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Abstract: The significant effects of the building industry on the natural environment are well 
documented and improving the environmental performance of buildings is an on-going challenge. This is 
particularly the case for projects with restrictive budgets and timelines and because many existing 
environmental assessment tools are designed to be used too late in the design process. The use of tools 
during the early design stages may assist in achieving greater improvements in a building’s 
environmental performance. However, user-friendly tools with the ability to comprehensively compare 
environmental information between various building assemblies and materials, which can be easily 
adopted during the early design stages of a project, are not readily available. This paper presents the 
progress to date in developing a tool which supports building designers in identifying and selecting 
preferred building assemblies with the aim of minimising a building’s life cycle energy demand. The tool 
is based on comprehensive energy performance data for a broad range of building assemblies across all 
Australian climate zones. Allowing for adjustments to a set of pre-defined and user-defined assemblies 
the designer is able to see how assemblies perform in relation to each other. This provides valuable 
information to support decision-making relating to minimising the life cycle energy demand of buildings. 
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1. Introduction 

Although the energy demand of buildings can be reduced through improvements to their construction 
and operation, some of the most significant energy demands are locked in during the schematic design 
stage. However, the ability of building designers to significantly improve the energy performance of 
their designs is limited by a lack of reliable and detailed energy performance information related to 
building materials and assemblies. Importantly, a holistic approach to low-energy building design is 
required to ensure that any energy efficiency strategies provide a net energy benefit over the life of the 
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building. The energy performance of a building design can be determined through the application of life-
cycle assessment (LCA) tools during the early design stages. However, currently available LCA tools can 
be costly and/or time consuming to implement, and hence do not allow for quick assessment of 
potential assembly alternatives. Furthermore, many existing tools are predominantly concerned with 
reducing operational energy and related greenhouse gas emissions with little thought for the energy 
and emissions associated with the other stages of a building’s life. An increasing number of studies are 
demonstrating the significant energy consumption and emissions produced during life cycle stages other 
than the operational phase (Fay et al., 2000; Pullen, 2000; Treloar et al., 2000; Gustavsson and Joelsson, 
2007). The initial embodied energy alone can be equivalent to the total energy required for the 
operation of a building over its life (Treloar et al., 2001). A limited number of tools currently exist (for 
example, the ATHENA EcoCalculator for Assemblies (ATHENA, 2007) and the BEES tool (NIST, 2007)) that 
consider a broad range of life cycle stages, from raw material extraction through to eventual demolition 
and disposal. None of these existing tools sufficiently covers every life cycle stage for the Australian 
context. 

A simple-to-use, affordable and accessible tool which can be implemented during the very early 
design stages, coupled with comprehensive energy performance data is not currently available, 
particularly not for the Australian context. The development of such a tool could significantly improve 
the environmental performance of the building sector by facilitating more informed choices during the 
early design stage of a building. The aim of the work presented in this paper was to bring together the 
principles of LCA with comprehensive energy performance data into a tool for building designers to 
enable them to select materials and assemblies for building projects to reduce life cycle energy demand. 
However, problems can arise with the use of precompiled environmental information. For example, 
operational energy requirements of buildings will vary based on the individual characteristics of a 
building (size, location, materials etc.). This may be one reason why existing tools and databases that 
provide pre-compiled environmental data for building assemblies (such as ATHENA, 2007) do not 
consider the energy demands associated with the operational stage of a building (for heating and 
cooling in particular). As noted previously, this can result in misleading information that can then lead to 
sub-optimal design solutions. 

The tool’s development involved an interdisciplinary team of architects, engineers, software 
developers and researchers. The intention of the tool is to facilitate more appropriate environmental 
considerations being made as early as possible in a project in an effort to improve the energy 
performance of building projects. The tool will provide building designers with more comprehensive life 
cycle energy information across a broad range of building assemblies. This will allow building designers 
to assess and select individual or combinations of building materials and assemblies for the various 
building elements with the aim of minimising the life cycle energy demand of a building. This paper 
presents the progress made in the development of this tool. 

2. Background 

Limited energy performance data is available to assist in informing early-stage design decision-making to 
reduce the life cycle energy of buildings (Crawford et al., 2010). Previous life cycle energy studies of 
buildings (inter alia Adalberth, 1997; Fay et al., 2000; Foster et al., 2000; Rolfsman, 2002; Gonzalez and 
Navarro, 2006) rarely demonstrate a particular approach or method which could readily be adopted by 
designers to optimise building energy performance. Typically, studies have focused on either modelling 
the operational energy requirements for buildings (for example, Bouchlaghem, 2000; Al-Sanea, 2002; 
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Thorsell and Bomberg, 2008) or on their associated embodied energy (for example, Lawson, 1996; 
Venkatarama-Reddy and Jagadish, 2003; BRE, 2008; Iyer-Raniga et al., 2008). Studies that have come 
closest to providing data that can be employed by designers in the selection of building materials or 
assemblies to optimise building energy performance include that by Yao and Steemers (2005) and 
Utama and Gheewala (2008) as well as that conducted by Lawson (1996) and BRE (2008). However, the 
energy requirements associated with the replacement, operation and maintenance of materials are 
excluded. An existing tool which provides energy performance data for common building assemblies, 
including both initial and recurring embodied energy (EE), is the ATHENA® EcoCalculator for Assemblies 
(ATHENA, 2007), although it excludes operational energy (OE). Studies where both EE and OE have been 
considered include that of Pierquet and Bowyer (1998) and Chen et al. (2001); however, the use of 
incomplete, potentially erroneous data is apparent, specifically in terms of the use of disparate data 
sources. 

The importance of incorporating EE into the tool is critical to the comprehensiveness and usefulness 
of the information obtained. Most existing models use a process analysis approach for quantifying EE. 
Previous research by Crawford (2008) has shown that when assessing EE using process analysis, up to 87 
per cent of the energy demands can be excluded. While the operation of buildings accounts for at least 
40 per cent of national energy consumption and greenhouse gas emissions (OECD, 2003), the inclusion 
of the energy required for their construction (including the manufacture of materials) means that 
buildings are responsible for most of the nation’s energy consumption and emissions. This means that 
improving the energy performance of buildings across their life cycle will make a significant contribution 
to achieving broad environmental goals.  

The early-stage design decision-support tool is envisaged as the platform by which the 
comprehensive assessment of the whole-of-life energy attributed to building assemblies, combining the 
innovative method of embodied energy assessment with thermal performance modeling, is performed. 
The project has established a framework for integrating the various life cycle energy demands 
associated with the use of specific building assemblies. It also establishes a model to support building 
designers in identifying and selecting preferred assemblies for building design projects based on their 
life cycle energy performance. By providing building designers with comprehensive environmental 
information at a building assembly level, and early in the design process, there is considerable potential 
to improve the environmental performance of buildings. Providing this information on a holistic life 
cycle perspective (rather than the piecemeal approach currently used) will ensure that decisions are 
being made based on the most comprehensive information possible, ensuring that environmental 
outcomes are not being compromised by missing or incomplete information. 

The process of developing the early-stage design decision-support tool has been an iterative one 
spanning several years. Although this paper is concerned primarily with the process to date of 
developing the tool, the development of more comprehensive data specific to the Australian 
construction industry is fundamental to the overall success and functionality of the tool. The process of 
establishing this database and methodology is hence introduced briefly and illustrated in Figure 1 below. 
For more detailed information and specific results, refer to the papers cited. 
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Figure 1: Conceptual framework of the overall project. 
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2.1. Establishing a ranking protocol: proof of concept 

The prior research carried out by the authors (Crawford et al., 2010) initialised the development of a 
method for ranking building assemblies based on their life cycle energy performance. This was the first 
crucial step in compiling a database of the life cycle energy requirements associated with a large range 
of building assemblies, for use in various climate zones across Australia. In particular, the importance of 
incorporating embodied energy demands with operational energy demands was demonstrated. A 
ranking of assemblies within each element group was seen to be most useful output from this study 
considering the difficulties in drawing generic conclusions from the operational energy figures obtained. 
Although the combined embodied and operational energy figures given were specific to the case 
assessed in this study, as every building will have different operational energy requirements based on 
orientation, internal gains, windows, operating hours etc., it was anticipated that the ranked order of 
assemblies would hold true regardless of the variations associated with a specific building. 

2.2. Sensitivity analysis: verifying the ranking protocol 

The ranking protocol was further verified through a sensitivity analysis of variations to the floor area, 
shape and orientation of the base model. This was done to test the reliability and applicability of the 
ranking approach across a broad range of circumstances (Crawford et al., 2011a). It was found that 
these variations did not influence the ranked order of the assemblies in terms of the life cycle energy 
demand associated with their use. Thus, the ranking of assemblies appeared to provide an appropriate 
approach for streamlining the selection of building assemblies during the building design process. 

2.3. Case study 1: detached residential house 

The aim of the study by Crawford et al. (2011b) was to demonstrate how the availability of comparable 
energy performance information at the building design stage can be used to better optimise a 
residential building’s life cycle energy performance. The life cycle energy demand of a case study 
residential building, located in the temperate climate of Melbourne, Australia, was initially quantified 
using a comprehensive embodied energy assessment technique and TRNSYS thermal energy simulation 
software. The building was then modelled with variations to its external assemblies and materials, 
systematically changing one assembly at a time in an attempt to optimise the life cycle energy 
performance of the building. The alternative assemblies chosen were those shown through the authors’ 
previous modelling to result in the lowest life cycle energy demand for each building element, 
determined using the ranked assemblies list for Melbourne (Crawford et al., 2010). The best performing 
assemblies for each of the main external building elements were then combined into a ‘best-case’ 
scenario to quantify the potential life cycle energy improvements possible compared to the original 
building. The study showed that significant life cycle energy savings are possible through the modelling 
of individual building elements for the case study building. While these findings relate to a very specific 
case, this study demonstrates the potential for this approach in optimising building life cycle energy 
performance during early-stage building design. 

2.4. Case study 2: multi-unit residential building 

The study by Crawford et al. (2014) demonstrated further application of the ranking model to show how 
the availability of comparable energy performance information during early-stage building design can be 
used to better optimise a building’s energy performance. As for Case Study 1, the life cycle energy 
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demand of the case study building was quantified using a comprehensive embodied energy assessment 
technique and TRNSYS thermal energy simulation software. The building was then modelled with 
variations to its external assemblies in an attempt to optimise its life cycle energy performance. The 
alternative assemblies chosen were those shown through the ranked list of assemblies to result in the 
lowest life cycle energy demand for each building element. The study showed that significant life cycle 
energy savings, up to 45%, are possible through the modelling of individual building elements for the 
case study building. 

3. Tool development 

This section of the paper describes the components of the proposed decision-support tool and outlines 
the development process taken and expected outputs. The project required exploratory work to 
develop task workflows, supporting user interfaces, and associated data structures. The interface 
development for the tool was dependent upon a close collaboration between the research team, 
software developer and input from the industry partner and potential end-users. This work was 
structured by identifying and prioritising the major use-cases and features to be implemented. Work 
was executed through an iterative process, working in cycles of one to two weeks, and focusing on a 
small number of features that could be completed in each cycle. At the conclusion of each cycle, the 
state of the tool was reviewed, through user cases and features to be implemented. From the beginning 
of the tool development process, it was envisaged that the tool could be developed in one of two ways. 
Firstly, either as an engineering tool, to be used to perform a technical task, with outputs and data being 
used to inform other reports - the outputs and data would not be easily interpretable by non-experts. 
Or, secondly, as a ‘social process’ tool – to assist in informing decisions concurrently with design 
activities, with tasks being fairly simple to implement by non-experts (i.e. the architect could perform 
the tasks themselves, without having to outsource the work to an environmental consultant). Ideally, 
outputs and data produced by the tool were to be in an easy-to-understand format appropriate for all 
stakeholders, including architects, clients, etc.. Consideration was given to: 1) the information most 
important to informing the selection of assemblies during the design process; 2) how the tool would fit 
within the broader design process; 3) compliance with minimum energy performance requirements, as 
outlined in the BCA; and 4) providing a comprehensive, yet simple and quick to use, approach for 
assessing, ranking, selecting and optimising assembly options. 

3.1. Collating user stories 

The first phase in the iterative process of developing the tool, encompassing the expertise of practicing 
architects and designers, a software developer and researchers, was to collect user stories which would 
help inform the required functionalities for the proposed tool. A user story can be described as ‘a short 
narrative describing where the tool sits in the overall design and construction process of a building and 
the activity of using the tool to calculate energy requirements for a project’. In order to collect user 
stories, the primary and proposed users of the tool needed to be identified. For the purpose and scope 
of this project, two primary users were identified, the client and the architect. The industry partner of 
this project is an independently-owned architectural firm providing expertise in the fields of 
architecture, planning, urban design, interior design and graphic design. The company’s approach to 
responsible design is to address sustainability in a holistic manner both in terms of the different facets 
of sustainability - social, cultural, ecological, and economic issues and with regard to a considered 
approach in the design process. Their design approach starts by addressing sustainability issues and 
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opportunities in the concept phase of any project which leads into consideration of the environmental 
impacts generated by the selection of building systems and services, the choice of materials, and the 
application of passive design strategies. 

The next step in developing a tool which is appropriate and useful for architects to assist in making 
decisions regarding the selection of building assemblies is to consider the multi-faceted decisions which 
have to be made very early in a project. These decisions involve identifying and responding to 
competing constraints and/or opportunities. These are progressively refined or changed as new factors 
are identified, and decisions are confirmed. On different projects, different factors and different 
priorities exist. Architects draw on experience, briefings, advice, and other resources to help to make 
their decisions. Some key factors in the selection of building assemblies, in typical order of priority, are 
shown in Table 1. 

Table 1: Key factors in the selection of building assemblies, in common order of priority. 
1. Cost 11. BCA/ regulatory requirements 
2. Structural adequacy 12. Fire performance 
3. Availability of construction materials 13. Thermal performance 
4. Construction simplicity 14. Acoustic performance 
5. Appearance  15. Planning requirements 
6. Views, ventilation & other site specifics 16. Heritage requirements 
7. Building orientation & local climatic context 17. Durability 
8. Existing structures on site 18. Sustainability 
9. Construction time 19. Cultural expectations & typology 
10. Other jobs/deadlines  

3.2. Inputs and outputs required for tool development 

In order to be able to assess the overall life cycle energy associated with an assembly, its operational 
energy, initial embodied energy and recurrent embodied energy demands are required. However, first 
the individual components and materials that make up an assembly, as well as the order that they 
appear in the overall assembly (as this order directly affects the way the assembly performs thermally), 
is identified. As the analysis is performed on a square metre basis, the exact dimensions of the 
building/wall element are not required at this stage. Operational performance data associated with each 
assembly within the tool was determined based on outputs of a detailed TRNSYS model, as described in 
Crawford et al. (2011a). The initial and recurrent embodied energy of each assembly was determined 
using a hybrid embodied energy assessment technique described by Crawford (2008) and based on 
average material service life values. 

Tool outputs include information on the parameters and variables against which the assemblies 
were assessed or ranked, based on the recurrent and initial embodied energy, and thermal energy 
loads. Once assemblies are selected, then the tool can be used to further optimise them in order to 
reduce embodied and operational energy demand. This may include identifying individual materials or 
life cycle stages representing the most significant energy demands and substituting materials within an 
assembly. The intention is also for the user to be able to single out relevant improvement strategies 
based on specific project priorities (such as reducing initial EE demands) and to be able to weight the 
importance of initial embodied energy (IEE), recurrent EE (REE) and operational energy demands. 
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3.3. Interface design and development 

Existing life cycle assessment tools are not always conducive to use in architectural practice, particularly 
to assist in informing decisions early in the design process. Most LCA software is intended for use with 
designs which are largely resolved (at least to SD stage), whereby the building designs can be tweaked 
to achieve particular minimum performance standards. It is more difficult and costly by this stage of the 
design process to make changes which will dramatically improve the environmental performance of the 
building. 

Three key barriers to the implementation of existing LCA tools in the architectural practice 
environment are, 1) the level of complexity of the tools and the associated time requirements to learn 
how to use them; 2) the fact that most tools require a complete building envelope for analysis and 
hence the design is fairly resolved by this stage with assemblies generally having already been decided 
upon; and 3) the fact that many tools contain data and are based on building regulatory compliance 
requirements applicable to a single country. 

The development of the early-stage design decision-support tool detailed in this paper began with 
consideration of the Building Code of Australia (BCA) and the standard construction assemblies used in 
Australia. This then led to further discussions with architects about the most commonly used assemblies 
in practice. 

4. Conclusion and further research 

This paper has outlined the development of a tool for informing life cycle energy performance 
improvements during the early stages of building design. This tool is innovative as it attempts to provide 
a basis on which to compare and select building assemblies to reduce a building’s life cycle energy 
demand prior to having conceived the building form or having a resolved design.  

The life cycle energy demand for each assembly is based on comprehensive hybrid embodied energy 
data (including initial and recurrent) and operational energy demands are based on thermal loads 
modelled in TRNSYS software. 

The ranking approach used in order to compare and inform the selection of assemblies based on 
their influence on the life cycle energy demand of a building was considered the best approach in the 
absence of an ability to conduct detailed dynamic thermal modelling for a range of assemblies for a 
specific project, quickly and early in the design process. 

Allowing building designers to make well-informed decisions on the choice of building assemblies 
and materials as early as possible in the design process will help to maximise the life cycle energy 
performance of buildings. These decisions are often made much later in the design process, at a point 
where there is much less flexibility and opportunity to change. This tool provides designers with the 
ability to screen in or out potential assembly solutions as well as highlight areas where further 
improvements/alterations to existing assemblies may be possible. Time can then be saved later in the 
design process when more detailed analysis and refinement of building performance can focus on a 
narrower selection of assemblies and design solutions. 

The paper has described the initial stages of the tool’s development. Further research will involve 
testing the tool on a range of current and built real projects within the architectural practice context and 
using the feedback gained from this exercise to evaluate the usefulness of, and highlight further 
improvements for, the tool. 
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