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Abstract: The service life of a building and its constituent materials and components plays an important 
role in the long-term environmental performance of a building. The replacement of materials over the 
life of a building results in a demand for natural resources. More frequent replacement increases this 
resource demand and other related environmental effects. Of particular concern is the use of energy, 
especially in a sector that already contributes significantly to global warming. However, the energy 
demand associated with material replacement over a building’s life is not well understood. The aim of 
this study was to investigate the relationship between the service life of a multi-unit residential building 
and its constituent materials and its life cycle embodied energy. An apartment building located in 
Melbourne, Australia was used as a case study for this analysis. The initial and recurring embodied 
energy of the building were calculated using a comprehensive hybrid embodied energy assessment 
approach, with building and material service life values based on average figures obtained from the 
literature. Building and material service life values were then varied to reflect the extent of service life 
variability likely for the building and a selection of the main building materials, and the embodied energy 
recalculated for each scenario. The results from this study show that the service life of a building and its 
materials may have a significant effect on the energy-related environmental performance of a building 
over its life. 

Keywords: Building service life; material service life; life cycle embodied energy; recurrent embodied 
energy. 

1. Introduction 

Buildings are responsible for significant amount of energy use. They account for 30-40% of energy use 
and greenhouse gas emissions in Australia and many other countries around the world with a significant 
share of this attributable to residential buildings (UNEP, 2007). Despite the growth in renewable sources 
of energy use, fossil fuel-based energy use still constitutes the largest proportion of primary energy use 
globally with a share of 82% in 2011 (IEA, 2013). Burning of fossil fuel releases its stored carbon into the 
atmosphere, resulting inconsiderable effects on the natural environment and global climate. In this 
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context, it is of critical importance that energy demand within the built environment is addressed to 
avoid further degradation of the natural environment. 

The building industry consumes a large amount of materials, which require a significant amount of 
energy for their manufacture. Previous studies have shown the significance of the energy required for 
the operation of buildings as well as the energy embodied in initial building construction (AGO, 1999; 
Treloar et al., 2001; Yohanis and Norton, 2002; Nässén et al., 2007). Fewer studies have analysed the 
recurrent embodied energy involved in maintenance and refurbishment activities over a building’s life 
(Fay et al., 2000b; Crawford et al., 2010b; Crawford and Stephan, 2013; Rauf and Crawford, 2013). 
However, the significance of recurrent embodied energy and how it is affected by the service life of 
buildings and its materials in the context of the life cycle energy performance of a building is not well 
known. The aim of this study was to determine what effect variations to the service life of buildings and 
their constituent materials have on the life cycle embodied energy demand in the context of a multi-unit 
residential building. 

2. Background 

2.1. Life cycle embodied energy analysis 

This approach is based on the general principles of life cycle assessment (LCA) as outlined in ISO 14040 
(ISO, 2006). In the building industry, this approach is used to quantify the energy required to initially 
construct a building along with the energy embodied in subsequent replacement and maintenance of 
components or materials across its life in order to quantify its effects on the environment throughout its 
life. The energy associated with the production of construction materials and the construction of a 
building, known as a building’s initial embodied energy, has been quantified in numerous previous 
studies (inter alia Treloar, 1998; Fay, 1999; Crawford, 2004). However, the quantity of energy associated 
with manufacturing the materials needed for maintenance and repair throughout a building’s life, 
known as a building's recurrent embodied energy, is much less understood. There is a much more 
limited number of studies where this recurrent embodied energy has been calculated. Calculation of 
recurrent embodied energy is faced with a number of challenges. Recurrent embodied energy is strongly 
influenced by the service life of a building and its constituent materials. A lack of building and material 
and component service life data is among one of the major challenges. The problem is further 
exacerbated by the considerable variability that exists in the data available for the service life of 
different building types and materials. A study by Treloar et al. (2000) shows that embodied energy 
associated with the replacement of building materials over 30 years can represent up to 32% of the 
initial embodied energy of a building. Another study by Crawford on residential construction assemblies 
shows that the energy embodied in material replacement can represent between 7 and 110% of their 
initial embodied energy (Crawford et al., 2010a). In a study of office buildings, Cole and Kernan (1996) 
have also shown that recurrent embodied energy can be significant, representing 1.3, 3.2 and 7.3 times 
the initial embodied energy value for an assumed building lifespan of 35, 50 and 100 years, respectively. 
In another study of residential buildings, embodied energy was increased due to the maintenance and 
replacement of materials from 14.1 GJ/m

2 
to 23.5 GJ/m

2
 over 50 years and to 35.41 GJ/m

2 
over 100 

years (Fay et al., 2000a). However, studies which show the effect of building and material service life 
data on the recurrent and life cycle embodied energy are almost non-existent. 
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2.2. Building service life 

Building service life is the period of time in which a building is in use. Due to the potential importance of 
building service life on the life cycle energy demand of buildings, service life planning must play a vital 
role in achieving more sustainable construction practices. There are several approaches to predict the 
service life of a building or its components. The first approach involves the use of structural engineering 
to estimate a material's structural integrity and fatigue in relation to physical loading, ongoing chemical 
reactions and degradation over time (Grant et al., 2014). However, this approach often excludes the 
effect of human activities on the service life of a material or building component (e.g. frequency of 
maintenance). 

The service life of a building may also be affected by various sociological, economic and cultural 
factors including urban development plans and policies (Dias, 2003; Fu et al., 2013). The changing needs 
of occupants or owners over time may result in the demolition of a building, ending its service life 
before it would otherwise cease to be serviceable. Several other factors such as heritage considerations 
or tougher regulations for new construction can also force decision makers to prolong the service life of 
a building through significant refurbishment and repairs. In this scenario, use of empirical data is 
arguably considered as a reliable approach to service life prediction. However, the approach of using 
empirical data can present challenges in terms of the time and cost involved as well as the relevance of 
data over time (Grant et al., 2014). 

2.3. Material service life 

A material’s service life is the amount of time that it can be expected to be serviceable. While 
predictions of service life will often be based on empirical data, previous experience or warranty 
periods, a number of key factors will determine the actual service life of a material in use. These factors 
include material quality, design and detailing, quality of workmanship, maintenance regime and levels, 
material durability and exposure to deteriorating effects associated with the local climate and 
environment (ABCB, 2006). The service life of a material affects the number of times it will be replaced 
over the life of a building. The lower the service life of a material, the greater the quantity of material 
required for ongoing maintenance and repair and therefore the greater the embodied energy demand 
associated with manufacturing and installing replacement materials throughout a building’s life. As it is 
typically fossil fuel-based, this additional demand for energy may result in a considerable ongoing 
burden on the environment. 

3. Research approach 

In order to determine what effect a variation in the service life of a building and its constituent materials 
would have on the life cycle embodied energy demand of an apartment building, the total life cycle 
embodied energy associated with a selected case study building was quantified. This involved 
calculating and combining the initial and recurrent embodied energy of the building. A number of 
building and material service life scenarios were developed and the life cycle embodied energy demand 
of the selected case study building was recalculated. 
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3.1 Case study building 

Flats and apartments are the most rapidly growing dwelling type in Australia and accounted for 11% of 
all dwellings in 2009-2010 (ABS, 2012). A nine-storey apartment building, known as Forte, located in 
Melbourne, Australia and constructed by Lend Lease in 2012 was used as the case study for this analysis 
(Figure 1). This building is currently the world's tallest timber building with 197 m

2
 of retail space on the 

ground floor and 23 residential apartments with a total area of 1,558 m
2
 (Durlinger et al., 2013). 

Concrete is used for the footings and ground floor. From the first level up, the entire structure (including 
load bearing walls, floor slabs, stairwells and elevator cores) is composed of solid timber using Cross 
Laminated Timber (CLT). A 10 mm thick layer of Uniroll (manufactured using recycled foam rubber and 
cork) was applied to all CLT flooring (Durlinger et al., 2013). External walls are clad with an additional 
protective rain screen made of a 4 mm thick LDPE core with two aluminium sheets of 0.5 mm thickness 
on either side of this core. The windows are double-glazed and aluminium-framed.  

 

 

Figure 1: Floor plan and exterior view of case study building. (Source: Lend Lease, 2013) 

3.2 Calculating life cycle embodied energy 

3.2.1. Initial embodied energy 

An input-output-based hybrid analysis was used to quantify the embodied energy associated with the 
initial construction of the case study building. Delivered quantities of materials used in the construction 
of the apartment building were multiplied by the embodied energy coefficient of the respective 
material, obtained from Treloar and Crawford (2010). Any remaining data gaps were filled with the use 
of a disaggregated energy-based input-output model of the Australian economy. This accounted for 
non-material inputs required in the construction of the building (i.e. the energy associated with the on-
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site construction process, transport of materials to site and the provision of finance, insurance etc. 
needed to support the construction process). A detailed description of the hybrid approach used is 
provided by Crawford (2011). 

3.2.2. Recurrent embodied energy 

The recurrent embodied energy was calculated based on the number of times each individual material 
would likely be replaced during the useful life of the building. Average material service life figures from 
the literature were assumed for this initial analysis (See Rauf and Crawford, 2013). The embodied energy 
associated with the materials being replaced over the life of the building was calculated as per its initial 
embodied energy. The delivered material quantities associated with each replacement were multiplied 
by the material embodied energy coefficients. Input-output data was then used to fill any remaining 
data gaps as for initial embodied energy. The energy embodied in each material was then multiplied by 
the number of replacements for that material over the life of the building, and summed to determine 
the total recurrent embodied. The exact number of replacements required for each material was 
determined by dividing the service life of the building , by the service life of the material, subtracting 1 
(representing the material used in initial construction at year zero) and rounding up to the nearest 
whole number (to reflect the fact that materials can only be replaced in whole numbers).  

3.3. Building service life scenarios 

Building service life values of 50, 100 and 150 years were used for the building service life scenarios to 
analyse the effect of variations to building service life on the life cycle embodied energy of the case 
study building. These building service life scenarios can be considered to represent the potential effect 
of different climatic and geographic conditions on the service life of a building. Initial embodied energy 
was constant across each scenario as this is not affected by variations to the service life of the buildings. 
However, changes to the service life of materials will affect the recurrent embodied energy demand. 

3.4. Material service life scenarios 

The material service life scenarios were chosen to reflect the extent of service life variability likely for a 
selection of the main building materials used within the building. Minimum, average and maximum 
material service life values from the available literature were used as the basis of the three different 
material service life scenarios chosen for the main construction materials (i.e., timber, concrete, steel, 
carpet, paint etc.). A list of specific material service life values used is provided in another study by the 
authors (see Rauf and Crawford, 2013). The life cycle embodied energy demand associated with the 
building was then recalculated for each scenario. Initial embodied energy was constant across each 
scenario as this is not affected by variations to the service life of the materials. However, changes to the 
service life of materials will affect the recurrent embodied energy demand. 

4. Results and discussion 

This section presents the results of the analysis including the initial and recurrent embodied energy 
associated with each building and material service life scenario for the case study building.  
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4.1 Initial embodied energy 

The embodied energy calculated for the initial construction of the case study building was found to be 
81,441 GJ (35.7 GJ/m

2 
of total floor area). CLT panels were found responsible for the highest amount of 

initial embodied energy (35%) followed by steel and concrete with a share of 21% and 13%, respectively. 

4.2. Recurrent embodied energy 

The recurrent embodied energy associated with the replacement of materials for the building over a 
period of 50 years, based on average service life figures obtained from the literature, was found to be 
36,154 GJ (15.8 GJ/m

2
). For the minimum and maximum material service life scenarios over the same 

time period, recurrent embodied energy was found to be 85,944 GJ (37.7 GJ/m
2
) and 20,532 GJ 

(9 GJ/m
2
), respectively (Figure 2). These results reflect the fact that an increase in material service life 

will result in a decrease in recurrent embodied energy requirements, up to 74% in the case of the 
building analysed. 

For the building service life of 100 and 150 years, recurrent embodied energy for the average 
material service life was found to be 84,413 GJ (37 GJ/m

2
) and 140,264 GJ (61.5 GJ/m

2
), respectively. 

This shows that an increase in building service life results in an increase in recurrent embodied energy. 
The same trend of an increase in recurrent embodied energy with an increase in the service life of 
building was found for the scenarios with minimum and maximum material service life. Decrease in 
recurrent embodied energy requirements due to increase in material service life for the building service 
life of 100 and 150 years was found to be 70% and 74%, respectively. 

 

Figure 2: Recurrent embodied energy of the case study building based on building and material service 

life scenarios. 
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4.3. Life cycle embodied energy 

Life cycle embodied energy demand for the building over 50 years was calculated by combining initial 
and recurring embodied energy for each scenario. Based on the average material service life figures, life 
cycle embodied energy was 117,595 GJ or 51.6 GJ/m

2
. For the minimum and maximum material service 

life scenarios life cycle embodied energy was 167,385 GJ (73.4 GJ/m
2
) and 101,973 GJ (44.7 GJ/m

2
), 

respectively. Figure 3 shows the breakdown of the embodied energy demand by life cycle stage for each 
material service life scenario. Variations in material service life and thus recurrent embodied energy, 
results in up to a 39% reduction in life cycle embodied energy demand comparing minimum and 
maximum material service life results. Compared to the average material service life scenario, the total 
possible reduction in life cycle embodied energy demand by extending the service life of materials is up 
to 13%. 

For a building service life of 50 years, the recurrent embodied energy of the building represents 51%, 
31% and 20% of its life cycle embodied energy demand, for minimum, average and maximum material 
service life scenarios, respectively. This shows that when materials are poorly maintained and/or require 
greater frequency of replacement, the recurrent embodied energy of a building may become as 
significant as the embodied energy associated with its initial construction. 

 

 

Figure 3: Life cycle embodied energy of the building based on building and material service life 
scenarios. 

 

This proportion increases even further for a building with a service life longer than 50 years. For a 
building service life of 100 years, the recurrent embodied energy of the building represents 69%, 51% 
and 37% of its life cycle embodied energy demand for minimum, average and maximum material service 
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life scenarios, respectively. For a building service life of 150 years, the recurrent embodied energy of the 
building was found to be 78%, 63% and 49% of its life cycle embodied energy demand for minimum, 
average and maximum material service life scenarios, respectively. This shows that when materials are 
poorly maintained and frequently replaced over a longer period of time (150 years in this case), the 
recurrent embodied energy of case study building become 3.5 times more than the embodied energy 
associated with its initial construction. 

Figure 4 shows annual embodied energy demand of the building for each building and material 
service life scenario. An increase in building service life results in a decrease in annual embodied energy 
demand. However, the decrease in embodied energy between a building service life of 50 and 100 years 
is much greater than the decrease in embodied energy between 100 and 150 years. For average 
material service life values, the decrease in life cycle embodied energy demand between the building 
service life of 50 and 100 years was 693 GJ, while the decrease in embodied energy demand between 
100 and 150 years was found to be 181 GJ. This shows that after 100 years, rate of decrease in 
embodied energy drops as more materials have to be replaced offsetting the decrease in annual initial 
embodied energy. 

 

 

Figure 4: Annual embodied energy of the building based on building and material service life scenarios. 

5. Conclusion 

This study aimed to determine what effect variations in the service life of apartment buildings and their 
constituent materials would have on their life cycle embodied energy demand. A case study apartment 
building located in Melbourne, Australia was used for this analysis. The initial and recurring embodied 
energy of the case study building were calculated using a comprehensive hybrid assessment approach, 
with material service life values based on average figures obtained from the literature. The service life 
values for the building and a selection of the main building materials were then varied to reflect the 
extent of service life variability likely and the recurring embodied energy and life cycle energy 
recalculated for each scenario. 
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This study has shown the significance of the recurrent embodied energy associated with the 
maintenance and replacement of materials as part of the total life cycle embodied energy of an 
apartment building. The study has also shown that a variation in the service life of buildings can have a 
significant effect on the annual and life cycle embodied energy of a building. Compared to the building 
service life of 50 years, the annual embodied energy demand based on an average material service life 
decreased by 29% and 37% for the building service lives of 100 and 150 years, respectively. This shows 
that despite the additional recurrent embodied energy requirement for a longer building service life, the 
longer a building lasts, the lower its annual life cycle embodied energy demand. 

The study has also shown that a variation in the service life of materials can significantly affect the 
recurrent embodied energy of a building. While an increase in the service life of materials was shown to 
result in a reduction in recurrent embodied energy demand of up to 74% for the apartment building 
analysed, in terms of the total life cycle embodied energy demand of the building, the reduction was 
found to be in the order of up to 39%. This shows the importance of maximising the service life of 
materials in order to minimise the demand for energy and release of greenhouse gases into the 
environment. This also highlights the benefits of using more durable materials in the construction 
industry. However, specifying the most durable materials with the longest potential service life is not 
always the best choice. More durable materials may result in an increase in initial embodied energy of a 
building, as in some cases, more durable materials may require more energy to manufacture. Using such 
materials without consideration for the type or likely life of the building in which they are to be used can 
lead to the over-specification of a material. Therefore, the anticipated service life of buildings should be 
considered when specifying such materials to ensure any unnecessary energy demand or related 
environmental effects associated with over specification are avoided. 

Appropriate selection of materials and integration of building and material service life considerations 
in the design process, including timely maintenance and repair, is critical for ensuring that the embodied 
energy demands of buildings and associated environmental consequences are kept to a minimum. 
Consideration of material choice in the context of a building’s thermal performance and life cycle 
operational energy consumption is also important. This ensures that the selection of materials to 
minimise life cycle embodied energy does not shift the energy consumption from one life cycle stage to 
another. Apart from a need to reduce the energy use across the various life cycle stages of buildings, 
building and material service life considerations are important in order to reduce the quantity of finite 
and non-renewable resources and materials used in the construction industry. 
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