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ABSTRACT: An increase in building energy efficiency, including reductions in their embodied energy, 
is essential in order to mitigate the impacts of climate change. Material selection is a key element of 
any attempt to reduce the life cycle energy requirements of buildings. The building envelope itself plays 
an important role in determining the operational and embodied energy consumption of a building and 
therefore the materials used in the building envelope must be carefully considered. 
 
This study considers the use of textiles as a building envelope material and analyses the life cycle 
energy requirements associated with a roof construction recently erected in Melbourne, Australia using 
ETFE cushions, and an alternative design for the same roof using a traditional glass structure. It was 
found that the ETFE cushions resulted in a 42 per cent reduction in life cycle energy requirements. The 
paper demonstrates the benefits and challenges associated with the application of textile materials in 
buildings. It also provides builders, architects and planners with knowledge to support the design 
decision-making process as well as further ways of achieving additional reductions in the 
environmental impacts resulting from the building sector.  
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INTRODUCTION 
 
Textile materials offer various benefits in regards to sustainable design solutions when applied as part of a building 
envelope. The façade can have a significant impact on the operational energy consumption of a building (Harvey 
2009) and it is therefore important to compare different materials in regards to their environmental impact. To 
determine the driving issues related to the implementation of textiles, a number of large architectural firms in Australia 
were surveyed. With the focus on comparing textiles to other transparent materials, such as glass, this investigation 
clearly indicated challenges for the materials’ implementation and the need for further clarification on material 
characteristics and its application. Of particular concern was the lack of information on the life cycle environmental 
impacts of textile materials, such as ETFE foil cushions in comparison to traditional glass. This paper helps to fill this 
gap using a case study of a recently erected roof construction in Melbourne, Australia, comparing the ETFE structure 
with a glass roof in regards to its initial embodied energy as well as the energy requirements associated with its on-
going maintenance. 
 
1. BACKGROUND 
 
1.1. ETFE  
A wide range of textile materials exist on the market; the most common ones are ETFE (ethylenetertafluoroethylene) 
and PTFE (polytetrafluoroethylene). While ETFE materials are predominantly applied as inflated cushions, PTFE 
materials are normally used as a shading structure. This study focuses on ETFE because of the many advantages 
that stem from the material’s properties (Stokes 1998; Robinson-Gayle et al. 2001; GJames Glass 2009; Macleod 
2010): 
 

• Light transmittance: The visible light transmittance can be as high as 90 per cent and enables the material to 
replace glass that has roughly the same value. 

• Embodied energy: Previous research indicates that ETFE cushions require up to 10 times less energy to 
produce than glass. 

• Weight: Foils weigh very little: 1-1.5 kg/m2; a double-glazed unit, in comparison, weights approximately 
30 kg/m2. 

• Spans: Due to the weight of ETFE cushions, unit sizes can span from 3 x 6 m up to 3.5 x 25 m and a single 
layer system can be manufactured almost to any size. Regular glass sizes can be approximately 1 x 4 m. 

 
In addition to the above, ETFE cushions can integrate frit patterning to provide shading qualities, have a low heat 
transmission (u-value is approximately 2 W/m2K for a triple layer cushion) and its life span is estimated to be 
approximately 35-40 years (Macleod 2010). Although these benefits exist, there have been only a few projects where 



 

44th Annual Conference of the Architectural Science Association, ANZAScA 2010, Unitec Institute of Technology 

textile materials have been applied. To identify the reasons for the relatively slow uptake of applications of ETFE, a 
survey was undertaken by Lau (2009) that focused on the comparison of ETFE (and PTFE) with glass within 
buildings. 
 
1.2. Challenges for the use of ETFE film in building design  
Substantial architectural firms with 10-20 years of experience in international as well as national projects as well as a 
high expertise in energy efficient building and façade design were targeted. The survey identified several issues that 
seem to hinder an increase in the application of textile materials in buildings. The main issues were found to be: 
 

• Embodied energy: Although approximately 50 per cent of the architects thought that the embodied energy of 
ETFE would be lower than glass, 30 per cent of the interviewees were unsure. 

• Cost: Approximately 30 per cent of the interviewees believed that ETFE would be more expensive than glass 
as a whole façade system. 25 per cent of respondents thought it might be cheaper and 25 per cent admitted 
to be unsure how to compare the costs for textiles with a glass alternative. 

• Life cycle costing: More than half (58 per cent) of the interviewed architects did not know how the life cycle 
cost of an ETFE roof solution would be compared with a glass alternative (Lau 2009). 

 
In addition to the above, the survey revealed other obstacles for the application of textile roof constructions. ETFE 
was regarded as having difficulties with structural integrity and resistance to vandalism and the ‘unclear’ view through 
the material as well as a ‘why change attitude’ in combination with the country’s cultural conservatism seem to have 
an impact on the decision to apply textiles. The survey clearly indicates that additional information is needed, 
especially relating to the life cycle environmental performance of ETFE.  
 
1.3. Limitations of previous studies  
Previous studies comparing the environmental performance of ETFE cushions to glass construction for building use 
have indicated that ETFE may require at least 10 times less embodied energy to produce than glass (Robinson-
Gayle et al. 2001). The limited studies that consider the embodied energy of ETFE materials rely on techniques for 
embodied energy assessment that are now considered incomplete (Crawford 2008). The truncation of the system 
boundary for the analysis of materials or products that is necessary with traditional process-based embodied energy 
assessment techniques often leads to results that are up to 90 per cent incomplete and in the worst case can lead to 
erroneous outcomes. The arbitrary truncation of the system boundary also limits the comparability of results.  

Hybrid analysis methods have been developed in an attempt to minimise the limitations and errors of traditional 
embodied energy assessment methods. National average statistics that model the financial flows between sectors of 
the economy, referred to as input-output (I-O) data, can be used to fill the gaps that are caused by system boundary 
incompleteness (Proops 1977; Duchin 1992; Treloar 1997; Lenzen 2001; Suh and Huppes 2002). The 
input-output-based hybrid analysis model developed by Treloar (1997) addresses these truncation errors by using a 
disaggregated I-O model to which available process data is integrated. Never before has a model such as this, 
utilising a systemically complete system boundary been used to assess the embodied energy associated with an 
ETFE roof. Due mainly to the known deficiencies in the methods of analysis used, the knowledge gained from 
previous studies thus provides little support to industry in their need for building life cycle energy data to inform 
design decision-making. 
 
1.4. Research questions 
To fill this ‘gap’ and inform architects this paper addresses the following research questions: 
 

• How does ETFE compare to a traditional glass alternative for roofing from a life cycle energy perspective? 
• Can the environmental performance of ETFE systems be used to encourage their use in buildings?  

 
2. RESEARCH APPROACH 
 
Due to the material properties of ETFE, the light weight foils need a support structure that can differ significantly for 
various project types and sizes. To derive figures that compare ETFE with glass in regards to life cycle energy 
requirements, a case study was chosen that was recently erected in Melbourne, Australia: a roof structure located at 
Swinburne University. 
 
2.1. Case study building – Swinburne University 
The roof construction is situated between the existing business & arts building and the library building creating an 
outdoor plaza for a multipurpose space at the Swinburne University Hawthorn campus (Figure 1). The Melbourne-
based architectural firm DesignInc chose ETFE cushions, supported by girders attached to the adjacent buildings 7 m 
above ground. They span approximately 22.30 m and have a distance to each other of approximately 3.8 m (see 
Figure 2). The overall floor area covered is roughly 1,060 m2 and the enclosed floor area is approximately 850 m2. 
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Figure 1: Image of case study building (as built) 
 

 
Source: (DesignInc 2010) 

Figure 2: Girder structure to support ETFE cushions 
 

 
Figure 3: Girder structure to support glass alternative 

 
Glass roof alternative 
The support structure for the glass alternative follows the same design of the erected ETFE solution (Figure 3) but 
was calculated for the different loads, due to the added weight of the glass, by Lumantarna of the Engineering 
Faculty of The University of Melbourne. A 13.25 mm toughened laminated glass was used with a dimension of 
approximately 1.2 x 1.8 m. This is supported by a small standard aluminum profile sitting on additional steel cross 
beams (65 x 65 x 6 mm) that are attached to the steel girders. 
 
2.2. Life cycle energy of case study building 
The energy associated with the construction, maintenance and refurbishment of the case study building over a period 
of 50 years was determined for both the ETFE and glass construction alternatives, and also included the energy 
required for operating the pumps used to maintain the required air pressure in the ETFE cushions. This involved 
calculating the total energy requirement for each of these stages of the building’s life in primary energy terms, to also 
account for the energy needed to make this energy. Figure 4 depicts the stages of the building’s life considered in the 
study. 
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Figure 4: Life cycle stages considered for life cycle energy analysis of case study building 
 
Initial embodied energy 
The energy associated with the initial construction of both roof alternatives was calculated using an innovative and 
comprehensive embodied energy assessment approach known as input-output-based hybrid analysis (Treloar 2007). 
This analysis included all energy requirements associated with the actual construction process and all supporting 
processes and services upstream of this (such as, but not limited to transportation and manufacturing of materials 
and the provision of capital equipment). 
 
Energy requirements for constructing both roof types were based on the energy required to manufacture their 
individual constituent construction materials. A bill of quantities for the two roof types was compiled (based on 
architectural plans) itemising each material used in their construction. Process data was sourced from the SimaPro 
Australian database for materials (Grant 2002), giving quantities of energy required per unit of common building 
materials. Australian input-output data was then used to fill the upstream data gaps for these materials (those energy 
inputs not able to be accounting for using a process analysis) to provide a range of material energy coefficients 
(Table 1). The individual material quantities were multiplied by their respective energy coefficient to determine the 
initial embodied energy of both roof types. Any further data gaps (for capital equipment and minor goods and services 
needed to support the construction process, for example) were identified and filled using input-output data (known as 
the remainder) in accordance with the input-output-based hybrid approach (Treloar 2007). Due to difficulties in 
quantifying the materials used in the manufacture of the inflation units, input-output data was used to quantify the 
energy needed for their manufacture, based on a cost of A$900 and the total energy requirement of the Other 
machinery and equipment sector (12.19 GJ/A$1,000). 
 

Table 1: Embodied energy coefficients 
 

Material Unit Energy coefficient (GJ/unit) 

Aluminium t 252.6 

ETFE foil (1 mm) m2 3.34 

Silicone sealant t 156.9 

Stainless steel t 445.2 

Structural steel t 85.45 

Toughened laminated glass (13.25mm) m2 7.5 

Water-based paint m2 0.096 
 
 
Operational energy of inflation units 
The energy required to operate the inflation unit needed to maintain the required pressure in the ETFE cushions was 
based on the continuous operation of a 50 W rated unit. As the resultant figure was in delivered energy terms, it was 
then converted to primary energy terms to account for the energy associated with its production. A primary energy 
factor of 3.4 for the brown-coal fired electricity used to power the inflation unit was used (Treloar 1998). 
 
Maintenance and refurbishment 
Whilst no data exists that confirms the potential service-life of the ETFE cushions, it was assumed in this study that 
they would likely need to be replaced at least once within the 50-year life of the roof structure. It was also assumed 
that the pump within the inflation units would be replaced once during this period. For the glass roof it was assumed 
that 2 per cent of the glass would fail per year and would need to be replaced. Also, the silicone sealant would need 
replacing every 15 years. The energy embodied in the replacement materials was determined using the same 
approach as for the initial embodied energy. Periodic cleaning of the ETFE and glass was assumed to be negligible 
and thus not included in the analysis. 

Building 
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3. RESULTS AND DISCUSSION 
 
This section presents the results of the life cycle energy analysis of both ETFE and glass roof types for the case 
study building. 
 
3.1. Life cycle energy of ETFE and glass roof types 
Initial embodied energy 
The total quantity of energy associated with the initial construction of the ETFE and glass roof is shown in Table 2 
and 3. 
 

Table 2: Calculation of total embodied energy requirement for ETFE roof 
 

ETFE Quantity Unit Energy coefficient (GJ/unit) EE (GJ) 

ETFE foil (0.55mm total thickness) 1,155.2 m2 3.34 2,122 

Aluminium framing 2.07 t 252.6 522.6 

Steel roof structure 34.57 t 85.45 2,954.1 

Stainless steel fixings 0.675 t 445.2 300.5 

Steel fixings 0.031 t 85.45 2.7 

Paint finish 3,972 m2 0.096 382.8 

Inflation units 2 each 10.97 21.9 

ETFE hose 0.0035 m3 3,340 11.8 

Steel pipe 0.12 t 85.45 10.1 

Direct energy of construction    1,104.4 

Remainder (minor goods and services)    5,157 

Total embodied energy (GJ)    12,590 
 

Table 3: Calculation of total embodied energy requirement for glass roof 
 

Glass Quantity Unit Energy coefficient (GJ/unit) EE (GJ) 

Toughened laminated glass 1,135 m2 7.5 8,524.3 

Silicone sealant 0.16 t 156.9 25.1 

Aluminium framing 1.14 t 252.6 288.7 

Steel roof structure 35.73 t 85.45 3,053.4 

Stainless steel fixings 0.675 t 445.2 300.5 

Steel fixings 0.023 t 85.45 1.9 

Paint finish 3,972 m2 0.096 382.8 

Direct energy of construction    800.1 

Remainder (minor goods and services)    3,875 

Total embodied energy (GJ)    17,252 
 
 
The total initial embodied energy figures equate to 11.45 and 15.7 GJ/m2 of covered area for the ETFE and glass roof 
types, respectively. In comparison, the total embodied energy of a typical detached residential house ranges from 12-
15 GJ/m2. 
 
Operational energy of inflation units 
Based on the continuous operation of the inflation units in order to maintain the pressure within the ETFE cushions, 
the total annual delivered energy requirement was found to be 1.58 GJ. Table 4 shows the conversion of this figure to 
primary energy terms for the 50-year life of the roof. 
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Table 4: Delivered and primary operational energy requirements of ETFE roof (GJ) 
 

 Annual 50 years 

Total delivered electricity consumption 1.58 78.8 

Primary energy factor 3.4 3.4 

Total primary energy consumption 5.36 268.1 
 
 
Maintenance and refurbishment  
The energy associated with the manufacture of replacement materials for both roof types over the 50-year period is 
shown in Table 5. 
 

Table 5: Embodied energy of replacement materials for ETFE and glass roof types, over 50 years (GJ) 
 

 ETFE Glass 

ETFE cushions (1 complete replacement) 2,122 - 

Pumps (1 replacement) 21.9 - 

Glass (2% of glass area per annum) - 8,524 

Silicone sealant (3 replacements) - 75.2 

Total 2,143.9 8,599.2 
 
 
The combination of the embodied energy figures for the initial roof construction and replacement materials as well as 
the energy required for operating the inflation unit of the ETFE roof provides an indication of the life cycle energy 
requirements of both roof types over 50 years (Figure 5). 
 

 
 

Figure 5: Life cycle energy of EFTE and glass roof types, over 50 years 
 
 
The results of the initial embodied energy analysis show that the glass roof construction has an embodied energy that 
is 37 per cent higher in comparison to the ETFE solution. The life cycle energy was analysed over a 50-year period 
and the outcome indicates that the ETFE roof has an energy demand that is 42 per cent lower compared to the glass 
roof. The steel structure makes up a much larger proportion of the total embodied energy of the ETFE roof than it 
does for the glass roof, which means that the energy embodied in the replacement materials (i.e. glass and silicone) 
is much larger for the glass roof. 
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CONCLUSION 
 
This study has shown that textile materials are capable of contributing to improved environmental performance when 
used as part of a building envelope. The ETFE roof analysed in this study showed a 27 per cent reduction in the 
initial embodied energy requirements and a 42 per cent reduction in life cycle energy demands compared to the more 
traditional glass alternative. 
 
There are numerous forms of potential applications for ETFE cushions beyond the roof application analysed in this 
study; including in vertical façades (Hertzsch and Grieken 2010). The outcome of a recent survey revealed issues 
regarding the implementation of these materials into Australia’s architecture and the insecurity and uncertainty that 
exists amongst designers and planners in terms of the life cycle energy implications of these materials, especially 
compared to more traditional materials, such as glass. This study has demonstrated how the complexities associated 
with analysing the life cycle energy performance of different materials may be a major reason for the lack of 
confidence and understanding associated with their use as an environmentally preferred material. 
 
This study has also shown the importance of using a comprehensive approach for analysing the embodied energy of 
building elements and materials, ensuring that the most holistic view of possible design solutions is achievable. The 
input-output-based hybrid approach ensures that all requirements for energy upstream in the construction supply 
chain are quantified, avoiding many of the errors associated with more traditional approaches to compiling such life 
cycle inventories.  
 
Whilst the findings of this study provide useful information for architects, builders and planners for the design and 
specification of building envelopes, a number of aspects were identified that may have a significant impact on the 
findings:  
 

• Design: an alternative solution for the design of the main structural system of the roof may be more 
appropriate for certain materials compared to others, such as a flat rather than curved roof for the glass 
alternative. Therefore the whole supporting structure would be very different in comparison to an ETFE 
solution. 

• Material choice: Glass may add significant additional weight to a structure that it has implications for the 
design of the building’s footing system. This was not considered in this study because the roof spans between 
two buildings and it was assumed that the walls would take the additional load of the glass. 

• Material replacement rates: Despite the need to replace the entire roofing material within a 50-year life span 
due to normal deterioration of the materials, additional replacements may be necessary due to unforeseen 
damage; such as puncturing or failure of the ETFE cushions due to foreign objects or severe weather events. 
This, as well as possible variations in the service-life and frequency of replacement of individual materials and 
components may have a significant impact on life cycle energy requirements of alternative construction types.    
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