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Abstract. The energy use for building operation is known to make up about one third of the total energy de-

mand in Europe. Yet, the embodied energy of the construction itself is often neglected, although its relevance is 

growing due to improved building insulation reducing operational energy. To supplement the existing studies 

for specific buildings with more general results, a comprehensive life cycle energy analysis of generic cross-

sections (1 m2) of four different wall types with 𝑈=0.20 W/m2K in two climatic regions (Norwich and Zurich) 

was conducted. The timber frame wall with outer brick leaf (17.8 MJ/m2y) and the British cavity wall 

(16.8 MJ/m2y) were found to have more than double the Cradle-to-Gate embodied energy of the Swiss cavity 

wall (7.9 MJ/m2y) and the single timber frame wall (7.3 MJ/m2y), mainly due to the very energy intensive facing 

bricks. However, even in such a well insulated building the heating energy demand (18.7-20 MJ/m2y) – and even 

more so the total operational energy including internal heat gains (57.6- 66.5 MJ/m2y) – is still dominant, while 

processes between Gate and Grave are rather negligible (1.4-3.9 MJ/m2y). Thus, to reduce life cycle energy on 

the one hand the main recommendation is still to pay much attention to reducing heating energy demand, and 

on the other hand to reconsider the use of materials with high embodied energy, since they often do not even 

have a significant structural or thermal function and can easily be substituted (e.g. pure timber constructions 

proved to score well). Further research is indicated for the calculation of operational energy components and to 

take into account the increasing proportion of renewable energy.  
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Variables and Units 

 𝐸𝐸𝑎 ,𝐿𝑟
 annualised Cradle-to-Gate embodied en-

ergy of a layer for maintenance due to its 

replacement 

 𝐸𝐸𝑎 ,𝑝𝑐
 annualised embodied energy for construc-

tion processes 
 𝐸𝐸𝑎 ,𝑝𝑑

 annualised embodied energy for demoli-

tion processes 

 𝐸𝐸𝑎 ,𝑝𝑟
 annualised embodied energy for mainte-

nance processes (replacement of layers) 

 𝐸𝐸𝑎 ,𝐿  annualised initial Cradle-to-Gate embodied 

energy of a layer 

 𝐸𝐸𝑎 ,𝑊 annualised initial Cradle-to-Gate embodied 

energy of a wall 
 𝐸𝐸𝑠𝑝 ,𝑚 ,𝑝𝑑

 specific embodied energy per mass for 

demolition processes  

 𝐸𝐸𝑠𝑝 ,𝑅  specific Cradle-to-Gate embodied energy 

per thermal resistance 

 𝐸𝐸𝑠𝑝 ,𝑚  specific Cradle-to-Gate embodied energy 

per mass (weight) 

 𝑇𝐻 lifetime of a generic residential house 

 𝑇𝐿 lifetime of a layer 

 𝑏𝑝𝑐
 benchmark (factor) for a process 

 𝑛𝑟 ,𝐿  number of necessary replacements of a 

layer over a generic house’s lifetime 

 𝑝𝑐  construction process 

 𝑝𝑑  demolition process 

 𝑝𝑟  replacement process (maintenance) 

 𝜃𝑒,𝑘  daily mean external temperature 

 𝜃𝑖 indoor temperature 

 𝜃𝑡ℎ  threshold temperature 

 𝐴 area 

 𝐿 layer 

 𝑅 thermal resistance 

 𝑈 overall heat transfer coefficient 

 𝑉 volume 

 𝑊 wall 

 𝑑 depth (thickness) 

 ℎ height 

 𝑘,𝑛 control variables 

 𝑚 mass (weight) 

 𝑞 Boolean variable 

 𝑤 width 

 𝑥 fraction/proportion 

 𝜆 thermal conductivity 

 𝜌 density 

 

 

°C degree Celsius 

cm centimetre 

d day 

GJ Gigajoule (109 Joule) 

h hour 

K degree Kelvin 

kg kilogramme 

kgCO2/tCO2 kilogramme/tonne of carbon dioxide 

kWh kilowatt hour (1000 watt hours [Wh]) 

l litre 

m metre 

mm millimetre 

MJ Megajoule (106 Joule) 

t tonne 

toe tonne of oil equivalent 

W watt 

y year 
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BFE Bundesamt für Umwelt (Swiss Federal Of-

fice of Energy) 
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BS British Standard 

BSI British Standards Institution 

CIBSE Chartered Institution of Building Services 
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COP coefficient of performance 
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Research Organisation 

ctrs centres 

CW cavity wall 
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MuKEn Mustervorschriften der Kantone im Ener-
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NAHB National Association of Home Builders 
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PU polyurethane 
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1 Introduction 

Concerns about the situation of our environment are 

rising. Both the intensive use of natural resources 

and the resulting emissions of substances into our 

ecosphere have seriously affected the environmental 

quality of our planet. However, some effects are 

delayed and it is only recently that first signs of cli-

mate change have been thought to be felt. One ma-

jor cause for this late-breaking issue is the excessive 

use of non-renewable energy sources. In Europe, the 

operation of buildings stands for one third of the 

total primary energy demand (ECBS 2006), most of it 

being delivered by fossil energy carriers. Yet the en-

ergy required for the manufacture of the building 

materials, their transportation and the actual build-

ing process as well as the building’s maintenance 

and the replacement of components – the embodied 

energy – is often forgotten.1 In fact, as buildings be-

come increasingly efficient in their operation, the 

embodied energy becomes more important – both 

for economical and environmental considerations.  

Much research has been undertaken to investigate 

both the operational and the embodied energy of 

dwellings, as well as office buildings. However, while 

most of it is very detailed, it is often also very specific 

in terms of the building’s architecture and/or local 

characteristics (Cole and Kernan 1996; Winther and 

Hestnes 1999; Ahmad and Sayigh 2000; Chen, 

Burnett et al. 2001; Morel, Mesbah et al. 2001; 

Florides, Tassou et al. 2002; Lenzen and Treloar 2002; 

                                                                    
1
 The relevant ISO norm for life cycle assessment gives no defini-

tion for embodied energy, however according to the BRE (Howard, 
Edwards et al. year n/a), ‘the generally accepted definition is that 
produced by International Federation of Institutes of Advanced 
Studies (IFIAS) at a summer school on energy analysis in 1974: ‚the 
total primary energy that has to be sequestered from a stock 
within the earth in order to produce a product or service‛ 
(Chapman and Roberts 1983)’. Thormark (2002) also explicitly 
includes the feedstock energy: ‘Embodied energy includes all 
phases from extraction of the raw material until it is ready to be 
delivered from the manufacturer. It also includes the feedstock.’ 
For a definition of feedstock, see footnote 7, p. 12.  

Thormark 2002; Yohanis and Norton 2002; 

Venkatarama Reddy and Jagadish 2003; Mithraratne 

and Vale 2004; Thormark 2006). Therefore, the re-

sults are very widespread (Sartori and Hestnes 2007) 

and hard to apply to new cases. Furthermore, it is 

important to consider the insulation value or the 

energy use of the investigated house, which many 

studies fail to do, for example one by Asif, Muneer 

et al. (2007).  

In this work, the ‘life cycle energy’2 of different com-

mon wall types of residential houses in the UK and in 

Switzerland is calculated, with an emphasis on em-

bodied energy, but also including operational energy. 

The analysis focuses on generic sections of the walls 

with equal insulation value, and neglects special 

structures (Pikali 2009). This provides a general and 

widely applicable comparison of different options for 

wall structures with regard to their embodied energy 

and thus to their environmental performance. To get 

an impression of the importance of these computed 

embodied energy values, they are finally put into 

relation with the operational energy use of the speci-

fied generic building.  

For the purpose of simplicity and due to the limited 

time available for this paper, only the energy for the 

manufacture of the building components (Cradle-to-

Gate3) is regarded in detail. Nevertheless, estimates 
                                                                    
2
 Based on the definition of embodied energy given in footnote 1, 

the delivered service that is investigated is considered to be the 
provision of a thermal barrier for a (residential) house (for a de-
tailed definition of goal and scope of the analysis, see section 2). 
Therefore, embodied energy encompasses the energy from Cradle 
to Gate (see footnote 3), for construction, maintenance and end of 
life. Heating is not part of the defined service and thus only in-
cluded in the life cycle energy, which is composed of embodied 
energy and operational energy. The different sub-components of 
life cycle energy are illustrated in Figure 1 (p. 11).  

3
 Different terms are used to define the considered life cycle 

boundaries: ‘Cradle’ refers to the extraction of raw material, ‘Gate’ 
to the end of the manufacturing process, ‘Site’ to the place of use, 
and ‘Grave’ to the end of life.  
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for construction, maintenance and end of life are 

made, as well as for operation. To stick with common 

and easily understandable units, it was renounced to 

use the exergetic approach, which would accommo-

date the different values of diverse forms of energy 

(De Meester, Dewulf et al. 2009).  

First, the utilised methodology as an important basis 

for the succeeding analysis following the ISO 14040 

norm is carefully described (section 2). Then, the 

inventory analysis is conducted as a prerequisite for 

the subsequent embodied energy calculation (sec-

tion 3). Finally, the results are interpreted, and dis-

cussed by comparing them with each other and 

other studies (section 4), which allows drawing final 

conclusions (section 5).  
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2 Methodology 

2.1 Approach 

To compare different types of walls in a standardized 

and scientific way, the framework for life cycle as-

sessments (LCA) as outlined by EN ISO 14040:2006 

(BSI 2006) was used, henceforth called ‘ISO norm’. 

This entailed the following three steps:  

1. First, the details of the investigation were 

specified by defining goal and scope.  

2. Then, a life cycle inventory analysis (LCI) was 

conducted as a basis for the following life 

cycle impact assessment (LCIA).  

3. Finally, the results were interpreted and dis-

cussed.  

However, because the LCIA is only taking into ac-

count energy flows as environmental impact, it is 

commonly referred to as life cycle energy analysis 

(LCEA), which is considered to be ‘an easily con-

ducted form of LCA’ (Fay, Treloar et al. 2000).  

2.2 Goal 

In line with the ISO norm, the goal of the present 

LCEA can be defined as follows (as partly already 

mentioned in the introduction):  

 The intended application is the provision of 

a first, rough comparison of different widely 

used wall types in terms of their life cycle 

energy under negligence of any specific de-

tails related to structure or location. It fol-

lows that for the descriptive, comparative 

purpose of this study, an ‘attributional ap-

proach’ is appropriate, only taking into ac-

count the status quo. A consideration of 

possible consequences caused by additional 

construction of either of the wall types, as in 

a ‘consequential’ or ‘decisional’ approach, is 

irrelevant. 

 The reason for carrying out this study is that 

research has so far been very specific, pro-

vided widespread results and often neglects 

the insulating performance of the wall con-

struction.  

 The intended audience is very broad, en-

compassing all professions and researchers 

dealing with building construction and its 

environmental consequences.  

 Since the analysis is of a very generic nature 

and all data sources are public, the results 

can be disclosed to the public without any 

restrictions.  

2.3 Scope 

According to the ISO norm, the scope of an LCA (and 

thus of an LCEA) is defined by the studied product 

systems, the functional unit & reference flow, the 

system boundary, allocation procedures, data re-

quirements, assumptions, and limitations.  

Studied product systems and their functions 

For the purpose of this comparative life cycle energy 

analysis, the following generic wall types were cho-

sen (for illustrations of the corresponding cross-

sections generated with BuildDesk U, see section 3.1):  

 The generic British cavity wall has a tradi-

tional outer brick leaf and an inner leaf of 

aerated concrete blocks. The cavity is par-

tially filled with insulation. The inner finish 

consists of a layer of plaster.  

 For comparison, a generic Swiss cavity wall 

was chosen, which has an outer cement 

stone wall with rendering and an inner leaf 

of Swiss bricks with a plaster finish. The core 

is made up of insulation with a vapour con-

trol layer and a small cavity.  
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 The selected generic timber frame wall has a 

protective and decorative brick wall, fol-

lowed by a cavity and a plywood layer. The 

actual timber frame wall is built up of insu-

lation and a small air space between 

wooden studs. The internal finish consists of 

a vapour control layer and plasterboard.  

 The chosen single timber frame wall is pro-

tected by a weather-resistant hardwood 

weatherboard on battens, the latter creating 

a small cavity. It is followed by a membrane 

and a plywood layer. Then comes the main 

structure with insulation and an air space 

between wooden studs, followed by an addi-

tional insulation layer. The finish is the same 

as for the timber frame wall described 

above.  

These wall types were chosen to be able to compare 

British and Swiss cavity walls, and to allow the com-

parison of these brick walls both with a completely 

different main material like timber (as in the single 

timber frame wall) and with a hybrid of both materi-

als (as the timber frame wall).  

The functions of these wall structures, which are all 

used in residential buildings, are threefold:  

 entropy-related (local reduction of heat and 

material flows) 

 structural 

 aesthetic 

Functional unit & reference flow 

Both embodied and operational energy (i.e. life cycle 

energy) of a wall structure depend on its dimensions 

and on the materials used. Furthermore, the original 

function of a wall as a structural element of a living 

space with aesthetic requirements should not be 

forgotten. Therefore, the functional unit must have 

three facets:  

First of all, the functional unit shall encompass only a 

generic cross-section of one square metre (1 m2) of 

each wall type. This makes the investigation inde-

pendent of house sizes or effects caused by win-

dows, the roof, the floor and other special structures 

like wall-corners.  

Secondly, the selected generic cross-sections should 

all meet the same insulation standard, so that the 

different resulting figures of embodied energy all 

refer to the same energy use for building operation. 

This provides better comparability than if the em-

bodied energy had to be put into relation with either 

varying 𝑈-values4 of different wall types or the re-

lated operational energy use of the specific build-

ings. Because only the life cycle energy of the wall 

structure and not of the whole building is consid-

ered, neither electricity use of appliances nor hot 

water provision are directly taken into account.  

In order to be able to apply the results to current and 

future building projects, a progressive insulation 

standard was to be chosen. The UK, for example, has 

one of the most ambitious carbon reduction targets 

worldwide, aiming at cutting carbon emissions by 

60% by 2050 (DTI 2007), and along with that tight-

ened its building regulations. Nevertheless, the legal 

requests are still considered to be relatively low, with 

building regulations requiring 𝑈-values of only 

0.30 W/m2K for walls of newly built houses (West 

Norfolk 2009) and 0.35 W/m2K for renovations 

(ODPM 2006).5 In the absence of European standards 

(ENDS ED 2008), the standard 𝑈-value for this paper 

was based upon the more advanced and very popu-

lar Swiss Minergie®-standard, which is gaining in-

creasing influence (Minergie 2008). According to a 

major Swiss brick manufacturer, in 2008 𝑈-values of 

0.20 W/m2K were required for the walls of a new 

building, in order for it to be Minergie®-certified 

(swissbrick 2006).6 This value was chosen as thresh-

old for the current investigation.  

                                                                    
4
 The 𝑈-value [W/m2K] is the overall heat transfer coefficient of an 

element like a wall, and describes how well it conducts heat. It 
refers to a specified thickness of the element and defines the heat 
flux in dependence of the area and the temperature gradient.  

5
 Admittedly, according to the second source the requirements 

regarding the target emission rate (TER) are more demanding 
than the 𝑈-values.  

6
 In fact, the legally required insulation standard in Switzerland 

(resulting from the maximal specific energy use given by the 
‘Mustervorschriften der Kantone im Energiebereich’, MuKEn) was 
lowered significantly in 2009 (from 9 l fuel oil/m2 to 4.8 l/m2). 
Consequently, the Minergie®-Standard was also slightly reduced 
(from 4.2 to 3.8 l/m2). (Pikali 2009) However, this new standard 
could not be considered in this work.  
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Additionally, to ensure a comparable operational 

energy use, the indoor temperature should be the 

same as well. As the study refers to residential build-

ings, a temperature of 20°C was chosen (cf. sec-

tion 2.4, ‘Operation’).  

Thirdly, as a boundary condition the selected wall 

cross-sections should guarantee structural stability 

and include decent and common finishes on both 

sides.  

Therefore, the functional unit for this life cycle inven-

tory study can be defined as follows:  

A cross-section of 1 m2 without special structures of a 

complete external wall of a residential building pro-

viding a 𝑼-value of 0.20 W/m2K.  

The reference flows for each of the presented prod-

uct systems, i.e. the amount of materials needed to 

fulfil the structural, insulating and optical functions 

identified above, are calculated during the inventory 

analysis (cf. section 3.1).  

System boundary 

Unfortunately, the resources available for this study 

were limited in several ways, especially lacking were 

time and extensive LCA data (access to the ecoinvent 

database could not be funded). This is why the geo-

graphical scope was mainly the UK, plus an addi-

tional comparison with a Swiss wall structure.  

The temporal boundary is not in the foreground in 

this investigation, because the embodied energy is 

put into relation to the lifetime of the respective 

building material. Therefore, the basic time unit 

considered is 1 year.  

From the data given, figures can be calculated for a 

time span of 50 years, which should facilitate the 

comparison of the results with other studies accord-

ing to Thormark (2002) – although this is a rather 

pessimistic assumption for the lifetime of a building, 

especially when dealing with new, high quality, low 

energy buildings. Nevertheless, for some calculations 

a life expectancy of residential houses had to be 

assumed, which was chosen to be 100 years (cf. sec-

tion 3.3, 'Maintenance’). This parameter turned out 

to be quite relevant for some results, as is discussed 

in section 4.5.  

For the system limits regarding the considered parts 

of the life cycle (see Figure 1 for the different compo-

nents), a Cradle-to-Grave approach encompassing 

operational energy was chosen, since the goal is to 

assess the life cycle energy. However, the main, de-

tailed investigation of the building materials’ em-

bodied energy was based on a Cradle-to-Gate ap-

proach, while the other steps of the life cycle were 

only roughly estimated. Despite the limitations of 

such approximations, this provides a much broader 

view of the entire life cycle than in other studies as 

for example by Bribián, Usón et al. (2009), who only 

consider Cradle-to-Gate and operation.  

 

Figure 1:  Detailed composition of life cycle energy on different hierarchical levels (materials framed green, 

processes red, operation yellow; crossed out elements were left aside in the analysis) 
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Therefore, transport, erection, spillage, operation, 

maintenance, demolition and recycling were only 

taken into account on the basis of general estimates 

or completely neglected. Admittedly, data for Cradle-

to-Gate embodied energy in this analysis was drawn 

from literature as aggregated figures only. Also, 

small auxiliary materials such as nails and screws, 

adhesives, seals and other minor components were 

not allowed for, which is in line with other similar 

work, such as by Thormark (2002).  

Finally, for simplicity and because of the scarce data 

basis, feedstock energy7 was not considered as part 

of embodied energy, even though it might account 

for a substantial proportion of embodied energy 

(37% in a study by Thormark (2002)). Anyway, it 

turned out that this omission is just about compen-

sated by not considering the recycling potential ei-

ther, since the latter consists mainly of feedstock 

energy (cf. section 3.3, ‘End of life’).  

Allocation procedures 

Eventual allocations done for the Cradle-to-Gate 

data by the utilised sources are not known. In this 

study, the embodied energy over the life cycle was 

implicitly completely allocated to the service of 

thermal insulation by comparing it with the opera-

tional energy and not deducting a certain fraction for 

the two other functions (structural and aesthetical).  

For recycling, the ‘recycled content approach’8 is 

considered as appropriate, because it better reflects 

the actual impacts of a building and does not risk to 

overestimate potential recycling at the end of a 

building’s long lifetime of several human genera-

tions.  

                                                                    
7
 Feedstock energy is defined by the ISO as ‘heat of combustion of a 

raw material input that is not used as an energy source to a prod-
uct system’ (BSI 2006), or more precisely by Thormark (2002) as 
‘the upper calorific value of the material’.  

8
 The recycling content approach credits actual recycling, whereas 

the substitution/avoided burden method credits recyclability. This 
means, that with the former method the content of recycled 
materials of the incoming building materials is considered, while 
in the latter approach the (theoretical) potential for recycling at 
the end of life is taken into account.  

Data requirements 

Due to the previously mentioned limited resources 

for this work, the threshold for the data quality used 

could not be set as high as it would be desirable. 

Nevertheless, the required data was gathered care-

fully and much attention was given to consistency 

when different sources had to be used jointly. It is 

evident that the aim was always to gather data rep-

resenting the described goal and scope as well as 

possible.  

Assumptions 

Countless assumptions had to be made during data 

selection and processing. They are always declared in 

the corresponding part of this paper.  

Limitations 

The main limitations of this work are the variety of 

sources for the embodied energy of materials and 

the related inevitable inconsistency of assumptions, 

as well as the matching of the selected building ma-

terials for the wall structures with the materials 

represented in the sources for embodied energy.  

Limitations of this work are discussed in more detail 

in section 4.  

2.4 Inventory and life cycle energy 

analysis 

After the goal and scope definition, the employed 

data sources and the methods applied to calculate 

the different elements of life cycle energy use are 

described in this section.  

Data collection and inventory 

The necessary data on Cradle-to-Gate embodied 

energy and on life cycle processes was collected from 

numerous sources, including both scientific and 

governmental bodies, as well as industry.  

The structure of the generic wall sections and their 

materials properties were researched carefully and 

based on information provided for building experts 

by the according manufacturers. Specifically, the 

detailed structures of the selected wall types (mate-

rial types and thickness/depth of the layers) were 
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drawn from exemplary cross-sections provided by 

the two insulation manufacturers Celotex (British) 

and Flumroc (Swiss).  

These structures were then reconstructed with the 

BuildDesk U software (builddesk 2008a, b). This pro-

vided a standardised visualisation, as well as a 

means to calculate 𝑅-9/𝑈-values after input of the 

required properties of the selected materials. With 

this tool the variable insulation layer specified by the 

respective manufacturer could be optimised, so that 

the requirement of the functional unit regarding the 

𝑈-value was met.  

The most critical step was collecting data about em-

bodied energy of the determined materials, aiming 

at matching the building materials as well as possi-

ble with the ones providing the embodied energy 

values, despite not having access to proprietary da-

tabases. For this purpose, the freely accessible ‘In-

ventory of Carbon and Energy’ compiled by 

Hammond and Jones (2008) was very helpful. Its 

data was verified and complemented by using other 

sources, particularly manufacturers and the Building 

Research Establishment (BRE).  

Data for additional components of life cycle energy 

after the ‘factory gate’, such as construction, opera-

tion and end of life, was drawn from literature. 

Amongst the wealth of existing benchmarks for the 

various life cycle steps, the most appropriate values 

were selected to obtain rough estimates of the indi-

vidual processes.  

A comprehensive database was established with 

spreadsheet software to provide an overview of all 

collected data and the related assumptions.  

Data calculation 

However, of course the main purpose of the above-

mentioned database was to analyse and aggregate 

the different components of life cycle energy, both in 

terms of wall layers and life cycle steps. This was 

done by means of spreadsheet calculations and pivot 

tables, and is described in the following section.  

                                                                    
9

 The 𝑅-value [m2K/W] is a measure for thermal resistance, e.g. of 

a wall. It is the reciprocal of the 𝑈-value (cf. footnote 4, p. 10).  

Cradle-to-Gate embodied energy (manufacture of 
building materials) 

All energy requirements for extracting raw materials, 

manufacture and all transports in between are in-

cluded in the Cradle-to-Gate embodied energy.  

Firstly, for this analysis, some of the embodied en-

ergy figures had to be adapted because they referred 

to another scope than Cradle-to-Gate.  

Additionally, to generate figures that are better 

comparable than the usually provided specific em-
bodied energy per weight (𝐸𝐸𝑠𝑝 ,𝑚 ), these values were 

multiplied with the density 𝜌, the investigated unit 

of area and the thermal conductivity 𝜆10 to obtain 

figures relative to the thermal resistance and the 
considered surface of a square metre (𝐸𝐸𝑠𝑝 ,𝑅 =

𝐸𝐸𝑠𝑝 ,𝑚 ∗ 𝜌 ∗ 1 [𝑚2] ∗ 𝜆).  

In terms of the exemplary wall structures studied, on 

the one hand, based on the thickness 𝑑 of each layer 

and the 𝜆-value of the corresponding material, the 

according thermal resistance 𝑅 was calculated 

automatically by BuildDesk U (𝑅 = 𝑑/𝜆). As men-

tioned above, each wall structure was assigned a 

specific layer whose thickness could be varied in 

order to reach the threshold 𝑈-value for the entire 

wall (i.e. 𝑈 = 0.2 𝑊/𝑚2𝐾, so the condition to meet is 

∑𝑅 = 1/𝑈 = 5 𝑚2𝐾/𝑊).  

Afterwards, the obtained thickness of each layer and 

its proportion 𝑥 across the unit surface 𝐴 = 1 [𝑚2] 

allowed calculating the according volume 𝑉 = 𝑑 ∗

𝑥 ∗ 𝐴, and by using the density 𝜌 also the weight 

𝑚 = 𝜌 ∗ 𝑉. Finally, by multiplying this result with the 
specific embodied energy of the material (𝐸𝐸𝑠𝑝 ,𝑚 ) 

and dividing by the house’s lifetime 𝑇𝐻 , the annual-

ised Cradle-to-Gate embodied energy for each initial 
layer 𝐸𝐸𝑎 ,𝐿 of a specific wall structure resulted 
(𝐸𝐸𝑎 ,𝐿 = 𝑚 ∗ 𝐸𝐸𝑠𝑝 ,𝑚 /𝑇𝐻 ). These values could then be 

added up to obtain the overall Cradle-to-Gate em-
bodied energy 𝐸𝐸𝑎 ,𝑊  for the initial structure of each 

wall type 𝑊 (𝐸𝐸𝑎 ,𝑊 = ∑𝐸𝐸𝑎 ,𝐿).  

                                                                    
10

 The thermal conductivity 𝜆 [W/mK] indicates the ability of a 

material to conduct heat. To obtain the 𝑈-value (cf. footnote 4, 
p. 10), it has to be divided by the thickness of the considered ele-
ment.  
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Gate-to-Grave embodied energy (construction, 
maintenance and end of life) 

Based on the calculated (annualised) Cradle-to-Gate 
embodied energy 𝐸𝐸𝑎 ,𝑊  of the different wall types, 

fractions of it (based on the selected benchmarks 𝑏) 

were added to take into account construction proc-

esses 𝑝𝑐  like transport, erection and spillage 
(𝐸𝐸𝑎 ,𝑝𝑐

= 𝑏𝑝𝑐
∗ 𝐸𝐸𝑎 ,𝑊).  

The embodied energy of maintenance comprises 

building works calculated analogously as for con-

struction above, and the replacement of certain lay-
ers after their end of life (𝐸𝐸𝑎 ,𝐿𝑟

). The latter was ac-

counted for by multiplying the layers’ Cradle-to-Gate 

embodied energy with the (not necessarily integral) 
number 𝑛𝑟 ,𝐿 of required replacements: 𝐸𝐸𝑎 ,𝐿𝑟

= 𝑛𝑟 ,𝐿 ∗

𝐸𝐸𝑎 ,𝐿, where 𝑛𝑟 ,𝐿  is calculated as the remaining life-

time of the wall structure after the first end of life of 

the layer divided by the lifetime 𝑇𝐿  of that layer 
(𝑛𝑟 ,𝐿 = (𝑇𝐻 − 𝑇𝐿)/𝑇𝐿 ). For this purpose, generic life-

times for the materials used were collected from 

literature, which also allowed deriving the lifetime of 

a house with one of the considered walls.  

In addition to the materials’ embodied energy, the 

same factors for transport, erection and spillage as 

for the initial construction process were assumed to 

be applicable for the building works associated with 
the replacement of layers (𝐸𝐸𝑎 ,𝑝𝑟

).  

In terms of end of life, similar factors as for construc-

tion were expected to be applied. However, as elabo-

rated in the respective result section, recycling was 

found to correspond to the disregarded feedstock 

energy and hence not considered either.  

At least for the embodied energy of demolition 
𝐸𝐸𝑎 ,𝑝𝑑

 (annualised), a rough estimate could be gen-

erated based on a computed factor 𝐸𝐸𝑠𝑝 ,𝑚 ,𝑝𝑑
 for 

specific energy use per building mass (𝐸𝐸𝑎 ,𝑝𝑑
= 𝑚 ∗

𝐸𝐸𝑠𝑝 ,𝑚 ,𝑝𝑑
/𝑇𝐻 ).  

Operational energy 

To put the obtained overall embodied energy in per-

spective with the operational energy (both values 

adding up to the life cycle energy use), a certain 

amount of the total heating load (or equivalently of 

the total heat losses), composed of heating energy 

demand and internal heat gains (Figure 2), had to be 

allocated to the considered functional unit of 1 m2 of 

an external wall.  

 

Figure 2: Composition of total heating load 

A rough estimate of the heat losses and thus the 

heating load of a wall with a specified 𝑈-value can 

be calculated by using ‘heating degree days’ (HDD, or 

HGT for the similar – but not equal – ‘Heizgradtage’ 

in German). However, there are multiple ways to 

calculate HDD and HGT. Since this study is covering 

both the UK and Switzerland, the two methods used 

in these countries shall be briefly outlined:  

 The method in the UK is using one base 

temperature 𝜃𝑡ℎ  as a threshold above which 

a building does not need any additional 

heating, which is usually 15.5°C. This is his-

torically founded on the assumption that a 

residential house is typically heated to 19°C 

and that internal gains account for about 

3.5°C (Energy Lens 2009). Thus, HDD can be 

calculated with the following formula:  

𝐻𝐷𝐷𝜃𝑡ℎ
= 𝑞𝑘 ∑ (𝜃𝑡ℎ − 𝜃𝑒,𝑘 )𝑛

𝑘=1   (1) 

𝑞𝑘 = 1 [𝑑] if 𝜃𝑒,𝑘 ≤ 𝜃𝑡ℎ  

𝑞𝑘 = 0 [𝑑] if 𝜃𝑒,𝑘 > 𝜃𝑡ℎ  

In Eq. (1) and (2), 𝜃𝑒,𝑘  denotes the daily mean 

external temperature, while 𝑘 stands for the 

number of days in the year, i.e. 𝑘 ∈

{1, . . . , 366}.  

Heating 
energy 

demand

Internal 
heat 
gains

Total heating 
load 

=

Total heat 
losses
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 The Swiss standard (SIA 1982) is on the one 

hand using a (lower) threshold temperature 

𝜃𝑡ℎ  of 12°C, but on the other hand the inter-

nal heat gains and their variability are also 

considered to some extent by assuming an 

indoor temperature 𝜃𝑖  of 20°C as base for 

the calculation of the HGT:  

𝐻𝐺𝑇θ i / 𝜃𝑡ℎ
= 𝑞𝑘 ∑ (𝜃𝑖 − 𝜃𝑒,𝑘 )𝑛

𝑘=1   (2) 

𝑞𝑘 = 1 [𝑑] if 𝜃𝑒,𝑘 ≤ 𝜃𝑡ℎ  

𝑞𝑘 = 0 [𝑑] if 𝜃𝑒,𝑘 > 𝜃𝑡ℎ  

Referring to the definition in Figure 2, the British 

HDD can be considered to measure the heating en-

ergy demand while assuming constant internal heat 

gains; and the Swiss HGT are closer to the total heat-

ing load but do not include internal gains for every 

day.  

Both methods and the related assumptions have 

some deficiencies. Firstly, on the one hand an indoor 

temperature of 19°C is rather low for a modern build-

ings and current habits (Energy Lens 2009), but on 

the other hand threshold temperatures can be as 

low as 12°C, 10°C or even 8°C for well insulated build-

ings such as the ones that are investigated in this 

paper (Christenson, Manz et al. 2006; ECI 2009). 

Secondly, internal heat gains can vary substantially 

between buildings and seasons. Thirdly, the HGT 

only measure internal gains during heating days.  

Yet, from a holistic point of view, the overall energy 

requirement to maintain a typical indoor tempera-

ture in a (residential) building – the total heating 

load – is more relevant than just the heating energy 

demand. Among the internal heat gains, particularly 

(waste) heat from appliances is comparable to en-

ergy use for heating, but even body heat is trans-

formed chemical energy that is moreover related to 

embodied energy of food.  

Therefore, the operational energy consumption 

should be calculated by using the British method, 

but with a base temperature of 20°C. This allows 

taking into account the total heating load, be it cov-

ered by central heating, appliances or renewable, 

chemical energy stored in food and released by peo-

ple. However, the drawback of this method could be 

that even days with hot daytime-temperatures but 

cold nights, where the heating load might be bal-

anced by the thermal mass of the building, could 

possibly lead to a number of HDD.  

This is why additionally the same method was ap-

plied to a threshold temperature of 12°C (that is 

probably still rather high for the considered build-

ings), which shows only and more reliably the heat-

ing energy demand. Furthermore, the difference 

between the obtained heating energy demand and 

the total heating load can be considered to represent 

the internal heat gains (cf. Figure 2).  

From the HDD, the yearly ‘space heating demand’ 

(SHD) for the functional unit of 1 m2 can be calcu-

lated as 

 𝑆𝐻𝐷 [𝑊ℎ] = 𝐻𝐷𝐷 ∗ 𝑈′ ∗ 24  
ℎ

𝑑
  (3) 

where 𝑈′ is the sum of the wall’s 𝑈-value and a coef-

ficient representing the ventilation heat loss. The 

latter is neglected in this paper, because it is de-

pendent on a building’s volume and cannot easily be 

allocated to the functional unit, and because this 

study is assuming new buildings with high air tight-

ness that often have heat exchanging devices (which 

complicates a generic calculation even more). Analo-

gously to the SHD, the various amounts of heat were 

calculated for this paper.  

In the end, from this useful energy the actual pri-

mary energy requirement can be calculated. This is 

mainly done by including the efficiency of the heat-

ing system, but from a life cycle perspective the pri-

mary energy requirements to provide this final (heat-

ing) energy have to be added as well.  

However, because both these factors vary largely by 

technology and energy carrier, resulting in a large 

range of values, and the contribution of internal heat 

gains to covering the heating load complicates these 

considerations even further, it was renounced to 

apply these correcting factors. Thus, the operational 

energy is only considered on the basis of useful en-

ergy requirement instead of life cycle primary energy 

use. Nevertheless, some factors and deliberations are 

provided, which would allow conducting further 

research on this issue.  
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Aggregated life cycle energy 

Then, all annualised values of the different compo-

nents of embodied energy, as well as the operational 

energy for either of the considered locations, were 

added up to acquire the aggregated life cycle energy 

per square metre and year for each wall type.  

2.5 Interpretation 

In terms of interpretation of the results, the aggre-

gated life cycle energy values and their individual 

components were compared with each other as well 

as with other findings from literature.  

For some figures that were found to potentially have 

a high influence on the final result, a sensitivity 

analysis was conducted.  
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3 Results 

3.1 Inventory Analysis 

In the following section, the detailed structure of the 

investigated wall types will be presented, which was 

mainly drawn from Celotex (2008a) – exceptions are 

mentioned specifically.  

The following assumptions apply in general:  

 The surface resistances are assumed to be 

0.04 m2K/W outside and 0.13 m2K/W inside, 

in line with BS EN ISO 6946 (BRE 2006).  

 The volumetric proportions of 

bricks/concrete blocks/cement stones and 

mortar were derived from the brick size, as-

suming a mortar layer of 1 cm according to 

Hanson (2007).  

 Because none of the sources were specifying 

outermost finishes like paint or wallpaper, 

they were left aside.  

As a summary of the individual wall specifications 

given below, their individual thickness (depth) and 

specific weight are given in Table 1.  

Table 1:  Thickness and specific weight (per square 

metre) of the four wall types  

 Thickness Weight 

 cm kg/m2 

British cavity wall 34.8 266.5 

Swiss cavity wall 46.5 410.7 

Timber frame wall 37.5 227.8 

Single timber frame wall 22.5 43.4 

It is apparent that the Swiss cavity wall is the most 

massive type and that the single timber frame wall is 

the slimmest and by far the most lightweight wall, 

while the British cavity wall and the timber frame 

wall are quite similar with values in the middle of 

that range.  

British cavity wall 

The generic British cavity wall 

(Table 2) has an outer brick leaf 

with standard sized British bricks 

according to builddesk (2008a) 

and Celotex (2008a), and a stan-

dard mortar (DIN 4108-4: 2004-

2007, density given by builddesk 

(2008b)). The density of the 

bricks was computed as linear 

interpolation based on the given 

thermal conductivity and data 

from the CIBSE provided by Hammond and Jones 

(2008). To calculate the overall thermal conductivity 

of the brick wall, standard conductivities given by the 

BRE (2006) were applied.  

This layer is followed by an unventilated cavity, 

whose thermal resistance was drawn from the BRE 

(2006) under the assumption that the surfaces have 

low emissivity, since the following insulation sheet 

has foil facers (Celotex 2008a).  

For the insulation layer, Celotex polyisocyanurate 

(PIR) insulation was selected randomly as exemplary 

synthetic (plastic-based), foamed insulation. The 

material properties were provided by the manufac-

turer (Celotex 2008b), as well as the exact product 

for this specific application. This layer was the one 

whose thickness was optimised to meet the overall 

insulation performance required by the functional 

unit.  

As inner wall, an aerated concrete block wall was 

selected, using ‘Thermalite® Turbo’ blocks of auto-

claved aerated concrete with material properties 

given by Hanson (2009). As recommended, and to 

get to compare the influence of different types of 

mortar, ‘Thermalite® Thin Layer Mortar’ was used. 

Here the density was given by Hanson (year n/a) and 
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the thermal conductivity was drawn from the BRE 

(2006). The volumetric proportion between concrete 

block and thin layer mortar of 98% to 2% was pro-

vided by Hanson (2007), which however results in a 

much higher proportion of mortar than according to 

Hanson (year n/a), where 25 kg are reported to cover 

15 m2, which would result in only 0.9% of mortar. 

Here, the first, more conservative and explicitly given 

percentage was used.  

Finally, a layer of standard indoor plaster serves as 

finish, with material properties drawn from Marti 

(2002).  

Table 2: Material and layer specification of the generic British cavity wall 

 
Material specification Layer specification 

Layer Specification/norm Material 
Life-
time 

Den-
sity λ R 

Width/ 
surface 

proportion Depth Weight 

   

y kg/m
3
 W/mK m

2
K/W m m kg/m

2
 

External surface resistance BS EN ISO 6946 - n/a n/a n/a 0.04 1 0 n/a 

Brick wall     100   0.799 0.13 1 0.103 193.2 
Bricks standard British bricks (w x h 

x d: 0.215 x 0.065 x 0.103 m) 
brick 100 1934 0.77 - 82.8% 0.103 164.9 

Mortar DIN 4108-4: 2004-2007 standard mortar 100 1600 0.94 - 17.2% 0.103 28.3 

Cavity unventilated air space with 
low-emissivity surface (BRE-
norm) 

- n/a n/a 0.114 0.44 1 0.05 n/a 

Insulation Celotex CW3000 polyiso-
cyanurate (PIR) 
reinforced with 
glass fibre 

100 32.9 0.023 3.48 1 0.08 2.6 

Aerated concrete block wall     100 - 0.125 0.8 1 0.1 49.7 
High performance insulating 
block 

Thermalite® Turbo autoclaved 
aerated 
concrete 

100 470 0.11 0.67 98% 0.1 46.1 

Thin layer mortar Thermalite® Thin Layer 
Mortar 

pre-mixed, 
cement-based 
mortar 

100 1800 0.88 0.130 2% 0.1 3.6 

Plaster standard indoor plaster plaster 100 1400 0.7 0.02 1 0.015 21 

Internal surface resistance BS EN ISO 6946 - n/a n/a n/a 0.13 1 0 n/a 

 

Swiss cavity wall 

The structure of a typical 

Swiss cavity wall (Table 3) was 

selected from documents by 

Flumroc (year n/a), a Swiss 

rock wool manufacturer.  

As it is typical for Swiss 

houses, the outer wall is not 

left bare, but covered with 

plaster as external finish. Its 

properties were again taken 

from Marti (2002).  

Although there are different common possibilities 

and combinations for cavity walls in Switzerland, an 

outer leaf of cement stones with the same standard 

mortar as for the British cavity wall was chosen. A 

specific product of Thomas Brühwiler AG (2009) with 

according properties was selected as cement stone, 

although the aggregated thermal conductivity of 

both wall components together was given by build-

desk (2008b). From this figure, the conductivity of 

the cement stones was calculated assuming the 

same conductivity of the mortar as in other walls.  

As insulation layer, the popular rock wool was used, 

with properties provided by Flumroc (2009b). Similar 

to the British cavity wall, this layer’s thickness was 

optimised to reach a 𝑈-value of 0.20 W/m2K.  

Because the insulation in the used wall structure 

template includes a vapour control layer (VCL), but 

the available data about embodied energy for rock 

wool does not include this, a standard VCL (DIN EN 

12524) was added as a separate layer, with material 

properties given by builddesk (2008b).  

After this membrane, a small cavity with stationary 

air (DIN EN ISO 6946: 2003-10) was inserted (thermal 

conductivity provided by builddesk (2008b)).  
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Table 3: Material and layer specification of the generic Swiss cavity wall 

 
Material specification Layer specification 

Layer Specification/norm Material 
Life-
time 

Den-
sity λ R 

Width/ 
surface 

proportion Depth Weight 

   
y kg/m

3
 W/mK m

2
K/W m m kg/m

2
 

External surface resistance BS EN ISO 6946 - n/a n/a n/a 0.04 1 0 n/a 

Rendering standard outdoor plaster plaster 60 1800 0.87 0.02 1 0.02 36 

Cement stone wall DIN 4108-4: 2004-2007   100 - 1.15 0.10 1 0.12 202.7 
Cement stone w x h x d: 0.25 x 0.135 

x 0.12 m 
cement 100 1700 1.18 - 89.5% 0.12 182.6 

Mortar DIN 4108-4: 2004-2007 standard 
mortar 

100 1600 0.94 - 10.5% 0.12 20.1 

Insulation Flumroc 1  (H105) rock wool 100 32 0.036 4.17 1 0.15 4.8 

Vapour control layer DIN EN 12524 polythene 100 490 0.17 0.00 1 0.00025 0.1 

Cavity stationary air (DIN EN ISO 
6946: 2003-10) 

- n/a n/a 0.067 0.15 1 0.01 n/a 

Brick wall     100 - 0.45 0.33 1 0.15 146.1 
Swiss bricks Swissmodul swissbricks, 

B15/24 
brick 100 925 0.43 - 92.8% 0.15 128.8 

Mortar DIN 4108-4: 2004-2007 standard 
mortar 

100 1600 0.94 - 7.2% 0.15 17.3 

Plaster standard indoor plaster plaster 100 1400 0.7 0.02 1 0.015 21 

Internal surface resistance BS EN ISO 6946 - n/a n/a n/a 0.13 1 0 n/a 

 

The inner wall is built up of Swiss bricks (Swissmodul 

B15/24), which are larger (requiring less mortar for 

the same wall area) and have a significantly lower 

density than standard British bricks (and thus a 

higher insulation value). As mortar, the same was 

used as described above, and next to the brick’s ma-

terial properties, the 𝜆-value of the overall brick wall 

layer was also drawn from swissbrick (2006). Analo-

gously to the cement stone, the conductivity of the 

Swiss brick was calculated from this aggregated 

figure.  

As inner finish, the same plaster as for the British 

cavity wall was applied.  

Timber frame wall 

The analysed generic timber 

frame wall (Table 4) has exactly 

the same brick wall that was 

used for the British cavity wall 

as outer leaf.  

This is followed by a cavity with 

the same characteristics as the 

one in the Swiss cavity wall.  

After this air space, there is a 

standard plywood panel with 

properties given by builddesk (2008b).  

As core of this wall structure, standard softwood 

studs bear the building’s load. Their material proper-

ties were once more drawn from builddesk (2008b). 

The resulting cavity is filled with a certain type of 

Celotex PIR insulation as suggested by Celotex 

(2008a), whose thickness was optimised to fulfil the 

requirements of the functional unit (the insulation’s 

characteristics are also given by Celotex (2008b)).  

This insulation-filled cavity is followed by a small, air-

filled cavity between the same timber studs. Because 

this layer is too thin for the guidelines regarding low-

emissivity air spaces provided by the BRE (2006) to 

apply, a polynom5-regression in Microsoft® Excel 

was used to compute its thermal conductivity, based 

on parameters in line with DIN EN ISO 6946: 

2003-10.11  

After this cavity, a vapour control layer identical to 

the one used in the Swiss cavity wall is required.  

As finish, a plasterboard (Gyproc WallBoard) follows. 

Its density and thermal conductivity were provided 

by British Gypsum (2009).  

                                                                    
11

 As input, thermal conductivities for various thicknesses of sta-

tionary air (DIN EN ISO 6946: 2003-10) given by (builddesk 2008a) 
were used. The resulting regression equation is y = -3E-12x5 + 
2E-09x4 - 4E-07x3 + 4E-05x2 + 0.0037x + 0.0251 (R² = 1).  
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Table 4: Material and layer specification of the generic timber frame wall 

 
Material specification Layer specification 

Layer 
Specifica-
tion/norm Material 

Life-
time 

Den-
sity λ R 

Width/ 
surface 

proportion Depth Weight 

   
y kg/m

3
 W/mK m

2
K/W m m kg/m

2
 

External surface resistance BS EN ISO 6946 - n/a n/a n/a 0.04 1 0 n/a 

Brick wall     100 - 0.799 0.13 1 0.103 193.2 
Bricks standard British bricks 

(w x h x d: 0.215 x 
0.065 x 0.103 m) 

brick 100 1934 0.77 - 82.8% 0.103 164.9 

Mortar DIN 4108-4: 2004-2007 standard mortar 100 1600 0.94 - 17.2% 0.103 28.3 

Cavity stationary air (DIN EN 
ISO 6946: 2003-10) 

- n/a n/a 0.278 0.18 1 0.05 n/a 

Plywood DIN 4108-4: 2004-2007 plywood 100 700 0.17 0.05 1 0.009 6.3 

Insulation between 200 mm studs @ 400 ctrs (15% brg)  n/a - 0.047 3.87 1 0.18 18.6 
Insulation Celotex XR3000 polyisocyanurate (PIR) 100 33.25 0.023 - 0.85 0.18 5.1 
Studs DIN 4108-4: 2004-2007 timber (softwood) 100 500 0.18 - 0.15 0.18 13.5 

Cavity between studs @ 400 ctrs (15% brg)  n/a n/a 0.122 0.16 1 0.02 1.5 
Air space stationary air (adapted 

after DIN EN ISO 6946: 
2003-10) 

- n/a n/a 0.112 - 0.85 0.02 n/a 

Studs DIN 4108-4: 2004-2007 timber (softwood) 100 500 0.18 - 0.15 0.02 1.5 

Vapour control layer DIN EN 12524 polythene 100 490 0.17 0.00 1 0.00025 0.1 

Plasterboard Gyproc WallBoard plasterboard (aerated 
gypsum core encased 
in paper liners) 

100 640 0.19 0.07 1 0.0125 8 

Internal surface resistance BS EN ISO 6946 - n/a n/a n/a 0.13 1 0 n/a 

 

Table 5: Material and layer specification of the generic single timber frame wall 

 
Material specification Layer specification 

Layer 
Specifica-
tion/norm Material 

Life-
time 

Den-
sity λ R 

Width/ 
surface 

proportion Depth Weight 

   
y kg/m

3
 W/mK m

2
K/W m m kg/m

2
 

External surface resistance BS EN ISO 6946 - n/a n/a n/a 0.13 1 0 n/a 

Weatherboard DIN 4108-4: 2004-2007 timber (hardwood) 30 700 0.18 0.11 1 0.02 14 

Ventilated cavity batten air space n/a - 0.256 0.10 1 0.025 1.9 
Air space slightly ventilated 

cavity (DIN EN ISO 
6946) 

- n/a n/a 0.278 - 0.85 0.025 n/a 

Battens DIN 4108-4: 2004-2007 timber (softwood) 30 500 0.13 - 0.15 0.025 1.9 

Breather membrane DuPont Tyvek® Active 
Membrane 

polythene 100 225 0.1 0.01 1 0.0006 0.1 

Plywood DIN 4108-4: 2004-2007 plywood 100 700 0.17 0.07 1 0.012 8.4 

Insulation between 100 mm studs @ 400 ctrs (15% brg)  n/a - 0.047 1.29 1 0.06 6.1 
Insulation Celotex GA3000 polyisocyanurate 

(PIR) reinforced 
with glass fibre 

100 31.7 0.023 - 0.85 0.06 1.6 

Studs DIN 4108-4: 2004-2007 timber (softwood) 100 500 0.18 - 0.15 0.06 4.5 

Cavity between studs @ 400 ctrs (15% brg)  n/a - 0.104 0.38 1 0.04 3 
Air space unventilated air space 

with low-emissivity 
surface (BRE-norm) 

- n/a n/a 0.091 0.44 0.85 0.04 n/a 

Studs DIN 4108-4: 2004-2007 timber (softwood) 100 500 0.18 - 0.15 0.04 3 

Insulation Celotex GA3000 polyisocyanurate 
(PIR) reinforced 
with glass fibre 

100 31.7 0.023 2.39 1 0.055 1.7 

Vapour control layer DIN EN 12524 polythene 100 490 0.17 0.00 1 0.00025 0.1 

Plasterboard Gyproc WallBoard plasterboard 
(aerated gypsum 
core encased in 
paper liners) 

100 640 0.19 0.07 1 0.0125 8 

Internal surface resistance BS EN ISO 6946 - n/a n/a n/a 0.13 1 0 n/a 
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Single timber frame wall 

The presented single timber frame 

wall (Table 5) is supposed to repre-

sent a wall with a high proportion 

of wood. Therefore, the outer finish 

was designed as a standard 

wooden weatherboard (hardwood, 

DIN 4108-4: 2004-2007), whose 

characteristics were taken from 

builddesk (2008b).  

However, because the air space 

behind it is ventilated, the 

weatherboard cannot be considered to contribute to 

the overall thermal resistance of the wall. Neverthe-

less, because the weatherboard shelters the outer-

most layer of the remaining wall, the external sur-

face resistance can be assumed to be higher, namely 

0.13 m2K/W as the internal resistance (BRE 2006).  

The ventilated air space mentioned above was taken 

as characterised by builddesk (2008b) (DIN EN ISO 

6946), and it is a result of the softwood battens 

holding the weatherboard, which are also described 

by builddesk (2008b).  

After this air space follows a breather membrane 

manufactured by DuPont®, which is again character-

ised in the database provided by builddesk (2008b).  

This membrane is positioned on a plywood panel 

identical to the one in the timber frame wall.  

Similar to the timber frame wall, the load is again 

borne by studs from exactly the same timber; how-

ever they are only half the depth. The insulation is 

again another type of Celotex PIR, as recommended 

and specified by Celotex (2008a, b).  

Again like for the timber frame wall, the inner end of 

the studs create an unventilated cavity with low 

emissivity due to the foil-faced insulation (Celotex 

2008a), which is this time large enough to apply the 

thermal resistance suggested by the BRE (2006).  

On top of the previous insulation layer between the 

studs comes an additional layer of exactly the same 

material, which was optimised in terms of thickness 

to meet the required overall insulation performance 

of the wall.  

Finally, exactly the same as for the previously de-

scribed timber frame wall, a vapour control layer and 

a plasterboard finish are applied.  

3.2 Cradle-to-Gate embodied energy 

of building materials 

In this section, the applied values for the Cradle-to-

Gate embodied energy of the building materials and 

the underlying assumptions will be presented, struc-

tured by material category. The values always refer 

to primary energy requirement. Additional informa-

tion about the boundary conditions for the data is 

given in Table 10 (cf. Appendix), while the link be-

tween the materials used in the different wall struc-

tures and the selected products, along with their 

specific embodied energy based on either mass or 

thermal resistance, is summarised in Table 6. The 

specific embodied energy per mass unit stems from 

the original source, but is difficult to interpret and 

was only used for further calculations. This is why 

additionally the specific embodied energy relative to 

the thermal resistance was computed.  

The specific embodied energy per weight is highest 

for synthetic materials like insulation, polythene or 

also manufactured plywood, while concrete blocks 

have the lowest embodied energy based on the 

mass.  

The situation changes radically when relating the 

embodied energy to the materials’ insulation per-

formance: Facing bricks have by far the highest val-

ues, while insulation materials have very small ones.  

Mineral components 

Bricks and blocks 

Brick walls are very different in the UK and in Swit-

zerland, which is also reflected in the values for em-

bodied energy.  

On the one hand, British brick walls have to meet 

high aesthetic expectations, since they form the 

outermost layer of the wall and thus are responsible 

for a pleasant appearance and impression of a build-

ing. Probably more importantly, they also have to be 

resistant to harsh weather conditions for a century. 

Especially the frost-resistance requires higher burn-

ing temperatures (econum GmbH 2003).   
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Table 6: Link between the selected materials for the specification of the wall structures and those providing the 

Cradle-to-Gate embodied energy values, including specific figures per mass and thermal resistance 

 
 

Specific Cradle-to-Gate embodied 
energy based on 

Material (Specification/Layer) Product for embodied energy 
mass 

[MJ/kg] 
thermal resistance 

[MJ/(m
2
K/W)] 

Standard British bricks Facing bricks 8.20 12’208 
Swiss bricks Frost-resistant wall-bricks 3.08 1’225 
Cement stone Dense concrete block 0.61 1’224 
Autoclaved aerated concrete (Thermalite® Turbo) Autoclaved Aerated Concrete Block 3.50 181 
Standard and thin layer mortar Mortar (1:4 cement:sand) 1.34 2’015 / 2’123 
Plaster and rendering General plaster 1.80 1’764 / 2’819 
Plasterboard (Gyproc WallBoard) Plasterboard 6.75 821 
Polyisocyanurate insulation (partially with glass fibre) Celotex Tuff-R Pentane blown PU insulation 

panels with aluminium/kraft facing on both sides 
31.74 / 32.54 24 / 25 

Rock wool Flumroc 1 16.11 19 
Polythene (breather membrane, vapour control layer) Low density polyethylene film 34.10 767 / 2’841 
Softwood timber (battens, studs) Kiln Dried Timber (softwood) 5.00 325 / 450 
Hardwood timber (weatherboard) Sawn Hardwood 7.80 983 
Plywood Plywood 15.00 1’785 

 

This is why facing bricks have a very high embodied 

energy of 8.2 MJ/kg, compared to about 3 MJ/kg12 for 

conventional bricks (think BRICK 2007; Hammond 

and Jones 2008).  

On the other hand, Swiss bricks have lower visual 

and quality thresholds, since they are covered by an 

additional finishing layer. econum GmbH (2003) 

provides a value of 3.08 MJ/kg for frost-resistant 

bricks. The life cycle boundaries are not given in this 

source, however it corresponds quite well with the 

generic value for bricks given by Hammond and 

Jones (2008), and thus it was assumed to be from 

Cradle-to-Gate.  

In terms of concrete blocks, there is an even bigger 

relative difference between simple cement stones 

and high performance insulating blocks.  

For the former, the embodied energy was assumed 

to be 0.61 MJ/kg, as provided for dense concrete 

blocks with a little higher density than the blocks 

used (BRE 1999c).  

For the autoclaved aerated concrete blocks, the same 

research institute reports 3.5 MJ/kg (BRE 1999b).  

Mortar 

Although a different mortar was assumed for the 

British cavity wall, the same embodied energy was 

applied for all wall types because of scarce data and 
                                                                    
12

 While Hammond and Jones (2008) give a range of 3±1 MJ/kg, 
think BRICK (2007) reports an energy use of 4’357’362’086 kWh / 
5’877’820 t = 2.669 MJ/kg.  

because the main difference is the application of the 

layers of mortar (i.e. the thickness). After considera-

tion of diydata (2008) and the fact that the investi-

gated walls are above ground, a 1:4 cement-sand 

specification with 1.34 MJ/kg (Hammond and Jones 

2008) was chosen.  

Finishes 

As internal finish, plasterboard is a better insulator 

but has a higher embodied energy of 6.75 MJ/kg 

compared to 1.8 MJ/kg for simple plaster (Hammond 

and Jones 2008).  

For the external plaster rendering, the same value 

was taken as for indoor plaster.  

Synthetic components 

Insulation 

Again, the higher insulation value of petrol-based 

insulation material has to be purchased with a 

higher embodied energy, compared to rock wool.  

Based on an environmental profile of Celotex Pen-

tane blown polyurethane insulation, after translat-

ing the given figures and deducting the feedstock, an 

embodied energy value of 38.8 MJ/kg13 is obtained. 

                                                                    
13

 The BRE (2007) reports a primary energy requirement of 0.15 GJ 

for Pentane blown polyurethane insulation with aluminium fac-
ings providing a resistance of R = 1.45 m2K/W. However, according 
to Howard, Edwards et al. (year n/a) this includes the feedstock 
energy from fossil fuels of 0.0026 toe, so the net embodied energy 
is 0.041 GJ. With a λ-value of the utilised insulation of 
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However, this value differs strongly from the 

110 MJ/kg given by Buildingtalk (2009), which might 

include feedstock though (this is not declared in the 

source). Nevertheless, because of the certainly more 

scientific approach, the value provided by the BRE 

was chosen for all types of Celotex-insulation.14  

For rock wool, data is much more ascertained, since 

the 16.8 MJ/kg applied here were provided by the 

manufacturer of the selected product for this study 

(Flumroc 2009a), but are exactly equal to the figure 

given by Buildingtalk (2009) and close to the one 

reported by the BRE (year n/a) of 18 MJ/kg.  

Yet, both figures chosen for the two insulation types 

were originally not based on Cradle-to-Gate bounda-

ries and had to be corrected.  

The calculated value for the polyurethane insulation 

is based on a Cradle-to-Grave perspective, but only 

over a lifetime of 60 years. Therefore, the embodied 

energy for construction and the small estimate for 

demolition were subtracted, resulting in embodied 

energy values for the initial material between 

31.7 MJ/kg (CW3000) and 32.5 MJ/kg (GA/XR3000).15  

The figure provided by Flumroc (2009a) was from 

Cradle to Site. Thus, the ratio of energy for equip-

ment & materials transportation to on-site equip-

ment use for timber constructions of roughly 2:3 

drawn from Cole (1998) was used. The reason for this 

choice is that no data is available for brick construc-

tions, and amongst the structure types analysed by 

                                                                                                            
0.023 W/mK, an insulation depth implied by the BRE (2007) of 
1.45 m2K/W * 0.023 W/mK = 0.03335 m results. For the cross sec-
tion considered in this paper, the volume is 1 m2 * 0.03335 m = 
0.03335 m3 with a mass of 0.03335 m3 * 31.7 kg/m3 (Celotex 2008b) 
= 1.057 kg. Therefore, the specific embodied energy is 0.041 GJ * 
1000 MJ/GJ / 1.057 kg = 38.78187 MJ/kg. Including the feedstock 
energy, the embodied energy would be 141.88 MJ/kg.  

14
 While Celotex GA3000 exactly matches the selected product, 

CW3000 is very similar and has the same physical properties, but 
XR3000 is not identical and has slightly different physical proper-
ties (different fire resistance and no glass fibre reinforcement).  

15
 At first sight, these different figures seem inconsistent, since the 

composing materials are supposed to be basically the same and 
thus the embodied energy should also be identical. However, 
there is a difference after calculating back from the Cradle-to-
Grave numbers because of the different percentages for construc-
tion processes of different wall types. Yet, after adding up the 
construction energy again in the course of the present life cycle 
analysis, the obtained values for Cradle-to-Grave embodied en-
ergy will again be consistently the same for the diverse insulation 
types used in the different walls.  

Cole (1998) wood is closest to rock wool in terms of 

density, which is decisive for transport energy. Based 

on the assumption that construction energy makes 

up an additional 10% of the materials’ embodied 

energy (cf. section 3.3, ‘Construction’), 2/5 (40%) of it 

(i.e. 4% of the embodied energy) are assumed to be 

for transport to correct the figure provided by Flum-

roc (2009a). The resulting value is 16.1 MJ/kg.  

Plastic membranes 

For the breather membrane as well as for the vapour 

control layers, data on embodied energy of low den-

sity polythene film of 34.1 MJ/kg was drawn from 

Hammond and Jones (2008). The additional feed-

stock energy of 55.2 MJ/kg was previously deducted.  

Timber 

For timber in general, Hammond and Jones (2008) 

point out that the selection of data was difficult and 

that the resulting embodied energy is highly de-

pendent on the distance travelled (the BRE (1999a) 

assumes 77% imports), which is why the range of 

values is very broad.  

For both the studs and the battens made from soft-

wood, data for kiln dried timber at 5 MJ/kg with a 

little lower density than assumed for the analysed 

structures, but also including transport, was used 

(BRE 1999a). This source was preferred over 

Hammond and Jones (2008) providing a higher value 

of 7.4 MJ/kg, because it is expected to be more spe-

cifically referring to the situation in the UK.  

The sawn hardwood selected for the weatherboard 

has a higher embodied energy of 7.8 MJ/kg 

(Hammond and Jones 2008).  

Due to the more intense manufacturing process, it is 

not surprising that plywood has a significantly 

higher energy requirement of 15 MJ/kg (Hammond 

and Jones 2008).  

Aggregated Cradle-to-Gate embodied energy 

From the selected specific embodied energy values 

and the characteristics of the layers, the initial Cra-

dle-to-Gate embodied energy for a square metre of 

each layer of the four wall types could be computed 

and was annualised on the basis of the assumed 

building lifetime (Figure 3).  
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Figure 3: Initial Cradle-to-Gate embodied energy by wall type and layer (annualised, for one square metre) 

The Cradle-to-Gate embodied energy per year for a 

square metre of the initial building structure is high-

est with 17.8 MJ for the timber frame wall, followed 

by the British cavity wall with 16.8 MJ. Much less 

energy is reported for the Swiss cavity wall (7.4 MJ) 

and the single timber frame wall (4.5 MJ).  

Bricks & concrete blocks, insulation and plywood 

contribute most to the embodied energy. In Figure 3, 

the three highest values for each wall are given, 

while more detailed results can be found in Table 13 

(cf. Appendix).  

3.3 Gate-to-Grave embodied energy 

After the manufacture of a building material, further 

steps of its life cycle might add to its embodied en-

ergy, such as construction and maintenance, or re-

duce it, such as credits from end of life (recycling).  

Construction 

Numerous sources claim that both transportation 

and the actual construction process are negligible –

for example De Meester, Dewulf et al. (2009), and 

apparently various case studies confirmed this 

(Sartori and Hestnes 2007). Concretely, the review of 

‘Energy use in the life cycle of […] buildings’ by Sartori 

and Hestnes (2007) provides a figure of 1% of the 

total life cycle energy use for construction, demoli-

tion and relative transportation of materials. Or, 

using the total Cradle-to-Gate embodied energy as 

basis, ‘a common assumption made […] is that the 

construction portion [excluding spillage] is approxi-

mately 7-10%, this assumption is however high for 

wood and steel and low for concrete’ (Cole 1998).16 

Nevertheless, each of the considered components of 

construction energy shall be looked at more closely 

in the following sub-sections.  

                                                                    
16

 This figure is supported by combining the ‘proportion of annual 
national energy used to generate building materials for new 
buildings’ of 5-6% (Connaughton 1990) and the proportion of the 
UK national energy consumption used in construction of 0.5% 
(Howard, Edwards et al. year n/a), since this results in a share of 
the construction of 7.7-9.1% of the combined embodied energy. 
Conversely, in Cole’s very comprehensive study, the energy used 
for construction accounts for up to 15% of the total embodied 
energy (Cole 1998).  
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Transport 

Hammond and Jones (2008) support the claim that 

‘the difference between Cradle-to-Gate and Cradle-

to-Site [and therefore transport of materials] could 

be considered negligible’. However, they point out 

that this is not the case for ‘materials with a very low 

embodied energy per kilogram, such as aggregates, 

sand… etc.’. This is also confirmed by Venkatarama 

Reddy and Jagadish (2003). So, when consulting the 

embodied energy values for the materials used in 

this study, which are quite low, one realises that 

transport might indeed not be relevant for this in-

vestigation. It seems that when only considering wall 

elements – especially the ones selected in this paper 

– transport becomes even less relevant, since they do 

not include any of the above mentioned critical ma-

terials.  

In terms of quantitative findings, figures for embod-

ied energy from materials’ transport vary in depend-

ence of the case specifics and boundary conditions, 

but generally remain very low: Adalberth (1997b) for 

example finds that energy for transport is less than 

0.5% of the total life cycle energy, while according to 

Thormark (2002) it is around 1%.  

Although detailed figures for building materials’ 

transport are available (Thormark 2002; 

Venkatarama Reddy and Jagadish 2003), a specific 

calculation within this study would not make sense 

because it would require arbitrary assumptions 

about the exact situation, for example transport 

distances, which vary largely between countries, and 

are also dependent on ‘the size of the urban area and 

the number and distribution of the material suppli-

ers’ (Cole 1998). This would anyway be in conflict 

with the aim of this investigation to provide generic 

figures that are not tied to a specific situation.  

Besides that, Cole (1998) brought up an interesting 

new concept, including the transportation of work-

ers during construction in the embodied energy of a 

building. According to him, ‘for the construction of 

the majority of structural assemblies the transporta-

tion of workers [actually] represents the most sig-

nificant component’. This is reflected in the in-

creased proportion of construction energy to total 

embodied energy of up to 25% (the worker transpor-

tation making up as much as 85% of construction 

energy). However, this approach does not seem to 

have been chosen often in literature and would 

again be difficult to apply to the present study aim-

ing at generating generic values independent of the 

geographical situation.  

On the other hand, Morel, Mesbah et al. (2001) show 

that there is a large reduction potential for energy 

use in building construction, since the use of local 

materials could reduce the impact of transportation 

by almost 80%.17 Although, the small share of trans-

portation should be kept in mind, and here the local 

circumstances are decisive as well.  

Erection 

Energy for both erection and demolition is often not 

considered in life cycle analyses of buildings, such as 

by Thormark (2002), so there is very little data avail-

able. Still, Adalberth (1997b) shows in an exemplary 

study that energy for erection makes up less than 1% 

of the total lifetime energy use.  

Spillage 

In a case study conducted by Thormark (2002), spill-

age during external wall construction makes up 

about an additional 12% of the materials’ Cradle-to-

Gate embodied energy. An older study (Adalberth 

1997a) suggests lower percentages between 5% and 

10%.  

Aggregated conclusion for construction energy 

In conclusion of the results from literature outlined 

above, it is clear that embodied energy from con-

struction certainly makes up a minor proportion of 

the overall life cycle energy, namely quite consis-

tently across all sources roughly 1%.  

Nevertheless, it seems sensible to add a fraction of 

the Cradle-to-Gate embodied energy for the con-

struction process.18 Admittedly, the assumptions 

made are fairly arbitrary, but still enable to provide a 
                                                                    
17

 According to Morel, Mesbah et al. (2001), the reduction is of 

‘453%’ (sic!) – in fact (when calculated with the correct base) the 
reduction is of 78%.  

18
 For practical reasons (especially because of the probably excep-

tionally low operation energy due to Minergie-standard), this 
approach was chosen rather than calculating backwards by as-
suming that the calculated life cycle energy excluding construc-
tion is equal to for example 99% based on Sartori and Hestnes 
(2007).  
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rough estimate of the contribution of construction 

to the overall embodied and life cycle energy 

(cf. Figure 5, p. 28).  

For transport and erection, the results of Cole (1998) 

were used, which are supported by Connaughton 

(1990) and Howard, Edwards et al. (year n/a). The 

upper end of the range was chosen for the pure brick 

walls (10%) and the lower end for timber frame walls 

(7%), since the given values are declared to be rather 

low for concrete (assumed to be similar to bricks) 

and high for timber constructions (although the 

findings by Cole (1998) suggest that even 7% is still 

at the upper end of the range for timber). For the 

reasons given above, workers’ transportation and 

using local materials were left aside, even though at 

least the former might be quite important.  

Furthermore, 12% were added to account for spillage 

during construction. The more recent figure by 

Thormark (2002) was applied, also because bricks are 

apparently not represented in the study by Adalberth 

(1997a) claiming a lower percentage.  

The lifetime of the analysed buildings (residential 

houses) 𝑇𝐻 = 100 𝑦 used to annualise the embodied 

energy was deduced from the wall layers’ lifetimes. 

Thus, the detailed argumentation is given in the sub-

section ‘Maintenance’ below.  

Maintenance 

Embodied energy for maintenance consist of the 

Cradle-to-Gate embodied energy of the materials 

used to replace layers at their end of life, as well as 

the construction energy required for this replace-

ment.  

To calculate the additional material use for mainte-

nance, the following lifetimes were assumed:  

According to both Mithraratne and Vale (2004) and 

the NAHB (2007), the life expectancy for brickwork 

(and mortar) is over 100 years. Therefore, this figure 

was taken as lifetime for brick walls, and it was also 

assumed to apply for concrete brick walls. Mithra-

ratne and Vale (2004) attribute an equal lifetime of 

at least 100 years to plasterboard (the same lifetime 

was assumed here for internal plaster layers), and a 

shorter life span of 60 years to the more exposed 

external rendering.  

Insulation is supposed to have a life span of more 

than 100 years (Mithraratne and Vale 2004). This 

figure was used even for the Celotex elements de-

spite their embodied energy data being based on a 

lifetime of 60 years (BRE 2007), since the embodied 

energy of an additional 40 years can be assumed to 

be virtually zero (at least when applying an effective 

life span of 100 years). According to the NAHB (2007), 

infiltration barriers (such as vapour control layers or 

breather membranes) last a ‘lifetime’, which was 

assumed to refer to the house’s lifetime of 100 years 

established below.  

Regarding timber elements, the exposed weather-

board (Mithraratne and Vale 2004) and the soft-

wood battens (NAHB 2007) are said to last 30 years, 

while the plywood panels have a lifetime of 60 years 

(NAHB 2007), and the timber studs should last at 

least 100 years (Mithraratne and Vale 2004). How-

ever, the plywood boards are located in the core of 

the wall construction and are not likely to be re-

placed before the end of life of the other elements, 

which is why a lifetime of 100 years was assumed.  

Finally, based on the individual layers’ lifetimes listed 

above and setting the life span of the considered 

generic residential buildings equal to the maximal 

expected lifetime of the structural components of 

the corresponding wall, the lifetime of a house with 

either of the analysed wall types is assumed to be 

𝑇𝐻 = 100 𝑦. This also corresponds to the upper limit 

of a residential building’s lifetime given by 

Hammond and Jones (2008).  

Overall, the assumed lifetimes appear rather long, 

since for example De Meester, Dewulf et al. (2009) 

argue that after 30 years, significant changes are 

done to a house. However, this is not likely to apply 

to the main structure of the house (especially for a 

high quality structure that can be expected in a well 

insulated house as designed here), while some ex-

ternal layers are actually replaced after the men-

tioned period. Also, a review by Sartori and Hestnes 

(2007) shows that most studies in this field assume a 

lifetime of 50 years. But this does not reflect the real 

dynamics of the housing markets, where many coun-

tries tend to add to their building stock rather than 

replacing it, and where overall renewal periods are 
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for example at least 75 years in Belgium (De Meester, 

Dewulf et al. 2009).  

Due to the long lifetime of 100 years of all the mate-

rials in the British cavity wall and in the timber frame 

wall, these two wall types do not require any energy 

for maintenance. On the other hand, the embodied 

energy of the materials that are required for replac-

ing certain wall layers after their end of life is shown 

in Figure 4 for the other two wall types, as calculated 

from the elaborated life expectancies and specific 

embodied energy (annualised to the overall lifetime 

of the wall).  

 

Figure 4:  Cradle-to-Gate embodied energy of mate-

rials for maintenance (annualised, for 1 m2) 

The Swiss cavity wall has a relatively small additional 

energy use for render. In contrast, the replacement 

of the weatherboard of the single timber frame wall 

adds 56% to the initial embodied energy of building 

materials, while the battens only cause a small sup-

plementary energy use.  

Beside this embodied energy for materials, the re-

lated building works were also taken into account by 

adding the same percentages as for the initial con-

struction (12% for spillage and 7% or 10% for trans-

port and erection; cf. Figure 5).  

End of life 

In line with the considered literature, demolition and 

more importantly recycling were looked at separately.  

Recycling 

In various studies, C. Thormark showed that recycling 

can substantially reduce the embodied energy of a 

building when credited. Figures range between 35% 

and 50% of the Cradle-to-Gate embodied energy (the 

lower figure equalling at least 15% of the life cycle 

energy use over 50 years); furthermore using reused 

materials can lower initial embodied energy by 45% 

(Thormark 2000b, a, 2002). Studies by other re-

searchers exist, but they refer to structurally differ-

ent buildings with other main building materials like 

concrete (Blengini 2009; Kofoworola and Gheewala 

2009).  

Yet, the results reported by Thormark are based on 

the substitution method (cf. footnote 8, p. 12). In 

contrast, the authors of the main source for embod-

ied energy in this paper, Hammond and Jones 

(2008), use the preferred recycled content approach 

for crediting recycling. However, neither of the em-

bodied energy values from that source used in this 

study has recycling included, and none of the other 

sources explicitly considered recycling either.  

Anyway, as pointed out by Thormark (2002), ‘the 

feedstock accounts for nearly 37% of the embodied 

energy in the released material [i.e. 74-100%19 of the 

recycling potential] and combustion with heat re-

covery accounts for the main part of the total sav-

ing’. Thus, the recycling potential appears to be basi-

cally almost or even more than equivalent to the 

feedstock energy of a building, and this conclusion is 

confirmed by Thormark (2006). Furthermore, 

Hammond and Jones (2008) highlight that recycling 

is especially relevant for metals.  
                                                                    
19

 If the recycling potential is 35-50% of embodied energy, the 

feedstock of 37% makes up more than 100% or at least 74% of the 
recycling potential, respectively.  
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Therefore, since feedstock energy was not incorpo-

rated in this study (and metals are not represented 

at all in the considered wall layers), the recycling 

potential of building materials can be ignored. Al-

though, as the substitution method, this assumption 

is dependent on future behaviour: It is important to 

be aware that feedstock and recycling are not in-

cluded and that the results would have to be ad-

justed for these two elements, unless the feedstock 

energy can be recovered by recycling after the end of 

life.  

Nevertheless, a rough estimate of the recycling po-

tential (which is consequently a proxy for the feed-

stock energy) could be made by using figures pro-

vided by C. Thormark, however these should be con-

sidered with caution. At least, the risk of mixing re-

cycling methodologies, as warned by Hammond and 

Jones (2008), would be minimised by using a single 

source.  

Demolition 

Sartori and Hestnes (2007) come to the conclusion 

that demolition is negligible. Even so, according to 

Thormark (2002), transport for demolition alone 

accounts for 0.3% of the total life cycle energy. Nev-

ertheless, since it was not included in the recycling 

potential by C. Thormark (see above), obtaining a 

possible order of magnitude for demolition energy in 

the studied examples was aimed at.  

In line with Kofoworola and Gheewala (2009), a 

rough estimate of the energy required for the build-

ing demolition could be obtained: With the figure of 

51.5 MJ per square metre of building area (Thomas, 

Jonsson et al. 1996) and the assumption for the 

amount of waste of 0.845 t/m2 (Chini and Bruening 

2003), an energy consumption for demolition of 

60.9 MJ/t results. This was applied to the respective 

mass of each wall structure, even though the origi-

nal data refers to reinforced concrete buildings, 

which is why an application to the present case is 

questionable.  

Aggregated Gate-to-Grave embodied energy 

By applying the chosen factors for transport & erec-

tion, spillage and demolition to the initial Cradle-to-

Gate embodied energy, the additional embodied 

energy was obtained. Together with the embodied 

energy of materials for maintenance (given in Figure 

4) and the related process energy for maintenance 

building works (for which the same factors were 

applied as for the initial construction process), it is 

represented in Figure 5 (annualised).  

 

Figure 5:  Gate-to-Grave embodied energy by wall type (construction, maintenance and demolition; per year 

and square metre; processes are framed in red, materials in green) 
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The total additional embodied energy per square 

metre is comparable (around 4 MJ/y) for all wall 

types except for the Swiss cavity wall (2.4 MJ/y). Be-

cause of maintenance, the single timber frame wall 

has a higher embodied energy ‘after the Gate’ 

(4.2 MJ/y) than the British cavity wall (3.9 MJ/y) and 

the timber frame wall (3.5 MJ/y).  

3.4 Operational energy 

Besides the embodied energy of a building structure, 

composed of the materials’ Cradle-to-Gate embod-

ied energy as well as construction, maintenance and 

end of life, the energy to operate the building adds to 

its life cycle energy.  

To produce realistic and relevant results for the en-

ergy use of building operation by using heating de-

gree days (HDD), different methods and base tem-

peratures were chosen than the ones that are com-

mon either in the UK or in Switzerland. This is why 

much of the available data presented in Table 11 

(cf. Appendix) was not usable. Nevertheless, the 

online database DegreeDays.net (2009) allowed to 

calculate HDD with the required 12°C- and 20°C-

thresholds, given in Table 7.  

It is apparent that the winter climate is warmer in 

Norwich than in Zurich, which can be explained by 

the buffering sea around East Anglia. For the same 

reason, there are less HDD between 12°C and 20°C in 

Zurich, but probably more days with a mean tem-

perature above 20°C. Furthermore, one can notice 

that the relative difference between Norwich and 

Zurich changes from HDD12 to HDD20, while the abso-

lute difference remains relatively constant. This indi-

cates that with regard to the heating requirements 

the climate is similar except in winter. Finally, when 

comparing the HDD12 values with others from Table 

11, they seem rather low, especially for Zurich. Never-

theless, this is not too misleading, since climate 

change is expected to decrease the number of HDD 

quite dramatically over the next decades (CIBSE 

2006).  

Table 7:  Average HDD (in [Kelvin days]) for 12°C and 

20°C in Norwich and Zurich (2006-2008) 

 Norwich (Airport) Zurich (Airport) 

HDD12 1082 Kd 1675 Kd 

HDD20 3336 Kd 3851 Kd 

Applying Eq. (3) to the HDD-values given above and 

converting the units leads to the operational energy 

demand of the functional unit, reproduced in Table 

8, where the heating energy demand stems from the 

HDD12-values and the total heating load from the 

HDD20-values, while the internal heat gains corre-

spond to the difference between these two results.  

Table 8: Yearly total heating load (heating & internal 

gains) in Norwich and Zurich per square me-

tre of a wall with 𝑈=0.20 W/m2K 

 Norwich Zurich 

Heating energy demand 18.7 MJ 28.9 MJ 

Internal heat gains 38.9 MJ 37.6 MJ 

Total heating load 57.6 MJ 66.5 MJ 

In line with the HDD, the heating energy demand is 

55% higher in Zurich. However, because of the high 

proportion of internal heat gains (68% in Norwich, 

57% in Zurich), the difference of the total heating 

load is only 15%.  

The primary energy use was not calculated based on 

the obtained useful energy demand for building 

operation, because of the large variations in depend-

ence of the assumed heating system, as well as pri-

mary energy carrier and source. Nevertheless, a few 

values are given here to show how arbitrary the se-

lection of a specific heating system would be, and as 

a starting point for further research.  

While modern, gas or oil fuelled heating systems 

reach efficiencies very close to 100%, heat pumps 

show much better performances, up to an order of 

magnitude equivalent to 400% (assuming a COP20 

of 4), although this is only valid when not accounting 

for the environmental heat used (otherwise the effi-

ciency can only be considered as being 100%).21  
                                                                    
20

 The ‘coefficient of performance’, COP, is the proportion between 

the heat provided by a heat pump and the electricity input.  

21
 Environmental heat is commonly accounted for as final energy 

and thus also as primary energy, for example by the BFE (2008).  



Matthias Schlegel  Life Cycle Energy Analysis of different wall types 

30  Semester Thesis 

In terms of primary energy factors, the values vary a 

lot as well, adding between 6% (wood) and 66% 

(coal) to the delivered primary energy to account for 

its provision, while gas is at +15% and oil at +24% 

(Frischknecht and Tuchschmid 2008). On the other 

hand, the performance of heat pumps is strongly 

reduced, since the primary energy factor for electric-

ity is 2.97 (+197%) for Switzerland (Frischknecht and 

Tuchschmid 2008) and even 3.53 (+253%) for the 

UCTE (ESU-services 2009).  

Under these considerations regarding efficiencies 

and primary energy factors, some fossil heating sys-

tems could suddenly be better than heat pumps in 

terms of primary energy use, which seems not to 

reflect their energy-related environmental impact.  

3.5 Aggregated life cycle energy 

Finally, by adding up the embodied energy of build-

ing materials and works, as well as the operational 

energy, the overall life cycle energy was computed, 

which is visualised in Figure 6 (annualised).  

 

Figure 6:  Life cycle energy use of the four wall types for both Norwich and Zurich by major categories of energy 

requirement (material, building works, operation; annualised, per square metre) 

For Zurich, this results in a total life cycle energy 

requirement per square metre of external wall and 

per year of 87.9 MJ for the timber frame wall, closely 

followed by the British brick wall with 87.1 MJ, while 

the Swiss brick wall (76.3 MJ) and the Single timber 

frame wall (75.2 MJ) have similar, lower values. The 

equivalent figures for Norwich are 8.9 MJ lower.  

The proportions of the different components of the 

life cycle by wall type and climatic condition are 

given in Table 9, while more detailed percentages for 

each life cycle step are provided in the Appendix 

(Table 12).  
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Table 9: Relative importance of the main life cycle steps by wall type and location 

  

Material (initial & maintenance; 
Cradle-to-Gate) 

Building works (transport, erec-
tion, spillage & demolition) 

Operation (heating demand & 
internal gains) 

Zu
ri

ch
 British cavity wall 19.3% 4.4% 76.3% 

Swiss cavity wall 10.3% 2.6% 87.1% 
Timber frame wall 20.3% 4.0% 75.7% 
Single timber frame wall 9.7% 1.9% 88.4% 

N
o

rw
ic

h
 British cavity wall 21.4% 4.9% 73.6% 

Swiss cavity wall 11.6% 2.9% 85.4% 
Timber frame wall 22.6% 4.5% 72.9% 
Single timber frame wall 11.0% 2.1% 86.8% 

 

By using a global average for carbon intensity of 

energy use of 0.098 tCO2/GJ, carbon emissions in the 

order of magnitude of 6.5 to 8.6 kgCO2 per square 

metre and year were calculated (CSIRO 2008). This 

range is only provided to allow very rough compari-

sons with other figures for carbon emissions.  
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4 Interpretation and discussion 

4.1 Inventory Analysis 

For a comprehensive evaluation of different wall 

types, not just the life cycle energy is relevant; espe-

cially for laypeople other factors are more important.  

For example, the thickness has an influence on the 

remaining living space (because of building regula-

tions limiting the built surface in residential area, at 

least in Switzerland), and on daylighting. In this re-

gard, the single timber frame wall scores much bet-

ter than the Swiss cavity wall that has an only 

slightly higher embodied energy, but is more than 

double as thick, while the other two are both in the 

middle of the range.  

The weight is not that important in this prospect, 

but more so in terms of embodied energy for trans-

port, as discussed later.  

Since the very relevant inventory of layers and espe-

cially their insulation value was based on the profes-

sional building design software BuildDesk U and 

data from the BRE, it is considered to be reliable. Only 

rarely two material properties (e.g. density and 

thermal conductivity) could not be drawn from the 

same source.  

4.2 Cradle-to-Gate embodied energy 

A critical point was the linking of the inventory 

analysis with the gathered embodied energy data. 

However, they could be quite well matched, the 

main uncertainties only concerning the potential 

difference between standard and thin layer mortar, 

and the selection for softwood timber. However, 

both are not responsible for a major fraction of Cra-

dle-to-Gate embodied energy.  

In terms of the actual specific embodied energy fac-

tors, which largely come from reliable sources, the 

relative ranking of materials is completely in line 

with for example Venkatarama Reddy and Jagadish 

(2003) who show by reviewing a series of previous 

studies, that wood constructions require much less 

embodied energy than ones using bricks (and con-

crete or steel). Yet, as the present results for entire 

timber frame walls show, this insight is only trans-

ferable to real wood constructions without other 

high-energy materials.  

Contrary to Buildingtalk (2009), in this study the 

embodied energy of total insulation in a wall is low-

est with rock wool, though one might suspect that 

this is maybe due to the use of Swiss bricks in the 

same structure (although Buildingtalk strangely also 

gives a much higher density for rock wool and thus 

might be referring to a substantially different prod-

uct). However, the specific embodied energy per 

thermal resistance shows again that at least accord-

ing to the selected data rock wool has a lower em-

bodied energy for the same insulation performance.  

The most striking insight regarding the resulting 

embodied energy of the initial building materials is 

the very high energy requirements just for the brick 

layers. Especially the facing bricks in British wall con-

structions are responsible for up to 81% (cavity wall) 

of the Cradle-to-Gate embodied energy.  

Because of this high dependence of the result on the 

specific embodied energy for facing bricks, which is 

extraordinarily almost three times the one of Swiss 

bricks, a sensitivity analysis was conducted. How-

ever, because of the equally higher brick mass of the 

two concerned British wall types, even with the cor-

responding embodied energy value for Swiss bricks 

(5.1 MJ/y instead of 13.5 MJ/y) both the British cavity 

wall (now 8.3 MJ/y embodied energy = 50% of origi-

nal embodied energy) and the timber frame wall 

(9.4 MJ/y = 53%) would still have higher Cradle-to-

Gate energy requirements than their Swiss counter-

part, and the ranking would remain the same. Addi-

tionally, one should note that the Swiss bricks also 

have a lower operational energy use, since they have 
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a much higher thermal resistance. Yet, although the 

analysed British wall with facing bricks is a tradi-

tional structure, one could expect that new buildings 

might increasingly use other external facings with 

possibly lower embodied energy.  

The two materials with the highest specific embod-

ied energy value per weight, PIR insulation and the 

polythene membranes, do not make up a major pro-

portion of a wall’s embodied energy, except for insu-

lation in the single timber frame wall. This is why no 

sensitivity analysis was conducted here, despite in-

triguing differences between sources for specific 

embodied energy of PIR insulation. The same negli-

gibility applies even more for embodied energy of 

softwood structures, for which no sensitivity analysis 

was done either, even though their specific embod-

ied energy might have been underestimated.  

Even if the absolute value is not relevant, it is still 

surprising that the specific Cradle-to-Gate embodied 

energy per thermal resistance of the vapour control 

layers is 3.7 times higher than of the breather mem-

brane. The reason for this large difference is the 

lower density of the breather membrane, which 

apparently does not lead to a lower thermal conduc-

tivity by trapping air, but rather to an even worse 

insulation value. Moreover, due to restricted re-

sources it was not possible to clarify whether using 

the same specific embodied energy per weight is 

justified or whether there are relevant difference in 

the manufacturing process that should be accounted 

for. These three factors lead to the described result.  

Without considering the brick layers, the embodied 

energy is fairly similar across the four wall types, also 

because some differences compensate each other. 

For example, compared to the British cavity wall, the 

relatively energy intensive second block wall that is 

missing in the timber frame wall is partly compen-

sated by the need for a thicker insulation layer, al-

most levelling out the energy gain of not using con-

crete blocks.  

Furthermore, differences can be justified by unequal 

insulation values. For example, aerated concrete 

blocks have a higher embodied energy than cement 

stones, but at the same time they have a much bet-

ter insulation value. This is why in the end the spe-

cific embodied energy related to thermal resistance 

is actually much higher for cement stones. Similarly, 

applying thin layer mortar for British bricks would 

lead to a better insulation, but on the other hand the 

embodied energy would be increased (because of the 

higher proportion of the surface covered by bricks). A 

similar effect can be observed when comparing with 

standard Swiss bricks of even better insulation value, 

which are usually larger than British bricks and thus 

need less mortar per wall area (Swiss bricks still have 

a larger specific embodied energy per volume than 

mortar22 – although it is much lower than for British 

bricks). It is obvious that in such composite layers the 

optimisation of life cycle energy is a more complex 

task that cannot be answered solely by comparing 

the specific embodied energy per thermal resistance 

or per volume/layer thickness. For such trade-offs, 

further investigations with the gathered data are 

required to reveal which of the options should be 

preferred. Nevertheless, the utility of the specific 

embodied energy (based on thermal resistance or on 

volume) could be clearly shown.  

4.3 Gate-to-Grave embodied energy 

Despite the global factors (percentages) that could 

lead to the expectation of a similar ranking of the 

wall types as for the Cradle-to-Gate embodied en-

ergy, there are several differences in the composition 

(except between the British cavity wall and the Tim-

ber frame wall), although the end result (total sum) 

is quite similar for three but the Swiss cavity wall.  

Because of the different factors for transport & erec-

tion, the British cavity wall overtakes the timber 

frame wall. Interestingly, the single timber frame 

wall cannot make up its high maintenance energy 

with a very low construction energy. Finally, the en-

ergy requirement for demolition is too low to com-

promise the leading position of the Swiss cavity wall 

despite its high mass.  

                                                                    
22

 For such comparisons of two composites of a layer, the specific 

embodied energy based on the volume (i.e. at the same time also 
the embodied energy based on the depth of the layer) is most 
useful, because it shows which composite should be minimised to 
reduce the layer’s embodied energy as much as possible. (Swiss 
bricks have a specific embodied energy of 2’849 MJ/m3 and mortar 
of 2’144 to 2’412 MJ/m3.)  
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Contrary to literature reporting quite consistently 

fractions for construction processes (under exclusion 

of spillage, but sometimes including demolition) to  

be negligible or around 1% of life cycle energy 

(Adalberth 1997b; Thormark 2002; Sartori and 

Hestnes 2007; De Meester, Dewulf et al. 2009), the 

range of the results of this study (for transport & 

erection) based on findings by Cole (1998) is around 

this percentage, but rather higher despite excluding 

demolition (between 0.4% and 2.1%). Under consid-

eration of the overall results this is likely to be due to 

the relatively low operational energy use, which con-

firms the reasoning not to conduct a backward cal-

culation from life cycle energy. The individual figures 

for transport and erection given separately by Thor-

mark (2002) and Adalberth (1997b) cannot be veri-

fied due to the aggregate nature of the applied 

benchmark.  

Anyhow, it would surely have been more adequate to 

calculate transport energy based on for example the 

weight of the construction, since the two different 

percentages used do not correlate at all with the 

weight of the respective wall structures (cf. Table 1, 

p. 17). Generally, the use of a gross factor for trans-

port & erection based on the materials’ embodied 

energy seems quite questionable, and the reason for 

the resulting variation of values is not obvious.  

In contrast, the causality between embodied energy 

and energy use related to spillage is much clearer. 

Although, since spillage can be quite important 

compared to other construction processes, one can 

argue that the lost material could still be somehow 

recovered or reused, which would reduce the embod-

ied energy for this process.  

Regarding the influence on the ranking, it can be 

observed that the timber frame wall has a slightly 

higher embodied energy than the British cavity wall 

despite adding up a lower percentage for its trans-

port and erection. Similarly, even if also the higher 

percentage was added to the single timber frame 

wall, it would still have a lower embodied energy 

than the Swiss cavity wall. Thus, the choice of differ-

ent percentages depending on the type of structure 

does not appear to have influenced the ranking.  

However, it is important to be aware that all the 

gained results for building works are somewhat 

compromised, because they base on gross figures 

taken from Cole (1998) and Thormark (2002). Espe-

cially the first observation regarding the influence of 

spillage on the ranking might be biased by an over-

estimation of transport for timber structures as indi-

cated in the results section (cf. section 3.3, 

‘Aggregated conclusion for construction energy’).  

The calculated energy of materials for maintenance 

can be considered to be quite accurate, since it is 

based on life expectancies from reliable sources and 

was calculated individually for each layer. Neverthe-

less, the estimate for the weatherboard that appears 

to be very important could be argued to be too high, 

since its replacement for aesthetical reasons could as 

well be considered not necessary, depending on per-

sonal taste. A very interesting insight is that even the 

frequent replacement (or addition) of external ren-

der allowing for a huge saving in Cradle-to-Gate 

embodied energy (by using Swiss bricks with a lower 

manufacturing energy rather than British facing 

bricks) only compensates for a minor fraction of the 

initial gain.  

The assumed building lifetime is relatively long, but 

reflects the high quality of the considered buildings. 

The only limitation is that a potential painting of the 

walls both outside and certainly inside, or the appli-

cation of wallpaper inside, were not considered in 

this study, although they are certainly replaced quite 

frequently. Whether this is a relevant omission could 

be further investigated in a more specific study.  

A limitation of this study is that feedstock and recy-

cling were both not included, presuming that they 

are equivalent, but also because of restricted re-

sources. The repercussion is that there is an uncer-

tainty regarding the result, depending on whether 

they are really equal. Concretely, assuming the big-

gest proportion given by Thormark (2000b) for recy-

cling potential of 50% of Cradle-to-Gate embodied 

energy, and 37% of the same embodied energy as 

feedstock (Thormark 2002), see Figure 7 below, it 

was calculated that this would decrease the origi-

nally computed Cradle-to-Gate embodied energy by 

up to 21%.23 Although, an analysis of the data showed 

                                                                    
23

 (50% - 37%) [i.e. the difference between recycling and feedstock] 

/ (100% - 37%) [i.e. proportion of originally calculated Cradle-to-
Grave embodied energy without considering feedstock] = 20.6% 
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that this would only lower life cycle energy between 

2% and 4.7%. On the other hand, when assuming a 

recycling potential of only 35%, the embodied and 

life cycle energy would be slightly increased by its 

inclusion together with feedstock energy.  

 
Figure 7:  Fractions of Cradle-to-Gate embodied en-

ergy assumed for feedstock energy and re-

cycling potential (for sensitivity analysis) 

Even when only adding the feedstock energy without 

allowing for recycling, e.g. roughly tripling (cf. foot-

note 13, p. 22) the embodied energy of PIR insulation 

seeming to be the major carrier of (non-renewable24) 

feedstock energy, it looks as if this would only have a 

big relative impact on the embodied energy of the 

single timber frame wall, but hardly on its life cycle 

energy.  

The obtained result for demolition is based on vari-

ous sources (Thomas, Jonsson et al. 1996; Chini and 

Bruening 2003; Kofoworola and Gheewala 2009), 

which might admittedly be critical to be used jointly 

for calculations, although the approach to base en-

ergy use for demolition on the mass of the building 

structure seems to make sense, even if its actual 

stability and linkage might also play a role. Anyhow, 

the resulting numbers of 0.04% to 0.37% of life cycle 

energy are too low for the 0.3% for transport alone 

claimed by Thormark (2002). Thus, the concern to be 

overestimating the demolition energy is not 

founded, even though the specific energy used was 

based on a relatively massive structure (reinforced 

concrete).  

4.4 Operational energy 

The major insight of the generated results for opera-

tional energy demand is the confirmation of the 

increasing importance of heat gains in new, well 

insulated buildings that could be shown.  

                                                                    
24

 For feedstock energy, often only non-renewable raw materials 
are considered, as for example wood is excluded by Hammond 
and Jones (2008).  

Surprisingly, while the heating energy demand is 

lower in Norwich, the usable internal heat gains are 

slightly higher than in Zurich. This is presumably 

because the climate is more temperate.  

Although, as was already suggested in the descrip-

tion of the method, there is a limitation with regard 

to the obtained figures for internal heating gains, 

since the considerably varying thermal mass of the 

different construction types and its balancing func-

tion were not considered.  

Generally, because the heating requirement was 

only related to the external wall sections, while other 

parts like windows can hardly be insulated as well as 

the assumed wall structures, and because only use-

ful energy was considered instead of primary energy, 

from a holistic perspective considering the whole 

building and the entire supply chain of energy, the 

heating energy demand was rather underestimated.  

Apart from that, considering the relatively reliable 

data source and the selected base years being in line 

with expectably warmer climate in future, the calcu-

lated total heating load on the basis of useful energy 

can be considered to be trustworthy.  

However, the method applied with two threshold 

temperatures and the subtraction of the respective 

HDD-values is completely new. Therefore, it would 

be worth being verified more specifically regarding 

how well it reflects reality in an own analysis.  

Another uncertainty concerns the threshold tem-

perature for heating, which might have been chosen 

too high. However, a lower temperature would not 

influence the total heating load, but only change its 

composition, lowering the heating demand and in-

creasing the designated internal heating gains. Al-

though the assumed room temperature of 20°C is at 

least higher than the average in the UK of 18.2°C in 

2003 (Hutchinson, Wilkinson et al. 2007), it is con-

sidered to be about appropriate for newly built, well 

insulated houses.  

With regard to the considered type of energy, the 

inclusion of heating efficiencies and primary energy 

factors for the calculated useful energy would be 

important, since they are substantial multipliers, and 

the operational energy makes up the major propor-

tion of life cycle energy already now (most impor-

initially calculated 
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tantly, the heating energy demand is larger than the 

total embodied energy). Because of the multifarious 

combinations of energy carriers and heating devices, 

this would again have to be done in an own study.  

Such an investigation would have to be conducted 

very carefully and critically, since the inclusion of 

overall primary energy factors might apparently be 

misleading, because for example the abundance and 

thus the very low environmental impact of environ-

mental heat is not credited. Only considering non-

renewable primary energy might be a key to produce 

more adequate results, although this would also 

have to be corrected for in all other embodied energy 

factors.  

4.5 General interpretation and 

discussion 

It is apparent, that even though the designed walls 

have a high insulation standard, operational energy 

(and even heating energy demand alone) is still 

dominating the embodied energy. Obviously, this 

leads to quite small relative differences between the 

different wall types: For Zurich, the life cycle energy 

use of the timber frame wall is only 17% higher than 

of the single timber frame wall, for Norwich 19%.  

An interesting comparison is the one of the two cav-

ity walls in their respective, original environment. 

Despite its milder climate, the British cavity wall 

cannot make up its higher embodied energy and 

thus still has a – although now only slightly – higher 

life cycle energy than its Swiss counterpart. The 

same applies to all analogous comparisons: The con-

sidered climate conditions do not affect the ranking 

of the selected wall types, even if different walls are 

compared in different environments.  

Despite the high importance of operational energy, 

in the end the actual difference between the life 

cycle energy of the different wall types is by and 

large founded in the materials’ Cradle-to-Gate em-

bodied energy. This is because of the constant condi-

tions for operational energy use defined by the func-

tional unit and due to the relatively similar factors 

for building works.  

Furthermore, it is important to note that the naming 

of a wall can be misleading. One would expect a low 

embodied energy for any wall related with a timber 

construction. However, the timber frame wall has 

the highest embodied and life cycle energy, mainly 

because of its outer, protective layer (a facing brick 

wall) and the lacking second block layer that is mak-

ing a thicker insulation layer necessary. In general, 

the outer layers appear to have a relatively high em-

bodied energy without contributing substantially to 

the thermal (or structural) services of the walls, 

which is not ideal from an energetic point of view.  

In terms of the applied methodology, a few general 

limitations have to be acknowledged.  

As already mentioned, the gross factors applied for 

certain building processes are likely to be not very 

appropriate. Still, they allowed for a comprehensive, 

though rough, overall picture of life cycle energy use 

for the analysed wall types.  

Moreover, the restriction to the wall structure might 

compromise some conclusions, since certain struc-

tures may have implications with regard to other 

parts of the building. This could also have biased the 

application of the factors mentioned above. For ex-

ample, maybe the non-inclusion of the basement 

(requiring excavation and transport of concrete), 

which is likely to be more transport intensive than 

wall construction, could have lead to an overestima-

tion of the embodied energy of the wall.  

Additionally, the thermal capacity of the different 

wall types was not considered either, but might have 

an influence on the operational energy use.  

Furthermore, the omission of both feedstock energy 

and recycling potential for the given reasons repre-

sents a relatively large uncertainty. Yet, even though 

it is usual to include at least the former when it 

represents ‘a permanent loss of valuable resources, 

such as fossil fuel use’ (Hammond and Jones 2008), 

it was shown that the consequences for the present 

study are not that important.  

One point that is important to realise is that al-

though under the given assumptions the annualisa-

tion of the embodied energy to a specific, assumed 

standard lifetime of a building does not influence 

the (annualised) Cradle-to-Grave embodied energy 

and thus its comparison to operational energy, it 

does strongly influence its composition. If for exam-

ple the time horizon would have been set to a 

shorter period like 50 years, as it is common in litera-
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ture (Thormark 2002), the initial Cradle-to-Gate em-

bodied energy would have had a much higher rela-

tive importance (double annualised energy), while 

embodied energy for maintenance would have de-

creased by the same absolute amount. Therefore, the 

proportion between initial embodied energy and 

embodied energy for maintenance (both including 

the associated building processes) is strongly de-

pendent on the assumed life expectancy of a stan-

dard residential building of 100 years. However, such 

an assumption for a building’s life expectancy is a 

necessary prerequisite to be able to compare embod-

ied energy and operational energy, be it to annualise 

the former or to add up the latter for a certain build-

ing lifetime.  

Yet, these observations only concern the building’s 

life expectancy (while layer lifetimes remain con-

stant). However, if the life expectancy of the individ-

ual layers was also to be reduced, the annualised 

Cradle-to-Grave embodied energy would indeed 

increase and the ratio to operational energy would 

change.  

With view to the actual method that was applied (an 

LCA, or more precisely an LCEA), its relativity that is 

emphasised by the ISO norm seems not to be that 

important in this example, since houses can gener-

ally be assumed to be of comparable size and thus 

the relative values are already a good proxy for the 

final comparison of entire external walls of different 

houses.  

In terms of the main focus of this investigation, 

which was life cycle energy use, it is foreseeable that 

energy as such will eventually lose its significance 

with increasing share of renewable energy in the 

supplied energy mix, as was also observed by Ander-

son, Shiers et al. (2002). Future studies will have to 

distinguish clearly between renewable and non-

renewable energy, as it became already explicit in 

the discussion about efficiencies and primary energy 

factors for operational energy use. Yet it is conceiv-

able that it will be quite challenging to differentiate 

(current) embodied energy figures by the renewabil-

ity of their energy use.  
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5 Conclusion 

The present life cycle energy analysis of standard 

cross-sections of four different wall types that are 

common in the UK or in Switzerland provides a de-

tailed analysis of their Cradle-to-Gate embodied 

energy and an order of magnitude of their entire life 

cycle energy. Especially the former is of special inter-

est, since it is prone to gain importance with the 

expected tendency of decreasing operational energy, 

but is not often studied.  

The generic nature of the study has the advantage 

that the results can be widely applied to estimate life 

cycle energy (or components of it) without too 

strong restrictions by the specific circumstances. 

However, this has the inconvenience that the 

threshold for the level of accuracy in terms of the 

used base data and the assumptions for the calcula-

tions could not be set that high (especially from Gate 

to Grave). These multiple methodological simplifica-

tions and limitations are justified by the gained gen-

eral picture, and the main potential errors were 

shown to be of minor importance. Besides the overall 

result, various interesting insights could be gained 

for each step of a wall’s life cycle.  

The inventory analysis showed that even for the 

precisely defined functional unit, the according 

cross-sections could vary a lot with regard to thick-

ness (by a factor of more than 2) and weight (by a 

factor of almost 10).  

In terms of the Cradle-to-Gate embodied energy of 

the building materials, it became clear that the spe-

cific embodied energy based on materials’ thermal 

resistance is very useful as indicator to compare their 

life cycle energy. Materials with very high values 

such as (British) facing bricks should be avoided and 

substituted with other materials with better per-

formance in this respect but still equivalent func-

tionality, like aerated concrete blocks with rendering.  

Altogether, it was found that due to the dominating 

facing bricks the British cavity wall and the timber 

frame wall similarly have by far the highest Cradle-

to-Gate embodied energy of around 17 MJ/m2y. The 

Swiss cavity wall with about half of that embodied 

energy has, once more uniquely because of the brick 

layer, again double the embodied energy of the sin-

gle timber frame wall. Hence, considering the similar 

remaining embodied energy ‘after the Gate’, the 

brick layers are not only responsible for the majority 

of the differences in Cradle-to-Gate embodied en-

ergy, but also in life cycle energy between the walls, 

although they are not likely to have a decisive influ-

ence on the ranking. These results also show that 

timber constructions do have a low embodied energy 

indeed, but only if timber is used consequently and 

not combined with other energy intensive materials 

as in the timber frame wall. Regarding the brick lay-

ers, a differentiated optimisation of products, di-

mensions and application of bricks and mortar 

would be an interesting topic for further research.  

Because – due to the aspiration of this paper to pro-

vide generic results – gross factors (which would 

better have been based on weight instead of embod-

ied energy) were used rather than conducting a de-

tailed analysis for most components of Gate-to-

Grave embodied energy, the insights for this part of 

the life cycle are limited.  

Generally, literature suggests that the importance of 

construction is rather low, if not negligible (account-

ing for at most one or a few percent of life cycle en-

ergy, yet adding about one fifth to Cradle-to-Gate 

energy). This could be confirmed although its impor-

tance increases with lower operational energy, and it 

was found to be especially valid for transport under 

consideration of the materials used. An interesting 

and significant aspect that was however found to be 

wrongfully neglected in most research is the trans-

portation of workers during the building process.  
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As regards maintenance, the long lifetimes of most 

building materials lead to a relevant energy re-

quirement only for the single timber frame wall. 

However, it was shown that this drawback of the 

low-energy timber is more than compensated by the 

high embodied energy of the other, alternative ex-

ternal layers. Nevertheless, this shows that it is 

worth considering also the lifetime of a material to 

minimise life cycle energy use.  

Based on findings from literature regarding feed-

stock and recycling, they were found to be about 

equal and could therefore be disregarded, which was 

done because of limited resources. The conducted 

sensitivity analysis proved that the resulting uncer-

tainty of the final result is at most a few percent. 

Still, it is important to bear in mind that a proper 

recycling at the end of life is required to legitimise 

this decision of equalisation. Similar to construction, 

energy use for demolition is said to be very low ac-

cording to literature, which was confirmed by a 

rough approximation that was conducted with the 

compiled dataset.  

The total Gate-to-Grave embodied energy turned out 

to be relatively similar for the different wall types 

(around 4 MJ/m2y), except for the Swiss cavity wall 

(2.5 MJ/m2y). Apart from the single timber frame 

wall, where energy for maintenance is very impor-

tant, the process- and material-related components 

of construction each make up almost half of the 

other walls’ embodied energy. Regarding the relative 

importance of annualised life cycle energy compo-

nents, it is important to be aware of the influence of 

the assumed house lifetime on the relation between 

the initial Cradle-to-Gate embodied energy and the 

additional embodied energy of materials for mainte-

nance, while however only the layer lifetimes are 

relevant for the overall importance of operational 

energy.  

In terms of that operational energy, the warmer and 

definitely more temperate climate in Norwich com-

pared to Zurich is related with a clearly lower total 

heating load but a slightly higher use of internal 

gains. Most interesting was the finding that in such 

a well insulated house as was assumed, internal 

gains account for a very large fraction (57-68%) of 

the total heating load of 58-66 MJ/m2y.  

The analysis of various methods to calculate heating 

degree days showed that the differences are quite 

large and that they are not adequate for all purposes. 

Furthermore, the issue of appropriate inclusion of 

heating efficiencies and primary energy factors was 

found to be quite relevant. Finally, the different 

valuation of renewable and non-renewable energy, 

which gains increasing importance with the current 

shift in the electricity generation mix that is at the 

same time also diminishing the (environmental) 

relevance of a life cycle energy analysis as was con-

ducted here, is also linked to the latter problem. 

Therefore, further research on these issues seems to 

be indicated.  

Overall, the single timber frame wall scores best in 

terms of embodied energy and consequently also 

regarding life cycle energy, but contrary to the only 

slightly worse, massive Swiss cavity wall also has the 

advantage to be lightweight and slim, although this 

can also have drawbacks (such as a low thermal ca-

pacity). The British cavity wall performs worse than 

its Swiss counterpart even when considering the 

respective climate. The timber frame wall has rather 

surprisingly the highest life cycle energy, mainly due 

to its outer brick layer. Yet, the relative differences 

are fairly low because of the identically high opera-

tional energy.  

Based on the gained insights, to reduce embodied 

energy it is urgently suggested to reconsider the 

choice of layers with high embodied energy, since 

some of them were clearly found to have neither a 

substantial thermal nor structural function and most 

are easily substitutable (especially some external 

layers). For example, concrete blocks (ideally aerated) 

should be preferred over most types of bricks. Fur-

thermore, pure timber constructions with good insu-

lation are recommended to combine low embodied 

and operational energy of a building.  

However, even if operational energy is said to de-

crease and thus lose importance in future, it is still – 

even for a well insulated house with 𝑈=0.20 W/m2K 

– more important to further decrease the opera-

tional energy use and especially the heating demand 

(the internal gains occurring anyway). Nevertheless, 

some easy ways to reduce life cycle energy by con-

sidering embodied energy could be presented.  
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Appendix 

Detailed information about the boundary conditions applying for the selected embodied energy values is pro-

vided in Table 10.  

Table 10: Embodied energy data of building materials, and its boundary conditions 

Product 

Representativ-
ity (figures in 
[MJ/kg]) 

Life 
cycle 

Geographi-
cal scope 

Year / 
likely 
range 

Inclu-
sion of 
feed-
stock 

Gross spe-
cific embod-
ied energy 
[MJ/kg] 

Adjustment 
for diverg-
ing lifecycle 
[MJ/kg] 

Specific Cradle-
to-Gate em-
bodied energy 
[MJ/kg] Source 

Facing bricks best range 4.5-11.7, 
small sample size! 

Cradle-to-
Gate 

UK priority over 
EU over world 

1990 < x 
< 2007 

not 
given 

8.2 0 8.2 Hammond and 
Jones (2008) 

Frost-resistant 
wall-bricks 

highest value of range 
for various bricks, 
from single source 

unknown, 
assumed as 
Cradle-to-
Gate after 
comparison 
with other 
source 

CH likely to 
be 
recent 

not 
given 

3.08 0 3.08 econum GmbH 
(2003) 

Dense concrete 
block, average 
density of 
1955 kg/m

3
 

2 sites Cradle-to-
Gate 

UK 1997 not 
given 

0.61 0 0.61 BRE (1999c) 

Autoclaved 
Aerated Con-
crete Block, Dry 
Density of 
505 kg/m3 

3 UK-manufacturers, 
7 product lines  

Cradle-to-
Gate 

UK 1997 not 
given 

3.5 0 3.5 BRE (1999b) 

Mortar (1:4 
cement:sand) - 
selected median 
value available 

 +/- 30%, estimated 
from ICE Cement, 
Mortar & Concrete 
Model by University 
of Bath 

Cradle-to-
Gate 

UK un-
known, 
but up to 
date 

not 
given 

1.34 0 1.34 Hammond and 
Jones (2008) 

General plaster large variation in 
data, corrected for 
supposed former 
aggregation of 
cement and plaster (7 
records, Best range 
1.4 - 3.2, sdv 2.85) 

Cradle-to-
Gate 

UK priority over 
EU over world 

1990 < x 
< 2003 

not 
given 

1.8 0 1.8 Hammond and 
Jones (2008) 

Plasterboard 17 records, sdv 2.79 Cradle-to-
Gate 

UK priority over 
EU over world 

1990 < x 
< 2003 

not 
given 

6.75 0 6.75 Hammond and 
Jones (2008) 

Celotex Tuff-R 
Pentane Blown 
PU Insulation 
Panels with 
aluminium/kraft 
facing on both 
sides 

1 site representing 
100% 

Cradle-to-
Grave (over 
60 year 
period) 

UK (Celotex) 2004/05 de-
ducted 

38.78 -6.24 / -7.04 32.54 / 31.74 BRE (2007) 

Flumroc 1 provided by manufac-
turer, exact match of 
product 

Cradle-to-
Site 

CH (Flumroc) up to 
date 

n/a 16.78 -0.67 16.11 Flumroc (2009a) 

Low density 
polyethylene 
film 

 +/- 30%, (choice from  
7 records, sdv 16.26 
from average of 77.72 
[incl. Feedstock]) 

Cradle-to-
Gate 

UK priority over 
EU over world; 
likely to be 
European data 

1972 < x 
< 2008 

de-
ducted 

34.1 0 34.1 Hammond and 
Jones (2008) 

Kiln Dried 
Timber @ 
400 kg/m3 

UK produced timber + 
Transport for 
Imported timber 
(77%) 

Cradle-to-
Gate 

UK 1996 not 
given 

5 0 5 BRE (1999a) 

Sawn Hardwood typical UK timber 
(Best range .72 - 16; 
12 records sdv 4.47 
from 4.59 average) 

Cradle-to-
Gate 

UK 1990<x<
2007 

not 
given 

7.8 0 7.8 Hammond and 
Jones (2008) 

Plywood best range 10-20 (12 
records, sdv 6.34 
from 13.58 average) 

Cradle-to-
Gate 

UK priority over 
EU over world 

1990 < x 
< 2007 

not 
given 

15 0 15 Hammond and 
Jones (2008) 
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The various HDD-figures gathered are listed in Table 11, but it became clear that most of them could not be used 

because of the method/base temperature applied.  

Table 11:  Various HDD and HGT values and the corresponding heat losses, with different methods and base 

temperatures for the regions of Norwich and Zurich, and for different time periods (selected values in 

bold) 

Method/ 
Base Temp. Period 

Norwich 
Airport Marham 

East 
Anglia 

Zurich 
Airport Zurich 

Heat loss 
[MJ/m

2
y] Source 

HDD12 1.4.08 - 
31.3.09     

1855 32.1 calculated from Widmer (2009) 

HDD12 2006 1030 
    

17.8 University of Oxford (2008) 
HDD12 1987 - 2006 

 
1318 

   
22.8 ECI (2007) 

HDD12 2005 - 2008 
   

1732 
 

29.9 

D
eg

re
eD

ay
s.

n
et

 

(2
0

0
9

) 

HDD12 1.4.08 - 
31.3.09    

1931 
 

33.4 

HDD12 2006 - 2008 
   

1675 
 

28.9 
HDD12 2006 - 2008 1082 

    
18.7 

HDD15.5 2005 - 2008 
   

2573 
 

44.5 
HDD15.5 2006 - 2008 1927 

    
33.3 

HDD15.5 2006 1784 
    

30.8 ECI (2008) 
HDD15.5 1987 - 2006 

 
2238 

   
38.7 ECI (2007) 

HDD15.5 2008 
  

2194 
  

37.9 
Vilnis Vesma (2009) & consistently: Car-
bon Trust (2009) 

HDD15.5 1989 - 2008 
  

2176 
  

37.6 Vilnis Vesma (2009) 
HDD15.5 1989 - 2008 

  
2182 

  
37.7 Carbon Trust (2009) 

HGT12/20 1.4.08 - 
31.3.09     

3631 62.7 Widmer (2009) 

HGT12/20 1991 - 2000 
    

3435 59.4 HEV Schweiz (2001) 
HGT12/20 1.4.08 - 

31.3.09    
3527 3631 61.8 HEV Schweiz (2009) 

HDD20 2006 - 2008 
   

3851 
 

66.5 DegreeDays.net (2009) 
HDD20 2006 - 2008 3336 

    
57.6 

The detailed fractions of the different life cycle energy components resulting from the individual calculations 

done in this study are provided in Table 12.  

Table 12: Detailed proportions of life cycle energy use by life cycle step, wall type and location 

 

  

Construc-
tion Maintenance 

De
moli
tion 

Embodied Energy Operation Life Cycle 

Lo
ca

ti
o

n
 

Wall 
type 

Initial 
mate-

rial 

Trans-
port & 
erec-
tion 

Spill
age 

Ma-
terial 

Trans-
port, 

erection 
& 

spillage 
(esti-
mate) 

Material 
(initial & 
mainte-
nance) 

Building 
works 

(transport, 
erection & 

spillage) 

Heating 
de-

mand 

Inter-
nal 

gains 

for Norwich: 
additional internal 
gains; for Zurich: 
part of additional 
heating demand 

Addi-
tional 

heating 
demand 
Zurich Zurich 

Nor-
wich 

Zu
ri

ch
 

British 
cavity  

19.3% 1.9% 2.3% 0.0% 0.0% 2.3% 19.3% 4.4% 21.5% 43.2% 1.5% 10.2% 100% 89.8% 

Swiss 
cavity  

9.7% 1.0% 1.2% 0.6% 0.1% 1.2% 10.3% 2.6% 24.5% 49.3% 1.7% 11.7% 100% 88.3% 

Timber 
frame  

20.3% 1.4% 2.4% 0.0% 0.0% 2.4% 20.3% 4.0% 21.3% 42.8% 1.5% 10.1% 100% 89.9% 

Single 
timber 
frame  

6.0% 0.4% 0.7% 3.7% 0.7% 0.7% 9.7% 1.9% 24.9% 50.0% 1.7% 11.8% 100% 88.2% 

N
o

rw
ic

h
 

British 
cavity  

21.4% 2.1% 2.6% 0.0% 0.0% 2.6% 21.4% 4.9% 23.9% 48.1% 1.7% 11.4% 111.4% 100% 

Swiss 
cavity  

11.0% 1.1% 1.3% 0.6% 0.1% 1.3% 11.6% 2.9% 27.7% 55.8% 1.9% 13.2% 113.2% 100% 

Timber 
frame  

22.6% 1.6% 2.7% 0.0% 0.0% 2.7% 22.6% 4.5% 23.7% 47.6% 1.6% 11.3% 111.3% 100% 

Single 
timber 
frame  

6.8% 0.5% 0.8% 4.2% 0.8% 0.8% 11.0% 2.1% 28.2% 56.7% 2.0% 13.4% 113.4% 100% 
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Additionally, the individual Cradle-to-Gate embodied energy of each layer of the different wall types is given 

separately in Table 13.  

Table 13: Detailed annualised Cradle-to-Gate embodied energy of all layers by wall type (in [MJ/m2y]) 

 

P
ly

w
o

o
d

 

W
e

at
h

e
rb

o
ar

d
 

B
at

te
n

s 

St
u

d
s 

Brea-
ther 
mem
brane 

Va-
pour 
con-
trol 
layer In

su
la

ti
o

n
 

P
la

st
e

rb
o

ar
d

 

P
la

st
e

r 

R
e

n
d

e
ri

n
g Thin 

layer 
mor-
tar M

o
rt

ar
 

High 
perfor-
mance 
insulat-
ing 
block 

C
e

m
e

n
t 

st
o

n
e

 

Sw
is

s 
b

ri
ck

s 

B
ri

ck
s 

Total 
Cradle-
to-Gate 
em-
bodied 
energy 

British cavity wall 
      

0.84 
 

0.38 
 

0.05 0.38 1.61 
  

13.52 16.78 
Swiss cavity wall 

     
0.04 0.77 

 
0.38 0.65 

 
0.50 

 
1.11 3.97 

 
7.42 

Timber frame wall 0.95 
  

0.75 
 

0.04 1.66 0.54 
   

0.38 
   

13.52 17.84 
Single timber 
frame wall 1.26 1.09 0.09 0.38 0.05 0.04 1.09 0.54 

        
4.54 
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