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ABSTRACT: Energy use and related greenhouse gas emissions of buildings have a significant impact
on the environment. To reduce energy consumption in buildings, it is important to understand the
energy use occurring across the building life cycle. While previous studies have shown the significance
of both the energy required for building operation as well as the energy embodied in initial building
construction, an understanding of the total energy embodied in replacement materials over a building’s
life is not as well developed. One of the key factors affecting this ‘recurring’ embodied energy is the
service life of materials. The aim of this study was to determine what effect a variation in the service life
of materials has on the life cycle energy demand associated with residential buildings. The building's
initial embodied energy, operational energy and recurrent embodied energy were calculated with
material service life values based on average figures obtained from the literature. These values were
then varied to reflect the extent of service life variability likely for a selection of the main building
materials and the recurring embodied energy recalculated for each scenario. The results from this
initial study indicate that the service life of materials can have a considerable effect on the total energy
demand associated with a building over its life. This demonstrates the need for further clarity around
the service life of materials and the importance of considering the durability of materials when
designing and managing buildings for improved energy efficiency. Results from this study also suggest
the importance of including the recurrent embodied energy of buildings in building life cycle energy
analyses, which in this case represented between 19 and 30% of the life cycle energy of the building.
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INTRODUCTION

Fossil fuel-based energy use is considered one of the largest contributors to environmental degradation and global
warming. The previous decade was one of the warmest in recorded history and carbon dioxide concentrations have
now reached over 393 parts per million (NOAA, 2011), well above what is considered to be the upper safety limit for
atmospheric CO3, of 350 ppm. The building sector is responsible for significant energy consumption globally which
results in greenhouse gas emissions along with the depletion of energy resources. Buildings are responsible for 30-
40% of energy use and associated GHG emissions both in Australia and worldwide with a significant share of this
attributable to residential buildings (DOE, 2007; UNEP, 2007). This problem is further exacerbated with the
increasing global population, expected to reach 8 billion by 2028 (UN, 1999). It is likely that urban growth and its
related infrastructure will continue to impact greatly on the natural environment well into the future, particularly
through the consumption of raw materials and energy (Mora, 2007). It is therefore of critical importance to reduce the
energy consumption of the built environment in order to avoid further degradation of the natural environment.

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). Few studies have analysed the
recurrent embodied energy involved in maintenance and refurbishment activities over a building’s life (Fay et al.,
2000; Crawford et al., 2010). Recurrent embodied energy associated with the replacement of building materials and
components is directly affected by the service life of building materials. However, the significance of material service
life and recurrent embodied energy on the life cycle energy of a building is not well known. The aim of this study was
to determine what effect variations to the service life of materials has on the life cycle energy demand associated with
residential buildings.

1. LIFE CYCLE ENERGY ANALYSIS

The approach used to quantify the energy demand of a building across its life is known as life cycle energy analysis
(LCEA). The system boundary for a life cycle energy analysis of a building typically includes the energy demand
associated with the manufacture, construction, operation, maintenance and demolition phases of the building. This
includes the initial embodied energy, the energy required for operating heating and cooling, lighting and other
appliances and equipment, the energy embodied in subsequent replacement and maintenance of components or
materials and the energy associated with the demolition and disposal of the building at the end if its useful life.
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The methods used to quantify a building’s operational energy demand, either pre- or post-occupancy, are fairly widely
understood. Methods for quantifying the embodied energy of buildings are still very much in a period of development
and much less understood.

1.1. Embodied energy assessment methods

The process of calculating embodied energy is complex and often involves a range of data sources and types.
Process analysis, input-output analysis and hybrid analysis are the most commonly used methods. Crawford (2011)
has shown that there can be considerable difference between embodied energy values calculated using each of
these analysis methods, highlighting the importance of selecting an appropriate method for embodied energy
calculations.

Process analysis

A process analysis involves a combination of process, product and location-specific data to quantify the embodied
energy associated with a product (Crawford, 2011). It involves the systematic examination of the direct and indirect
energy inputs to a process (Baird et al., 1997). This method is considered the most reliable method, but it is also
considered incomplete due to the unavailability of detail required to evaluate many of the minor inputs of goods and
services upstream of the main production process (Treloar et al., 2001; Crawford, 2008, 2011).

Input-output analysis

In input-output analysis, economic data is used to trace and quantify the energy required to produce a product. A
significant number of countries, including Australia, publish the results of inter-industry transactions (input-output
tables) every few years. Energy flows within the national economy are aligned with monetary flows between sectors,
based on fuel tariffs in order to develop an energy-based input-output model. The advantage of this approach is that
it is systemically complete. The biggest problem with this method is that it is used as a black box due to the
aggregation of dissimilar products in individual sectors of the economy (Baird et al., 1997; Crawford, 2011) and so the
applicability of results to any one particular product is limited.

Hybrid analysis

In a hybrid analysis, process and input-output data are combined to take advantage of the strengths while minimising
the limitations of each approach. Two main forms of hybrid analysis are possible. Process-based hybrid analysis
involves the calculation of delivered material quantities for an individual product and the completion of the upstream
system boundaries associated with these materials with input-output data (Treloar, 1998; Crawford, 2004). The
system boundary of a process-based hybrid analysis for a building has similar limitations to those of a process
analysis and many of the direct inputs to a process can be excluded. An input-output-based hybrid analysis (Treloar,
1997) addresses the truncation issues associated with a process-based hybrid analysis by using input-output data to
fill in any remaining data gaps.

2. RECURRENT EMBODIED ENERGY OF BUILDINGS

The energy associated with the production of construction materials and 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). While there is still considerable debate around the appropriate method of analysis that should
be used, the principles around how embodied energy is calculated are fairly well understood (see Section 1.1).
However, the quantity of energy associated with manufacturing the materials needed for maintenance and repair
throughout a building’s life is much less understood. There are a much more limited number of studies where this
recurrent embodied energy has been calculated. Some of the reasons for this are the considerable variability that
exists in the service life of materials and the lack of building material and component service life data (Hans and
Chevalier, 2005). A study by Treloar et al. (2000) shows that embodied energy associated with the replacement of
building materials 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 of each assembly can
represent between 7 and 110% of the initial embodied energy (Crawford et al., 2010). In a study of office buildings,
Cole and Kernan (1996) has shown that recurrent 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. In another study of
residential buidings, embodied energy was increased due to the maintenance and replacement of materials from
14.1 GJ/Im?to 23.5 GJ/m? over 50 years and to 35.4 1 GJ/m? over 100 years (Fay et al., 2000).

2.1. Service life of building materials

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 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.

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 materials throughout
the life of a building. As it is typically fossil fuel-based, this additional demand for energy may result in a considerable
ongoing burden on the environment, particularly in the form of greenhouse gas emissions, over the life of the
building.
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4. METHODOLOGY

In order to determine what effect a variation in the service life of materials would have on the life cycle energy
demand of a residential building, it was necessary to quantify the total life cycle energy associated with a selected
case study building. This involved calculating the initial and recurring embodied energy, operational energy and
energy associated with eventual demolition and disposal. A range of scenarios for the service life of some of the main
construction materials were then developed and the life cycle energy demand of the building recalculated.

4.1. Case study building

A 291.3m? single-storey detached house located in Melbourne was used as the case study for this analysis (Fig.1).
The house is constructed of a concrete slab floor and brick veneer external walls. The structural framing is of
traditional timber construction clad with plasterboard internally. Wall finishes include ceramic tiles in all wet areas and
paint to all plasterboard. The roof is timber framed with softwood trusses, and clad with concrete roof tiles along with
steel gutters, down pipes and fascias. The windows are double-glazed and aluminium-framed. Floor coverings for
bedrooms and main living areas are carpet and all other areas are finished with ceramic tiles.
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Figure 1: Floor plan and front elevation of the case study house

4.2. 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 house. Delivered quantities of materials used in the construction of the house (Qn)
were multiplied by the embodied energy coefficient of the respective material (ECn), obtained from Treloar and
Crawford (2010), to determine the process-based hybrid embodied energy of the house. To complete the system
boundary, the energy embodied in non-material inputs was calculated, referred to as the remainder of energy inputs,
and added to process-based hybrid embodied energy figure. This remainder was calculated with the use of a
disaggregated energy-based input-output model of the Australian economy. The material-related input-output
pathways covered by the material energy coefficients (TER,) were identified within the input-output model and
subtracted from the total energy requirement of the residential building sector (TERp) (10.63 GJ/$1,000) and
converted from GJ/$1,000 to GJ for the entire house based on the estimated construction costs of the house, as
described by Crawford (2011).

M M
IEE, = Y (ECpy me)+(TER,b - ZTERmeCh (1)
m=1 m=1

Where IEE} is the Initial embodied energy of the house, in GJ; EC, is the Hybrid energy coefficient of material, m; Qn
is the Quantity of material, m; TERy is the Total energy requirement of the Residential building sector, in GJ per
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dollar; TER, is the Total energy requirement of the input-output pathways representing the materials for which
process data has been collected, in GJ per dollar; and Cj, is the Total cost of the house, in dollars.

4.3. 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 house. Average material service life figures from the literature were assumed for
this initial analysis (see ‘Average’ column in Table 1). The period of analysis chosen for this study was 50 years and
thus it was assumed at the end of this period the house would be at the end of its useful life and ready for demolition.

The embodied energy associated with the materials being replaced over the life of the house was calculated as per
the initial embodied energy of the house. The delivered material quantities (Qmn) associated with each replacement
were multiplied by the material embodied energy coefficients (ECy). To complete the system boundary, the non-
material inputs, or remainder, were then calculated as per the initial embodied energy calculation, for each material
being replaced. As only specific processes are required for the replacement of individual materials (as opposed to the
processes associated with the initial construction of the house), it was also necessary to subtract energy
requirements associated with those processes that were not associated with the replacement of each individual
material (TER;.m) when calculating the remainder. This was to avoid including the embodied energy of materials and
processes that are required for the initial construction of the house, but not for ongoing maintenance and repair.

The energy embodied in each material was then multiplied by the number of replacements for that material over the
life of the house, and summed to determine the total recurrent embodied energy associated with the house. The
exact number of replacements required for each material was determined by dividing the service life of the house
(SLy - 50 years), by the average service life of the material (SL,), 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).

M
REE, = 21 H;ﬁ - 1] x[(Qp x ECy )+ (TERyy — TERp, = TER) 2 )% Pry | )
m= m

Where REE; is the Recurrent embodied energy of the house, in GJ; Qn, is the Quantity of material, m; ECy, is the
Hybrid energy coefficient of material, m; TER is the Total energy requirement of the Residential building sector, in
GJ per dollar; TERn, is the Total energy requirement of the input-output pathway representing material, m, in GJ per
dollar; TER..m is the Total energy requirement of all input-output pathways not associated with the installation or
production process of material m being replaced, in GJ per dollar; and Py, is the Price of the material m, in dollars.

4.4. Operational energy

Energy required for heating, cooling and ventilation as well as lighting, appliances, cooking and hot water was
determined based on three years of energy bills for the house. The delivered energy demand, as given on the energy
bills (electricity and natural gas), was converted to primary energy terms to enable comparison with embodied energy
figures. Primary energy factors of 3.4 and 1.4 were used for electricity and natural gas, respectively (Treloar, 1998).
The life cycle operational energy of the house (OPE;) was then determined for the 50 year life of the house,
assuming no variation to annual operational energy requirements during this period, which are likely to occur due to
efficiency improvements, occupant behaviour and other household circumstances.

4.5. Demolition and disposal energy

Very little reliable information exists on the amount of energy associated with the demolition of buildings and disposal
of materials. A study by Crowther (1999) showed that the amount of energy required is likely to be extremely low in
comparison to the total energy demand of a building across its life — possibly less than 1%. In order to ensure a
holistic assessment of the life cycle energy demand of the case study house, it has been assumed that the energy
required for demolition and disposal of materials (DDE;) is equal to 1% of the total life cycle energy demand for the
house.

The life cycle energy of the case study house (LCEj) was determined by combining the individual energy
requirements outlined above (Equation 3).

LCE}, = IEE), + REE,, + OPE, + DDE,, (3)

4.6. Material service life scenarios

The average material service life values used in the initial analysis of the recurrent embodied energy of the house
were varied to determine the effect of material service life on the total life cycle energy demand for the house. The
material service life scenarios selected were chosen to reflect the extent of service life variability likely for a selection
of the main building materials used within the house. The life cycle energy demand associated with the case study
house was then recalculated for each scenario. Energy demand associated with initial embodied energy, operational
energy and demolition and disposal energy were constant across each scenario as these are not affected by
variations to the service life of the materials. Changes to the service life of materials will affect the recurrent
embodied energy demand, however.
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Minimum and maximum material service life values from the available literature for a selection of materials were used
as the basis of the two different material service life scenarios chosen. The materials selected for variations in their
service life are shown in Table 1. A limitation of this initial study is that it assumes that for each scenario all selected
materials will be replaced within either their minimum, average or maximum service life. In reality this is unlikely, as
some materials may be maintained more frequently than others and so may need replacing closer to their maximum
service life while others, which may not have been subject to more frequent maintenance, may need to be replaced
closer to what might be considered their minimum service life. The purpose of this study is thus to determine the
possible extremes in variability of life cycle energy that may be attributed to variations in the service life of materials.

Table 1: Material service life data for selected construction materials

Materials Service life (years)

Minimum Average Maximum
Concrete roof tiles 30* 40** 50"
Bricks Lifetime?? Lifetime™* Lifetime??
Plasterboard 20% 35** 75"
Internal paint 5** 1070 157
Aluminium windows 15/ 25" 40"
Nylon carpet 10/ 25° 40"

Source: *RE/COR (2011), **Ransley and Tyrrell (1998), *Chapman and Izzo (2002), #RTA
(2012), AInterNACHI (2012), Seiders et al. (2007), 'LCCS (2001), **Ding (2004), “Bowyer
(2009), ~“assumed.

5. RESULTS AND DISCUSSION

This section presents the results of the analysis of the effect of material service life variability on the life cycle energy
demand of a residential building.

5.1. Initial embodied energy
The embogied energy calculated for the initial construction of the case study house was found to be 3,891 GJ
(13.4 GJ/m").

5.2. Recurrent embodied energy

The recurrent embodied energy associated with the replacement of materials for the case study house over a period
of 50 years, based on average service life figures obtained from the literature, was found to be 2,319 GJ (8 GJ/mz).
For the minimum and maximum material service life scenarios, recurrent embodied energy was found to be 3,766 GJ
(12.9 GJ/Im?) and 1,961 GJ (6.7 GJ/m?), respectively. These results reflect the fact that at an increase in material
service life will result in a decrease in recurrent embodied energy requirements, up to 48% in the case of the case
study house.

Figure 2 shows the ratio of initial and recurrent embodied energy for the case study house with minimum, average
and maximum service life scenarios for materials. This shows that when materials are poorly maintained and/or
require greater frequency of replacement that the recurrent embodied energy of a building may be almost as
significant as the embodied energy associated with its initial construction.

m [EE
REE

MSL (min.)

MSL (avg.) MSL (max.)

Figure 2: Proportion of recurrent to initial embodied energy for the case study house based on minimum,
average and maximum service life scenarios
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5.3. Operational energy

The total average annual operational energy for the case study house based on electricity and natural gas bills
obtained over a three year period was found to be 44.9 GJ. In primary energy terms this equated to 85.9 GJ. Over
the 50 year life of the house the total operational energy was thus 4,296 GJ (14.7 GJ/mz).

5.4. Life cycle energy

Total life cycle energy demand for the case study house over 50 years was calculated by combining initial and
recurring embodied energy, operational energy and the energy associated with demolition and disposal at 1% of the
life cycle energy demand. Based on the average material service life figures, life cycle energy was 10,612 GJ or
36.4 GJ/m?. For the minimum and maximum material service life scenarios total life cycle energy was 12,074 GJ and
10,251 GJ, respectively.

Figure 3 shows the breakdown of the energy demand by life cycle stage for each material service life scenario. As
described earlier, the value of initial embodied energy and operational energy is consistent across each scenario.
Variations in recurrent embodied energy and to a small extent, demolition and disposal energy, results in a 15%
reduction in life cycle energy demand by extending the service life of materials as much as possible. Total possible
reduction in life cycle energy demand by extending the service life of materials, compared to the average material
service life scenario, is up to only 3.4%.
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Figure 3: Life cycle energy of the case study house based on minimum, average and maximum material
service life scenarios

As Figure 4 shows, the initial embodied energy of the case study house represents 32%, 37% and 38% of its life
cycle energy demand, for minimum, average and maximum material service life scenarios, respectively. This
represents a much higher proportion than is suggested in many previous studies (inter alia Scheuer et al., 2003;
Bribian et al., 2009; Ramesh et al., 2010). The main reason for this is due to a much more complete system boundary
with the use of the hybrid embodied energy analysis approach. Operational energy represents 36%, 40% and 42% of
the life cycle energy demand of the house over 50 years for minimum, average and maximum material service life
scenarios, respectively. This proportion is considerably lower than many previous studies that suggest that
operational energy accounts for between 69 and 95% of a building’s life cycle energy demand (inter alia Scheuer et
al., 2003; Bribian et al., 2009; Ramesh et al., 2010). This analysis also indicates that the total embodied energy
associated with the house (initial and recurrent) represents at least 36% more than the operational energy
requirement over its life.
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Figure 4: Life cycle energy of the case study house based on minimum, average and maximum service life
scenarios, by life cycle stage proportion

While maximising the service life of materials is important in order to minimise non-renewable resource depletion and
the release of greenhouse gases and pollutants into the environment, specifying the most durable materials with the
longest potential service life is not always the best choice. Specifying materials without consideration for the type or
likely useful life of the building in which they are to be used can lead to the over-specification of a material. For
example, a building that is to be refurbished/refitted in a relatively short period (say 10 years), doesn’t need to use
materials (for example, carpets) that are designed to last any longer than this. As more durable, longer-lasting
materials can often be more energy intensive in their manufacture, this can lead to a greater demand for energy than
is necessary for a particular purpose.

This being said, where maximising the useful life of a building is important, materials that are more durable and likely
to last longer may be a better option, despite the fact that they may be much more energy intensive to produce. This
is highlighted by this study, showing that the recurrent embodied energy associated with the maintenance and
replacement of materials can be significant and best minimised. Consideration of material choice in the context of a
building’s life cycle performance is also important so that the selection of materials to minimise embodied energy
across the building life cycle does not adversely affect a building’s thermal performance and thus operational energy
demand.

6. CONCLUSION

The aim of this study was to determine what effect a variation in the service life of materials has on the life cycle
energy demand associated with a residential building. A case study house located in Melbourne, Australia was used
for this analysis. The operational energy demand of the house was taken from actual energy bills. The initial and
recurring embodied energy of the house were calculated using a comprehensive hybrid assessment approach, with
material service life values based on average figures obtained from the literature. These service life values were then
varied to reflect the extent of service life variability (minimum and maximum) likely for a selection of the main building
materials and the recurring embodied energy and life cycle energy recalculated for each scenario.

While an increase in the service life of materials was shown to result in a reduction in recurrent embodied energy
demand of up to 48% for the house analysed, in terms of the total life cycle energy demand of the house the
reduction was found to be in the order of up to 15%. The study has shown that a variation in the service life of
materials can affect the recurrent embodied energy significantly. The study has also shown that the recurrent
embodied energy requirement for material replacement may be almost as significant as the initial embodied energy of
a building over 50 years and likely to be more significant for buildings with a useful life beyond this. This
demonstrates that in an attempt to reduce the life cycle energy demand of buildings to minimise the associated
environmental impacts, it is important that the service life and durability of materials be taken into consideration.
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