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Highlights 

 Improved methods for embodied energy could reduce life cycle energy in retrofits. 

 Fabric first retrofit design is not well supported by typical life cycle energy approaches.  

 A prescriptive life cycle approach could improve design decisions for materials and systems. 

 A framework providing focused life cycle impacts for fabric first retrofit measures is proposed. 
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ABSTRACT 

Reduction of energy for space heating through retrofit interventions is imperative to meet carbon reduction targets 

in many temperate climates. A Life Cycle approach to retrofit design has the potential to reveal the balance between 

projected operational energy savings, and embodied energy invested in an intervention, and therefore optimise the extent 

of retrofit. However, life cycle energy analysis (LCEA) suffers from inconsistent methodologies across studies, and is 

rarely used for retrofit projects. A preliminary meta-analysis was conducted, drawing on LCEA data from domestic new 

builds and retrofits from the last twenty years. Whilst recent literature conversations indicate that embodied energy 

increases with decreasing operating energy, the meta-analysis is inconsistent with this. This review critiques the 

limitations and sources of variation in LCEA, focuses on how these compromise its value as part of the building design 

process and when comparing between projects, and recommends approaches which add value for building designers. 

This review has identified a need for research to elucidate a transferrable approach for determining the lowest life cycle 

energy for any retrofit, and also a need for a more robust data set of domestic retrofit LCEA. 

Keywords: domestic retrofit; deep retrofit; fabric first; low-energy building; life cycle energy analysis; operating 

energy; embodied energy; primary energy; final energy.  

 

1 INTRODUCTION 

Domestic space heating is a major energy consumer in temperate climates. In the UK, domestic use accounts for 

28% of final energy consumption [1], of which 60-70% is used for space heating [2]; this is unsustainable in the context 

of the carbon reduction commitments set out by the Climate Change Act 2008 and the recent amendment committing the 

UK to net zero carbon by 2050 [3]. Effective physical amendments to both existing buildings (retrofitting) and to the 

practices commonly employed for new builds can facilitate a decrease in the energy used during their remaining 
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operational life, extend the operational life, and have been shown to simultaneously provide significant improvements to 

occupant comfort and health [4]. At a global scale, reducing energy demand through retrofitting will also reduce the level 

of change required to the energy supply system [5]. 

However, retrofitting necessitates new material inputs to existing buildings, and hence an embodied energy (EE) 

investment [6–10], for example, installation of new or additional wall insulation. This is referred to as the ―Carbon Burp‖ 

[energy burp] by the AECB [11,12] in reference to the up-front emissions associated with the manufacture of materials 

introduced in a retrofit. There is scarce data in the literature relating to the energy savings made by retrofitting versus the 

EE investments, and so the balance point between these, and hence life cycle energy savings are not well understood. The 

complexity and limitations associated with life cycle energy analysis (LCEA), specifically with populating the life cycle 

inventory (LCI), are likely to be a major reason for this scarcity [13,14]. Yet, insight into the EE of retrofits has 

significant potential to impact overall energy consumption if used as part of a ―fabric first‖ retrofit design. The 

limitations and sources of variation in LCEA are numerous [15–21] and compromise its usefulness to retrofit and new 

build designers, with some authors calling for  a simpler  approach to LCEA, for example Meex et al. [14]. This review 

provides an evaluation of the current literature on LCEA for retrofit and new-build domestic buildings, and critiques the 

LCEA process with a specific perspective on how the outputs could be honed to focus on the performance of the building 

fabric, and thereby provide a more meaningful input for the design of low-energy retrofits and new-builds. 

2  REDUCING ENERGY DEMAND - RETROFITTING 

Underperforming buildings require fabric interventions to reduce their space heating energy demand. As asserted 

by Dequaire [22], ―heating demand cannot be radically reduced without a very good thermal envelope‖. This is achieved 

through retrofitting, i.e. the installation of components or materials after the initial construction has been completed [16]. 

The first intention of retrofit is driven by an ambition to reduce energy use for the remaining operating life of the building 

whilst improving thermal comfort; the second should be to reinstate, maintain or extend the useful life of existing 

dwellings. Baeli [23] references this back to sustaining cultural identity and a ―British aesthetic‖ which is embedded in 

the housing stock, but this applies to any vernacular building in any country. 

This review focuses on UK dwellings, which are characterised by temperate climate and are commonly of masonry 

construction [24], and considers the ―fabric first‖ retrofit approach. This refers to passive measures installed to reduce 

operating energy (OE) for space heating, applied to primary building elements, i.e. walls, floor, roof, windows and doors 

[23], as opposed to ‗active‘ measures, for example photovoltaics (PVs), as used by Ibn-Mohammed et al. [25] (space 

cooling and overheating are not explicitly addressed in this work). The three principle interventions in fabric first retrofit 

are continuity of insulation, continuity of airtightness and good quality windows [23], and it is considered to be the most 

effective retrofit strategy [26]. Retrofits are constrained by a building‘s existing characteristics, which make it difficult to 
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achieve a thermally ―ideal‖ building, but can be implemented to different levels. Light retrofits slightly improve a 

dwelling‘s energy use with measures such as draught excluders, upgrading single glazing, or installation of loft 

insulation. Conversely, ―deep retrofit‖ is used to describe interventions which yield radical levels of energy reduction 

[23]. 

There are many examples of OE reductions achieved by retrofits. As shown in Figure 1, the Low Energy Building 

database presents UK refurbishment and retrofit projects‘ primary energy consumption as pre- and post-retrofit, 

alongside forecast energy use. This data set shows many examples of reduced OE following retrofit (excepting 39 and 

1671), and hence indicates the potential to reduce operating energy use in the domestic sector. In addition to Figure 1, the 

Retrofit for the Future (RftF) programme, which ran between 2009 and 2013, used a ―whole house‖ approach to target 

80% reduction of CO2 emissions, expressed as absolute limits of 17 kg/m2/a CO2, and 115 kWh/m2/a primary energy, 

achieved space heating energy reductions up to 95% [27]. Moran et al. [28] found reductions of between 44% and 81% 

in three historic buildings in Bath2, whilst an average of 20 homes evaluated by Baeli [23] found a 67% reduction in 

primary energy. However, whist recognising that retrofitting is achieving OE reductions, it is pertinent to question the EE 

impacts of retrofits. OE reduction necessitates additional materials, and particularly highly energy intensive materials [6]. 

The energetic inputs associated with these materials is described as the EE and can be evaluated as part of a life cycle 

energy analysis (LCEA).  

 

Figure 1; Primary energy use for refurbishment and retrofit projects in the Low Energy Building Database, including 

projects from the Retrofit for the Future programme. Source: [29].  

                                                        

1 No specific information was available, however energy use may have increased owing to performance gap phenomena [58], such as 
improved thermal comfort ―take back‖[4], or technical faults during retrofit [61].  

2 using ―retrofit package 2‖, which did not include renewable energy technology, resulting in delivered energy use of 

100-150 kWh/m2/a. 
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3 LCEA AND THE LITERATURE DISCOURSE 

LCEA can be useful for identifying specific design and decision making improvements in a building, or for 

benchmarking buildings against each other [16,30,31]. LCEA evaluates the contributions from OE and EE to yield total 

life cycle energy (LCE), as illustrated in Figure 2. OE corresponds to energy used to maintain conditions suitable for 

fulfilling the building‘s function, such as space heating, and to run appliances, and occurs in only the ―Use‖ stage, 

module B6. Conversely, EE corresponds to the energy required to make or dispose of products or raw materials, and 

occurs throughout the entire life cycle, and even during the Use stage in the form of maintenance and repair activities. 

The sum of OE and EE is the LCE. LCEA has the potential to reveal the balance between projected OE savings, and EE 

investment, and therefore optimise the extent of retrofit, although the scope, purpose and limitations of an LCEA will 

vary between studies [15,21,32]. The LCI is used to attribute EE quantities to the identified components of the LCEA; its 

quantification is the subject of much academic discussion, and even the definition of EE varies between studies. 

 

Figure 2; Schematic representation of life cycle energy analysis indicating the stages which contribute to the 
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operating and embodied energy fractions, which are summed to yield total LCE. Operating energy occurs only in the 

Use stage, module B6, whilst embodied energy occurs in all stages. Stages and modules based on BS EN 15978:2011 

[33]. Adapted from [16,18,32,34]. 

3.1 OE AND EE REPORTED IN LITERATURE 

It is common for LCEA studies to report the breakdown of EE and OE as percentages of LCE over the whole life 

span, rather than as absolute values with functional units. The following studies, reporting predominantly on new-build 

dwellings, have shown the balance of these proportions to be weighted in opposite directions. Past LCEA studies by 

Sartori and Hestnes [6] and others have indicated that OE dominates in life cycle terms. Sartori and Hestnes [6] cited two 

studies from the late 1970s (Hallquist, 1978; Hannon et al., 1978) which give the OE contribution as 90-95% of LCE. In 

their literature review of 60 case studies, dated from 1996 to 2005 (and 2 from 1978), which included conventional and 

low-energy residential and non-residential buildings, they found OE was dominant in LCE. In agreement with this, 

Ramesh et al. [18] found OE represented 80-90% of LCE, and concluded that OE should be the driving consideration in 

building design. 

A popular alternative discourse in the literature suggests that reductions in OE in low-energy buildings are 

achieved by increasing EE [6,18,22,35–37]. Sartori and Hestnes [6] reviewed two studies in detail (Feist, 1996; Winther 

and Hestnes, 1999) which compared different versions of the same building, and observed that low-energy dwellings had 

a higher proportion and higher absolute EE than in conventional buildings, but importantly, a lower LCE. Gustavsson 

and Joelsson [38] reported a higher proportion of EE in low-energy houses, at 40-60% of LCE (amongst these are the 

same buildings studied by Thormark [36], Feist [37] and Winther and Hestnes (1999)). As highlighted by Copiello [35], 

this pattern is observed by numerous other studies, including Stephan et al. [39] where EE was 3.4 times higher than OE 

in their analysis of a passive house. However it should be stressed that rising proportions of EE vs OE are not 

problematic unless LCE is simultaneously rising. Some authors highlight studies indicating that extensive reductions in 

OE, brought about by introducing active technologies such as solar PV, result in higher LCE than in other low-energy 

dwellings. They argue that as buildings improve towards ―self-sufficient‖ or ―nearly zero energy buildings‖ (NZEBs), the 

balance between OE and EE shifts towards EE dominance. Chastas et al. [17] reviewed 90 residential case studies and 

found EE in low-energy buildings ranged from 26-57% of LCE, whilst this extended to 74-100% in NZEBs.  

Copiello [35] presents a conceptual model illustrating the relationship between OE and EE and the resulting effect 

on LCE; Figure 3 shows a qualitative representation from ―conventional‖ buildings to ―self-sufficient‖ wherein OE 

decreases as EE increases, such that LCE decreases from ―conventional‖, to a minimum at ―Passive House‖, and 

increases towards ―Self-sufficient‖. This figure undermines the assertion that OE should be the driving consideration in 

building design [18]. As stated by Dequaire [22], there is a balance where EE investment is not compensated by a 
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reduction in operating energy. A question emerges therefore as to whether a specific point of OE reduction and EE 

predominance can be identified for retrofits, and at what point is the lowest LCE? 

 

Figure 3; “Trade-off between embodied and operating energy and trade-off between investment and operating costs, 

for several kinds of buildings.” Reproduced from [35], p.1072. 

However, whilst Copiello‘s [35] theory and Figure 3 is based on LCEA studies and observations, it should be 

regarded cautiously for several reasons. Firstly, it is pertinent to consider the boundaries of the analyses used in each of 

these categories: It is reasonable to compare ―conventional‖, ―low-energy‖ and maybe even ―passive‖ because the 

infrastructure and constructions are broadly comparable in evaluating primary elements, i.e. floors, walls, windows, and 

roofs, and most likely heating equipment, appliances, and lighting. However, an additional component is included in 

LCEA of ―self-sufficient‖ buildings in the form of technical infrastructure on site, usually to supply renewable electricity, 

for example photovoltaics, or batteries. Some studies explicitly exclude this technical infrastructure [8,9] and others show 

it can contribute a notable proportion of overall EE or LCE. For example Cellura et al. [40] reported the contribution of 

photovoltaic and solar thermal installations as 8.8% of EE (excluding demolition energy). Similarly, Feist [37] 

demonstrated cumulative primary energy input (taken to be equivalent to life cycle energy) to be approximately three 

times higher for the self-sufficient house than for passive houses at the outset (year 0 representing only EE), and still 

higher after 80 years. The itemised additional production energy input included: translucent thermal insulation, an 

enlarged solar collector [thermal], photovoltaics, electricity storage (lead battery) and a hydrogen fuel cell, i.e. the EE of 

these technologies amounted to three times more than the total EE of the passive house. In Figure 3, inclusion of 

technical infrastructure EE presents a significant inequality in the context of comparing buildings with different energy 

performance. In the first three categories, energy is consumed, but is usually imported to the site from elsewhere, and EE 

associated with off-site infrastructure for power and heat (for example, a centralised power station) is not included in the 
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LCEA boundary. Conversely, in the ―self-sufficient‖ category, the boundary is assumed to include power infrastructure, 

since it is on the same site as the building. The comparison is made between two different things and is therefore of 

limited value, and is discussed further in section 6.6.  

Secondly, the figure presented by Copiello [35] displays categories rather than quantities on the x-axis, without 

units, or a specific description of what is being represented; possibly energy efficiency, or OE. There is a specific 

definition for ―Passive House‖ [41], and some authors attempt to define ―low-energy building‖ [6], but these categories 

are based on operating energy, i.e. kWh/m2. The relevance of plotting OE against OE on the x-axis, as may be the case 

here (and corresponds to two quantified figures included in Copiello‘s [35] paper), could be questioned. Given that none 

of the existing definitions of Passive House or NZEB utilise EE, it would be reasonable to include only OE on the x-axis. 

Therefore, plotting OE against OE (reverse x-axis) would yield a straight line, y=x, yet in the figure presented by 

Copiello [35], the OE curve is not linear, but instead tends towards zero at the ―Self-sufficient‖ category, suggesting that 

the x-axis is either not a linear scale, or represents something other than OE. 

4 RESEARCH FOCUS 

It is clear that there is little consensus on the nature of the relationship between OE and EE associated with new 

buildings, and even less evidence for retrofits. However, as stated above, it is well established that LCEA is not routinely 

deployed in small scale domestic building projects owing to wide variations in methods and its complexity. There is 

evidence to show that retrofits do achieve energy use reductions in OE, however these are proceeding without certainty 

of overall reductions in LCE.  

This paper presents a critical review of the available literature and identifies relevant studies to test the hypothesis 

that improvements to the energy performance of existing dwellings through fabric first retrofits have net energy savings 

when considered in life cycle terms. The review presented seeks to identify literature data which could be aggregated to 

provide indicative trends to test this hypothesis, and it investigates the effects that variations in the analysis of LCE could 

have on the potential impact of such data. 

Whilst many previous papers have reviewed LCEA and its different approaches, this paper has a specific focus on 

how LCEA can be used to evaluate the building fabric performance and draws on LCEA as an approach to support this 

type of evaluation for domestic retrofits.  

5 RESEARCH METHODOLOGY 

A broad search of literature was undertaken using Scopus and Web of Science and combinations of key words 

including; life cycle analysis, life cycle energy analysis, life cycle inventory, primary energy, final energy, embodied 

energy, operating energy, embodied energy sources of variation, system boundaries, residential, domestic, dwelling, 

house, retrofit, refurbishment, fabric first, low energy building and passive house. The papers identified were critically 
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analysed and content was categorised under themes including: Definitions; LCA stages; LCI methods; Standards and 

standardisation; Energy metrics; Functional units; Materials; Boundaries; and conventional versus low-energy buildings. 

The relevance and influence of these themes was considered with respect to building fabric performance and retrofits 

with the intention of developing a refined approach to LCEA which can be utilised by building designers. 

In order to explore the relationship proposed in Figure 3, an exploratory meta-analysis was undertaken using 

literature data to populate, and therefore quantify such a figure. 164 pairs of EE and OE data were collected from 23 

papers, relating to residential new build and retrofit case studies, including modelled variants of the same building. 

Geographic representation was from across Europe, Australia, New Zealand, Canada, Brazil and the USA. Data included 

pairs presented as either primary or final energy and were normalised to kWh/m2/a. In some cases data was obtained from 

graphs and so is subject to some error of interpretation; in these cases error was quantified based upon the resolution of 

the graph and the program used to read the data points. In all cases, after unit conversion the residual error was very 

small. Data was grouped according to energy metric, new build or retrofit, and the LCI method. The study boundaries 

were not considered in data grouping. A summary of details of the case studies used is presented in Table 1 and results 

are presented in Section6.9.  

Table 1; Summary of papers and cases used to populate meta-analysis of OE-EE data pairs 

PAPERS CITED PRIMARY OR 

FINAL ENERGY 
LCI 

METHOD 
NEW BUILD OR 

RETROFIT 
NUMBER OF CASES 

Adalberth, 1997 [42] Final Process New build 3 

Adalberth, 1999, as cited in [6] Final Process New build 8 

Bin and Parker, 2012 [43] Primary Process Both 2 

Cellura et al., 2014 [40] Primary IO/Hybrid New build 1 

Citherlet and Defaux, 2007 [44] Primary Process New build 3 

Crawford and Stephan, 2013 [45] Primary IO/Hybrid New build 2 

Fay, Treloar and Iyer-Raniga, 2000 [46] Primary IO/Hybrid New build 2 

Feist, 1996, as cited in [6] Primary Process New build 6 

Giordano et al., 2015 [47] Primary Process New build 16 

Gustavsson and Joelsson, 2010 [38] Primary Process New build 32 

Hannon et al. 1978, as cited in [6] Final Process New build 2 

Koezjakov et al., 2018 [48] Final Process Both 25 

Lolli, Fufa and Inman, 2017 [13] Primary Process New build 4 

Mithraratne and Vale, 2004 [49] Primary Process New build 3 

Neroutsou and Croxford, 2016 [50] Primary Process Retrofit 2 

Oregi et al. 2017 [34] Primary Process Retrofit 22 

Sartori and Calmon, 2019 [10] Primary Process Both 4 

Shadram and Mukkavaara, 2018 [51] Primary Process New build 8 

Stephan et al. 2013 [39] Primary IO/Hybrid Both 3 

Thormark, 2002 [36] Final Process New build 6 

Treloar et al., 2000 [52] Primary IO/Hybrid New build 1 

Weiler, Harter and Eicker, 2017 [53] Primary Process Both 4 

Winther and Hestnes, 1999, as cited in [6] Final Process New build 5 

6 SOURCES OF VARIATION IN LCEA AND CORRESPONDENCE TO BUILDING FABRIC 

Many papers in the scientific literature discuss the sources of variation in LCA for buildings, for example [15–

21,34,54–57]. As stated by Rasmussen et al. [21], building design differences account for some variation in EE, but they 
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observe that ―the better part of variation‖ is due to LCEA study design and methodological choices. The sources of 

variation are numerous, and include (controlled) factors at the discretion of the analyst such as: the definition of EE, use 

of standards and choice of method for developing the LCI, system boundaries, energy metrics, and functional units for 

the results [54]. There are also ―uncontrolled‖ factors, such as: age and sources of data, data completeness, technology 

representation (type and age) [54]. Whilst the variations in approach are commonly the result of legitimate decisions 

made for specific studies, the inconsistencies can generate different results for a single building, and make it difficult to 

draw comparisons between studies, or infer broader patterns and trends in the OE-EE relationship [15]. It is widely 

accepted that the complexity and time consuming nature of populating the LCI is a major barrier to uptake of LCA within 

the construction industry, and hence in retrofit [13]. This section reviews how sources of variation in LCEA might limit 

the evaluation of fabric first retrofits, and considers how an LCEA approach could be tuned to focus on the performance 

of the building fabric.  

6.1 DERIVING OPERATING ENERGY 

OE would usually be considered as the energy used to maintain conditions suitable for fulfilling the building‘s 

function, such as space heating, and to run appliances [33](Figure 2). It has been described as easy to quantify compared 

to embodied energy [19]. In existing buildings it can be derived by monitoring and measurement, however for designs 

yet to be built this is not possible. Instead, OE is estimated with a wide range of models, ranging from simple, static, 

energy balance models through to complex, dynamic full building simulation. As with any model, assumptions must be 

made in relation to a range of factors which can lead to discrepancies between the modelled and actual OE. This variation 

is commonly termed the ―performance gap‖, detailed review of which is beyond the scope of this study, but is 

comprehensively discussed by Galvin [58]. The principal sources of the variation can be summarised as: insufficient 

energy model calibration and validation; technical faults during installation, e.g. inconsistent insulation thickness or air 

leakage; occupants not using the building as per the assumptions before or after the retrofit, e.g. window opening, 

intermittent heating, overestimation of pre-retrofit energy consumption, or post-retrofit temperature ―take back‖; and 

inaccurate assumptions about the existing construction‘s thermal properties [4,28,59–61]. Each of these variations may 

affect the accuracy of the LCEA and so measures to mitigate these would improve the potential impact of LCEA as a 

retrofit design tool. Considering that fabric first retrofit focuses on reducing energy demand for space heating, it would 

be logical to specify that OE determined for a fabric first retrofit LCEA should correspond to the energy balance required 

for space conditioning, and exclude (or report separately) that required for running appliances.  

6.2 OFFSETTING OPERATING ENERGY FROM RENEWABLE SOURCES 

In some studies, renewable energy produced on site has been offset from the OE. For example, Cellura et al. [40] 

evaluated an NZEB house and set OE as the import-export energy balance. However, in the context of LCEA of a fabric 
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first retrofit for limiting climate change, there is a need to look beyond the individual building and towards the global 

scale of energy use reduction, complemented by decarbonisation of energy supply. Therefore if, for an individual 

building, there is a need to differentiate between renewable and non-renewable energy sources, then this should be done. 

However, omitting the renewable energy component from the LCE entirely will detract from the analysis of fabric 

performance, and from the global impact on energy use reduction achieved through retrofit. Moreover, offsetting 

renewable energy from the OE could undermine efforts to reduce absolute energy demand in fabric first retrofit, by 

substituting with renewable energy. As Dequaire [22] cautions ―enough PVs can make a thermal wreck into a zero or 

plus building‖. Consequently renewable energy should not be discounted, but should be used in harmony with a fabric 

first approach, and as such the boundaries for the analysis of operating energy need to be clearly defined. 

6.3 EMBODIED ENERGY - DEFINITIONS 

EE impacts occur throughout the life cycle of the building, however numerous EE definitions are offered in the 

literature. Common themes and keywords in EE definitions reviewed by  Cabeza et al. [62] included: raw materials, 

direct and indirect energy, upstream processes, manufacturing, and transportation. From reviewing other authors‘ 

definitions, a matrix comparing the themes they include is presented in Table 2 and illustrates clearly that no two authors 

reviewed capture the same EE definition. Dixit et al. [54] concluded that the definition of EE is unclear. The most 

comprehensive definitions are provided by  Thormark [36], Dixit et al. [19] and Dixit [63]. There are three themes 

included in some definitions which cannot be considered as phases or process in the life cycle, namely feedstock energy, 

direct and indirect energy, and non-renewable energy, each of which introduces further space for interpretation of the EE 

definition.  

Table 2; Comparison of themes included in various authors' definitions of Embodied Energy. In some cases the exact 

terminology used was different, for example construction vs assembly, maintenance vs rehabilitation, manufacture vs 

production. 
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Treloar, 1997 [64]  x x     x  

Fay et al., 2000 [46] x x x x x   x  

Thormark, 2002 [36] x x x x x x x   

Sartori and Hestnes, 2007 [6]  x   x  x   

Ramesh et al., 2010 [18] x x x x x     

Dixit et al., 2010 [19] x x x x x x  x  

Cabeza et al., 2013 [62]  x x   x    

Giordano et al., 2015 [47] x x   x x   x 

Chastas et al., 2016 [17] x x x x x x    

Copiello, 2017 [35] x x  x  x  x  

Azari and Abbasabadi, 2018 [15] x x x x x x    

Dixit, 2019 [63] x x x x x x x x x 

ISO 14040 [65] defines feedstock energy as the ―heat of combustion of a raw material input that is not used as an 

energy source to a product system, expressed in terms of higher heating value or lower heating value.‖. Ambiguity over 

reporting higher or lower heating value could introduce discrepancy; based on a simple analysis of published heating 

values for common, high energy, building materials including polystyrene, PVC, wood particle board and plywood [66], 

higher and lower heating values varied by up to 10%. Dixit [57] reviewed several studies and found that feedstock energy 

has been reported to contribute up to 94% of the total EE of building materials. They highlight that comparison is 

difficult between studies which are inconsistent about the inclusion of feedstock energy.  

Authors have different definitions for direct and indirect energy. Pick and Becker [67] simply defined direct energy 

as that purchased by the construction company, and indirect as that used in the manufacture of supplies and services 

purchased by the company. However, an analysis of the five more recent papers including this theme in Table 2, 

indicates that direct energy is generally described as that used on-site for construction, whilst indirect is that used for 

manufacturing materials, goods or services, with some nuance between the papers. For example Sartori and Hestnes [6] 

place maintenance and demolition within direct, contrary to Dixit et al. [19,54], who include these, alongside 

manufacturing, as indirect. In a later paper, this designation is amended and instead Dixit [63] describes direct energy as 

that attributed to processes, and occurring ―downstream‖, i.e. after the building is constructed, including maintenance and 

demolition (and as described in their Figure 1). Conversely, indirect energy is that attributed to products, and occurring 

―upstream‖ of the building, i.e. before construction, and thereby including raw materials and manufacturing. Treloar [64], 

Treloar et al. [52] and Sartori and Hestnes [6] offer a clear distinction between direct and indirect energy, implying a 

spatial delineation wherein direct energy is that used on site, including fuel, for assembly of the building, whilst indirect 

energy refers to that in the materials. 
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It could be argued that the differentiation of direct and indirect energy distracts from the definition of EE. More 

recent literature has tended to refer to indirect and direct energy without qualifying why it is necessary to differentiate 

[19,20,57]. The line between direct and indirect energy, whether conceptual or spatial, appears somewhat arbitrary; when 

understanding energy use throughout the life cycle of a building, all parts of the life cycle are relevant, regardless of 

where or when that energy consumption occurs. Whilst the differentiation becomes important when developing EE 

estimates [64],  it bears little consequence when defining EE as a concept, or determining the total EE of a building from 

existing LCIs. Perhaps therefore, inclusion of the direct/indirect distinction is unimportant when defining EE. 

Dixit [57] observed a conversation in the literature dating from 2006 about reporting only non-renewable EE, i.e. 

that derived from fossil-fuel based sources. They relate this to greenhouse gas emissions and cite studies which claim this 

represents the environmental impacts associated with a product. However, presenting only non-renewable EE tells only 

part of the energy story, failing to acknowledge that energy saved by EE reductions in this system could offset fossil 

energy used elsewhere (either inside or outside of the building system). Instead, the focus is shifted from efficient use of 

energy, to potentially indiscriminate use of renewable energy. This undermines a more general need to address energy 

consumption. Giordano et al. [47], and several studies cited by Dixit [57] dating from 2010, report both non-renewable 

EE alongside total EE. Giordano et al. [68] use a metric for describing materials, the Renewable Embodied Energy Ratio 

(REER), which compares the contribution of EE from renewable and non-renewable sources. They state the REER is 

useful for material selection. This presents a more balanced and transparent approach to identifying the non-renewable 

EE fraction and enables decision making based on procurement of renewable energy sources, as well providing the 

information required to address total EE in the life cycle. 

It would be useful if a standard EE definition was applied to ensure that all aspects of EE are captured, or at least 

considered in future research. Nevertheless, the choice of whether or not to include all components of the definition in a 

particular analysis should be justified at the discretion of the author in each case. It is proposed that an explicit and 

concise definition of EE in a building LCEA should include the energy used for extraction and processing of raw 

materials, manufacturing, construction, maintenance and refurbishment, decommissioning and EOL waste processing, 

all transport of materials at any stage of the life cycle, and the feedstock energy embedded in the construction materials. 

It should be presented as total EE, including both renewable and non-renewable components, although these can be 

differentiated if useful to the study. Direct and indirect energy bears little consequence to the definition of EE, and so 

should not be included in the definition, but an analysis of these may be of relevance to a particular study. 

6.4 STANDARDS 

In spite of existing standards for LCA, such as ISO 14040:2006 and ISO 14044:2006, there is still a great deal of 

variation in the approaches used in LCEAs. These ISO standards outline the development of Life Cycle Inventories 
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(LCIs) but were not originally developed for buildings analysis [54], and do not distinguish between EE and OE; indeed 

where a product uses no energy during its operational life, such as a piece of glass, the entire LCEA relates only to EE. 

Instead, building and construction LCEAs could be considered as an aggregation of many LCEAs corresponding to the 

materials and processes which go into producing that building, making the analysis complex. Chastas et al. [17] refer to 

adding OE into the system boundaries as per EN 15804:2012 and EN 15978:2011. The technical standards available for 

LCA seem to be used only sometimes, with only a small number of authors citing these in their studies, for example 

[16,17,30,34,55]. Azari and Abbasabadi [15] identifies a need for a ―consensus based quantification framework and 

protocol based on ISO prescriptions‖. 

6.5 METHODOLOGICAL CHOICES 

An LCI is used to attribute EE quantities to the identified LCA components. Two principle approaches are used for 

populating the LCI, process analysis, and input-output (IO) analysis, as well as two further hybrid approaches. These 

approaches and their limitations are well described in the literature [16,19,32,45,46,64] and summarised here. Process 

analysis is the oldest and most commonly used method and is a bottom-up approach based on auditing the energy used to 

produce a material or product along its supply chain. This data is then summed together to develop the life cycle 

embodied energy of a building, or building element [15,32,45,64]. For process analysis, truncation error and 

underestimation of EE arises when a lack of available detail about the manufacturing process leads analysts to constrain 

system boundaries at that point, thereby omitting energy inputs or outputs outside of that boundary [16,64]. At the scale 

of a building, many services, assembly processes, and basic materials are excluded. Treloar [64] cites Boustead & 

Hancock (1979) as estimating incompleteness in a basic building material to be at least 10%, where a more recent 

estimation, Lenzen [69], suggests it could be up to 50%. Vilches et al. [16] suggest that process analysis results in 

overestimating energy savings made in retrofit projects. IO analysis is based on the financial transactions in the supply 

chain of a material or product. Estimates of the energy intensity per unit of currency (i.e. GJ/$) of a particular economic 

sector are made at national or regional scale using government-compiled statistics, and the material or product cost per 

unit is then used to estimate the embodied energy of that product [15,45,46]. IO analysis is considered to capture more 

detail than process analysis because the system boundary is more complete by inclusion of most direct and indirect 

energy inputs [19,64]. Nässén et al. [70] found results were up to 90% higher for IO analysis. However, this method is 

inhibited by assumptions of the relationship between product price and EE, i.e. it is assumed that a more expensive 

material has a linearly higher EE; additionally, aggregation error assumes that all materials in an economic sector have 

equivalent energy intensities [45,46], but these assumptions could be questioned. Hybrid analyses combine both process 

and input-output analysis and overcome some of the limitations of both by using the most reliable data where possible; 

i.e. process analysis where the process is known, and then unknowns are populated with IO analysis [46]. Treloar [64] 
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developed a hybrid method, cited as the most comprehensive technique for quantifying EE [45], yet in spite of its 

publication over 20 years ago, the approach seems to not be widely deployed.  

Evidently the choice of approach can have a major influence on the output from an LCEA, but there appears to be 

limited standardisation in methods used. In evaluating the building fabric in a retrofit, consideration should be given to 

the LCI methodology. Because IO analysis aggregates all impacts in the supply chain indiscriminately, it would be 

difficult to isolate building energy impacts from those associated with the material and energy supply chain. For this 

reason process analysis, or a hybrid approach might be better suited for this. 

6.6 BOUNDARIES 

The simplest interpretation of system boundaries is a consideration of what is or is not included in the analysis. 

Variations in system boundaries occur in several places as described by various authors:  

i. The life cycle phases included in the analysis refers to the phases included in EE, and aspects of the operating life, 

such as appliances or lighting, or those described in BS EN 15978:2011, shown in Figure 2 [17,32]. This is sometimes 

referred to as cradle to gate, cradle to grave etc, and relates to the EE definition. Oregi et al. [34] quantified the 

proportion of studies which included particular life cycle phases. In studies which included production energy and 

operational energy use, transport to site was omitted in 17% of studies, and maintenance energy was omitted by 54%. 

They attribute the omissions to the complexities of the systems in question, and the data quality and availability.  

ii. The limits of the life cycle inventory is especially relevant for process analysis, where availability of data upstream 

in the supply chain can limit any further inclusion in the analysis [17,45].  

iii. The physical boundary of the building refers to the physical limit of the analysis, i.e. whether the study refers to 

the main structure of the house, interior finishes, appliances and furniture [49], landscaping [46], building services such 

as drainage and roads [71], or, as in Treloar et al. [52] the analysis was extended to include belongings, consumables, 

financial services, motor vehicles and vacations. Mithraratne and Vale [49] found appliances, furniture and interior 

finishes contributed approximately 50% of the total life cycle EE, whilst in the analysis by Treloar et al. [52] the house 

[i.e. building] made up only 34% of the total life cycle energy (including OE) over a 30 year study period. Clearly, the 

purpose of the study has a strong bearing on the boundaries of the analysis, and it could be suggested that for analysis 

of a building‘s energy performance in its purest sense, inclusion of lifestyle, or even appliances extends the analysis too 

far, and detracts from the performance of the building fabric. An additional consideration which does not feature 

prominently in the literature to date relates to the system/physical boundaries in NZEB or ―self-sufficient‖ dwellings, 

and is described previously in reference to Figure 3. Almeida et al. [9] separate out the impacts of ―energy related‖ 

measures applied to the thermal envelope from those relating to technical systems such as energy-generation units. 

Similarly Karimpour et al. [8] suggest that renewable energy systems are independent of the building, and could be 
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treated as appliances, and excluded from the analysis. Caution is urged when drawing conclusions about the trends 

inferred from LCEA of these different building types where the system boundaries are not at parity. 

Dixit et al. [71] interrogated many authors‘ approaches to system boundaries and found that in most cases 

boundaries were established to meet the purposes of the particular study. Their review led them to propose a three-

dimensional model for describing a system boundary, as illustrated in Figure 4. The x-axis represents a building‘s life 

cycle phases (similar to i described above), the y-axis represents the extent of the life cycle inventory in both upstream 

and downstream directions for each life cycle phase (similar to ii above). The z-axis refers to the physical scale of the 

analysis (similar to iii above), from component level, to building envelope, building site, or even extended to 

neighbourhood or city level. 

 

 

 

 

Figure 4; The three dimensions of a system boundary for embodied energy calculations, redrawn from Dixit et al. 

[71]. 

6.6.1 ―SUNK‖ ENERGY  

A consideration unique to retrofit LCEA arises when defining the temporal boundaries of the study. In the simplest 

LCEA, a building is constructed, occupied, and then decommissioned or demolished. Within this simple scenario, 

foreseeable maintenance may be included, and possibly changes of occupancy. However, low-energy fabric first retrofit, 

defined as the installation of components or materials after the initial construction has been completed to improve the 
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energy performance of the building, is arguably not a foreseeable activity within the life cycle (or the fabric would have 

been built to a higher performance at the outset), and retrofit is not included in LCA studies [72]. For this reason, there is 

justification for framing the retrofit LCEA differently to a regular LCEA, such as the scheme proposed by Hasik et al. 

[73], which differentiates between existing, reused, and new life cycle stages. Much of the discussion around retrofit 

takes account of whether a building should be retrofitted, or demolished to make way for a new building [53,74–76]. 

Whilst it is unrealistic to suggest that buildings which are not retrofitted will be demolished immediately, it is reasonable 

to argue that with ―deep‖ retrofit, the building is future-proofed, and other critical maintenance work would be 

undertaken to ensure that the service life of the building is extended significantly, and beyond that of the expected 

original life span.  

Menzies [7] argues that because the energy and carbon emissions embodied in an existing building cannot now be 

reduced, and therefore cannot contribute to meeting energy or carbon current emissions targets, those historical energy 

uses and emissions do not matter. They refer to this as ―sunk‖ energy and carbon. If the focus is placed decisively on 

factors which will bring about energy use reductions for a building, and towards meeting global climate change targets, 

the interest is therefore on the possible improvement in thermal energy performance (i.e. OE), and the measures required 

to bring about that change (i.e. EE). In this case, the purpose of the LCEA is to provide better information for achieving 

energy use reductions, and it is pertinent to focus on this, not on the sunk energy embodied in the existing structure. 

Energy embodied in the existing structure is inconsequential to the success of retrofit measures, and therefore can be 

ignored in the analysis. With this approach, a retrofit can be framed as the starting point of a new building life cycle, 

existing infrastructure can be omitted from the Product and Construction Process stages of the LCEA (Figure 2), and only 

the retrofitted materials and activities accounted for. This would allow a true evaluation of the OE and EE balance, as 

discussed in section 3.1.  

To optimise fabric first retrofits, and ensure the focus is on fabric energy performance, the LCEA should consider 

all phases of the life cycle starting at the point of retrofit, and be bounded by the parts of the building which make up the 

thermal envelope and the systems relating to the building conditioning, such as heating and ventilation, as recommended 

by Almeida et al. [9] and Karimpour et al. [8]. To include décor and finishes could conflate the results with factors 

unrelated to the thermal performance, so should be omitted.  

6.7 ENERGY METRIC – PRIMARY VS FINAL 

In LCEA literature, energy is reported as Primary Energy, and also as Final (sometimes end-use or delivered) 

energy. Final energy refers to the heat or electricity consumed by the end user. By contrast, primary energy corresponds 

to the energy content of the raw fuel, as well as energy consumed in extracting, transforming and distributing energy to 

end users. Primary energy factors (PEFs) convert between primary and final energy. PEFs vary according to the same 
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factors which determine the primary energy, i.e. fuel type, transformation and distribution. Primary or final energy can be 

applied to both embodied and operational parts of life cycle energy. 

Some state that in LCEA, primary energy should be used. Studies reporting in primary energy dominate with 14 of 

20 authors sampled reporting on this basis. Rasmussen et al. [21] state that EE is ―most appropriately accounted for in its 

primary form‖. Dixit et al. [54] suggest that embodied primary energy values are ―consistent‖, whereas final energy is 

―misleading and ambiguous‖. Yet neither author explicitly qualifies why this should be the case. Dixit [57] proposes that 

primary energy units ―streamline the analysis process‖, but this statement prioritises the ease with which results can be 

obtained over the value of the results themselves, although the author does caveat the importance of disclosing data 

sources and conversion factors. Indeed it is clear that reporting primary energy captures a level of detail not addressed by 

final energy, with broader system boundaries, however the purpose of the LCEA determines whether this detail is 

beneficial, or in itself introduces ambiguity. It is only misleading where the metric in use has not been explicitly stated. 

Interrogating the differences between primary and final energy reveals that each provides information relating to 

different factors. Sartori and Hestnes [6] describe primary energy as the ―environmental load‖, and final energy as the 

building‘s performance. Gustavsson and Joelsson [38] add that primary energy represents the ―energy supply systems for 

electricity and heat‖, and references process energy efficiencies and fuel types as strongly influencing a building‘s OE; 

final energy on the other hand is dependent on the building‘s construction and materials, and the activities or function the 

building is used for. Thormark [36] made a similar point in their paper more than fifteen years ago, and emphasised that 

reporting primary or final greatly affects total EE, and that it should be clearly indicated and considered when comparing 

studies. They highlighted that based on European production, primary energy could be up to three times higher than final 

energy. Dequaire [22] states that primary energy ―can only be used to assess and limit the environmental impact of the 

energy used by the building‖, pointing out that it has no influence on the thermal and comfort qualities of a building. 

Sartori and Hestnes [6] illustrate the difference between primary and final energy using a hypothetical building, which if 

placed in two different geographical locations (with similar climates) will have similar final energy use, but will have 

significantly different primary energy figures, owing to the different energy sources for heat and electricity. It is clear to 

see how this applies to OE, but it is also relevant to EE: The efficiencies of the manufacturing processes, and supporting 

infrastructure, as well as the energy sources used greatly affect embodied primary energy estimations, even to produce 

the same material [36]. Primary energy captures a level of detail beyond final energy, yet comes with several limitations 

which are not discussed or acknowledged in the literature, including factors unrelated to building fabric, spatial and 

temporal variations, and variable definitions of primary energy.  

Firstly, primary energy captures multiple factors beyond the performance of the building fabric. For a study 

focused purely on life cycle analysis, the relevance of primary energy is clear. Indeed, to acknowledge the merits of 
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primary energy,  Gustavsson and Joelsson [38] justly assert that reduction of life cycle natural resource use or emissions 

is not always achieved by minimising final energy because of the efficiencies or fuel types of the energy supply. 

However, if LCEA is used as a tool for designing new or retrofit low-energy building fabric, primary energy analysis 

conceals the contributions of factors relating purely to building design and specification amongst those of the 

manufacturing process or energy supply, over which the building designer has no control. Conversely, final energy 

analysis places material selection in the control of the building designer, and separates out the material manufacturing 

process and energy supply system to be addressed by experts in those sectors. 

Secondly,  differentiating between primary and final energy has obvious implications for comparing  primary 

energies reported in different countries i.e. spatial variation, alluded to previously by Sartori and Hestnes‘ example [6]. 

On this basis, there are also implications for temporal comparisons, because PEFs change with an evolving energy 

supply. A growing renewable energy sector means that the primary energy required to deliver one unit of final energy 

will decrease over time. For example, electricity generation from renewable sources in the UK has more than doubled 

since 2012 (41.2TWh in 2012, 83.2TWh in 2016, [1]). The UK currently uses a PEF for electricity of 3.07 (irrespective 

of source) in its Standard Assessment Procedure (used for energy performance analysis of buildings) [77], meaning that 

for each unit of electrical energy delivered, it is assumed that 3.07 units of energy are required to produce and distribute 

it. However, renewable energy has lower primary energy than fossil sources, and according to BRE [78], a PEF of 1 is 

assigned for renewables at the point of generation, with distribution losses added to this. Consideration might also be 

given to seasonal peak loads when demand cannot be met by renewables, and so non-renewable power is brought online, 

for example 99% hydropower in Quebec is supplemented by gas power, as described by Pedinotti-Castelle et al. [79]. 

Therefore PEFs are variable, and the ratio between primary and final energy will also vary over time. The implications of 

this for building LCEA are threefold: 

Firstly, if a primary energy figure is applied for the duration of the life cycle, studies reporting life cycle primary 

energy would be temporally suspended at the time of the analysis with a PEF relevant to that moment in time. The data 

reported would not be comparable with data for other buildings published in the past or future for the purposes of 

building energy use evaluation because, as above, multiple factors contribute to that primary energy figure. The data 

would not be useful for identifying trends over time of, for example, changing building standards or practice.  Secondly, 

studies reporting total life cycle primary OE may presume a figure for the duration of the life cycle, thereby not capturing 

the changing nature of the metric at all, or make assumptions about how it may change in the future, i.e. forecasting 

PEFs. This could lead to over- or under-estimating the life cycle operating primary energy as a result. As a secondary 

point, Gustavsson and Joelsson [38] make reference to the ―choice‖ of energy supply influencing the primary energy. An 

increasing range of energy suppliers places more options for renewable energy in the hands of the consumers. Each 
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energy supplier has its own portfolio of energy sources, and thereby a unique PEF, which would alter, perhaps 

significantly if the occupier chose to change supplier. Final OE would change only as a result of material change to the 

building (extension, retrofit or other modification), or change of function (occupancy variables excluded), and so 

provides a more consistent measure for forecasting energy use. Thirdly, material-specific embodied primary energy 

values used to populate LCIs will quickly become obsolete if the energy source or manufacturing process is made more 

efficient. Any building LCEAs based on that data are suspended in time at the point of the LCI, and would not reflect 

accurate EE for those same materials for future work. This has significant implications for the effort required to maintain 

accurate LCIs.  

Another limitation which may compromise comparability between studies is whether authors of different studies 

use published PEFs or other methods to determine primary energy use. Frischknecht et al. [80] describe an absence of an 

agreed definition of primary energy (referred to as cumulative energy demand in their paper) even in established 

standards. They refer to factors including differentiation between energy resources, and defining values for upper or 

lower heating values for fuel sources.  

It is clear that PEFs have a major influence on reported energy data, but are known to vary in space, time, and the 

definition of primary energy. It is relevant to highlight the importance of cautious comparison between studies using 

primary energy as a metric for comparing different construction approaches, perhaps in different countries (or indeed 

those which converted final energy from primary), or those reviewing several case studies from the literature, e.g. 

Thormark [36], Sartori and Hestnes [6], Gustavsson and Joelsson [38], and Ramesh et al. [18]. If the primary energies 

reported and being compared have different PEFs, the reported data tells us only about the differences between 

aggregated figures for building performance, energy supply efficiency at a specific time and location, and manufacturing 

process efficiencies for the materials. Without relevant data, it is impossible to separate out these three factors, and so 

cannot reveal information relating to the building‘s performance. Even if assumptions were made to standardise the PEF 

(as in Ramesh et al. [18]), assumed PEFs (by contrast to evaluating actual data in each case) do not provide meaningful 

data on any of these three factors and so any value of analysing primary energy as an indicator of life cycle impact is lost 

in any case. Data collected from various studies should therefore be treated cautiously if the intention is to compare 

primary energies, and efforts should be made to identify any PEFs or other factors which were applied by the original 

author in their analysis.  

Where the interest lies in understanding how a building can perform over its life cycle and where energy savings 

can be made, whether OE or EE dominates, or which building has the lower total life cycle energy, final energy provides 

the unequivocal metric for use by building designers and specifiers because it refers only to the components in the life 

cycle system that are in the control of the building designers. Efficiencies of manufacturing impacts and energy supplies 
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are rightly addressed by other policies, regulations and research. Separating out final energy in LCEA empowers the 

building sector to improve building performance based on well informed design which addresses OE, and critically EE 

too. 

6.8 FUNCTIONAL UNITS IN LCEA 

―Functional Unit‖ refers to the units used for the parameters reported in the LCEA. Energy is usually reported as 

MJ or kWh. The functional unit usually then references this to a spatial and temporal dimension according to the 

objective of the study, or the part of the LCA being considered, i.e. per floor area, volume, dwelling, building, occupant 

etc, and usually, per year. The choice of functional unit is relevant when that study is compared to others or used for 

benchmarking. 

Spatial Functional Units 

The most common spatial unit in the studies reviewed is per m
2
. This enables easy comparison between studies, 

and controls for variations in layout, or the number of dwellings in the building [81]. However, this should be used with 

some caution, because it can be broken out into many variations, for example: gross heated area, usable floor area, 

gross/total internal area (plus unheated areas), plus external services (i.e. a garage) [16,40], and there may be subtle 

variations within the definition of these units across studies. For example Cellura et al. [40] reported primary energy 

demand for a six-apartment building to be: 51 kWh/m2/a (gross heated area,610 m2); 34 kWh/m2/a ( inner gross area, 907 

m2); and 27 kWh/m2/a (inner gross area plus external services (covered garage), 1,138 m2). This ranges by nearly a factor 

of two, illustrating the importance of consistency when comparing studies. This difference also raises questions about the 

―correct‖ unit to use, and relates to system boundaries. To focus performance of building fabric, inclusion of, for 

example, a garage, or exclusion of interior storage spaces or stairwells, distorts the result. Therefore a unit capturing 

everything within the thermal envelope would be fairest for evaluating fabric performance. 

Reporting ―per building‖ introduces ambiguity when comparing buildings of different size, function, or containing 

multiple dwellings. Vilches et al. [16] suggest this limits the use of results to only that building. Alternatively, ―per 

dwelling‖ could control for this, however Adalberth et al. [81] caution that this favours maximising the number of 

dwellings in one building, because the impact would not be reduced if each resident had their own apartment. 

Using ―per resident‖ [as designed] illustrates the impact of different dwellings typologies, i.e. those offering higher 

or lower density living [16]. Adalberth et al. [81] expresses this as the ―effectiveness of the layout‖ and highlights it 

emphasises the reduced impact of housing more people in a smaller space. However, they also interchange between per 

resident, and per room, and suggest that per room would make comparison between buildings difficult. Vilches et al. [16] 

succinctly state that per resident directly relates impacts to the services provided by the building and the ultimate purpose 

of the construction.  
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For fabric first retrofits it is recommended that LCE should be reported for the floor area within the thermal 

envelope, to enable comparisons between different buildings. However, it is recommended also that this metric should be 

reported with a statement of the designed occupancy, to verify whether similar dwelling types are being compared. 

Temporal Functional Units 

Most LCEA studies in the literature are presented on a per year basis. This unit is comparable between studies, 

even with different lifespans, and is derived by dividing the total life cycle energy by the expected lifespan of the 

building. However defining lifespan (lifetime, service life) is another factor which has not attracted much discussion in 

the scientific community. Cabeza et al. [20] quantified the number of LCA studies considering different lifespans, and 

found that 50% of papers consider 50 years, 19% consider 40 years, and 9% consider 80 or 100 years. Vilches et al. [16] 

state a range from 50 to 150 years. Meanwhile, Oregi et al. [34] make reference to European Commission Regulation EU 

244/2012, Framework Regulation for calculating cost-optimal levels of minimum energy performance requirements for 

buildings and building elements, which states that the reference study period for residential buildings should be 30 years. 

This means that the range of lifespans in use in LCEA is 30 – 150 years.  

There appears to be little justification in the literature for these lifespans, besides a precedent set by earlier studies, 

although some authors do refer to EN 15978:2011, which in turn references ISO series 15686, Buildings and constructed 

assets — Service-life planning [16,55]. However, ISO 15686 does not prescribe a specific timescale for lifespan, rather, it 

provides a method to estimate lifespan (service life) using the reference service life and durability of components, and 

with consideration to in-use conditions. According to Anand and Amor [55], instead of quantification according to 

ISO 15686, lifespan is generally assumed, or based on survey data for old buildings, a typical lifespan for a particular 

building typology, or on the lifespan of the main building material.  

In view of this, consideration of the UK housing stock evidences that dwellings are in use for many years longer 

than the ―typical‖ lifespan of 50 years. An estimated 55% of the current UK stock, approximately 15.7 million dwellings, 

is more than 50 years old, whilst nearly 6 million of those are older than 100 years3.  If, as per the author‘s estimate, 96% 

to 98% of the current UK stock is still in use in 20504, each of those dwellings will be 30 years older. Data from the 

Netherlands, as reported in Koezjakov et al., [48] states that 97% of dutch dwellings reach 50 years, 77% reach 75 years, 

and 57% reach 100 years, whilst according to Ma et al. [82], the average life span of UK buildings is 132 years. As 

highlighted by Pomponi and Moncaster [83], this raises questions about the legitimacy of using lifespans as short as 

                                                        

3 Summed data and percentages from England, Scotland, N.Ireland and Wales (56, Annex Table 2.1; 57, Appendix Table 3.3; 58, 
Table 2; 65) yields 2016 dwelling stock of 28,287,870.   

4 Estimates based on declining demolition rates for England [90,91], Scotland [92] and Wales [93]: a low rate scenario of 0.046% 
(2016 data) and a high rate scenario of 0.097% (2007 data) was combined with a UK demand for new housing of between 240,000/y 
(low new-build scenario) and 300,000/y (high new-build) [94]. Compound demolitions ranged between 500,000 and 1,080,000 over a 

34y period between 2016 and 2050.  
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50 years, and this is compounded when consideration is given to other factors such as sustainability of the house-buying 

market, anecdotal evidence of people occupying old homes, and occupying them sometimes for several decades. Dodoo 

et al. [84] relate the life span to factors including quality of materials, construction and maintenance. Additionally, it 

might be pertinent to consider whether it is reasonable to apply the same lifespan to dwellings of different constructions 

or typologies when conducting comparative LCEA. Suffice to say that as acknowledged by some authors [38,85], 

lifespan does affect the outcome of the OE and EE balance, and LCE. These authors have included different lifespans in 

sensitivity analyses, and have indicated that whilst a large proportion of EE is expended at the beginning of a building‘s 

life, there are sometimes significant recurring investments of EE for maintenance, repair, and replacement throughout the 

life cycle [63]. Therefore, whilst extending the lifespan does not automatically reduce the annualised EE, as a factor it 

should be given further consideration. 

The temporal units employed in a fabric first retrofit LCEA would ideally be based on a lifespan determined by a 

building professional on a building-by-building basis, to ensure that a realistic annualised LCE can be derived, and to 

account for variations in condition between dwellings of the same typology, age and location, and the proposed retrofit 

approach, component lifespan and replaceability. Additionally, it is suggested that the analysis should include only the 

retrofit works, on the basis that the EE associated with the original building is already sunk, therefore for this type of 

LCEA, lifespan should be reset at the point of retrofit. 

6.9 DATA ANALYSIS 

Based on the discussion around Figure 3 (from Copiello [35]), an exploratory analysis using literature data for OE 

and EE was plotted against OE on a linear scale. Figure 5 shows data presented as new build and retrofit; process 

analysis and input-output hybrid (IO/hybrid) analysis; and primary and final energy. There is a notable difference 

between data derived by process analysis compared to IO/hybrid analysis (differences between these types of analysis are 

described fully in section 6.5), for which EE data is much higher; the median values for new build, primary energy are 21 

and 135 kWh/m2/a respectively. 
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Figure 5; OE and EE data pairs from literature for new and retrofitted residential buildings, obtained from Process 

and IO/H analysis as stated by the origin paper. Linear trend lines are shown in the legend. Note: OE plotted against 

OE, y=x, therefore displayed as single line for all data sets; reverse x-axis.  

Linear trend lines were fitted to the EE data in each case. From this limited data set and with only a basic statistical 

analysis, significant correlations between OE and EE were found for new build and retrofit ―EE process primary‖ 

(p=0.001 and p=0.007 respectively), and new build ―EE process final‖ (p=0.002). It is observed that for ―Retrofit EE 

process primary‖, the line gradient is the steepest at -0.15, and in all other cases the line gradient is nearly zero. This 

suggests that there is little to no change, or only a negligible increase in EE with decreasing OE across all studies, and 

irrespective of system boundaries associated with individual case studies. This contrasts with the sharply increasing EE 

indicated in Figure 3. In all cases, an extrapolated EE line would intersect the OE line, indicating that there is a point at 

which EE will exceed OE. This supports what is presented in Figure 3, however the point of intersection is variable 

between the data sets; this is highest for the IO/hybrid data at OE=138 kWh/m2/a primary energy for new builds, and yet 

retrofit EE primary process intersects OE at only 26 kWh/m2/a. This contrast is extreme and reflects the more complete 

system boundaries in IO/hybrid analysis compared with process analysis [19,64] (as discussed in section 6.5), and 

highlights the impact of methodological choice on the outcome of a study. Across the cases R2 values ranged between 

0.31 for ―retrofit EE process final‖, and 0.03 for ―new build EE IO/H primary‖, indicating that OE can predict only up to 

31% of variation in EE. This suggests that EE is a function of other influences and that other factors are relevant; this 

highlights the relevance of the possible sources of variation discussed in section 6. 

It should be emphasised that within the body of literature relating to life cycle energy analysis, studies of retrofit 

projects are few: Retrofit data in Figure 5 is populated with data from only seven studies. Of those, Oregi et al. [34], 

Weiler et al. [53] and  Neroutsou and Croxford [50] studied more than one retrofit variant of only one building each. 

Stephan et al. [39] and Bin and Parker [43], studied only one retrofit variant of one building each, whilst Sartori and 

Calmon [10] studied one retrofit variant for each of two buildings. Koezjakov et al. [48] studied two retrofit variants for 

each of five buildings, bringing the total number of retrofitted buildings studied to twelve. A body of literature 

numbering twelve buildings is insufficient evidence base for informing LCEA retrofit decisions. Moreover, these studies 

were located in Germany, the Netherlands, Spain, Belgium, Canada and Brazil, and only one was based on a UK 

dwelling, which raises questions of validity for the UK housing stock of 28 million. Hence, there is significant need for 

further research specifically addressing LCEA for retrofits in the UK. Finally, it should be recognised of retrofits, as is 

implicitly acknowledged by four of these seven studies [34,43,50,53], and described by Menzies [7], that the EE spent 

when a dwelling was originally constructed, and any maintenance to the present date, has already been spent, or sunk, 
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therefore there is no need or value in quantifying sunk EE or OE (see Section 6.6.1). Instead, the focus of the LCEA 

should be on any new materials, construction and transport impacts, and disposal impacts of anything decommissioned as 

a result of the retrofit. This will likely shift the OE-EE balance point towards lower OE. 

6.10 IMPROVING LCEA FOR FABRIC FIRST RETROFITS 

LCEA presents opportunities for use as a powerful design tool, which in the case of retrofits, would ensure that 

maximum energy efficiencies were being achieved for individual buildings, and globally, considering embodied as well 

as operating energy. However, in its current format, LCEA is considered to be highly complex, and as shown through the 

discussion above, offers neither meaningful data for fabric first design decisions, nor benchmarking capabilities for 

reviewing retrofit approaches across one or more buildings. The sources of variation described here collectively lead to 

there being too many ―uncontrolled‖ factors in the analysis, and so the result is conflated by issues unrelated to the 

building fabric. Some of these issues hinge around the better use of standardisation of the LCEA approach, as well as 

coincidental sources of variation which are inherent in LCEA.  

Improved methodological standardisation, or prescription of an approach for fabric first retrofit, would ensure that 

each retrofit LCEA conforms to the same LCA stages, definitions of EE, system boundaries and reporting metrics, and 

can therefore be compared with any other retrofit LCEA. As stated by Azari and Abbasabadi [15], improved 

standardisation of the LCEA process is required, and Dixit [57] recommends the reporting of quantified uncertainties to 

enable readers to use data from an informed perspective or make adjustments accordingly. Only with comparable 

methods between studies, and knowledge of data quality can LCEA results be effectively evaluated across different 

buildings. Through the mechanism of comparison, absolute energy use could be driven down by use of, for example, 

benchmarking, policy instruments, or market competition, which demands diminishing LCE, and thus global energy use 

reduction across existing housing stock.  

 However there is also nuance in how methodological standardisation controls for coincidental sources of variation, 

and how this distracts the focus away from the performance of the building fabric. For example, offsetting of renewable 

sources of OE allows poor building fabric to be presented as having ―good‖ performance. Similarly, excluding renewable 

EE from the LCE implies that the real energetic inputs into a material can be ignored, even though when taking a global 

perspective, absolute energy use reduction, not just decarbonisation, will be critical to limiting climate change. In terms 

of energy metrics, using primary rather than final energy perpetuates the conflation of building energy performance with 

issues of energy supply and distribution, as well as limiting the temporal and spatial comparability between studies. 

When considering functional units, the influence of arbitrary rather than informed or realistic life spans for a retrofit 

LCEA could distort the outcome of the analysis and lead to poor decisions for the retrofit materials and design. 

Underestimating the lifespan of the existing structure could result in a choice to demolish a building which could 
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otherwise be rejuvenated through a retrofit, whilst overestimating lifespan could lead to material investments in a 

property which could cost more embodied energy to maintain than to build a new one. Finally, inclusion of wide system 

boundaries disguises building fabric performance amongst OE and EE relating to factors which do not affect building 

fabric performance, for example appliances, non-conditioned spaces, furnishings, renewable energy infrastructure and 

historic building materials (sunk EE).  

This paper does not recommend the reinvention of LCEA, but the deployment of LCEA according to a specific 

prescribed framework which better suits the purpose of evaluating building energy fabric performance at the design stage 

and enabling benchmarking and data comparison between any retrofit, globally. The intention is to reframe the LCEA as 

a methodology which could provide data which could be aggregated at a global scale and thereby achieve real energy use 

reductions across housing stock. It would simultaneously provide the granularity required to inform design decisions for 

materials and the detailed design relating to the building fabric retrofit. The method would need to be simple to use to 

ensure uptake by small scale retrofit designers and larger scale projects alike. A framework which controls the variables 

discussed above would deliver a simple to use and consistent approach with a focus on ―fabric first‖, and thereby enable 

the design of buildings with inherently low OE and EE. The key features of this framework are outlined in Table 3. 

Table 3; Key features recommended for a Fabric First Retrofit LCEA 
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MEASURE FOR FABRIC FIRST 

RETROFIT LCEA 

WHY THE MEASURE IS RELEVANT EFFECT OF MEASURE 

Standardisation of the EE 
definition and life cycle 

stages included in the 

analysis 

Variations in approach to LCEA mean that 
results between studies cannot be compared, 

and therefore the relationship between OE and 

EE is not clear.  

 

Enables straightforward and robust 
comparison between building LCEAs, 

thereby driving down LCE globally 

through benchmarking, competition 

etc. 

An understanding of the OE and EE 

relationship can be developed.  

Simplification of the LCEA and 

interpretation of the results.  

Report LCEA as final energy Temporal and spatial variations present in 

primary energy do not influence final energy. 

Avoids the need to estimate or forecast PEFs 

for EE or OE.  

Ensures OE corresponds only to changes in the 

building fabric or function, rather than to 

changes in the PEF.  

Enables EE values in an LCI to be relevant 

over time, regardless of changes, for example, 

in energy supply to a manufacturing process.  

Building fabric performance can be 

reported purely as a function of the 

physical characteristics of the building 

fabric, and the materials constituting 
it.  

Focuses design decisions on factors 

over which a building designer has the 

most knowledge and influence, i.e. 

building design; leaves issues of 

energy supply to experts in that field. 

OE reported as absolute final 

energy required for space 

conditioning, excluding 

appliances and other 

infrastructure. 

EE physical boundaries set as 

the parts of the building 
making up the thermal 

envelope and systems 

relating to building 

conditioning, such as heating 

and ventilation, but excluding 

décor, furnishings and non-

conditioned spaces.   

Appliance energy consumption is not affected 

by, nor does it affect OE.  

Value derived for EE is directly relatable to 

space conditioning, and therefore to OE 

consumption. 

A direct relationship can be 

established between OE and EE. 

Therefore retrofit design decisions 

focus on building fabric performance 

and are not conflated by other OE or 

EE loads or inputs to the building.  

Report LCEA spatial 

functional unit as ―per unit 

floor area within the thermal 

envelope‖ (i.e. m2), with 

reference made to the 
designed occupancy (i.e. 

persons/m2). 

Reporting with a spatial functional unit allows 

for standardisation between studies which 

consider dwellings of different sizes, however 

the functional unit must be delimited according 

to the same parameters between studies. 

Reference to designed occupancy gives 

indication of intended density, and hence 

similarities or differences when comparing 

studies.  

Relates building energy performance 

to the area being conditioned.  

Retrofit design decisions focus on 

fabric performance and are not 

conflated by inclusion of spaces 
outside the thermal envelope, e.g. a 

garage, or unheated loft.   

OE reports all energy sources 

including renewable and non-

renewable, either within or 

beyond the building‘s 

Energy use is dependent on the building‘s 

physical characteristics, not on the source of 

energy.  

Understanding fabric performance is only 

Prevents the acceptance of poor 

building fabric performance by 

compensating with on-site renewables. 
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physical boundary.  

Could report Renewable 

Embodied Energy Ratio 

(REER) if relevant for a 

specific study.  

possible with knowledge of the space 

conditioning absolute energy demand.  

Reporting only non-renewable energy cannot 

provide a true indication of the building‘s 

energy performance.  

Omit ―sunk‖ LCE at the time 

of retrofit  

―Sunk‖ LCE has already contributed to historic 

emissions and cannot contribute to current or 

future emissions targets. It is therefore not 

useful in the analysis of effective retrofit 

design.   

Ensures that design decisions are 

based only on the proposed retrofit 

interventions and ignores those 

impacts which occurred historically 

and can no longer be changed. 

The approach and boundaries 

for developing the LCI 

should be clearly stated with 
the LCEA report.  

Quantified uncertainties 

should be reported alongside 

LCE data. 

The different methodological approaches to 

LCEA lead to widely different outputs, and so 

cannot be readily compared.  

Case studies from different sources 

could be readily compared if the 

approach was the same, or considered 
in the context of their different 

approaches or uncertainties if this 

information has been provided.  

Life spans for retrofit LCEA 

should be determined for a 

specific building by a 

building professional with 

due consideration to 

condition and the proposed 

retrofit approach.  

Use of standardised life spans is unrealistic, 

and could lead to unrealistic estimates for 

recurring maintenance, or even an 

unsubstantiated decision to proceed with a 

retrofit or demolish the building.  

Ensures a realistic annualised LCE 

accounting for variations in condition 

between dwellings of the same 

typology, age and location, and the 

proposed retrofit approach, component 

lifespan and replaceability. 

Allows informed decisions to be made 

regarding the most suitable retrofit 

approach, or alternatives such as 
demolition and rebuild. 

Report actual quantities of 

OE and EE, rather than 

proportions 

The shifts in proportions of OE and EE either 

between ―conventional‖ and ―low-energy‖ 

buildings, or with time does not offer insight 

into the total LCE, which is the only measure 

which can be used to address energy use 

reductions.  

Enables comparison of values between 

case studies. 

Provides data which can be used to 

map spatial or temporal trends in LCE  

The recommended measures provide an approach to LCEA which would facilitate both an improved design 

process for low-energy fabric first retrofits by placing the evaluation of material and design detail decisions into the 

context of their life cycle, and thus make informed low-energy decisions, whilst simultaneously providing data which can 

be compared globally, without the need to conduct any additional correction or normalisation. This would drive down 

LCE for retrofits on an individual basis, and consequently drive down LCE globally. Additionally, it would facilitate 

energy use reductions in materials and components, and deliver dwellings with low operating energy demands. 

7 CONCLUSIONS 

Retrofitting can offer significant reductions in OE, as evidenced by numerous case studies. However, evaluation of 

only OE may overlook significant energy investment in materials and construction processes as EE, which may never be 

paid back by the OE savings. LCEA provides a means to evaluate energy impacts at all stages of a building‘s life cycle, 

                  



29 

 

however conventional LCEA can have a very broad scope and therefore lack the focus to provide meaningful outcomes 

to support decision making for good quality, low-energy, fabric first retrofit design. This, and the complexities of 

delivering LCEA inhibits its use as a design tool for retrofit or for new builds. 

A body of literature from the last two decades provides an evaluation of LCEA approaches and limitations. Firstly, 

there are well stated issues surrounding a lack of standardisation between studies. The aggregated literature outputs 

cannot be directly compared, nor can they be relied upon for inference of trends or patterns in the progress of improving 

the life cycle energy performance of building fabric across the housing stock. LCEA outputs cannot be easily evaluated 

across different buildings, and so its value as a tool to drive improvements through benchmarking or comparison is 

diminished. Secondly, in many cases, EE and OE results which could inform building fabric energy performance are lost 

within other factors in the LCEA such as energy supply and distribution impacts or manufacturing efficiencies 

represented in primary energy, and are blurred by inconsistencies in LCEA methodology, EE definition and life cycle 

phases, variable lifespans, spatial units, system boundaries and the inclusion or exclusion of renewable energy 

technologies. In relation to retrofits, there is simply not enough published data available, possibly because of the 

complexity of LCEA and the bespoke nature of many retrofit projects.  

The literature discourse concerning the relationship between EE and OE emphasises an increase in EE in low-

energy buildings. In some cases dominance of EE as a proportion of OE is given the emphasis of the discussion. This 

fails to acknowledge that decreasing absolute OE and hence a reduction in LCE may yield this outcome, rather than a 

significant increase in absolute EE. The very same literature presents data which, when aggregated for meta-analysis, 

indicates that EE does not increase significantly in absolute terms with decreasing OE. More research effort is required to 

establish this relationship with much more robust data derived using comparable methods.  

In order to ensure that an analysis provides maximum opportunity for the building designer to achieve the best 

energy savings, this review concludes that a conventional LCEA approach could be deployed with certain constraints and 

prescriptions on its use, such that it can offer a specific focus on the performance of building fabric, as well as to provide 

a meaningful data set which can serve as a benchmark for future retrofits.  
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