cannot be ecologically sensitive. Rather, that such a building would be served by a wide range 
of passive and active measures and mechanisms that would promote its sustainable characteristics; few, if any of which, 
would be directly associated with the characteristic visual complexity of its form. 

Returning to Bovill’s method; in considering the way in which Bovill frames images for analysis a range of variations have 
been proposed. Each of these variations are more realistic in modelling the way in which humans experience 
architecture. They are superior to Bovill’s method in all but one, important, way. Bovill’s method, for all that it may be 
unrealistic, has the advantage that it is a straightforward, repeatable process. The method may not result in the most 
realistic or detailed results, but they are relatively consistent. Finally, the variations set out above, and especially the final
one, suggest that there are powerful applications of fractal analysis that have not yet been developed or tested but which 
will be useful for producing a more nuanced, subtle or detailed, reading of visual complexity in the built environment. 
Future research from the authors will develop and test these ideas.  
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Abstract: As a consequence of changes in the heat balance, air temperatures in densely built urban 
areas are higher than the temperatures of the surrounding country. This phenomenon, known as Urban 
Heat Island (UHI) contribute to the urban dweller’s summer discomfort and significantly higher air 
conditioning loads. The effect of building is considered as one of the main reasons for urban heat 
island effect. The heat that is absorbed during the day by the buildings, roads and other construction in 
an urban area is re-emitted after sunset, creating high temperature differences between urban and 
rural areas. This paper reports the extensive field measurements carried out to investigate the urban 
heat island effect in Singapore. The occurrence and severity of Urban Heat Island effect in Singapore 
was investigated by conducting simultaneous field measurements and the results showed that the high 
density, high-rise commercial areas were having around 2°C higher temperature during the night. From 
the results it was observed that the day time temperature was dominated more by the solar radiation 
component rather than the reradiated temperature, which is the main cause of UHI. During the day, the 
dense urban fabric provided solar shading within deep street canyons and the shaded area in between 
tall buildings showed lower temperatures compared to areas with low-rise buildings.  

Conference theme: effective environments: thermal, luminous, sonic, haptic, hygienic 
Keywords: urban heat island, field measurements, air temperature, street canyon 

INTRODUCTION 

Increasing urbanization and industrialization has caused the urban environment to deteriorate. The urban climate and 
the environmental efficiency of buildings are influenced by the deficiencies in proper development control 
(Santamouris, 2001). As a consequence of changes in the heat balance, air temperatures in densely built urban 
areas are higher than the temperatures of the surrounding country. This phenomenon, known as Urban Heat Island 
(UHI), is a reflection of the totality of microclimatic changes brought about by man-made alterations of the urban 
surface (Landsberg, 1981). In high-latitude cities with cooler weather, heat islands can be an asset in reducing 
heating loads, but in mid and low-latitude cities, heat islands contribute to the urban dweller’s summer discomfort and 
significantly higher air conditioning loads.  

The effect of building is considered as one of the main reasons for urban heat island effect. Building masses increase 
the thermal capacity, which has a direct bearing on the city temperature. They reduce wind speed, and give off heat 
either directly as form of air-conditioning plants and thermal processes or indirectly as the end result of the 
degradation of mechanical and electrical activities (Tso and Law, 1990/91). Due to the lack of ventilation in urban 
areas, the city’s ability to flush out pollutants is reduced resulting in heat islands (Subbiah et al., 1990/91). The heat 
that is absorbed during the day by the buildings, roads and other construction in an urban area is re-emitted after 
sunset, creating high temperature differences between urban and rural areas. The urban heat island phenomenon is 
due to many factors, the most important of which are summarized as follows (Oke et al., 1991): 

 The canyon radiative geometry that contributes to the decrease in long-wave radiation loss from within the 
street canyon due to the complex exchange between buildings and the screening of the skyline; 

 The thermal properties of materials, which increase storage of sensible heat in the fabric of the city; 
 The anthropogenic heat released from combustion of fuels and animal  metabolism; 
 The urban greenhouse, which contributes to the increase in the incoming long-wave radiation from the 

polluted and warmer urban atmosphere; 
 The canyon radiative geometry, which decreases the effective albedo of the system because of the multiple 

reflection of short-wave radiation between the canyon surfaces; 
 The reduction of evaporating surfaces in the city, which means that more energy is put into sensible heat 

and less into latent heat; and 
 The reduced turbulent transfer of heat from within streets. 

Many research works have been conducted in USA, Australia, Greece and Japan to study the UHI effect in many 
cities. But studies are relatively lacking in the low tropics, particularly with respect to quantitative evaluation. One of 
the latest urban heat island studies in Singapore was conducted by Tso (1996). He selected two suitable locations for 
data collection representative of rural and urban area respectively. For the rural site, a station situated in a fruit tree 
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farm at the Lim Chu Kang area was selected because of the profusion of vegetation and the lack of concrete masses 
surrounding the station. For the urban site, a station situated in the town at the junction of Sungei Road and Kelantan 
Road was selected. It was found that the temperature difference between the two sites was about 3°C, except at 
around mid-day when the difference was smaller.  

This paper reports the field measurements conducted to investigate the severity of urban heat island in the present 
context of Singapore and identifies the warmer areas.  

1.  CLIMATIC CONDITIONS AND LAND USE PATTERN OF SINGAPORE 

Singapore is situated on the 1o20’N latitude and possesses a climate with uniformly high temperatures, high humidity 
and abundant rainfall throughout the year. It has a diurnal temperature range of minimum 23oC to 27oC and 
maximum 30oC to 34oC. The mean monthly temperature does not vary by more than 1.1oC from the mean annual 
temperature of 26.6oC and the average variation is 7oC with a mean annual RH value of 84%. 

Basically, Singapore is a garden city without distinct boundary between urban and rural areas. However, the two 
existing predominant green areas, the primary forest of 75ha in the middle of the island and the open 
space/recreation area in the northeast of the island, are basically located at the northern part of the country while 
most built-up regions like industry areas, the Central Business District (CBD) area and the airport are located at the 
southern part. Therefore, the northern part of the country can be considered as ‘rural’ area while the southern part is 
the urban area (see Figure 5). 

2.  METHODOLOGY 

Measurements have been performed during a hot day of August 2002. 35 number of locations were identified for the 
whole Singapore and simultaneous temperature and relative humidity measurements were carried out with the help 
of a number of students. These locations cover the whole island and were selected based on the characteristics of 
that area. These consist of areas dominated by housing estates (both low rise and high rise), commercial areas 
including the CBD area, industrial areas and green areas like park and reservoir area. The instruments used were 
HOBO-RH, temperature sensors (operating range -20°C to +70°C, RH accuracy ±5%), shielded inside a white 
painted cylindrical tube, 20 cm long open on two sides in order to permit air circulation (Figure 2). Sensors were 
completely protected from solar radiation and the readings were taken at a height of 1.5 m from the ground level. The 
sensors were programmed to record the data continuously at every 5 seconds. Two methods were adopted for the 
data collection: one to take measurements at different fixed points (Figure 1); and another by walking around the area 
for about 45 minutes in a slow pace to record the temperature and thus calculate the average temperature for that 
area. These fixed points are based on the factors that affect the microclimate of that area. They consist of areas 
surrounded by lawn, pavements, concrete, road, water bodies etc. All the measurements have been performed 
simultaneously in two sessions: the day session between 1pm to 3pm in the afternoon, and the night session 
between 9pm to 11pm in the night.  

Figure1: Recording the temperature and RH
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Figure 2: Data logger and observation tube 

3.  RESULTS AND DISCUSSIONS 

3.1  Temperature profile during the day 
The temperature distribution at various locations during the day is shown in Figure 3. For a particular location the 
temperature is calculated by averaging the temperature of all the fixed points. It was observed that the highest 
temperatures were found mainly in the industrial areas like Kranji, which is on the southern part, Tuas, which is on the 
western part of the island and expo, which is on the eastern part. The industrial areas generally have low rise 
buildings and the high temperature recorded in these areas could be related to the extensive usage of metal roofing 
in the buildings. The maximum temperature of 33.6°C was observed at Tuas industrial estate located in the west. 
Changi Airport also showed a very high temperature of 33.4°C. This high temperature near the airport can be 
associated with the large area of concrete runways that absorb a huge part of the solar radiation incident on it and 
later release to the atmosphere. The other areas having higher temperatures include mainly the eastern part 
consisting of Kembangan, Tanah Merah and Paya Lebar. The lowest temperature of 30.8°C was observed near the 
Chinese garden which is a densely vegetated area. The Central Business District (CBD) area showed relatively lower 
temperatures.   

Figure 3: Temperature distributions during the day

It can be observed that the day time temperature seemed to be dominated more by the solar radiation component. 
The shaded area in between tall buildings showed lower temperatures compared to areas with low rise buildings. The 
higher temperature in the industrial areas could mainly be due to the metal roofing, which is a commonly used 
material for industrial buildings in Singapore. Even though the CBD area is expected to have high temperature due to 
the extensive use of air conditioning during day time, the lower measuring height of 1.5m would give an 
underestimated value of temperatures since the heat output from air conditioners in the high rise buildings is more or 
less localised to their respective heights of installation. Studies have shown that air temperature in the streets is 
governed by more complex and regional factors. As demonstrated by experiments carried out in a deep pedestrian 
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canyon in Athens which showed that lower temperatures were measured at the ground level and temperature 
increased as a function of the canyon height (Santamouris et al, 1999).  Therefore further measurements are to be 
conducted to obtain the vertical stratification of temperatures in the CBD areas during day time. 

3.2 Temperature profile during night 
As sown in Figure 4, the night time temperature varied between 27.4°C to 30.3°C and it was found that the CBD area 
is around 2°C hotter than the green areas. The average temperature of 29.3°C was recorded around the Orchard 
area which is a high density commercial area, where as the area near the Macritchie reservoir, which is a large green 
area located at the central part of the island showed an average temperature of 27.4°C. The maximum temperature 
of 30.3°C was noted near the Changi Airport. Other locations which showed higher temperatures (above 29°C) 
include Raffles place, Outram park, Clementi, Toa Payoh all of which comprise of densely populated buildings. It was 
found that Woodlands, Sembawang, Kranji situated at the northern part showed relatively lower temperatures. 

Figure 4: Temperature distributions during the night 

In urban areas, because of the increased roughness of the city and larger heat transfer surface area resulting from 
building geometry, the effective mass contributing to the diurnal thermal storage is higher. This increased thermal 
storage moderates the diurnal fluctuation in urban temperature and delays the peak temperature. The differential in 
cooling rates and their different timing result in the largest urban rural temperature difference in the evening. 

3.3 Temperature at different zones 

In order to unearth the island wide urban heat island effect, the night time temperature data was further analyzed 
according to different regions. The Singapore Island has been administratively divided into five regions: west region, 
central region, north region, northeast region and east region (Figure 5). The area around the Macritchie reservoir is 
excluded from this zoning. According to Figure 5, central region, west region and east region are mostly ‘urban’ areas 
where less vegetation is planted and high density of buildings are constructed. North region and northeast region are 
mostly ‘rural’ areas which are near to large green areas. 

The statistical data collected within every region during the field measurement are presented in Table 1. The central 
region showed the highest mean temperature of 29°C. The maximum temperature at this region is 29.8°C. The 
lowest mean was observed at the north region, which is 28.5°C. The minimum temperature observed in this region is 
27.8°C. It is to be noted that the standard deviation at the central region is low (0.29) compared to other regions and 
this relatively uniform temperature at the central area could be a cumulative effect of the low airflow as well as heat 
trapped inside the street canyons 
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Figure 5: Zoning of Singapore 

.
Table1: Statistical data for the five regions

Sample
No. Mean Max Min Standard 

Deviation 
West Region  24 28.83 29.45 28.31 0.32
Central region  39 29.01 29.75 28.38 0.29
North region 20 28.46 29.4 27.78 0.42
Northeast region 13 28.68 29.1 27.6 0.4
East Region        31 28.92 30.31 28.31 0.39

3.4.  Temperature around high rise Housing and Development Board (HDB) estates 
3.4.1.  Day time 
Analysis was done to compare the ambient temperatures in various HDB estates during the day. The highest 
temperature of 34.1°C was observed at Woodlands. The lowest temperature of 31.1°C was observed in a housing 
estate located at Queenstown. The main difference in between the two locations was that the former point was on a 
concrete pavement in an unshaded area, whereas the latter was in a shaded area. Housing estates in Clementi, 
Pasir ris and Tampines also showed higher temperatures. In Clementi one of the locations had a temperature of 
31.7 C, which is almost 2 C less than the temperature at another location. This is significant because both the 
locations are only about 100 metres apart. This difference in temperature can be attributed to the characteristics of 
immediate surrounding. The first point of measurement was located on a lawn surrounded by trees thus providing 
shade. The second point was situated on a concrete surface, adjacent to a car park. The lack of shading and the heat 
rejection from the coffee shop located nearby was adding to the air temperature.  

3.4.2.  Night time  
During the night, the difference in temperature between the hottest and coldest housing estate was 1.2°C. The lowest 
temperature of 27.9°C was observed at a point in between two housing blocks at woodlands area whereas the other 
housing estates around that area had temperatures around 28.3°C. It is to be noted that this location showed the 
highest day time temperature. For this point, the spacing between the buildings was larger compared to the other 
housing estates in Woodlands (Point B in Figure 6) and one side was open without being surrounded by any 
buildings which in turn reduced the shading effect. The highest night temperatures were around 29.1°C and it was 
observed, mainly at east, west and central zones. It was observed that the housing estates near to neighbourhood 
parks showed lower temperature compared to other housing estates. These include the housing estates at Yishun 
and Ang Mo Kio, which showed temperatures of 28.5°C and 28.4°C respectively. The other housing estate at Yishun 
and Ang Mo Kio had a higher temperature of around 29.°C.  
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Figure 6:  Measurement locations of HDB estates at Woodlands 

3.5.  Comparison between high rise and low rise housing areas 
3.5.1.  Day time 
The temperatures observed in high rise and low rise housing areas during the day are shown in Table 2. A total of 
eleven areas had measurement points in both housing categories. Out of these eleven areas, five of them recorded 
higher temperatures in the high rise housing areas than in the low rise housing areas. They are Boon Lay, Bukit 
Gombak, Buona Vista, Clementi and Pasir Ris. Generally, temperatures at areas with tall buildings are expected to 
be lower due to the shading effect. Among the eleven research areas Buona Vista was noted to have relatively low 
temperatures of 31.8 C and 31.6 C in both high rise and low rise areas respectively. This may be attributed to the 
large green areas in the surrounding. Also, Buona Vista had a lower concentration of buildings than other research 
areas.

Further analysis of the five highest temperatures from Table 2 showed that the commonality among these 
temperatures is that they were recorded in areas without any shade. Also, four out of five of these temperatures were 
found to be located in the low rise areas. Even though there were buildings in the vicinity, they did not provide any 
shade at the fixed points due to the high solar angle. The five lowest temperatures from Table 2 were also analysed 
and it showed that most of these temperatures were recorded in areas with shade, either from buildings or tall trees. 
This again shows that ambient temperatures in areas with shade are significantly lower than those without any 
shade. 

Table 2: Temperatures at high rise and low rise housing 

Day Temperature ( C) Night Temperature ( C)
Research Area High Rise 

Housing 
High Rise 
Housing 

Low Rise 
Housing 

High rise 
housing 

Ang Mo Kio 31.99 32.12 28.69 28.97
Boon Lay 32.78 30.88 28.70 28.98
Bukit Gombak 32.91 32.34 28.31
Buona Vista 31.81 31.61 29.11 28.49
Clementi 32.66 32.41 28.55 29.28
Pasir Ris 33.09 32.15 29.10 28.31
Tampines 32.74 33.29 29.10 28.87
Toa Payoh 31.40 32.78 28.18 29.10
Woodlands 32.71 33.47 28.56 27.91
Yew Tee 32.45 33.57 28.82 28.70
Yishun 32.21 33.59 28.90

3.5.2.  Night time 
As shown in Table 2, six out of the ten research areas recorded higher night temperatures of around 29.1 C in the 
low rise housing areas. Generally, areas with tall buildings are expected to record higher temperatures at night as 
they have larger effective mass than shorter buildings and are able to absorb more solar radiation during the day, 
causing a larger amount of heat being released into the atmosphere at night. For short buildings, the heat is 
dissipated at a faster rate as there is less absorbed radiation, resulting in cooler nights. 
Detailed analysis of the five highest and lowest night temperatures showed that high temperatures were observed in 
Clementi and Toa Payoh for both housing categories. These are relatively densely populated residential areas, with 
many housing blocks in the surroundings.
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From Tables 2, it can be observed that the temperatures taken during the day and night do not differ much between 
areas of high rise and low rise housing except for a few areas as pointed out in the analysis above. Theoretically, 
areas with taller buildings should record lower day temperatures due to the shading effect and higher temperatures at 
night due to the larger thermal storage mass. However, as mentioned earlier, the high rise buildings may not be able 
to provide enough shade if the angle of the sun is not ideal. Also, the reasonably large spacing between the housing 
blocks reduced the effective shading. 

3.6.  Temperature around the commercial buildings 
The maximum temperature around the high rise commercial building during the night was observed at the Orchard 
area, where the temperature recorded was 29.4°C. It is to be noted that the day time temperature at this location was 
quite low (31.1°C). This area, which is part of the CBD area, has a compact urban form, consisting of high rise towers 
distributed randomly over continuous canyons with H/W ratio varying from 0.4 to 2. The lower day time temperature is 
due to the shading effect by buildings which decreases the direct incidence of solar radiation near the ground level. 
Due to the same reason, most of the locations in the CBD area had low day time temperatures. Other studies in hot 
dry climates reported small daytime differences between urban and rural temperatures although the maximum 
temperature tended to decrease as the H/W ratio increased (Bourbia and Awbi, 2004). In hot humid environment in 
Dhaka, Bangladesh, it was found that on average the daily maximum temperatures decreased by 4.5 °C when the 
H/W ratio increased from 0.3 to 2.8 (Ahmed, 1994).  

It was also observed that the temperatures of the commercial centres were influenced by the presence of green 
areas. However, during the day, green spaces in commercial centres do not help much in cooling the surroundings 
unless there is sufficient shading from the trees. But during the night locations near to the green areas had lower 
temperatures. In City Hall, another location at the CBD, a point near to the green area had temperature of 28.7°C, 
where as other points had temperatures of 29.3°C. Similarly in Dhoby Ghaut, point nearest to a green area had a 
temperature of 28.4°C and that away from the green area had a temperature of 29.8°C. 

4.  CONCLUSION 

The results of the field measurement showed a clear evidence of the occurrence of the urban heat island effect in 
Singapore, with the high density high rise commercial areas showing around 2°C higher temperatures during the 
night. The day time temperature differences were minimum which is in consistence with studies in other hot climates. 
Even though the dense urban fabric provide solar shading within deep street canyons, which is obvious from the 
lower day time temperatures, such canyons become heat traps due to multiple solar reflection and reduced albedo. In 
the comparison of the high rise and low rise housing areas, no distinct difference between the temperatures in both 
housing categories was found. This may be because the high rise and low rise housing estates in each research area 
were located in close proximity to each other without any distinct borderline between them and thus the temperatures 
at the low rise areas might have been affected by the nearby surrounding high rise building, resulting in similar 
temperatures between both housing categories. Even though small green patches at the commercial centres 
influenced the night time temperatures, they did not help significantly in cooling the surroundings during the day. 
Hence it is recommended that more trees and plants which can effectively provide shading to be planted at the 
commercial centres in order to provide significant cooling during the day. This will also enhance the thermal comfort 
of the pedestrians. 

These results were further validated by measurements using mobile traverses between 2am and 4am after the 
midnight which showed a temperature difference of 4°C between the CBD area and the vegetated areas.  
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DEEP SURFACE 
Mesh Systems as Strategy for Shaping Dynamic Space
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Abstract: Contemporary environments are considered territories, occupational zones, or durational spaces, 
so consequently, concepts of architecture shift from stable typologies to formations in flux. Digital 
technology enables change options through dynamic surface formations in design phases, yet usually 
does not investigate post-productional, repeated dynamic formations in terms of material, structure and 
effect.

The paper discusses a theoretical background and parameter framework that investigate the concept of 
mesh systems as a strategy for an operative architectural surface. The mesh is applied as a design 
principle that generates a reflective ability to changes in context and value systems, and thus enables a 
response to cultural, social, or programmatic demands and performance criteria. 

At the crossroad of fashion and architecture, Miyake’s structural and coded mesh strategies are indicative 
surface formations engineered by material, structure and detail. The paper presents a design studio 
methodology that translates Miyake’s mesh systems into Design Models for shaping dynamic space, 
through a given framework that administers generative and effective parameters. The various solutions for 
design models are developed through multiple iterative conversions between digital and analogue 
modelling, and demonstrate solutions for a future architecture with interactive, responsive, and culturally 
evoking capacities. 

Conference Theme: Digital architecture, virtual environments (assigned) 
Keywords: fashion and architecture, design model, structural mesh, interactive systems 

1. INTRODUCTION: CHANGE DYNAMICS 

In a contemporary culture that addresses inhabitation as the occupation of a supermodern transitional environment 
(Auge 1995:35), the concepts of space shift from stability towards an architecture of formations in which the only 
constant is change. Change is a phenomenon, an effect or emergence, inherent in working conditions, family structures, 
modes of inhabitation, lifestyles, cultural aspects, relation networks, in user-profile and identity, and in social and 
territorial boundaries. At the same time change becomes a driving principle, a system reflected in built space, and also 
generates concepts for architecture. Spatial changes require a continuously differentiated architecture. Rather than 
housing change within a stable form, the concepts of architecture are transformed. 

Since Modernism, predetermined shapes produced through forces as diverse as industrialization, privatisation and 
specification (Rybczynski 1986) of space have answered in a limited response to changes that are diverse in nature, 
emerge as rapid and cyclic, maintain a short validity, and affect a variety of conditions. Computational software for 
design, digital construction techniques and electronic and digital facilities can now be employed to open a field for a 
dynamic spatial paradigm that supports a continuous individual response to a user. Through software and professional 
data networks, the possibilities for dynamic change systems have been significantly enhanced (Kolarevic 2003).  

Now, architecture in the digital realm appears as abstract surface that responds in form alterations to complex 
mathematical and geometrical calculations, such as parametric operations or topological transformations, physical 
studies, particle animations or time-based processes. These calculations produce variations and genealogies in surface 
shape, from which one is chosen and then enters a process of fabrication. Supported by digital tools, an unlimited 
number of options can thus be developed through a systemic delay in the design phase (Rahim 2000). Yet because the 
systemic delay postpones explorations of material, structural, organizational, or phenomenal surface characteristics, 
these aspects cannot inform the design process. The resulting spatial proposals remain abstract, and devoid operative 
depth, complex material intersections or ambient effects.  

In response, this research suggests that if architecture is reconceptualized as material formation, the change conditions 
and behaviour must be inscribed in the surface, which means that materiality has to enter the surface concept at an early 
stage in order to be effective. Furthermore, the surface can be treated as an operative field that fosters an un-
programmed, individual spatial interaction through the surface organization, structure, materiality and detail. The paper 
argues that different formations and different materials enable different responses, and thus distinguish facets of change 
in cultural, social, or programmatic demands and performance criteria. 

The paper first discusses from a theoretical background a concept for a selected system of surface formations, the mesh 
structure. The system of a mesh can be traced in fashion surfaces, and thus visualizes principles and effects and 
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phenomena, through a materialized mesh system that relates to body and space. Through a shift in generative, effective 
and habitual parameters of the framework, the surface formation changes.  

The system of surface and the parameter framework were then used as a guideline set-up for a case study of 
architectural application. The paper reports on postgraduate design studios, taught by the author, in which respective 
approaches to mesh system and parameters were shaped into design principles. The studio’s design methodology 
followed the given framework of generative and effective parameter in which options of material, structure and possible 
fabrication were explored, and both form and phenomena adapt and change in behaviour, form, cut, and material 
intensity. Each shift in framework exposed another principle of surface formation, which consecutively constitutes 
another series of Design Models, and thus leads to an alternate architecture. 

2. SYSTEM OF SURFACE FORMATIONS 

The research frames as its theoretical background a surface formation that becomes the key to a new spatial paradigm 
because of its continuous reflective ability for change. Instead of neutral containers or predetermined forms that switch in 
component parts between change options, the surface formation follows a principle of intermediate or transitional 
conditions in structure, material and organization. The architecture envelope thus remains latent, with a potential ability 
of behaviour in ranges or phases. The change in the surface formation is addressed as a shift in the parameter 
constellation that affects shape, interacts on a micro level, reorganizes context and so differentiates between value 
systems. 

The paper suggests that a change to a surface formation cannot be random but is instead based on a system both 
ambiguous and defined, one that gives a frame and yet is deformable while maintaining key characteristics. Such a 
system administers transitional forms, an organizational device. Employed in the digital and material realm, the mesh is 
such a superimposed coordinate system, that when manipulated, delivers transitions that are alternate genealogies of 
shapes or surface formations (Fig 1) while maintaining the information of the whole.  

Source: D’ Arcy Thompson, On Growth and Form (1913) 
Fig 1: Transitional stages of form and two superposed coordinate systems 

The mesh is a principle that works with nodal points and fields in between. Though both elements define a grid or mesh, 
this is an approximate system with a capacity to display transitional stages or forms, because the relationships in this 
system can be unbalanced. Either nodes or fields dominate in structure and mechanism. The nodal points can reposition 
in a different plane and produce a structural depth, or massage the fields in between to define areas of different 
intensities and compression.  

Shape alterations in a digital realm are based on a grid or mesh situated on a given surface that identifies nodal points, 
moments of contact that can be shifted in position, effectively deforming the whole shape. Triggered by data impact that 
refers to applied forces, program and movement traces or structural requirements, the surface deforms, and displays 
transitional stages that are open for interpretation.  

While the mesh is an abstract system, its applied materiality generates behaviour, and thus produces resistance, 
deflection, and response. A surface in transition shifts between static and dynamic situations. In a dormant static 
condition, the surface rests in a formation of regular or irregular elements, which are folded, curved or shifted to create 
space. In a dynamic status, the surface acts as an operative system showing a series of conversions of flexible and 
interactive volumes and sub volumes. The mesh principle enables a continuous surface transformation through a shift in 
massing and density, derived from movement, as an interval between expansion to contraction, enclosure and open 
system. The structural mesh can thus be employed as a design strategy that produces a prosthetic surface, which 
potentially provides different spatial experiences through a morphing process. Depending on nodal structure or fields 
between, the design can be directed towards movable layers of various sizes that divide spatial sections, or control lines 
that affect directionality, movement and location of each layer in relation to the overall surface volume.  

The materiality of architecture embodies its potential of temporalization, of response to the user. To be continuously 
‘indeterminate, unfolding, serial, multiplying, complex, heterogeneous’ (Grosz 2001: 57), space effectively requires a 
materiality that produces a dynamic behaviour after construction. Architecture, time and matter correlate: 

‘If duration exists in states of contraction and expansion, in degrees of uneven intensity, … then perhaps … 
space also has loci of intensity, of compression and elasticity, perhaps it need no longer be considered a 
medium. … Perhaps, in other words, there is a materiality to space itself, rather than a materiality residing only 
with its contents.’ (Grosz 2001: 127) 
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Architectural space is then formulated by a materiality that differentiates zones in context, transitional stages, and 
surfaces characteristics. The mesh system might be employed as a design model that frames organizing principles for a 
dynamic architecture in which space is the result of a continued effect of its surface formation (Benjamin 2006). When 
the definition of materiality and massing, program, structure, function and material change, the surface formation 
changes, causing fields and nodal points to shift, establishing a different habitual condition in the programmatic field (Fig 
2).

    Source: Elastic Space Studio, Javier Duenas (2004) 
Fig 2: Two conditions in a programmatic field 

A structural or organizational mesh used as a design model for architecture can deliver a surface formation that reacts 
on an individual and post-productional level. Yet this reactive capacity needs to be inscribed in the surface formation. 
Rather than merely applying the system of a mesh then, the research suggests a set, but open, parameter framework 
that continuously informs the surface.  

Such a framework distinguishes between parameters. Generative parameters shape the surface behaviour such as 
cutting scheme, constructive line, programmatic insertions, operative field (Reinhardt 2005). Correlative parameters 
influence the surface formation after construction (time-program relations, movement, body counterpart, individual user 
profile, data). The parameter framework acts as a guideline that submits aspects of how the surface needs to be 
translated into matter, and which effects and affects the surface transports when exposed to a realtime environment. 
Used as part of a design methodology, the parameter framework thus can be used both for analysis and as generative 
device that shapes the surface construction, design process, and user application.  

Though the capacities of a mesh formation are situated in an abstracted realm, the material characteristics of a surface 
fabric can show very different properties. In this way, the parameter framework can support an immediate engagement 
with materiality, resulting affects and phenomena of the surface, indicating a surface formation’s dynamic potential.  

3. FASHION SURFACE: STRUCTURAL AND CODED MESH 

Surface conditions and resulting spatial sequences depend predominantly on surface characteristics and properties of 
fabrication. As a continuation of the theoretical background, the research situates both mesh principle and parameters in 
a reference analysis of surfaces in fashion and architecture, to further conceptualise technique, materiality and response 
of dynamic surfaces. Both fashion and architecture share parallel practices (Hoodge 2007: 17). They use methods of 
communication, coding and signage, form information programs, cutting schemes, volume outlines, texture fields, and 
implement subvolumes, or digital extensions.  

The investigation of specific works of fashion that use mesh principles, such as Miyake’s ‘A-POC’ and ‘Pleats Please’, 
reveals strategies of how a structural mesh can be translated into material, and become an immediate design element in 
the process of making architecture. The analysis of these respective works also suggests information about user 
interaction, relationships between body and enclosing surface, and response to a movement pattern, all of which further 
inform a possible framework for dynamic spaces. Each mesh displays differences in materiality and response. 

3.1. STRUCTURAL MESH 
‘Pleats Please’ (Miyake, Fig 3) uses the concept of interval, a surface method of overabundance of material texture and 
the technology of a form-specific memory processed through the heat imprinted, reactive behaviour of the fold. This 
strategy stands in sharp contrast to traditional techniques, in which the cut determines the form, thus distance to body 
margins and movement range. Yet ‘Pleats’ is based on a simple cut in proportional enlargement of the original basic 
shape, a t-shirt or kimono.  

This overabundance of the material is compressed. The fabric is cut, assembled, folded, ironed and oversewn, after 
which the garment receives permanent pleats (Miyake Making Things 1999: 23). Hence, the surface receives a structural 
fold that varies from a precise three-dimensional structure of a strictly geometrical pattern (Fig 4) on preformed paper 
moulds, to coincidental shapes that are manually executed through pleating, crinkling, shrinking, creasing, and folding 
(Leong 2003). Each technique stresses different possibilities of the mesh formation and thus characterizes the cloth 
through a unique appearance in colour, material texture, luminosity, layering, expansion or ornamentation. 
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Source: Miyake and Penn  Source: Prosthetic Surface Studio, C R Lopez (2006) 
Fig 3: Miyake, Pleats Please (1996) Fig 4: Structural Fold 

The generative parameters of the structural mesh can be described as an indeterminate cutting scheme and constructive 
line (neither refers to a precise form outline), resulting in an adjustable operative field (the final pleated garment 
resembles a polyvalent form). The structural mesh thus produces correlative parameters that work through an effect of 
depth through which the surface receives the ability to respond in interval behaviour (Hiramitsu 2006).  

The interval frequency, registered in the three-dimensional fold, outlines the potential adaptation, the range of expansion 
between two fields and their distance in the fabric. Through the interval, the materialized mesh relates to a transitional 
space, ie the interstitial space between fabric and body, and mediates in form transitions- between production shape and 
body contour, and contour and highest pitch of movement. The interval thus informs the surface with a micro-scale 
behavioural system, and it produces a reservoir of potential surface expansion through which the interstitial space 
between body and garment is continuously adjusted, dependent on body margins, or movement range. 

3.2. CODED MESH 
 ‘A-POC’ (Issey Miyake, 1998) is the continuation of a mesh system with interval properties, in which a coded field of the 
mesh configuration allows an intentionally delayed form definition process. The surface formation displays diverse zones 
of compression and intensity, programmed through digital weaving techniques (Fig 5).  

A-POC is not cut and sewn, but a woven fabric of variable length executed in a one-and zero binary language that 
translates ‘sink’ and ‘surface’ machine signals into the movement of an automated weaving (Miyake A-POC: 71). In the 
mesh fabric, ‘lines of demarcation create a pattern of surface design that in turn becomes structural seams’ (Wilcox 
2001: 34). Its respective zones differ in threat properties, luminosity, ornamentation, layering, densities and 
expandability. The mesh frames the blueprints of potential dresses; from which a potential form and number of clothing 
items, a dress, a shirt or skirt, can be selected and cut free. (Miyake A-POC: 66, Quinn: 150). 

 Source: Miyake/Fujiwara, A-POCMaking (2001) Source: Prosthetic Surface Studio, Yuji Ji (2006) 
 Fig 5: Miyake, A-POC: ‘King and Queen’  Fig 6: Mesh Organization     
The structural code of the mesh determines an area on the surface in which the cut can be applied; the customer thus 
defines the ultimate shape. Described as ‘shapeless designs’ (Quinn 2002: 153),  these garments more importantly 
receive their shape in operation. The programmatic code inscribed in the mesh uses an elastic or expansive depth, again 
in interval frequency that mediates between different programmatic protocols, in which the operative field that reacts to 
change conditions in specific loci.  

A three-dimensional structural code, an interval range between diverse programmatic zones, and a sequential duration 
of various occupants then characterize this approach. The coded mesh is a similar to a ‘ready-made, ready to be 
remade’ (Simon 1999). Applied as a strategy to the design process, it enables perpetual connections, size and scaling 
operations. In conjunction with an exterior a static shell, the same strategy may be used for a differentiation of 
programmatic zones, as an interior architecture device. Other options may employ the mesh as organizational urban 
instrument, or insert stable fields between nodal points. Structural Mesh and Coded Mesh are generated by different 
surface formations and result in different change options. The characteristic properties of each mesh become effective in 
the material exploration. 
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4. DESIGN METHODOLOGY: STUDIO DESCRIPTION 

Thus far, the paper has discussed a theoretical research work and framework, following an interpretative method. In 
order to identify its architectural potential, a methodology for application in the design process was formulated as case 
studies. These case studies were conducted in the experimental realm of studio work with postgraduate students, in 
order to investigate the principles and system independent from the design concepts of the author, to both generalize 
and individualize them. 

The concept of surface formation is thus applied as design methodology that shapes an overt, structured design process. 
Students were given a framework of parameters, reference imagery and an approximate protocol of procedure in the 
design studios (Master of Architecture, University of Sydney, 2006/02 ‘Prosthetic Surface Studio’, 2004/02 ‘Elastic Space 
Studio’). Key focuses were methods of unstable form generation and critical surface conditions that generate dynamic 
spatial strategies, and explore materiality and interactive behaviour in Design Models, using a multiple iterative 
conversion between digital and physical media (Reinhardt 2006). The design methodology for the studio employed 
specific phases and tasks: 

1.Reference Analysis:   reference and abstraction, rule and principle derivation 
2.Conceptual Development Design model developed through generative and effective parameters, transformed 

in a continuous Media rotation     
3.Architectural Application:  development of architectural design proposal through specific program, site and 

scale information 

4.1. Reference Analysis
Students were directed to research a specific fashion work (including Chalayan, Kawakubo, Miyake amongst others) as 
singular objects, as part of a series, in relation to other works with similar fashion works and as conceptual formulation. 
Each item was analysed in terms of strategies, surface techniques and effects, such as densities, translucencies, 
structural depth and movement. These dynamic aspects were abstracted and compacted into principles and rule 
systems. Compared with a bionic context, these additional references deliver aspects and characteristics of formation, 
verify and support the previously identified principles, and establish a work domain for further explorations.  

4.2. Design Model  
Students were then asked to shape the principles and system strategies identified in the reference analysis were into 
Design Models. The Design Model acts as profiling instrument of an idea or concept; it develops these principles as 
structural, organizational, material, or detail components of the design. It generates sections of a future architecture 
through sampling, testing, experimenting, gaming, and shaping. A Design Model can be individualized through specific 
characteristics and functions, it can be shared collaboratively or transferred, and it constructs an archive of ideas 
applicable to a range of projects and scales. Set against the parameter framework, the Design Model properties are 
evaluated, tested, and reset. The design model frames and administers an uncompromised logic in design, materiality 
and fabrication during the whole process. 

4.3. Parameter framework 
The Design Model corresponds to a set of both constructive and effective parameters that produce a complex framework 
of surface formation and effects. Students were asked to update the Design Model continuously against this framework. 
Generative parameters include design components such as cutting scheme, constructive contour line, programmatic 
insertions, nodal points and operative field, used to strategise and enable a continuous dynamic capacity, thus 
consequently evolving alternate architectural solutions. These parameters define the change potential of the surface. 
Correlative parameters include elements that inflect the effects or operations the inhabited surface formation delivers. 
Time, movement, user profile, body counterpart, data impact, and spatial sequence are an interrelated framework. Both 
generative and correlative parameters are continuously administered, updated, controlled through the Design Model, and 
developed in separated manifestations. 

4.4. Media rotation 
A substantial part of the design model development is the media rotation; the conversion of the Design Model through 
various media such as computer animations, sketches, physical models, renderings etc. In each, the respective medium 
redefines the form/gestalt through its inherent material properties. The key moment is feedback. Each consecutive 
medium addresses additional criteria and thus contributes to the design, through material character, production methods, 
and textural and physical properties. Instead of using a linear design process, the media rotation uses an integrative 
approach where additional elements, alternate options and partial solutions of the design process relate and inform each 
other.

4.5. Architectural application 
Completing reference Analysis and Conceptual Development phase, both design model and parameter framework are 
ultimately counterchecked and refined in the architectural application. Individual user profile, program selection, 
economic aspects, scale and site specifications deliver demands the Design Model needs to negotiate. Rules, method 
and techniques of conceptualisation and design acquired beforehand are here challenged by real-time architectural 
problems. A successful conclusion of this final phase displays an intact rule system as derived from the references, and 
a coherent and clearly legible Design Model in the design proposal. Furthermore, following the studio requirements, 
students were asked to demonstrate solutions for an interactive, responsive or dynamic spatial paradigm, in structural 
modifications, as alternate programmatic zones or as transitional phenomenal territory. 
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5. DESIGN MODELS AND APPLICATIONS 

Two student projects exemplify the development of mesh systems as Design Model, and their architectural application 
will be discussed through two studio projects. Each had a specific way of characterizing surface properties, textures, 
scale, user profiles and programmatic components, and thus resulted in explicitly different spatial potentials.

5.1. Deep Surface formed by Mesh in Segments 
The project by Toshimune Suzuki is an example of a structural and organizational mesh in which the surface is 
organized in alternating densities. It illustrates in which way the Mesh principle can produce a Deep Surface. Here, the 
surface is extended from a singular layer to an architectural surface differentiated into sets of layers with alternating 
properties: exterior enclosures, structural layers with constructive properties, programmatic insertions, or body-relevant 
surfaces.

The mesh is massaged into zones analogue to the patterning of reptile skin plates, a layered surface of various fields 
with different programmatic functions. This deep surface system with alternating slabs and multiple nodes was 
developed as a series of computer model in animation and detailing (T2-1). The structural mesh was explored on 
different scales and intensities, as an urban organization (T2-2), and as façade segment producing an atmosphere 
through interior shadow phenomena (T2-3).  

 Source: Elastic Space Studio, Toshimune Suzuki (2006) 
Table 2: Layered mesh - from urban field to body device 

In a second series of Design Model tests, the principle was improved by another layering of several skins with diverse 
programmatic options that generated an expansion in length and depth (T2-4), with an insertion of stable areas, and 
operated by complex juncture mechanics, using the mesh as an organizational field, in which program zones were 
located. The Design Model was the conversed into a material system with manual responsive transformation capacities; 
segment modules were CNC cut, configured in position, and supplemented with stretch fabric and steel hinges (T2-5).  

The Design Model was then tested for behaviour and performance, the results digitalized and optimised (ie the 
interdependencies between stable planes, nodal connective points and shift towards second layer). The final shape was 
determined by a positioning on site, in this case the body. Here, the structural mesh is applied as a body counterpart (T2-
6), possibly with programmatic insertions, an unfolding architectural device for the urban nomad, addressing an unknown 
territory. 

5.2. Coded Mesh as Inhabited surface
The second project by Shin Young Joung uses a surface formation designed to provide disabled or aged people with 
mobility, utilities and comfort in a domestic or office environment. The user profile is that two pro-gamers, one ‘A’ (abled) 
and ‘D’ (disabled) person, active participants of the Multimedia and Computer networking society. This project 
investigates a surface formation based on requirements for user profile and programmatic protocol, and thus produces 
an environment shared between persons with different abilities but similar spatial profile.  

The surface formation features a dominant pattern of lines and nodal points. These define a contrast in the field 
formation, in differentiating lower and higher areas thus produce a three-dimensional structural mesh with depth, and 
program expansion in several directions (T3-1). 
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Source: Prosthetic Surface Studio, Shin Young Joung (2006) 
Table 3: Coded Depth and social landscape 

The surface is a hybrid between furniture, landscape and architecture that translates occupation into material. Made from 
elastic materials like rubber, foam, leather or textile, the surface is an ambient body counterpart, a multiple use tool that 
responds to different positions and requirements of its user. 

In reference to human body measurement systems (Da Vinci, Modulor, etc) a standard body height was set, then 
explored in seven different versions matching a program, defining a range of receiving surface shapes, from comfortable 
to extreme positions. According to daily functional patterns of ‘A’ and ‘D,’ their capacities, schedules and occupations, 
the surface shape and thus section of space changes. Basically, the surface correlates between ‘A’ and ‘D’, allocating to 
each a private and shared zone. The composition of these programmatic curved lines establishes the inhabitable 
surface.

The surface package consists of two performative layers and posts of different lengths set at strategic nodal points (T3-
2). They mediate between upper and lower surface, penetrating the constructive plates. The surface thus generates 
different shapes that are experienced as inhabitable landscape, and as surface formation displayed in the ceiling, an 
echo of occupation in another space. Though both users live in individual areas, they can monitor and communicate with 
each other through the movement of the surface, an advantage specifically for health issues and safety reasons (T3-5). 
A prototype segment contains a programmatic zone of 2.4 x 2 m, in which one meter long posts both support and move 
the surface at nodal points every 20 cm (T3-3). The points of action form the actual slope and different shapes for 
positions of the body, and hence produce different spatial sequences with a unique atmosphere.  

Between layers, functional units are integrated; while some surface areas continuously respond in height adjustments, 
others are fixed and function as storage cavities or program insertions. The 120-degree wall and hexagon edges provide 
a structural system that can be utilized for hidden devices. The spaces for ‘A’, ‘D’ and ‘AD’ overlap and intersect, so the 
users can relate to each other through movements perceived on the surface. Infrastructure and service zones are 
provided by a conventional floor and wall systems.  

This deep surface is then expanded to become the basis of a multi-level building, arranged in a honeycomb structure 
that provides an organizational core for unit and building layout (T3-4). The building proposal displays an arrangement of 
several units, each with split levels and used by a partnership of people, such as D-Disabled and A-Abled living together, 
equipped with functional moving surfaces. If not in use, the surface remains static, switched off by remote control. In a 
scenario of conversion, a small segment may be plugged into an existing building typology and thus offer alternate 
possibilities to adapt depending on user profile, ability and program. The surface contains alternate possibilities of 
occupational profiles and thus produces a social landscape of communication area or shared work facilities (T3-6). Thus, 
the project creates a performative platform that connects people through architecture. 

6. CONCLUSION

The paper has discussed the way in which a mesh principle can, as a material derivate of fashion strategies, become a 
dynamic Design Model for an architecture that responds to occupational, social, cultural changes. It has further 
attempted to bridge a gap between dynamic design strategies that are predominantly explored in a computational realm 
of the design process, and suggested a design methodology as a strategy of conversion that explores the dynamic 
effects of these structural meshes as a result of their materiality and fabrication technique. 

The paper has discusses a Design Methodology of dynamic surface formations that responds in ranges to changes in 
material, structure or detail, and therefore processes a continuous spatial shift of architectural paradigm. The theoretical 
research, parameter framework, Design Model strategy and studio outcomes have been presented for discussion and 
feedback and for the purpose of developing further applications in pedagogy and practise-based research. 

It has been suggested that architecture can be conceptualised as an operative surface that addresses changes in a 
variety of scales and programmatic protocols. The translation into materiality then inherently affects the change 
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conditions offered. More important though, the paper has indicated that habitual effects of these structural meshes, 
enable a change that processes a response between users, a social interaction, and establish a shared inhabitable 
environment.  

While the urban nomad changes territory, relationships become the safety net. The structural and organizational mesh is 
in that sense is more than a geometrical operation, more than an animated deformed surface, more than a weave of 
different intensities and range of elasticity. It is a principle that enables architecture to change form, to become instable, 
in order to remain immediate. In this way, architecture becomes a deep surface, in which the diverse transitional forms of 
life can reside. 
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ABSTRACT: The educational process in schools involves many activities that ultimately aim at testing 
students’ motivation, knowledge assimilation, academic performance, and teachers’ productivity.  How 
these activities are accommodated in a responsive environment is a critical issue that deserves special 
attention especially from users' perspective. This paper analyzes emerging understandings of learning 
environments .Reactions of teachers and students to classroom and cluster prototypes, among other 
aspects, against a number of spatial requirements and educational objectives are analyzed and 
discussed based on two mechanisms. The first is a comparative analysis of reactions of teachers from 
three elementary schools within Charlotte-Mecklenburg School District. The second part is a case 
study of a pre-design phase undertaken for redesigning some buildings of North Carolina School of the 
Arts. The results of this investigation support the assumption on how the school environment has a 
direct impact on the way in which teaching and learning takes place. A conclusion envisioning the need 
for going beyond adopting prescriptive measures to address the quality of the learning of environment 
is conceived by highlighting the need to utilize knowledge generated from research findings into school 
design process, to pursue active roles in sensitizing users about the value of the school environment in 
reaching the desired academic performance while increasing teachers’ productivity. 

Conference theme: human issues: social, cultural, economic 
Keywords: learning environments; users' perspective; classroom prototypes 

INTRODUCTION 

In recent years, education theorists voiced the opinion that all education reforms are worthless if children—our future 
generations—have to come to school in buildings that destroy their spirits, inhibit their creativity, or hinder their 
academic achievement (Duke 2002 & 2004; Tanner and Lackney 2006).  The way in which we approach the 
planning, design, and ultimately our overall perception of learning environments makes powerful statements about 
how we view education. How school buildings are designed tells us much about how teaching and learning occur. 
Studies on classroom effectiveness indicate that there are significant differences in the amount of learning taking 
place in different classrooms within one school or in different schools. The educational process in schools involves a 
number of activities that supremely test students’ motivation, academic performance, and teachers’ productivity. How 
these activities are accommodated in a responsive environment is a critical issue that deserves special attention. 
While it has been said in the past that a good teacher can teach anywhere, a growing body of knowledge suggests a 
direct correlation between the physical aspects of the learning environment, teaching processes, and learning 
outcomes (Bosch 2002; Lackney 1999).   

The literature developed over the past decade corroborates that school environments in different parts of the world 
are incapable of providing students and teachers with feelings of hospitality, welcoming, and safety (Bosch 2002; 
Bosch and Pearce 2003; Lackney 1994; Meek 1995; Sanoff  2001-a; Knapp, Noschis, and Pasalar 2007). They 
operate in environments that inhibit the educational process. Current views on planning and designing learning 
environments place emphasis on the development of standards and specifications that address what needs to be 
considered in a school building, but rarely address why and how! In essence, they address the final product—the 
learning environment itself— without giving enough attention to the process that leads to a good product. Design 
practices on the other hand do not address pedagogical objectives, teaching methods, or the needs of learners in a 
clear manner. Behavioral issues such as privacy, personal space, small group behavior, crowding and density are 
typically oversimplified. Therefore, it is paramount to examine a number of critical issues in school planning and 
design that foster the creation of learning environments conducive to learning. Duke’s statement—a prominent 
contemporary educator—corresponds with this argument. He states and rightly so “to build or rebuild our schools 
without thinking the experiences that take place in them seems unwise. These experiences create opportunities to re-
design both schools and schooling" (Duke 2004:11). 

Framing up emerging understandings of learning environments, this paper critically analyzes current understandings 
of learning environments, while emphasizing that the physical environment of an educational building may enhance 
or hinder essential teaching and learning activities. Based on this analysis the paper calls for a fresh look at the 
learning environment from the users' perspective and the need for understanding the culture of the learning 
environment.  It presents the results of investigating different aspects of learning environments by measuring 
reactions of teachers and students to classroom prototypes and cluster typologies, among other aspects, against a 
number of spatial requirements and educational and behavioral objectives. Such an investigation is carried out in two 
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parts: The first is a preliminary comparative analysis of responses of teachers from three elementary schools within 
Charlotte-Mecklenburg School District. The second part is a case study of a pre-design phase undertaken for 
designing and remodeling the buildings of North Carolina School of the Arts.  The results of this investigation support 
the assumption on how the school environment has a direct impact on the way in which teaching and learning takes 
place. A conclusion envisioning the need for going beyond adopting prescriptive measures to address the quality of 
the learning of environment is conceived by highlighting the need to utilize knowledge generated from research 
findings into school design process, to pursue active roles in sensitizing users about the value of the school 
environment in reaching the desired academic performance while increasing teachers’ productivity. 

1. EMERGING UNDERSTANDINGS OF LEARNING ENVIRONMENTS  

Over the past fifteen years there has been a worldwide surge in the design and construction of learning 
environments. This was coupled with a growing body of knowledge on how the physical environment may support 
teaching and learning processes. A number of new concepts were generated to respond to the changing needs of 
teachers and learners thereby establishing new understandings of the physical as well as the social aspects of the 
learning environment (Salama 2004). Such understandings can be categorized under several headings that articulate 
how schools and schooling are viewed today.  

1.1. Schools within a school and the emergence of the academic house concept 
The notion that increasing the size of schools was an important reform idea is fundamentally flawed. It has led to the 
emergence of mega schools throughout the world. Although it is believed that they are cost effective findings of 
recent research reveal that such environments discourage a sense of responsibility and meaningful engagement 
while students’ misconduct appear to be highly visible. Recent knowledge on the other hand suggests that smaller 
schools offer students greater opportunities to participate in extracurricular activities and to exercise leadership roles 
(Lackney 1994; Sanoff, 2002).  

Paradigm shifts in thinking about school size can be seen in the academic house concept where the school 
community is divided into smaller academic houses or units acting as clusters and composed of a number of learning 
centers. The grouping of students and teachers into small interdisciplinary teams allows a sense of closeness to 
develop between them and enhances intellectual growth and academic performance while fostering emotional and 
social maturity (Bingler 1995). Clustering the school into academic houses is an innovative thinking in designing for 
mixed age groups, promoting positive interaction between children, allowing for indoor-outdoor integration, and 
ultimately creating a welcoming and aesthetically pleasing learning environment. 

1.2. The school as a community hub 
One of the important directions for education in the 21st century is to design the school as a community hub (Fiske 
1991; Moore and Lackney 1995; Nair 2003). New schools are currently planned to reflect this concept (Sanoff 2002). 
Recreational centers and community libraries are functions that help achieve the integration of the school into 
community activities. Architecturally, the school may wrap the community functions. Schedules are developed so that 
everyone in the community can use the school building. Programs may include adult education classes, job training 
centers, social services, community clinics, and general facilities for the community. This encourages the use of the 
school year-round, saves resources, and creates a heart for the community. However, it mandates the rethinking of 
the school function and the school architectural program to accommodate this vision.

1.3. Emerging classroom typologies 
The classroom is the setting in which education takes place. Traditionally, a standardized classroom plan was 
designed to maintain order and control a student behavior. Silence was encouraged in order to keep students more 
focused. The classroom was designed and spatially arranged to reflect this belief. At the beginning of the 20th century 
the bleacher-style seating and sloped floors was envisioned to aid the teacher’s supervision of the classroom. By the 
mid twenties rectangular classrooms had become universal. Studies on classroom effectiveness indicate that there 
are significant differences in the amount of learning taking place in different classrooms within a school and in 
different schools (Butin 2000; Sanoff 2001-b.).

It is critical for architects to recognize that not all children learn the same. With some children visual learning, such as 
printing or instructional films, has the greatest impact.  Some students learn better through verbal and spoken words 
such as story telling, while others learn from kinesthetic or psychomotor activities such as acting, modeling, and 
constructing. Classrooms need to be designed to reflect a particular form of teaching behavior and to represent a 
teaching/learning process that achieves specific pedagogical objectives. Responsive architects and educators started 
to reconfigure classrooms into different typologies that invigorate educational and behavioral goals (Salama and 
Adams 2003-a & b). These include achieving a sense of identity and belonging, facilitating team teaching, working on 
small groups, and accommodating a spectrum of learning opportunities (Sanoff 2001-b.). In this respect, one should 
assert that architects need to develop comprehensive understanding of the wide range of prototypes and what impact 
they have on achieving desired educational outcomes. 

1.4. The color of learning and the environment as a non-verbal message 
The effect of the environment as a non verbal message has been an area of a growing concern (Duncanson, 2003). 
The use of classroom spaces, outdoors, and other group activity areas influence how students and children behave. 
The amount of space in a room conveys silent but powerful messages to its occupants. The messages that traditional 
classrooms deliver do not support inquiry based teaching and learning. Effective use of inquiry skills requires more 
open space than that provided in a traditional classroom setting.  The human brain has two memory systems; one for 
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ordinary facts and the other for emotionally charged ones. However, both exist in a continual and interactional 
process. When children are emotionally upset they can not learn efficiently since the emotional part of their brains 
has overpowered the rational part. Color enhances the two memory systems in different ways.  Color in the learning 
environment should not be dull or monotonous as it creates a sense of boredom for the learners.  Children need 
colors that make them feel comfortable and that stimulate their cognitive abilities. Green, blue, and reddish-purple 
stimulate the brain and provide access to the student energy. 

Julie Barrett, a learning specialist argues that red can provoke troubled students to become more anxious and 
argumentative. Light green and pale blue may calm an unruly student. Yellow tends to emphasize loyalty, honor, and 
truthfulness. Different colors stimulate different learning and mental activities such as excitement, alertness, 
creativity, reflection, relaxation…etc. Future designers need to carefully consider the impact of color on learning and 
on children behavior (Barrett, 2003). Rethinking the colors of walls, carpets, tiles, and furniture elements in 
classrooms, school libraries, media centers, hallways and outdoor pavements is urgently needed. 

1.5 Community involvement: a user centered process 
Addressing the needs and behaviors of those who occupy the learning environment in a school planning process 
requires that those who actually dwell in the space be part of the process. Many architects and scholars adopt this 
view. Decisions about learning environments are still made by a few that affect many. Henry Sanoff, Distinguished 
Emeritus Professor of Architecture at North Carolina State University argues that “not involving everyone can cripple 
the outcome for years to come” (Sanoff 2001-a). He has implemented this argument in many of the school design 
activities in which he collaborated. Involving the school community requires intensive and collaborative process. Such 
a process needs to be flexible to meet the requirements of different design situations. It often begins with interviews 
and walkthrough evaluation of the existing facility, establishing the stage for an initial workshop.  

Participants working in small groups write wish poems of their needs and desires. Special workshops are conducted 
with children or students based on the school type; these allow them to voice their opinion about their new school. 
Next, teachers and administrators develop a dialogue that is facilitated by the design team and that involves a 
discussion of the educational objectives and the spaces required for accommodating teaching and learning activities. 
A follow up design workshop and a site walkthrough are conducted to explore options and design concepts while 
discovering the site constraints and realities. In these workshops, the basic organization of the site and the school 
building are explored and discussed with consensus arrived at about the future direction to be pursued. 

2. THE NEED FOR RE-CONCEIVING THE CULTURE OF THE LEARNING ENVIRONMENT  

The emerging understandings of learning environments represent many of the dynamics of how teaching/learning 
occurs. They manifest a cultural shift in terms of the way in which the learning environment is now comprehended by 
both architects and education theorists. Successful designing of learning environments can be achieved when 
designers recognize the nature of a school culture and its dynamics. In this respect, one can argue that culture is 
maintained in schools through a process by which formal and informal learning is integrated where socialization and 
interaction between teachers and students occur.

Oversimplifying the importance of a school culture is usually associated with a lack of understanding of the dynamics 
that characterize the learning environment, and an assumption that culture is unimportant (Sanoff 2001-b.; Trimble 
1996). In order to overcome this view architects and decision makers should have an understanding of how culture is 
formed, how it influences thinking and behavior, how it can be transformed, and then what environment is needed to 
accommodate that culture. The question that can be raised at this point is what constitutes the culture of the learning 
environment? And how such a culture can be addressed?

There are many factors that contribute to how the culture of the learning environment is shaped. They include the 
physical and social context in which it operates, its history, and the way in which it is managed and supported. 
However, based on the preceding outline of emerging understandings of learning environments, one can assert that 
the most important factors would relate to users expectations of what should or should not happen, how they 
comprehend their environment, adapt it, react to it, how they sustain their educational beliefs and standards, and how 
they conceive the role their physical environment may play to support required teaching and learning activities.  In 
essence, this suggests that there is a need to continuously get feedback on how these environments work, especially 
from the users' perspective, teachers and students. Such a need can be satisfied by exploratory investigation and 
collaborative processes through which the learning environment is demystified based on the perspective of those 
who use it.  

3.  TEACHERS' REACTIONS TO CLASSROOM PROTOTYPES

Based on the classroom arrangement rating scale that was developed by Henry Sanoff in 1995 and 2002 and was 
implemented by the Adams Group Architects in several collaborative design processes (Salama and Adams 2003-b), 
an exploratory investigation process was devised to get reactions from teachers of three elementary schools in 
Charlotte Mecklenburg School District, North Carolina. Six classroom prototypes and five classroom cluster 
arrangements were examined and analytically compared against a number of spatial requirements and educational 
objectives (Fig. 1-a & b). Such requirements and objectives reflect the emerging understandings of learning 
environments and the need for understanding a school culture. The three schools selected to conduct this 
investigation were Old providence, Myers Park, and Carmel Christian elementary schools. They were selected to 
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represent different contexts where Old Providence is a newly designed and built school in southern Charlotte, Myers 
Park is housed in a historical building in a historic neighborhood that was undergoing intensive renovation and 
expansion, and Carmel Christian is a new private school of a Church organization in the suburbs of Charlotte.

a. Classroom arrangement rating scale b. classroom cluster typology sheet

                                                                                                                       Source: (Adapted from H. Sanoff 1995 and 2002) 
Figure 1: Examining classroom and cluster prototypes against spatial requirements and educational objectives 

      
4. STUDENTS REACTIONS TO THEIR FUTURE ENVIRONMENT 

In a collaborative pre-design process undertaken by the author among other team members at the Adams Group 
Architects that was developed in 2003 and 2004 as part of renovating, remodeling, and designing new buildings at 
North Carolina School of the Arts two major sessions were conducted.  The overall purpose of these sessions was to 
develop an understanding of how students conceive the future of their school and to examine a number of aspects 
included in the scope of work (Fig 2-a & b). The first session involved investigating students' reactions to classroom 
and cluster prototypes to be utilized in the remodeling of classroom buildings.

    
a. Image preferences sheet utilized in a session with students b. Yard preferences sheet utilized in a session with students 

                                                                                          Source: (The Author, 2003) 
Figure 2: Examining NCSA students' reactions to their future environment 
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The second session involved a structured discussion on their preferences of the image of a dance studio that was 
conceived as a new building to be introduced in the project site. It also encompassed comprehending their 
preferences of the future yard/breezeway located between the new and existing buildings (Fig 3).  

                                                            

Figure 3: NCSA students in a session to discuss the future of their school  

. ANALYSIS AND DISCUSSION OF MAJOR FINDINGS 

ven to prototype 3 by the teachers in this sequence Old Providence (34), Myers Park (9), and Carmel Christian (9).  

significantly. Strikingly, prototypes 1 and 6 were given few positive responses only by 
armel Sch

                                                                    
                                                                                                 Source: (The Author) 

5

While teachers' reactions to classroom arrangement rating scale vary dramatically, it appears that there were certain 
preferences of some classroom arrangement types over others Teachers reacted to prototypes 2 and 3 as having the 
most positive features that pertain to meeting spatial requirements while invigorating the achievement of educational 
objectives (Fig. 4). Notably, classroom prototype 2 received 11, 26, and 13 positive reactions from Old Providence, 
Myers Park, and Carmel Christian respectively. The second highest number of positive reactions from teachers was 
gi

Evidently, prototype 2 was most preferred by Myers Park teachers as it offers a resource and teacher work area in 
the middle of a cluster of four classrooms. The idea that classrooms are accessed only from the work area seems to 
be favored by the teachers as it allows for easy control over children movement and easy supervision. On the other 
hand, prototype 3 was most preferred by Old Providence school teachers as it offers an L-shaped spatial 
organization that facilitates the presence of several learning activities at the same time. However, some teachers 
noted that prototype 3 was misleading because it appeared larger in area than all other prototypes. As well, few 
teachers noted that the way in which it is organized requires the presence of the teacher's assistant all the time in 
class. While there are some similarities between prototypes 3 and 4, only 4 positive reactions were given to prototype 
4 as it appeared smaller 
C ool teachers.

Figure 4: Comparative analysis of teachers' reactions to classroom arrangement rating scale 
                                                                                                                                    Source: (The Author) 
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Examining classroom cluster typology reveals that the staggered-single loaded type was the most preferred by the 
teachers of the three schools where 26 out of 41 teachers associated such a type with the best arrangement that 
allows for mixed age groups. The enclosed-single loaded was the second preference where 25 teachers associated 
such a type with the best arrangement that allows for indoor-outdoor integration while achieving the most welcoming 
entrance. The linear-double loaded type was not associated with any positive aspect stated in the classroom typology 
sheet (Fig. 1-b).  

Discussions with NCSA students in the first session reveals responses to classroom arrangement rating scale 
different from that from that of teachers of the three elementary schools. Prototype 3, the L-shaped arrangement was 
the most preferred by the students where 29 out of 35 associated it with aspects that pertain to having sufficient 
opportunities to move around, variety of seating arrangements, and students and teachers can make quick transition 
from one activity to another. Unlike teachers, students have not commented on the issue of the relative classroom 
size and thus prototype 4 was the second preferred arrangement favored where 28 students were associated it with 
aspects related to small groups working independently on different activities or projects while having a sense of 
identity and belonging. Prototypes 1 and 6 were not associated with any positive aspect stated in classroom 
arrangement rating scale (Fig. 1-a).  

The exploration of a best fit image of a dance studio reveals that images B and F (Fig. 2-a) are seen as equal by the 
majority of students and are regarded as the best images that reflect a unique identity for a dance studio at NCSA. 
Students commented that both images introduce "something new" in a traditional campus image while at the same 
time are not in conflict with the existing buildings. Image C appears to be the most disliked by the students as 30 out 
of 35 students commented that the building may look pleasing on its own, but it looks odd in terms of colors and 
textures when compared with the surrounding buildings. While image A relates to the context almost all students did 
not like it as they felt it does not express a dance studio and looks like a typical traditional classroom building.  

In discussing the breezeway or the pedestrian street between buildings all students agreed that colors, natural plants, 
sculpture and art works are critical aspects needed when re-designing any outdoor space on campus. The majority of 
students could not understand the meaning of flexibility. However, when the term was explained to them in physical 
terms the majority felt the value of having variety of arrangements that are adjustable and adaptable to changing 
outdoor learning and recreational activities.

The preceding analysis suggests that the learning environment is viewed differently by different users groups and 
within one group based on their past experiences, backgrounds, needs, and roles they play within the environment. 
For teachers, their reactions are based on how they view education and the physical environment in which they 
believe they can be more productive. Moreover, they have reacted differently based on their understanding of how a 
classroom arrangement or a cluster prototype may foster the achievement of the educational program adopted within 
the school. On the other hand, the consensus witnessed among the students in viewing how their future environment 
may be shaped reflects some form of dissatisfaction with their existing environment. It also highlights collective 
aspirations on how the reshaping of the existing environment and the introduction of new buildings may take place.  

CONCLUSION: PROLOGUE FOR THE FUTURE OF LEANRING ENVIRONMENTS 

The objective of this paper was to suggest mechanisms by which architects can develop a comprehensive 
understanding of learning environments from users' perspective. Based on a critical analysis of recent conceptions 
and emerging understandings of learning environments an investigation of users' reactions to a number of aspects 
was undertaken. It included an examination of classroom prototypes, cluster typologies, image making and outdoor 
environment. The results reveal that the learning environment is viewed differently by different users groups and 
within one group based on their past experiences, backgrounds, needs, and roles they play within the environment. 
Whether teachers or students, reactions reflect the dynamics of the learning environment and how it needs to be 
viewed from the perspective of those who actually use it. Their insight is believed to be indispensable toward a 
deeper insight into how the environment can support learning and can invigorate the achievement of desired 
educational objectives. While such results are qualitative in nature, they provide a base for important future 
considerations when investigating, introducing change in existing environments, or designing new environments. 
Such a base can be articulated in two different but related issues which are outlined hereunder. 

From guidance documents to users awareness and feedback 
Current practices for creating learning environments involve two major approaches: top-down and bottom-up. The 
top-down approach refers to initiatives led by the authorities or decision makers. It aims at developing policies, 
strategies, and standards. However, this approach was heavily accused of being more evaluative than informative, 
and that it relies on forcing the professional community to be aware of an issue then responding to it. The bottom-up 
approach refers to initiatives led by the community and facilitated by professionals. It aims at building public and 
professional awareness, while providing feedback mechanisms. It is more informative than evaluative and relies 
heavily on developing a common understanding, a common language, and develops a sense of responsibility toward 
the environment (Salama, 2002, 2003).  The top-down approach is generally adopted and emphasized in the form of 
guidance documents while the bottom-up approach is over simplified. Two questions can be raised here: "Have the 
guidelines been transformed into real practices?" And, “why do we not find as many examples of responsive learning 
environments as we find this accumulation of knowledge developed in the last few years?”  

Typically, guidelines introduce technical measures and recommendations. They encapsulate the best building 
practices that address the professional community. However, they are always rough, mainly addressing quantitative 
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aspects. Guidelines are always generic and do not address a specific context or specific user group. Some scholars 
believe that by developing guidelines socially and environmentally responsive learning environments can be realized. 
In this respect, one can assert that no guidelines are ever final; they evolve over time according to the changing 
circumstances. Therefore, they have to be strategically developed to respond to emerging needs and to the nature of 
the users. In fact, they do not provide blue prints on how responsive environments can be developed, only an 
expectation about the good pretty picture of what the future might be. The bottom-up approach that emphasizes 
users’ awareness and involvement was also criticized in terms of time consumption. Some argue that time invested in 
training programs and awareness campaigns is excessive. Although recent literature corroborates that the results are 
far reaching, some scholars argue the process consumes considerable time while developing positive attitudes 
toward the environment and reconfiguring the culture of sustainable building management and operation. 

The preceding understanding suggests that while emphasis has been placed on the top-down approach to design 
learning environments, the bottom-up approach has been oversimplified or ignored. In this regard, it is believed that 
both approaches are needed and none of them can replace the other. Mechanisms such as those presented in this 
paper may support effective bottom-up strategies for creating learning environment.

From intuition and intrinsic feelings to evidence based design 
The architecture of learning environments in many cases makes little reference to anything but the creative impulses 
of the architect who tends to adopt this view: I am human, I am designing for humans, then why can’t I be the model 
for what all other human beings need in the built environment? (Sanoff 1995). This is completely contrary to the 
ethical and social responsibility of architecture as a profession. Designers of learning environments do not particularly 
look forward nor have an interest in seeing the advantage of developing detailed knowledge about users, teachers 
and students as resources for design except when functional programmatic standards are at the forefront.  In typical 
practices for designing learning environments it is generally accepted that it is generally accepted that good 
environments results from inspired thinking and doing where cultural sensitivity, technical skill, and intuitive 
understanding are creatively interwoven in the architect's personal synthesis. Typically, users enter such a synthesis 
in the form of the designer's own experiences. In this respect, it should be emphasized that creating learning 
environments resulting from the users experiencing them is crucial. The recognition of how the users of learning 
environments perceive, comprehend, and animate these environments is what creates responsive buildings 
amenable to students' motivation and good academic performance and teachers' productivity.  

Among the challenges facing designers of learning environments is a growing interest in evidence-based design.  
While the mechanisms adopted in this paper may help satisfy this interest partially, examining the literature cited in 
this paper and elsewhere reveals that evidence-based design is a “rigorous, hypothesis-testing” approach to design 
practice that builds on a literature of user-oriented building evaluation research, namely post occupancy evaluation-
POE. Bringing the authority of some form of investigation or scientific method into designing learning environments 
should be a priority.   A designer’s desire to lend the authority of investigating teachers and users needs to the art 
and pragmatics of educational buildings is now receiving considerable attention. .A school district's desire for greater 
accountability with less uncertainty needs to be incorporated into collaborative and research processes for 
understanding users' needs.  Design conventions that evolve through empirical evaluation and reactions of users of 
learning environments are likely to be better—and any approach that welcomes users based research into design 
practice is promising.

The mechanisms presented in the context of this paper presents a dramatic departure from current practices to 
placing more emphasis on the value of creating awareness and  getting feedback from current and future users of 
learning environment, while attempting to develop evidence to be utilized.   Future architects need to continuously 
investigate the impact of the environment on learning, to utilize knowledge generated from research findings into 
school design, to pursue active roles in sensitizing clients and users about the value of the school environment in 
achieving outstanding academic performance and in increasing teachers’ productivity. They need to be able to 
involve representatives of the school community in making decisions about the future learning environment. Doing so 
requires new roles and new skills that go beyond the capacity of traditional architects.  

ACKNOWLEDGEMENT 

The author gratefully acknowledges Adams Group Consultants and Architects and Henry Sanoff. This paper was 
materialized based on the author's involvement with Adams Group Architects and Consultants. The work of Henry 
Sanoff was indispensable toward the development of the materials utilized in the surveys of teachers and in the 
collaborative pre-design sessions with students.   

REFERENCES 

Barrett, J. (2003) The Color of Learning, Proceedings of the 80th Annual International Conference of the Council for 
Educational Facilities Planners International-CEFPI, (September 27-30), Chicago, Illinois, USA.  

Bingler, S. (1995) Place as a Form of Knowledge, In A. Meek (ed.), Designing Places for Learning, Association for 
Supervision and Curriculum Development-ASCD, Alexandria, Virginia, USA, pp. 23-30. 

Bosch, S. (2002) Characterization of Guidance Documents for Creating High Performance Schools, Internal Paper, 
Center for Sustainable Facilities and Infrastructure, Georgia Institute of Technology, Atlanta, Georgia, USA.  

41st Annual Conference of the Architectural Science Association ANZAScA 2007 at Deakin University 213



Bosch, S. and Pearce, A. (2003) Sustainability in Public Facilities: Analysis of Guidance Documents, Journal of 
Performance of Constructed Facilities, February (03), 3-9. 

Butin, D. (2000) Classroom and Teacher Workspaces, Publications of National Clearinghouse for Educational 
Facilities-NCEF, Online: accessed and retrieved January 2003 http://www.edufacilities.org

Duke, D. (2002) Creating Safe Schools for All Children, Allyn and Bacon, Boston, Mass, USA.   

Duke, D. (2004) The Challenges of Educational Change, Allyn and Bacon, Boston, Mass, USA.   

Duncanson, E. (2003) Classroom Space: Right for Adults but Wrong for Kids, Educational Facility Planner, Vol. 38 
(1), pp. 24-28.    
Fiske, E. B. (1991) Smart Schools, Smart Kids: Why Do Some Schools Work? Simon and Shuster,  New York, USA.    

Knapp, E. Noschis, K, and Pasalar, C. (eds.) (2007) School Building Design and Learning Performance with a Focus 
on Schools in Developing Countries, Comportements, Lausanne, Switzerland.  

Lackney, J. (1994) Educational Facilities: The Impact and Role of the Physical Environment on Teaching, Learning, 
and Educational Outcomes, Center for Architecture and Urban Planning Research, University of Wisconsin-
Milwaukee, Wisconsin, USA.  

Lackney, J. (1999) The Relationship between Environmental Quality of School Facilities and Students Performance,
Congressional Briefing Report to the U.S. House of Representatives, Washington, DC, USA.  

Meek, A. (ed.) (1995)  Designing Places for Learning, Association for Supervision and Curriculum Development-
ASCD, Alexandria, Virginia, USA. 

Moore, G.T. and Lackney, J. (1995) Design Patterns for American Schools, In A. Meek (ed.), Designing Places for 
Learning, Association for Supervision and Curriculum Development-ASCD, Alexandria, Virginia, USA, pp. 23-30. 

Nair, P. (2003) Designing Schools as Symbols of Change, Educational Facility Planner, Vol. 38 (3), pp. 3-7.    

Salama, A. (2003) A Transformative Thinking for Designing Learning Environments, Proceedings of the 
Environmental Design Research Association – EDRA 33, Minneapolis, Minnesota, USA, p.291. 

Salama, A. (2004)  Viewpoint: Learning Environments: Shaping and Coloring a Bright, Architecture+, Dubai, United 
Arab Emirates, pp. 19-21.  

Salama, A. (2002). Sustainability: A Dream, Utopia, Romantic Gesture, or Practical Reality, Bulletin of International 
Association for People-Environments Studies-IAPS, Winter 2003, Eindhoven, The Netherlands. PP.22-24.  

Salama, A. and Adams, G. (2003-a) Designing Sustainable Learning Environments: Rethinking the Missing 
Dimensions, CD Proceedings of Al Azhar Engineering International Conference, Al Azhar University, Cairo, Egypt.  

Salama and Adams, G. (2003-b) Teachers Reactions to Classroom Prototypes, Proceedings of the 80th Annual 
International Conference of the Council for Educational Facilities Planners International-CEFPI, (September 27-30), 
Chicago, Illinois, USA.  

Sanoff, H. (1994) School Design, Van Nostrand Reinhold, New York, USA,  

Sanoff, H. (1995) Creating Environments for Young Children, College of Design, North Carolina State University, 
Raleigh, North Carolina, USA.  

Sanoff, H. (2001-a) A Visioning Process for Designing Responsive Schools,  National Clearinghouse for Educational 
Facilities-NCEF, Washington, DC, USA.  

Sanoff, H. (2001-b) School Building Assessment Methods, National Clearinghouse for Educational Facilities-NCEF, 
Washington, DC, USA.  

Sanoff, H. (2002) Schools Designed with Community Participation, National Clearinghouse for Educational Facilities-
NCEF, Washington, DC, USA.  

Tanner, C. K. and Lackney, J. (2006) Educational Architecture: School Planning, Design, Construction, and Facilities 
Management, Allyn and Bacon, Boston, Mass, USA.   

Trimble, K. (1996) Building a Learning Community, Equity and Excellence in Education, Vol. 29 (1), pp. 37-40.  

41st Annual Conference of the Architectural Science Association ANZAScA 2007 at Deakin University 214



Learning from Qatari architecture: impressionistic 
evaluation and experience based pedagogy 

Ashraf Salama, Ph.D.
Qatar University, Doha, the State of Qatar 

Abstract: This paper advocates the integration of research into undergraduate architectural education 
by arguing for the exposure of students to primary source materials that enable them to get as close as 
possible to the realities being studied. It introduces a framework within which an impressionistic 
approach for evaluating the built environment through experiential learning can be incorporated.  It 
argues for exposing students to primary source materials and for educating them about the production 
of knowledge. The paper outlines an approach for learning from Qatari architecture by conducting 
procedural evaluation of ten buildings identified based on discussions with students. Findings indicate 
that students were able to make judgments about the built environment and to give reasons for those 
judgments.  However, students’ analyses reveal shortcomings in their abilities to comment, where 
some could not express their concerns verbally while few could not write an understandable reporting 
statement. Students' feedback on this experiment reveals that this approach helped them recognize 
what to look for in the building, understand relationships between different design factors, while 
comprehending the impact of one factor over others. Based on these results the need for incorporating 
evaluation research through experiential learning into architectural pedagogy is emphasized as an 
underlying paradigm of architectural science.  

Conference theme: Built environment education 
Keywords: evaluation research; experiential learning; Qatari architecture; lecture courses 

INTRODUCTION 

Recent concerns about undergraduate education in universities present new opportunities for us as academics to 
strengthen our programs, to enhance our role in shaping undergraduate education, and to improve the quality of that 
education.  Notably, these concerns are not new; they have emerged in one form or another, from early reform efforts 
by John Dewey and Alfred Whitehead to the experimental colleges of the 1960s.  However, in the last few years, the 
level of concern has intensified and the flood of reports and position papers has crested at an alarmingly high level.  
Reports with catchy and compelling titles continue to roll off the presses with increasing regularity.  Examples of 
these titles are: “Shaping the Future: New Expectations for Undergraduate Education in Science, Mathematics, 
Engineering and Technology,” and “UNESCO Declaration on Higher Education.” The reports, in turn, have generated 
intensive discussions in the literature of just about every discipline.  Most important is not the quantity, but the focus 
of this new round of debate: an emphasis on issues central to our own mission that simply involves the development 
of research skills and critical thinking abilities through active learning.

A visionary report was published in 1998 by the Boyer Commission: Reinventing Undergraduate Education: A 
Blueprint for America’s Research Universities, establishing links between many of the concerns in a well-developed 
critique of undergraduate education.  The report’s conclusions, while aimed at research universities, apply to most 
institutions of higher education worldwide, whether classed as research institutions or not (BCEURU, 1998).  
According to Schaffner et al. (1999) since the release of the report, it has been a catalyst for discussion, defensive 
action, and reform at many institutions.  For the discipline of architecture, similar reports have been introduced to the 
international community including "UIA-UNESCO Charter of Architectural Education-1996", the Carnegie 
Foundation’s report on "A New Future for Architectural Education and Practice-1996" and the AIAS report on "the Re-
design of Studio Culture-2002".  These reports indicate that undergraduate education does not take full advantage of 
the unique opportunities available in higher education institutions.  Links between undergraduate education, 
professional practice, and faculty research are often oversimplified; opportunities to enrich and strengthen 
undergraduate education through exposure to the research process are missed.

Along the same thinking of the preceding debates, this paper advocates the involvement of undergraduate 
architecture students in research by introducing a framework within which experiential learning and evaluation 
research can be incorporated into architectural pedagogy.  It argues for exposing students to primary source 
materials, and for educating them about the production of knowledge.  This is proposed in order to complement 
traditional teaching practices that emphasize secondary source information and the consumption of knowledge by 
offering students ready-made interpretations in theory and lecture courses.  Primary sources enable students to get 
as close as possible to the realities being studied and to what actually happened (is happening) during a historical 
event or time period. In this respect, one can assert that structuring students' experiences by introducing evaluation 
research fosters the development of science-based theory-lecture courses that would ultimately contribute to 
responsive undergraduate curricula in architecture. Therefore, the methodology adopted in this paper is multilayered 
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and ranges form reviewing the recent literature on undergraduate architectural education by conducting a preliminary 
inductive analysis to actual experimentation.  The aim is to conceptualize a problem statement in the form of 
idiosyncrasies and misconceptions about knowledge acquisition and production in architectural education. Rather 
than developing criticism against current norms of architectural education teaching practices, an argument is 
developed in a manner that focuses on how evaluation research and experiential learning can be integrated into 
architectural pedagogy. Such an argument is contextualized in an experimental mechanism and implemented in a 
beginning introductory course in architecture at Qatar University in order to articulate how the desired integration can 
be achieved.

1. CONCEPTUALIZING THE PROBLEM: MISCONCEPTIONS IN ARCHITECTURAL PEDAGOGY

There has been—and still is —a continuous debate among architectural educators about the role of knowledge and 
research in architecture as a discipline and profession (Salama 1996; Sutton 1984).  Whether in developed or 
developing countries, many in architecture still think of researchers as people in white smocks and thick glasses 
searching for the mystery and the unknown.  In response, scholars and educators have emphasized that research 
should be viewed as part of everyday actions and experiences.  They argue, and rightly so, that traditional teaching 
practices have long encouraged students to develop form manipulation skills by emphasizing intuition, reflective 
observation, and concept formation (Juhasz 1981; Salama 1995; Sanoff 2003; Seidel 1994).  However, these 
practices are hypothetical, largely unconcerned with real life situations, neglecting equally important skills that can be 
enhanced through experiential learning, research, or real interaction with the realities being studied. 

In traditional teaching practices, architecture students are typically encouraged to conduct site visits and walkthrough 
the built environment in order to observe different phenomena.  Unfortunately however, research indicates that these 
visits and exercises are simply casual and are not structured in any form of investigation or inquiry (Salama 1995, 
1996, 2005, 2006).  As a result, students do not realize what to see and what to look for in the built environment.  The 
case would be worse when educators attempt to offer students ready made interpretations about the physical world 
in lectures and seminar classes, leading to students’ inability to think critically or develop their intellectual skills.  This
handicaps their abilities to gather, analyze, synthesize, and process different types of information.  Traditional 
teaching practices have contributed to the view of architecture as an art-based profession oversimplifying other 
critical views of it as a knowledge-based or research-based educational discipline and profession (Salama 2007).  In 
response, current discourses have heavily emphasized the value of knowledge acquisition and of the introduction of 
research based pedagogy (Fisher 2004; Groat 2000). 

While architectural educators strive to impart the requisite knowledge necessary for successful practice, the way 
knowledge is transmitted has significant professional and social implications (Mazumdar 1993; Salama 1998).  
Concomitantly, there is an urgent need to confront issues that pertain to the nature of reality (“what") and the way in 
which knowledge about that reality is conveyed to our budding professionals (“how").  Traditional teaching practices 
suggest that gaps exist between “what” and “how”.  Along this line of thinking, Amos Rapoport (1994) argues for the 
need for the discipline of architecture to develop a quantifiable body of knowledge by calling for a dramatic departure 
from the art paradigm that the profession and its education are based upon to one based on science and research. 
Rapoport introduced a number of questions underlying the heading of "knowledge about better environments”; these 
are: "what is better, better for whom and why is it better?" (Rapoport 1994:35).  A set of misconceptions can be 
envisaged in this context based on reviewing the recent literature on architectural education (Salama 1995; Salama 
and Wilkinson 2007; Seidel, Eley, and Symes 1995).  

1.1. Science as a body of knowledge versus science as a method of exploration 
When teaching any body of knowledge, educators tend to present it as a body of facts and theories and as a process 
of scientific criticism.  The processes that led up to this product are always hidden and internalized.  There should be 
a distinction between the types of knowledge resulting from research in architecture and students should be made 
aware of them and experience them as well.  First, knowledge that results from research that seeks to understand the 
future through a better understanding of the past, research that tests accepted ideas.  Second, knowledge that 
results from research that develops new hypotheses and visions, research that probes new ideas and principles 
which will shape the future.

1.2. Learning theories about the phenomena versus getting the feel of the behavior of the phenomena  
Knowledge is usually presented to students in a retrospective way where abstract and symbolic generalizations used 
to describe research results do not convey the feel of the behavior of the phenomena they describe (Schon 1988).  
The term retrospective here means extensive exhibition of the performance of the work of an architect over time.  In 
essence, the analysis of precedents as part of the curriculum should be introduced.  How projects were created and 
in what context, what was the client nature and intentions, how the project was delivered, and how construction was 
undertaken are integral parts of learning.  The story telling teaching mode carried out by educators in lecture and 
theory courses tends to ignore these issues.

1.3. The real versus the hypothetical  
Educators tend to offer students hypothetical experiments in the form of hypothetical design projects where many 
contextual variables are neglected.  In this respect, learning from the actual environment should be introduced.  Real 
life experiences can provide students with opportunities to understand the practical realities and different variables 
that affect real-life situations.  Typically, educators focus on offering students ready-made interpretations about the 
built environment rather than developing their abilities to explore issues that are associated with the relationship 
between culture and the built environment.  If they do, they place emphasis on one single culture, which is their own.
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In the context of discussing the preceding idiosyncrasies, it should be noted that recent years have witnessed 
intensive discussions on the value of introducing real life issues in architectural education teaching practices (Morrow 
2000; Morrow et al. 2004; Morrow 2007; Romice and Uzzell 2005; Salama 2006; Sanoff 2003, and Sara 2000). 
However, while published experiences have debated innovative practices exemplified by exposing students to 
primary source materials in studio processes, little emphasis has been placed upon how real life issues could be 
introduced in theory and lecture courses.  

2. INCORPORATING EVALUATION RESEARCH INTO AN EXPERIENCE BASED PEDAGOGY 

Evaluation is an area of research and a mental activity devoted to collecting, analyzing, and interpreting information.  
Evaluation studies in architecture are intended to provide reliable, useful, and valid information.  Evaluation literature 
conveys three major objectives of evaluation research that can be exemplified by developing a database about the 
quality of the built environment, identifying existing problems or needs and their characteristics, and providing a basis 
for predicting the quality of future environments (Zube 1981). 

Several education theorists including Benjamin Bloom; David Kolb; Jean Piaget; John Dewey; and Paulo Freire 
voiced the opinion that experience should be an integral component of any teaching/learning process. Experiential 
learning thus refers to learning in which the learner is directly in touch with the realities being studied (Keeton and 
Tate 1978).  It is contrasted with learning in which the learner only reads about, hears about, talks about, writes about 
these realities but never comes in contact with as part of the learning process.  Mistakenly, some educators equate 
experiential learning only with “off campus” or “non-classroom” learning.  However, in architectural pedagogy a class 
in history or theory of architecture might incorporate periods of student practice on theory exercises and critical 
thinking problems rather than consisting entirely of lectures about theories of architecture and the work of famous 
architects (O’Reilly 1999; Salama, O'reilly, and Noschis 2002).  Similarly, a class in human-environment interactions 
might involve critical analysis exercises on how people perceive and comprehend the built environment.  Both 
classes might involve field visits to buildings and spaces where students are in close contact with the environment, 
exploring culture, diversity, people's behavior, and be part of that environment.  All of these mechanisms involve an 
experiential learning component.

Learning through experience involves not merely observing the phenomenon being studied but also doing something 
with it, such as testing its dynamics to learn more about it, or applying a theory learned about it to achieve some 
desired results.  Evaluation as a valuable research vehicle needs to be introduced both in lecture courses and design 
studios, establishing a knowledge base about the built environment that has the capability of endowing students with 
more control over their learning, knowledge acquisition, and design actions and decisions (Salama 1998 and1999). 
This argument corresponds with a recent argument introduced by John Habraken when he argues that: 

We need to teach knowledge about everyday environment.  How it is structured, what we can learn from historic 
and contemporary evidence, how different examples compare, how it behaves over time and responds to change of 
inhabitation or other circumstances… Teaching architecture without teaching how everyday environment works is 
like teaching medical students the art of healing without telling them how the human body functions.  You would not 
trust a medical doctor who does not know the human body. Knowledge of everyday environment must legitimize our 
profession… (Habraken 2003: 32).

Linking evaluation research and experiential learning, one can argue that architecture students need to be involved in 
evaluation processes that should be conducted objectively and systematically - not through casual interviews or 
observations that may only reveal what is already known.  In this context, they learn about problems and potentials of 
existing environments and how they meet people’s needs, enhance and celebrate their activities, and foster desired 
behaviors and attitudes. In this respect, it is noted that while there have been several attempts to incorporate 
evaluation research into architectural pedagogy; it would appear that they did not go beyond individual attempts of 
committed scholars and educators.  Thus, one could argue that traditional teaching practices do not utilize 
experiential learning as a tool that addresses the dialectic relationship between people and their environments and 
that helps students understand and comprehend the multifaceted nature of buildings.

3. A CONTEXT FOR INTEGRATION  

In order to contextualize the preceding argument, a procedure for integrating evaluation research through experiential 
learning was designed and implemented within the context of Qatar. This section sheds light on how such a 
contextualization was undertaken.  

3.1. Architecture of Qatar and the emergence of a global city  
The major city of Qatar is Doha, a capital with more than 90% of the population of the country that reached a little 
less than a million including professionals from other countries. Historically, Doha was a fishing and pearl diving town.   
Up to the mid 1960s, the majority of the buildings were individual traditional houses that represent local responses to 
the surrounding physical and socio-cultural conditions.  During the 1970s the city has witnessed great transformation 
into a modernized city. However, in the 1980s and early 1990s the development process was slow compared to the 
prior period due to either the overall political atmosphere or the reliance of the country on the resources and economy 
of other neighboring countries.
The recent rapid development of Doha is associated with a fast track urbanization process, marked by large scale 
office towers and mixed use developments. In its modernization process and the attempt to follow the city of Dubai as 
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an example of a global urban image, the city has adopted international building standards, state of the art glass 
towers with few attempts to fuse the modern with the traditional (Fig. 1-a & b). The government is supporting large-
scale infrastructure projects and high profile institutional and cultural building projects, the majority of which are 
designed by name international firms and star architects. Despite the merits and demerits of the swift urban 
development process and the resulting architecture, the built environment of Qatar represents a rich soil and a 
unique opportunity for architecture students to learn from.  

a. New office towers in Doha  b. Gated communities surrounded by 
office towers in the heart of Doha 

Figure 1: Representative views of architecture of the city of Doha

3.2. Impressionistic evaluation tool  
In order to introduce the procedural evaluation mechanism, a survey of multiple factors building appraisal tool was 
designed; the purpose of which is to develop students’ ability to have control over their learning by establishing links 
between visual and functional issues of a building or a group of buildings. The exercise is devised to facilitate a 
deeper understanding of the built environment through self-guided tours.  The tool is structured in terms of checklists 
underlying six factors offering students a procedure for taking a structured walkthrough and around a building.  The 
evaluation strategy in this context is considered to be impressionistic which increases students’ awareness by 
focusing on specific factors (Sanoff 1991). The six factors involve context, massing, wayfinding, interface, socio-
spatial and comfort aspects.  Checklists are phrased in the form of questions underlying each factor.  Questions are 
designed in a generic manner that reflects the essence of each factor. Numerical scores are assigned to the 
questions to represent the degree of appropriateness underlying each factor using a point scale method.  Scores are 
averaged and an overall score for the building is then computed (Tables. 1-a. &1-b). The experiment was 
implemented in an introductory lecture/theory course in architecture titled Principles of Architectural Design.

Table 1-a.: The multiple factors evaluation matrix: context, massing and interface 

Context Massing Interface 
H inappropriate  1 2 3 4 5 H appropriate

____ 1) How does the building suit the 
pattern of the surrounding streets? 
____ 2) How does the scale of the building 
suit the site it sits upon? 
____ 3) How does the scale of the building 
suit the scale of the surrounding buildings? 
____ 4) How does the scale suit the 
character of the neighborhood? 
____ 5) Do the public and private areas 
relate well to one another? 
____ 6) Do the land uses adjacent to the 
building seem to fit harmoniously with the 
building?
____ 7) Does the type of building and its 
intended use fit well with the type and uses of 
adjacent buildings? 
____ 8) Does the appearance of the building 
fit in well with the type of buildings 
surrounding it? 

_____ Average Score (total/8) = -------- 

H inappropriate  1 2 3 4 5 H appropriate

____ 1) As viewed from the outside. Do the 
parts integrate well with each other and form an 
effective and pleasing appearance? 
____ 2) Do the subdivided parts of the building 
appear to have a specific function? Is the 
function of each part easy to identify? 
____ 3) Is it clear what various subdivisions of 
the building might mean to visitors?  Would a 
visitor know where to go on entering the 
building?   
____ 4) Are the various parts of the building 
planned carefully in relation to one another and 
to the characteristics of the site? 
____ 5) Is there sufficient relationship between 
the parts of the building for it to appear as one 
unified structure? 
____ 6) Does enough variation exist in the 
structural parts and massing to provide interest 
and variety? 

_____ Average Score (total/6) ------- 

H inappropriate 1 2 3 4 5 H appropriate

____ 1) How clearly or effectively does the 
exterior of the building indicate its interior 
function(s)? 
____ 2) How effectively does the inside of the 
building connect with the outside of the 
building? Are the connections appropriate and 
functional? 
____ 3) Are the exits and entrances easily 
accessible?
____ 4) Are the various openings related to 
thoughtful planning of the interior?  (Consider 
entry of light, view, privacy, noise, heat, glare, 
atmosphere, etc.) 
____ 5) Are the exits appropriate from a safety 
point of view? 
____ 6) Is the experience through main 
entrance pleasant, interesting, or special in any 
way? 
____ 7) Are the clues to what is public and what 
is private space clear to the visitor? 
____ 8) Have the designers, in your opinion, 
handled the problem of interface well in their 
design of this building? 

_____ Average Score (total/8) = -------- 

Table 1-b.: The multiple factors evaluation matrix: wayfinding, socio-spatial, and comfort 
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Wayfinding Socio-Spatial Comfort
H inappropriate  1 2 3 4 5 H appropriate

____ 1) Are sufficient routes, pathways, streets 
and passageways provided to and around the    
building?
____ 2) How effectively do the routes link the 
building to the surrounding building or 
structures? 
____ 3) What are the flow patterns of traffic or 
people?  Are there busy periods, quiet periods, 
one-way flows, regular movement patterns, 
traffic jams?  Are the routes arranged to 
consider these factors? 
____ 4) How effective are the nodes (meeting 
points) for traffic around the building and what 
happens there? 
____ 5) Do all the routes make sense?  Are 
they understandable and convenient? 
____ 6) Are all the circulation routes within the 
building easily understood by newcomers, 
visitors, service people? 
____ 7) How well are the interior circulation 
routes marked?  Are the markings clear and 
easily understood? 

_____ Average Score (total/7) = -------- 

H inappropriate  1 2 3 4 5 H appropriate

____ 1) How well does the building suit the 
user’s ability to personalize their space? 
____ 2) How well does the major space 
function in relation to other spatial 
requirements?
____ 3) Does the major space allow for 
needed privacy, or individual pursuits? 
____ 4) How well does the building 
arrangement allow for needed casual contact 
among its different types of users 
____ 5) Does the building arrangement allow 
for a centralized area of information 
exchange? 
____ 6) Do the common areas allow ease of 
entry for passers-by or visitors? 
____ 7) How appropriate is the location and 
accessibility of the major space? 
____ 8) How well does the building serve as a 
tool that achieves its objective? 

_____ Average Score (total/8) = -------- 

H inappropriate  1 2 3 4 5 H appropriate 
____ 1) How do the major spaces in the 
building suit an individual’s thermal comfort? 
____ 2) How suitable is the ability to adjust 
thermal comfort on an individual basis? 
____ 3) How appropriate is the light level in the 
building's support spaces? 
____ 4) How appropriate is the light level in a 
typical space during the day? 
____ 5) How appropriate is the light level in a 
typical space during the night? 
____ 6) How appropriate is the perceived noise 
level in a typical space? 

_____ Average Score (total/6) = -------- 

3.3. Implementation  
The implementation process for utilizing the evaluation mechanism to investigate the buildings involved a number of 
steps that started with presenting brief descriptions of a large collection of over 25 buildings representing 
contemporary architecture of Qatar. After discussing the buildings, their clients, architects and designers, students 
were given the choice to select the building they wish to experience and evaluate. This procedure involved two class 
sessions and resulted in identifying team members and ten buildings (Fig. 2). The procedures and requirements for 
conducting the evaluation were developed in the following terms:

 Students were divided into ten teams based on selecting their peers, each of which was formed of three 
students. The team conducted a walkthrough exercise utilizing the multiple factor building appraisal tool.  The 
process included the use of notes, sketches, diagrams, and verbal description. 

 Students’ attention was drawn to the fact that the list of questions underlying each factor is not exclusive and is 
introduced to help structure and guide their tours for the purpose of the exercise.

 Students were required to develop a presentation and a report that would consider the following:  
- Description of the building appraised with the support of written of materials, photographs and 

illustrations;
- Conducting one or two visits to the building under investigations to develop initial reactions;
- Appraisal of the building using the checklists with numerical scores assigned for each question; 
- Analysis of numerical ratings by computation of an average score for each factor and for the overall 

score; and 
- Writing comments or remarks based on their impressions and understanding of the building. 

It should be noted that the implementation of the tool was preceded by a brief description of each factor and a 
discussion of the checklists and the questions underlying each factor. It is also noted that each student in a team was 
required to give scores to each question individually. However, the final evaluation submitted by a team is calculated 
as an average of the scores of each team member.  

Al Saad Club Athletes Village Barzan Tower QF-LAS Building Qatar Post 

Doha Islamic Center Mercedes Benz HQ Cornell Med College Diplomatic Club Ras Al Nasa'a 

                                                  Source: (Images taken by the Qatar University Students, November 2006) 
Figure 2: The ten buildings selected by students to conduct the procedural evaluation exercise 

3.4. Presenting the results to student teams 
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After submitting the reports, each team presented the building evaluation results to the whole class in a ten minute 
presentation, followed by a brief discussion and interpretation of the results. Next, in the following class session the 
instructor presented the compiled results of the ten buildings based on students' evaluations. This was followed by a 
class discussion where students were asked to comment on the buildings and the overall experiment. While the 
purpose was not to generalize the results, it is believed that presenting the compiled results provided students a 
unique opportunity to debate the scores given to the factors of the buildings evaluated by other teams.  

4. DISCUSSION: FINDINGS AND LIMITATIONS 

The findings point out that the students were able to make judgments about the built environment and to give reasons 
for those judgments.  However, their analyses reveal some shortcomings in their abilities to comment, where some of 
them could not express their concerns verbally and could not write an understandable reporting statement. Also,  a 
few students were not able to recognize similarities and differences between the questions.  However, they 
commented that checklists and survey tools for investigating the built environment helped them recognize what to 
look for exactly in the building and to understand relationships between different factors, while comprehending the 
impact of one factor over others.

Students reported that they were excited during the walking tours conducted to evaluate the building by scoring 
different factors. In their comments, the majority felt that their experience of the building invigorated their 
understanding of many of the concepts typically delivered in a lecture format without exposure to real life situations. 
As well, writing and presenting were felt as important skills they need to further develop. The interpretation session 
where the overall evaluation results were presented corroborates the value of integrating experiential learning 
mechanisms while creating an atmosphere amenable to responsive reflection and critical thinking.

The two widely held conceptions of architecture, the conceptual/subjective and the physical/objective are embedded 
as important components in the process of utilizing the multiple factor tool in building evaluation. Therefore, this 
experiment attempted at developing students' understanding of how relative concepts or qualitative aspects of the 
built environment could be transformed into quantifiable measures. In this respect, two important limitations should be 
clarified:

 While the experiment is aimed at introducing structured experiential learning through some form of 
evaluation research, it does not provide comprehensive panacea to the misconceptions that 
characterize traditional teaching practices.

 The experiment does not address the complexity of architecture nor does it involve a comprehensive 
set of factors that needs to be addressed to evaluate a building or a portion of the built environment. 
However, discussion and comments of students reveal that it helped them focus on specific aspects in 
the building they evaluated while attempting to bridge the gap between "What" and "How."  

A large portion of students’ education is based on “lessons from the past”.  Students are typically encouraged to 
study the existing built environment and attempt to explain it through theories or typologies, always looking at 
outstanding examples.  However, underlying these theories, there are assumptions about the built environment and 
the people associated with it, and usually these assumptions remain hidden.  It is in this relationship lies the “lesson” 
to be learnt.  Whether people associated with the environment were the actual users of it or were students acting as 
observers and users at the same time, the incorporation of a procedure similar to the one introduced in theory/lecture 
courses would foster the establishment of links between the existing dynamic environments, the concepts and 
theories that supposedly explain them, and the resulting learning outcome. Concomitantly, the contribution of such a 
mechanism to architectural science lies in the fact that the inherent, subjective, and hard to verify conceptual 
understanding of the built environment is complemented by the structured, documented interpretation that is 
performed in a systematic manner.   

CONCLUSION 

The objective of this paper was to suggest ways in which experiential learning can be introduced in architectural 
pedagogy.  Based on the analysis of the literature, a problem statement was developed in the form of a number of 
misconceptions inherited in traditional teaching practices.  Some tendencies appear to continue to shape traditional 
pedagogy; these can be exemplified by offering students fragmented knowledge as a product of inquiry - not 
examining the processes that led up to this product, providing students with ready made interpretations about 
buildings and built environments as secondary sources of information, the avoidance of dealing with real life 
conditions, and the missed opportunity of exposing students to structured evaluation research.  While these 
misconceptions vary from one country to another, from one school to another, or even from one academic to another 
in the same school, the analysis of recent literature corroborates that - in generic terms - they continue to 
characterize the teaching process of architecture world wide. 

As a positive response to these misconceptions and within the context of the State of Qatar an experiment that 
integrates experiential learning and impressionistic evaluation research was designed in the form of a multiple factor 
building evaluation tool. Supported by structured class sessions, student teams conducted evaluations of ten 
buildings for which the results were developed in report and presentation format. Results were brought to the class 
for critical discussions and reflection. The results of implementing this procedure accentuate the value of 
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incorporating structured learning tools in theory and lecture courses. In the context of this procedure the building or a 
portion of the built environment are acting as an educational medium.  

The built environment is variant, diverse, and complex. Buildings and spaces are major components of this 
environment: planned, designed, analyzed, represented, built, lived in and occupied. They are also experienced, 
perceived, and studied. They should be re-defined as objects for learning and need to be transformed into scientific 
objects. In this respect, one should emphasize that in order for an object to be taught and learned, its components 
should be adapted to specific pedagogic and cognitive orientation that introduces issues about specific factors. It is 
the perception and position of this author that the incorporation of research into undergraduate architectural 
education represents a true frontier and a learning paradigm in architecture that integrates the real and the 
hypothetical, the process and the product, the objective and the subjective, and ultimately the behavior of the 
phenomena future architects are exposed to in their education.  Concomitantly, it is firmly believed that introducing 
and implementing tools that utilize the built environment, buildings, and spaces as a teaching tool and as open 
textbook foster the capabilities of future architects to be critical thinkers while designing new buildings or introducing 
any change in the environment.  
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Computer-driven report writing: 
rapid reporting of environmental conditions 

Dirk A Schwede 
School of Architecture and Building, Deakin University, Geelong, Australia 

ABSTRACT: A measurement campaign for multidimensional diagnostics of indoor environmental quality 
(thermal, visual, aural, indoor air quality) in office environments, conducted by the Mobile Architecture and 
Built Environment Laboratory (MABEL) at Deakin University generates a vast amount of data. This data is 
saved in over 400 separate files with diverse files formats, time stamp formats and column separator 
types. The data files require processing in order to retrieve the information contained. Data handling and 
processing and report generation is time consuming, expensive and error-prone. Therefore, the generated 
database is usually not analysed completely and the full benefit of such comprehensive and expensive 
environmental measurement effort is not realized. This paper presents a computational system developed 
to support the evaluation of environments based on measurement through rapid reporting of measured 
environmental conditions, and critically reviews its development and its application to recent MABEL 
projects. 

Conference theme: effective tools for design, analysis and operation 
Keywords: environmental measurement, building diagnostic, computer-driven reporting 

INTRODUCTION 

Building diagnostics studies are conducted to identify performance shortcomings, malfunctions, functional misfits and 
ineffective operation in buildings through review of various types of information of building performance. The information 
sources might include occupant surveys, experience of service personnel, energy consumption records and 
environmental measurements. The Mobile Architecture and Built Environment Laboratory (MABEL) conducts 
environmental measurement for building diagnostics either to inform the design and commissioning of improvement 
measures in the built environment or to direct future targeted investigations with specialized measurement and data 
collection schemes. MABEL’s measurement scheme is broad and has the objective to inform about the performance of 
the environment in multiple dimensions of environmental quality. 

Data collection targeted towards such actions, either directly improving the designed structure or informing further 
investigation studies, requires a succession of steps to transform the collected data into information, which is useful to 
support the various stakeholders in evaluating environmental quality and in planning change actions based on their 
evaluation. These steps are depicted in Figure 1. 

The usefulness of information and its potential impact is obviously defined through the significance of the data it is 
generated from, but also through the appropriateness of the data presentation design in regard to intended function, 
generated knowledge type, recipient and the means of visualisation (Burkhard 2005). It is also important that the data 
and its analysis are made available at a time when it can influence the design development process. 

Knowledge is to be constructed in this process at two points: by the expert or researcher when analysing the data to 
understand the condition the data represents (Step 3) and by the client of the study when reviewing the representations 
of the findings in order to act upon them (Step 6). To generate knowledge the data has to be processed and presented in 
an appropriate form and in a timely manner. 

Figure 1: Process model of data collection, data analysis and data presentation 
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The problem (e.g. performance shortcoming) to which any later action will respond is not known in building diagnostic 
studies when the data is collected. The data presentation task is therefore driven with a process view from data 
collection towards data presentation and action, rather than demand-oriented from the required information posed by the 
intended action towards a customized data collection scheme (see Figure 1). Data processing in building diagnostic 
studies is therefore to a great extent case-independent and can be performed based on standardized procedures. The 
computational system presented in this paper uses this characteristic of building diagnostic studies in programmed data 
processing and presentation functions for projects of similar type. 

Although data processing and presentation is a vital part of the application of environmental measurement in research, 
as well as in the consulting context, it is not well represented in the literature. Norford, Rabi and Spadaro (1987) state 
that in the application of energy management systems for building diagnostics graphs are more useful than files of raw 
data. They also state that systems which only produce raw data files, which then have to be loaded into spreadsheet 
programs and processed by hand, make it too burdensome to be useful. Isaakson and Erikson (2004) argue 17 years 
later that potential energy savings of 5% to 10% through improved operation are not realized as cost-effective 
procedures, and tools to monitor and evaluate the function of HVAC-systems are missing. They argue that the time 
needed to apply such procedures and tools must be radically decreased compared to current practice. This issue is also 
addressed in the Stern Review (2006). In the discussion of the third element of change (Removal of Barriers to 
Behavioural Change) the authors state that in part energy efficiency measures are not used due to a lack of reliable 
information and transaction costs. These arguments confirm the relevance of the work present in this paper. 

A slightly different, but no less important, aspect of rapid reporting is addressed by Fountain and Huizenga (1996). They 
present a computational tool to calculate various thermal comfort indices based on a set of environmental parameters. 
They justify their work because although comfort models are available and in the public domain, they are used seldom 
outside the narrow scope of thermal comfort research, due to the lack of user-friendly interfaces. Sophisticated comfort 
models and similar information is only useful through an appropriate means of processing and representation.  

The next section discusses the steps shown in Figure 1 for a building diagnostic study based on MABEL measurement 
before the rapid reporting system is introduced in Section 2 and its development and application is reviewed in Section 3. 

1. Data collection, data analysis and data presentation 

1.1. Data collection 
The measurement scheme for data collection with MABEL is designed, tested and well understood through application in 
several building diagnostic projects in Australian buildings (Luther and Schwede 2006). In a usual MABEL project the 
environmental quality parameters listed in Table 1 are measured in three representative zones of the building and the 
weather outside the building is recorded. The measurement requires three days on site, one day for measurement in 
each building zone. The weather station is set up, if possible, some days before and taken down some days after the 
indoor measurement is conducted. The measurement requires four MABEL staff on site. However early projects involved 
more MABEL personnel (researchers and students). The usual group consists of the MABEL technician, the MABEL 
occupational hygienist, a PhD student and the MABEL director, each with assigned tasks and responsibilities. 

In the early MABEL studies, some of the data sets were captured by hand on paper but this ‘system’ was gradually 
developed and improved in each new application. Today the measurement and data recording is advanced so that the 
collected data is recorded automatically and saved electronically on various instruments and laptop computers during the 
measurement. A large number of data files is generated. The MABEL technician collects the files and copies them in a 
defined structure onto the research server. The data is saved for future research-oriented analysis as well as for 
immediate project-specific investigation. 

1.2. Data processing for analysis 
In this step, the data collected is translated into a format, which makes it possible to assess its quality and enables an 
expert investigator to analyse the conditions represented. After the data is collected, it is reviewed with regard to data 
quality and missing data. It is also decided if the data is appropriate to generate the required information and to support 
the development of knowledge for the intended purpose. Data is presented in charts, diagrams and tables in a format 
appropriate for expert appraisal. Where appropriate, benchmarks are added, and analysis and evaluation models are 
used to enrich the significance of the data. 

In early MABEL projects, hand-collected data had to be entered into electronic data files in order to be processed and 
presented. The data processing was mainly performed with a spreadsheet calculation program (MS Excel) using macros 
programmed for this purpose. In early MABEL projects, the spreadsheets were constructed from the scratch, but in later 
projects spreadsheet templates were developed to be reused for recurrent analysis tasks. While this standardisation was 
an important step to improve the data processing and analysis capabilities, all data still had to be handled by hand. 

A MABEL project generates more than 400 data files (see Table 1). As the data files are generated with specialized 
equipment and proprietary instruments, files with various different data structures, timestamp formats and column 
separator types have to be processed. The workload of the data processing is defined through the complexity not only of 
the represented conditions but also through the various different file formats, and the repetitiveness of the task. For 
example, in the assessment of noise, 160 files have to be processed. This scope makes the processing cumbersome, 
time-consuming and error-prone. Additionally learning of effective data handling and processing is hindered, because 
MABEL projects are too far apart, and the staff members, often student research assistants, are often changing. 
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Table 1: Environmental parameters measured in a standard MABEL study 
instrument measurement files
weather station - time 

- direct illuminance 
- global illuminance 
- direct radiation 
- global radiation 
- diffuse radiation 
- wind direction 
- wind velocity 
- air temperature 
- relative humidity 
- pressure 
- precipitation 

1min, 15min intervals 
a, s, mn, mx 
a, s, mn, mx 
a, s, mn, mx 
a, s, mn, mx 
a, s, mn, mx 
a, s 
a, s, mn, mx 
a, s, mn, mx 
a, s, mn, mx 
a, s, mn, mx 
a, s, mn, mx 

2

comfort cart
(survey) 

- time 
- relative humidity 
- carbon dioxide 
- globe temperature (0.1, 0.6, 1.1, 1.7m height) 
- air temperature (0.1, 0.6, 1.1, 1.7m height) 
- air velocity 

survey 
a, s, mn, mx 
a, s, mn, mx 
a, s, mn, mx 
a, s, mn, mx 
a, s, mn, mx 

3

comfort cart 
(continuously) 

- time 
- relative humidity 
- carbon dioxide 
- globe temperature (0.1, 0.6, 1.1, 1.7m height) 
- air temperature (0.1, 0.6, 1.1, 1.7m height) 
- air velocity 

15min interval 
a, s, mn, mx 
a, s, mn, mx 
a, s, mn, mx 
a, s, mn, mx 
a, s, mn, mx 

3

air contaminants 
(VOC)

- time 
- volatile organic compounds 

1min interval 
a, mn, mx 

3

air contaminants  
(gas analyser) 

- time 
- temperature 
- carbon dioxide 
- carbon monoxide 
- SF6 (tracer gas) 
- acetone 
- water content 

4-5min interval 
a
a, mn, mx 
a, mn, mx 
a, mn, mx 
a, mn, mx 
a, mn, mx  

3

illuminance - time 
- illuminance on desk horizontal facing up 
- light colour on desk horizontal facing up 

survey 
a
a

80

luminance - time 
- 180° luminance photograph 

survey 160

reverberation time - time 
- reverberation time for octave frequency bands 

survey 
a, s 

3-6

noise - time 
- sound pressure for octave frequency bands 
- sound pressure/percentage of sample time 
- sound pressure/percentage of sample time 

survey 
a, mn, mx 
a
cumulative 

160

a: average, s: standard deviation, mn: minimum, mx: maximum

1.3. Data analysis 
Data analysis involves expert appraisal of the collected measurement. Often this step goes hand in hand with data 
processing, as the data representation is adapted to the current focus of the analysis. The processed data is reviewed in 
relation to benchmarks and evaluation models, which are either taken from performance standards and guidelines or set 
by the investigator in agreement with the client. 

Data analysis is conducted with the objective of understanding the environmental conditions represented. The data 
analysis determines decisions of how to present the environmental conditions and their analysis to the client and to other 
stakeholders. The appropriate content and the design of the final presentation are also determined in this step. 

1.4. Data processing for presentation 
This step brings the data and its representations into a form, which can effectively support the construction of knowledge 
for the various stakeholders of the building evaluation exercise. While in Step 2 the audience of the generated data 
representation were experts in the field of the investigation, in Step 4 the data is processed to be communicated to non-
expert with various backgrounds and objectives. The information is displayed in charts, tables and text sections and 
usually combined in a report document. 

1.5. Data presentation 
The data can be presented in various forms, for example as written report or in oral presentation. The way of 
presentation depends on the recipient (Burkhard 2005). The results of a MABEL project are usually presented in form of 
a comprehensive report. The report is pre-structured and its scope is defined through the measurement scheme, rather 
than as a response to a formulated problem (see process view in Figure 1). The charts and diagrams are meant to have 
a common and constant format across MABEL projects, but their actual design is still evolving with minor changes in 
every new project. As the communicated information is complex, the written report often has to be explained in person. 
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The MABEL data presentation has the objective to inform the construction of knowledge, which is then used as basis for 
design development or the identification of aspects, which have to be further investigated. In the latter case, the MABEL 
results are used to inform the design of the subsequent investigations. The standard MABEL report (at this stage) does 
not include recommended actions (see Step 7) but merely identifies and pinpoints malfunctions and performance short 
comings.

1.6. Knowledge construction 
During and after the data is presented, the recipients, who can be either specialized experts or non-experts in the field of 
environmental assessment, connect the newly-learned information with previous knowledge and understanding. The 
previous knowledge is influenced by the individual assessor’s general understanding and by the experience with the 
building under investigation, as well as by his or her objectives and analysis skills. The construction of knowledge is 
supported by the way information is presented and communicated. 

1.7. Action 
The action might be the change of the internal environment under investigation or the refinement of the investigation 
scheme. After a change is implemented, a new measurement project should be conducted in order to test its success or 
in order to identify further improvement potentials. Some MABEL projects have involved investigations before and after 
change was implemented in order to determine improvements of environmental performance. 

2. Rapid reporting system 

The computational system presented in this paper is capable of instantly translating the complex database of measured 
environmental conditions into multiple data representations and combines them in one automatically generated report 
document. The generated report includes charts, tables, pictures and evaluative text sections representing the measured 
environmental conditions under application of relevant performance evaluation models. It also includes general text 
sections and it is readily formatted as a complete report document. It can be reviewed, edited, printed and disseminated. 
It has the objective to support Steps 2 to 5 in the process depicted in Figure 1.  

The system was implemented in C++ for a Microsoft Windows environment. The generated report is saved in html 
format. The report can be displayed using a web browser and can be edited with a conventional word processing 
program. The charts and tables are saved in jpg format and are linked into the html-document. 

The objective of the development of this rapid reporting system is to demonstrate that the data processing and data 
handling in such building diagnostic projects can be simplified and that the benefit of environmental measurement can be 
significantly increased through computer-driven data presentation, analysis, evaluation and report writing.  

The application of the tool and the processing of data with its functions are depicted in Figure 2. The MABEL raw data 
database is depicted on the left side. The aspects of investigation and the number of files for each aspect in this raw data 
database are given in Table 1. The data is read into the rapid reporting system with import functions, individually 
programmed for each file type. The interface is developed to reduce the handwork needed between measurement and 
data processing. If the data is available on the server in the correct structure and format, the data import is started with a 
click on a button and then performed automatically.  

In particular addition to the measured data, a project description file is read which defines the project and allows the 
specification of a project measurement scheme. For example, the number of zones and measurement locations and the 
measurements taken at each location is defined in this project file. 

In the process of reading the data, the program checks if the data is available on the server, it writes a protocol file and 
generates the required file structures in case they are not available on the server. The protocol file can be used as a  
checklist to prepare the missing data before processing. 

In the next step the user can either display single data representations on the screen and save these representations 
into single files or he/she can choose a number of representations, which are to be included in an automatically 
generated report document. When this option is chosen, the report generation is started with a click on a button, the 
report is generated and saved as an html-document, and the graphical data representations are saved as jpg files and 
linked into the report. Additionally data files can be generated with common files structures, column separator type and 
time stamp formats. These files can be used for further processing with conventional spreadsheet programs and they are 
the basis for the MABEL research database. The design of data representation is hard-coded and cannot be changed 
during the application of the reporting system.  
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Figure 2: Process model of rapid reporting system 

3. Discussion of development and application 

The rapid reporting system was developed and refined during application to MABEL projects between August 2006 and 
June 2007. Although a wide range of the intended functionality is now implemented the refinement and development of 
the program is ongoing and is expected to evolve further. The rapid reporting system has the objective to support Steps 
2 to 5 in the process depicted in Figure 1. 

The interface between Steps 1 and 2 is advanced, so that the effort required to prepare the data before it is read into the 
system is reduced as far as possible. The MABEL technician made some minor changes to the previous data base 
structure (file structure on the server) to accommodate the needs of the systems interface. A file-naming convention was 
introduced and used in recent projects. This allows the system to find the files on the server and to relate their content to 
the project context. The functions implemented in the system to read the different files types were programmed to ease 
the preparation of the data before processing and to accommodate the existing data structure with as little manual data 
handling as possible. The interface has been implemented successfully and the work required can now be performed to 
a great extent by the MABEL technician.   

In one case, the internal structure of the illuminance file was changed because of a change in the instrument set-up. This 
change was not communicated to the programmer and therefore not considered when the data was processed. The 
error was easily discovered, when the resulting charts were reviewed.  

Some instruments write default data codes outputs when problems or special conditions occur, for example when an 
instrument is switched on. Such data errors show up in the output data representations and can be easily located and 
rectified by hand. Automatic functions to suppress such data errors have not been implemented in the system at this 
stage.

The readings recorded by the illuminance meter converge against a constant value after a new measurement is started. 
One measurement therefore comprises enough readings to achieve a constant value. The data interface is programmed 
to discard the first lines of the file to account for this characteristic of the instrument. 

A drawback in the application of the reporting system is the inflexibility of the implemented data processing functions and 
data representation. At the beginning all parameters of the representation, such as axis scale parameters and evaluation 
model parameters, except the measured data, were hard-coded and could not be changed during the application. In 
response to a client’s request to change the clothing value (clo) and the activity value (met) in the assessment of thermal 
comfort a new functionality to change these parameters during the analysis was added to the program.  

In other cases, where small changes of the representation were necessary, for example, when measured values 
exceeded the initially set axis range of a diagram, the function to generate this diagram was duplicated and the copy was 
adjusted to meet the identified requirements. The functions to generate both versions were kept in the program as it was 
assumed that the initially-designed chart might still be useful for future projects. Rather than deleting diagram versions 
the database of representations was extended to compensate for the inflexibility of the program through provision a rich 
choice of representation options. This strategy is supported through the automatic processing capabilities implemented 
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in the program. The number of data representations (charts, tables, text sections) generated does not influence the 
amount of work needed for the application of the reporting system and the computational processing time increases only 
marginally when more representations are generated.   

Another problem was perceived in the development of new data representations. Because only the author is able to 
implement changes in the reporting system using C++ and because these changes are hard-coded, interactive adaptive 
development of new representations by other MABEL team members was hindered. The author suggested drafting, for 
example, new chart designs on paper or to use a commonly available spreadsheet calculation program (MS Excel) for 
the development of new representational prototypes before a final version is implemented in the system. However, this 
procedure was seldom exercised. The reason for this could be that the need for new representation is only perceived 
while writing a report and here is not enough time for such strategic developments.  

The initial data preparation and processing in Step 2 (see Figure 1) was performed in recent projects short time after the 
measurement was taken (Step 1) and the representations were made available rapidly to all team members. However, 
the data analysis (Step 3) and the report writing (Step 5) was performed together some time after the measurement. 
Therefore, data processing for analysis and data processing for presentation (Steps 2 and 4) had to be performed 
together and at least parts of Step 2 had to be performed again. As the project schedule was now advanced, insufficient 
time was available for the programming of desired changes. It is obvious that the human-reporting system interfaces 
between Step 2 and 3 and between Step 4 and 5 require further improvement.  

It is believed that better integration on this side of the process can be achieved by extending the database of 
representation functions in the program and by development of a report template, so that the required representations 
can be supplied without new implementation in each project. This requires a structured and strategic approach towards 
report writing and a designed report structure, which is maintained over multiple projects. It also requires the design and 
implementation of enough data representation to satisfy the demand identified while writing the report. 

Another way to achieve better integration of the rapid reporting system in the process is to enable the team member 
responsible for writing the report to process the data with the reporting system. This is only possible when the 
development of the program is far enough advanced, so that no further changes are required, during its application. 
Another condition for the transfer of this data processing task to other team members is that the reporting system is 
understood and appreciated as a useful tool, rather than accepted as a constraint to the flexibility in the report writing 
task. If this condition cannot be met, then data processing will revert to using the time-consuming and expensive practice 
of conventional data processing tools, such as MS Excel. 

In the current implementation, an automatic report writing function is implemented. This function generates a report 
document in html-format with charts, tables, pictures and automatically generated text sections. The automatically 
generated report replicates the structure of the hand-written project report and includes the general text sections, cover 
sheet and appendices of a conventionally generated report. However, as it was not possible to implement some of the 
editing functions that are available in the conventional document template (MS Word), such as page numbers and 
footers and headers, the computer-generated report has not been used for final report writing at this stage. Another 
problem was that graphical data representations were saved as jpg-files and linked as external files to the html report file 
rather than embedded as graphic object in the report file. 

The rapidly generated document with all data presentations was used (at least) in one recent project for early data 
processing, comprehensive appraisal of building performance (Step 2 and 3) and for the development of a 
comprehensive representation design for further project reports. Although the application of the tool is still not fully 
integrated in the process of report writing, its potential benefits have been demonstrated.  

The rapid reporting system is a tool to handle the enormous amount of data generated with MABEL equipment. Although 
initially only the generation of charts and diagrams for MABEL projects reports was intended, the same functions also 
provide other research opportunities. 

CONCLUSIONS 

Measurement of multidimensional indoor environmental quality (thermal, visual, aural, indoor air quality) in office 
environments, conducted by the Mobile Architecture and Built Environment Laboratory (MABEL) at Deakin University, 
generates a vast amount of data. This data is saved digitally in over 400 separate files with diverse formats and column 
separator types. The data handling, processing and report generation is time consuming, expensive and error-prone. 
Therefore the generated database is usually not analysed completely and the full benefit of such a comprehensive and 
expensive environmental assessment is not fully realized. 

This paper presents a computational system capable of instantly translating the complex database of measured 
environmental conditions generated by MABEL into multiple data representations and combines them in one 
automatically-generated report. The report includes charts, tables, pictures and evaluative text sections representing the 
measured environment. It is also readily formatted as a complete document, which can be reviewed, edited, printed and 
disseminated. 
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The development of the rapid reporting system has demonstrated that the data processing and handling in such building 
diagnostic projects can be simplified and that the benefit of environmental measurement can be significantly increased 
through computer-driven data presentation, analysis, evaluation and report writing. The development and application of 
the rapid reporting system demonstrates that the following benefits can be realists: 

 significant reduction of manual data processing and data handling, 
 review and analysis of results immediately after the measurement, 
 more extensive analysis of the available data, 
 application of more complex evaluation models, 
 integrated assessment of data from different files and instruments, 
 generation of multiple alternative representation for different target groups, 
 enforcement of a structured investigation scheme, and 
 avoidance of processing errors through programmed and tested data handling functions. 

The application of the tool for standard MABEL projects is discussed in this paper. While the benefits were demonstrated 
through application in several projects, also some drawbacks were identified and described in this paper. These were 
mainly related to inflexibility of the application of representation functions in generating desired data representations and 
in the development of new data representations designs on the side of the reporting system. In addition, they were 
related to an inability to accommodate the structure imposed by the rigid implementation of the reporting system in the 
project workflow and by the customization of the tools previously used for the reporting task.  

Although multiple benefits of the reporting system have already been realized in recent MABEL projects, its application is 
not yet fully understood, accepted and supported by all team members. More benefits can be expected when tool 
implementation and the workflow are further integrated and the potential significance of the rapid reporting system is 
acknowledged by all MABEL team members. However, if these improvements cannot be achieved, one can expect that 
the analysis and reporting of measured environmental conditions will need to revert to the time-consuming and 
expensive practice of using conventional data processing tools. 
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‘Gaps’ between first year architecture students’ 
expectations of university life and realities of study 

Susan J. Shannon
School of Architecture, Landscape Architecture and Urban Design, The University of Adelaide, Adelaide, Australia   

ABSTRACT: In 2006 the University of Adelaide instituted a University-wide Orientation Week evaluation of 
commencing students’ expectation of University life – the so-called First Year Expectation Survey (Turnbull 
et al., 2006). Analysed by all areas overall, the survey outcomes provide the first opportunity to compare 
the expectations of first year students at the University of Adelaide with their counterparts nationally 
(Krause, Hartley, James and McInnes, 2005). Analysed by School cohorts, this survey provides an 
opportunity to understand the differences between the expectations and motivations of students 
commencing Design Studies in the School of Architecture, Landscape Architecture and Urban Design, and 
all other commencing students. Data collection was repeated in 2007 throughout the University, including 
in this School. 

This paper describes the demographics of the student cohorts 2006 and 2007,  and the expectations of the 
University of Adelaide Bachelor of Design Studies students for 2006 and 2007, and contrasts those 
expectations with their counterparts elsewhere in the University and nationally. The paper then describes 
“the gap” between B. Design Studies students’ expectations and what can reasonably be resourced and 
delivered in the School. It describes the benefits which derive from being aware of the profile of 
commencing students, their beliefs and expectations. 

Conference theme: built environment education 
Keywords: evaluation, students’ expectations, ethics 

INTRODUCTION 

As the profile of enrolments at Universities change, Universities presumably aim to be responsive. At the University of 
Adelaide, a First Year Expectation Survey (Turnbull et al., 2006) conducted in 2006 and 2007 during Orientation Week 
disclosed that students’ expectations were substantially shaped by the in-school experiences which had led them to 
receive a tertiary entrance score adequate to succeed in enrolment in a Group of Eight (GO8) institution. Some of these 
expectations are incompatible with the resources currently made available to Schools and staff to support students’ 
expectations, whether those expectations are realistic or not. 

At a national level, a team from the Centre for Studies in Higher Education at the University of Melbourne has been 
tracking the first year experience for students at Australian Universities for a decade - (McInnes and James, 1995, 
McInnes, James and Hartley, 2000 and Krause, Hartley, James and McInnes, 2005). Their (latest) 2005 research 
reveals the full impact of the changing profile of student expectations of their first year at University nation-wide – 
although it must be noted that Krause and her colleagues do not collect data prior to students’ commencing their studies, 
as their study is conducted part-way through first year. Therefore their results are not completely consistent 
methodologically with the University of Adelaide First Year Expectations survey conducted in Orientation Week. 

This paper is intended to raise awareness of the changing expectations of students in Australian universities, and to 
contrast the expectations of commencing students in the School of Architecture, Landscape Architecture and Urban 
Design (SALUD) with their peers University-wide at The University of Adelaide. It then discusses the implications  of 
these evaluation results for the University and for the School of Architecture, Landscape Architecture and Urban Design. 

METHOD

1.1 Development of the Questionnaire 

A team of educational and evaluation experts from the Centre for Learning and Professional Development and the 
School of Psychology at the University of Adelaide developed the First Year Expectation Survey (Turnbull et al., 2006) in 
order to gather base-line data from commencing students about their expectations of University life. There was no 
consultation prior to 2006 about the nature or content of the questionnaire, either with SALUD or more widely within the 
University community; however there was consultation at the Faculty and School levels about the 2007 questionnaire in 
response to feedback on the 2006 questionnaire. The full texts of the 2006 and 2007questionnaires are available at 
CLPD (2006, CLPD, 2007). 
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1.2 Administration of the Questionnaire 

In 2006 and 2007 the questionnaire (CLPD, 2006; CLPD, 2007) was administered as a paper questionnaire, face-to-face 
with commencing students in scheduled orientation week sessions organised by Faculties and Schools. Students who 
did not attend formal sessions were excluded from the study. Similarly, students who did not have formal sessions (for 
whatever reason) were excluded. The questionnaire was voluntary. In SALUD the questionnaires were administered in 
the two-hour computer familiarisation sessions to which all commencing Bachelor of Design Studies students were 
invited, and which were well attended, as they were “compulsory”. In 2006 there were 43 respondents in the 
“Architecture” survey, which represented 43% of commencing students. In 2007 the 117 respondents represented 94% 
of commencing Bachelor of Design Studies students. The higher response rate is accounted for in this way: in 2006 the 
CLPD handled all data-gathering internally with their own staffing resources – therefore so great was the demand for 
their time in O-week that they “sampled” cohorts only (for example only surveying one of three computer familiarisation 
sessions in SALUD), whereas in 2007 they outsourced the data-gathering process (questionnaire administration) to the 
different areas, and this accounted for all commencing B. Des. St. students present being surveyed in all three computer 
familiarisation sessions. Nevertheless, as the 2006 students were randomly allocated to the computer familiarisation 
sessions, the data, whilst a sample, is believed to be representative and therefore not to pose a limitation to the study. 

1.3 Questionnaire Analysis and reporting 

The paper-based questionnaire responses from throughout the University were collated, analysed and reported by the 
CLPD within weeks of their administration, using their in-house optical mark recognition reader and automatic data 
reporting system. The results were reported by students’ area of study and by all commencing students (CLPD, 2006, 
CLPD, 2007). Through this rapid reporting Schools were able to compare their students’ responses with the University-
wide responses and develop a response - which could involve support - based on their respondents’ evaluations. 

RESULTS

2.1 2006 

The 2006 results, including “Architecture” (in the top line) (“Architecture” is the University reporting term for students 
commencing the Bachelor of Design Studies degree), are given in Tables 1-3 below. We note in particular that, from the 
demographic questions 1-5 (Table 1), differences between the University–wide results and the Architecture cohort are 
exposed. Architecture respondents included fewer women (40%) than the University average (48%); commencing 
architecture student respondents were younger (81% <20 yrs) than the University average (73% <20 years); and 
marginally fewer (86%) architecture respondents were in their first year at University than the University average (90%) 
for commencing students. 

Table 1: Demographic Data 2006 University wide and Architecture in first line (CLPD 2006) (Source: CLPD 2006 Table 1) 

We note from Table 2 that Architecture students’ reasons for selecting their Program are generally consistent with the 
reasons given by the University’s commencing enrolment overall, with 44% selecting this Program area for interest (40% 
University wide), while rather fewer (19%) than the percentage University wide (26%) selected the Program for job 
prospects. As would perhaps be predicted from the discipline area per se, more students selected this Program to 
develop their talent and creativity (25%) than the University-wide average (16%) while the percentage citing specific job 
training (12%) was entirely consistent with the University-wide score of 13%. Family expectations played no part in 
Program selection for Architecture students, while in every other Program area and in the University overall, the score 
was 5%. This is perhaps surprising given the younger age group of the Architecture students. 
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Table 2: Reasons for choosing Program (multiple reasons permitted) (CLPD 2006)  (Source: CLPD 2006 Table 2)

Uni Arch Uni Arch Uni Arch Uni Arch Uni Arch 

0-5 hrs 6-10hrs 11-15 hrs 16-20 hrs >20 hrs 1.How much time do you expect to 
spend in study outside of scheduled 
times? (as a %) 6 2 22 14 32 26 22 47 15 12

1 2 3 4 5
Likert scores 
1=strongly disagree 
3= not sure 
5= strongly agree Numbers of respondents as a %

Uni Arch Uni Arch Uni Arch  Uni Arch Uni Arch 

2. I expect to be able to combine 
study and paid work  

2 1 5 0 20 9 41 49 30 40

3.Having “ready” access to my 
lecturers and tutors outside of face 
to face teaching will be important to 
my success 

0 2 1 0 11 19 48 49 39 30

4. I anticipate that my learning will 
involve independent/private study 

0 2 0 0 4 7 33 37 61 53

5. Interactive sessions with other 
students will be important to my 
learning 

0 2 1 5 13 14 52 51 33 28

6. It will not be important for me to 
attend most lectures 

45 40 36 49 7 5 5 0 6 7

7. I have activities outside of the 
University that might affect my 
ability to study 

6 0 29 28 32 40 26 23 6 7

8. I expect my teachers to read 
drafts of my work 

3 5 12 7 33 37 35 33 17 19

9. I anticipate that University life will 
be different to high school 

1 0 1 2 6 5 39 49 52 44

1 week 2-3 weeks 4-6 weeks > 6 weeks No response 10. What is the acceptable time for 
having your essays/work examined 
and returned to you? 

34 35 57 58 4 2 1 2 4 2

Table 3: Likert Questions comparing University and School of Architecture, Landscape Architecture and Urban Design  

Highlighting some major differences in this comparison, Architecture students expect to work harder than other students, 
with 73% expecting to spend 11-20 hours studying, compared with 54% University wide, and 59% expecting to spend 
more than 16 hours per week studying, compared with 37% of their peers expecting such a time commitment. More 
Architecture students (89%) than their University-wide peers (71%) expect to be able to combine paid employment and 
study. Fewer Architecture students (79%) believe that having ready access to their lecturers and tutors outside face-to-
face teaching will be important to their success than their University-wide peers (87%).  
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2.2 2007 

The 2007 results including ‘Education/Architecture’ are given below. Although this description would suggest otherwise, 
the CLPD have confirmed that these data concern commencing B. Des. St. students only. Use of this description was 
necessary because some students doing surveys in other areas selected a Program which matches Programs selected 
by the students who participated in the B. Des. St. survey. The data given in Table 4 come only from the surveys carried 
out in the School of Architecture, Landscape Architecture and Urban Design. 

Table 4:  Demographic Data 2007 University wide and (Education)/Architecture in fifth line (CLPD 2007)  
(Source: CLPD 2007 Table 1) 

Student Survey Analysis - All Areas Overall 
Unlike in 2006, 2007 Table 4 demographic data reveals that, of the University-wide respondents, there are fewer male 
(48%) than female (52%) students, while this is reversed for the 2007 Architecture respondents, with more males (52%) 
than females (48%). In 2007 the age group <20years (79%) is more consistent with the overall University age group < 20 
years (78%). The percentage in first year for the first time (commencing University) is 87% for both Architecture students 
and University-wide enrolment. 

Table 5:  Reasons for choosing Program (multiple reasons permitted) CLPD (2007)  (Source : CLPD 2007 Table 2) 

We again note from Table 5 “Reasons for choosing Program” that Architecture students’ reasons for selecting their 
Program of study are generally consistent  with University-wide reasons with 46% selecting Architecture for “Interest” 
compared with 44% University wide. Fewer Architecture respondents (15%) than University wide (24%) selected “Job 
Prospects”. As in 2007, more Architecture students selected the Program to develop their “Talent and Creativity” (22%) 
compared with the University wide average (14%). Specific job training (16%) and family influence (1%) were consistent 
for Architecture respondents with University-wide averages (14% and 4%).
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Uni Arch Uni Arch Uni Arch Uni Arch Uni Arch 

0-5 hrs 6-10hrs 11-15 hrs 16-20 hrs >20 hrs 1.How much time do you expect to 
spend in study outside of 
scheduled times? (as a %) 4 3 27 15 33 26 20 26 14 28

1 2 3 4 5
Likert scores 
1=strongly disagree 
3= not sure 
5= strongly agree 

Numbers of respondents as a %

Uni Arch Uni Arch Uni Arch  Uni Arch Uni Arch 

2. I expect to be able to combine 
study and paid work 

3 1 6 2 22 20 44 49 24 29

3. Having “ready” access to my 
lecturers and tutors outside of face 
to face teaching will be important to 
my success 

0 1 1 1 11 15 49 45 38 38

4. Feedback on my submitted work 
will be important to my learning 

0 1 0 0 2 0 30 26 67 73

5. Feedback on DRAFTS of my 
work will be important to my 
learning 

0 1 1 0 6 2 35 32 57 66

6. It will be important for me to 
attend most lectures 

0 1 0 1 3 4 33 32 63 62

7. I have activities outside of the 
University that might affect my 
ability to study 

3 3 25 28 35 30 29 30 7 8

8. Working with other students in 
class time will be important to my 
learning 

0 1 1 0 13 15 58 55 27 28

9. I anticipate that studying at 
University will be different to 
studying at high school 

1 1 1 0 4 3 39 44 54 50

1 week 2-3 weeks 4-6 weeks > 6 weeks No response 10. What is the acceptable time for 
having your essays/work examined 
and returned to you? 

38 25 55 61 3 9 0 1 4 5

Table 6: Likert Questions comparing University and School of Architecture, Landscape Architecture and Urban Design (Arch)

Table 6 once again reveals that Architecture students expect to spend more time studying, with 54% of Architecture 
students expecting to spend more than 16 hours per week studying compared with 34% University wide, despite more 
Architecture students (78%) than University-wide respondents (68%) broadly agreeing (Likert 4,5) that they expect to be 
able to combine study and paid work.

3. DISCUSSION 

3.1 Demographics compared 2006, 2007 

Demographic data on commencing students who responded to the First Year Expectations Survey disclose that there is 
a more even distribution of males to females in the School of Architecture, Landscape Architecture and Urban Design 
respondents in 2007 (52% M: 48%F) than in 2006 (60% M :40% F). The 2007 Architecture cohort are more likely to have 
lived mainly in SA (85%) than the 2006 cohort (74%). The two cohorts (2006 and 2007) are consistent in age, consistent 
in how many are enrolling in first year for the first time, and in their fulltime enrolment status. Therefore in utilising these
data we can be confident that the trends emerging from the Likert question responses are not a result of a quantitatively 
different cohort, but rather the result of difference of opinion between and within these groups. 

3.2 Time spent studying 

Architecture students’ responses reveal that they do expect to study harder than their University peers, with 54% of 2007 
respondents and 59% of 2006 respondents expecting to study more than 16 hours per week (compared with 34% and 
37% University wide). Eighty percent of 2007 and 85% of 2006 respondents expect to spend more than 11 hours in 
independent study (compared with 69% and 67% University wide). These slight downward trends over 2006/07 are 
concerning, as they coincide with the University recently (Semester 2, 2007) introducing a University-wide student 
workload model which has been developed by the University Learning and Teaching Committee and endorsed by 
Academic Board. This seeks to align the University of Adelaide with other GO8 Universities and as of Semester 2 2007 it 
demands, from all students studying full time, 48 hours per week spent in contact and non-contact time for the (12 or 13) 
weeks of Semester. Therefore course outlines and assessment tasks University wide are now aligned with this greater 
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expectation of study. Previously the University expected 36 hours per week of contact and non-contact time. Students in 
the first year in the School have 12 hours per week contact time (compared with the national average in 2004 of 16 hours 
(Krause, 2005, p 33)) – leaving a balance of 36 hours per week for non-contact (or independent study as the 
Expectations questionnaire suggests) in 2007 and 24 hours in 2006. Twenty eight percent of 2007 commencing students 
believe they will spend more than 20 hours per week in independent study, compared with 12% of students in 2006. This 
is substantially below the University’s expectation. Thirty eight percent of 2007 commencing Architecture students and 
30% of commencing 2006 students believe that they “have activities outside of the University that might affect my ability 
to study”, which is further borne out when we consider their expectations of involvement in full-time study and part-time 
work. Nationally, Krause (2005, p 34) found that first year students devoted 11 hours per week to independent study – 
much less than the two hours of independent study for one hour of contact time “rule of thumb” which Kuh (2003) 
acknowledges is a factor contributing to students’ engagement. 

3.3 Combining study and paid work and impact of activities outside the University on study 

Nationally, part time work is the main or only source of income for 32% of first year students, and one of their sources of 
income for 60% of first year students (Krause, 2005, pp 50-51). Krause found that “the overall proportion of full time 
commencing students in paid employment has increased from 51.3% to 54.9% from 1999 to 2004 and that, for those 
students, they were committed to 12.48 hours of work per week” (p 53). Whilst students in the University of Adelaide 
Architecture survey were not asked how many hours they committed to paid employment, they were asked whether they 
expected to be able to combine study and paid work –  a proposition with which 78% agreed in 2007 and 89% agreed in 
2006. This expectation substantially outstrips, by more than 20%, the national figures for students actually in paid 
employment in first year, and poses a question about the risks for students; Krause also points out (p 34) that “students 
in paid employment study on average significantly less (10.5 hours) than their non employed peers (11.8 hours)”. Their 
motivation for paid work is mainly to “afford extras” such as travel or entertainment (87%), and to be more financially 
independent of family (75%). The impact of part-time work and full-time study in reducing the available hours for study is 
anticipated by students in their responses to the proposition “I have activities outside of the University that might affect 
my ability to study” (see 3.2), with 38% in 2007 and 30% in 2006 of Architecture students agreeing. Combined with 
Architecture students’ expectation that they will study for longer hours, their higher expectation of engaging in paid 
employment is notable as it puts double pressure on students’ time. 

3.4 Access to Lecturers and tutors 

Nationally 49% of first year respondents (Krause, 2005, p 62) are in broad agreement that staff are “usually available to 
discuss my work”, compared with the expectation by commencing 79% (2006) and 83% (2007) of Architecture students 
that “having ready access to my Lecturers and Tutors outside of face-to-face teaching will be important to my success”. 
Krause found that 72% of students believed that “most of the academic staff are approachable”. Once again these 
Architecture expectations are higher than Krause’s researched reality nationally for all commencing first year students. In 
the School of Architecture, with 12 full-time (and 2 half-time) academic staff and more than 90 casual contracted staff, 
students are indeed able to see academic staff outside scheduled teaching contact hours but are generally unable to see 
casual staff who are employed for only actual teaching and assessment. Therefore a “gap” exists for students between 
their expectations of access to staff and the availability of staff on the current staffing profile. The other issue is that 
casual contracted staff, who often leave the School and campus soon after teaching concludes to return to their 
professional work, may appear unapproachable to students who believe that having ready access to staff will be vital to 
their success. Indeed the School, whilst acknowledging this tension, in unfunded to address its impact. 

3.5 Feedback on submitted work and drafts 

Fifty two percent of Architecture students (2006) expected “teachers to read drafts of my work”, compared with 98% of 
students (2007) who believed that “feedback on DRAFTS of my work will be important to my learning” (not the same 
question). In 2007 an additional (preceding) question asked students whether “Feedback on my submitted work will be 
important to my learning”; with this 99% of students agreed. Nationally 33% of commencing students reported that 
“Teaching staff here usually give helpful feedback on my progress”, which exposes a major gap in the unrealistic 
expectations of Architecture students regarding reading of drafts, which is exacerbated by the casual staffing profile.  

3.6 Acceptable time for the feedback of submitted essays/ work (summative) assessment  

In 2007 61% of commencing Architecture students reported that 2-3 weeks is an acceptable time frame for essay/work 
return, whilst 25% thought one week was acceptable. In 2006 58% thought 2-3 weeks and 35% one week turnaround 
was acceptable. Given the staffing profile and the heavy reliance on casual contracted staff who fit their marking tasks 
around practice and families, the 1 week return time-frame is unrealistic in the School. Individual written feedback on a 
pro forma is the University of Adelaide standard; in the light if these expectations questions should now be posed about 
the resources which are available to complete this task. Anecdotally staff report that students do not even collect their 
feedback sheets if their mark has already been distributed – Le Couteur’s study (ERGA, 2006) revealed that best 
practice in distributing feedback was to make the reading of feedback a precursor to receiving the assessment grade. 

3.6 Lecture attendance  

Nationally (Krause, 2005, p 37) 59% of first year students report that they sometimes (51%) or frequently (8%) skip 
classes, compared with the strong agreement from 94% (2007) and 89%(2006) of commencing Architecture students 
that “It will be important for me to attend most lectures”. However, Shannon (2006) found that Architecture students have 
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intermittent class attendance due to illness and personal circumstances (despite their lofty goals as commencing 
students), and that robust alternative measures need to be put in place to address Lecture non-attendance as students 
more strongly believe that getting the information from lectures is important than actually attend lectures. Shannon 
recommends the use of digital recordings of lectures, which are then mounted on accessible course websites as audio 
streaming files or MP3 files, along with uploading of Powerpoint files of lectures. Students also reported that they would 
like video recordings of lectures with synchronised Powerpoint. This cannot be resourced at present. 

3.7 Difference between university life and high school 

Almost all students (94% in 2007, 93% in 2006) strongly believe that studying at university will be different from studying 
at high school. Educators would say that paramount in making the transition is the change from extrinsic motivation to 
intrinsic motivation to study, from convergent learning to divergent learning, and from a focus on dependent to 
independent study as an adult learner. However, the other expectations revealed in this commencing students survey 
are at variance with this strongly held belief – in particular the strong focus on staff reading drafts of work and the belief 
that skipping classes is perhaps a part of the new learning environment. Krause uses a number of measures for 
engagement of students with their university environment – particularly the aspects of learning with peers and academics 
which foster ”an environment in which students participate actively and develop a sense of belonging in both small and 
large group settings” (Krause, 2005, p 37). The only Likert-scaled question in the University of Adelaide survey (CLPD 
2006, CLPD 2007) which attempts to measure commencing students’ expectations of engagement asks students to 
reflect upon their beliefs in relation to the proposition “Interactive sessions with other students will be important to my 
learning”. Seventy nine percent of students in 2006 and 83% of Architecture students in 2007 broadly agreed that these 
sessions would be important. This is less than the percentage of students who believe that university life will be different 
to high school; respondents may not believe that this interdependence is one of the differences – both because they are 
already familiar with cooperative study from high school, and because there are students who do not wish to study 
cooperatively and have not found that cooperative processes develop their learning (Shannon and Missingham, 2007). 

4. CONCLUSIONS 

The data provide an opportunity to compare the expectations of enrolling students in the School of Architecture, 
Landscape Architecture and Urban Design with their University peers and their nationally enrolled counterparts. The 
main differences visible from 2 years’ data are that, prior to commencing their studies at the University of Adelaide, 
Architecture students  

 select their program to “develop their talent and creativity” more than their University peers;  
 expect to work harder than their University peers; 
 believe that they can combine study and paid work whilst also studying for longer than their University  peers; 
 expect to spend on average much less time in independent study than the University expects (and they expect 

to work harder than the University average), however, when compared with the national first year survey data, 
80-85% expect to work > 11 hours per week in independent study, which exceeds the national average. 

 generally (>70%), given their 12 hours per week of contact time, do not expect to work “two hours of 
independent study for one hour of contact time”, thereby compromising their engagement;  

 believe in relatively small numbers (33-38%) that they have activities outside of University which may affect 
their ability to study. 

 rely more on ready access to their Lecturers and Tutors outside teaching than the national average (but no 
more than the University wide average);  

 believe that staff reading drafts of work (formative assessment ) will be beneficial; 
 mostly believe that attending most lectures is important, whereas nationally more than half of all students report 

skipping classes – combined with other recent research (Shannon, 2006) their lofty goals are not realised and 
robust measures to support non-attending students must be put in place; 

 mostly believe that university will be different from School, but are rather less likely to agree that interactive 
learning with peers would be important to their learning. 

5. OUCOMES and RECOMMENDATIONS  

Knowing what we now do about the beliefs of students commencing Bachelor of Design Studies (called Architecture 
students in the University-wide survey), certain support and information mechanisms need to be enacted in 2007 to 
address issues raised in the First Year Expectation Survey. Recommendations range across the following domains: 

5.1 Program selection information 

The School has re-committed to supplying to potential enrolees as much information as possible about the Program in 
order to recruit students who are aware of the strong built environment design focus of the Program – as well as having a 
student adviser on the administration staff, the Deputy Head of School believes that potential students who contact the 
School (in this era of on-line enrolment) need to be directed to an academic staff member for pertinent information. 

5.2 Work Load and part time paid work 

Student workload is explicitly stated in Course Outlines and addressed ‘up front’ by academic staff in Orientation Week 
or preliminary lectures, so that contact and non-contact time expectations are clearly understood. The impact of part-time 
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work during Semester is also addressed up front for first year students by academic staff, and students are counselled if 
they commit to lengthy part-time work that might interfere with compulsory attendance and preparation of work. 

5.3 Access to Lecturers and Tutors outside contact time 

All academic staff who coordinate courses have scheduled Office Hours at times when students are available (given their 
University schedules). The unavailability of casual staff is explicitly stated, and students are requested to engage with 
them during scheduled classes. Those students for whom this is not possible are referred on to academic staff with 
scheduled Office Hours. If casual staff are coordinating classes, their Office Hours are also resourced.

5.4 Study Skills Support 

For many years the School has committed to two one-hour Digital Study Skills drop-in sessions per week. In 2007 
weekly two-hour Language and Literacy Drop-in sessions, staffed by an external expert, have also been introduced, in 
part to read students’ drafts and meet the needs expressed by students to have their formative work considered more 
than the School resources can currently allow. This is now considered essential to meeting students’ expectations. 

5.5 Lecture Attendance 

As students have revealed that either they do not anticipate attending — or do not all attend — all lectures, academic 
staff dealing with first-year students have re-committed to producing an audio tape of lectures, which is mounted on the 
Course Website along with the lecture Powerpoint. Thus students who do not attend can at least receive the information 
from the lecture. This is no substitute for lecture attendance and students are required in Lectures to complete other 
interactive tasks such as role-playing and quizzes during lectures to encourage attendance. 

5.6 Interactive learning 

Not all students are aware of the importance of group and team work in the professional practice of Architecture and 
Landscape Architecture – and thus the learning from and with peers which is so important to University learning has to 
be a taught as opposed to assumed. As students are engaged in group work in first year their preparation for group work 
is comprehensive (Shannon and Missingham, 2007).  

The responses to results from the First Year Experience surveys need to be comprehensively developed and resourced, 
and the author would recommend that other Schools in the University devise appropriate responses to this educational 
evaluation. Universities which do not already survey commencing students could consider the benefits which derive from 
being aware of the profile of their commencing students, their beliefs and expectations. 

REFERENCES

Centre for Learning and Professional Development (2006) First Year Expectations The University of Adeaide,Adelaide 
Available online at http://www.adelaide.edu.au/clpd/evaluation/expectations/2006/ (Accessed 07-09-2007) 

Centre for Learning and Professional Development (2007) First Year Expectations The University of Adeaide,Adelaide 
Available online at  http://www.adelaide.edu.au/clpd/evaluation/expectations/2007/  (Accessed 07-09-2007) 

Krause, Kerri-Lee, Hartley, Robyn, James, Richard and McInnes, Craig (2005) The First year Experience in Australian 
Universities: Findings from a Decade of National Studies Centre for Studies in Higher Education: The University of 
Melbourne, Melbourne. Online http://www.cshe.unimelb.edu.au/pdfs/FYEReport05KLK.pdf  (Accessed 28-5-2007)  

Kuh, G. (2003) What we’re learning about student engagement from NSSE Change, March/April 24-32 

LeCouteur, Amanda (2006)  ”An online method for developing students’ essay writing skill in psychology” Paper 
presented at the 2006 Education Research Group  fo Adelaide (ERGA) Conference, The University of Adelaide 21 
September 2006. Erga details vailable online at http://www.adelaide.edu.au/erga/ (Accessed 29-5-2007) 

McInnes, Craig, James, Richard and Hartley, Robyn (2000) Trends in the First Year Experience in Australian Universities  
Centre for Studies in Higher Education: The University of Melbourne, Melbourne. Available online at 
http://www.dest.gov.au/archive/highered/eippubs/eip00_6/fye.pdf (Accessed 28-5-2007) 

McInnes, Craig, James, Richard and Mc Naught, Carmel (1995) First year on campus: Diversity in the initial experiences 
of Australian undergraduates  Canberra: Australian Government Publishing Service 

Turnbull, Deborah, Nettlebeck, Ted, Ward, Lyn, Le Couteur, Amanda, Sarris, Aspa, Strelan, Peter, Crisp, Geoffrey, 
Palmer, Edward and Schneider, Luke (2006) First year expectations student survey Available online at 
http://www.adelaide.edu.au/clpd/evaluation/expectations/ Accessed 28-2-2007 

Shannon, Susan (2006) Why don’t students attend lectures sand what can be done about it through using i-pod 
nanos?In L. Markauskaite, P. Goodyear and P Reimann (Eds.) Proceedings of the 23rd Annual Conference of the 
Australasian Society for Computers in Learning in Tertiary Education: Who’s Learing? Whose Technology? (pp 753-756) 
Sydney: Sydney University Press 

41st Annual Conference of the Architectural Science Association ANZAScA 2007 at Deakin University 237



Shannon, Susan and Missingham, Dorothy (2007) “How to engage design students successfully in group work” Paper 
presented at ConnectED, University of New South Wales, July 9-12, 2007. Available as CD-Rom of conference 
proceedings www.connected2007.com.au/

41st Annual Conference of the Architectural Science Association ANZAScA 2007 at Deakin University 238



A study of the indoor thermal performance of  
rammed earth houses

Veronica Soebarto
The University of Adelaide, Adelaide, Australia 

Abstract: This paper presents the results of a study to investigate the thermal performance of two houses 
that use rammed earth as the main material for the walls. The study was conducted by monitoring the 
internal and external temperature and humidity of the houses. A comparison was also made with the 
thermal performance of a reverse-masonry veneer construction. The monitoring results were used to 
calibrate computer simulation models, and the calibrated models were used to analyse the thermal 
performance of the houses in a what-if scenario to test the sensitivity of the impact of wall materials on the 
houses’ thermal performance. Monitoring results show that the indoor temperatures of both of the 
rammed-earth houses during summer are comparable with that of the reverse-masonry veneer house; 
however, winter and night-time temperatures of the rammed earth houses are lower.  

Conference theme: construction and materials, or building case studies
Keywords: rammed earth walls, reverse-masonry veneer, thermal performance

INTRODUCTION 

Rammed earth, along with other materials such as mud bricks and straw bales, are promoted to be ‘sustainable’ 
materials due to their perceived low embodied energy. While straw bales clearly have high insulation values, the 
information about the thermal performance of rammed earth (and other earth materials) given to general public can be 
misleading. Searches from the Internet resulted in a number of sites stating, for example: 

 “Rammed earth is non-toxic, non-polluting and 'breathes'. Because of the insulating nature of the earth, it is 
environmentally friendly and will significantly reduce your electricity costs.”
(Info link, 2007, italics by author) 

“The thermal mass of thick walls can lower heating and cooling needs, …”
(Austin Green Building Program 2006, italics by author) 

“They [rammed earth] have an ideal blend of heat transfer (U Factor) and density or thermal storage (known as the 
"thermal flywheel" effect). This unique combination of properties creates a high thermal mass building, which evens 
out day/night temperature fluctuations and forms a comfortable building in which to live all year round.”
(Rammed Earth Homes 2005, italics by author)  

“The outside walls of a rammed earth building are usually a hefty 300mm (1 ft) thick, providing unsurpassed protection 
from extremes in temperature. The thickness and density of the material means that heat (or cold) penetration of the 
wall is very slow to reach the internal spaces.” 
(Rammed Earth Construction 2002, italics by author) 

Indeed rammed earth walls have high thermal mass. When used internally and exposed to some heat source including 
direct and indirect solar radiation, as any other massive or heavy walls, rammed earth walls will absorb and store the 
heat and release it when the surrounding temperature drops below the walls’ temperature. Rammed earth walls, or any 
other walls with high thermal mass, will help stabilise the indoor temperature. When used as external walls, the density 
and thickness of the rammed earth wall will provide a thermal time lag effect, resulting in the slow down of the heat 
transfer between the inside and outside. In summer, this would result in lower internal temperature than the outside 
during the day and delaying the peak of the internal temperature to several hours after the peak outside temperature 
occurs. This characteristic is often confused with the idea of thermal insulation, as shown in some of the quotations 
above which are unfortunately what the general public will get. In 2000 CSIRO conducted a laboratory test of rammed 
earth walls and found that the overall thermal resistance of rammed earth is 0.4 m2. K/W (CSIRO 2000), confirming that 
rammed earth walls have low insulation value. Other published data based on laboratory testing also show similar 
results. However, it is true that when looking at the thermal properties of heavy walls such as rammed earth, insulation 
properties are not the only determinant. The thermal mass and time lag effect certainly have benefits to the stabilisation 
of the indoor temperature. The claims above seem to focus on the thermal mass effect of rammed earth walls but then 
mixing it with the issue of insulation. 
Although the impact of using rammed earth walls on internal temperature in summer may be obvious due to their heat 
capacity, its impact on real houses in winter is questionable and so is the claim that using them will lower heating needs. 
In winter, the thermal time lag effect of the rammed earth walls will also slow down solar heat gains through the walls. 
Unless the house has good solar orientation and sufficient sun-facing glazed windows as well as some space heating, 
using only rammed earth as external walls may not be as good as claimed or perceived. Even if the walls absorb solar 
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and internal heat during the day, without any insulating material, the rammed earth walls will also lose the stored heat at 
night-time when the outdoor temperature was lower than the wall temperature.  
The other unknown factor is the occupants. Numerous publications on ‘green’ buildings, ‘eco-housing’ and the like show 
that many houses that use rammed earth walls are usually owned or occupied by people who are concerned about the 
environment in the first place. These people are aware of basic principles of low energy house design and are conscious 
of the amount of energy they use to operate the house. Previous studies by the author and others indicated that people 
who are conscious about the environment tend to have a wider range of thermal comfort ‘zone’ and insist on not using 
any mechanical heating and cooling equipment despite the fact that the indoor temperature can reach as low as 12 
degrees and as high as 35 degrees with relative humidity higher than 70% (Soebarto et al., 2004, Soebarto 2001, 
Soebarto 2000). Therefore it is not clear that when these (rammed earth) houses are claimed to be using minimal 
operating or space heating and cooling energy, whether this is a direct impact of the wall materials used (i.e. rammed 
earth), or due to a good passive solar design strategies used in the house in general (such as good solar orientation, 
using good thermal insulation, using double glazing, and having appropriate shading in summer), or due to the 
consciousness of the occupants and the decision they make in operating the house. 

1. AIMS OF THE STUDY 

The study reported in this paper was aimed at investigating the actual thermal performance of houses that use rammed 
earth as the sole external and internal walls. In particular, the study was intended to investigate whether houses with 
rammed earth walls are indeed cool in summer as well as warm in winter as anecdotally claimed. The study, however, 
was not intended to investigate the thermal performance of the rammed earth walls in isolation and it was therefore 
conducted in occupied houses to also find out the influence of the occupants on the overall performance of the houses. It 
is acknowledged, however, that since the study was done in a non-controlled environment, other factors, such as 
infiltration and ventilation, might affect the results.
The second part of the study was also to test how the thermal performance of the houses would change if the external 
rammed earth walls were insulated, thus the external walls become similar to reverse-masonry veneer construction 
where the internal leaf, which is the masonry wall, acts as a thermal mass wall but it is insulated from the outside. It was 
expected that the study would provide a better picture of the actual performance of houses using rammed earth as the 
sole internal and external wall material. Please note however that due to cost and time constraints, the study was only 
limited to two rammed earth houses and one reverse-masonry veneer house, and therefore applying the results of this 
study to other cases should be treated with caution. 

2. METHODOLOGY 

2.1. Selection of the case study houses 
Two rammed earth houses located close to each other, and a reverse-masonry veneer house located about 1 km from 
these two houses, were selected for the case study buildings. All three houses were single storey, had their living room 
(all combined with dining and kitchen spaces) facing north. The total floor area of each house varied (from 96 to 175 m2) 
but the sizes of the rooms are quite similar. The living-dining-kitchen’s floor areas are around 45-50 m2 and all bedrooms 
are around 12-15 m2. Although it would be ideal to have identical or close to identical houses for the study, this was not 
possible to achieve as the research relied on the availability of occupants who were willing to have their house studied. 

2.2. Data collection  
Data of these houses were collected by the following methods: 

(1) Monitoring the indoor temperature and humidity of main spaces in each house (i.e. living and at least one bed 
room) using portable temperature/humidity sensors and data loggers. Portable devices had to be used as they 
were non obstructive and therefore did not make the occupants feel that they were being monitored. Wherever 
possible the devices were placed at average human height, shielded from any direct light and heat source. 
Monitoring started in September 2006 and completed in July 2007. 

(2) Monitoring the external temperature and humidity. Due to cost constraints, a complete weather station was not 
installed, therefore other external weather data such as wind speed and directions and solar radiation were 
obtained from the Bureau of Meteorology.  

(3) Collecting the architectural/construction drawings of the houses. 
(4) In addition, interviewing the occupants.  

2.3. Analyses 
Data collected above were analysed as follows: 

(1) Comparing the monitoring results between houses 
(2) Modelling the three house designs and simulating the thermal performance (i.e. internal space temperature in a 

non-air conditioned mode) using a thermal simulation program, ENER-WIN© (Degelman and Soebarto 1995, 
Degelman 2007) based on the architectural/construction drawings and some information from the interviews 
and site visits. Simulated space temperatures were compared to the monitored space temperature to ensure 
that the simulation models represented the actual house designs within an acceptable level of accuracy. The 
calibrated models were then used to predict the performance of the rammed earth houses if reverse-masonry 
walls were instead used, and vice versa. 
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3. HOUSE DESCRIPTIONS 

All three houses are located in Willunga, South Australia, about 50 km south of Adelaide (35 16’SL, 138 55’ EL, 258 m 
altitude). In summer (December to February) the mean minimum temperature is 11 C while the mean maximum is 25 C
with 41 C as the highest temperature. In winter (June to August) the mean minimum temperature is 4.5 C and the mean 
maximum is 13.4 C, and occasionally the temperature goes below 0 C and reaches -5 C.  Relative humidity ranges from 
44 to 60% in summer and 70 to 85% in winter. Mean daily solar radiation ranges from 7.3 MJ/m2 in winter to 26 MJ/m2 in
summer.

The summary of the house descriptions is presented in Table 1. 

Table 1: Summary of the house descriptions 

HOUSE 1 HOUSE 2 HOUSE 3 

Area 104 m2 96 m2 175 m2 

External Wall 
220 mm rammed earth, no 

insulation
330 mm rammed earth, no 

insulation

Reverse masonry veneer: 
Harditex external cladding, air 
gap, R2 insulation, 110 mm 

rammed earth bricks 
Internal Wall 110 rammed earth bricks 220 mm rammed earth 110 rammed earth bricks 

Floor 
Polished concrete, plus rugs in 

winter in some rooms Parquetry on concrete slab Tiled concrete slab 

Roof R2 insulated corrugated metal R2 insulated corrugated metal R2 insulated corrugated metal 

North glazing 
24% of floor area, 31 to 36% 

of north wall area 
13% of floor area, 27% of 

north wall area 
28% of floor area, 46% of 

north wall area 

South glazing 
16% of floor area, 20% of 

south wall area 
15% of floor area, 20% of 

south wall area 
16% of floor area, 20% of wall 

area

Heating 

Portable gas in living room, 
portable electric in occupied 

bedroom 
Gas heater in living room only. 

No heater in bedroom 

Solar collector on the roof, 
heat is stored in rocks in a 

storage space, ducted to the 
south rooms 

Cooling None None None 

Occupancy 1 to 2 1 5
Monitored 
spaces

Living room, north bedrooms, 
south bedroom 

Living space, south bedroom Living room, south bedrooms 

4. MONITORING RESULTS 

The monitored data are mostly presented in scatter plots of the indoor versus outdoor temperatures to show the results 
in the entire monitoring period. Figures 1 to 3 show the results in the living-dining-kitchen room in all three houses in 
summer (1 December 2006 to 28 February 2007). Due to space limitation, monitoring results in the south bedrooms 
cannot be presented in this paper. Table 2 presents the summary of the monitoring results in summer in terms of 
maximum, 75% percentile, average, 25% percentile, and minimum. 
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Table 2: Summary of summer monitoring results (in degree C) 

Living Room South Bed 
Outside House 1 House 2 House 3 House 1 House 2 House 3 

Maximum 43.6 30.3 31.5 30.3 29.1 31.5 28.7
75% percentile 26.9 23.4 23.6 25.2 22.9 24.8 23.6
Average 22.3 21.3 22.5 23.3 20.9 22.5 22.2
25% percentile 17.0 19.0 20.1 21.3 18.7 20.2 20.5
Minimum 8.5 14.8 15.6 17.5 14.1 15.1 17.5

The results above show that during peak summer or when the outdoor temperature was above 30 degrees, the living 
room in all three houses performed quite similarly with the maximum temperature between 30 to 31 degrees when the 
outside was around 40 degrees. As the outdoor air became cooler, however, the rammed earth houses (Houses 1 and 2) 
tended to be cooler than the reverse-masonry veneer house (House 3). The minimum temperature in the rammed earth 
houses was up to 3.4 degrees cooler than the minimum temperature in the reverse-masonry veneer house. Please note 
that during this period the ‘active’ heating system in house 3 was not in operation so there was no additional heat at night 
to make the bedrooms warmer than the bedroom in houses 1 and 2.  
It is acknowledged that the monitoring results of the living rooms cannot be compared directly as the living room in the 
reverse-masonry veneer house has a higher percentage of north facing windows and less shading than the rammed 
earth houses; however 3 to 4 degrees of temperature difference is clearly shown in the case of the south bedrooms 
where the layout, orientation and amount of openings are quire similar (Figure 4). This result in a way confirms that 
uninsulated rammed-earth walls would make the house cool in summer particularly at night time.  
Figures 5 to 7 show monitored indoor and outdoor temperatures in the living room in winter. Please note that when this 
paper was being written the monitoring was still taking place thus the results shown here are only from 1 June 15 July 
2007. Without using the space heater, the maximum temperature in the living room of houses 1 and 2 was 17.5 and 18 
degrees respectively, while it was 23.6 degrees in house 3. The maximum temperature in the south bedroom of houses 
1 and 2 was 15.6 and 16 degrees respectively, while the maximum in house 3’s south bedroom was 19.4 degrees. The 
minimum temperature in the living room of houses 1 and 2 was 10.6 and 11.4 degrees respectively, while the minimum 
temperature in the living room of house 3 was 15.6 degrees, all without the space heater. The minimum temperature in 
the south bedroom of houses 1 and 2 was 10.6 and 10.2 degrees respectively, while it was 14.5 degrees in house 3. The 
minimum outdoor temperature was 4.2 degrees. These results clearly show that in winter the rammed earth houses were 
4 to 5 degrees cooler than the reverse masonry house not only at night time but also during the day, thus do not support 
the claim that rammed earth houses are warm in winter. 
It is, however, interesting to find out that, even though the reverse-masonry veneer house would have been warmer than 
the rammed earth houses without using the heater, the occupants of the reverse-masonry veneer house used a space 
heater for the living room more often than those of the rammed earth houses. Figure 8 presents 2-weeks of data from the 
south bedrooms in which no heater was used and it clearly shows that the temperatures in the south bedroom of the 
reverse-masonry veneer house were constantly 3 to 5 degrees higher than that of the second rammed earth house.  This 
finding in a way relates to the hypothesis stated in the beginning of the paper that the performance of a rammed earth 
house may have to do with the occupants themselves and does not solely relate to the effect of the wall materials used.  
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Figure 7: Monitored temperature of the living room in Figures 8: Comparison of two-weeks winter temperatures 
 House 3 versus outdoor temperature in winter in the south bedroom of House 2 and of House 3 

5. MODELLING THE BUILDING 

Although the monitoring shows that both rammed earth houses were cooler than the reverse-masonry veneer house in 
summer nights and in inter, a further investigation was conducted to confirm this result, mainly because these three 
houses are not the same -- they have different designs and occupants. This further step was conducted by simulating the 
same buildings and changing the external wall material to predict its impact on the internal space temperatures.  
Each house was modelled with an hourly thermal simulation program, ENER-WIN©. Hourly weather data were compiled 
by combining monitored outdoor air temperature and humidity, hourly wind speed data from the Bureau of Meteorology, 
and hourly solar radiation data derived from monthly solar radiation from satellite data supplied by the Bureau of 
Meteorology. Building geometry was based on the building drawings, confirmed by some measurements and 
observations on site, including checking the shading conditions of the windows by surrounding vegetations. The building 
was divided into zones to ensure that the spaces being monitored were modelled separately from other spaces, whereas 
other spaces not being monitored could be lumped with the others as long as they were in the same orientation toward 
the sun and had similar use patterns. Thermal properties of the materials were based on published data. See Table 3. 
Occupancy patterns were obtained from the interviews with the occupants. Natural ventilation rate was estimated based 
on the amount of openings that were observed during the monitoring period and using a simplified method from 
ASHRAE (1997, Chapter 25.12), with the equation of [Q = Cv x A x V] where Q = airflow rate in m3/sec; Cv = 
effectiveness of opening, assumed to be 0.3 for wind direction diagonal to the inlet; A = area of inlet opening in m2; and V 
= wind speed, in m2/sec. Infiltration rate was assumed to be 1.5 ACH in all houses .  
The buildings were simulated in a free-running mode only because the actual buildings used no mechanical cooling and 
only occasionally the heater was used. Simulated space temperature in the living-dining-kitchen space and bedrooms 
were compared to measured temperature in the same rooms in order to calibrate the model. Natural ventilation was the 
main input modified in order to calibrate the simulation models. All the models were first simulated with natural ventilation 
applied throughout the year with a rate estimated based on all inlet area as shown in the building drawings. With this 
input, the simulated indoor temperatures were found to be much lower than the measured data during cooler periods and 
warmer during warm periods. It was then realised that from site observations, all openings in the houses were actually 
closed during cold and warm periods, and only occasionally a very small percentage of the windows were opened. 
Natural ventilation was then not applied in simulating the houses in winter, and in summer the ventilation rate was 
reduced to an amount estimated from the actual area of opening (for example, the ventilation rate in the living room of 
house 1 (45 m2) was reduced to 1.5 L/sec.m2 of floor area as the opening was only about 100mm by 600mm).  
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Table 3: Thermal properties of wall materials of the case study buildings 

U-Value* 
(W/m2.K)

Solar
Absorptivity** 

Time Lag*  
(hrs)

Decrement 
Factor* 

Rammed earth 110 mm 4.26 0.5 2.81 0.714
Rammed earth 220 mm 3.089 0.5 6.16 0.374
Rammed earth 330 mm 2.411 0.5 8.30 0.189
Reverse-masonry veneer (1): 

Harditex cladding, Air gap, R2 
insulation, Rammed earth  
bricks 110 mm

0.377 0.3 4.3 0.638

Reverse-masonry veneer (2): 
Harditex cladding, Air gap, R2 
insulation, Rammed earth 
bricks 220mm

0.365 0.3 8.18 0.316

*  =  Calculated based on assumed density, conductivity (k), and specific heat.  
 Rammed earth: density 1540 kg/m3; conductivity 1.25 W/m.K; specific heat 1260 J/kg.K. 
** = Estimated based on the surface colour.  

Figures 9 is presented as an example of a comparison between simulated temperatures to the measured data of the first 
rammed earth house. The comparisons show a close agreement between the simulated and measured data in summer 
with correlation coefficients (R2) of 0.996 in the first house, 0.964 in the second house, and 0.998 in the third house. 
There was no attempt to compare the simulated and measured temperatures in winter in all three houses as portable 
heaters were used sporadically during this period (see Figures 5 to 7), making it impossible to model the building 
accurately in winter. The only comparison between simulated and measured data in winter was made for the bedroom of 
the second rammed earth house as no heater was ever used in this room. The calculated R2 was 0.827, showing an 
acceptable correlation between the simulated and measured temperatures (Figure 10). The discrepancies between the 
simulated and measured data occurred when the outdoor temperature was above 20 degrees showing that the occupant 
was likely opening the window at that time. As previously mentioned no natural ventilation was used in the simulation 
model in winter whereas in reality the occupants occasionally opened some windows when the outdoor warmed up. This 
was impossible to be simulated as the program only allows natural ventilation to be either “turned on” or “off”.  
Based on these statistical results above the three simulation models were considered acceptable to be used for further 
analyses. The calibrated models were then used to predict the indoor temperature of each house if the wall materials 
were changed. For house 1 the external walls were changed to reverse-masonry veneer similar to the wall construction 
of house 3. For house 3, the external walls became rammed earth only with a thickness of 220 mm, similar to houses 1. 
The objective of this further investigation was to find out whether rammed earth houses would indeed be cooler than 
reverse-masonry houses in winter as shown in the monitoring results.  
The simulations showed that when the wall materials of house 1 were changed to reverse-masonry veneer or insulated 
rammed earth, the changes in summer temperatures were almost unnoticeable with a maximum difference of 1 degree. 
In winter, however, with reverse-masonry veneer the house would be much warmer, with a maximum increase of 4
degrees in the south bedroom. In a similar fashion, using the calibrated model of house 3 it was predicted that if the 
external walls of this house were changed to 220 mm rammed earth only, the summer temperatures would not change 
significantly while the winter temperatures would be lowered by up to 4.5 degrees. Figures 11 shows an example of the 
slight change in the predicted temperatures of one summer week in house 3 if the external walls were changed to 
rammed earth only, while Figure 12 shows the predicted temperature of one winter week in house 3. 
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Figure 11: One week of summer prediction for house 3  Figure 12: One week of winter prediction for house 3 
(change from reverse-masonry veneer to rammed earth) (change from reverse-masonry veneer to rammed earth) 

These results confirm the premise stated in the beginning of the paper that using rammed earth walls would be beneficial 
to achieve summer thermal comfort; however, using rammed earth walls would not have the same benefit in winter. 
Theoretically, this means that if space heating is used during winter, a house using rammed earth as the sole external 
wall materials would have higher heating needs compared to a similar house with a similar operation using insulated 
masonry walls.   

CONCLUSION 

This study concludes that using rammed earth as the sole material for the external walls would result in a relatively cool 
indoor space in summer, which is comparable to using reverse-masonry veneer walls. In this study, at peak outside 
temperatures of around 40 C, the internal temperatures only reached around 30 C. This result is also similar to previous 
monitoring studies with double brick walls with similar solar orientation and window area (Soebarto 2001, 2003). The 
monitoring as well as the simulation results however show that in winter the two rammed earth houses would be cooler 
compared to the reverse-masonry veneer house or if these rammed earth walls were insulated. Therefore this result 
does not support the claim that using rammed earth walls also make the house comfortable in winter as anecdotally 
claimed.  
The study however finds that the use of space heaters in each of the houses studied does not have a direct correlation 
with the wall materials. Although the reverse-masonry veneer house was warmer in winter without any heating, the 
occupants used the space heater in the living room more often than the occupants of the rammed earth houses. It is 
clear in this study that that whether or not space heating was required was mostly determined by the occupant’s thermal 
comfort range and preference, and not by the materials used for the external walls.  
It will be very useful if this study is followed up by a detailed study of occupants who live in houses using materials such 
as rammed earth, mud bricks, straw bales, and the like. The fact that rammed earth walls or any of these materials do 
have a certain aesthetic quality, such as providing the feeling of warmth or being close to nature, may encourage the 
occupants to be more aware of their actions in the house with regards to using or not using the heating or cooling 
equipment, which at the end may indeed result in less energy consumption than houses using common materials, as 
claimed by various sources presented in the beginning of this paper.   
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Environmental assessment using both 
financial and physical quantities 

Graham J. Treloar 
Faculty of Architecture, Building and Planning, The University of Melbourne, Melbourne, Australia 

ABSTRACT: ‘Green’ buildings are often claimed to cost no more, however they can have lengthy 
financial payback periods. The environmental payback period is arguably more critical for green 
buildings, but it must be calculated accurately in an equivalent financial framework. Thirty years worth 
of ecological economics research provides some guidance on this. The residential building sector 
requires services from the insurance sector as well as the iron and steel sector. Financial inputs have 
rarely been quantified in previous embodied energy analyses. After all building materials are quantified 
in physical terms, in a process analysis, within the limits of available data, time and cost, there are still 
significant gaps in the system boundary that require the use of financial quantities of goods and 
services. In this paper, the need for financial and physical quantities of goods and services for the 
energy analysis of buildings is demonstrated. Current environmental assessment methods tend to use 
physical rather than financial quantities. A method is demonstrated for using input-output data (based 
on financial quantities) to fill gaps in a simplified environmental assessment. This innovative technique 
overcomes systemic limitations associated with previous methods. This has particular implications for 
the future development of sophisticated environmental analysis tools. 

Conference theme:  indicators of sustainable development: space, energy, water, waste  
Keywords:  environmental assessment methods, physical quantities, financial quantities, 

input-output-based hybrid analysis 

1. INTRODUCTION 

Policy makers for the built environment are starting to show signs of seriously addressing indirect environmental 
impacts, such as energy embodied in building materials. A critical aspect here is the problem of how to calculate the 
environmental impact fairly and comprehensively. A decade of work on the problem of embodied energy has shown 
time and time again that virtually all previous methods are significantly incomplete, causing significant and in some 
cases gross underestimations. A focus on basic building materials is the main cause of the incompleteness problem. 
Most previous environmental assessment methods have relied only on physical quantities of materials and energy. 
One previous method that has not relied on physical quantities, input-output (IO) analysis, is systemically complete, 
but is used as a black box. A financial system boundary suggested by IO analysis is the most logical delineator of the 
knock-on effect of a sector, industry, establishment or process. Critical to the utility of IO analysis is the technique of 
disaggregating the IO model into discrete, mutually exclusive pathways (Treloar, 1996b; 1997). These pathways can 
be replaced with case specific information, while the remainder of national average data is retained for system 
boundary completeness. This method is called IO-based hybrid analysis, because it is based, in terms of data and 
financial framework, on IO analysis. But this method, despite having been in the public domain for over a decade 
(Treloar, 1996b; 1997), has not been taken up by all but a handful of theorists. Part of this problem from the 
perspective of process analysts, who use only physical quantities, is arguably a perceived lack of reliability in the IO 
component of the model. Those familiar with IO analysis and various hybrid analysis methods may be slow to take up 
the IO-based hybrid analysis method due to perceived complexity of the new method. Consequently, virtually every 
environmental assessment published is subject to critique of its system boundary. This is limiting the environmental 
assessment industry’s ability to gain credibility with other researchers, government, industry and the public. The IO-
based hybrid analysis method represents an opportunity to make progress in this area, due to its use of financial and 
physical quantities. Therefore, the aim of the paper is to demonstrate the need for both financial and physical 
quantities in environmental assessments. 

2. BACKGROUND 

Thirty years worth of research into ecological economics provides hints as to why both financial and physical 
quantities might be required for environmental assessment. Over 25 years ago, the link between broadly defined 
embodied energy and economic value was well known (Costanza, 1980). More recently, Goodland and Daly (1996) 
outline the ‘input-output rule’ (not to be confused with IO analysis, described later), such that ecological sustainability 
is achieved by balancing the inputs to society against its outputs, living off the interest of natural systems and their 
carrying capacity instead of their capital, while maintaining artificial (industrial) capital. The so-called ‘input-output 
rule’, however, cannot be adhered to when the full range of linkages are not completely known, and consumption of 
natural and artificial capital is removed by many degrees of separation, as in the modern global economy.  
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2.1 Embodied energy analysis methods 
There are two main methods for environmental assessment (process analysis and IO analysis) and two main hybrid 
methods, process-based hybrid analysis and IO-based hybrid analysis. Process analysis uses physical quantities of 
materials and energy, while IO analysis uses a financial quantities of goods and services. Process analysis is 
considered to be more accurate and/or relevant to a specific case. IO analysis is systemically more complete for a 
nation or region, but is less applicable to specific situations, and is used as a black box. 

As with the two main methods, the basis of each of the two hybrid methods determines its system boundary ‘type’: 
physical or financial. Process-based hybrid analysis is based on physical quantities while IO-based hybrid analysis is 
based on financial quantities. Process-based hybrid analysis rectifies the upstream truncation error inherent to 
process analysis (see Figure 1), but only for the generally physical quantities that are considered quantifiable and 
relevant in the process-based hybrid analysis. The more detailed a process-based hybrid analysis becomes, the 
more susceptible it is to upstream and sideways truncation (see Figure 1). Sideways truncation includes inputs that 
are generally quantified in financial terms, such as advertising, as well as other items thought insignificant. IO-based 
hybrid analysis retains the systemic completeness of IO analysis (as long as the first step is financial quantification of 
the construction cost, see Figure 1), while enabling all of the physical quantities used in a process analysis or 
process-based hybrid analysis to be integrated with no increases in sideways and upstream truncation error. 

Upstream 
truncation 

Upstream 

Downstream 
Iron and 

steel

Downstream 
truncation Structural

metal products 

Construction 

Concrete Cement 

Advertising, … 

Limestone 

Sideways 
truncation 

Stage 1 Stage 2 Stage 3 Stage

Figure 1. Upstream, downstream and sideways truncation errors in the construction system boundary 

Process analysis was pioneered in the 19th century, in the field of thermodynamics. Its most recent fundamental 
development came from Boustead and Hancock (1979). Input-output (IO) analysis was developed by Wassily 
Leontief, for which he received the Nobel Prize in 1973. IO analysis was applied to environmental assessment over 
the last four decades, including hybrid methods for the integration of process data in various ways to address gaps in 
process analyses (eg. Bullard et al., 1978; Miller and Blair, 1985; Alcorn, 1995; Lave et al., 1995; and Treloar, 1997). 
Treloar’s method of IO-based hybrid analysis is unique in addressing all types of truncation error indicated in 
Figure 1. A financial system boundary is necessary to enable this. The financial system boundary covers processes 
thought insignificant or neglected by physical flow methods (process analyses and process-based hybrid analyses).  

The key benefit of the IO-based hybrid analysis method is that it builds on all the benefits of previous methods while 
eliminating their systemic errors. All physical quantities for materials and energy that are available at a given point in 
time through process analysis can be integrated with a national average model of financial quantities (the IO model). 
For example, the energy embodied in Ceramic products is deducted from the national average model, and the energy 
embodied in various ceramic products for the case study building is substituted. The rest of the model is left 
untouched, and can be left as a single number, so its complexity is not overwhelming.  

The embodied energy values for materials derived for a database can comprise of a process component and an IO 
component, and can be developed using process-based hybrid analysis method (Bullard et al., 1978). As long as 
these process-based hybrid analysis figures are applied to the case study building in consideration of the correct 
location in the supply chain, no downstream truncation errors will occur.  

However, the IO component of hybrid models (ie, the component based on financial quantities) has not been properly 
validated, despite being generally larger in aggregate value than the component of hybrid models that is based on 
physical quantities. The best way to validate IO models is to replace as much as possible of the IO data with process 
data, and compare the two results for each mutually exclusive component. But this violates the first premise of the 
IO-based hybrid analysis method: the presumption that that process-based data is available. If more process analysis 
data were available, it could be integrated in the IO-based hybrid analysis method. The remaining IO-based 
component of the hybrid model would still be unvalidated, despite being slightly reduced, relatively.  
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For some IO-based hybrid analyses, depending on the profile of the supply chain, the IO component (ie, the part of 
the system boundary for which financial quantities of goods and services are required) is over 50% of the total, for the 
parameter energy (eg, Crawford, 2005). In other countries, where there is potentially more process data available, 
the IO component could theoretically be less than 50% in an IO-based hybrid analysis. No overseas studies have 
been published using IO-based hybrid analysis to the author’s knowledge, despite dozens of citations by overseas 
authors being traced that agree with the IO-based hybrid analysis method. None of the dozens of Australian studies 
using the IO-based hybrid method have resulted in more than 50% of the hybrid result comprising process data (ie, 
data based on physical quantities of materials and energy). This suggests that the use of financial quantities is at 
least equally as important as physical quantities.  

This background suggests the following hypothesis: that financial information is at least as important as 
physical information for the embodied energy analysis of buildings.

3. METHODOLOGY 

The development of an IO model for Australian energy use is described. Then, the IO-based hybrid analysis method 
is outlined for a hypothetical, simplified residential building. The expected result is that more than half of the 
embodied energy is dependent on financial rather than physical quantities. This would confirm the hypothesis and 
add weight to the aim of the paper that financial information is required for environmental assessments of buildings. 

3.1 Input-output model for Australian energy use 
In 2003, an IO model for Australian energy use was developed by Prof Manfred Lenzen, Department of Physics, The 
University of Sydney (used with permission for this and other research projects). The IO data was taken from the 
Australian National Accounts (ABS, 2001). The model treats imports as equivalent to domestic production (Lenzen, 
2002). The model includes the value of capital purchased in previous years, and capital imported from other 
countries, amortised over the capital item’s life (as described and analysed in Lenzen and Treloar, 2005).  

Figure 2 shows schematically how the various sources of data were compiled for the IO model. It is acknowledged 
that 1996-7 data are over a decade old, and many limitations exist in its ongoing use. But these limitations are likely 
to be less important than the lack of increases in recent, public domain process analysis data for inputs to 
construction, as noted in previous publications (Treloar, 1997; Suh et al., 2004; and Crawford, 2005). The 1996-7 IO 
model is sufficiently relevant for the purposes of this paper. It is rare to be able to use IO data less than 5 years old, 
as it takes a few years to compile from the survey year, and is not produced every year. 

Power series 
approximation of the 
Leontief inverse IO 

matrix,  
12 stages, plus the 
direct requirements, 
summing to give the: 

Direct energy intensities 

Total energy intensities

Base IO matrix, 
direct

requirements 
(106 x 106) 

Direct allocation 
of imports, from 

survey year 

NB, the power series approximation works by multiplying 
each column of the direct requirements coefficients 
matrix by the row of direct energy intensities in primary 
terms. The result is the sum of inputs one transaction 
upstream in primary energy terms, ie. ‘stage 1’. This 
process is then repeated for the stage 1 energy 
intensities to give stage 2, and so forth, all the way 
upstream to stage 12, which is sufficiently complete.  

Imported capital, 
from the survey 

year and 
previous years  

Domestic capital, 
from the survey 

year and 
previous years

Figure 2. Schematic diagram of input-output (IO) model 

Energy usage data in primary terms were applied to the model, to enable summation and tracing of direct and indirect 
requirements through the economy from activity in construction (and other sectors supplying construction, and so 
forth). Primary energy is the amount of raw fuels used, not just the quantities of electricity and other fuels delivered to 
the process (ie, delivered energy): essentially, it is the fossil fuels embodied in delivered energy. The system 
boundary for considering primary energy is thus also financial, as with the rest of the IO model. The key inputs of 
fossil fuels, though, are treated in physical terms, to avoid errors associated with using primarily financial information 
to determine these critical components of the IO model. The energy data were derived from a national government 
source (ABARE, 1997). Total energy intensities were then derived using a power series approximation of the Leontief 
IO model of total requirements coefficients (see Miller and Blair, 1985, for detailed descriptions of this technique).  

3.2 Input-output-based hybrid analysis method 
The national IO model was used as a basis for the analysis of individual buildings, incorporating the best available 
process data for specific building materials manufacturers. These data are mostly from the late 1990s, mined from 
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the latest available Simapro Australian database (Grant, 2000), and so match appropriately the age of the base IO 
model. No other source of substantially better public domain process data is available to the author’s knowledge.  

The method demonstrated in this paper is different from that originally proposed by Treloar (1997) in that a database 
of process-based hybrid analysis values for building materials was first derived. Therefore the total energy intensity 
value of the inter-sector pathways, not the direct energy intensity values for which physical quantity data was 
obtained, was deducted from the total energy intensity of the residential building sector to give the ‘remainder’ (which 
in this case comprised only part of the IO component of the hybrid result). The ‘remainder’ thus corrects sideways 
and downstream truncation error. This ensures the IO component of the process-based hybrid analysis values relate 
to the physical quantity for the case study, not the national average model. This corrects an error in the original 
design of the IO-based hybrid analysis method (Treloar, 1997).  

Process-based hybrid analysis data was incorporated in the IO system boundary by first deducting the relevant 
pathway in total energy intensity terms, as noted above. Then the relevant process-based hybrid analysis values for 
the case study were substituted within the overall IO model, to ensure systemic completeness. The IO model from 
which these modified pathways were deducted did not include capital, as none of the process data included energy 
embodied in capital. This would change obviously if process data became available that included capital energy. 

A simple 270 m2 house (230 m2 residence and 40 m2 garage) was assumed with the following attributes: 
 Reinforced concrete slab (with 100kg of steel per cubic metre), carpeted over 80% of the residence, ceramic 

floor tiling over the wet area comprising the remaining 20% of the residence; 
 Timber framing throughout, R-2.0 fibreglass insulation in external walls, with steel lintels where required; 
 Pitched roof, clad with colourbond profiled steel decking, painted plasterboard ceiling with R2.5 fibreglass;  
 2.4 m ceiling height, with 25% of the external walls comprising double glazed windows; and 
 Brick veneer external wall construction, with painted plasterboard internal linings, R1.25 fibreglass and 

ceramic wall tiling in wet areas. 

4. RESULTS 

At the whole building level, a first approximation of the embodied energy can be given by multiplying the building 
price (assumed to be $175,000 in 1996-7) by the total energy intensity of the Residential Building sector including 
capital (10.633 gigajoules per thousand dollars, GJ/$1000). The result was 1866 GJ, worth about 20-30 years of 
operational energy. This was rounded to 1900 GJ to indicate a reasonable level of accuracy. The inclusion of imports 
and capital added about 65% to the primary energy model for residential building construction. 

Table 1 shows how the materials in each element of the building were quantified in physical terms, based on the 
assumptions listed in Section 3.2. Process-based hybrid analysis embodied energy rates for these materials were 
multiplied by the physical quantities in the units given. The modified proportion (MP) for each material represented 
the process component of each process-based hybrid analysis embodied energy rate. The corollary (unmodified) 
proportion in each case is the IO component. The modified proportion was multiplied by the embodied energy in each 
material to give the process analysis component of the embodied energy in each case, in GJ. For each element, the 
total embodied energy in GJ is also given in column 1, in parentheses, under the element name. 

The Appendix lists the embodied energy pathways extracted for the Australian Residential Building sector, 1996-7. 
The pathways are expressed in total energy intensity terms. Thus, all pathways terminating at stage 1 cannot be 
added to the pathways terminating at stage 2. For example, the pathway iron and steel into structural metal products
is an upstream component of the pathway structural metal products (as indicated in Figure 1). The bold pathways in 
the appendix represent pathways attributed fully or partially to the physical quantities of materials given in Table 1 for 
the case study building. The sum of these particular (bold) pathways represents the IO component of the model that 
were deducted from the total energy intensity of the residential building sector to give the ‘remainder’. The bold 
pathways are mutually exclusive, and thus can be added. The italicised pathways represent pathways that were 
included already upstream from the bold pathways, and are therefore not mutually exclusive of the bold pathways.  

The IO-based hybrid analysis technique amounts computationally to the task of adding 15 numbers together and 
subtracting the result from another number, as demonstrated in Table 2 (assuming the IO pathways were already 
extracted and understood). In Table 2, the bold pathways from the appendix are converted from GJ/$1000 terms into 
GJs of energy embodied in the case study building by multiplying their energy intensity value in GJ/$1000 by the 
price of the building ($175,500) and dividing by 1000. The pure IO total energy intensity including capital energy was 
10.633 GJ/$1000 (or 1866 GJ for this example house). The IO value of modified pathways was 4.254 GJ/$1000 (747 
GJ in Table 2). Deducting the IO value of modified pathways from the total gives us a ‘remainder’ of 6.378 GJ/$1000 
(1119 GJ for this example house). The modified component of the process-based hybrid analysis figure from Table 1 
was 941 GJ. The unmodified component in the process-based hybrid analysis is therefore the reciprocal figure, 1976-
941 = 1035 GJ. Adding this to the remainder of 1119 GJ gives a total unmodified (IO) component of 2154 GJ, or 
70%. The overall modified component, or the process analysis component, is the reciprocal: 30%. The total 
embodied energy from the IO-based hybrid analysis was 3095 GJ (1976 + 1119), or 11.5 GJ/m2 of building area. This 
compares well with previous IO-based hybrid analysis of houses (eg Fay et al., 2000, had a value of 14.1 GJ/m2).

Figure 3 shows the relationship between the process-based hybrid analysis and IO analysis values for the pathways 
relevant to the case study building. The process-based hybrid analysis values are generally higher than the IO values 
(ie, to the right of the diagonal line of ‘equivalence’, drawn from the bottom left of the graph to the top right of the 
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graph, with equivalent axes), as found previously by Treloar et al. (2001). This is because, for example, the national 
average house has part of a timber floor and part of a concrete floor. When one building with either flooring system is 
studied, the national average model has to drop the other system, resulting in an apparent over-estimation of a 
component of a pathway (and a compensating zero value for a component of another pathway). One has to visualise 
a pair of points for each affected pathway, with one value depicted in Figure 3 and another compensating point, with 
a zero value for the x-axis, invisible in Figure 3. The weighted average of the affected points and the compensating 
points with the same y-axis value, can be imagined varying about the line of equivalence. 

Table 1 Case study embodied energy, by material quantities and modified proportion (MP) 

Element material unit quantity 
(unit)

energy intensity 
(GJ/unit)

embodied energy 
(GJ)

MP
(%)

MP
(GJ)

Floor Membrane m2 350 0.51 180 12.2% 22
(1085 GJ) 32 MPa concrete m2 54 5.46 295 75.0% 221

Steel t 5.4 85.28 461 60.2% 277
Carpet wool m2 184 0.74 136 29.3% 40
Ceramic tile m2 46 0.29 13 9.0% 1

External walls Brick m2 133.2 0.56 75 71.4% 53
(285 GJ) Plasterboard m2 133.2 0.23 31 19.5% 6

Paint m2 133.2 0.10 13 14.9% 2
Timber framing m3 1.332 10.92 15 60.0% 9
Steel fixings t 0.05 85.28 4 60.2% 3
50mm fibreglass  m2 133.2 0.11 14 44.7% 6
4mm float glass m2 44.4 1.73 77 34.2% 26
Aluminium t 0.222 252.60 56 83.1% 47

Internal walls Plasterboard m2 150 0.23 35 19.5% 7
(69 GJ) Paint m2 150 0.10 14 14.9% 2

Timber framing m3 0.5 10.92 5 60.0% 3
Steel fixings t 0.05 85.28 4 60.2% 3
Ceramic Tile m2 35 0.29 10 9.0% 1

Roof/ceiling Colourbond m2 350 0.68 239 29.5% 71
(537 GJ) Reflective foil m2 230 0.14 31 83.1% 26

Timber framing m3 7 10.92 76 60.0% 46
Steel fixings t 0.1 85.28 9 60.2% 5
Plasterboard m2 270 0.23 63 19.5% 12
Paint m2 270 0.10 26 14.9% 4
Steel lintels t 0.5 85.28 43 60.2% 26
100mm f/glass m2 230 0.22 50 44.7% 22

TOTAL  - - - - 1976 47.6% 941

Table 2 Process-based hybrid analysis (PBHA) and input-output (IO) embodied energy (EE) values for case 
study pathways 

PBHA EE (GJ) IO EE (GJ) stage 1 stage 2 
98 192 Ceramic products 
295 158 Cement, lime and concrete slurry 
461 74 Iron and steel 
43 62 Structural metal products Iron and steel 
64 61 Other non-metallic mineral products 
128 59 Plaster and other concrete products 
96 48 Sawmill products 
180 29 Plastic products 
53 18 Paints
17 17 Fabricated metal products Iron and steel 
136 7 Textile products 
239 7 Sheet metal products Iron and steel 
56 6 Fabricated metal products Basic non-fe. metal and products 
77 4 Glass and glass products 
31 4 Sheet metal products Basic non-fe. metal and products 
1976 747 TOTAL for modified pathways 

5. DISCUSSION 

Environmental analyses such as life cycle assessments are complex tasks. Embodied energy analysis, while only 
looking at one environmental parameter, is arguably no less complex. In fact, an embodied energy analysis using a 
financial system boundary can be more complex than the most detailed environmental assessment, which might use 
dozens of environmental parameters in physical terms. However, the complexity of an assessment using both 
physical and financial quantities can be easily managed using the method demonstrated above.  
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pathways for case study 

It is important to discuss the issue of where the financial system boundary starts and stops. If a company pays for 
something, then it is essential for its operation, and it is thus included in the financial system boundary. Tax laws 
determine whether entertainment, for example, is a legitimate company expense. Workers’ meals, however, are not 
an allowable deduction, and this neatly demonstrates the issue of where to stop. In a physical system boundary, the 
decision of where to stop is driven arbitrarily by available time and data. In some physical system boundaries, the 
energy value of all workers’ meals (whether paid for by the company or not) are counted in embodied energy 
analysis, or even the fossil fuels embodied in worker’s meals (IFIAS, 1974). This does not agree with the financial 
system boundary, and seems arbitrary when one considers the other essential and ancillary processes routinely 
neglected in physical system boundaries. The international standard for Life Cycle Assessment (LCA) stipulates that 
the system boundary be chosen by a reputable practitioner on the basis of experience (see the ISO 14040 series of 
standards). However, if an LCA practitioner has never investigated the fine detail of a disaggregated IO model, they 
cannot be intuitive about whether or not they have chosen an appropriate system boundary. Similarly, if they have 
never studied capital energy, or if they have never added up the energy embodied in services, they cannot discount it 
legitimately without knowing whether it is insignificant or not. 

The case study presented herein did not include fixtures, services or external elements, for the sake of simplicity, but 
these are common exclusions in all but a few embodied energy studies (eg, inter alia, Treloar, 1996a, Fay et al.,
2000). Consequently, the proportion of the model comprising IO data (70%) is higher than some previous equivalent 
studies (as low as 50%). If these other items were studied, based on previous experience, it is unlikely that the 
proportion of the model comprising IO data would drop below 50%. The reason for this can be seen clearly from the 
appendix. The collection of physical quantities, of materials and energy (ie, process data), has to extend first to the 
pathways that were not addressed in this study (and these in the main are not typified by the building elements not 
addressed in this simplified case study, ie., fixtures, services and external elements). For example, pathway number 
13 is Wholesale trade and pathway 15 is Other property services. Process data for such products has never been 
collected and applied to an embodied energy study of a building (to the author’s knowledge). While the energy 
embodied in basic materials present in household appliances has been analysed (eg., pathway 16 and 51), the 
energy used to assemble household appliances (let alone other inputs of goods and services to household product 
manufacture, like insurance and marketing) is rarely considered in studies of entire buildings.  

The appendix also suggests an order in which to collect physical information for a residential building, in future 
studies. For example, Household appliances are more important that Iron and steel products. Similarly, Wholesale 
trade is more important that Plastic products. Also, rather surprisingly, Accommodation, cafes and restaurants is 
more important that Textile products. If companies pay for it, it is included in the financial system boundary. 
Each pathway is a function of the direct energy intensity of the sector and the IO coefficients that indicate how many 
dollars of the sector’s product is required per dollar of the downstream sector’s output. How can these individual 
components of the IO model be evaluated en masse? Even the case study presented in this paper makes radical 
simplifications. A few items in physical quantity terms have been assumed to represent an entire sector’s input to 
residential building construction. For example, Ceramic products was assumed to comprise clay bricks, and ceramic 
wall and floor tiles: but vitreous china sanitary ware was not quantified here, yet the entire pathway was deducted. So 
the final result in terms of embodied energy should be slightly higher, and the proportion of IO data in the final result 
should also be slightly higher. These types of simplifications and errors need to be investigated further, in great 
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depth. At this level of detail, the financial quantities assumed in the IO model need to be interrogated exhaustively. 
But there are thousands of them. And each time they are applied to a new case study, the circumstances change. 
What happens if we use physical quantities of materials and energy only, and no financial quantities (ie., no IO data)? 
We risk significantly underestimating the embodied energy, despite our best intentions (Lenzen and Treloar, 2003). If 
embodied energy is significantly underestimated, this disturbs our understanding of the life cycle consequences of 
initial and recurrent embodied energy. The risk here is that energy efficiency features, at the limit, could be favoured 
where the energy payback period is much longer than is reasonable, for example. 

6. CONCLUSION 

This paper aimed to show that both financial and physical quantities are required for environmental assessments. 
Relying only on physical quantities of materials and energy covers less than half of the embodied energy of a typical 
residential building. This finding is supported by previous applications of the IO-based hybrid analysis method to 
buildings. This paper adds a further dimension to previous studies by correcting a methodological error in previous 
versions of the IO-based hybrid analysis method. The current paper’s findings are limited to embodied energy 
analysis of complex products such as buildings, but environmental assessments of less complex products like 
individual building materials and products are complex enough for this method to be worth pursuing. Time and costs 
savings for such studies could be significant. The use of the disaggregated national average IO model to guide data 
collection also provides significant benefits to the quality of the results.  
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Appendix – Embodied energy pathways for the Residential Building sector, Australia, 1996-7 

Total Energy Intensities (TEIs) of paths, excluding capital energy, one and two transactions upstream from residential building
No. TEI (GJ/$1000) stage 1 stage 2 
1 0.3490 Direct primary energy required by residential building 
2 1.0940 Ceramic products 
3 0.8988 Cement, lime and concrete slurry 
4 0.7497 Structural metal products 
5 0.5704 Other wood products 
6 0.4508 Household appliances 
7 0.4222 Iron and steel 
8 0.3549 Structural metal products Iron and steel 
9 0.3490 Other non-metallic mineral products 
10 0.3368 Road transport 
11 0.3361 Plaster and other concrete products 
12 0.2722 Sawmill products 
13 0.2656 Wholesale trade 
14 0.2555 Fabricated metal products 
15 0.2131 Other property services 
16 0.1729 Household appliances Iron and steel 
17 0.1675 Plastic products 
18 0.1324 Cement, lime and concrete slurry Road transport 
19 0.1010 Paints
20 0.0986 Plastic products Basic chemicals 
21 0.0975 Cement, lime and concrete slurry Cement, lime and concrete slurry 
22 0.0961 Fabricated metal products Iron and steel 
23 0.0960 Iron and steel Iron and steel 
24 0.0942 Sheet metal products 
25 0.0908 Structural metal products Basic non-ferrous metal and products 
26 0.0879 Structural metal products Structural metal products 
27 0.0874 Ceramic products Other non-metallic mineral products 
28 0.0848 Other electrical equipment 
29 0.0807 Structural metal products Iron and steel 
30 0.0802 Other wood products Sawmill products 
31 0.0788 Plaster and other concrete products Cement, lime and concrete slurry 
32 0.0770 Other mining 
33 0.0658 Paints Basic chemicals 
34 0.0642 Other property services Other property services
35 0.0623 Household appliances Other electrical equipment 
36 0.0592 Other wood products Other wood products 
37 0.0526 Cement, lime and concrete slurry Other mining 
38 0.0518 Other machinery and equipment 
39 0.0505 Accommodation, cafes and restaurants 
40 0.0492 Plaster and other concrete products Road transport 
41 0.0475 Sawmill products Sawmill products 
42 0.0461 Ceramic products Road transport 
43 0.0461 Sawmill products Road transport 
44 0.0429 Other wood products Basic chemicals 
45 0.0418 Agricultural, mining and construction machinery 
46 0.0416 Structural metal products Structural metal products 
47 0.0414 Other wood products Road transport 
48 0.0410 Textile products 
49 0.0408 Legal, accounting, marketing and business 

management services 
50 0.0408 Sheet metal products Iron and steel 
51 0.0393 Household appliances Iron and steel 
52 0.0373 Road transport Road transport 
53 0.0365 Other business services 
54 0.0358 Fabricated metal products Basic non-ferrous metal and products 
55 0.0354 Household appliances Household appliances
56 0.0350 Sawmill products Forestry and logging 
57 0.0286 Plaster and other concrete products Iron and steel 
58 0.0284 Structural metal products Fabricated metal products 
59 0.0277 Wholesale trade Road transport 
60 0.0271 Plastic products Basic chemicals 
61 0.0263 Mechanical repairs 
62 0.0256 Basic non-ferrous metal and products 
63 0.0243 Other wood products Wholesale trade 
64 0.0242 Other non-metallic mineral products Road transport 
65 0.0241 Other electrical equipment Basic non-ferrous metal and products 
66 0.0226 Structural metal products Basic non-ferrous metal and products 
67 0.0226 Glass and glass products 
68 0.0224 Other machinery and equipment Iron and steel 
69 0.0222 Sheet metal products Basic non-ferrous metal and products 

Bold pathways, and those upstream from them, were replaced with process-based hybrid analysis figures in the case 
study. Italicised pathways include those incorporated in process-based hybrid analysis figures. These were not 
deducted from the IO model, as these were automatically deducted when the over-arching pathway is deducted. 
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Abstract: The visual character of buildings is often associated with the style of its construction - a set of 
visual characteristics that a group of buildings might share. These characteristics include the relationship 
of the parts of the building to each other and to the building as a whole, the use of ornament and visible 
textures, and the scale of elements within the composition. Alexander (Alexander, 2002) and Rapoport 
(Rapoport, 1990) have discussed how these visual features affect urban coherence, and the way that 
people behave in public spaces. Using algorithms developed within robotic research that enable a 
computer to interpret a visual environment (similar to those used in medicine and facial recognition for 
instance), this paper outlines how algorithms can be used to study the visual properties of the built 
environment. The paper discusses how the urban texture of houses within the streetscape, at the scale of 
the individual, relates to the urban visual character of precincts within the city. The architectural drawings 
of a house designed by Le Corbusier and the street frontages of post war and federation houses are 
visually analysed using Archimage, software developed by the authors for this type of analysis.  
 
Conference theme: Effective tools: design, assessment, operation 
Keywords: Streetscape, visual analysis, architectural style 
 
 

INTRODUCTION 
 
Planning authorities use words like sympathetic, compatible, historically significant, sense of place or identity when 
evaluating streetscape character. However such descriptions are necessarily subjective and qualitative, leading to 
extensive debate and limited objectivity.  
How new buildings relate to existing urban settings has become an important point of debate in architectural, planning 
and public policy forums (Groat, 1988).  
In deference to new buildings within the natural landscape, or those that are visually removed from the public space of 
the street, buildings that infill urban and suburban streets visually relate to nearby buildings and become part of the 
existing streetscape.  
In a legislative or policy sense the definition of streetscape, as described in the Environmental Planning and Assessment 
Act is: the character of a locality defined by the “spatial arrangement and visual appearance of built and landscape 
features when viewed from the street” (Env. Planning Act, 1979). For parties in dispute over the effect of proposed 
building works within a streetscape, this definition becomes a critical and potentially costly factor (DIPNR, 2004; VicD.I., 
2001). Such policies and practices signal the importance of determining some measure or dimension that could be used 
for describing or defining the visual character of a streetscape. Only by defining these processes more clearly can 
creative solutions be found for new buildings in areas with a well-established street character (RAIA, 2004).  
 

1. VISUAL CHARACTER OF THE STREETSCAPE 

1.1  Qualitative Measures 

The character of a street, or its genius loci, is a unique and distinguishing quality that differentiates one place from 
another (Norberg-Shulz, 1963). From the perspective of a resident, it can represent a collective identity (Smith, 1997) 
and be valued for more than its purely functional quality would suggest. Part of this value is found in the meanings local 
communities attribute to features or elements within the street. 
Specifically streetscape is defined as either the transition space between the private and public realms or the delineating 
zone between an individual and society (Fiske, 1987; VicD.I., 2001). By understanding that the space outside a dwelling 
is used differently from the space inside, the transition zone becomes a formal representation of the coexistence and co-
dependence of internal and external areas. The publics’ right to look—and indeed to share symbolic possession through 
active or passive surveillance—suggests that the owner of a private space has some obligation to provide a public front 
to their personal dwelling 
While planning diagrams concentrate on the functional and formal requirements of the built landscape, little attention is 
given to obtaining information about the visual character of the urban environment which is what people experience.  
Quantitative measures such as the height of a proposed building and other density measures can be determined quickly 
and accurately. Fisher-Gewirtzman, Burt and Tzamir (Fisher-Gewirtzman, 2003a) states that physical and psychological 
“qualitative parameters” such as texture, privacy, colour, and nostalgia also play an important part in making places 
liveable. However these aspects of the built environment are difficult to measure as they are open to the interpretation of 
the individual. Hull states that this can result in changes that disassociate residents from their “place based communities” 
(Hull IV, 1993). In cases where the character of a street or locality requires improvement, the challenge is to identify the 
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physical attributes of the preferred character while developing the broader infrastructure and amenity within the locality 
(Townsend, 2001).  
 

1.2  Analysing Visual Character within the Streetscape 

When new buildings are proposed in heritage conservation areas, development is regulated by Development Control 
Plans (DCP) that provide guidelines about the shape, form and detail that new houses, alterations and additions should 
take (DIPNR 2004). For buildings to be approved, planning authorities must assess these qualitative aspects of existing 
urban areas such that decisions can be made about proposed changes 
By understanding that the visual amenity of streets within a city plays an important role in creating a sense of place and 
community for its citizens (Lynch 1960) they attempt to sustain, through regulation, an urban pattern that has become 
valued by the community.  
There are two stages in defining the nature of existing visual character of a streetscape. The first is an objective analysis 
of visual elements within the streetscape that may provide a measurable outcome. The second stage involves a decision 
about the importance of the patterns of elements in relation to others (Alexander, 2003; DIPNR, 2004; VicD.I., 2001). 
It is this first stage that our research is concerned with, and in particular how the visual properties of a streetscape might 
be interpreted without first having to interpret its ‘style’.  
Fisher-Gewirtzman (Fisher-Gewirtzman, 2003a) points out that while density measures might be relevant to planning at 
the scale of the city or region they are of little use when considering the degree of enclosure or openness within a 
particular urban space. She reflects that understanding the relationship between the built form of the street and 
surrounding urban space is fundamental, “appropriate thorough work is needed to develop sharper evaluation, control 
methods, and predictive tools, conditioned to the human perception of space.”  
When evaluating the effect of changes to the streetscape, changes to the façade of a dwelling for instance, Alexander 
(Alexander, 2003) suggests that the analysis be undertaken at different scales and include; views of the locality or 
neighbourhood; views within the street (the character precinct); and views from the front of adjacent properties. At the 
scale of the neighbourhood, elements such as the topography, street pattern, vistas and the prevailing character of the 
urban space are to be examined.  
The character precinct is conceived as a fundamental unit of streetscape character as it attempts to find elements that 
have a strong visual relationship to each other within an urban scene (Alexander, 2003). Elements to be examined at this 
scale include street fixtures and furniture, patterns of lot widths, outline, composition and any symmetries of the built 
form, extent of light and shade within the built form and on the ground. At the scale of the adjacent properties, elements 
to be examined include the built form (including solid and void), horizontality and verticality of the elements within the 
façade, the intricacies of line within the street façade, colour and texture of the materials. 

1.3  Surfaces and Boundaries Of The Streetscape 
While Hillier (Hillier, 1984:p1) states that a building’s purpose is to transform space, Salingaros (Salingaros, 1999b) 
asserts that it is the information within the surrounding surfaces of the open space that is perceived, and is of greater 
importance than an analysis of a plan that is not perceived at all.  
Differentiations in the surface of the open space caused by colour, texture and ornamentation are considered significant 
subdivisions within the surface of the streetscape even when their effect on its form may be minimal (Moughtin, 1999; 
Salingaros, 1999b).  
Visual diversity relates to the rate at which usable information is made available to the viewer, or by the rate of change of 
the “noticeable differences” (Rapoport, 1990:p269). Depending on the way that the differences are gradually revealed, 
the experience of walking down a street might then feel in turn monotonous, surprising or familiar. For instance where 
the streetscape is visually consistent with a “strong order” (Rapoport, 1990:p269) minor variations become noticeable 
against a familiar background and contribute to its complexity. While noticeable differences may occur within any of the 
five senses, this study is only concerned with those of a purely visual nature. These visual differences will form a 
boundary of an “element”, and it is the term that will be used when describing the visual diversity within a surface.  
Importantly the perception of an element is a condition of the surface that surrounds it and is perhaps reinforced by the 
juxtaposition of nearby elements (Rapoport, 1990:p273). 
The boundaries of the elements then remain an important consideration, while the surface within the element is of less 
consequence. Streetscape character is specifically shaped by the boundaries between the elements that constitute the 
street wall or façade of the urban space. How those elements are organised and perhaps related in patterns within a 
specific urban or suburban built environment defines it visual character (Kropf, 1996). Surfaces of the open space that 
are orientated perpendicular to movement create a local spatial boundary (Salingaros, 1999b); Theil, Harrison and Alden 
(Theil, 1986) state that the visual boundaries within the surface of a space define its degree of enclosure in a more 
significant way than simply determining how large it is. 
Research undertaken by Al-Homoud and Natheer (Al-Homoud, 2000) supports this by finding that vertical objects 
‘determine our perception of spatial enclosures’ more than horizontal elements within urban spaces do. 

1.4  The Significance of Detail within the Façade of Buildings 
Many researchers have shown that the character of, and preference for a building often depends on the detail within its 
façade (Stamps III, 1999). Moughtin et al. (Moughtin, 1999:p25) suggests that decoration, ornamentation and articulation 
within a building’s façade is the ‘means by which a variety of visual experiences are introduced to the viewer’. Brolin 
(Brolin, 2000) adds that the ‘small scale details’ of visual texture are the most critical factor to consider when locating a 
new building within an existing built context. Hull et al (Hull IV, 1993) finds that decorative style valued highly by 
residence, possibly because it creates a sense of identity by distinguishing one place from another. 
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Methods used in architecture to determine scale within a building include massing, where the largest scale is usually 
defined by an outline of the building itself (Salingaros, 2000b).Elements within the façade such as openings, detail, trim 
and the material itself will then successively identify smaller scales.  
Symmetry is a condition of massing and is manifested through the recurrence of shapes in a regular way, and can help 
connect elements forming a single element at a greater scale (Salingaros, 2000b). Once formed, this arrangement can 
be thought of as modular, repeated through the ‘economy of thought and action’ (Salingaros, 2001). 
Salingaros (2003b) reflects that successful building facades within an urban space feature a ‘continuous swath of high-
density visual structure that the eye can follow in traversing their overall form’. 

1.5  Texture Of The Streetscape 
Texture is a property of all surfaces and is one of the characteristics used to identify visual regions bound by edges 
within an object. It can be described as the ‘structural arrangement of a surface and the relationship that one 
arrangement has with others surrounding it’ (Schira, 2003).  
Salingaros (Salingaros, 1999b) comments that contemporary building materials and methods used to replicate traditional 
façade styles might ‘minimize the information field’ and subsequently not provide the visual field associated with the 
traditional building. The replication of an existing style is considered an acceptable and often desirable solution from a 
planning perspective (Alexander, 2003) regardless of the characteristics of materials used. However it is important that 
the visual qualities of contemporary buildings are understood in relation to the existing visual context even at this scale. 

1.6  The Visual Properties of Style 
Alexander suggests that good design consists of certain definable properties including, Levels of Scale, Strong Centres, 
Boundaries, Positive Space, and voids to contrast with surrounding information (Alexander, 2002).  
According to Alexander, shapes within a composition must express a number of levels of scale in order to make them 
coherent with one another. Individual parts within a composition are intensified by their position within the structure and 
by their relation to a focus point which he calls a centre.  
 

‘I use the word centre to identify an organised zone of space – that is to say, a distinct set of points in space, which, 
because of its organization, because of its internal coherence, and because of  its relation to its context, exhibits 
centred-ness, forms a local zone of relative centred-ness which respect to the other parts of space.’ (Alexander, 
2002:p84)  

 
Zucker and Terzopoulos similarly describe texture as ‘a global pattern arising from the repetition, either deterministically 
or randomly, of local sub-patterns. The structure resulting from this repetition is often important in discriminating between 
different textures.’ (Zucker, 1980) 
Alexander states that ‘Boundaries do the complex work of surrounding, enclosing, separating, and connecting in various 
different geometric ways..’ (Alexander, 2002:p159) They should exist at various scales through the composition. The 
boundaries weight should correlate with the scale of the shape it is binding, for example larger shapes require larger 
borders, smaller shapes require smaller borders. Newman states that boundaries contribute to defensible space, and 
can be real or symbolic  Whether the boundary is a high wall or the change in surface texture, they both serve to indicate 
a transition from public to private space ‘where one’s presence requires justification’ (Newman, 1972 p63).  
Furthermore, Gehl observes that conversations in streets occur more frequently when a yard is delineated by a boundary 
such as a low wall (Gehl, 1996:p192). These boundaries create resting places which Gehl states are important in 
enabling people to stay longer in the semiprivate area in front of their house increasing the possibility for interaction with 
passers by. This activity on the street is an important factor in making places liveable ‘people come where people are.’ 
(Gehl, 1996:p27). He has observed that these characteristics are more likely to keep people in the public realm for longer 
periods.’ These areas might be what Alexander calls positive spaces (Alexander, 2002:p173). This concept could also be 
applied to the façade of a building. A positive space or shape is one which surrounds another shape or space and is able 
to be considered as a shape or space in its own right. The whole composition is then considered so ‘there is not a single 
place which is leftover’ (Alexander, 2002:p176). According to Alexander, a void can unify the structure of a composition 
by providing a focal point for surrounding details and elements (Alexander, 2002:p222). The porch of a bungalow could 
be read as a unifying void for the façade of a house. The uniform shade made by this space can create a place for the 
eye to rest, and contrasts with the higher levels of visual information in the rest of the façade.  
Factors determining the perception of a buildings character are not limited to the building itself. As Alexander points out  
a view of the building as a whole means that we see it as ‘part of an extended and undivided continuum’. The façade is 
not an image in itself, but part of the streetscape which includes the ‘gardens, walls, trees, streets beyond its boundaries 
and other buildings beyond those’ (Alexander, 2002:p80). Tree lined streets are more visually complex, and been found 
to instil positive emotional responses when compared to streets with no trees. (Nelson, 2001). Moreover studies have 
shown that a tree is preferred in terms of how full its canopy is, with a full canopy being the most preferred (Nelson, 
2001) 
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2. ASSESSING THE VISUAL PROPERTIES OF ELEMENTS WITHIN THE STREETSCAPE 

2.1 Introduction 
Algorithms are being used to understand the visual properties of physical environments in a number of fields including 
biology, medical diagnostic imaging, remote sensing, space exploration, defence and security. Analysing the built 
environment is an extension of these applications and might show if there are consistent visual characteristics to why 
some environments are highly valued, safe or sustainable. A tool that was also able to consistantly analyse the visual 
characteristics of the environment might also assist the assessment of buildings by planning authorities. 
Visibility analysis supported by computer algorithms makes it useful for a comparative analysis because the 
representational and symbolic meanings attributed to a building play no part. The organisation of the elements can be 
analysed without having to interpret them at the beginning of the process, and any part of any streetscape can be 
assessed using the same processes. This is not to say that representational meanings are not important to the visual 
character of a streetscape, but that an interpretation of these elements might follow an algorithm derived visual analysis. 
 

2.2 Analysis using Archimage 
Computer software, named Archimage, has been developed that utilises algorithms to analyse the visual properties of 
architectural images. The diagrams on the following page show how the architectural drawings of the Maison Canneel in 
Brussels, a project house designed by LeCorbusier, can be analysed using Archimage.  
Figure 1 is a drawing of the east elevation of the Maison Canneel that has been scanned from a book containing the 
drawings and models of many of LeCorbusiers houses (Laboratory, 2001). Archimage first processes the image by 
converting the original image into a diagram where edges, or areas of high contrast between adjacent pixels, are 
highlighted (Tucker, 2006). This process eliminates pixels within the image that are not detected as edges. This diagram, 
called the Line Image, can then be processed using the Hough Transform (HT).  
Figure 2 shows the Hough acculumator, the resulting graph after the HT has been applied to the Line Image. The 
Hough Transform is an algorithm that detects the likely direction of a line (or edge) that any pixel in the image might be 
part of (Tucker, 2005a). It shows the angle and distance of all pixels within detected lines from a predetermined origin. 
Lines with the greatest number of edge pixels within them appear as ‘bright’ points within the array. In Figure 2 the top 
40 ‘bright’ points have been highlighted with a small red square. The HT finds edges that are continuous; such as the 
drawn lines of the walls, and also those that are discontinuous; edges that appear to form a line but are separated by 
gaps. Detecting lines that are discontinuous, but perceived by humans as an edge, is an important part of Gestalt 
psychology (Chalup, 2007; Guy, 2002) and necessary for a visual analysis of existing buildings (Tucker, 2004). The HT 
also translates edges or lines of two dimensions within the image into points of one dimension, making the array a 
diagram that can be more easily compared with others (Song, 2005). Finding similarities and differences between the HT 
arrays enables them to be clustered, and can show where dwellings of the same or dissimilar architectural styles might 
share particular visual characteristics (Chalup, 2007). Fo instance determining whether an image of the streetscape 
exhibits more horizontal or vertical lines can be related to feelings of privacy (verticality) or publicity (horizontality) (Al-
Homoud, 2000).  
Figure 3 is called the HT Polar array, where the Hough accumulator array explained above is expressed as a polar 
graph. The HT Polar array locates the angle and strength of the top 40 lines found lines in relation to the centre of the 
image – the size of the bubble relating to its strength. Like the HT array graph in Figure 2 the graph allows comparison 
between images.  
Figure 4 shows a calculation of the fractal dimension using the box counting method. The automated technique 
develops the work undertaken by Bovill and Weidemann (Bovill, 1996) and uses methods developed by Fouroutan, 
Dutilleul and Smith (Foroutan-pour, 1999) to determine the best approximation for the fractal dimension. Salingaros et al 
(Salingaros, 1999a) has discussed the relationship between a higher fractal dimension and successful urban spaces.  
Figure 5 shows the inverse Hough Transform where the top forty lines found within the image that have the greatest 
strength are placed back over the original image. Because the lines are now drawn over the image from mathematical 
formula they are at infinite length (not bound by the pixels that created them). 
Figure 6 is a diagram called the Line Strength. By considering that every pixel in the Line Image is part of a possible line, 
the Archimage software successively counts detected lines that contain only 3 pixels, then 4 pixels and so on until all 
lines of all pixel lengths have been counted (greater Line Strength relates to lines that have a greater number of pixels 
within them). The number of lines for each angle are added together and the value recorded as a point in the graph. The 
contour lines within the graph represent line counts at 50 pixel intervals (y axis) against the angle of the line (x axis). 
Horizontal lines are shown as peaks in the centre of the graph, vertical lines peak at the edges of the graph. This method 
allows a single pixel to be recorded in any number of discreet lines and can show the relative connectedness of a pixel in 
relation to others.  
By successively counting the number of detected lines the graph shows how line length is distributed within the image. 
As there are many lines within an image that can be formed by aligning a small number of pixels, the first contour line 
tends to be a near horizontal line at the top of the graph. As the required number of pixels within a line gets larger (eg 
100) the number of detected lines reduces and the orientation of more significant detail within the image is revealed. 
The terrain of the developed graph (for example shown in Figure 14) shows the distribution of line length as gradient. 
The gradient implied within the graph shows; how evenly line length is distributed throughout the image; and what the 
dominant orientation of lines within the image is. When comparing traditional dwellings, such as a federation terrace, and 
a modern suburban dwelling this density of visual information can differentiate the two styles. 
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Figure 1 East elevation  Figure 2 East elavation HT array Figure 3 East elavation Polar HT array 

   
Figure 4 East ele. Fractal Dimension Figure 5 East elevation Inverse HT Figure 6 East elavation Line Strength 

   
Figure 7 South Elevation  Figure 8 South elavation Inverse HT Figure 9 South elavation Line Strength 
 

   
 Figure 10 Bungalow 1 image Figure 11 Bungalow 1 Line Strength 
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Figure 12 Post war style 1 and Line Strength diagram  Figure 13 Federation style 1 and Line Strength diagram 

   
Figure 14 Post war style 2 and Line Strength diagram  Figure 15 Federation style 2 and Line Strength diagram 
 

3. ARCHIMAGE ANALYSIS OF THE MAISON CANNEEL ELEVATIONS  

A study of the elevations of the houses of LeCorbusier is presently being undertaken to test and understand how the 
Archimage software functions when analysing architectural drawings. From this study the Maison Canneel has been 
shown as an example.  

3.1 Fractal Dimension calculation (D) 
The fractal dimension of the east elevation (Figure 1) is 1.58 and the South elevation (Figure 7) is 1.33. The higher 
fractal dimension of the east elevation is due to the greater spread of visual information at different scales across the 
elevation. For instance, the windows in the east elevation are broken down into smaller framed units of varying sizes, 
while the windows in the south elevation are of a similar size and are placed within a larger expanse of flat wall. 
Salingaros (Salingaros, 2000b) has discussed how the visual properties of a buildings façade that provide higher fractal 
dimensions are preferred by people who interact with them (see also section 1.4). As the east elevation is the street 
facing façade of the Maison Canneel, the higher fractal dimension might help the building relate better to the street. As 
the study continues this relationship between the different facades of his buildings will be analysed.  

3.2 Line Strength diagram  
The line strength distribution within the east elevation (Figure 6) is more even than that found in the south elevation 
(Figure 9), reflecting the higher fractal dimension found within the image. The Line Strength diagram of the south 
elevation also shows some peaks around the 45 and 135 degree angles. These lines are not drawn within the image but 
are implied by the arrangement of the elements within the façade. They may also relate to the regulating lines that Le 
Corbusier has discussed as being an important part of façade composition (LeCorbusier, 1954 p34). 

4. ARCHIMAGE ANALYSIS OF DWELLING FACADES 

4.1 Introduction 
The following is a discussion of how Archimage software is being used to visually segment images of the streetscape. 
The intention with the software is that it will provide a numeric analysis of the visual environment incorporating the 
distribution of; length and relative size of visual boundaries, colour and contrasting elements. At this stage of the study 
we are assessing how different algorithms analyse the visual environment, and whether this analysis might be useful for 
the goals we have of the software. Our methodology is to proportionally combine the analysis of different algorithms, 
providing an insight into how the built environment is visually structured. To test our method and analysis we have 
compiled a photographic database of around one thousand images of the street facing façade of dwellings within the 
Hamilton South Conservation Area (HSCA) in Newcastle. The conservation area has a number of houses of a number of 
identifiable styles, allowing groups of facades to be analysed using Archimage.  

4.2 Fractal Dimension calculation (D) 
The fractal dimension of each of the two Post war style houses (Figure 12 & 14) is 1.65, and the fractal dimension of the 
two Federation style houses (Figures 13 & 15) is 1.73 and 1.61 respectively. The post war houses have similar form and 
method of construction, but it is the small scale detail that each have (in different forms) that is keeping their fractal 
dimension similar. Figure 12 has more detail within the windows while Figure 14 has rose bushes in the front yard. In 
comparison with the calculation of D for the ‘line art images’ (section 3.1), photographs of buildings of different styles 
tend to show less variation in D. This is because more detail is captured within a photo that the line art image does not 
represent (eg shadow, texture, foliage, reflection) - this increase in visual information, particularly at smaller scales, 
produces higher values of D, compared with the same building drawn as a line image. The parameters that control the 
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threshold for processing visual information within Archimage can be adjusted to reduce some of this noise, but it is 
unclear how much this information is important to the visual satisfaction of a building. As the study continues the 
variation in the calculation of D based on variations in the visual threshold can be discussed more thoroughly.  
Calculating D for actual photographs of buildings, in difference to line images, appears to be the most beneficial in 
understanding the visual differences between buildings and streetscapes. A photograph more closely represents the 
actual visual qualities of standing within a street, and has the immediacy required by a tool for assessing the visual 
character of existing streets. 

4.3 Line Strength diagram 
The line strength diagram for each house of the same style shows similarities; the peaks and distribution of line strength 
(gradient) have similar characteristics. The diagrams show the differences between the two styles; the post war style 
houses have peaks either side of horizontal that become more horizontal as the line strength increases. It is the visual 
characteristics of the tile roof and masonry walls that are responsible for this. The federation style dwellings have more 
vertical lines, and the distribution of line strength is more even than the post war diagrams shown. How these diagrams 
can be compared with each other using other computer algorithms is currently being investigated. 

5. Conclusion and Future work 

Using algorithms to analyse the visual properties of the streetscape provides an insight in to the visual characteristics 
that define the style of a building, and provides an analysis of the visual environment that has previously not been 
possible. This analysis is particularly important for localities where the visual environment is protected by heritage 
controls, or has become valued by its residents. While planning controls attempt to sustain these visual environments, 
our photographic database of houses within a conservation area and has shown that much of the built work undertaken 
while the controls have been in place has not retained the visual character of the conservation area. There may be a 
number of reasons for this including; a preoccupation with the replication of the federation style even if the original 
building is a different style (see Figure 16); a misunderstanding of the visual requirements of a style; the use of modern 
construction materials and methods to replicate a style that requires other construction methods; and a lack of 
recognition by planning authorities that the detail within a buildings façade provides important visual information. 
Understanding the visual characteristics of the built environment within heritage conservation areas might also allow new 
buildings to be proposed that are of a different style, but none the less retain the visual character of the area. New 
requirements for houses to meet low energy design criteria is also effecting the form and detail within houses. 
 

 
Figure 16 Images of houses within the HSCA that have undergone an upper storey addition in the last ten years. 
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ABSTRACT: There is considerable evidence of general student scepticism regarding the purpose of team 
assignments and high levels of concern for the fairness of assessment procedures when all members of a 
team receive the same grade. Some educators are similarly anxious about not only the validity of team 
grades, but also the need to assess ongoing team processes in addition to the final assignment product. 
 
This paper offers self-and-peer-assessment (SAPA) as a fair, valid and reliable method of producing 
information about ongoing team processes. The paper examines a pilot study investigating an online 
SAPA tool originally developed for a small class of architecture students. This tool is adapted for use for by 
students completing team assignment in two further architecture design units and for a very large class of 
800 business communication students. The sample students studied on four campuses, as well as in off-
campus and offshore modes. The paper focuses on the initial stages of the study to demonstrate how 
researchers from very different backgrounds collaborated to adapt the online tool and implement a pilot 
study whilst maintaining both comparability of assessment and integrity of research design. 
 
Conference theme: built environment education 
Keywords: Online Self and Peer Assessment, Group Learning 
 
 

INTRODUCTION 
 
While a range of online SAPA systems exist or are under development in Australia and internationally, many embody a 
specific SAPA method/philosophy and would require additional coding to be useful in alternative applications. Moreover, 
while many of these online SAPA systems developed in academic contexts are freely available for academic use 
elsewhere, almost all are based on open-source database platforms that, while good for minimising software costs, are 
currently incompatible with the centrally supported Oracle-based corporate database environment common to some 
universities. 
 
This position paper discusses a concurrent project evaluating and developing in cross-disciplinary and cross-faculty 
contexts a prototype on-line self-and-peer-assessment (SAPA) model originally devised during a three-year group-
learning research program at an Australian school of Architecture and Building. The wider three year research program 
has focused on the pedagogy of design collaboration in small groups. The current project is piloting the SAPA model in 
three courses that require a combined total of nearly 2000 students to take part in collaborative group assignments. The 
evaluation and further development of the SAPA model are prerequisite to the implementation of an Oracle-based 
system that would provide a centrally supported online SAPA model available university-wide.  
 
Two of the courses that will pilot the prototype online SAPA system are offered to students of Architecture and Building, 
and the other is offered to students of Business & Law. One of the architecture units is a technology lecture-based 
subject (Building Environmental Studies), while the other is a design studio-based subject, and both are studied by 
students enrolled in the Architecture, Construction Management (CM) and Architecture/CM combined degrees.  
 
The project addresses four principal research objectives under the banner of ‘Fair Assessment and Effective Reflective 
Learning’. These are: 
1.  To determine the accuracy of the SAPA model by triangulating with qualitative student feedback the quantitative 
analysis of student marks. 
2.  To compare the benefits of different reflective components of SAPA across cohorts and disciplines i.e. by exposing 
some students to qualitative peer feedback, some to quantitative feedback, some to both and some (as the model has 
previously been limited to) to no peer feedback. Through this, guidelines will be drawn up that will allow unit chairs to 
tailor the SAPA model to the pedagogic aims of the team assignments of their own disciplines. 
3.  To determine the extent of collusive assessment in the present model and through this to resolve unfair online peer 
assessment. 
4.  To evaluate the practicality of an on-line SAPA model for large cohorts i.e. 1800 students in comparison to the 160 
students that have previously trialled a prototype system. 
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1. BACKGROUND 
 
The use of group/team work in higher education has been increasing, driven by a range reasons; including i) peer 
learning can improve the overall quality of student learning; ii) group work can help develop specific generic skills sought 
by employers; and iii) group work may reduce the workload involved in assessing, grading and providing feedback 
(James, McInnis, & Devlin, 2002). In addition to concerns about a lack of perceived relevance and overuse of group 
work, one of the strongest concerns reported by students is the possibility that group work may not fairly assess 
individual contributions (James et al., 2002). Self- and peer-assessment (SAPA) is advanced here as a valid and reliable 
alternative and/or supplement to teacher-only assessment of individual contributions to group work ((Nancy Falchikov & 
Goldfinch, 2000); (Sluijsmans, Dochy, & Moerkerke, 1999)). 
 
Other benefits of SAPA are also reported; namely, promoting effective teamwork (Brown, 1995); developing professional 
skills in self-reflection on behaviour (Sluijsmans et al., 1999); overcoming self-rater problems when self-assessment only 
is used (Freeman & McKenzie, 2002); developing professional graduate attributes for working in multidisciplinary teams 
and lifelong learning; shifting the student’s role from passive receiver to active participant in learning; making learning 
objectives and desired performance levels explicit to students (McGourty, Dominick, & Reilly, 1998). Applications of 
SAPA are reported in a wide range of academic/discipline contexts (Topping, 1998), including teacher education 
(Sluijsmans, Brand-Gruwel, & Van Merriënboer, 2002), computer programming (Sitthiworachart & Joy, 2003), 
architecture (Tucker & Rollo, 2006), medicine (Sullivan, Hitchcock, & Dunnington, 1999) and engineering (Brown, 1995; 
McGourty et al., 1998). 
 
It is reported that SAPA, while being a strategy for coping with the volume of assessment and feedback required for large 
classes, can create a large volume of assessment data and be very time consuming if implemented manually 
(Ballantyne, Hughes, & Mylonas, 2002). In a 1998 review of peer assessment it was noted that computer-assisted peer-
assessment was an emerging trend (Topping, 1998).  Examples of the benefits of online SAPA systems can be found in 
the literature, including confidentiality (Freeman & McKenzie, 2002) and improved efficiency (McGourty et al., 1998). The 
successful use of group work involves much more than effective assessment (computer-based or not). It includes the 
design of assessment tasks suited for completion by teams, development of team work skills by students and the on-
going management of group dynamics during the course of the team work. Design of processes and tools for the 
assessment of group work in isolation of consideration of these other factors is unlikely to produce a successful outcome 
(Freeman & McKenzie, 2002).  
 
2. SAPA PILOTED IN ARCHITECTURE AND BUSINESS AND LAW COHORTS 
 
2.1. SAPA at Deakin 
The research project introduced here addresses rapidly emerging deficiencies in the current assessment structures of 
group teaching that are, it has been demonstrated (see (Tucker, in print)), highly unpopular amongst staff and students. 
If these deficiencies remain unchecked, the teaching of effective collaborative learning and team-working skills is 
impaired, and, moreover, the unpopularity of group-work blights the implementation of pedagogic strategies that, under 
the strain of increasing student to staff ratios, aim to overcome resource intensive individual assessment. 
 
The following broad conclusions have been published on the use of online SAPA as a solution to group assessment 
deficiencies at a school of Architecture and Building (Tucker, in print). Firstly, the quality of work as measured in grades 
has increased in group-design assignments when continuous peer assessment is used to assess individual contributions 
instead of that assessment model common to most group projects – i.e. all team members receive the same grade. 
Secondly, students greatly prefer continuous online peer assessment of an individual’s contribution rather than all team 
members being allocated the same mark. Indeed, this prior research has shown that the introduction of a more 
participatory student-centred assessment forum, where reflective learning takes place with peers, appears to empower 
students to develop in tandem with their creative skills the diverse interpersonal, professional, and cognitive and conflict 
management skills needed to filter and synthesise more efficiently the information necessary for working in teams.  
 
The prototype SAPA system reported on here is still to be systematically evaluated, remains untested in other schools, 
and requires further development to allow for its tailoring to the pedagogic demands of other disciplines. Such 
development, discussed in this paper, will establish not only a resource efficient solution to unfair assessment in group 
assignments, but through this will identify indicators and benchmarks yielding best practice methods for developing 
collaborative education structures. These structures will ensure high levels of knowledge acquisition and performance 
standards within student cohorts. The SAPA model advanced in this paper also had to address a number of core 
university teaching and learning policies and procedures on assessment. We shall now briefly consider how these 
restrictions affected the design of our research and our use of SAPA. 
 
2.2. Comparability of assessment and the transparency of assessment and its pedagogical intent 
Assessment practices and procedures at universities should ensure quality control, consistency and equity in 
assessment. The development of a SAPA model and the testing of its variations can present, however, challenges to 
maintaining assessment comparability. The internal funding body of teaching and learning research projects at the 
university where our model was trialled, for instance, demands that projects are completed within one calendar year. 
This restriction has meant that to maintain the integrity of research design and data collection, our project could only 
compare variations on the SAPA model across two test cohorts, for in 2007 only two cohorts of equivalent demographics 
were enrolled in courses with equivalent pedagogic challenges and the same teachers. The availability of only two test 
cohorts led to a restriction in the SAPA variations that could be compared. The project had originally intended to 
compare against a control group (which did not use SAPA) four variations on the type of peer feedback that team-mates 
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would receive on their contribution to a collaborative project. These variations were; i) no peer feedback; ii) quantitative 
peer feedback only; iii) qualitative feedback only; and (iv) both quantitative and qualitative feedback. 

 
Whilst it had originally been envisaged that, for an 800 student cohort, teams might be given the choice of what type of 
feedback they preferred, this option was rejected on two counts. The first was the likelihood of validity impairing biases 
that are inherent in self-selection skewing the exit questionnaires, and the second was incomparability of assessment. If 
we divorce assessment from feedback, it could be argued that the self-selection of feedback type here would not 
differentiate assessment, for no matter what peer feedback a student received their final mark would be arrived at via the 
same process i.e. a student’s individual mark would be calculated by adjusting the team grade (assessed by the teaching 
team) by peer assessment of that individual’s contribution. In line with research that has shown the advantages of 
students benefiting in the short and long-term from peer feedback (Topping, 1998), it was decided not to risk 
disadvantaging students by offering those in the same cohort different forms of feedback. This decision meant, however, 
that only two feedback options could be compared in two test cohorts, and, moreover, that this would leave no control 
group. Extending the research program one semester beyond the calendar year offered the following solution to this; 
during the first semester of 2007 the first pilot cohorts would have access in the SAPA to both quantitative and qualitative 
assessment. During the second, the comparable cohorts would receive no peer feedback. All cohorts would be asked to 
complete entry and exit questionnaires on their experience of group work prior to and after their use of SAPA. Finally, in 
the first semester of 2008, entry and exit questionnaires would be offered to a control cohort who did not use SAPA. 
Thus, adopting this revised program made it possible to compare the feedback of students not using SAPA against those 
using SAPA with peer feedback and those using SAPA without feedback. 
 
The primary focus of assessment should be to encourage, direct and reinforce learning. Assessment should therefore be 
designed to assist students in their learning. Assessment should also be capable of indicating achievement, maintaining 
standards, providing certification and be as transparent as possible. Assessment tasks devised for a course or unit 
should therefore explicitly reflect in scope and depth the stated objectives for that course. Assessment transparency 
should not be restricted to giving the students a precise explanation of how a SAPA models calculates individual 
contribution, it also requires that students are made aware of the pedagogical intent of the model and, in the case of 
research, of the research aims of testing that model. As a result of prior studies into the teaching of group design projects 
(Tucker & Reynolds, 2006), the teaching of team-working skills had already been introduced into the design curriculum. 
The importance of assessment transparency to the SAPA model led in 2006 to the inclusion also of presentations to the 
students on the pedagogical intent of the model, as well as well tutorial exercises that explored the students’ abilities to 
assess the work of others. This ability was presented to the students as a core attribute for professionals that is 
prerequisite to effective team working.  
 
2.3. Research Program 
The outcome of the research questions are addressed through several forms of evaluation: formative evaluation of 
student feedback through questionnaires; summative evaluation of student achievement through reflective folio and 
journal assessment and the analysis of grades and graduate outcomes. An illuminative evaluation is also included 
through focus group discussions. The project consists of five broad phases. The first has implemented two pilot 
applications, one in Architecture that is a core subject in the second year of the undergraduate degree and one in 
Business and Law, with each testing a peer feedback mode giving students both quantitative and qualitative peer 
feedback. This phase also includes the collection and collation of entry questionnaires (see section 4) that collect 
demographic information as well as canvass student’s opinions of group work and its assessment prior to the units that 
are implementing the pilot SAPA application. The second phase will evaluate the first two pilot applications through focus 
groups involving the students that have piloted the SAPA application and through a comparison of entry and exit 
questionnaires. The third phase will implement a SAPA model that does not give peer feedback in two further pilot 
applications, again one in Architecture and one in Business and Law. The second Business and Law course is, as 
previously discussed, pedagogically equivalent to the first Business and Law course while the second Architecture 
course is a collaborative technology assignment that is a core subject in the second year of Architecture, CM and 
Architecture/CM combined degrees. This third phase will include the collection and collation of entry questionnaires. The 
fourth phase is equivalent to the second and it will evaluate the second two pilot applications. The final phase will be the 
analysis of entry and exit questionnaires given to the 2008 cohorts enrolled in the same second year Architecture and 
Business and Law courses that were the focus of phase one. However, in 2008 the units will act as control groups by 
reverting to the assessment strategy of allocating the same or almost the same mark to all team members. 
 
2.3.1. The nature of the assignments: Architecture – Design and Building Environmental Studies 
Two courses are trialling the SAPA model in 2007. The first is a second-year level design unit studied by 120 
Architecture and dual degree Architecture/CM students. The design unit comprises two individual assignments and one, 
worth 37% of the course marks, which requires teams of three students to design collaboratively small-scale dwellings in 
one of three sites remotely located (without grid electricity or water) in one of three Australian climatic zones.  The 
challenge for students is to use the climatic conditions to inform a house that is largely self-sufficient and built for the 
most part from local materials. The clear intent is to get the students thinking from first principles about the idea of 
sustainable development. 
 
The second course is a second-year level Building Environmental Studies unit studied by 170 Architecture and dual 
degree Architecture/CM students. A five-person team assignment that lasts for the duration of the course, which is worth 
50% of the course marks, requires students to assess the environmental performance of a house designed by an 
eminent local architect. After assessing the house, the teams must redesign it for greater energy and resource efficiency 
by using passive heating and cooling techniques and through the careful selection of construction materials. At the end 
of the semester, the teams present the house, designed for greater sustainability, to its original architect. 
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The student guides for both units make clear the pedagogical intent of the team projects, in the context of teaching 
sustainable design, in an explanation worth repeating here.  
 

As worldwide issues of environmentalism and socio-cultural need are in global trade-off, the responses demanded of 
built environment design teams are increasingly complex and inherently multidisciplinary. Recognising this, the Royal 
Australian Institute Of Architects (Education Policy 2005 - (RAIA, 2002)) and Institution of Engineers, Australia (IEAust, 
Accreditation 1999, as cited in (Carew & Mitchell, 2002)), explicitly list collaboration and multidisciplinary learning skills 
as essential attributes of graduates able over time to contribute to a globally sustainable future… The teaching and 
learning of sustainability must address this issue of multidisciplinary collaboration in order to foster more productive 
solutions in future professional practice. By addressing these issues, this unit aims ultimately at the education of 
graduates who are able to bring leadership to multidisciplinary design collaborations co-operating across international 
boundaries towards a global sustainable future. 

 
2.3.2. The nature of the assignments: Business and Law - Business Communication 
Business Communication is a compulsory course at second year level in a Bachelor of Commerce award. 1800 students 
enrol in the course over two semesters each year, on three campuses within the state of Victoria, in off-campus mode 
and at two offshore partnership campuses in Singapore and Malaysia. Up to fourteen different members of staff are 
involved in unit delivery at any one time, with uniform teaching materials and a strict comparability of assessment 
protocol. Approximately 60% of the cohort comprises full fee-paying, international students, primarily from South East 
Asia, China and the Indian Sub-continent. The aim of the unit is to broaden students’ understanding of the complexity of 
communication and their awareness of the skills and strategies required for effective communication within a range of 
contemporary professional business contexts.  
 
Assessment in the unit involves individual tasks, team tasks and an exam. For the team assignment, students work in 
teams of four over a period of up to six weeks on an oral and written report, worth 35% of their total score for the unit. 
Teams have a great deal of autonomy in this integrated assignment and are responsible for planning and allocating 
component tasks and for combining their research. They work collaboratively and co-operatively to research a chosen 
scenario and are required to meet and communicate regularly, either face to face or electronically in the case of off-
campus students. 
 
The students present a formal oral report in a three-minute presentation (worth 10% of course marks). Team members 
are assessed individually (90%) but receive a common teamwork component (10%). They are then required to produce a 
formal written report of 4000 words (20%). This document receives a team score, which can then be individualised if 
there is consistent evidence of uneven contributions in terms of effort, quantity or quality by different team members. 
Students are also required to maintain an individual reflective journal during this period (5%). For this task they must 
analyse their team experiences in light of what they have learned from their reading, lectures and tutorial exercises on 
three unit topics – Interpersonal Communication, Teamwork and Decision-making and Intercultural Communication. 
 
3. PEER ASSESSMENT IN THE PROJECT 
 
The SAPA online tool discussed in this paper requires students to rate and comment on each other on a weekly basis. In 
common with the online SAPA system reported by Raban and Litchfield ((TeCTra) (Raban & Litchfield, 2007), the SAPA 
tool presented here aims to create a formative, diagnostic and summative assessment environment in which students 
are encouraged to learn peer-assessing skills using quantitative ratings and qualitative comments. The online tool and 
system for data collection, presentation and calculating individual contribution frees subject coordinators from the 
considerable time it takes to process similar paper-based strategies.  
 
3.1. Individualisation of Team Scores 
Each team receives a team mark for their assignment that is assessed and moderated by their tutors and unit co-
ordinators. This score is then individualised if there is evidence of unequal contributions by different team members. This 
decision is made by the unit co-ordinator on the basis of SAPA ratings, peer comments and feedback, tutor feedback 
and any other information received by the unit co-ordinator. Students are asked to rate contributions to a group 
assignment made by themselves and by each member of their team. Students are informed that the purpose of this is to 
assist their teachers to identify teams whose members contributed unevenly to more appropriately individualise students’ 
scores. When awarding scores and ratings, students are asked take into consideration whether each member: attended 
meetings and tutorials, actively communicated with team-mates and responded to others’ messages, participated in 
decision-making, completed work they offered to do or were designated, contributed work of the required standard 
and/or form, met agreed deadlines and shared the workload. 
 
3.2. Making SAPAs 
In all units piloting the SAPA model, students have to make five weekly assessments between the beginning and the 
submission of six-week team assignments. Cohorts were informed that making these assessments would be regarded 
as an indication of active participation in the assignment. Students who made at least four assessments received their 
complete score after it had been individualised. Students who made less than four assessments had 2% of the team 
mark deducted from their individualised score for each missed peer assessment. Students made their assessment by 
logging on to a password protect web-site that was accessed via the university on-line study portal. Students had a 
window of four days (around the weekend) to make their assessment and they were able to change their entries at any 
time before each time window expired. The log-in page asks students to select the appropriate course code - in order to 
allow in future for the likelihood that students may be involved in multiple team assignments. The following (Figure 1) is a 
screen-shot of the SAPA model as students see it after having accessed the appropriate course code. 
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Figure 1: SAPA screenshot 

 

 
 
Students are asked to make three different assessments. The first measure asks them to award their peers a relative 
contribution score of between 0.5 and 1.5 for each team member. This score must add up to the total number of 
members in the team. Thus, for example, if students believed that all team members contributed evenly, they should 
award everyone (including themselves) a rating of 1. Or, if they believed that they had contributed, say, almost one and a 
half times that of all three team mates in a four person team, they might award themselves 1.3 and their three team 
mates each 0.9. The clear intent of this first measure is to encourage students to consider the question of fair workload 
distribution. This first measure is backed up by a second that asked students to rate the individual performance of each 
other, using a drop-down menu, on a five point multiple-response Likert scale evaluation. The Likert evaluation, which is 
commonly used to rate aspects of the group experience (Ellis & Hafner, 2005), allows for the coding of responses and 
the subsequent statistical analysis of possible patterns of bias in student assessments. While the Likert evaluation aims 
to encourage students to consider the quality, as opposed to the quantity, of each other’s contribution, it is translated into 
a numeric evaluation that can used in combination with the quantitative relative contribution assessment to arrive at a 
holistic evaluation of each member’s contribution. The combination of these two modes of peer assessments also avoids 
peer over-marking, which is a problem common to many peer assessment methods (N. Falchikov, 1986; Freeman & 
McKenzie, 2000). The purpose of the third measure, which asked students to comment on the performance of their 
peers, was twofold; firstly, to elucidate for unit co-ordinators anomalies or unexpected final evaluations and, secondly, to 
develop in students the evaluation, feedback and reflective skills that are key learning objectives of teamwork projects. It 
was hoped, as Dominick et al. (1997) have found, that students who completed the qualitative feedback section, even if 
they themselves did not receive feedback in the forms of constructive or informative comments, might be motivated to 
improve their performance.  
 

Figure 2: SAPA feedback screenshot 
 

 
 

 
 
In the pilot cohorts that gave peer feedback to students, all scores and comments were made available to each member 
of the team after the assessment time expired. However, all scores and comments were made anonymous by 
randomising the order in which they appeared in the feedback. The above (Figure 2) is a screen-shot of the SAPA model 
as students see it when accessing feedback. 
 
At the end of each weekly assessment, and at the conclusion of the team assignment, an assessment matrix is 
generated for each team that calculates for every student a multiplier of the team grade that will be used to individualise 
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marks if there is evidence of significant unequal contribution. Before the calculation is made, all self assessment marks 
are removed from the matrix to negate the bias of self over-marking. The multiplier is calculated as follows:  
 

1. Firstly, the total of all students’ Individual Contribution Marks1 AND Individual Performance Marks2 is divided by 
the number of students in a group to give the Group Mean Peer Assessment (GMPA). 

2. Secondly, the total (ITPA) is calculated of each individual student’s Individual Contribution marks AND 
Individual Performance Marks. 

3. The Peer Assessment Multiplier is equal then to ITPA divided by GMPA 
Where: 
1. Individual Contribution Marks are those marks awarded between 0.5 and 1.5. 
2. Individual Performance Marks are those marks awarded from 1 to 5. 
 
The peer assessment score a student is given each week and at the completion of the assignment indicates therefore 
how their peers’ rating of them compares to the group average. Thus, as it is explained to students, if their rating is less 
than 1 they are considered to be performing lower than the average team performance. Equivalently, if their rating is 
greater than 1, they are considered to be performing higher than the average. Students are advised to aim for a peer 
assessment score of close to 1 or greater. Previous pilot trials of a prototype of the SAPA model have indicated that 
SAPA ratings of between 0.8 and 1.2 are the norm (see (Tucker, in print). Significant differences in SAPA student scores 
within any team result in deeper investigations into the evenness of student contributions.  
 
 
4. ENTRY AND EXIT QUESTIONNAIRES 
 
As part of the study, questionnaires were completed by the students. These questionnaires are partly based on a 
combination of prior questionnaires used by Cheng and Warren (1997) (which in turn is based on Burnett & Cavaye 
(1980)); Walker (2001); Sivan (2000); Davies (2000); Ballentine, Hughes and Mylonas (2002); and Lejk and Wyvill 
(2002). The decision was taken to follow Cheng and Warren’s example by using both pre- and post-questionnaires, but 
to amend the design of the questionnaire to allow students to write comments following each section of questions. The 
reason for this amendment was to try and ensure that comments were related to how students were feeling at the time 
that they made their rating, rather than at some later time when they might revert to stereotypical replies. The pre- and 
post-questionnaires were identical except that in the pre-condition the questions were in the present tense, whilst in the 
post condition the past tense was used. The two-page pre-questionnaire began with a section assessing student 
demographics. This was followed by eight questions on students’ attitudes towards group-work in the first of two Likert 
sections, whilst the twenty questions in the second Likert section questioned attitudes towards peer assessment. All 
responses were given on a 5-point Likert scale anchored with 1 for “strongly agree” through to 5 for “strongly disagree.” 
Sufficient space was provided at the end of each section for the respondent to add written comments on any related 
general concerns, comments on what they liked the most and least about group work and its assessment, and what 
changes they would like to see made to each. The questionnaires were labelled with each student’s personal student 
number to enable the student’s pre- and post-responses to be paired together. Procedures governing the recruitment of 
students, their briefing and questioning, and the collection and storage of data where approved by the Deakin University 
Human Research Ethics Committee (EC 70-2007). 
 
5. PARTICIPANTS 
 
The participants in phase 1 of the study who completed the first-semester group-based assignment, the SAPA and entry 
questionnaires were 79 (out of 117) second-year Architecture students and 547 (out of 822) second-year Business and 
Law students. The Architecture cohort consisted of 37 groups of three, one group of two and one group of four. The 
Architecture groups were self-selected by students, but to discourage the option of working with friends their choice of 
teammates was restricted to pools of twenty-five students. Such restrictions have been shown to encourage diversity 
within design teams that results in a more challenging learning environment (Tucker & Reynolds, 2006), for such 
heterogeneous groups expose the learner to multiple perspectives based on the diverse backgrounds and experiences 
of the other members of the group.  
 
The Business and Law cohort consisted of 190 self-selected teams of which the vast majority had four members.  
 
6. RESULTS 
 
At the time of writing, results are restricted to an overview of the SAPA ratings for the Architecture students who were the 
focus of phase 1 of our project. All the first-semester Architecture students made at least one entry using our on-line 
SAPA. In total, the cohort made 1406 entries and missed 359 entries. On the professional judgement of the teachers 
assessing, it was decided that marks would only be individualised if the range of SAPA ratings in a group was greater 
than 0.15 (such that the lowest rating subtracted from the highest rating was greater than 0.15). Thus, 21 out of 39 
groups had their marks individualised, or 64 out of 117 students. The average range for the cohort was 0.275, and the 
highest range of ratings for a team was 0.688 (from 1.295 to 0.607). For this team, the tutor mark was 63% and the 
individualised marks were therefore 38%, 69% and 82%. If 40 and 80 represent the boundaries for failure and higher-
distinction, it can be seen that the same piece of work produced both outcomes for different students in only a 3-person 
team. Such a range might not be acceptable for some assessors, and this highlights a possible danger of implementing 
such a SAPA model. As Sharp notes (Sharp, 2006), how great the numerical differences are in the ratings that students 
use to reflect unequal contributions will vary from group to group (and perhaps also within groups). Thus, as Sharp also 
suggests, it may be necessary to multiply the SAPA rating by a value that can vary from group to group so that the range 
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of individual marks is satisfactory. Our SAPA tool had hoped to minimise such ratings differences by restricting the 
contributions ratings to between 0.5 and 1.5, but in retrospect it may be that this range was still too wide. 
 
It became hard to believe that there had not been collusion within one group in the Architecture cohort. How closely 
matched the ratings were of two of the students, who it was known lived together, and their obvious difference from the 
ratings of the third student strongly suggested that the first two students felt that the other was not contributing evenly 
and decided to collude with each other to convey this in their ratings. After investigation by the unit chair, the two agreed 
that perhaps their rating had exaggerated the differences in contribution and they thus agreed to an adjustment.  This 
demonstrates the importance of carefully monitoring throughout an assignment what the SAPA is showing in individual 
cases. 
 
7. IMPLICATIONS FOR FURTHER RESEARCH 
 
When analysing the feedback and results of the further stages of our research the variables that will be considered for 
both assessors and assessees will include, as Topping has suggested (Topping, 1998), familiarity and experience in 
peer assessment, geographical and/or cultural origin, chronological age, year of study, ability and gender. In addition to 
this, our research will also analyse the response to SAPA and, in particular, to the different feedback options that our 
model will compare, in consideration of the variable of group size. For it is clear, even at this early stage of the project, 
from anecdotal evidence and the uncritical nature of comments made by students in their assessments, that even if 
qualitative feedback comments are anonymous, students in small teams are unwilling to openly criticise peers who might 
easily deduce which team-mates have made comments.  
 
 
CONCLUSION: The main recommendation from early stages of this study 
 
Despite the size of the classes, marks were available on the day after students made their final SAPA rating. This was 
far earlier than in previous years because accessing peer assessment factors via the on-line software tool took 
substantially less time than the collation and calculation of individual paper-based assessments by unit chairs – the 
method used for the Business and Law cohort in previous years. This meant that students were able to access both their 
team marks and their individualised marks for the team assignments only a few days after the assignment submission. 
Perhaps tellingly, not one student made a complaint about the individualisation of their mark. The ease of accessing the 
online SAPA ratings is important in the face of increasing academic teacher workloads that leave little time for the 
administration of more elaborate self-and-peer assessment methods. 
 
Staff have noticed an improvement in class spirit during group assignments using the on-line SAPA model from that 
experienced in equivalent past assignments that used more rudimentary forms of peer assessment. Increased maturity 
and confidence in many students as the assignments progressed was also apparent. Numerous students reported that 
the “pressure valve” SAPA provides throughout the project allowed groups to function well despite unequal contributions. 
The SAPA model can thus be seen to have allowed students to be tolerant of the fact that their peers might not have the 
same learning and assessment aspirations. Through this toleration, and other mechanisms that will only become clear 
once entry and exit questionnaires have been analysed, our on-line SAPA tool seems to have changed for the better the 
group dynamics seen in teams collaborating in the Architecture and Business and Law courses under study. 
 
Peer-assessment has been shown to promote independent, reflective, critical learning (Somervell, 1993), to enhance in 
students the motivation for participation (Michaelsen, 1992) and to encourage students to take responsibility for their 
learning (Rafiq & Fullerton, 1996). Moreover, online SAPA systems have been be found to solve problems of 
confidentiality (Freeman & McKenzie, 2002) and improve assessment efficiency (Lin, Liu, & Yuan, 2001) (Freeman & 
McKenzie, 2002). The findings of our project to date support the positive contribution of on-line self-and-peer-
assessment within student group-based assignments. 
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Abstract: Nowadays, it is becoming more and more popular for teaching and learning to be supported in 
technology-supported settings and these digital technologies lead to new instructional methods. Mixed 
Reality (MR) technology can create an innovative and seamless learning space by merging computer-
generated elements of virtuality into a real space. It is envisaged that combination of real and virtual media 
opens new perspectives for teaching and learning. There are ranges of visualization modes embraced by 
the broad concept of MR, among which two major modes are Augmented Reality and Augmented 
Virtuality. Different cognitive and social-learning processes are involved with learning supported by these 
technology modes. This paper develops a framework/taxonomy for designing and implementing Mixed 
Reality learning environments (MRLEs) to improve the pedagogical effectiveness of learning processes in 
design education. This framework involves three major dimensions: Mixed Reality technology modes, 
learning styles and interaction modality. As a case study of this taxonomy, urban design education was 
chosen to illustrate the potentials of MR-supported learning spaces.   

Conference theme: Built Environment Education
Keywords: Mixed Reality, learning model, e-learning, pedagogical effectiveness, virtual learning 
environments

INTRODUCTION 

Current design education involves the critical need to integrate theoretical and practical learning sequences. There are 
proved benefits from interleaving theoretical and practical learning (Attwell and Brown 2000) and there is a growing need 
for innovative teaching and learning concepts and technologies which can support such integration. E-learning and 
virtual learning environments (VLEs) apparently are lack of integrating digital learning systems into real-life working 
practice.
In order to tackle this issue, the taxonomy for Mixed Reality (MR), as set forth by Milgram and Colquhoun (1999) 
encompasses the continuum of possible combinations of elements from both virtual and real environments, the 
continuum between fully real and fully virtual. Figure 1 illustrates this Reality-Virtuality (RV) continuum associated with 
noted education-related examples. Augmented Reality and Augmented Virtuality are the two major modes in MR, but 
more visualization modes of real and virtual mixing/merging can be further identified. Closer to the fully real end of the 
continuum is Augmented Reality (AR), where the image of a predominantly real scene is enhanced with digital content. 
Toward the other end of the spectrum is Augmented Virtuality (AV), the opposite of AR. Visualization modes in MR 
opens perspectives for eliminating the original separation of the real and the virtual, therefore, Mixed Reality concept can 
extend the E-learning and VLEs to real world or even to the workplace. The concept can facilitate the bridging between 
practical experience from constructive activities and symbolically communicated experience from analytic activities. 
Design education must take this need for integration into consideration and devise appropriate learning modes in which 
MR acts as an excellent opportunity for creativity and effective communication. MR has been rarely explored worldwide 
and there is paucity in research of investigating MR in design education. The author defines an educational environment 
that incorporates these virtual technologies as Mixed Reality learning environments (MRLEs), due to the common 
concept of students learning within an interactive environment containing some artificial components. Students can test 
and construct their own knowledge by interacting with their MRLEs, and the learning environment has to be developed in 
such a way as to facilitate learning through interaction with the content. Using MRLEs involves high pedagogic potentials 
which are envisaged to significantly contribute to pedagogical effectiveness in learning processes.  
Although recent years have seen major efforts being invested in E-learning and virtual learning environments (VLE) as 
tools of supporting and fostering learning, current studies in this field have revealed some general shortcomings and 
above all a lack of options for integrating digital learning systems in real-life work situations (Severing 2003). Learning in 
physical environment (e.g., classroom) and learning in virtual environments (e.g., eLearning) occupy the two extremes 
along the RV continuum in Figure 1 with different learning cultures. It is envisaged that visualization modes in MR can 
open doors for overcoming this opposition and removes the original separation between the real and virtual. This position 
paper develops a framework where the author evaluates exploratory, experiential, and collaborative Mixed Reality 
learning environments to improve the design pedagogical effectiveness. More specifically, the author conducted the 
determination of technology suitability that theoretically maps from alternative MRLEs to learning styles/education 
methods based on experiential and collaborative learning theories. The important thing is to map a variety of virtual tools 
(e.g. simulations) to different education/training methods (theory courses, laboratory teaching, learning in the workshop, 
online tutoring, self-paced learning, etc.). 
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Figure 1: Reality-Virtuality continuum with associated education examples 

1. TAXONOMY OF MIXED REALITY LEARNING ENVIRONMENTS 

On the basis of the experiential, social constructivism (Burr 1995) and collaborative learning theories, specific MRLEs 
are further defined in a global (three-axis) continuum that also addresses the MRLEs modes, learning styles, and 
interaction modality (see Figure 2). The first dimension in this taxonomy is the MRLEs modes which forms the continuum 
between physical reality and digital virtuality in respect of different visualization modes. It is the form in which the MR 
learning space is presented. For instance, the virtual learning materials can be put into real teaching environment 
(Augmented Reality), or real learning materials can be inserted into the virtual teaching environment (Augmented 
Virtuality). The second dimension acknowledges the broad diversity of learning styles between constructive and 
analytical learning and derives from Kolb’s four-stage learning cycle (abstract conceptualization, active experimentation, 
concrete experience, or reflective observation) (Kolb 1984). MRLEs generate new perspectives for linking constructive 
learning (e.g., constructing real elements) and analytic learning (e.g., cognitive understanding of virtual components). 
The third dimension is modality for interactive learning in MRLEs: visual, auditory and kinesthetic.

Figure 2: Approximate locations of MRLE examples within the MR global continuum 

1.1. Learning media and tools 
The first dimension in this taxonomy is the continuum between physical reality and virtual reality in respect of different 
learning modes. These range from physical, real-world instructional tools and media to purely virtual tools and media 
(see Figure 2). An example of the former is learning with real tools in an actual working process. At the other end of the 
dimension we have learning with purely virtual environments, in virtual laboratories or with computer simulations 
(Fishwick 1995). Between these two extremes there are various mixed forms, such as learning with and on physical 
systems and processes of reduced complexity, but close to reality nevertheless. Learning in physical reality involves 
direct contact with physical objects. On the other hand, direct, sensomotoric experience with physical objects are a basic 
requirement for ‘grasping’ the material involved. Piaget (1973) drew attention to this phenomenon long time ago, when 
he described how cognitive development is generally rooted in the child’s manual, tactile interaction with the objects in its 
environment. In the same way as manipulated objects respond with a specific reaction (due to hardness, elasticity, 
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roughness, heat, cold, etc.), the manner in which individuals deal with them is rooted in action schemes, mental images 
or cognitive models.  In addition, research has shown that the key to acquiring the necessary motor skills to control 
complex systems is hands-on and coached training (Cuqlock-Knopp et al. 1991). Design education such as architecture 
and urban design education must take this aspect into consideration and devise appropriate learning situations. Sensory 
interaction with real learning objects is helpful in learning complex interrelationships. Therefore, it is apparent that 
physical objects must be used in their place.  

1.2. Learning styles 
The second dimension derives from the fact that learning activities vary with a broad diversity of learning processes 
underneath. These can basically classfied into two categories: constructive and analytical. Constructive activities are 
practical, whereas analytical activities consist of more rigourous steps such as observing, reasoning, interpreting, 
reflecting, etc. (Müller 2005). However, this does not mean that the analytical activities interfere with the reality, but only
subject the reality to analysis. In contrary, constructive activities may interfere with the reality and create new objects or 
remove exisiting objects. From the technical perspective, Mixed Reality concept can bridge this gapping between the real 
and virtual, and more focus on how the real and virtual can be combined together to fulfill different learning objectives, 
requirements, and even environments. Constructive activities are aimed at building real components, analytic activities at 
cognitive understanding of virtual components (Ferreira and Müller 2004). From the persepctive of learning activities, this 
concept facilitates the bridging between direct and pratical experience learned from constructive activities and 
symbolically communicated experience learned from analytic activities (Müller 2005). For instance, Mixed Reality can 
become a link for connecting physical mock-up experience (from constructive activities) and abstract modelling (from 
analytical activities) in the context of architecture education.  
As indicated in the Figure 2, between the two extremes, there lie more specific learning styles which are identified from 
the four-stage mode by Kolb (1984). The major four learning styles are abstract, concrete, active and reflective learning. 
A learning process begins with a concrete experience, which is then followed by reflective observation. The reflection 
can then be assimilated into a theory by the process of abstract conceptualisation. Lastly, new or reformulated 
hypotheses are tested out in new situations. The model is an iterative learning cycle within which the learner tests and 
modifies new ideas and concepts as a result of reflection and conceptualisation. One of the critical issues in educational 
methods is that the teaching style offered does not always significantly addresses the learning style preferred by 
students. It is therefore useful to combine different teaching methods/techniques to cover different aspects of what needs 
to be learned. Under such circumstance, MRLEs are envisaged to be suitable as a supplemental teaching aid to other 
teaching methods instead of a sole technique on its own. 

1.3. Multimodal learning types 
Learning modality can be broken into three modes: visual, auditory, and kinesthetic. Most people have a preferred mode 
of learning. Some people can use more than one mode equally as well. We all have preferences for how we absorb 
information, analyse it and make decisions.  Some people like to see what you mean and make decisions based on how 
things look. Some people like to hear your ideas and decide based on what they sound like. Some people like to 
experience what you are talking about and decide by how things feel to them. Visual learners usually need to see it to 
know it. Visual learners should use graphics to reinforce learning such as films, slides, illustrations, diagrams and 
doodles. Auditory learners usually prefer to get information by listening-needs to hear it to know it. Auditory learner 
should use of tapes for reading and for class and lecture notes, and learning by interviewing or by participating in 
discussions. Kinesthetic learners usually prefer to hands-on learning. They learn better when physical activity is involved. 
Kinesthetic learners should engage in experiential learning (making models, doing lab work, and role playing). They trace 
letters and words to learn spelling and remember facts. They use computer to reinforce learning through sense of touch. 
Understanding students’ personal learning style can improve their own learning process, and assist them in 
communicating with other people. 

1.4. Discussion 
Precise identification of a MRLE’s position in the global continuum is no simple matter and depends upon the learning 
environment’s specifications. An environment might even have specifications that span significant portions of a 
continuum. Figure 2 represents an attempt to globally classify three of the noted MRLEs examples, making certain 
assumptions about the specifications. For example, the tangible Augmented Reality interface for urban design education 
which is presented in the section 3 is assumed to be visual and kinesthetic, considering it is geared towards practicing 
urban design principles from concrete manual experience. In terms of the learning style addressed, the AR system is 
more suitable for constructive type of activities. Also shown in the global taxonomy, the case of virtual reality 
demonstration of certain challenging building methods apparently should be located towards the virtual extreme along 
the MRLE modes. As far as the interaction modality is concerned, it is predominantly visual because it is an animation-
like demo which requires very few interactions from the students. The reason why it is located to the upper range of 
learning styles is that this type of learning more concerns with the abstract learning of building methods rather than 
actual implementing the method on sites. Based on the above justifications, this case should be located in the position 
shown in the Figure 2. For the case of e-learning with video images of instructors, apparently this mode belongs to 
Augmented Virtuality which inserts the real video image of instructors into the virtual e-learning environment. It is also 
limited to visual and audio because they are the major channels that can be enabled via network. Lecture-type 
instruction makes it positioned to the analytical extreme in terms of learning style. Methodologies to determine 
specifications for any environment constitute fertile ground for research experimentation that draws upon both physical 
and psychological human factors knowledge and integrates advanced MR technologies to improve the delivery of digital 
teaching and learning materials/contents. 
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2. CASE STUDY: AUGMENTED REALITY FOR URBAN DESIGN 

Based on the preliminary work on the formulation of MRLEs global continuum, there should be a further mapping to 
address this issue by theoretically three-way mapping among alternative MRLEs modes (e.g., AR and AV), learning 
styles (e.g., theory courses, laboratory teaching, learning in the workshop, online tutoring, self-paced learning, etc.), and 
interaction modality (e.g., visual, audio, etc.) The cognitive strategies and cognitive load characteristics of each MRLE 
mode should be exploited and applied. For instance, the understanding and reinforcement of concepts/theories learned 
from lectures on urban design demand problem-based experiential learning approaches. Immersing students into an 
Augmented Reality tangible environment where manipulating the virtual buildings onto a real photo of site layout via 
playing around real markers as used in wood block method, provides rich opportunities for exploratory learning because 
students can ‘experience’ theory in a familiar form, and “observe and reflect on” the results of learning tasks and 
assignments (Wang 2007).  
As an initial step towards this objective, this section presents the discussion of a case study based on the results and 
justification from the global taxonomy presented in the last section. Firstly, it is important to investigate the aspects of 
learning style that are especially significant for urban design education. Urban design can be regarded as knowledge-
based behaviour where the goal is explicitly formulated. In order to reach the goal, different plans are developed and 
their effects mentally tested against the goal. Finally, a plan is selected. Serious complications that occasionally occur 
during urban design require a great deal of knowledge-based behaviour. Students have to analyze such complication 
together with the aim of the design procedure in order to develop strategies to counter the complication. Then students 
have to select the best strategy and consequently take the appropriate actions. 
Traditional instructional methods are not sufficient to educate urban designers, which is normally associated with testing 
design principles and theories with wood blocks. Instructional methods would never be sufficient to educate urban 
designers, who need to practice with wood blocks and principles in simulated urban layout. These developments in "what 
is learned" have clear implications for the use of instructional methods. The learning activities and experience designed 
in MRLEs can help students to integrate the knowledge, skills and attitudes necessary to deal with real-life problems. An 
Augmented Reality tool as shown in Figure 3 is developed that can enable students to learn in a “what if” and “play and 
learn” environment (Wang 2007). Students can generate several design solutions and visualize them in an AR 
environment where virtual designs can be manipulated with tangible interface in a natural manner. Students can then 
make decision on the best solution based on design principles and theories learned in the lectures. The AR system can 
deliver the design idea across a group of students in one discussion room with a large projection screen, thus allowing 
more social interactions. The AR system that was developed consists of a PC, a large screen, a video camera as 
sensing device, and tracking markers. The AR system is based on ARToolkit, which can overlay virtual imagery onto the 
real world object. The virtual objects are pre-modeled by ArchiCAD and therefore designers can quickly develop new 
models according to the design requirements. The following sections are the three major justifications of the benefits of 
using Augmented Reality for urban design education: 

2.1 From the perspective of social constructivism:  
In a classroom setting, students work together better if they focus on a common workspace instead of being separated. 
When students work at a table, the space between them is regarded as communication space that is used for sharing 
communication cues such as gaze, gesture, and nonverbal behaviors. If the people are talking about objects on the 
table, then the task-space is a subset of the communication space (Billinghurst 2002). Students can see each other and 
the shared communication cues at the same time as the objects they are discussing. This results in conversational 
behavior that is more similar to natural face-to-face collaboration than to screen based collaboration (Kiyokawa et al. 
2002). This AR system focused on supporting social learning practice based on social constructivism, combined with 
experiential and collaborative learning.  

2.2 From the perspective of active implementation and concrete experience 
Among many important learning models, learning starts when the learner experiences practical or cognitive dissonance. 
In urban design classroom settings, the learning process is usually simulated by problem-based learning situations. The 
student is presented with a specific construction of the world, for example using a textual description, or a problem that 
needs to be solved. Students may also collaborate in solving the problem, for example, by taking different roles and 
presenting different interpretations of the urban design situation. In urban design educational settings, physical objects or 
props such as wood block mock-ups are commonly used to convey meaning. As Gav and Lentini (1997) points out, in a 
collaborative setting speakers use the resources of the physical world to establish a socially shared meaning. Physical 
objects support collaboration both by their appearance, the physical affordances they have, their use as semantic 
representations, their spatial relationships, and their ability to help focus attention (Gav and Lentini 1997). In Augmented 
Reality there is an intimate relationship between virtual and physical objects. In this AR system interface students could 
manipulate three-dimensional virtual objects simply by moving real tracking markers that the virtual models appeared 
attached to (Poupyrev et al. 2000). 3D AR environments offer a richer form of experiential learning not available 
previously.  
The theory of experiential learning, which is an important reference point in this approach, propagates learning through 
experience and by experience. MRLEs, simulation-based learning environments, can present objects with natural 
affordances for supporting interaction. Thus, students are able to act directly upon virtual objects in the environment, and 
this can create a sense of presence — of “being there” — in the virtual learning environment. Consistent with Kolb’s 
experiential learning framework, AR allows students to acquire concrete learning experiences through active 
experimentation. As students together “play” with the AR simulation, they actually start to engage themselves into mutual 
problem-solving activities for the purpose of searching for a consensual solution.  
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2.3 From the perspective of first-person learning 
MRLEs can technically afford a first-person form of immersive or semi-immersive experiential learning. Apparently, the 
traditional instructional method in urban design is based on third-person knowledge, where students learn without the 
opportunity to directly experience what they learn. Research in third-person learning revealed that student learning 
outcomes are usually shallow and retention rates are low. A first-person learning experience in MRLEs can enable 
exploratory learning which has the advantage of giving students control over their own learning experience. Because of 
the way in which the MRLEs are constructed, students’ actions always involve immediate feedback from the reality. This 
feedback provides a natural mechanism through which students can judge whether they have taken appropriate learning 
activities in MRLEs.

Figure 3: The augmented reality system for urban design education 

CONCLUSION AND FUTURE WORK 

Mixed Reality (MR) technology can create an innovative and seamless learning space by merging computer-generated 
elements of virtuality into a real space. It is envisaged that combination of real and virtual media opens new perspectives 
for teaching and learning. This paper develops a taxonomy/framework for designing and implementing Mixed Reality 
learning spaces to improve the pedagogical effectiveness of the learning processes in design education. This framework 
is developed to support learning practice on the basis of two types of learning theories: experiential and collaborative 
learning. The paper also identifies three major factors that should be considered in designing MR learning space. As a 
testbed of this framework, urban design education was chosen to demonstrate the potentials of MR-supported learning 
spaces.  Motivated by this, an MR tool was developed that can enable students to learn in a “what if” and “play and learn” 
environment. Students can generate several design solutions and visualize them in an MR environment where virtual 
designs can be manipulated with tangible interface in a natural manner.  
Future work will develop MRLEs technological infrastructure and working examples that can be shared by different units 
of study across the faculty/institutions.The fomulation of this taxonomy is crucial, forming testing assumptions for 
experimentation/evaluation in the next stage. The hypotheses will be formulated and developed in terms of cognitive 
processing demands, stimulus and response elements, and the employed cognitive strategies. The learning scenarios 
assessed in each MRLE mode will be devised to address various design projects and cases of applications. The author 
proposes to further address this issue by testing and validating the mapping of MRLEs to learning style category. More 
specifically, future work will compare the effectiveness of alternative MRLEs in the context of the same learning style. 
The author proposes to develop, validate and compare the alternative MRLEs selected for each specific learning style on 
the global continuum through tests of extent of learning transfer. MRLEs with the associated technological components 
such as interaction modality will be tested as course modules in existing units of study for measuring improved learning 
outcomes. The empirical determination of how particular MRLEs best support transfer of certain learning processes 
(constructive or analytical) through classroom experimentation. Then results will be generalized into guidelines for a 
design method for MRLEs to support complex and practical education methods.  
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Abstract:  In January 2003 Amendment 12 to the Building Code of Australia (BCA) included energy-
efficiency provisions for Class 1 (detached dwellings) and Class 10 (garages, sheds and the like). In 
January 2007 the stringency of the BCA provisions were increased and the second generation rating 
tool AccuRate was introduced. There is however little evidence to support the usefulness of the 
regulations in meeting the objective “to reduce greenhouse gas emissions by efficiently using energy”, 
or in simple terms, as described on the NatHERS website, “The more stars, the less likely the 
occupants are to need cooling or heating to stay comfortable.”  

This paper reports on a recent investigation to assess the effectiveness of the regulations. Energy 
consumption data were collected from 22 households in and around Adelaide. From this information 
heating and cooling energy use was estimated and compared with the House Energy Rating derived 
from the AccuRate software. The results are discussed and conclusions drawn on how a more effective 
energy-efficiency building regulation may be framed. 

Conference theme: Performance 
Keywords: Australian Building Code, energy-efficiency, house energy rating. 

Introduction 

In April 2001, the Australian Building Code Board (ABCB) released a Directions Report (ABCB 2001) that set out the 
overall path to be followed and issues to be considered during the development of energy-efficiency provisions to be 
incorporated into the BCA. This report stated that as part of the National Greenhouse Strategy the proposed energy-
efficiency regulations were intended to reduce greenhouse gas emissions from the building sector which a recent 
estimate shows contributes around 21% of Australia’s greenhouse gas emissions (AGO 2007). 

In January 2003 the BCA introduced Amendment 12 that included energy-efficiency provisions for Class 1 (detached 
dwellings) and Class 10 (garages, sheds and the like). These BCA energy-efficiency regulations provide deemed-to-
satisfy acceptable construction solutions, and verification using computer simulation software approved by the 
Nationwide House Energy Rating Scheme (NatHERS) administered by the Australian Greenhouse Office. In ACT and 
Victoria complying with the NatHERS scheme is the sole method of demonstrating compliance.  

In 2006 NatHERS introduced a substantially upgraded “second generation software” package AccuRate developed 
by CSIRO.  As of June 2007 AccuRate is the only computer software approved by NatHERS and is referred to as the 
reference program.  FirstRate5, developed and marketed by the Victorian Government’s Sustainable Energy 
Authority and BERS Pro, developed by SolarLogic in Queensland are in the process of accreditation. 

Public Concerns 

Since the regulations were introduced public concerns about their value have been raised in several quarters. For 
example, a recommendation of the Productivity Commission’s report into energy-efficiency (October 2005) said that 
the Australian Building Codes Board should, as a matter of urgency, determine how effective the standards have 
been in reducing actual (not simulated) energy consumption and whether the financial benefits to individual 
producers and consumers have outweighed the associated costs. In the event the ABCB without undertaking any 
review decided as of 2006 that the stringency requirements would be increased. This prompted a press statement by 
three Federal Ministers (November 2005) that called the proposed ‘five-star’ energy rating seriously flawed and said  
“….the ABCB have made a complete mess of the energy efficiency programme through these pre-emptive and 
irresponsible measures”. Questioned on this statement in a recent ABC Four Corners program (June 2007) the 
Federal Minister for the Environment Mr Malcolm Turnbull said “Well, I don't want to do a running commentary on my 
predecessor but the five-star code is there and the Government supports it”.

Significant industry bodies such as the House Industry Association (HIA) and the National Association of Forest 
Industries (NAFI) have also expressed strong concerns about the current BCA regulations. In a letter to the ABCB 
(November 2005) the HIA said, “HIA reiterates its strong opposition to the introduction of ill-considered and costly 
energy regulations……”.  Apologists for the regulations characterise such statements as self-interest and lacking 
responsibility and leadership.  However these same champions generally fail to acknowledge two important issues; 
first, in satisfying Government Greenhouse Policy the BCA regulations place a disproportionate burden on new home 
owners and those undertaking substantial renovations compared with the general population, and secondly, the 
possible serious distortion in resource allocation inherent in uncorroborated ineffective energy-efficiency building 
regulations. 
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The last point was highlighted in a recent report for the Victorian Department of Sustainability and Environment by 
George Wilkenfeld et al (2007) who said inter alia “..the current 5 Star Requirements with regard to thermal 
performance are uncertain in their impacts, even for their main target (heating and cooling energy)…” (Wilkenfeld, et 
al 2007, p23). 

This paper addresses this particular issue: the efficacy of the NatHERS rating scheme (also described as the 5 Star 
Requirements) in meeting the energy-efficiency objective of the BCA. 

Previous Research on NatHERS 

While arguments regarding the BCA regulations and NatHERS have raged for a number of years there remains still 
little or no evidence to demonstrate the effectiveness of the present provisions. 

Of the limited research to date most has dealt with the computer software. Prior to 2006 several studies were 
undertaken to examine the validity of the NatHERS computation engine CHENATH used in the first generation 
reference program (see for example, Delsante 1995a; 1995b).  During the update and re-badging of the software with 
the name AccuRate the simulation engine was (again) tested using the International Energy Agency BESTEST 
protocol and found overall to be “very satisfactory” (Delsante 2005). Only one empirical validation exercise has 
however been reported that compares AccuRate results with a real building.  Delsante (2006) showed that with 
appropriately modified inputs, AccuRate could simulate the monitored temperatures in an unoccupied mud brick 
house with acceptable results  None of this work however addresses the effectiveness of the scheme. 

Some studies have questioned the NatHERS scheme in a more general way. For example, in a parametric study 
Kordjamshidi, et al. (2006) suggested that in operation the NatHERS rating scheme worked to the disadvantage of 
designers interested in providing a building that operated on passive design principles.  

Williamson et al. (2001) compared household energy consumption for heating and cooling of a sample of 31 houses 
in and around Adelaide with the Star Rating from the then NatHERS scheme software (confusingly called NatHERS). 
They found no correlation between the actual energy used or greenhouse gas produced and the NatHERS values 
(MJ/m2) that determined the Star Rating. To the authors’ knowledge no other research has been published that 
compares actual household energy of a sample of dwellings with the rating scheme. 

Present Research Study 

The present study expands the work of Williamson et al. (2001). Data from a new sample of 22 households also from 
in and around Adelaide have been collected and compared with the NatHERS scheme using the AccuRate software. 

This sample of houses was derived from a database of some 220 houses that had been rated to demonstrate 
building code compliance (with the FirstRate program) in the period 2003-05 by the Adelaide company HER Pty Ltd, 
who provide an accredited rating service for various builders and developers. In each case house plans and other 
required details were available. Letters were first sent to the home owners describing the project and seeking their 
involvement. Of those expressing an interest in participating 22 houses were selected, based on continuous 
occupancy and length of occupancy, for interview and further data collection. Only houses where occupancy was 
continuous over a two-year period were selected. This provided a limited but consistently stringent sample. 

Figure 1: Examples of houses included in research sample 

Interviews were conducted during December 2006 with each household to collect background and energy 
consumption data. This included information about the house, occupants and appliances, and some open ended 
questions regarding energy-efficiency design intents and performance, thermal comfort perceptions and energy use 
patterns. Where possible each household provided the researchers with access to gas and electricity accounts which 
were used to compile a database of household energy consumption. In the cases where billing information was not 
available or incomplete, the householders gave permission to access this data from their electricity and/or gas 
retailer. The retailers cooperated in the research by supplying this information. 

Each house was (re)-rated with AccuRate V1.1.3.0 using the original house plans and relevant additional information 
collected during interviews about changes and alternations. 
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Heating and Cooling Energy Consumption 

Heating and cooling-related energy consumption was disaggregated from total consumption data using a least-
squares correlation methodology described previously (Williamson et al, 2001). In this present study the results from 
this method were corroborated using an “energy balance” method. Here household energy consumption during 
spring and autumn is assumed to be a base load. Variations from the base during winter and summer periods are 
assumed to be due to heating and cooling appliance use. The scenario facility in MS Excel© was used as a tool to 
undertake this analysis. The aggregate results of the two methods were found to give good agreement, providing a 
high degree of confidence that the derived heating and cooling energy figures represent the actual situation. Table 1 
gives a summary of the household energy consumption and other information from the sample. Examining these 
figures we can see that the heating and cooling reticulated energy consumption represents 31% of the total while the 
GHG emissions attributable to heating and cooling accounts for 33% of the total emissions. The average GHG 
emissions for the sample 7.5 t/household compares with the average of 7.4 t/household derived for all SA dwellings 
using 1996 data (AGO 1999). 

Household Comfort 

The NatHERS website says: “(t)he more stars, the less likely the occupants need cooling or heating to stay 
comfortable” (2007). This would imply that houses with higher star rating should have lower energy consumption for 
heating and cooling if comfort conditions are being achieved. 

During the household interviews the occupants were asked about the perceived comfort conditions in their house with 
the question; “Overall, how would you rate the thermal comfort of your living space in summer during the day?”.
Similar questions covered the combinations of living/bedroom areas, daytime/night time and summer/winter 
conditions. The occupants were asked to respond on a 5-point scale extending from too hot to too cold with just right 
at interval 3. The results are shown in Table 2. The majority of respondents indicated “just right” conditions across all 
situations with reports of extreme conditions, “too hot” or “too cold”, being relative rare. The grey cells in Table 2 
indicate situations where some dis-comfort was reported and we can see that the bedroom areas are a particular 
concern in both winter and summer. 

It is instructive to compare these results with previous research (Williamson et al. 1989) into thermal comfort 
conditions in Adelaide houses.  This previous work indicated particular concerns for extreme thermal discomfort in 
priority order as - hot summer nights in bed room areas, cold winter evenings in living areas, and hot summer 
evenings & afternoons in living areas. By examining Table 2 it would appear that changes in house construction, or 
more likely, the increased penetration of fully-ducted air-conditioning systems (92% compared with the previous 16%) 
has ameliorated severe discomfort, particularly hot conditions in both bedroom and living areas. While some 
discomfort is still perceived the level seems satisfactory with an emphasis now, at least in this sample, turning to 
concerns for cold conditions especially in bedroom areas. However, since no statistical correlation could be detected 
between the level of occupant expressions of discomfort and heating and cooling energy consumption we can 
assume that, taken as a whole, comfort levels achieved in the houses are acceptable. The base temperatures 
(average internal temperatures) estimated via the least-squares method for extracting the heating and cooling usage 
were 16.8oC for heating and 24.7oC for cooling. 

Table 1: Aggregated Sample Information 

Average Total Floor Area 163 m2

Average number of occupants 2.4

Average Total Household reticulated energy 
consumption  

38472 MJ 

Average heating energy consumption (Electricity, gas & 
wood) 

7910 MJ 

Average cooling energy consumption 3951 MJ 

Average household GHG emission, all sources 7.5 t CO2-e

Average household GHG emission, heating & cooling 2.5 t CO2-e
Main cooling appliances 23% Evaporative 

77% RCAC 

Main heating appliances 23% Gas 
77% RCAC 

Note: RCAC denotes reverse-cycle air conditioning 
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Table 2: Occupant-Perceived Thermal Comfort Conditions 

Living
Summer
Day 

Living
Summer
Night

Living
Winter 
Day 

Living
Winter 
Night

Bed
Summer
Day 

Bed
Summer
Night

Bed
Winter 
Day 

Bed
Winter 
Night

1. Too hot 0% 0% 0% 0% 0% 0% 0% 0%
2.  5% 0% 5% 0% 27% 23% 5% 5%
3. Just right 95% 100% 73% 77% 68% 77% 68% 59%
4. 0% 0% 14% 23% 5% 0% 23% 36%
5. Too cold 0% 0% 9% 0% 0% 0% 5% 0%

Household Energy Consumption and NatHERS

In the FAQs section of the NatHERS website we find the question “Will a house energy rating tell me how large my 
energy bills will be? and the answer 
 “A house energy rating is a very good guide to how much heating or cooling might be needed to keep your home 
comfortable. Your own heating and cooling bills will depend on how you run the house, whether you choose to install 
air conditioning and/or heating appliances and what types you select …..” (NatHERS 2007) 

So is the NatHERS Star Rating “a very good guide to how much heating or cooling might be needed?”

To assess these claims and therefore the effectiveness of the BCA provisions the predicted household energy load 
(MJ/m2) using AccuRate V1.1.3.0 was compared with heating and cooling energy consumption (MJ) for the sample of 
houses. The AccuRate results were also compared with the heating and cooling energy consumption (MJ/m2)
normalized by the Net Conditioned Floor Area (NCFA).  In both cases the possible influence of outliers that may 
distort the outcome of a regression analysis is examined using Cook's distance as a metric (SPSS 2004). Generally a 
Cook's distance greater than 1 is considered to merit closer examination in a regression analysis. For these analyses 
the maximum Cook’s distance metric is 0.14. 

The results as shown in Figures 2 & 3 show no statistically significant correlation. On this evidence the Star Rating 
(represented by the energy load) provides absolutely no guide on how much heating or cooling might be required for 
a home. So what does this say about the Rating Scheme? Since AccuRate assumes generic occupant preferences 
and behaviors this result for a particular house is perhaps not surprising. However for a sufficiently coherent sample 
of houses taken overall we would expect to see a correlation of similar energy indicators: that after all is what the 
scheme is about. 

An argument often put forward for the BCA energy-efficiency regulations (and NatHERS in particular) can be 
characterised by the statement “…in complying with the energy-efficiency regulation (including achieving a higher 
star rating) one house will use less energy (and therefore produce less greenhouse gas emissions) than another not 
complying, all other things being equal….”.

Williamson et al (2006) pointed out the difficulties of corroborating such a statement. However, one way of tackling 
the problem is to compare the AccuRate energy load for a dwelling with an equivalent energy load.  Such an 
equivalent energy load in a given climate could be considered a function of the heat flow paths through the building 
fabric, as well as ventilation and casual heat gains due to household usage. Proponents of NatHERS maintain that, 
since the present scheme is aimed at improving the quality of the building envelope, for an appropriate sample, the 
energy load normalised by the NCFA would show a small but significant relationship with the NatHERS Star Rating. 
The equivalent energy load for a household can be calculated from the heating and/or cooling energy consumption 
by taking into account the efficiency of the installed heating and cooling appliances (Coefficient of Performance 
(COP) for heating or Energy Efficiency Ratio (EER) for cooling) as shown in Eq (1). 

)(* CoPorEERPlantEffumptionEnergyConsEnergyLoad                      (1) 

For this analysis general COP/EER values were assigned according to the type of heating and cooling appliances 
actually installed in each house. For example, for all reverse-cycle ducted air-conditioning systems a heating 
COP=3.0 and cooling EER=2.8 were used. Figure 4 shows the relationship between household equivalent energy 
loads and the AccuRate loads. In both cases the load is the sum of the individual household heating and cooling 
loads. Again there is no significant correlation. Examining the heating and cooling loads separately also shows no 
correlation. Finally, comparing the NatHERS rating with greenhouse gas emissions attributable to household heating 
and cooling, as shown in Figure 5, which is the ostensive reason for the BCA regulations, again shows no strong 
correlation.

An Evidence-Based Scheme Examined 

The assumption that dealing with the thermal performance of the building envelope should lead more or less to a 
reduction in energy consumption and therefore greenhouse gas emissions, all else being equal, is not supported by 
the evidence presented above. In an effort to improve this situation the basis for an evidence-based HERS scheme 
with the aim of achieving real overall energy savings or greenhouse gas emission reductions is examined. 
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To provide an expanded sample of houses for this investigation, the database of 22 houses was combined with 12 
houses from the 2001 database making a total of 34 houses. The 12 houses were chosen because they were typical, 
detached and there was sufficient information to construct the input required for an AccuRate simulation. 

A starting point for this investigation is the postulation that with sufficient accuracy, generic input assumptions are 
acceptable, for example, a single occupancy pattern of preferences and household usage, and suitable TMY climate 
data, can be used in the scheme. The existing AccuRate user assumptions and climate data were therefore adopted 
unchanged. Secondly, within the present NatHERS scheme the heating and cooling energy loads calculated by 
computer simulation are modified by an “Area Correction Factor”. This factor is justified on the basis that “Smaller 
houses have a greater surface area compared to their floor area than larger houses….. Houses smaller than 200 m2

benefit from the correction factor and larger houses are corrected to eliminate the mathematical surface to floor area 
and heat flow anomaly.” (NatHERS 2007). If actual energy consumption is to be derived then this factor must be 
removed from the calculation (notwithstanding the political implications). Unadjusted AccuRate load figures are 
therefore used in the following to derive the energy (and CO2) estimates. 

The AccuRate derived energy consumption was calculated for each house using standard heating and cooling plant 
COP/EERs. Figure 6 shows the relationship between this AccuRate derived and the actual heating and cooling 
consumption. Figure 7 shows the same relationship but for the CO2-e emissions. In both cases we observe a 
respectable positive statistically correlation that indicates the viability of scheme following this methodology. 

These results however when compared with the correlations shown in Figures 2-5 present something of a puzzle and 
could be claimed by some as justifying the present NatHERS scheme. Examining the correlation matrices in Table 3 
(heating and cooling energy) and Table 4 (GHG emissions using factors (AGO 2005b) appropriate to the fuel(s) used 
in the houses to calculate the actual and AccuRate derived values), we can see the error of such a claim. 
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Figure 2: AccuRate (MJ/m2) vs Total Household 
Consumption for Heating & Cooling (MJ) 

Note: N=22, R2=0.11, p>0.132, Max. Cook’s distance 0.18 
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Figure 3: AccuRate (MJ/m2) vs Total Household 
Heating and Cooling per NCFA (MJ/m2) 

Note: N=22, R2=0.033, p>0.42, Max. Cook’s distance 0.175 
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Figure 4: AccuRate (MJ/m2) vs Household 
Equivalent Energy Load (MJ/m2) 

Note: N=22, R2=0.088, p>0.18, Max. Cook’s distance 0.164 
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These Tables show two measures of correlation, the usual Pearson’s R2, and because rating a sample of houses 
implies placing them in a relative order, the non-parametric statistic Spearman’s rho( ), similar to Pearson’s 
correlation, that appraises the significance of the rank order of two measures. 

As we have seen above for the sample of 22 houses (Figures 2-5) there is no significant correlation between the 
present NatHERS Star Rating (as MJ/m2) and indices of actual heating and cooling energy consumption or GHG 
emission. The same is true for the expanded sample. On the other hand (as shown in Figure 6) the correlation 
between the AccuRate derived energy consumption and the actual heating and cooling energy use is according to 
both correlation measures significant (R2=0.405, =0.586). The important point to observe however is that even the 
correlation between the Star Rating and the AccuRate derived measure of energy use is weak and not significant. 
Table 4 showing the correlation matrix for GHG emissions indicates the same conclusions.  
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Figure 6: AccuRate derived vs Actual Heating and 
Cooling Energy Consumption (MJ) 

Note: N=33, R2=0.405, p<0.01 
(1 outlier removed) 
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Figure 7: AccuRate derived vs Actual Heating & 
Cooling GHG Emissions (tonnes CO2-e) 

Note: N=34, R2=0.335, p<0.01 

Table 3: Correlation Matrix for Heating & Cooling Energy, Pearson’s R2 & Spearman’s 
N=33 

AccuRate Derived 
Energy (MJ) 

Star Rating 
(as MJ/m2)

Actual H&C 
Energy (MJ) 

AccuRate Derived 
Energy (MJ) 

1.00 R2 = 0.021* 
 = 0.050 
p>0.5 

R2 = 0.405* 
 = 0.586** 
p<0.01 

Star Rating 
(as MJ/m2)

R2 = 0.021* 
 = 0.050 
p>0.5 

1.00 R2 = 0.012* 
 = 0.116 
p>0.5 

Actual H&C Energy 
(MJ)

R2 = 0.405* 
 = 0.586** 
p<0.01 

R2 = 0.012* 
 = 0.116 
p>0.5 

1.00

Note: * A case with Cook’s distance > 0.50 removed 
** - Indicates the Spearman’s correlation is significant at the 0.01 level 

Table 4: Correlation Matrix for GHG Emissions, Pearson’s R2 & Spearman’s 
N=33 

AccuRate Derived 
GHG (tonnes CO2-e) 

Star Rating 
(as MJ/m2)

Actual GHG 
(tonnes CO2-e) 

AccuRate Derived 
GHG
(tonnes CO2-e) 

1.00 R2 = 0.059 
 = 0.279 
p>0.16 

R2 = 0.335 
 = 0.604** 
p<0.01 

Star Rating 
(as MJ/m2)

R2 = 0.059 
 = 0.279 
p>0.16 

1.00 R2 = 0.009 
 = 0.207 
p>0.5 

Actual GHG 
(tonnes CO2-e) 

R2 = 0.335 
 = 0.604** 
p<0.01 

R2 = 0.009 
 = 0.207 
p>0.5 

1.00
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Undertaking these comparisons show that there are statistically significant differences in the ranking of houses 
derived from each of the measures.  That is, the rank of individual houses based on the Star Rating would not be the 
same as the rank based on the AccuRate Derived Energy. Therefore a Rating Scheme based upon AccuRate 
Derived Energy would be a different scheme to the present Star Rating and rank houses in a significantly different 
order. In relation to the BCA objective of reducing GHG emissions another important point can be made.  Because no 
significant correlation between AccuRate Derived Energy and AccuRate Derived GHG was observed (R2=0.024, 
p>0.3, =0.335), a Scheme based upon energy would rank buildings in a significantly different order (and would 
therefore in effect be a different Scheme requiring different design decisions) to one based upon GHG emissions.  

Conclusions 

In a comment to the Productivity Commission’s enquiry into energy efficiency the Australian Greenhouse Office said, 
“NatHERS is not intended to measure actual energy performance of a house. Rather it measures the 
inherent thermal performance of the building shell all other things being equal.  It is therefore not 
surprising that there is limited correlation between NatHERS ratings and actual heating and cooling 
energy consumption, although this correlation rises markedly once energy performance of 
appliances is adjusted for.” (AGO 2005a) 

This statement, meant to justify the present Rating Scheme, just highlights the problem. The analysis presented 
above using the AccuRate software does not corroborate the statement that there is “limited correlation between 
NatHERS ratings and actual heating and cooling energy consumption..”; in fact it is clear there is no significant 
correlation.  It is not a problem with the AccuRate simulation engine per se, but rather an inherent misconception in 
the scheme itself.  In relation to the present scheme no comfort can be taken from an improved correlation “once 
energy performance of appliances is adjusted for” because such a measure means that the rank order of the houses 
would be significantly different. In addition if greenhouse gas emission is the true objective of the BCA regulations 
(and the NatHERS Rating Scheme) then this should be dealt with explicitly and houses ranked accordingly. 

In the recent report to the Victorian Department of Sustainability and Environment Wilkenfeld et al. (2007) says, 
“Under the present 5 Star requirement, the maximum heating and cooling load of the structure is pre-
determined, but the actual greenhouse emissions will depend on the outcome of subsequent decisions 
about energy form, equipment type, efficiency and patterns of use. The policy assumes that improving the 
thermal performance of the structure should lead to a more or less proportional reduction in greenhouse 
gas emissions, all else being equal. However, this is not necessarily the case. Setting limits or targets for 
greenhouse gas emissions directly would give more certain policy outcomes, while allowing applicants the 
flexibility to lower their compliance costs.” (Wilkenfeld 2007,p4) 

Based on the evidence presented in this paper an even stronger statement suggesting that the existing policy will 
almost never result in a reduction in greenhouse gas emissions (or energy consumption or energy costs) seems 
justified. 

However, by examining the evidence a way forward has been tentatively proposed with the present NatHERS 
scheme being modified to use a different indicator for ranking houses. This new indicator would be based on a non-
area adjusted simulated energy load, would deal explicitly with installed heating and/or cooling appliances and be 
based on an estimate of actual energy consumption or alternatively GHG emissions. (For situations where no heating 
or cooling appliance is intended to be installed an alternative indicator, perhaps based on comfort considerations, 
would have to be developed).  From the data presented it would seem that a single generic occupancy assumption is 
sufficient to give a significant result. While this is obviously the most satisfactory situation for a regulatory 
environment, more careful turning of the assumptions related to a specific social/locality context would most likely 
provide an even better match between actual and simulated values. 

Adopting an explicit energy and/or GHG emission indicator as the basis of NatHERS would give integrity to the 
scheme and therefore reduce the doubts that the policy goals of improving energy efficiency and reducing 
greenhouse gas emissions are being achieved. Of course, such a possibility must be based on considerably more 
evidence than provided by this modest research. 
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How Practice Size Impacts on the Implementation and 
Dissemination of Post Occupancy Evaluation 
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Abstract: There has been much research on the subject of environmentally sustainable design (ESD), with 
emerging techniques and technologies improving rapidly and informing sustainability higher education 
teaching to architects and prospective architects. By examining the success of sustainable designs using 
post occupancy evaluations, architectural practices might also increase their knowledge of sustainable 
building practice. Post occupancy evaluations could be useful for improving the designs of future buildings 
and the design processes that generated them. This paper aims to evaluate these claims by asking: “Do 
sustainable design practices use the feedback gained from post occupancy evaluations?,” “How does the 
feedback refine the design process?,” “How is the information gained in these evaluations absorbed within 
the firm’s design practices?,” and, “Does the size of a practice impact on its implementation and 
dissemination of POE?” 

This paper investigates the questions posed above through the questioning of architectural practices that 
have gained a reputation for environmentally sustainable design by having a strong sustainable design 
philosophy and/or by being recognised for this by winning a sustainability design award. The interviewed 
practices will have provided some form of post occupancy evaluation as a service or employed them to 
add to their own knowledge. 

Conference theme: effective tools: design, assessment, operation 
Keywords: sustainable design, post-occupancy evaluation

INTRODUCTION 

Post Occupancy Evaluation (POE) evaluates a building and its components once in occupation. There has been much 
research citing the benefits of POE for the client, architect and the building industry (see, for example, (2001) 
(Zimmerman & Martin, 2001) (Preiser, 1995) (Way & Bordass, 2005). Much of this recognises that POE should become 
a standard stage in the design and building procurement process. In the design process, decisions are based on 
assumptions of how the owner/occupant will utilise the space, but standard architectural practice does not require the 
review of the design after the building has been handed over (Zimmerman & Martin, 2001).  Zimmerman and Martin state 
(p.169); “without a feedback loop, every building is, to some extent, a prototype – spaces and systems put together in 
new ways, with potentially unpredictable outcomes.”  
Traditionally, POE has tested designs from a user’s perspective - through surveys, questionnaires, walk-throughs of 
buildings and observations of user activities. The purpose of the POE is to evaluate how well the design fulfils user 
needs and the client brief. The evaluations have been developed over forty-five years to gauge the success of all 
aspects of a design; including the quality of lighting, ventilation, heating and cooling systems, materials, energy 
consumption and production. Zimring identifies POE as a tool for learning as well as fine-tuning (Zimring & Reitzenstein, 
1980). Bordass and Leamann (2005, p. 371) fear that without POE “occupiers may never make the most of the design 
potential of their building, and large differences between expectations and outcomes can occur virtually unnoticed. 
Consequently, designers can continue to repeat flawed prescriptions, and may not even realise when they have success 
that should be replicated.” Yet POEs are not commonly used for reasons that we shall now consider. 

1. BARRIERS TO THE IMPLEMENTATION OF POST OCCUPANCY EVALUATIONS IN PRACTICE  

According to Martin and Zimmermann (2001), the barriers to POE implementation stem from a lack of education. Indeed, 
according to many of the architects we interviewed, their client’s lack of understanding of the advantages of POE was 
seen as a significant barrier to POE implementation. Bordass and Leaman (2005) see that many clients believe POE 
serves only to improve future projects and are therefore disinclined to pay for what they see as ‘solving the problems of 
the construction industry.’  Architects commonly express a reluctance to undertake evaluation activities that might 
uncover shortcomings in the building performance for which they could be seen as liable (Zimmerman & Martin, 2001). 
Identifying a possible solution to liability problems, Cooper (2001) suggests the use of POE during the defects liability 
period to allow the resolution of small problems within the normal framework of defects. Zimmerman sees the university 
education of architects in the use POEs as a way of improving their implementation (2001).  Preiser attributes increased 
POE implementation in the United States to the requirement of the U.S. Architects’ registration board that candidates 
show knowledge of POEs and demonstrate experience in their use (Preiser, 1995). Programs such as PROBE (Post-
occupancy Review of Buildings and their Engineering) and that at www.usablebuildings.co.uk have also made POEs 
much more usable elsewhere.   
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The benefit of POE in innovation testing and in learning from success and failure can be realised only if there are 
adequate knowledge management processes to transform feedback into information that architects can use in practice. 
Yet there is a lack of research on knowledge management by architectural practices. Bordass and Leamann suggest 
that, to avoid bias in POE, they should ideally be undertaken by a party independent of but in close association with the 
architect (2005). The feedback should then, to have the most impact on decision-making, be processed by a design-
architect.  Zimring has examined the processes of large client organisations that perform POEs, such as The Disney 
Corporation and the U.S. Courts (Zimring, 2001). The Disney Corporation has created electronic databases that 
catalogue projects and POE feedback, while the U.S. Courts have developed design guides from returned information.  It 
has also been found that even when evaluations are carried out and the feedback is documented, the knowledge gained 
is often not used to inform future designs because project teams often have no access to this knowledge. Zimring 
concludes by stating that theories on the implementation of POE feedback can only be developed further if organisations 
“create appropriate conditions for the potential to learn,” and that this requires a variety of staff to have access to the 
information in a readily useable format (Zimring, 2001, p. 16).   
Zimring’s research on the implementation of POE information is restricted to large commercial organisations with 
sizeable building programs. There is little research, however, on POE feedback implementation in architectural practices. 
This paper, aims to redress this shortfall and to ask three questions. Firstly, how are architects learning from POE 
feedback? Secondly, how is POE feedback absorbed into architectural practices’ knowledge and design practices? 
Lastly, if the information gained from POEs is not being carried forward into future designs, then why not?  

2. METHOD 

2.1. Participants 
The Royal Australian Institute of Architects (RAIA) has attempted to advance sustainable architecture by honouring built 
designs in their annual awards. The awards increase awareness of sustainable techniques and promote practitioners 
whose designs minimise their impact on the environment. Although there is some debate surrounding the validity of the 
awards and the “green” credentials of the buildings they have honoured, Owen stresses that they play an important role 
in promoting the green movement and are a powerful influence in architecture (Owen, 2003 p.25). It was important that 
the architects included in our sample held a clear design philosophy of sustainability and thus all participating practices 
were sustainability award winners. One was from the U.K and the others were from Melbourne, Australia, or its 
neighbouring regions in Victoria. The RAIA awards were used to refine the scope of our research sample such that our 
initial search for Australia-based participants was limited to practices with RAIA chapter awards for sustainable 
architecture. The U.K. practice is a RIBA national Sustainability Award winner and was included in the sample to add to 
the external validity of the study by providing comparative results. Due to a lack of practices that had both used POE and 
had won an RAIA sustainability award, our search was widened to include the winners of other notable sustainability 
awards. Prospective practices received an invitation to participate with an abstract explaining the issues that a 
questionnaire would discuss. Nine practices responded positively and nine questionnaires were returned, with five 
practices participating in subsequent telephone interviews. Whilst only three of the eight Australian practices that agreed 
to take part had won RAIA sustainability awards, all of the remaining five had been honoured by some other national or 
international sustainability award (for instance, there were winners of a National Green Building Award, a Interior Design 
- Environmentally Sustainable Design - Category Award, an HIA Award for Most Energy Efficient Home, a HIA National 
Greensmart Award, and a UN World Environment Day, Sustainable Buildings Award). The various sizes of the practices 
- from a sole-practitioner to a practice with offices nationwide - allowed us to see if practice-size, as well as the types of 
projects they commonly were engaged in, influenced the use of POE and how feedback informed future design. The 
practices were comprised of the following: 

 A large renowned U.K. firm (Practice 1) with a long history of using POE. Two architects from the practice 
completed the questionnaire and one took part in an interview.  

 A large national practice (Practice 2) that advertises life cycle analysis as a service. The director completed the 
questionnaire and took part in an interview.  

 Two firms who designed and built their own offices and evaluated the success of these designs. One is a small 
office (Practice 3) whose principal designer completed the questionnaire and the other is a medium sized 
collaborative consultancy firm with a subsidiary architecture practice (Practice 4). The director of the subsidiary 
architecture practice completed the questionnaire and took part in an interview.  

 Three more practices that use systems of building analysis and monitoring of designs. One is a large national 
practice (Practice 5) whose principle director completed the questionnaire. The second was a sole practitioner 
with a strong focus on sustainable design (Practice 6) who contributed by completing the questionnaire and an 
interview. The third firm was a small regional practice who describes their services as having a “primary 
ecologically sustainable design focus” (Practice 7). The director of the regional practice completed the 
questionnaire and an interview. 

 Two well-known medium-sized Melbourne practices. One has received an award for their design of a renowned 
environmentally friendly building (Practice 8), and the director of this firm completed the questionnaire. The 
other practice has a recognised focus on “green” architecture and the director was interviewed but did not 
complete the questionnaire.  
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2.2. Questionnaire  
The questionnaire is in two parts, with the first composed of twenty-one questions using a Likert scale of 1 – 5, where 1 
is strongly agree and 5 is to strongly disagree (see Table 1). The second part contains multiple-choice and qualitative 
questions asking how POEs are used, what is learned from them and how feedback has influenced the design process. 
The questions were devised to reveal similarities and contrasts in views between practices and sought to answer such 
questions as; is there a common way of implementing POEs and using the information from them to influence design? 
Are there common lessons learned from the evaluations? If POEs are not being utilised, is there a reason why the 
practices find them to be ineffectual or difficult to implement?

Table 1: Combined results from quantitative section of questionnaire. The numbers correspond to the practice numbers 
defined in section 2.1 (i.e. 1 = Practice 1, 2 = Practice 2 etc.) 

1 2 3 4 5
QUESTIONS Strongly 

Agree 
Agree Undecided Disagree Strongly 

Disagree 
1. Post Occupancy Evaluations (POEs) are 
appropriate for all projects 

1,4,5 6,8 2,3,7

2. POEs are appropriate for only certain project 
types 

2 3,4 7 1,5,6,7,8

3. The feedback from POEs is documented 
formally within the Practice 

1,4 2,3 5,6,7,8

4. The feedback from POEs is often 
reviewed/accessed once the project has 
finished 

5 1,2,3,4,
6,7,8

5. The feedback from POEs and the  
consequences on design is discussed widely 
within the practice 

1,2,3,4,
5,6

7,8

6. The feedback from POEs is often reviewed in 
relation to future projects 

2,3,4,5,
6,8

1,7

7. The feedback from POEs is not relevant to 
future projects. 

1,2,4,6,7,8 3,5

8. The knowledge gained from POEs is 
important to our design work 

2,4,5 1,3,6,7,8

9. Information gained from POEs is usually used 
in the initial stages of the design process 

2 1,3,4,5,
6,7,8

10. Information gained from POEs becomes a 
part of the practice body of knowledge. 

2,4 1,3,5,6,7 8

11. Information gained from POEs is not 
referenced formally for future designs.

4,7,8 1,2,3,6 5

12. Information gained from POEs is not 
referenced at all for future designs.

7 1,3,4,8 2,5,6

13. Information gained from POEs is used 
continually throughout the design process.

2 3,5,6,8 1,4 7

14. Information gained from POEs is used only 
at certain points in the design process.

1,4,7 3 2,5,6,8

15. POEs are useful 2,4,5 1,3,6,7,8
16. POEs are easily implemented. 2,3,4,5 1 6,7,8
17. Generally, clients want a POE implemented 2 1,3 5,6,7,8
18. Measuring the performance of a building can 
be done accurately once it is in occupation 

5 1,2,3,4 6,7 8

19. A building’s performance can only be 
measured once it is in occupation

5,8 1,2,3,4,
6,7

20. Certain techniques and technologies are 
avoided in future designs because of feedback 
gained from POEs

5,8 1,2,3,4,
6,7

21. Evaluating the performance of a building is 
important 

1,2,5,8 3,4,6,7

3. RESULTS & DISCUSSION 

3.1. General Opinions 
It is important to understand the preconceptions of POE held by the participating practices because such opinions 
influence the manner in which future POEs are conducted and how the feedback gained from them is used (see 
(Zimmerman & Martin, 2001)). POE was highly regarded in our sample, for all practices either agreed or strongly agreed 
with statement 15 that “POEs are useful,” as well as with statement 21 that “evaluating the performance of a building is 
important.” However, for statement 16 – “POEs are easily implemented” - four practices agreed, three disagreed and one 
practice was undecided. Two of the three practices that felt POEs were not easily implemented were small firms and the 
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other was medium-sized. These three practices, like the majority of the participants, execute POEs in-house. However, 
unlike the other practices, these three practices perform their evaluations informally; obtaining feedback merely through 
conversation and observation with clients as they found their limited resources made it difficult to perform a formal POE. 
Practice 1 was undecided about the usefulness of POE. This opinion reflected a long-term experience of performing 
POE both in informal and formal settings that had revealed the need for more structured, formal POEs, to ease their 
implementation and improve the usefulness of the information revealed.  
Although the majority of the participants agreed and strongly agreed with statement 18 – “measuring the performance of 
a building can be done accurately once it is in occupation” - two practices were undecided and one disagreed. The same 
three practices disagreed with statement 16 – “POEs are easily implemented” - which may elucidate why the three 
practices do not implement a formal POE. In contrast, the practices that use a formal method of POE feel that measuring 
the performance of a building in occupation is accurate.  In response to statement 7 – “the feedback from POEs is not 
relevant to future projects” - all practices either disagreed or strongly disagreed. Participants echoed this opinion when 
they all strongly agreed or agreed with statement 8 – “the knowledge gained from POEs is important to our design work.” 
This acknowledgement of the relevance and importance of POE feedback to future designs indicates that it is seemingly 
worthwhile overcoming barriers of POE implementation and resolving the difficulties of managing the knowledge gained 
from them. 

3.2. Implementation of Post Occupancy Evaluations 
The manner in which a POE is performed and the reasons for its implementation determine the type and usefulness of 
the information that will be returned and influences too if and how that feedback will be used in future design processes. 
All the participating practices stated that they perform POE to improve the internal knowledge of the practice.  Practice 8 
also sees the implementation of a POE as a service to clients, for POE ensures that the practice does “not repeat 
mistakes or poor outcomes from previous projects. More importantly it assists in adding further operational, strategic and 
sustainable value for clients in future designs.” This claim is supported by the large firm Practice 5, who describe POE 
“as a way of improving design service,” and by Practice 4 who perform them to improve the “customer service” of the 
practice. In the qualitative section of the questionnaire, all practices claim that POEs are important to their design 
processes and positively influence their design outcomes. Practice 7 believes POE allows for a greater understanding of 
how the buildings and the products used within them perform, and Practice 1 describes POE as a “fundamental design 
tool.”
The interviews and qualitative questionnaires revealed how POEs are performed and why the issues they address are 
determined by the size of the practice and the type of clients and projects they undertake. Thus, as discussed above, the 
small Practices 6, 7 and 8 perform POE in an informal manner via conversation and observation. These practices 
disagree that “generally, clients want a POE implemented.” Practice 7 relies on clients informing them during the defects 
liability period about a building’s problems or successes. As a small practice, with mostly residential work, Practice 7 
believed that a formal POE would be of no use or would be impractical because clients do not see the purpose of an 
evaluation or do not have time to complete one. Practice 7 considered formal evaluation as an “academic exercise;” a 
view that reflects the opinions discussed by Bordass and Leamann (2005).  The large Practice 1, who has implemented 
POE both formally and informally, refutes such a view. Furthermore, Practice 7 felt that measuring energy use on a 
project-to-project basis was impractical, as the behaviour of dissimilar clients had to be accounted for. In contrast, the 
large Practice 2 viewed understanding client energy-consumption as beneficial because they felt that a building is not 
always used how the designer expects. Practice 6 is a sole practitioner and revealed that, although he had considered 
technically evaluating his built designs, his practice was too small to carry out such evaluations. Instead, he uses 
computer-modelling programs to test designs before they are built.  
Practice 8, which is medium-sized, performs evaluations to assess the outcomes of the building relative to that predicted 
at concept design phases. The director states that POE assists to ensure that mistakes or poor outcomes are not 
repeated and thus gives “operational, strategic and sustainable value” to future clients. The small firm Practice 3 is 
dedicated to sustainable building. Their clients understand and expect, from the practice name and website to the 
reputation of its principle designer who has advised the government on sustainable issues and lectured on behalf of the 
Australian Greenhouse Office, that the designs of practice 3 will have a “green” focus. Although many clients of this 
practice do not understand the advantages of POE, an ignorance often seen by Bordass and Leamann (2005), the 
practice often persuades them through education to implement POE. This has enabled the practice to analyse owner-
occupiers’ energy use and how this usage affects a building’s thermal performance. For practice 3, client education is 
important and plays an important role in improving the usefulness of POE. 
Practice 4 is medium sized and performs POE in the form of structured reviews with clients. The POEs are implemented 
for projects identified by the practice as needing evaluation, such as large-scale buildings, and examine building 
performance in terms of sustainability. The practice believes that the perception of good service advanced by POE 
influences not only client satisfaction but also design outcomes. Their evaluations look, therefore, at not only building 
performance but also at the success of the design process and at the performance in the client’s view of the practice’s 
employees. The interviewed director felt that structured evaluations are key to the success of their practice and inform 
not only future designs but also the manner in which the office runs and how project teams are developed. The size of 
this practice and its role as part of a larger national company enables the evaluation process to take a far broader 
appraisal of design to include its process as well as its product in the form of a built design. 
The large national Practice 5 also sees POE as crucial to good client service as well as to practice education. The 
practice uses a consultancy firm for evaluations, using what the director describes as a “pre and post approach” to 
assess designs in terms of “critical success factors” that are established at the start of the project. For this practice, a 
POE enables them to understand the physical and psychological implications of design decisions.  
Practice 2 is also a large national practice and undertakes many sizeable government and tertiary education buildings 
commissioned by repeat clients. POEs are performed by them in both an informal and formal manner, depending on the 
nature and scale of project. Normally, close relationships with clients enable feedback and anecdotal information to be 
collected. However, the practice director recognises that anecdotal feedback is not always accurate, especially in public 
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projects when the client is not the user of a building. In instances where innovative or ambitious goals have been set, the 
practice will commit funds and time for a consultant to perform a structured, formal POE. Formal POEs are also usually 
performed for repeat clients who have a constant building program – such as universities – and for those who request an 
evaluation. The practice has performed POE as proof of building performance for clients who had precise environmental 
demands, and has also used POE as a tool to inform the retrofit or fine-tuning of buildings. 

The large firm of Practice 1 uses consultants for POE that is used to inform future designs and verify designs during 
construction. They evaluate buildings in terms of energy consumption, occupant satisfaction and environmental control. 
Their clients tend not to demand POE unless they specifically indicate that sustainability is a prime aim. When discussing 
the influence of the scale of projects, large Practice 1 reflects the opinion of large Practice 2 on the problems of acquiring 
client feedback. Namely, that for bigger projects, evaluation is made difficult by the fact that there are many end users 
who often are not their clients, especially when compared to smaller residential projects when the user is normally the 
client. Thus, the smaller the project the easier it is to get clear and reliable feedback. Practice 1 finds that lines of 
questioning must be project specific if feedback is to be useful for future design. 
To sum up our findings on POE implementation; the smaller practices in our sample tended to perform POE informally 
due to their limited resources and their consequential need to make evaluations appropriate to the scale of their projects 
and fees. They normally found that it is possible to evaluate built designs directly from client feedback because their 
clients tend to be the end users of their designs. This finding is in line with the research of Cooper (2001), who advises 
that such informal POEs can generally be performed during the defects liability period when small problems can be 
unearthed. The implementation of POE in the medium-sized practices of our sample occurred in a more structured 
manner and took place in-house. The scope of their POE varied according to their priorities and the scale of their 
projects. For the large practices in our sample, POE was project specific. For smaller projects, the large practices 
implemented evaluations in-house, while for larger projects consultants performed evaluations. The large Practices 1 
and 2 revealed that clients with a continuing building program routinely demanded a POE and expected feedback to 
inform subsequent projects. In common with Martin and Zimmerman (2001), Practice 1 cites the feedback loop of POE 
as important to improving the status of POEs in the construction industry.  
All practices in our sample perform POE for the improvement of their expertise. Only two practices stated that they have 
implemented POE purely because of a demand for this service from clients. Three of the nine participating practices did 
not specifically assess the energy use of buildings and other measures of “sustainability” in their POE.  Two of these 
practices are small and claimed that targeting “sustainability” performance in POE would require unfeasible resources.” 
Clearly, the size of the practices seems here to have an influence on how POE is implemented and what questions are 
asked. As a result, we might expect practice size to also impact on how feedback is managed and used to inform 
practice.

3.3. The Management and Dissemination of POE Knowledge 
All the interviewed practices stated verbally that the information gained from POE is used to inform future projects. This 
is verified in their questionnaires, where seven practices agreed and one strongly agreed that “the feedback from POEs 
is often reviewed/accessed once the project has finished.” Six of the practices agreed with statement 5 that “the 
feedback from POEs and the consequences on design is discussed widely within the practice,” while two were unsure 
that this occurred. Exactly the same responses were given by the same practices for statement 6 - “the feedback from 
POEs is often reviewed in relation to future projects.” For statement 12 - “information gained from POEs is not 
referenced at all for future designs” - only three practices strongly disagreed, four disagreed and one was undecided. 
Thus it would appear that most of our sample agree with Zimring that the longer-term benefits of implementing POE can 
only be realised if the information gained is managed to make it easily accessible by staff and readily usable therefore in 
future design (Zimring, 2001). 
Practice 7, however, responded undecided to all three statements on POE knowledge management. The small size of 
the practice and their responses to questions on the nature and scope of their evaluations would suggest that their failure 
to advance a POE feedback loop is related to the informality of their POE process. This likelihood is reinforced by the 
responses of the medium-sized Practice 8, which was undecided about whether feedback was reviewed in relation to 
future designs in their office, and in discussions revealed that, although feedback is becoming more formally documented 
in their office, it currently circulates ad hoc. In the small Practices 6 and 7, where evaluations are carried out informally 
with clients, the POE feedback loop takes place merely via casual conversation and office meetings. In Practice 7, more 
formal feedback management systems, such as office standards, are being developed as the practice grows. The two 
small Practices 6 and 7 both found that most POE confirms early computer simulation and the intuitive understanding 
that their architects have of building energy performance. POE has, however, fine-tuned for them their understanding of 
passive lighting techniques, materials properties and water conserving systems. 
Practice 3 is also a small practice, yet handles the dissemination of POE information in a formal manner via staff 
meetings and an office design-standards manual. As the practice focuses POE on the technical performance of their 
buildings, the POE information is too specific to be distributed informally. Their design process also includes discussions 
of POE feedback as early as the sketch stage because they have found this feedback to refine early ideas. Regular 
design reviews amongst their staff disseminate POE knowledge from past projects to inform design decisions and to 
improve sustainable building techniques.  
As a medium-sized firm with a large number of staff, Practice 8 recognises that in order to be sure that design teams use 
POE feedback to influence future designs, the feedback loop must be formalised. Thus, the practice is now formalising 
dissemination by circulating POE via office meetings and a design-standards manual. The medium-sized Practice 4 also 
has a formalised POE feedback loop. The directors of Practice have regular meetings with their “Development Manager” 
whose responsibility it is to implement POE and then disperse the feedback to project teams via meetings and office 
design-standards. Moreover, their design process includes structured reviews that provide the opportunity to test designs 
against the POE feedback of past projects. The practice recognises that its large design teams need access to POE 
feedback via both formal and informal systems that encourage them to inform and test designs using the feedback.  
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Like some of the smaller practices in our sample, the large national Practice 2 disseminates POE feedback via casual 
conversation, meetings, and the inclusion of information in an office design-standards manual. The practice also 
engages in in-house training sessions and slide presentations where previous POEs are reviewed. These workshops are 
held  at the commencement of projects to determine how past POE can inform their design. 

Two of the large practices, Practice 5 and Practice 1, use an intranet to disseminate POE feedback. In Practice 5, the 
POE feedback loop is encouraged by the combination of this intranet with regular design workshops where people from 
within and outside the firm contribute. The use of an intranet as both a formal database and a communication tool 
between offices in Practice 5 enables all staff to learn from the POE of many past projects. The workshops are structured 
to facilitate the ready exchange of POE to inform future designs. Practice 1 uses the intranet to upload to a knowledge-
management database key recommendations and summary documents collected from POE. Like practice 5, workshops 
and design reviews are used by Practice 1 to formally present POE conclusions to project teams, to research groups 
within the practice and to engineering consultants (who collaborate with the practice’s architects on the implementation 
of its sustainability agenda and environmental management strategies). The practice also encourages staff to attend 
professional development seminars to disseminate and advance expertise informed by POE. These dissemination 
initiatives highlight to design team members the importance of learning from others and from past projects in order to 
improve future design. Despite these initiatives, Practice 1 is undecided about statement 6 – “the feedback from POEs is 
often reviewed in relation to future projects” - for the practice feels the inclusion of POE feedback in its design processes 
needs even greater formalisation. The practice is therefore presently trying to systemise feedback implementation in the 
form of a checklist for each fee stage. The practice sees that, although their current POE dissemination methods could 
be improved, they have however informed practice. For instance, POE has shaped environmental management 
strategies that seek to avoid the dangers of overcomplicating Building Management Systems and have illuminated 
unexpected energy loads in buildings due to occupancy behaviour. POEs have also enabled the practice to recognise 
the importance of engaging from early design stages engineering consultants with sustainable building expertise.  
In our sample, the degree of formality of POE dissemination is very much related to practice size. The larger practices 
have been able, due to economies of scale, and been compelled, due the complexity and size of the collaborative 
structures of their design teams, to develop formal electronic systems of documenting POE feedback that are reinforced 
with design workshops and reviews. Such a combination of dissemination methods also allows for the different learning 
styles of staff. Currently, for most of the practices POE dissemination is structured to largely inform only the initial stages
of the design process when perhaps systems could be implemented to ensure POE feedback is used at all stages of 
design. 

CONCLUSION 

This paper has aimed to explore the use of POEs in architectural practice, how architects learn from POE, and has 
asked - if the information gained from POE is not used to inform future designs, then why? 
Post occupancy evaluations are used in all the participating practices, however the method by which they are 
implemented and the type and usefulness of the information revealed is largely determined by the size of the practice 
and hence the scale of projects they undertake. Practice size also determines the way feedback is documented and 
disseminated.  
Two of the three smaller practices found that feedback from informal reviews with clients was less useful for future 
design than they had hoped due to the unspecific nature of such POE. The feedback was used, however, to confirm 
software simulation accuracy and fine-tune understandings of design and material/construction system decisions. These 
small practices believe that formal evaluations are not appropriate and too difficult to implement for small-scale projects. 
Feedback in these practices tends to be distributed via casual conversation as necessary. The third small practice, 
however, desired to put to more effective use what they learned from past projects and felt that POE was informative for 
developing sustainable building techniques. When the clients of this practice were not eager for POE, the practice 
attempted to educate them of the benefits of POE and generally performed some form of design evaluation for the 
education of the practice even when clients refused to fund POE. 
In the medium-sized practices, POEs were always performed in-house – as occurred in the smaller practices too. 
However, POE tended to be more structured for the medium-sized practices and able to evaluate a wider variety of 
design influences and decisions - including practice structure and technical building performance data. Although these 
medium-sized practices had key principle designers, they have larger teams than the small practices and their processes 
of design are therefore much more collaborative. As a result, it is important that their teams have access to POE via both 
formal and informal systems and follow a design process that encourages and allows the implementation of the 
knowledge informed by POE.  
The directors and principle designers of all the practices had direct access to information from POE. This was because 
they were either involved in carrying out the evaluation or, where consultants were used, they were the first receivers of 
returned information. These principle designers were able, therefore, to implement feedback in future designs. In the 
bigger practices, large project teams usually carry out design and it is important therefore to structure the dissemination 
of POE feedback throughout the office. The larger practices have also been compelled to implement a variety of 
dissemination systems to cater for the different learning preferences of those who make up the firm. Some may find 
conversation between colleagues the ideal way of learning, while others gain more from an intranet or database of 
information. For these larger practices, structured design reviews have proven the most used and successful method for 
integrating POE into the design process.  
All the participating practices that perform a formal POE have found the feedback to be informative for future design and 
for improving their understanding of sustainable building techniques and technologies. It is notable that in our assembly 
of “green” practices, six out of the nine have used POE to specifically evaluate sustainable building techniques and 
technologies and that the other three practices were all small in size. Two of these three small practices stated that to 
evaluate the sustainability of their buildings via POE would be too difficult because they did not have the resources to do 
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so. The large Practice 5 has established an intranet research database for sustainability investigations. This practice 
recognises, however, that POE is not being used by them to its full potential and agrees, as has also been recognised by 
both Martin and Zimmerman (2001) and Preiser (1995), that there is a need for education of architects in the 
implementation and dissemination of POE. As Zimmerman and Martin state (2001), to ensure that sustainability 
objectives are realised, POE is needed to close the loop between intention and reality. To enable this, medium and 
larger scale practices need to structure their design process to ensure that the dissemination of POE and the use of it to 
inform future design are scheduled duties of its architects. For smaller practices, there is the need to educate 
owner/occupiers of the effect on them of the buildings that they occupy and of how POEs are critical to understanding 
and shaping that effect. 
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