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Abstract (English, Français) 

Buildings are directly responsible for 40% of the final energy use in 

most developed economies and for much more if indirect requirements 

are considered. This results in huge impacts which affect the 

environmental balance of our planet. 

However, most current building energy assessments focus solely on 

operational energy overlooking other energy uses such as embodied and 

transport energy. Embodied energy comprises the energy requirements for 

building materials production, construction and replacement. Transport 

energy represents the amount of energy required for the mobility of 

building users. 

Decisions based on partial assessments might result in an increased 

energy demand during other life cycle stages or at different scales of the 

built environment. Recent studies have shown that embodied and 

transport energy demands often account for more than half of the total 

lifecycle energy demand of residential buildings. Current assessment tools 

and policies therefore overlook more than 50% of the life cycle energy use. 

This thesis presents a comprehensive life cycle energy analysis 

framework for residential buildings. This framework takes into account 

energy requirements at the building scale, i.e. the embodied and 

operational energy demands, and at the city scale, i.e. the embodied 

energy of nearby infrastructures and the transport energy of its users. This 

framework is implemented through the development, verification and 

validation of an advanced software tool which allows the rapid analysis of 

the life cycle energy demand of residential buildings and districts. Two case 

studies, located in Brussels, Belgium and Melbourne, Australia, are used to 

investigate the potential of the developed framework. 

Results show that each of the embodied, operational and transport 

energy requirements represent a significant share of the total energy 

requirements and associated greenhouse gas emissions of a residential 

building, over its useful life. The use of the developed tool will allow 

building designers, town planners and policy makers to reduce the energy 

demand and greenhouse gas emissions of residential buildings by selecting 

measures that result in overall savings. This will ultimately contribute to 

reducing the environmental impact of the built environment.  
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Les bâtiments sont directement responsables pour 40%, de la 

consommation finale d’énergie dans la plupart des économies dites 

développées, et pour une plus grande part si les besoins indirects sont pris 

en compte. Les émissions de gaz à effet de serre qui résultent de cette 

consommation déstabilisent l’équilibre environnemental de notre planète. 

Cependant, la plupart des analyses énergétiques des bâtiments se 

focalisent seulement sur l’énergie d’opération en omettant d’autres 

consommations énergétiques comme l’énergie grise et l’énergie de 

transport. L’énergie grise comprend la consommation d’énergie due à la 

production, à la construction et au remplacement des matériaux du 

bâtiments. L’énergie de transport représente, quant à elle, les besoins 

énergétiques liés à la mobilités des usagers du bâtiment. 

Des études récentes ont démontré que l’énergie grise et de transport 

représentent souvent plus de la moitié de l’énergie totale consommée par 

un bâtiment résidentiel durant son cycle de vie. Les outils d’évaluation et 

les directives actuels négligent donc en moyenne plus de 50% de la 

consommation énergétique des bâtiments résidentiels. Les décisions 

basées sur ces évaluations partielles peuvent induire une augmentation de 

la consommation énergétique durant d’autres étapes du cycle de vie ou à 

d’autres échelles de l’environnement bâti. 

Cette recherche présente une méthode holistique d’analyse de cycle de 

vie énergétique pour bâtiments résidentiels. La méthode prend en compte 

les consommations énergétiques à l’échelle du bâtiment, i.e. son énergie 

grise et d’opération, et à l’échelle urbaine, i.e. l’énergie grise des 

infrastructures environnantes et l’énergie de transport des usagers. Cette 

méthode est implémentée à travers le développement, la vérification et la 

validation d’un logiciel pointu qui permet une analyse de cycle de vie 

rapide de bâtiments et quartiers résidentiels. Deux études de cas  une à 

Bruxelles en Belgique et l’autre à Melbourne en Australie  sont menées 

afin d’investiguer le potentiel de la méthode développée. 

Les résultats montrent que chacune des énergies grise, d’opération et 

de transport, représente une part significative de la consommation 

énergétique totale et des émissions de gaz à effet de serre. L’utilisation de 

l’outil développé permettra aux architectes, ingénieurs et urbanistes de 

réduire la demande énergétique et les émissions de gaz à effet de serre 

des bâtiments résidentiels durant l’intégralité de leur cycle de vie et à 

différentes échelles du bâti. Ceci pourra contribuer, ultimement, à la 

réduction de l’impact environnemental des bâtiments. 
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appliances energy demand is modelled as increasing over 100 
years 

PHGAS Scenario that replaces heating, cooking and domestic hot water 
electric systems with gas-powered systems 

RC Scenario in which a reinforced concrete structure is modelled 

ROPE Scenario with a reduced operational energy demand 

SH Standard house 

SHGAS Standard house with gas-powered systems 

SHGASROPE Standard house with gas-powered systems and a reduced 
operational energy demand 

SOLHROPE Scenario with a highly reduced operational energy demand and the 
installation of solar panels for domestic hot water and electricity 
generation 

TC Scenario that assumes train commuting for the main income 
earner 

TF Scenario in which a timber-framed structure is modelled 

Australian case study 

AP3 Apartment for 3 users 

AP4 Apartment for 4 users 

APB Scenario where 50% of the built area is replaced by apartment 
buildings 

BC Base case 

BC3 Base case house for 3 users 

BC4 Base case house for 4 users 

ELEC CAR Scenario where all cars are replaced by electric vehicles 

RH_SDH_1 Scenario where 50% of the built area is replaced by one-storey row 
houses and semi detached houses 

RH_SDH_2 Scenario where 50% of the built area is replaced by two-storey row 
houses and semi detached houses 

RH3-1 One-storey row house for 3 users 

RH3-2 Two-storey row house for 3 users 

SDH4-1 One-storey semi-detached house for 4 users 



Acronyms 

 

xxi 

SDH4-2 Two-storey semi-detached house for 4 users 

SK Scenario where all houses in the neighbourhood are shrunk by 10% 

SK+ Scenario where all houses in the neighbourhood are shrunk by 20% 

SK+3 Shrunk house (20%) for 3 users 

SK+4 Shrunk house (20%) for 4 users 

SK3 Shrunk house (10%) for 3 users 

SK4 Shrunk house (10%) for 4 users 

Equation variables 

Equation variables are defined after each equation. They are not 

included in this section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Towards a comprehensive energy assessment of residential buildings 

 

xxii 

To
w

ard
s a co

m
p

reh
en

sive en
ergy assessm

en
t o

f resid
en

tial b
u

ild
in

gs 

 

 

 

 



Tables 

 

xxiii 

List of tables 

Table 2.1: Residential building types in the EU and Australia .................................. 11 

Table 3.1: Common impact categories used in a life cycle assessment ................... 21 

Table 3.2: Initial and recurrent embodied energy demands per square metre of 

building assembly .................................................................................................... 36 

Table 3.3: Share of direct and indirect energy requirements for Australian 

transport. ................................................................................................................. 50 

Table 3.4: Comparison of different studies integrating embodied, operational and 

transport energy expressed in GJ per capita per year ............................................. 57 

Table 4.1: Reference flows used in the framework and tool ................................... 68 

Table 4.2: Emissions factors for combustion of common fuel types ..................... 104 

Table 4.3: Steps involved in the development of the software tool ...................... 116 

Table 4.4: Summary of case studies used to calibrate and test the software tool. 117 

Table 5.1: Software requirements and chosen solutions ...................................... 121 

Table 5.2: List of databases of the developed software tool ................................. 125 

Table 5.3: Selected fields defining a material entry in the materials database of the 

developed software tool ....................................................................................... 128 

Table 5.4: Fields defining a material entry in an assembly database of the 

developed software tool ....................................................................................... 129 

Table 5.5: Fields defining an assembly entry in the assemblies catalogue database

 ............................................................................................................................... 129 

Table 5.6: Selected fields defining an urban area entry in a city database of the 

developed software tool ....................................................................................... 130 

Table 5.7: List of selected quantity variables in a building’s bill of quantities ....... 150 

Table 5.8: Internal walls area calculations according to the number of façades ... 154 

Table 5.9: Floor area coefficient per building function .......................................... 155 

Table 5.10: Direct construction energy requirements and greenhouse gas emissions 

for Australia ........................................................................................................... 160 

Table 5.11: Comparison of modelled bill of quantities related to the rectangular 

shape of the building with real numbers for the validation case study ................. 172 

Table 5.12: Comparison of modelled number of doors and heating and cooling 

delivery outlets with real numbers for the validation case study ......................... 173 



Towards a comprehensive energy assessment of residential buildings 

 

xxiv 

To
w

ard
s a co

m
p

reh
en

sive en
ergy assessm

en
t o

f resid
en

tial b
u

ild
in

gs 

 

Table 5.13: Comparison of modelled functional areas with real numbers for the 

validation case study ............................................................................................. 173 

Table 5.14: Comparison of modelled lengths of pipes and wires with real numbers 

for the validation case study ................................................................................. 174 

Table 5.15: Comparison of modelled initial embodied energy figures with actual 

figures for the validation case study house ........................................................... 175 

Table 5.16: Annual primary thermal energy demand obtained with the software 

tool and TRNSYS model of the validation case study house .................................. 178 

Table 5.17: Annual primary non-thermal energy demand obtained with the 

software tool and average empirical data for the validation case study house .... 179 

Table 5.18: Total annual primary transport energy demand obtained with the 

software tool and post-occupancy data for the validation case study house ....... 181 

Table 6.1: Investigated aspects of the framework through case studies .............. 185 

Table 6.2: Investigated aspects of the framework by case study .......................... 188 

Table 6.3: Main operational energy variables values used .................................... 190 

Table 6.4: Transport modes energy intensities ..................................................... 192 

Table 6.5: U-values of the envelope elements of the passive house case study ... 194 

Table 6.6: Electric and gas, cooking and domestic hot water systems efficiencies 

used in the operational energy variations of the passive house case study.......... 198 

Table 6.7: Reduction factors used for each operational energy end-use in the 

operational energy variations of the passive house case study ............................ 199 

Table 6.8: Values of evolving key parameters at key dates during the period of 

analysis of the passive house case study ............................................................... 201 

Table 6.9: House size variations for the Australian suburban neighbourhood case 

study ...................................................................................................................... 208 

Table 6.10: Values of evolving key parameters at key dates during the period of 

analysis of the Australian suburban neighbourhood case study ........................... 209 

Table 6.11: Basic geometrical properties of the modelled row and semi-detached 

houses in the housing typology variation of the Australian suburban neighbourhood 

case study .............................................................................................................. 211 

Table 6.12: U-values of envelope elements for the row and semi-detached houses 

in the housing typology variation of the Australian suburb case study ................. 212 

Table 7.1: Effect of key parameter evolutions in time on the operational and life 

cycle energy demand of the base case passive house ........................................... 231 

Table 7.2: Life cycle car transport energy and greenhouse gas emissions of the 

Australian suburban neighbourhood base case, by category ................................ 244 



Tables 

 

xxv 

Table 7.3: Effect of house size and transport variations on the life cycle energy and 

emissions breakdown of the Australian suburban neighbourhood base case ...... 246 

Table 7.4: Effect of selected key parameters evolution on the life cycle energy 

demand and emissions of the base case Australian neighbourhood .................... 249 

 

Table B.1: Fields defining a material entry in the materials’ database .................. 309 

Table B.2: List of assemblies subcategories used in this work ............................... 309 

Table B.3: Fields defining an urban area entry in a city database ......................... 310 

Table B.4: List of the city data variables ................................................................ 311 

Table B.5: List of the country data variables .......................................................... 314 

Table B.6: List of the constants data variables ...................................................... 315 

Table B.7: List of the building class ID variables .................................................... 315 

Table B.8: List of the district class ID variables ...................................................... 318 

Table B.9: Input-output pathways of the Australian residential building sector 

representing commonly used materials ................................................................ 318 

Table B.10: List of quantity variables in a building’s bill of quantities ................... 319 

Table B.11: Validation case study input ................................................................. 320 

Table B.12: Properties of assemblies used in the validation case study ................ 323 

Table B.13: Assemblies for the validation case study, by material ........................ 324 

Table C.1: Selected material characteristics, including their embodied energy 

coefficient (ECm), the percentage of process data (MP), their lifespan (lm) and 

wastage coefficient (Wm). ...................................................................................... 331 

Table C.2: List of assemblies used in the base case of the passive house case study

 ............................................................................................................................... 339 

Table C.3: Material bill of quantities for the base case of the passive house case 

study ...................................................................................................................... 341 

Table C.4: List of assemblies used in the retrofitted apartment alternative to the 

passive house case study ....................................................................................... 344 

Table C.5: Material bill of quantities of the retrofitted apartment alternative to the 

passive house case study ....................................................................................... 346 

Table C.6: Material bill of quantities of the BC4 building (240 m² house for four 

persons) of the Australian suburban neighbourhood case study .......................... 348 

Table C.7: Material bill of quantities of the BC3 building (180m² house for three 

persons) of the Australian suburban neighbourhood case study .......................... 350 



Towards a comprehensive energy assessment of residential buildings 

 

xxvi 

To
w

ard
s a co

m
p

reh
en

sive en
ergy assessm

en
t o

f resid
en

tial b
u

ild
in

gs 

 

Table C.8: Material bill of quantities of the RH3-1 building (168m² one-level 

row-house for three persons) of the Australian suburban neighbourhood case study

 ............................................................................................................................... 352 

Table C.9: Material bill of quantities of the RH3-2 building (168m² two-level 

row-house for three persons) of the Australian suburban neighbourhood case study

 ............................................................................................................................... 354 

Table C.10: Material bill of quantities of the SDH4-1 building (216 m² one-level 

semi-detached for four persons) of the Australian suburban neighbourhood case 

study ...................................................................................................................... 356 

Table C.11: Material bill of quantities of the SDH4-2 building (216 m² two-level 

semi-detached for four persons) of the Australian suburban neighbourhood case 

study ...................................................................................................................... 358 

Table C.12: Material bill of quantities of the low rise apartment building 

(comprising 12 AP3 and 8 AP4 units) of the Australian suburban neighbourhood 

case study .............................................................................................................. 360 

Table C.13: Modified assemblies in the timber-framed passive house variation .. 363 

Table D.1: Shifts in material contribution rankings between initial and life cycle 

embodied energy requirements of the base case passive house .......................... 366 

Table D.2: Characteristics of the modelled neighbourhoods regarding housing 

typology variations of the base case Australian suburban neighbourhood .......... 368 

 

 



Figures 

 

xxvii 

List of figures 

Figure 2.1: Building life cycle stages ........................................................................ 11 

Figure 2.2 Residential primary energy use in the USA ............................................. 15 

Figure 2.3: Energy inputs and greenhouse gas emissions outputs throughout the life 

cycle of a building .................................................................................................... 19 

Figure 3.1: Stages of a life cycle assessment ........................................................... 22 

Figure 3.2: Outline of input-output-based hybrid analysis framework ................... 28 

Figure 3.3: The Kyoto pyramid providing energy saving strategies for central and 

northern European climates .................................................................................... 39 

Figure 3.4: USA, Australian, Belgian and European average annual residential 

energy use per dwelling, by energy end-use ........................................................... 47 

Figure 3.5: Private transport energy use per person in 1989, by city and urban 

density ..................................................................................................................... 52 

Figure 4.1: Life cycle stages taken into account within the proposed framework .. 67 

Figure 4.2: The different steps of the life cycle energy analysis of residential 

buildings framework development ......................................................................... 71 

Figure 5.1: Simplified diagram of the general architecture of the software .......... 124 

Figure 5.2: Hierarchy and connectivity of databases of the developed software tool

 ............................................................................................................................... 126 

Figure 5.3: Flow chart diagram of the building class computing core of the 

developed software tool ....................................................................................... 132 

Figure 5.4: Flow chart diagram of the district class computing core of the developed 

software tool ......................................................................................................... 132 

Figure 5.5: Flow chart diagram of the graphical user interface architecture of the 

developed software tool ....................................................................................... 134 

Figure 5.6: Screenshot of the main frame of the developed software tool displaying 

the home panel ..................................................................................................... 135 

Figure 5.7: Accessing the databases through the menu bar of the developed 

software tool ......................................................................................................... 136 

Figure 5.8: Material database input dialog of the developed software tool ......... 137 

Figure 5.9: Building input panel of the developed software tool, in advanced mode

 ............................................................................................................................... 139 



Towards a comprehensive energy assessment of residential buildings 

 

xxviii 

To
w

ard
s a co

m
p

reh
en

sive en
ergy assessm

en
t o

f resid
en

tial b
u

ild
in

gs 

 

Figure 5.10: Building input panel of the developed software tool, in simple mode

 ............................................................................................................................... 140 

Figure 5.11: Custom parameter evolution dialog sample of the developed software 

tool ........................................................................................................................ 143 

Figure 5.12: Sensitivity analysis module of the developed software tool ............. 144 

Figure 5.13: District input panel of the developed software tool .......................... 145 

Figure 5.14: The plotter dialog of the developed software tool ............................ 146 

Figure 5.15: Plan view of internal walls (in dark) considered for bill of quantities 154 

Figure 5.16: Determination of the number of columns and beams ...................... 157 

Figure 5.17: Simplified wire diagram of the developed software tool .................. 164 

Figure 5.18: Software computing time vs. period of analysis ................................ 168 

Figure 5.19: Front elevation of the validation case study ...................................... 170 

Figure 5.20: Floor plan of the validation case study .............................................. 171 

Figure 5.21: Recurrent embodied energy of the validation case study house over 50 

years ...................................................................................................................... 177 

Figure 6.1: Plan view of the studied passive house ............................................... 193 

Figure 6.2: Plan view of the alternative retrofitted apartment in Brussels ........... 203 

Figure 6.3: Bird eye view of the apartment building in Brussels ........................... 204 

Figure 6.4: Urban sector classification of Melbourne, Australia ............................ 205 

Figure 6.5: Basic geometric and volumetric layout of modelled row and semi 

detached houses in the RH_SDH_1 scenario of the Australian suburb case study 211 

Figure 6.6: Basic geometric and volumetric layout of modelled row and semi 

detached houses in the RH_SDH_2 scenario of the Australian suburb case study 211 

Figure 6.7: Basic geometric and volumetric layout of modelled low-rise apartment 

buildings in the housing typology variation of the Australian suburban 

neighbourhood case study .................................................................................... 213 

Figure 6.8: Life cycle energy demand vs. building design life for a period of analysis 

of 200 years ........................................................................................................... 215 

Figure 7.1: Life cycle embodied energy demand of the base case passive house . 218 

Figure 7.2: Initial embodied energy of the base case passive house, by material . 219 

Figure 7.3: Life cycle embodied energy of the base case passive house, by material

 ............................................................................................................................... 220 

Figure 7.4: Life cycle primary operational energy of the base case passive house, by 

end-use .................................................................................................................. 221 



Figures 

 

xxix 

Figure 7.5: Accumulated life cycle energy demand of the base case passive house

 ............................................................................................................................... 222 

Figure 7.6: Life cycle energy demand of the base case passive house, by use ...... 223 

Figure 7.7: Initial and total embodied energy requirements of structural and 

insulation variations of the case study passive house ........................................... 225 

Figure 7.8: Life cycle embodied and operational energy demand of the case study 

passive house with various operational energy usage patterns and systems. ...... 228 

Figure 7.9: Accumulated life cycle energy demand of the case study passive house 

with different numbers of users in GJ and GJ/capita............................................. 230 

Figure 7.10: Accumulated life cycle energy demand for the best case passive house 

variations, by use. .................................................................................................. 233 

Figure 7.11: Total life cycle energy demand of passive and standard houses 

variations ............................................................................................................... 237 

Figure 7.12: Accumulated life cycle energy demand of suburban passive house 

variations vs. a retrofitted apartment in the city, per m², per capita and evolution 

through time .......................................................................................................... 240 

Figure 7.13: Life cycle embodied energy demand of the Australian suburban 

neighbourhood base case, by element .................................................................. 241 

Figure 7.14: Life cycle operational energy demand and greenhouse gas emissions of 

the Australian suburban neighbourhood base case, by use .................................. 243 

Figure 7.15: Life cycle energy and greenhouse gas emissions of the Australian 

suburban neighbourhood base case, by use, over 100 years ................................ 245 

Figure 7.16: Effect of the selected key parameters on the evolution of the life cycle 

accumulated operational greenhouse gas emissions of the Australian suburban 

neighbourhood base case ...................................................................................... 250 

Figure 7.17: Life cycle energy demand of the alternative housing scenarios for the 

case study Australian suburban neighbourhood ................................................... 251 

Figure 7.18: Life cycle greenhouse gas emissions of the alternative housing 

scenarios for the case study Australian suburban neighbourhood ....................... 251 

Figure 7.19: Life cycle energy demand and greenhouse gas emissions of the 

alternative housing scenarios for the case study suburban neighbourhood, per km² 

and per capita ........................................................................................................ 253 

Figure 8.1: Life cycle embodied water of the validation case study house ........... 277 

 

Figure D.1: Life cycle embodied energy of the base case Australian suburban 

neighbourhood, by assembly ................................................................................ 367 



Towards a comprehensive energy assessment of residential buildings 

 

xxx 

To
w

ard
s a co

m
p

reh
en

sive en
ergy assessm

en
t o

f resid
en

tial b
u

ild
in

gs 

 

Figure D.2: Life cycle embodied greenhouse gas emissions of the base case 

Australian suburban neighbourhood, by category ................................................ 367 

 

 

 

 

 

 

 

 



Introduction 

 

1 

1 Introduction 

1.1 Problem statement 

It is becoming increasingly evident that human activities have an 

impact on the environmental balance of our planet. The release of 

greenhouse gases into the atmosphere is likely to be one of the major 

driving forces behind climate change (IPCC 2007). Carbon dioxide (CO2) 

emissions, which are the main driver of the greenhouse effect, are closely 

related to the generation of energy. In 2009, CO2 represented 83% of 

global energy-related emissions (IEA 2010a). Hence, energy use is currently 

one of the main factors contributing to climate change. 

The building sector alone accounts for 40% of the final energy use in 

most developed economies (IEA 2010b). This has been the basis for 

increasing the energy efficiency of buildings during their use phase, 

notably in terms of space heating and cooling, in order to reduce their 

energy use. 

In this context, the Energy Performance of Buildings Directive of the 

European Union (European Parliament and the Council of the European 

Union 2002) has set the pace in improving the energy efficiency of 

constructions during their use phase, specifically in lowering their heating 

demand. In parallel, optional building energy efficiency certifications have 

emerged. For example, passive houses, first developed in Germany can 

reach extremely low annual heating demands (Feist 2007). This trend 

towards improving the energy efficiency of buildings has also been 

enforced in other countries through different policies e.g. the 6-Star 

Standard in Australia (Australian Building Codes Board 2010). 

However, these policies, which focus mainly on the building energy 

efficiency during the use phase often fail to take a more holistic approach. 

By addressing operational energy alone, the amount of energy required to 

manufacture building materials, the so-called ‘embodied energy’, is not 

taken into account. In some cases, and especially in very low energy 

houses, the embodied energy required is equal to, or even higher than the 

operational energy over the building design life (Hegger et al. 2008). This 

might result in a higher overall energy use which is contrary to the initial 

aim of energy efficiency policies or strategies. 
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At the same time, policies such as the EPBD also overlook the energy 

demand associated with users mobility (García-Casals 2006). Recent 

studies have shown that, for different cities around the world, the energy 

demand associated with user transport can be higher than building 

operational energy and embodied energy combined. An energy efficient 

house in the suburbs might use more energy overall because the amount 

of operational energy saved could be offset by a higher transport energy 

demand. A more comprehensive energy assessment is therefore needed to 

ensure a net reduction in energy use. 

With an increasing world population and more than half of humanity 

residing in cities since 2009 (United Nations Human Settlements 

Programme. 2009), it is urgent to reduce the environmental impacts of the 

built environment. The latter is mainly composed of residential buildings. 

These buildings should be designed and located to provide their users with 

the required services by using minimal energy use. In this regard, it is 

crucial to assess residential buildings on different scales of the built 

environment and across their life cycle. The integration of the building 

energy demands associated with materials, operation and users mobility, 

across the life cycle, can produce a comprehensive means, beyond the 

building centric approach (Conte and Monno 2012), to effectively measure 

and reduce energy use. 

1.2 Aim 

The aim of this research is to develop an evaluation framework which 

comprehensively quantifies the life cycle primary energy use of residential 

buildings and their users at both the building and the city scales. 

1.3 Scope 

This research focuses on the energy requirements of residential 

buildings and their users and related greenhouse gas emissions. Residential 

buildings represent the largest share of human-made constructions around 

the world and are responsible for the highest environmental impacts 

related to the built environment (United Nations Human Settlements 

Programme. 2009). For instance, in the United Kingdom, the housing 

sector consumes 500 million MWh of energy per year (1 800 PJ), emits 28% 

of the countries greenhouse gases and generates 33% of its waste (Cuéllar-

Franca and Azapagic 2012). In 2004, residential buildings represented 18% 

and 26% of the final energy demand of the USA and the European Union, 
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respectively (Perez-Lombard et al. 2008). This makes residential buildings 

one of the most energy-intensive sectors in the global economy. 

However, the environmental impacts of residential buildings are not 

limited to energy use and greenhouse gas emissions, but include a range of 

repercussions including resource depletion, water use, waste generation, 

etc.. Yet, Junnila (2004) has shown that the greatest environmental 

impacts associated with buildings often result from energy use.  

This work uses case studies located in Belgium and Australia to 

illustrate the potential of the developed framework for quantifying the life 

cycle energy demand of residential buildings. 

Belgium is a small European country with an oceanic climate following 

the Energy Performance of Building Directive (European Parliament and 

the Council of the European Union 2002). It has highly developed public 

transport networks in its major cities. Travel distances are also short 

because of the country’s size. Hence, the average car transport energy 

demand for its capital Brussels is much lower than for USA and Australian 

cities (Newman and Kenworthy 1999). 

Australia is a very large country with various climatic regions and a 

relatively very small population residing mainly in major cities. The energy 

efficiency of residential buildings in Australia is regulated by the 6-Star 

Standard (Australian Building Codes Board 2010). The car transport energy 

demand for four of its major cities, i.e. Melbourne, Sydney, Perth and 

Adelaide, is significantly higher than for all European cities (Newman and 

Kenworthy 1999). 

Both countries are representative of developed economies but present 

notable differences in relation to climate, transportation systems, habits, 

etc.. Measuring the energy requirements of residential buildings in such 

different contexts can provide an appreciation of the sensitivity to location 

of the developed framework. The author of this work is also familiar with 

both locations since the research is undertaken jointly in both countries. 
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1.4 Structure 

This thesis is organised according to the structure below: 

Chapter 1: Introduction states the problem, aim and scope of the 
research as well as the structure of the thesis. 

Chapter 2: Energy, buildings and users describes the notions of energy, 
buildings, and user and the relationships between them. 
Historical aspects of building energy assessment are briefly 
outlined.  

Chapter 3: Current energy assessment of buildings and their users reviews 
current mainstream energy assessment methods. The life 
cycle assessment tool is presented. Each of the embodied, 
operational and transport energy demands is described as well 
as the related quantification methods. The limits of existing 
approaches are then discussed, with examples of existing 
research integrating the assessment of all three energy types. 
The lack of a more holistic framework which integrates the 
energy use at different scales of residential buildings is 
identified. Research questions are presented at the end of the 
chapter. 

Chapter 4: A comprehensive life cycle energy analysis framework, 
describes the framework and the different steps involved in its 
development. The different approaches used to quantify the 
energy demand and associated greenhouse gas emissions of 
residential buildings are described along with the equations 
used in their application. 

Chapter 5: A software tool for the comprehensive life cycle energy 
assessment of residential buildings gives an overview of the 
computer program which formalises the developed framework 
as well as assumptions and limitations related to its 
implementation. A description of the general architecture and 
database handling, flow diagrams of the main components 
and a software walkthrough are presented in this chapter. 
Verification and validation of the tool are also preformed using 
a test case. 

Chapter 6: Description of case studies investigating the potential of the 
framework, selects the two chosen case studies used to 
illustrate the potential of the tool, provides the reasons behind 
their selection and describes each one in detail. 

Chapter 7: Case study results, presents the results of the case studies and 

constitutes the basis of the discussion for Chapter 8. 
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Chapter 8: Discussion, provides the interpretation of the framework 
application. The limits of the framework and potential areas 
for improvement are discussed. The research is also placed in 
a broader context. 

Chapter 9: Conclusion, is where conclusions of this work are drawn and 
future research areas are proposed. 
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2 Energy, buildings and users 

Buildings are responsible for the consumption of considerable 

quantities of energy during their life cycle. In 2004, the operational energy 

demand of buildings represented 37% of the final energy use in the 

European Union (Perez-Lombard et al. 2008) ahead of industry and 

transport. From their constituting materials to the energy required to 

operate them, buildings require energy to provide services to their users. 

Multiple notions, related to energy, buildings, their users and the different 

scales of the built-environment are referred to in this research. 

The purpose of this chapter is to enunciate and define the principles 

and terminology used in this work. 

The notions of energy, building and user are first defined. A brief 

historical overview of building energy analysis is also given. Finally, a 

description of some of the links between energy, buildings and their users 

is provided. 

2.1 Notions and definitions 

2.1.1 Energy 

Different physical quantities can be used to characterise a 

phenomenon or a process. While some of these quantities are relevant 

only for specific processes, others can be used across many disciplines. 

One of these universal physical quantities is energy. Energy can be used to 

describe a very large spectrum of phenomena in physics, mechanics, 

chemistry, biology, etc.. 

Energy comes from Greek ενεργεια ‘activity, operation’ (Online 

Etymology Dicitionary 2010). In Greek, εν εργο means ‘put to work’ and is 

the basis for the definition of energy: the "ability of matter or radiation to 

do work because of its motion, its mass, or its electric charge, etc.." (Oxford 

Advanced Learner's Dictionary 1995). It could therefore be seen as the 

potential of doing work based on different parameters. 

According to the first principle of thermodynamics, "the internal energy 

of an isolated system is constant". Therefore, by considering the universe 

as an isolated system, the total amount of energy is always constant. 

Energy flows and changes form but cannot be created or consumed. The 
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second law of thermodynamics sets the rules under which energy can be 

transformed. The rate at which energy changes from one form to the 

other, e.g. chemical to thermal, is called power and is expressed in Watts 

(W). Power is therefore the fundamental aspect of energy delivery. For 

instance, a high power can convert a large amount of energy from one 

medium to another during a short period of time. From a mathematical 

point of view, energy is therefore the definite integral of power over time. 

It is expressed in Joules (J) or often in kilo-Watt hours (kWh). 

However, not all forms of energy are equivalent and some energy 

forms are of lesser "quality" for today's systems. This "energy quality" is 

defined as the propensity of a certain form of energy to perform certain 

work in a certain context. For instance, the energy quality of heat to light a 

bulb is null while electricity has a much higher quality for this purpose. 

Energy quality is regulated by exergy which accounts for the irreversible 

processes of the second law of thermodynamics (Mollaert 2007). The latter 

implies that ultimately all energy ends up as heat, increasing entropy which 

can be described as the amount of disorder within the system. 

Energy is therefore a fundamental physical quantity that exists under 

various aspects, and is transformed from one medium to the other during 

a time period proportional to the power. The medium and the process 

involved determine the energy quality. In this work, it will be admitted that 

energy can be used (while in realty it is transformed) to produce a service 

(work) such as material manufacture, space heating or car transport. 

2.1.1.1 Energy as an environmental indicator 

Among different potential measurable quantities, this research focuses 

on energy use. Our modern society relies heavily on energy to produce 

services. From industrial manufacturing to transportation, building 

operation, lighting and others, all activities require energy. In 2008, 81.2% 

of the world’s energy was produced from fossil fuels such as oil, coal and 

gas (IEA 2010b). The use of these resources is responsible for large 

quantities of greenhouse gases being released into the earth’s 

atmosphere. In 2009, 83% global greenhouse gas emissions were due to 

the conversion and use of energy (IEA 2010a). In turn, the release of these 

gases has been linked to the phenomenon of global warming and climate 

change (IPCC 2007). Therefore, energy use is at least in part responsible, 

through the related greenhouse gas emissions, for the phenomenon of 

global warming. In parallel, energy generation from fossil fuels also implies 
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resource depletion as these fuels are not renewable and could be used for 

other purposes e.g. plastic manufacturing from oil.  

Hence, energy is considered as a good metric to measure the 

environmental impacts of buildings (Junnila 2004) because it is: 

 A universal fundamental quantity; 

 A good metric for the efficiency of the assessed process; and 

 Directly related to greenhouse gas emissions and other 
environmental impacts. 

Other indicators such as water consumption, waste generation, toxicity 

and resource depletion should also be used to fully assess the 

environmental performance of a process. For instance, the consideration 

of water requirements is discussed in Section 8.3.2. However, the inclusion 

of these indicators falls beyond the scope of this thesis. 

2.1.1.2 Energy definitions 

Different terminologies are used when describing energy. The 

definitions relevant to this work are given hereunder. 

 Final energy: the amount of energy used in the building e.g. energy 
demand for lighting or heating. Final energy is sometimes referred to 
as net energy. 

 Delivered energy: the amount of energy supplied to the building (e.g. 
electricity, district heat, etc.). It can be seen as the final energy 
augmented by taking into account the efficiency of the end-use 
system e.g. 90% for a wood-pellet heater. 

 Primary energy: “the direct use at the source, or supply to users 
without transformation, of crude energy, that is, energy that has not 
been subjected to any conversion or transformation process” (OECD 
2001). In other terms, primary energy is the delivered energy 
increased by all production losses, and losses through the energy 
supply chain. 

These different energy types are not equivalent by definition. In order 

to sum different energy demands used for different services (e.g. space 

heating and lighting), it is evident that the same qualification should be 

used. As a rule, primary energy is preferred to others since it comprises the 

total crude energy necessary. 

In order to convert delivered energy to primary energy, different 

conversion factors, based on the energy source, are required (European 
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Parliament and the Council of the European Union 2002). Delivered to 

primary energy conversion factors depend on multiple parameters 

including plant technology, delivery system, etc.. For instance, in order to 

convert delivered electricity to primary energy electricity, all the losses 

occurring upstream in the supply chain should be accounted for. These 

include the losses on the grid, the losses in the plant (e.g. those related to 

the Carnot cycle), etc.. For these reasons coefficients as high as 2.5 for 

Brussels, Belgium (RBC 2008) and 3.4 for Victoria, Australia (Treloar 1998) 

are common. The difference observed in this case is due to the fact that 

the state of Victoria, Australia relies mainly on brown coal for electricity 

generation. The use of nuclear energy and gas in Belgium result in a lower 

primary energy conversion factor for electricity. 

Final energy can be further broken down into two parts: 

 Passive energy: energy naturally available without the use of 
dedicated systems, e.g. passive solar energy through windows. 

 Active energy: energy used through dedicated systems, e.g. thermal 
solar energy through a vacuum tube collector. 

Passive energy also includes natural ventilation, night sky radiation, and 

others. These techniques are generally related to bioclimatism which 

optimises the use of local passive energy sources. Active energy is linked to 

technological aspects such as mechanically driven ventilation systems, 

artificial lighting, water heating systems, and space heating installations. 

Another important notion regarding energy is the distinction between 

direct and indirect energy use. 

 Direct energy: the energy used by the process itself, e.g. burning fuel 
in an engine or burning wood in a stove. 

 Indirect energy: the energy required for a process or product prior to 
its use (AEI 2009), e.g. the energy required to produce the fuel for a 
car or the energy required to manufacture the car itself. 

Indirect energy can be traced at different stages of the supply chain 

related to a service or a product. For instance, a first stage indirect energy 

requirement regarding car transport is the energy required to assemble 

the car. A second stage requirement would be the energy required to 

produce the individual materials used to build the car and so on. 

Energy can therefore be qualified by a range of different terms to 

characterise its qualities and nature. Final, delivered, primary, passive, 
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active, direct and indirect are commonly used adjectives to described 

energy in relation to buildings. 

2.1.2 Buildings 

According to the definition by the OECD
1
 (2002): 

"A building is any independent free-standing structure comprising 

one or more rooms or other spaces, covered by a roof, enclosed 

with external walls or dividing walls which extend from the 

foundations to the roof, and intended for residential, agricultural, 

industrial, commercial, cultural, etc., purposes." 

This definition of a building implicitly states that the latter is composed 

of different elements which are combined in a structurally sound 

arrangement to house a certain human activity. 

In reality, a building is more than a combination of materials. It is also a 

place of memories and identity as sociologists would underline. Architects 

could also emphasize the significance, potency and cultural values carried 

by a construction. Urban planners could define the building as the brick of 

the urban fabric. A building is a complex entity. Its design is shaped by a 

multitude of parameters (Deplazes 2005). Besides, buildings are also 

erected for specific uses (e.g. hospitals, movie theatres, etc.) and host 

different functions. These functions are regulated by norms which impose 

requirements on lighting levels, thermal comfort, ventilation rates and 

many other parameters. Comfort criteria have impacts on the building's 

shape, organisation and material/systems choice. 

A building goes through different life cycle stages during its lifespan. 

These can be aggregated into three main parts: the construction phase, the 

use phase, and the refurbishment/demolition phase. The use phase is 

often the longest of the three and some buildings, that are still being used 

today, were built centuries ago while their construction phase took only a 

few years. Figure 2.1 shows a simplified chronology of the various stages of 

the building life cycle. 

                                                                 
1 Organisation for Economic and Co-operation Development 
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Figure 2.1: Building life cycle stages 

In this thesis, a building is regarded as an assembly of different 

materials, generating indoor and outdoor spaces with increased comfort 

for the user, relying on systems which provide various services. A building 

is also analysed as an urban element within a city and a suburb, which 

greatly condition the energy required for the mobility of users. 

Although all buildings are included in the description above, it is crucial 

to differentiate different building types and sub-types. These imply 

different use patterns on various aspects such as energy, occupancy, 

material selection, urban importance, etc.. 

Buildings can be divided into two main groups: residential and 

non-residential. The first comprises houses, apartments, etc. while the 

second contains offices, retail buildings, hospitals, and others. These two 

categories are also commonly referred to as domestic and non-domestic 

buildings. As stated in Section 1.3, this work focuses on residential 

buildings. Table 2.1 shows numbers and proportions of residential building 

types in the EU and Australia. 

Table 2.1: Residential building types in the EU and Australia 

Location Residential building type Number % of total 

EU -27* House 103 158 546 52.6% 

Apartment 92 912 740 47.4% 

Total 202 281 346 100% 

Australia^ House 6 131 376 85.8% 

Apartment 932 869 13.1% 

Other (e.g. Caravan) 79 851 1.1% 

Total 7 144 096 100% 

Source: 
*
Eurostat (2011) and 

^
ABS (2006) 

The table above highlights the importance of houses (85.8%) in the 

Australian residential building stock compared to apartments (13.1%). This 
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neat contrast is inexistent in the EU where both domestic building types 

have nearly equivalent shares. Different housing types will result in 

different energy requirements at both the building and the urban scale 

(Fuller and Crawford 2011). It is therefore important to consider various 

housing typologies when assessing energy use. This energy use originates 

from the demand of building users for space, thermal comfort, appliances, 

lighting, transport and other services. 

2.1.3 Users 

Users are defined as the occupants, tenants and in general the persons 

using the building. Different buildings will have different occupancy 

patterns and therefore different energy usages based on their users. Also, 

the same building can have a significantly different energy use (Steemers 

and Yun 2009) based on the cultural background of its users, their lifestyle, 

age, occupations and multiple other factors. 

Buildings consume energy for the benefit of their users. Energy is used 

to provide certain services that range from the construction of the space 

itself, i.e. the energy used to manufacture the materials and to construct 

the building, to space heating or cooling, hot water, lighting, appliances, 

cooking and transportation. The greatest part of the energy used is 

therefore closely linked to the user's desires, needs and comfort. 

Another important aspect in considering the user as an element of 

building energy demand is to take into account directly associated energy 

use, such as the household appliances energy and the transport energy 

demands. Transport energy represents the energy required to produce a 

mobility service for the building user. 

If the system boundaries are stretched beyond the building centric 

perspective, the energy associated with food production, other 

consumables and leisure could also be taken into consideration. In their 

study assessing the energy use of an Australian household, Treloar et al. 

(2000) found that the energy requirements for consumables and leisure 

represented 107% of the total building related energy expenditure. 

However, this energy use falls beyond the scope of this research. 

2.2 Historical elements 

Historically, energy use in buildings is directly linked to the 

development of technology and building systems. One of the first goals of 
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a building is to provide shelter during its use phase and therefore increased 

indoor comfort for its users. Energy use inside buildings is linked to the 

technology and systems that provides a desired level of indoor comfort set 

by the user. Energy use, building characteristics and users are therefore 

closely linked. However, this fact is not always integrated into the energy 

assessment of buildings. A brief historical overview of the use and 

assessment of energy in buildings is given below. 

2.2.1 Vernacular architecture and bioclimatism 

With the development of local knowledge and the differentiation of 

human settlements, local building traditions emerged. The main 

interrelated variables defining these parameters are the local climate and 

the availability of materials. In this context, indigenous low technology 

architectures specifically adapted to local climates emerged. They are 

grouped under the term of vernacular architecture which is generally 

bioclimatic as well (Coch 1998). Bioclimatic architecture can be defined as 

an architecture capitalising on local characteristics of the site (climate, 

passive energy, etc.) and providing spaces adapted to the lifestyle of its 

users (Almusaed 2011). Numerous examples of these empirical 

constructions exist. A short list would comprise the Inuit igloo with 

maximum compactness, the light Tuareg tent, and the inner courtyards of 

the Mediterranean. 

Yet even though these buildings are different and are suited to specific 

climates they all share a common feature, i.e. they are operated with 

minimal active energy input and use locally available materials. Historically, 

fire often provided the basic needs, i.e. heat (for cooking, domestic hot 

water and space heating) and light at night. The location of the fire could 

vary from a central spot as to maximize the heating efficiency, to the 

exterior to avoid overheating in warm climates (Coch 1998). The remainder 

of the energy required to maintain indoor comfort is drawn from passive 

energy, e.g. solar gains, natural ventilation, night cooling, etc.. 

At this stage, the energy assessment of buildings is implicitly dictated 

by the local conditions. Most of the energy needs are fulfilled by passive 

energy (solar, wind, etc.). Only the remaining share is delivered by fire, i.e. 

active energy. Constructions are designed in order to maximize comfort by 

relying solely on local means and using minimal active energy. 



Towards a comprehensive energy assessment of residential buildings 

 

14 

To
w

ard
s a co

m
p

reh
en

sive en
ergy assessm

en
t o

f resid
en

tial b
u

ild
in

gs 

 

While a proper energy assessment, in the modern sense of the word, is 

not yet undertaken, the energy use of these buildings is taken into account 

through clever low technology design adapted to local conditions. 

2.2.2 Technology as compensation 

From the late 18
th

 Century to the early 19
th

 Century, the findings of the 

industrial revolution changed construction paradigms. The discovery of 

coal, the major fossil fuel used at that time, with an energy density roughly 

1.5 times that of wood (Australian Energy Institute 2011), and properties 

more suitable for exploitation, opened a new era of machines. The 

flourishing of technologies and new materials emancipated buildings from 

the local climate constraints and the use of local low technology materials. 

New building morphologies were then achieved with new space qualities. 

These new spaces often came at the expanse of a higher energy use for 

indoor comfort. For instance, the first central heating systems using hot 

steam, hot water and warm air were intensively developed in Great Britain 

(Bruegmann 1978). At the beginning of the 20
th

 century, indoor comfort 

technologies were made accessible to the general public, dramatically 

increasing energy use in buildings and the indoor comfort of their users. 

The installation of the electrical grid and its expansion to the majority of 

households in developed economies is one of the greatest examples. 

Indeed, the availability of electricity, a source of energy with a very high 

quality, in nearly every house, has provided building users with virtually 

infinite amounts of energy to consume for space heating and cooling and 

appliances. 

Global energy use rapidly increased after the Second World War 

(WWII) and the exploitation of oil reserves all across the world. Each tonne 

of oil contains a net energy value of 42 GJ (according to the definition of 

unit of tonne of oil equivalent) and hence an energy density of 42 kJ/kg. 

This represents 1.4 times the energy of a kilogram of coal and 2.1 times 

that of a wood log of the same weight (Australian Energy Institute 2011). 

The energy density of oil coupled with its liquid state are only part of its 

advantages compared to other fossil fuels. With the prevailing optimism of 

post WWII, and the natural resources considered as infinite, energy use 

witnessed a dramatic rise in the decades following the end of the conflict. 

Only some cautious minds highlighted the urgency to shift paths towards a 

more rational use of energy. For instance, Hubert (1949:108) already 

demonstrated that the world cannot solely rely on fossil fuels due to their 
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finite nature: “Among the inevitable characteristics of this future will be the 

progressive exhaustion of the mineral fuels[…]”. However, no decision 

maker heeded their calls and even today, the world continues to rely 

increasingly on energy from fossil fuels (IEA 2009a). 

Figure 2.2 shows, as an example, the dramatic increase by 266% and 

142% of the primary energy use of residential buildings in the USA 

between 1949 to 1973 and 1973 and 2009, respectively. 

A significant share of building design approaches at this point are very 

far from the resource scarcity driving the bioclimatic and vernacular 

approaches. Most buildings constructed during this period achieve indoor 

comfort for their users at the expense of large amounts of energy input to 

run active systems. Yet, some building designers still relied on a bioclimatic 

approach during this period. 

 

Figure 2.2 Residential primary energy use in the USA 

Source: Based on EIA (2010) 

2.2.3 The awakening 

The crisis of 1973, also known as the "energy crisis", sent oil prices 

rocketing, and broke the myth of unlimited resources. This political event 

that shook society fiercely (Akins 1973) is a turning point in the history of 

energy efficiency and energy policy. Since buildings represent a great share 

of national energy use in most countries, improving their efficiency 

became a target and therefore assessing their use was a first-step 

necessity to reach that target. The economic crisis in this case sounded like 

an awakening call for the USA and western society (Feldman 1995) and 

gathered part of the scientific community around the subject of energy 
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efficiency. The link between energy prices and energy efficiency has been 

underlined in many studies. In Sweden for example, the correlation 

between energy prices, building energy efficiency, and reliance on 

alternative forms of energy is very strong between 1970 and 1988 (Nässén 

and Holmberg 2005). In parallel, the crisis set the path for the 

development of life cycle assessment (see Section 3.1) which was first 

developed in parallel with the so-called “energy analysis” during the early 

1970s (Udo de Haes and Heijungs 2007). 

The energy crisis therefore resulted in improved energy efficiency and 

the resurgence of bioclimatic approaches, which rely on passive energy, as 

a means to reduce energy use. This effect can clearly be seen in the change 

of trend in Figure 2.2 before and after the crisis (light and dark grey lines). 

An example of the change of paradigm of that period is the construction of 

a multitude of solar houses (Galloway 2004) which rely solely on passive 

solar energy for space heating and domestic hot water. Currently, 

traditional bioclimatic strategies continue to be actively studied e.g. 

Mediterranean courtyards and high thermal mass designs (Tzikopoulos et 

al. 2005). These studies aim at optimising the use of passive energy 

sources and bridge the gap between architecture and local climate. 

The resource scarcity of the early days of human history suddenly came 

back to the scene after 1973, and building energy assessment, in the 

modern sense of the word, came to existence. While it was mostly used 

before the crisis for system design, energy assessment started to be used 

to measure the impact of decisions on natural resources and to optimise 

performance. 

2.2.4 Recent developments 

One of the latest contributions in relation to the energy assessment of 

buildings is the notion of sustainable development, which first appeared in 

1987, in the Our common future report also known as the "Bruntland 

report" (World Commission on Environment and Development 1987). In 

1992, the Agenda 21 of the Earth Summit in Rio de Janeiro (United Nations 

1992) also embraced the concept of sustainability. The Agenda 21 aims at 

organising the promotion of sustainability on different aspects: 

economical, social, and ecological. This tripolar approach apprehends 

problems from different points of view simultaneously which automatically 

implies very complex relationships. This holistic approach is fundamentally 

different from the energy driven revolution of the late seventies. 
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However, the complexity of the notion of sustainability makes it hard to 

clearly define (Morin 2000) as it implies a panoply of different factors 

related to social sciences, economy, environmental sciences, engineering 

and other fields. To palliate this handicap, effort is being exerted to define 

common simple principles which are transferable between different fields 

of study (Lindsey 2011). 

One of the three pillars of sustainable development, as defined in the 

"Bruntland report", is the environment. Buildings have a huge 

environmental impact, notably through the associated greenhouse gas 

emissions associated with their energy requirements. These observations 

have been underlined in the late 1980s and have resulted in a will to 

reduce the energy use in buildings by improving their energy efficiency. 

One of the most important examples of such improvement is the 

emergence of so-called ‘passive houses’ (Feist 2007). The first such house 

was built in 1991, in Darmstadt, Germany with thousands built today 

across Europe (Lang 2010). Another development in this matter is the 

implementation of the Energy Performance of Buildings Directive which 

imposes the delivery of energy certificates for selling/renting a building 

(European Parliament and the Council of the European Union 2002). Since 

then, other countries have followed the European Union steps by imposing 

local regulations. For instance, Australia, through its building code, has 

imposed new minimum energy performance requirements on residential 

buildings, known as the 6-Star Standard (Australian Building Codes Board 

2010). However, these governmental decrees promote solely the reduction 

of the operational energy efficiency of buildings, mostly the space 

heating/cooling demand, through improved thermal insulation and other 

technical means. These policies rarely include operational energy use 

directly linked to the user such as appliances and lighting or, at a larger 

scale, the mobility energy of users. 

At the beginning of the 1990s, a new science and method emerged, 

quantifying the various environmental impacts of a product across its life 

cycle. This science is referred to as Life Cycle Assessment (LCA) and is 

described in Section 3.1. Although the International Organization for 

Standardization has issued standards (International Standard 14040 2006) 

regarding the practice of LCA, this promising method is still rarely applied 

at a whole building level. Instead it most often focuses on single materials 

or components. 
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During the 21
st

 century, certifications have flourished across the world 

with the emergence of so-called "green" buildings. These certifications are 

developed at a national scale by green building councils, e.g. the United 

States' LEED, the United Kingdom's BREEAM, Australia's Green Star, 

Belgium's VALIDEO, Japan's CASBEE etc.. They cover some sustainability 

dimensions but are at essence, qualitative assessments, providing scores 

only (Pérez-Lombard et al. 2009). Moreover, recent studies have shown 

that some of these labels, notably LEED, do not guarantee energy savings 

(Newsham et al. 2009; Scofield 2009). More information about energy use 

benchmarking in these schemes can be found in Lee (2012). 

The rise in awareness regarding the need to shift our mode of thinking 

and the establishment of the concept of sustainable development have 

implied a change in the energy assessment of buildings and their users. 

2.3 Energy, building and user relationship 

The relationship between energy, buildings and users is highly complex. 

It has evolved throughout history according to the environmental, but 

mostly socio-economical, context. From the early days of resource scarcity 

and vernacular bioclimatic designs to current net zero energy buildings 

(generating their own operational energy), many factors have shaped the 

ties linking energy, buildings and users. These have been outlined 

individually in Section 2.1 but in reality they are closely linked. 

Buildings can be scrutinised at two different scales: a building scale 

corresponding to the building materials and the indoor space, and a city or 

urban scale in which the building is considered as a brick of the built 

environment. At each of these scales users demand certain services. 

Therefore, there is a coupling of the building and user, the latter 

consuming energy for certain services according to rules and parameters 

inherent to the properties of the building. Thus, the energy used to 

produce wanted services depends on the regulations in place, the 

characteristics of the building and the user. 

At each stage of the building life cycle there is an energy input. Energy 

is required to manufacture building materials and assemble them to 

generate indoor and outdoor spaces. The resulting indoor spaces require 

energy for their operation to provide services for users, e.g. space heating. 

Energy is also used by users to travel between places in the built 

environment which is partially defined by the sum of the single 
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constituting elements, i.e. buildings. The infrastructures which are 

essential to the operation of the building also require energy for their 

construction and maintenance. Ultimately, buildings are dismantled, 

demolished or retrofitted, and also require energy for this purpose. The 

different energy inputs required at each stage of a building's life cycle are 

represented in Figure 2.3. 

 

Figure 2.3: Energy inputs and greenhouse gas emissions outputs throughout the life 

cycle of a building 

Source: Adapted from Crawford (2011) 

2.4 Summary 

In this chapter, the notions of energy, buildings and users have been 

described and a historical overview of building energy use and assessment 

has been given, retracing the major events affecting our concern and 

understanding of the amount of energy and resources used across the 

different life cycle stages of buildings and at different scales of the built 

environment. Nowadays, energy use in buildings depends on a panoply of 

different parameters. These are linked to the physical building 

characteristics, from the selected materials, to the heat transfer through 

the envelope, and the urban form generated. Yet, user behavioural 

patterns also greatly affect the energy used for the operation of the 

building and for user mobility. 

But how are these complex relationships addressed today? What tools 

and methods are being used? What are their limits? Have preliminary 

studies assessed both the building and city scales? The next chapter will try 

to answer these questions by providing a review of current theories and 

practices of building energy assessment. 
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3 Current energy assessment of buildings 

and their users 

Assessing the energy use associated with buildings and their users 

requires extensive knowledge of a number of variables such as climatic 

conditions, building properties, system efficiencies, user behaviour and 

others. The evaluation can be a very time-consuming task. As discussed in 

Chapter 2, the relationships linking energy, buildings and their users, are 

complex and involve a large array of parameters. 

Historically, operational energy, which is required to operate the 

building, was the first type of energy use to be quantified. It is easily 

measurable and relates directly to financial expenditures of the user, 

notably in terms of fuel or electricity bills. Attempts to quantify transport 

energy followed, especially after the use of automobiles became a 

common practice. The last energy flow to be quantified is embodied 

energy which accounts for energy use across the supply chains of building 

materials. Each of these energy flows relies on different quantification 

methods.  

The aim of this chapter is to review current knowledge related to the 

energy assessment of buildings for each of these three main types of 

energy use. 

The life cycle assessment tool is first described. Life cycle energy 

analysis of buildings and the main energy demands are presented in detail. 

Existing studies which quantify different energy flows across the service life 

of a building are analysed. Finally, the limitations of current building 

energy assessment are outlined. Research questions are posed at the end 

of this chapter. 

3.1 Life cycle assessment 

3.1.1 What is life cycle assessment? 

Life cycle assessment (LCA) is a tool used to quantify and evaluate 

different environmental impacts of a product across the different stages of 

its life cycle. A summary of LCA's history can be found in Udo de Haes and 

Heijungs (2007). A complete LCA involves the assessment of processes 
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from the raw material extraction to the final disposal of the product or its 

eventual recycling or reuse. The environmental impacts at different stages 

of the product's life cycle inform the assessor of the negative repercussions 

of the product or process on the environment. In order to determine the 

environmental impacts, the inputs required for a process and the resulting 

outputs are considered for each stage of the life cycle. The inputs generally 

consist of raw material quantities, energy use and water consumption 

while the outputs are atmospheric emissions, waterborne and solid 

wastes, by-products and other releases (Curran 1993; 1996). The most 

common impacts considered in LCA are given in Table 3.1. 

Table 3.1: Common impact categories used in a life cycle assessment 

Impact category Definition 

Global warming Increase in the Earth's average 
temperature 

Depletion of minerals and fossil fuels Consumption of non-renewable energy or 
material resources 

Photochemical oxidation (smog) Emissions of substances (Volatile organic 
compounds, nitrogen oxides) to air 

Human toxicity Human exposure to an increased 
concentration of toxic substances in the 
environment 

Ozone depletion Increase of stratospheric ozone breakdown 

Eutrophication Increased concentration of chemical 
nutrients in water and on land 

Water use Consumption of water 

Land use Modification of land for various uses 

Acidification Emission of acidifying substances to air and 
water 

Ecotoxicity Emissions of organic substances and 
chemicals to air, water and land 

Source: Crawford (2011:55) 

The scope of the LCA tool is however limited to the environmental pillar 

of sustainability as defined by the World Commission on Environment and 

Development (1987). Indeed, social and economic aspects are not 

generally considered (Hunkeler and Rebitzer 2005) although the same 

principles could be used to include these dimensions in the analysis 
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(Crawford 2011). For example Life Cycle Costing (LCC) is often conducted 

to quantify the total cost of a product of service and recently social LCA 

(SLCA) is being applied to measure its social impacts. These aspects are 

explored by Jeswani et al. (2010). 

The International Standard for Environmental Management 

(International Standard 14040 2006) has defined four fundamental steps to 

conduct an LCA: goal and scope definition, inventory analysis, impact 

assessment and interpretation, which are briefly described in Section 3.1.3. 

Figure 3.1 depicts the different stages of an LCA and reveals its iterative 

nature. Indeed, conducting an LCA generally requires the assessor to refine 

already undertaken work and to go back to previous results in order to 

improve the goal and scope framing, the inventory data quality or the 

impact assessment consistency. 

 

Figure 3.1: Stages of a life cycle assessment 

Source: International Standard 14040 (2006) 
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3.1.2 Types of life cycle assessment 

Once the environmental impacts are identified through LCA, the 

assessor will take action based on the goals of the study. The study can be 

a conventional LCA, a comparative LCA or a streamlined LCA. Each one of 

these types of LCA is used in a specific context and for a particular 

objective. 

3.1.2.1 Conventional life cycle assessment 

A conventional LCA, also known as a baseline LCA, is used to evaluate 

individual processes or products in order to improve their environmental 

profile. Once the environmental impacts and their localisation across the 

different stages of the life cycle of the product have been determined, the 

key areas for improvement are identified. In light of the findings, the 

assessor can therefore find suitable strategies to reduce the life cycle 

environmental impacts of the product. Conventional LCA has been applied 

to a multitude of different processes and products, ranging from milk 

production in the Netherlands (Thomassen et al. 2008) to plug-in hybrid 

electrical vehicles (Samaras and Meisterling 2008). 

Usually, this kind of study is performed internally, within manufacturing 

companies, in order to optimise the production chain and reduce the 

environmental impacts of the targeted product or process. Improving the 

production processes from an environmental point of view can have 

significant investment costs since new processes often need to be 

implemented, or alternative materials developed. However, the rise in the 

environmental awareness of society in the last decades (Hans 1985; Bernd 

1995; Parr et al. 2003) imposes new requirements from consumers. 

Besides internal audits to improve the environmental performance, a 

conventional LCA can be used to produce a so-called ‘Environmental 

Product Declaration’ (EPD). This EPD communicates the environmental 

performance of a product or system to the wider audience, in terms of 

raw-material acquisition, energy use and efficiency, greenhouse gas 

emissions and other environmental impacts. The determination of EPD 

follows the International Standard ISO 14025/TR (2006). 

3.1.2.2 Comparative life cycle assessment 

A comparative LCA is used to compare the environmental impacts of 

two or more products or processes destined for the same function. The 
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idea is to identify the product with the better environmental profile. A 

comparative LCA requires a conventional LCA to be undertaken for each of 

the assessed products beforehand in order to produce the necessary data. 

In order to obtain reliable results, it is crucial to compare the different 

production processes on the same basis. For instance, comparing an LCD 

and a LED computer screen with different characteristics would not inform 

the decision maker appropriately. Instead, the same screen size, and the 

same characteristics (if possible) should be used in order to provide an 

informative comparison regarding the same function. In contrast to 

conventional LCA which is usually performed internally, comparative LCA 

can be used by any decision maker to make enlightened choices of 

products or processes with the lowest life cycle environmental impacts. 

3.1.2.3 Streamlined life cycle assessment 

A streamlined LCA takes into account only some environmental impacts 

and/or some stages of the life cycle of a product or process. In other terms, 

the scope of this kind of study is narrower than for conventional or 

comparative LCA. In this case, the assessor should be familiar with the 

analysed product or process in order to ensure that optimising a particular 

phase or lowering an environmental impact will not lead to increased 

environmental impacts during other stages of the life cycle. The assessor 

should therefore clearly specify why a streamlined LCA is being conducted 

in the first stage of their analysis: the goal and scope definition. 

One of the most popular streamlined LCAs concerns quantifying the 

energy inputs required during a product's life cycle. This kind of study, 

analysing solely energy, is called a life cycle energy analysis. 

3.1.3 Life cycle assessment framework 

3.1.3.1 Goal and scope definition 

Every LCA starts with the definition of the goal and scope of the study 

which specifies the reasons motivating the study as well as the framework 

of the analysis and the targeted audience. The goal definition is important 

in directing the course of the study and its purpose. The scope determines 

the product or process to be studied, the life cycle stages considered, the 

functional unit, data requirements, environmental impact factors used, 

assessment methods used and other items (International Standard 14040 

2006). Typically, the addressed life cycle stages include the extraction of 
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raw materials, their processing, material or product manufacture, 

operation and use, maintenance and repair and disposal or recycling 

(International Standard 14040 2006). 

While the goal and scope of the study should be clearly defined to 

optimise the assessment process and time requirements they are also 

subject to change depending on the findings due to the iterative nature of 

LCA. 

3.1.3.2 Life cycle inventory analysis 

Second to goal and scope definition, the inventory analysis consists of 

collecting the required data and performing the calculations to determine 

the inputs and outputs related to each phase of the life cycle of the 

assessed product or process. The boundaries of this task are determined 

according to the goal and scope of the study. Among the four phases of 

LCA (see to Figure 3.1), life cycle inventory is often the most time 

consuming (Rebitzer et al. 2004). The collection of the necessary data to 

conduct the study requires a methodical and rigorous approach. The 

process first needs to be drawn, each component within the process 

detailed, measurement units listed and data collection techniques detailed 

along with calculations (International Standard 14040 2006). 

Three main methods exist to quantify the various inputs and outputs of 

products or processes: process analysis, input-output analysis and hybrid 

analysis. 

PROCESS ANALYSIS 

Process analysis relies on data related to specific processes or products, 

in a certain location, to calculate the inputs and outputs and the resulting 

environmental impacts across the life cycle of these processes or products. 

Generally, a process flow diagram is used. This graphical representation 

maps all known individual processes involved. This intuitive way of 

proceeding clarifies data requirements for each process. 

However, collecting the necessary data is not a simple task. Indeed, 

data is often inexistent or is not provided in the required format. Research 

needs to be carried out to collect the missing data which can take a 

considerable amount of time. An alternative is the use of pre-compiled 

data for comparable processes. While this method simplifies data 

acquisition, it also induces errors. Today, many databases provide detailed 

process data for a large array of products in different countries or regions 



Towards a comprehensive energy assessment of residential buildings 

 

26 

To
w

ard
s a co

m
p

reh
en

sive en
ergy assessm

en
t o

f resid
en

tial b
u

ild
in

gs 

 

including Australia, Europe (e.g. Swiss Ecoinvent® database), Japan and the 

USA and Canada (e.g. Athena Institute® database). 

While process analysis is believed to provide accurate figures regarding 

inputs and outputs, it requires a lot of time and also suffers from a major 

flaw, i.e. its systemic incompleteness. When drawing flow diagrams, the 

assessor accounts for all the different processes related to the studied 

product or process, starting from the main and final stage and adding 

linked processes upstream of the supply chain. However, at some point 

and for certain products, the amount of processes linked to the product 

and their relationships become too complex to analyse. The assessor then 

draws a system boundary, ignoring the processes outside of this frontier. 

This approach does not usually result in significant issues for products 

whose impacts are located at the main and last stages of production, such 

as metal production (Crawford 2011). However, for others the so-called 

‘truncation error’ can omit a large proportion of the environmental impacts 

(Treloar 1997; Suh et al. 2004). For example, Crawford (2008) has shown 

that up to 87% of the energy requirements for a washing machine were 

comprised beyond the system boundaries set with process analysis. Due to 

these limitations of process analysis, other approaches for quantifying 

environmental inputs and outputs have since been developed, including 

input-output analysis. 

INPUT-OUTPUT ANALYSIS 

Input-output analysis is a top-down macroeconomic tool using 

bidimensional matrices which include sector-based monetary transactions 

from which resource requirements and the release of pollutants can be 

determined. These matrices, also called input-output tables, link different 

industries together and the effects of the change of output in one of them 

can be propagated across the matrix where none zero values are present. 

In general, input-output tables represent the whole economic activity 

at a national scale. These tables can integrate almost any type of 

environmental data given that it is in the correct format, i.e. gigajoules of 

energy or tonnes of carbon dioxide emissions (Crawford 2011). The 

combination of economic and environmental data in matrices was first 

undertaken by Leontief (1970) and has since been further developed in 

various countries. 

One of the main advantages of input-output analysis is that it is 

systemically complete since it describes the system at a whole sector scale. 
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By doing so, it takes into account many upstream and indirect effects that 

would be impossible to integrate through process-based analysis 

(Hendrickson et al. 1998). 

However, while input-output analysis is systemically complete, it fails at 

providing accurate figures for specific processes or products. This so-called 

‘aggregation error’ results from the common use of the matrices as black 

boxes which provide data at a whole sector level and not at the individual 

product or process level. This often results in very complex procedures to 

trace the indirect requirements for one particular process (Crawford 2011). 

Although input-output analysis is systemically complete, it can suffer from 

major inaccuracies due the ‘aggregation error’ and to the distortion 

associated with the product price. More comprehensive techniques, such a 

hybrid analysis have been developed to palliate to these flaws. 

HYBRID ANALYSIS 

As its name suggests, hybrid analysis combines both process and input-

output analysis in a complementary way in order to minimise the 

limitations of both. 

While different hybrid analysis techniques have been developed, each 

combining process and input-output analysis in a different way, the 

technique developed by Treloar (1997) remains the most comprehensive. 

The so-called input-output-based hybrid analysis starts with disaggregated 

input-output matrices representing the analysed product or process. Then 

the part of the matrices equivalent to known process data is replaced with 

the latter. Therefore figures produced with an input-output-based hybrid 

analysis are systemically complete and as reliable as possible. Figure 3.2 

shows a schematic representation of the input-output-based hybrid 

analysis framework. 
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Figure 3.2: Outline of input-output-based hybrid analysis framework 

Source: Crawford (2008) 

3.1.3.3 Life cycle impact assessment 

Life cycle impact assessment (LCIA), which is the third stage of an LCA, 

provides extra information to help assess the findings of the life cycle 

inventory in order to better ascertain the environmental impacts resulting 

from the inputs and outputs quantified (International Standard 14040 

2006). In other words, the LCIA converts the determined inputs and 

outputs found in the life cycle inventory into measurable impacts. 

Conducting an LCIA generally involves the following steps according to the 

ISO standard for LCA (2006): 

 selection of the impact categories; 

 classification; 

 characterisation; 

 normalisation; and 

 weighting. 

The selection of impact categories consists of defining environmental 

impacts such as ‘toxicity’. However, in general, predefined categories, such 

as those given in Table 3.1, are used (Finnveden et al. 2009). 

Classification is the process of sorting the inputs and outputs 

determined in the life cycle inventory according to the defined or selected 

impact categories. 



Current energy assessment of buildings and their users 

 

29 

Relevant common units used for the quantification of the impact 

categories are chosen during the characterisation process and the impacts 

are converted to these common units. 

As its name indicates, normalisation consists of expressing the relative 

magnitude of impact factors on a scale common to all categories as to 

facilitate the interpretation of results (Finnveden et al. 2009). 

Finally, weighting consists of multiplying certain categories by a 

determined coefficient based on the goal and scope of the study. This step 

has always been a controversial issue in LCA since it requires a subjective 

input from the assessor (Finnveden 1997). 

Normalisation and weighting are both optional steps. Also, weighting 

should not be performed in studies intended to be disseminated to the 

public as it is a highly subjective step that can distort the results. 

3.1.3.4 Interpretation 

The last phase in an LCA is the interpretation of findings. This fourth 

step combines the outcome of the life cycle inventory and the life cycle 

impact assessment in order to identify the most important inputs, outputs 

and environmental impacts, as well as the life cycle stage(s) during which 

they occur. In light of this information, the assessor can take relevant 

measures towards optimising the environmental performance of the 

process or product, or refining the LCA study. 

The robustness of the results should also be tested using sensitivity 

analysis or uncertainty analysis to account for the accumulation of 

potential errors and variability (Heijnungs and Huijbregts 2004). The 

requirement of using sensitivity analysis is highlighted in the ILCD 

handbook (Institute for Environment and Sustainability 2010) and in 

EN 15643-2 (2011).  

3.2 Life cycle energy analysis at a whole building level 

Energy is often the sole input studied in building life cycle assessment. 

Life cycle assessment (LCA) can be applied to virtually any product or 

process, including a whole building. However, the resulting complexity of 

such task requires large amounts of time and money to compile results. 

For this reason, the most common type of LCA when it comes to buildings 

is a streamlined LCA (see Section 3.1.2.3) focusing on energy. This type of 

assessment is called life cycle energy analysis or LCEA. As described in 
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Section 2.1.1.1, energy use is responsible for most of the environmental 

impact associated with a building (Junnila 2004). 

This section describes necessary simplifications and the inherent 

complexity associated with conducting a life cycle energy analysis of a at a 

whole building level. 

3.2.1 Simplifications of the life cycle assessment framework in 

the case of a life cycle energy analysis 

Conducting an LCEA results in a simplification of the four stages of the 

LCA framework. Indeed, the reduction of inputs and outputs to a single 

input, i.e. energy, reduces the amount of flows to be taken into account. 

The goal and scope definition stage remains crucial and unchanged as 

the aims, boundaries, functional unit, and hypothesis should be clearly 

stated at the beginning of the study. 

In parallel, the life cycle inventory stage is only simplified by taking into 

account a single input. The rest of the conventional steps to undertake, 

including flow diagrams, data collection and calculations remain the same. 

Any of the different quantification methods, i.e. process analysis, input-

output analysis, and hybrid analysis, may also be used since they are not 

related to the number of inputs and outputs assessed. 

The greatest simplification occurs in the third stage of the LCA 

framework, i.e. life cycle impact assessment. Indeed, since LCEA focuses on 

the energy use itself rather than related environmental loadings. The only 

impact category used is ‘Energy use’ and therefore the assessment does 

not require classification, characterisation, normalization nor weighting. 

This greatly simplifies this step of the assessment. It is however, important 

to note that the resulting greenhouse gas emissions are sometimes 

included in this kind of analysis, e.g. Crawford (2009, 2010), Duffy (2009) 

and Verbeeck and Hens (2010). Taking into account related emissions 

implies including the global warming potential impact category expressed 

in kilograms of carbon dioxide equivalent (kgCO2-e). 

The interpretation stage of a LCEA is comparable to LCA as the assessor 

identifies the most important stages and proposes strategies to optimise 

them after evaluating the results. 
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3.2.2 The inherent complexity related to the life cycle energy 

analysis of a whole building and its users 

The analysis of energy inputs occurring during the life cycle of a 

building requires the integration of industrial, construction and user-

related dimensions. The integration of all building components, their 

systems, the operational energy in terms of electricity, heating and others, 

the maintenance and replacement of certain components, the demolition 

energy and all indirect energy requirements throughout the lifespan is a 

rather complex task. This complexity could explain the low number of 

studies undertaken in this regard. In a recent literature review, Ramesh et 

al. (2010) have identified only 73 LCEA studies at a whole building level 

made in 13 different countries. This number is rather small compared to 

the thousands of LCA studies conducted for specific processes or products. 

The complexity of conducting LCEA at a whole building level has 

generally led to the imposition of narrow system boundaries. In almost all 

of the cases reviewed by Ramesh et al. (2010), the assessors did not take 

into account appliances or user transportation energy (both direct and 

indirect). Only a few case studies, such as Treloar et al. (2000) adopt a 

more comprehensive system boundary. 

If the residential building user, which is at the source of energy use, is 

to be taken into account, all related energy demands through the building 

life should be considered. These include the energy required for the 

operation of the building at both the building and city scale. When a 

traditional whole building LCEA scope is widened to include the city scale 

as well, the resulting overall energy demand of a residential building and 

its users will include requirements for: raw material extraction and 

manufacturing of building materials, the construction of the residential 

building itself, the operation and maintenance of the building, the direct 

and indirect energy requirements of building users, and ultimately the 

energy necessary for the demolition of the building. 

These different energy inputs related to a residential building and its 

users, throughout the building's life cycle, can be classified into three 

different energy demands: embodied energy, operational energy and user 

transport energy. The descriptions of these main life cycle energy demands 

are given in the following section. 
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3.3 Main life cycle energy demands of buildings 

3.3.1 Embodied energy 

Embodied energy represents the amount of energy necessary for the 

raw material extraction, manufacturing, construction and sometimes 

demolition of a building. Since a building is composed of different 

materials, its embodied energy is the sum of all energy requirements of 

materials used in the building along with the direct energy requirements of 

construction. 

In most cases, material or component choices are made according to 

functional and cost measures and the embodied energy of a material is 

rarely taken into consideration. If the user is involved at this stage of the 

design, he/she rarely has the required expertise or motivation to select 

materials with a low embodied energy. Aesthetics, cost and other factors 

are often more important than the environmental issue. However, with the 

increased environmental awareness and new environmental labelling for 

building materials, especially in Germany and Scandinavia, the practice is 

shifting towards more environmentally friendly designs (Hegger et al. 

2008; Bokalders and Block 2010). The relegation of environmental 

concerns is also likely to regress as a result of the growing awareness of 

the population which is occurring today, notably in Europe. 

The embodied energy of a building is generally expressed in gigajoules, 

mega joules or kilo-Watt hours per square metre of floor area. The choice 

of this functional unit allows the comparison of buildings of different sizes. 

Embodied energy figures are typically given in primary energy terms. 

Embodied energy analysis is based on life cycle assessment methods 

(McCormack et al. 2007). It is calculated using process analysis, input-

output analysis, or hybrid analysis (refer to 3.1.3.2). Materials energy 

intensities are multiplied by the relevant quantity of material in the 

building to calculate their embodied energy. Instead of quantifying 

different inputs and outputs across the life cycle stages as done in 

conventional or baseline LCA, only energy is considered. 

It has been demonstrated that input-output-based hybrid analysis 

provides more comprehensive embodied energy figures which are in 

general higher than those quantified using process-based or 

input-output-based analysis (Dixit et al. 2013). For example, Crawford et al. 

(2010) have revealed that a concrete slab on ground, assessed using the 
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input-output-based hybrid analysis requires 622% more energy than what 

was calculated by Lawson (1996) using a process-based analysis. More 

details about how this approach is conducted are given in Sections 4.2.1 

and 4.2.2. 

3.3.1.1 Initial embodied energy 

The initial amount of embodied energy of a building, prior to its 

occupation or any material replacement or maintenance is called its initial 

embodied energy. The initial embodied energy depends on the choice of 

materials according to the building design and also on the manufacturing 

processes involved for each material. The latter can vary to a large extent 

between different countries or locations (Crawford 2011). The energy 

directly associated with the construction process, e.g. transport of 

materials, on-site machinery, etc. is also comprised in the initial embodied 

energy. 

In practice the initial embodied energy can vary to a large extent 

between different building assemblies destined for the same function. For 

instance, the initial embodied energy of a concrete slab on ground was 

found to be 35% higher than that of an elevated timber floor by 

Crawford et al. (2010). The initial embodied energy should not however be 

considered alone but in conjunction with the durability of the materials or 

assembly which will affect the buildings ‘recurrent embodied energy’. 

3.3.1.2 Recurrent embodied energy 

The energy necessary for the maintenance and replacement of building 

materials or systems during the building useful life is called recurrent 

embodied energy. During a building's use phase, the components with a 

service life shorter than the building useful life need to be replaced. For 

instance, lighting fixtures, carpet, doors, ventilation systems, etc. all have a 

service life sensibly shorter than the building’s structure and result in a 

recurrent embodied energy demand for their replacement.  

In some cases, a poor design can lead to the replacement of building 

materials before the end of their anticipated service life. For instance, the 

combination of different materials with different durability can lead to the 

replacement of the whole composite assembly before the end of life of 

some of the individual materials. When taken in tandem with the initial 

embodied energy, recurrent embodied energy can be a determinant factor 

in the choice of materials. A durable material, with a high initial embodied 
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energy, can have lower life cycle embodied energy requirements than an 

alternative choice, with a lower initial embodied energy, but a higher 

replacement frequency. For instance, in an Australian context, a concrete 

slab on ground proved to require 32% less energy over fifty years 

compared to an elevated timber floor with approximately 25% lower initial 

embodied energy (Crawford et al. 2010). 

While the initial embodied energy at the building level depends to a 

large extent on the building designer, the recurrent embodied energy is 

strongly linked to the building user when it comes to residential buildings. 

Indeed, it is the user who will notice a defect in certain building 

components and who will choose either to repair, replace, or maintain. If 

the user performs regular maintenance, he/she can extend the service life 

of a component far beyond its commonly assumed length. 

In most studies undertaken today, recurrent embodied energy at the 

whole building level is assumed as a percentage of the initial embodied 

energy over the assessed service of the building of the building. Values in 

the range of 20-30% are generally used for a service life of 30-50 years 

(Treloar 2000; Crawford 2010). 

Alternatively, recurrent embodied energy is quantified by multiplying 

the initial embodied energy of individual materials by their number of 

replacements over the service life of the building. This approach provides a 

more detailed inventory of the recurrent embodied energy but requires 

the expected service life of individual materials which is hard to forecast 

(Ding 2004). 

3.3.1.3 Demolition and end of life energy 

At the end of their life cycle, buildings are most commonly demolished, 

sent to landfill, and/or recycled. The energy required for this task can be 

called demolition or end-of-life energy. 

Crowther (1999) has shown that the energy required for the demolition 

of buildings may represent 1% of their total life cycle energy. Even when 

the operation phase is removed from his study, the share of demolition 

energy rises only to 2.5%. Crowther's work therefore shows that the 

demolition energy could be considered as negligible in comparison to 

other life cycle stages. The findings of Winistorfer et al. (2007) also show 

that the demolition energy is often negligible in a whole building LCEA 

comprising operational energy. However, the end of life stage, although 

not very energy intensive, results in large amounts of waste which could 
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have other significant environmental impacts depending on how they are 

processed, i.e. landfill, incineration or recycling (Suvi 2012). 

It is becoming increasingly common that some building materials are 

recycled or incinerated at the end of their life. This praiseworthy effort can 

save energy for the manufacturing of new products since the raw material 

extraction phase is bypassed. In the case of incineration, there is energy 

generation and therefore products such as wood can release a large share 

of their initial embodied energy which is recaptured. 

The allocation of the recycling or incineration energy value is a 

controversial issue (Udo de Haes and Heijungs 2007) since there is no 

common agreement consent about how it should be dealt with. Two main 

schools of thought exist in this regard. The first argues that the energy 

content of recycling or incineration should be deducted from the initial 

embodied energy. The second point of view stresses that the ultimate fate 

of the material is unknown, especially when it has a long service life, and 

therefore the benefit should be attributed to the recycled material in the 

future and not to the present one (Treloar 2000). While the first 

perspective can favour the use of recyclable materials the second position 

seems more realistic and pragmatic and is adopted in this work. 

3.3.1.4 Relative importance of embodied energy types 

The two types of embodied energy, i.e. initial and recurrent, represent 

a different share of the total embodied energy of a single material or 

component. As a general rule, structural materials (including foundations) 

have a much higher share of initial embodied energy since they are the 

most durable components of the building. Other building elements such as 

light bulbs, carpets, etc. have a higher share of recurrent embodied energy 

over the useful life of the building. Other components fluctuate between 

these two extremes. 

A study by Crawford et al. (2010) compared the life cycle energy 

demand of different construction assemblies in an Australian context using 

the input-output-based hybrid analysis (Treloar 1997). Table 3.2, based on 

the study, presents the relative shares for the initial and recurrent 

embodied energy for various construction assemblies over 50 years.  
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Table 3.2: Initial and recurrent embodied energy demands per square metre of 

building assembly 

Assembly (1 m²) Total EE (GJ) Initial EE share Recurrent EE share 

Timber frame, concrete tile roof 2.42 65.3% 34.7% 

Timber frame, steel sheet roof 3.23 63.5% 36.5% 

Polystyrene, timber frame 2.61 46.4% 53.6% 

Brick veneer, timber frame 1.85 68.1% 31.9% 

Brick veneer, steel frame 1.93 69.4% 30.6% 

Timber weatherboard 2.86 47.2% 52.8% 

Concrete slab on ground 4.27 93.2% 6.8% 

Elevated timber floor 4.57 63.2% 36.8% 

Source: Adapted from Crawford et al. (2010). 

This study shows that the initial embodied energy accounts for the 

largest proportion (around 65%) of the life cycle embodied energy demand 

over 50 years for 6 out of 8 studied assemblies. In the remaining two the 

recurrent embodied energy is slightly higher (53.6% and 52.8%). This 

shows that the initial embodied energy is often more significant than the 

recurrent embodied energy over 50 years. This observation is further 

supported by another Australian study (Newton et al. 2000). This analysis 

also reveals a predominance of the initial embodied energy for a 203 m² 

house and an 88 m² apartment. The initial embodied energy for these 

buildings represents 53.7% and 56.4% of the life cycle embodied energy, 

respectively. 

However, the share of recurrent embodied energy is directly linked to 

the lifespan of the building. For a very long building lifespan, and assuming 

that production processes remain the same over time, it is very likely that 

the recurrent embodied energy share will largely exceed the initial 

embodied energy share. 

3.3.2 Building operational energy  

Among the many stages of the life cycle of a building, the use phase can 

sometimes consume the most energy (Cole and Kernan 1996; Sartori and 

Hestnes 2007; Bokalders and Block 2010; Ramesh et al. 2010). Operational 

energy usually includes energy for heating and/or cooling the building, 



Current energy assessment of buildings and their users 

 

37 

ventilation (in case of mechanically driven ventilation.), domestic hot 

water, lighting, appliances and cooking. 

Operational energy is often expressed in megajoules or kilowatt hours 

per square metre of usable floor area per year. Delivered or final energy 

units are used for operational energy figures, depending on the provided 

service. For example, space heating energy is often expressed in terms of 

final energy while delivered energy is typically used for electricity 

consumption. In a life cycle energy analysis, operational energy is typically 

then converted to primary energy terms using primary energy conversion 

factors. 

The annual operational energy depends primarily on the user 

behaviour, the location, and the installed power of the systems. For 

example, the same office building ventilation system can use more or less 

energy if it is dimensioned according to United States standards 

(ANSI/ASHRAE Standard 62 2003) or Belgian norms (Portail de l'énergie en 

région Wallonne 2004). 

The different types of final operational energy demands are detailed in 

this section by end-use, starting from the most building-related to the 

most user-related, although all operational energy demands depend on 

both the building and its users. A description of building energy simulation 

software, used to quantify these different energy flows is given afterwards. 

3.3.2.1 Heating energy 

In order to reach thermal comfort for the building user when the 

outdoor temperature is low, energy input is required to raise the indoor 

temperature of the building. The level to which this temperature is set 

depends mostly on the user's comfort range. Heat delivery systems are 

generally dimensioned according to national or international norms such 

as the International Standard 7730 (2005). These norms often consider a 

simplified thermal comfort model for users which can result in oversized 

systems. 

Heating energy represents the amount of active energy required to 

raise the inside temperature to the desired level. In case of heat delivery 

through the mechanical ventilation system, heating energy comprises the 

energy required to raise the intake air temperature to the set level. 

Equation 3.1 defines the amount of energy needed for heating a building. 

It simply shows that during the heating season the amount of energy 

needed to keep the indoor ambiance at a certain temperature is equal to 
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the overall heat losses minus the free heat gains. These heat losses include 

losses by conduction, through the envelope of the building, radiation, 

through the exposed surfaces of the walls, windows and roof and 

convection, through ventilation and air exfiltration and infiltration. The 

free internal gains comprise the metabolic heat of building users, the heat 

of appliances such as computers and solar gains through windows. 

   h

t

E LB T G dt G LB T       
Equation 3.1 

Where: 

Eh = Heating final energy demand in Wh; 

t = Time in h; 

LB = Heat losses of the building in W/K; 

ΔT = Difference between the desired inside temperature and the 

outside temperature in K; and 

G = Free heat gains in W. 

In practice, heating energy is the most emphasized in all European 

labels, certifications, directives, etc.. In most European climates, the 

heating demand is very representative of operational energy use since it 

accounted for 68% of the final energy use of buildings in 2003 (Perez-

Lombard et al. 2008). Norms solely detailing the heating load calculations 

have been developed, e.g. Belgian norm for heat demand calculation NBN-

B62 (Institut belge de normalisation 1987). The Energy Performance of 

Buildings Directive (European Parliament and the Council of the European 

Union 2002) focuses particularly on the heating demand and how it should 

be calculated. 

In parallel, the low-energy standards and Passive House standard, 

which have emerged in Germany and have spread to most of Central and 

Northern Europe (Thullner 2010), impose a limit on the annual heating 

demand of a building to be certified. The heating demand for residential 

passive houses in most of Europe is 15 kWh/m².year. It is often 

complemented by a 120 kWh/m².year limit on the total annual primary 

energy use (Feist 2007). This primary energy criterion comprises annual 

operational energy of the residential building including heating, 

ventilation, domestic hot water, appliances, lighting and cooking. But this 

primary energy criterion is not enforced in all passive house certifications, 

depending on the country. Also, sometimes, the primary energy criterion 
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can omit specific operational energy end-uses such as appliances, lighting 

or cooking. Hence, this primary energy indicator can fail to include the 

whole operational energy demand of a building. 

The importance of space heating is underlined in the Kyoto pyramid 

(Figure 3.3) developed in Norway. The latter is a design strategy aimed at 

reducing the operational energy of residential buildings in the central and 

northern European climates. The first and most important measure to 

undertake is located at the bottom of the pyramid. The second level 

follows etc.. Reducing the space heating energy demand is the primary 

objective in these climates. 

 

Figure 3.3: The Kyoto pyramid providing energy saving strategies for central and 

northern European climates 

Source: Dokka and Rødsjø (2005) 

3.3.2.2 Cooling energy 

In warm climates, when the outside temperature is high, energy is 

required to lower the indoor temperature to a comfort level based on the 

user. Some vernacular and bioclimatic strategies dispense the installation 

of a cooling system (Givoni 1994; Coch 1998; Liébard and De Herde 2005). 

The amount of active energy required to lower the temperature to the 

desired level is called cooling energy (Underwood and Yik 2004). In case 
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cooling is delivered through the ventilation system, cooling energy 

comprises the energy used to lower the intake air temperature. 

Equation 3.2 defines the amount of energy needed for cooling a building. It 

shows that during the cooling season the amount of energy needed to 

keep the indoor ambiance at a certain temperature is equal to the overall 

heat gains comprising heat transfer from the outdoor environment and 

free heat gains. These heat gains comprise gains by conduction, through 

the envelope of the building, radiation, through the exposed surfaces of 

the walls and roof and convection, through ventilation and air infiltration. 

The free internal gains comprise the metabolic heat of building users, the 

heat of appliances such as computers and solar gains through windows. 

 c

t

E GB T G dt     
Equation 3.2 

Where: 

Ec = Cooling final energy demand in Wh; 

t = Time in h; 

GB = Heat gains of the building in W/K; 

ΔT = Difference between the desired inside temperature and the 

outside temperature in K; and 

G = Free heat gains in W. 

In practice, space cooling might result in a higher energy demand 

compared to heating, per unit of energy input and in terms of primary 

energy. Indeed, cooling usually relies on electricity which has a higher 

primary energy factor than most fuels typically used for heating (e.g. gas, 

diesel, wood pellets, etc.). Hence, operating a cooling system could greatly 

affect the operational primary energy demand in warm climates. 

3.3.2.3 Ventilation energy 

A building encloses an indoor space which requires ventilation in order 

to maintain a certain indoor air quality. Ventilation is usually guaranteed 

by passive means, i.e. natural ventilation through windows or openings 

that users open or close at will. However, some houses can rely on 

mechanical ventilation. The latter can offer an interesting way to reduce 

heat losses in cold climates by installing a heat recovery unit (Hastings et 

al. 2007). For instance, this strategy is systematically used in passive 

houses. 
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In the cases where mechanical ventilation has been installed in 

residential buildings, including air conditioning units supplying untempered 

air, active energy is needed to operate the system. Ventilation systems 

comprise fans, rotors and controllers which run on electricity and have 

high primary energy requirements per final energy unit. These systems are 

dimensioned according to the maximum occupancy density, occupancy 

period of the building and its indoor volume. 

Ventilation energy is defined as the amount of energy used to operate 

the ventilation system, fans, controllers, etc.. Equation 3.3 defines 

ventilation energy as the sum of all active ventilation system components 

power integrated over their operating time. 

c

v c c
c t

E P dt   
Equation 3.3 

Where: 

Ev = Ventilation final energy demand in Wh; 

c = A ventilation system component; 

tc = Operation time of component c in h; and 

P = Power of the component c in W. 

When it comes to energy measurements, the ventilation energy 

demand is generally comprised within a larger cluster commonly called 

HVAC (Perez-Lombard et al. 2008) which stands for Heating Ventilation and 

Air Conditioning. In warm climates, it is often associated with air 

conditioning (space cooling) energy. The share of ventilation energy 

demand of the total operational energy use is often very low in residential 

buildings. For instance the ventilation energy demand represented only 4% 

of delivered electricity to residential buildings in Brussels, Belgium in 2008 

(IBGE 2010). 

3.3.2.4 Lighting energy 

Natural daylight is proven to be the best lighting option when it comes 

to user comfort inside buildings (Bodart and De Herde 1999). However, 

bad building design and/or the seasonally and daily natural variation in 

daylight levels, require that this daylight is supplemented with artificial 

lighting to ensure enough light indoors. Various artificial lighting sources 

are available with the predominance of compact fluorescent (CFL) light 
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bulbs for residential buildings. The latest technology on the market is light 

emitting diodes (LED) with a very high luminous efficacy and dimming 

compatibility which promise future reductions in lighting energy demand 

(United States Department of Energy 2008). 

Lighting energy is defined as the amount of energy used to operate the 

artificial lighting systems of a building, increasing indoor visual comfort. 

Equation 3.4 defines lighting energy as the sum of all active lighting fixtures 

power integrated over their operating time. 

f

l f f
f t

E P dt   
Equation 3.4 

Where: 

El = Lighting final energy demand in Wh; 

f = A lighting fixture; 

tf = Operation time of fixture f in h; and 

P = Power of the fixture f in W. 

In practice, lighting energy demand represents a relatively small share 

of the total energy use of residential buildings in climates requiring space 

heating or cooling. In 2001, lighting represented 8.8% of the total 

operational energy demand of USA residential buildings (EIA 2009). At the 

same time, lighting energy represented 15% of the electricity consumption 

of households in Brussels in 2009 (IBGE 2009). These figures could however 

begin to drop after the phasing out of incandescent light bulbs and the 

increased economic accessibility of high efficiency CFL and LED lighting 

technologies. 

3.3.2.5 Water heating energy 

Hot water is mostly used in residential buildings by users to shower, 

clean dishes, etc.. It is also commonly referred to as domestic hot water. As 

water available from the supply network or local tank is nearly always at a 

lower temperature than the delivery level, it requires heating and 

therefore energy input to bring it up to the desired temperature. In order 

to supply the building efficiently, hot water is either stored in insulated 

water tanks or delivered through instantaneous systems that heat water 

directly before use. The storage and delivery temperatures vary according 
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to national norms and are related to the risk of legionella development and 

skin burning risks. 

Water heating energy can be defined as the amount of energy needed 

to raise the water temperature to the desired level. Equation 3.5 defines 

water heating energy as the amount of hot water required multiplied by 

the specific heat of water and the average difference between the initial 

temperature and the final desired temperature. 

DHWE m c T    Equation 3.5 

Where: 

EDHW = Hot water final energy demand in kJ; 

m = Mass of water in kg; 

c = Specific heat of water in kJ/(kgK) (4.186 kJ/(kgK)); and 

ΔT = Average temperature difference between the initial cool water 

and the heated water in K. 

Domestic hot water represents on average 11.6% of the annual final 

energy demand of residential buildings in Belgium (IBGE 2010). This share 

increases as the climate gets warmer and the heating demand decreases, 

i.e. 14.4% in Europe, 19.5% in the USA (EIA 2005) and 22.9% in Australia 

(DEWHA 2008). However, the energy source used can greatly influence the 

contribution of the domestic hot water energy demand towards the total 

primary operational energy. 

The energy source for hot water can range from natural gas heaters to 

wood pellet ovens and more traditional fuel boilers. Recently, solar 

thermal panels have been increasingly installed to provide residential 

buildings with domestic hot water. The amount of water heating energy 

supplied by solar systems is called the solar fraction. Solar fractions as high 

as 67% and 62% can be obtained in Stockholm, Sweden and Brussels, 

Belgium respectively. This figure rises to 88% in Melbourne, Australia and 

90% in Beirut, Lebanon according to the calculations made in Appendix A. 

This reveals the underexploited potential of solar energy regarding water 

heating in different climates and at different latitudes. 

A life cycle energy assessment of solar domestic hot water systems in 

Victoria, Australia has shown that they pay back the embodied energy 

necessary for their manufacture within 4 years (Crawford and Treloar 

2004). Considering the embodied energy along with the operational energy 
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in the case of solar domestic hot water is a good example of the 

implications of a wider assessment scope. Indeed, the study by Crawford 

and Treloar shows that 4 years of operation and conversion of solar energy 

to heat are required before the energy output of the system balances the 

energy required for its manufacture. This wider system boundary provides 

a more realistic and useful measure of the net energy balance. 

3.3.2.6 Cooking energy 

Cooking, along with heating, is probably one of the oldest energy 

consuming processes used by Man. Cooking food can be performed using 

various oven technologies such as wood-fired, gas, electric, induction, solar 

collectors and others. Microwaves, running on electricity can also be used. 

Cooking energy can be defined as the amount of energy necessary for 

food preparation, in terms of heat. Equation 3.6 defines cooking energy as 

the sum of all active cooking devices power summed over their operating 

time. 

d

ck d d
d t

E P dt   
Equation 3.6 

Where: 

Eck = Cooking final energy demand in Wh; 

d = A cooking device; 

td = Operation time of device d in h; and 

P = Power of the cooking device d in W. 

The share of cooking energy demand of the total operational energy 

demand varies greatly between countries. For instance, in countries such 

as India, cooking alone represents up to 90% of the annual final energy use 

of a household (Pohekar et al. 2005). In other countries, this figure can 

drop down to a few percentage points. For instance, cooking represented 

4% of a household’s annual energy demand in 2008 in Brussels, Belgium 

(IBGE 2010). 

3.3.2.7 Appliances energy 

An increasingly important contributor to the energy use in buildings is 

the appliances used by their users. Indeed, the use of a variety of electrical 

equipments has dramatically risen in the last decades. In residential 
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buildings, household equipment constitutes the core of the energy use of 

appliances, also responsible for standby losses which can sometimes 

exceed the running energy use. These losses can be reduced using an 

appropriate strategy such as using standby shutters, presence sensors, and 

other automation devices (Blomsterberg and Avasoo 2009). 

Appliances energy demand can be defined as the amount of energy 

necessary to operate equipment inside buildings besides lighting and 

ventilation. Equation 3.7 defines the appliances energy demand as the sum 

of all active appliances power summed over their operating time 

a

ap a a
a t

E P dt   
Equation 3.7 

Where: 

Eap = Appliances final energy demand in Wh or MJ; 

a = An appliance; 

ta = Operation time of appliance a in h; and 

P = Power of the appliance a in W. 

In 2005 appliances and electronics represented 70% of the total 

electricity consumption in residential buildings in the USA (EIA 2011) and 

59% of the final electricity consumption in Brussels dwellings in 2008 (IBGE 

2010). Electricity consumption often results in a high primary energy 

demand and significant greenhouse gas emissions for its generation. 

Hence, appliances can represent a very important part of the total primary 

energy demand and associated greenhouse gas emissions of buildings and 

their users. 

3.3.2.8 Relative importance of operational energy types 

Each operational energy type represents a different portion of the total 

energy use of a residential building. The space heating energy demand 

often represents the highest share of the final operational energy demand. 

This share increases as the climate gets cooler, e.g. 37.7% in Australia 

(DEWHA 2008), 41.1% in the USA (EIA 2005), and 71.8% in Belgium (IBGE 

2010; ICEDD 2010). 

The main factors influencing the operational energy breakdown of a 

building is its design, users, systems and the climate. When it comes to 

climate, the outdoor temperature, solar radiation, wind, etc. have a 
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significant impact on the heating and cooling demands. Other end-use 

energy demands, such as for appliances are not affected by the climate but 

more by the lifestyle of building users. For these reasons, each climate, 

country and building type has a different operational energy pattern. 

Thermal operational energy is very sensitive to the notion of thermal 

comfort. The latter can vary greatly between individuals within the same 

household and is related to habits, cultures and a range of physical 

parameters such as the mean radiant temperature, clothing, metabolism, 

etc.. Also, comfort cannot be captured by threshold values but evolves 

through time as individuals adapt to the thermal environmental conditions. 

This is referred to as the adaptive approach in thermal comfort and has 

gained significant interest in the scientific community in recent years 

(Halawa and van Hoof 2012). The ASHRAE Standard 55 (2004, 2010) and 

the European Standard 15251 (2007) describe the application of adaptive 

thermal comfort in practice by providing simple to use diagrams of comfort 

temperatures. While adaptive thermal comfort aims to capture the 

contextual factors and past thermal history of building occupants, Halawa 

and van Hoof (2012) argue that it has “oversimpli[fied] comfort charts in a 

two dimensional representation and [that it has] not actively conside[red] 

the other comfort parameters”. 

In general, the HVAC cluster represents the highest contribution to 

energy use in residential buildings in Europe and the USA (Perez-Lombard 

et al. 2008) as well as Australia (DEWHA 2008). In Brussels, 69% of the 

2006 final energy use in residential buildings was used for heating (IBGE 

2010). 

Figure 3.4 shows the final energy use per dwelling in the USA, Australia, 

Belgium and Europe. The breakdown includes space heating, space cooling, 

hot water, appliances and others. 

The first observation is the dominance of space heating in all locations. 

Indeed, Australians and Americans with their different climates, use 

5 800 kWh and 11 900 kWh of final energy for space heating respectively, 

while the share of space heating is nearly the same, i.e. 37.7% and 41.1% 

respectively. According to the sources used, space cooling is inexistent in 

the EU-15. 
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Figure 3.4: USA, Australian, Belgian and European average annual residential energy 

use per dwelling, by energy end-use 

Source: *EIA (2005), 
~
DEHWA(2008), 

^
IBGE(2010), 

#
ICEDD(2010). 

The second observation concerns the influence of lifestyle. A clear 

difference can be seen in the absolute energy use for appliances and hot 

water between the EU-15 and the USA which consume 5 600 kWh and 

14 200 kWh for both functions, respectively. In parallel, Belgian and 

Australian households, although separated by large distances 

geographically, use almost the same amounts of energy annually for hot 

water and appliances and others. 

However, these numbers represent national averages and great 

differences can occur when data is collected at a more refined scale. It has 

been shown that identical buildings occupied by different users can have 

annual energy uses that differ by a factor of 2 or 3 (Steemers and Yun 

2009; Gram-Hanssen 2010) and even 4 (De Meyer and Feldheim 2011). 
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Operational energy use is therefore sensitive to the user behaviour and the 

occupancy pattern. 

The quantification of the operational energy demand requires complex 

algorithms to accurately represent the effect of climate, building and user 

variables. This is made possible through the use of computer-based 

building energy simulations, notably for thermal end-uses. 

3.3.2.9 Building energy simulations 

Since the 1970s boom of information technology, computational power 

has steadily increased according to Moore's law (Moore 1965). The faster 

calculations and processing power of computers have opened the gates of 

computer simulation. Building science has benefited from these advances 

in many disciplines, from structural analysis to soil mechanics and seismic 

design. One of the major fields relying on computer simulation is building 

energy assessment. 

Today, a variety of tools and simulation software using static or 

dynamic simulations exists. Among their many capabilities, these tools can 

estimate the heating or cooling energy demand and load of a building to 

size associated heating, ventilation and air conditioning (HVAC) systems, 

and lately to assess the environmental impact associated with a building’s 

operational energy demand. Some tools also allow the simulation of the 

energy use for appliances. 

Static building simulations rely on heat transfer theory, fixed occupancy 

schedules and loads, as well as average climatic data (over a month or a 

year) to calculate the energy demand. The advantage of static calculations 

is the minimal computation time required as well as the simplicity of the 

formulas used. However, they provide approximate figures of the real 

energy demand and more accurate dynamic tools can be used to account 

for the complex nature of the problem. 

Dynamic building simulation tools use hourly (or smaller) time intervals 

to calculate the heating and cooling demands of a building. Some of the 

most advanced tools also integrate air flow simulations based on fluid 

dynamics, as well as comfort analysis, and detailed building physics, e.g. air 

temperature stratification (Underwood and Yik 2004). Some software also 

integrate system dimensioning and other energy or power related aspects. 

The most popular dynamic simulation programs include: EnergyPlus, TAS, 

ECOTECT and TRNSYS which can all simulate a large array of operational 

energy types (Crawley et al. 2008). 
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Whatever the simulation software, they rarely integrate the user's 

behaviour in their assessment. The latter is usually represented by a fixed 

occupancy schedule, preset comfort temperatures and a related internal 

load (heat generated by the user's body). User behaviour variability should 

be integrated in order to achieve more reliable assessment and more 

appropriate system design (Topouzi 2011). A lot of effort is currently being 

exerted to integrate behavioural patterns of users in building energy 

software. The works of Yu et al. (2011) and Mahdavi and Pröglhöf (2009) 

are examples of research aiming at integrating user behaviour into energy 

simulation tools. 

Currently, commonly used software do not integrate user related 

operational energy demands such as energy use related to appliances. 

These simulation tools also focus only on the building scale, omitting 

energy use at the city scale such as the user transport energy demand. 

3.3.3 User transport energy 

Mobility is one of the needs of users in modern society and is provided 

to a large extent by private cars in the western world (IEA 2009b). The 

rapid increase in car ownership coupled with urban sprawl has put cities 

and work hubs under high commuting pressure (Jenks et al. 2000). The 

commuting patterns resulting from the urban sprawl imply large travel 

distances often resulting in high energy use. For these reasons, town 

planners have investigated the links between land use factors related to 

the built environment such as density, urban mix, and transport energy use 

(Newman and Kenworthy 1999; van de Coevering and Schwanen 2006). 

The transport energy of building users represents all direct and indirect 

energy associated with the user's mobility. Transport energy can therefore, 

for example, comprise the fuel consumption of a car but also the energy 

required to manufacture the car itself. 

Transport energy is categorised in its own sector according to the 

International Energy Agency (IEA) (Perez-Lombard et al. 2008). Transport 

energy, as defined by the IEA comprises all the energy required for 

transportation of goods and people using all modes of transport. 

Since this work focuses on residential buildings and their users, 

transport energy is defined as the sum of direct and indirect energy inputs 

required to provide mobility for building users when using any transport 

mode. The indirect energy use for manufacturing vehicles, building and 

maintaining the infrastructures and related services, should be taken into 
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account. Direct energy is related to the transport mode, e.g. fuel efficiency 

of cars, energy efficiency of a train, etc.. 

Transport energy requirements are calculated using the passengers 

travel distances. In the majority of cases, travel distance by travel modes 

are obtained through regional or national surveys. This empirical data is 

generally the best way to tackle the mobility of users since it includes 

intertwined social, demographic, economic and land-use variables which 

would otherwise be very hard to model. 

Travel distances are then generally converted to direct energy 

requirements according to the used transport modes. Very few studies 

include indirect transport energy requirements which, for instance, 

represent 46% of the total Swedish transport energy demand for cars 

(Jonson 2007). 

Lenzen (1999) has shown that indirect energy requirements of 

transport accounts for an important part of the total transport-related 

energy demand in Australia. 

In his study, Lenzen highlights the share of direct and indirect energy 

use by transport mode. These results are presented in Table 3.3 and reveal 

the importance of indirect energy use which can account for up to 82.3% 

of the total transport energy demand of a specific travel mode. These 

ratios are based on figures per passenger kilometre and might therefore be 

representative of other locations if the energy intensities of transport 

modes are similar. 

Table 3.3: Share of direct and indirect energy requirements for Australian transport. 

Mode Direct energy (fuel or electricity) Indirect energy input 

Light rail, public 17.7% 82.3% 

Bus, public 59.8% 40.2% 

Private car, petrol 54.7% 45.3% 

Private car, diesel 56.8% 43.2% 

Private car, LPG 56.9% 43.1% 

Source: Adapted from Lenzen (1999) 

The following section describes some of the most prominent studies 

linking transport energy use and land use characteristics. 
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3.3.3.1 Linking mobility patterns and land use characteristics 

A multitude of studies have investigated the link between urban form 

and travel distance, travel modes, etc.. In a study on Melbourne, Australia 

Newton (2000) concluded that urban form influences the amount of 

energy spent on the mobility of building users. However, he also 

underlined that other user-related factors should be taken into account. 

On the Australian national scale, Buxton (2000) and Fuller and Crawford 

(2011) argue that urban form can significantly reduce energy use and 

greenhouse gas emissions by adopting higher residential densities, 

mixed-use neighbourhoods and public transport. This point of view is 

shared by scholars in other countries as well (Masnavi 2000; Simmonds 

and Coombe 2000; Van and Senior 2000; Golob and Brownstone 2005). In 

their study, Karathodorou et al. (2010) also found strong correlation 

between urban density and car fuel demand and energy use. 

One of the most famous studies relating land-use characteristics and 

transport energy is probably that undertaken by Newman and 

Kenworthy (2000). In their initial research in 1989, they correlated urban 

density and private car transport energy for cities in the USA, Europe, and 

Australia. Figure 3.5, which is based on their findings, reveals the trend. 

Unsurprisingly, a strong power correlation is found with R
2
=0.81. The 

energy use related to private transport declines with increasing urban 

density. 

While the correlation cannot be denied, the noise in the graph also 

underlines that other factors play an important role. By comparing cities 

with the same density, great differences in energy use can be found. For 

instance, Copenhagen and Toronto have very comparable densities but the 

latter uses nearly 350% more energy for car transport per capita. This is 

probably due to the high bike use in the Danish capital city. At the same 

time, a clear clustering by geographical area can be observed, i.e. north 

American cities, Australian cities and European cities. Inside each group, 

the fluctuations exist but are lower. Cities within a same historical and 

geographical area have a comparable energy use. These observations 

support the statements above highlighting that density should be 

considered along with mixed land-use, public transport availability, and 

other related factors. 

However, recent research warns of ignoring the other major factor 

related to transport energy: the user. An article by Stead, Williams and 
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Titheridge (2000) hints at encompassing traditional bipolar aspects 

between land use characteristics (urban form) and travel patterns. 

Van de Coevering and Schwanen (2006) have tried to encompass 

Newman and Kenworthy's (1999) work by integrated socio-economic 

characteristics as stated by Stead, Williams, and Titheridge (2000). Their 

findings underline the importance of the role of individual travellers (users) 

and their socio-economic context. Indeed, according to their study, the 

average commuting distance and time, as well as the share of private car in 

the modal choice for commuting, are more correlated with socio-economic 

variables than with land use characteristics. For instance, the larger the 

household the more it statistically tends to use private cars for commuting. 

Transport energy therefore depends on a variety of parameters linked 

to buildings on the city scale and to the users' characteristics. 

 

Figure 3.5: Private transport energy use per person in 1989, by city and urban density 

Source: Newman and Kenworthy (2000) 
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3.4 Examples of life cycle energy analysis studies of 

buildings and their users 

Multiple studies have taken into account the embodied and operational 

energy demands over the useful life of building. Some have included user 

behaviour schemes while few have widened the scope to include user 

transport energy. These studies are summarised hereunder as examples of 

the importance of integrating different methods and scales for a more 

comprehensive energy assessment of buildings and their users. 

3.4.1 Studies integrating embodied and operational energy 

A significant number of studies have attempted to assess the embodied 

energy and the operational energy of buildings. Ramesh et al. (2010) have 

reviewed life cycle energy analysis studies of both residential and office 

buildings. They found that, as a general role, the embodied energy 

represents 10-20% of the total life cycle energy compared to 80-90% for 

the operational energy. While these numbers show that the embodied 

energy may represent a small share of the energy use across the useful life 

of the building, it is very likely that they greatly underestimate its 

contribution. 

Indeed, the dominant majority of the studies conducted use 

process-based analysis which produces very conservative numbers (see 

Section 3.1.3.2). For instance, in most cases and as found in other studies 

(Sartori and Hestnes 2007; Brunklaus et al. 2010; Gustavsson and Joelsson 

2010; Bin and Parker 2012; Thiers and Peuportier 2012), the initial 

embodied energy of residential buildings is comprised between 2.8 and 

7.6 GJ/m² of floor area. A recent Belgian study using process data found a 

total embodied energy figure (initial and recurrent) of 4.4 GJ/m² (Rossi et 

al. 2012). In the rare whole building case studies performed using the 

input-output-based hybrid analysis (Treloar 1997), this figure rises to 

12.98 GJ/m² (Crawford 2011), 14.1 GJ/m² (Fay et al. 2000) and 11.72 GJ/m² 

(Treloar et al. 2000). In other words, this systemically complete method 

provides, on average, numbers four times greater for embodied energy, 

raising its share to 40-50% of the total life cycle energy for the typical 

building useful life (30-100 years). 

In general, the operational energy considered comprises all energy 

used inside the dwelling. However, many studies remain at the final energy 

assessment without considering energy sources and related primary 
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energy use. In studies considering this aspect, Gustavsson and Joelsson 

(2010), Dodoo et al. (2011) and Santos et al. (2013) found that the energy 

source has a very important impact on the primary energy use. A passive 

house with a very low final energy demand could use more primary energy 

than a standard residential building. 

In parallel, few of these studies integrate the user behaviour effect on 

the operational energy use. While some rely on energy bills which include 

the user behaviour, e.g. Crawford (2012), the assessment of the influence 

of different household scenarios is rarely integrated. One of the studies 

which takes into account such aspects was undertaken by Blom et al. 

(2011). In their work, different operational energy scenarios are tested 

resulting in a variety of annual energy use values. The findings show that 

the variation in operational energy associated with different user 

behaviour patterns, affects the life cycle energy as well as a range of other 

environmental impact factors. All of the studies mentioned above focus 

only on the building scale and do not consider transport energy 

requirements. 

3.4.2 Studies integrating embodied, operational and transport 

energy demands 

Few studies integrate transport energy requirements in addition to 

embodied and operational energy demands of buildings. Operational 

energy is sometimes studied in combination with the transport energy and 

the urban form of the neighbourhood or city. An example addresses the 

city of Lille, France in which statistical operational figures are combined 

with user travel patterns according to the geographic location of the 

dwelling (Plateau 2006). Another example is the study by Glaeser and Kahn 

(2010) in which they have quantified the operational and transport energy 

demands of various American cities and found that energy use is 

correlated with population density. Another recently completed Belgian 

project has developed an online assessment tool to measure operational 

and transport energy use and provide guidelines for their reduction 

(Marique and Reiter 2012). At a city or regional scale, studies relying on 

input-output or hybrid analysis have determined all the energy demand 

and associated greenhouse gas emissions of the population. These studies 

(e.g. Ramaswami et al. (2008) and Heinonen and Junnila (2011b, 2011a)) 

and often include the requirements for food, clothing, leisure and other 

expenditures which are out of the scope of this work. Despite providing 
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valuable insight, these studies often do not include the embodied energy 

and remain at an urban scale. 

Only three studies integrating the embodied, operational and transport 

energy requirements over the useful life of a building were found in the 

literature. These are described hereafter, along with a study conducted by 

the author, with the results summarised in Table 3.4. 

The importance of each of the three energy requirements is highlighted 

in one of the most comprehensive studies investigating household energy 

use by Treloar et al. (2000). In their study of a typical Australian household 

living in Melbourne, the authors take into consideration a large spectrum 

of energy consuming activities including the building, belongings, 

consumables (food and others), financial operations, car travel, and 

vacations. If only the building's embodied energy (initial and recurrent), 

the operational energy (gas and electricity) and the transport energy 

(including the embodied energy of cars, registration, insurance, 

maintenance, etc.), are taken into account, the life cycle energy over 30 

years is nearly equally distributed among each requirement. 

Another study was completed by Fuller and Crawford (2011), looking at 

residential configurations in Melbourne, Australia and its suburbs. 

Integrating the embodied, operational and transport energy demands, 

their study finds great differences in the total life cycle energy demand and 

its breakdown according to the type of house and its location. For 

residential units located in the central business district, the transport 

energy has the lowest contribution with 6% (transport energy in this study 

comprised the work travel only, although the indirect consumptions such 

as infrastructure and others have been taken into account). At the same 

time, as soon as buildings are located in the suburbs, far from public 

transport infrastructure, the transport energy represents the dominant 

part of the total life cycle energy (51%). Again, as in Treloar et al. (2000), 

each energy flow represented an important share of the total life cycle 

energy. Different locations, each with its own contextual constraints, have 

been tested in the study by Fuller and Crawford, resulting in different total 

dwelling life cycle energy demands. 

The studies by Treloar et al. (2000) and Fuller and Crawford (2011) deal 

with an Australian context which may not be transferrable to European 

conditions due to different climates, city layouts, and transport 

characteristics. In order to verify that the three energy requirements each 

constitute a relevant part of the total life cycle energy demand in this 
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continent as well, a study was undertaken by the author for Brussels, 

Belgium and a suburban municipality. The details of this study can be 

found in Stephan et al. (2011). The work assesses the embodied energy 

based on figures obtained from the literature and the operational and 

transport energy based on regional and national statistics for two 

locations: one inside Brussels and the other in its outer suburbs. The 

findings again show that each energy flow represents an important part of 

the total life cycle energy (see Table 3.4) 

To reinforce the importance of integrating the building embodied and 

operational energy and the user transport energy, regardless of the 

location, a north-American study by Norman et al. (2006) was also 

reviewed. This study focuses on dwellings in the city of Toronto, Canada 

and reveals that the transport energy requirements can represent up to 

31% of the total life cycle energy demand. In their study, Norman et al. 

(2006) also find that the embodied energy accounts for only 9-12% of the 

total energy requirements. This low figure is most likely due to their 

reliance on pure input-output data which can be shown to be unreliable 

(Crawford 2004). Indeed, the initial embodied energy figures obtained, i.e. 

4.3-5.3 GJ/m², are much lower than those obtained using the input-output-

based hybrid analysis, i.e. 11.7-14.1 GJ/m². Also, the maintenance and 

recurrent embodied energy is not taken into account. Another flaw in their 

assessment is the omission of indirect energy requirements for transport 

energy. For instance, they consider an energy requirement of 0.77 

MJ/passenger-km for a street car, while Lenzen (1999), have shown that 

when including indirect energy requirements in an Australian context, this 

figure rose to 4.4 MJ/passenger-km. The figure by Lenzen is nearly equally 

split between direct (2.4 MJ - 55%) and indirect requirements (2 MJ - 45%). 

These numbers are similar to those of Jonson (2007) who found that 

indirect requirements represents 45% of the total Swedish road transport 

energy demand. The energy intensity used by Norman et al. can therefore 

be qualified as very conservative. Including indirect energy requirements 

for transport energy is therefore likely to greatly increase its share of the 

total life cycle energy demand of a household.  
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Table 3.4: Comparison of different studies integrating embodied, operational and 

transport energy expressed in GJ per capita per year 

Case Location Building 
service life 

(years) 

LCEE LCOPE LCTE EE 
method 

Treloar 
et al. 
2000 

Melbourne, 
Australia 

30 32 GJ 

24% 

52 GJ 

39% 

50 GJ 

37% 

I-O-based 
hybrid 

Fuller 
and 
Crawford 
2011 

Melbourne, 
Australia 

100 12-20 GJ 

21-43% 

11-27 GJ 

24-51% 

2-49 GJ 

6-51% 

I-O-based 
hybrid 

Stephan 
et al. 
2011 

Brussels, 
Belgium 

50 12-22 GJ 

19-29% 

21-39 GJ 

26-43% 

21-51 
GJ 

36-49% 

I-O-based 
hybrid 

Norman 
et al. 
2006 

Toronto, 
Canada 

50 5-8 GJ 

9-12% 

28-52 GJ 

60-70% 

7-27 GJ 

18-31% 

Pure I-O 

Note: LCEE = life cycle embodied energy, LCOPE = life cycle operational energy, LCTE = life 

cycle transport energy, EE = embodied energy, and I-O = input-output. 

Table 3.4 shows that the three studies utilising an input-output-based 

hybrid analysis provide much higher embodied energy figures than the 

study relying on pure input-output data. Maximum (absolute) transport 

energy figures also differ greatly due to the inclusion of indirect energy 

requirements in the studies on Melbourne and Brussels. For these three 

systemically complete cases, the life cycle operational energy accounted 

for, at most, 51% of the total life cycle energy, and at minimum 24%. In 

other terms, current energy assessments of buildings, which focus solely 

on operational energy, ignoring the embodied energy of buildings and the 

transport energy of their users, might be overlooking between 49% and 

76% of the total life cycle energy demand. 

3.5 Limitations of current approaches for a holistic life 

cycle energy assessment of buildings and their users 

Even though the energy assessment of buildings has steadily increased 

in reliability and scope over the last decades, it still suffers from a number 

of flaws. The complexity of buildings, their long service life, the variability 

in user behaviour and other factors make it hard to realistically model 

them. Tools and methods such as life cycle energy analysis attempt to 
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quantify all the energy inputs throughout a building's useful life. However, 

there is still a large uncertainty linked to these methods (Verbeeck and 

Hens 2010). While building energy simulations model the energy flows 

related to the use phase in detail, these energy simulations do not always 

integrate the microclimatic effect which can have an important impact on 

building energy use (Santamouris et al. 2001). In addition, the transport 

energy of building users is generally tackled at the city scale with only a 

few studies focusing on the user. 

Apart from these limitations which are inherent to the assessment of 

each energy type, three main problems which concern the life cycle energy 

analysis of buildings are detailed in this section. Firstly, the deterministic 

nature of the assessment with limited concern for uncertainty is described. 

Secondly, the marginal place of the user regarding building energy 

assessment is presented. The third section exposes the present 

compartmentalisation between the life cycle stages and scales in building 

energy analysis. 

3.5.1 The deterministic nature of current assessments 

Current building energy assessment, at whatever scale of the built 

environment, tends to use deterministic models in their calculations 

(Malkawi and Augenbroe 2003). A deterministic model does not include 

uncertainty and produces single scalar values as output. Deterministic 

models have the advantage of being fast to implement and to use—two 

important factors that support their popularity. However, deterministic 

models do not account for the many uncertainties related to the various 

parameters directly influencing the life cycle energy use of buildings. 

Sensitivity analysis is sometimes used in life cycle assessment (LCA) in 

order to represent the uncertainty of the results (Crawford 2011). Indeed, 

whatever the method used for conducting an LCA (process-based, input-

output-based, or hybrid analysis), a large uncertainty remains. This has 

potential to change the outcome of the study. However, this good practice 

is not a general trend and many streamlined evaluations produce a single 

value regarding the energy use of buildings. 

When it comes to building operational energy, a large array of factors 

affect the quantity of energy used. These parameters, in their diversity, 

result in combined uncertainties which are not generally addressed. De Wit 

(2003) has classified these uncertainties into four categories: 
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 Specification uncertainty: deviation between the assumed values of 
the parameters and the real situation after construction/retrofitting; 

 Modelling uncertainty: simplifications of models and associated 
assumptions; 

 Numerical uncertainty: errors related to the discretization and 
simulation of the model; and 

 Scenario uncertainty: influence of the climate and user behaviour. 

These various uncertainties can be addressed through different means. 

Notably, the numerical uncertainty can be minimized using proper 

calculation algorithms. The modelling uncertainties can be reduced if the 

assumptions made are in line with a realistic configuration of the building. 

However, the rest of the uncertainties, notably the scenario-related and 

the users influence, should also be accounted for and are often not. One of 

the means for providing a good estimation of this variability is the use of 

stochastic models (Page et al. 2008). However, this approach suffers from 

a lack of information on the probability distributions of certain variables. 

Extensive research on post-occupancy measurements is needed to 

implement reliable user behaviour schemes. 

Transport energy assessment is generally based on census data. This 

method comprises limitations such as sample size, location and other 

factors which produce uncertainty in the results . The data is generally 

presented in the form of regional averages which do not comprise 

important elements such as the standard deviation or a breakdown by 

other local factors. Also, transport energy requirements are rarely taken 

into consideration at all, partly because of the marginal place of the user in 

current building energy assessment. 

3.5.2 The marginal place of the user 

Until recently, energy analysis was seen as a technical aspect of 

buildings and was seldom addressed during the building design phase. The 

rise in awareness towards the importance of energy use in buildings has 

begun to shift this trend. 

Ignoring the user in an energy analysis might result in an incomplete 

assessment. Indeed, by focusing on the building itself, energy use related 

to the user, such as appliance energy use are not addressed in today's 

building codes regarding energy efficiency, e.g. EPBD (European Parliament 

and the Council of the European Union 2002), and 6-Star Standard 
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(Australian Building Codes Board 2010). Studies analysing the impact of 

user behaviour on operational energy use have underlined its relevance 

(Pettersen 1994; Blom et al. 2011). Moreover, energy use outside the 

physical boundaries of the building, but related to its location are 

overlooked. The transport energy of the users falls into this category. 

Finally, if the notion of sustainable architecture is considered as defined 

by de Myttenaere (2006), users should be placed at the centre of the 

assessment in their relationship with the built environment, at all scales, 

and through time. By considering a building and its users across the useful 

life of the building and at different scales of the built environment the 

resulting assessment can encompass the current compartmentalisation of 

the energy assessment of buildings and their users. 

3.5.3 The compartmentalisation of the energy assessment of 

buildings and their users 

Traditionally, the study of energy use in general has been fragmented 

into different sectors: industrial, transport and others. This segmentation, 

still based on an industrial revolution approach, does not correspond to 

today's complex interdependence of these sectors. The building sector for 

instance is classified in the "others" category by the IEA even though it 

represents the most energy-consuming single sector in OECD countries 

(IEA 2009a). At the same time, buildings and their users are responsible for 

indirect energy use located in the industrial and transport sectors. 

Accounting for these indirect energy demands when assessing a building’s 

energy profile would provide a much more comprehensive understanding 

of its energy use. 

In parallel, building energy assessment follows the traditional analytical 

paradigm of Descartes (1641) which divides a problem into irreducible 

elements which can be fully described. During the last century, scientific 

fields specialised in certain aspects of the built environment have been 

developed, e.g. town planners, material engineer, structural engineer, 

thermal engineer, etc.. While these fields have drastically improved 

knowledge in their relative areas they have also generated cross-

disciplinary barriers which are being increasingly overcome by current 

interdisciplinary research (Spiegel-Roesing and de Solla Price 1977; 

Bordons et al. 2004). 

Today, only the operational energy is generally taken into account 

when it comes to energy efficiency or energy assessment of buildings. 
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Most national programs aim at reducing the operational energy of 

buildings. While these policies have a praiseworthy aim, they might be 

looking only at the tip of the iceberg and may lead to unexpected increases 

in energy use in other sectors, such as manufacturing and transport. 

3.6 Summary 

This chapter has first reviewed current methods and tools used to 

quantify the various energy inputs occurring during a building's life cycle 

before comparing four studies integrating the embodied and operational 

energy of buildings and the transport energy of their users. 

Life cycle energy analysis (LCEA) of buildings integrates all energy flows 

across the building useful life including requirements for raw material 

extraction, manufacturing, construction, operation and maintenance and 

demolition. This tool provides a holistic assessment of building energy use 

and can be used to analyse the building at different resolutions, from the 

material to the city scale. However, LCEA is rarely used at a whole building 

scale and its full potential is often under exploited due to the complexity of 

the assessment. 

Building embodied energy accounts for the energy inputs required for 

the raw material extraction, manufacturing, construction and sometimes 

demolition/recycling of the building. Studies have shown that the 

recurrent embodied energy, i.e. the energy required for the replacement 

of building components across its lifespan, and the maintenance energy 

can represent a higher share than the initial embodied energy, especially 

with a long building useful life. The use of input-output-based hybrid 

analysis to quantify the embodied energy of buildings typically generates 

higher figures compared to process analysis and input-output analysis due 

to the higher systemic completeness of this approach. 

Building operational energy is the most studied life cycle energy flow. 

Various building energy simulation tools can be used to quantify different 

types of operational energy such as space heating and cooling, ventilation, 

lighting, domestic hot water, etc.. Appliances energy demand is however 

rarely quantified since it depends more on the user. Moreover, user 

behaviour models or different user scenarios are seldom used in these 

simulation tools which rely on a 'default user' approach. This often results 

in simulation results which can diverge significantly from post-occupancy 

measures. 
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User transport energy is usually assessed at a city scale in studies 

focusing on mobility and overall energy use. However, studies show that 

land use characteristics and urban patterns, generated from the layout of 

buildings are correlated closely with transport energy use. Moreover, these 

findings are complemented by others emphasizing the importance of 

socio-economical aspects related to the user. Studies show that the 

transport energy requirements can represent a considerable share of the 

overall life cycle energy demand of a building and its users. 

The few studies which have combined embodied, operational and 

transport energy found that energy flows which are not currently 

universally integrated, i.e. embodied and transport energy, often represent 

more than half of the total life cycle energy requirement of buildings. In 

other terms, if the embodied and transport energy are not integrated in 

the assessment, improving the operational energy efficiency may not 

significantly reduce total energy use and could even increase it. 

Building life cycle energy analysis, as it is commonly used today 

presents some major flaws. First, data uncertainty and parameter 

variability are rarely taken into account and most tools rely on a 

deterministic approach. Secondly, the user behavioural patterns are rarely 

considered and default user input parameters are often used for 

modelling, possibly resulting in energy demands that can diverge 

considerably from post-occupancy measurements. Moreover, user-related 

energy use such as appliances energy and user transport energy is rarely 

integrated. Thirdly and most importantly, the energy assessment of 

buildings is highly fragmented with different tools looking at particular 

stages of the life cycle or scales of the built environment. Embodied energy 

analysis measures the energy requirements at the materials and assembly 

scale of the building, simulation tools assess the operational energy 

demand and large scale city census data is used to derive direct transport 

energy. This fragmentation results in a compartmentalised view of the 

problem with a single facet shown at a time. 

3.7 Research questions 

A framework and tool that can provide a comprehensive life cycle 

energy assessment of residential buildings at the early stage of the design 

phase for both new buildings and retrofit cases is desperately needed. This 

comprehensive framework would help architects, town planners, 

engineers, and researchers to quickly test different configurations 
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pertaining to the building location, properties, choice of materials, number 

of users, etc.. The development of a framework aiming to assess residential 

buildings at different scales of the built environment, and across their 

useful life forms the main goal of this thesis. This will be informed by 

answering the following research questions which will be addressed in the 

rest of this work. 

 Can the embodied, operational and transport energy requirements of 
residential buildings and their users be integrated into a single 
framework? 

 What are the simplifications/assumptions required to produce a 
simple yet realistic assessment tool that automates all required 
calculations for a comprehensive life cycle energy analysis of 
residential buildings? 

 How can integrating the embodied, operational and transport energy 
demands at both the building and urban scale inform planning and 
building design? 
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4 A comprehensive life cycle energy 

analysis framework for residential 

buildings 

The total energy demand associated with residential buildings and their 

users depends on a variety of factors at different scales of the built 

environment. In Chapter 2, the relationship between energy, buildings and 

their users has been discussed. The relevance of using energy use as a 

proxy for environmental impacts has been shown. A brief history of 

building energy analysis has also been given. Chapter 3 has reviewed 

current methods of energy assessment for the different energy flows, i.e. 

embodied, operational and transport energy requirements. This review has 

highlighted some of the major limitations of current building energy 

assessment methods. 

Studies integrating the three energy requirements, i.e. embodied, 

operational and transport, have also been presented. These reveal that the 

embodied and user transport energy represent in all cases the largest 

share of the total life cycle energy of buildings and their users. 

Currently, operational energy is often the sole focus of building energy 

assessment. The study of embodied and user transport energy demands is 

usually undertaken in an isolated process, providing fragmented views of 

the problem. The marginal place of the user and the lack of uncertainty 

assessment in most previous building energy analysis studies have also 

been highlighted. 

These observations have emphasized the urgent need to develop a 

framework for the comprehensive analysis of energy use of residential 

buildings through their useful life. 

The aim of this chapter is to define the research method used in order 

to answer the research questions presented at the end of Chapter 3 and 

develop a framework and software tool for an integrated life cycle energy 

assessment of residential buildings. 

The framework, its goal, scope and the different stages involved in its 

development are first described. The different quantification techniques 

used for the embodied, operational and transport energy are then 

presented. The conversion of energy demand to associated greenhouse 
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gas emissions, which are closely related to the phenomenon of global 

warming, is then detailed. The integration of uncertainty is discussed 

before giving an overview of the software tool which formalises the 

framework. Case studies used to validate and test the tool, as well as 

explore the ways in which a more holistic assessment could inform design, 

are briefly presented. 

4.1 Goal, scope and development 

Assessing the life cycle energy use of buildings and their users at 

different scales of the built environment through a single integrated 

framework is, by essence, a complex problem requiring the combination of 

different assessment techniques. 

The goal, scope, data requirements and research steps involved are 

described hereafter. 

4.1.1 Goal of the framework 

The ultimate goal of the framework and tool is to provide the required 

information for reducing energy use in residential buildings and the built 

environment. This will potentially contribute to reduce resource 

consumption rates and related greenhouse gas emissions which are 

responsible for disturbances in the climatic equilibrium of our planet (IPCC 

2007). 

The direct outcome of the developed framework is to implement a 

flexible tool which comprehensively and quantitatively assesses the life 

cycle energy use of residential buildings and their users. The framework 

and tool will provide a much broader perspective regarding the energy use 

of these buildings and will inform design from a new perspective. 

The audience of the tool includes architects, town planners, engineers, 

researchers and decision makers. The more holistic life cycle energy 

analysis will help assessors minimise energy demand at the different scales 

of the built environment. 

4.1.2 Scope of the framework 

The developed framework will perform a so-called ‘early stage 

assessment’ to identify energy intensive activities across the different life 

cycle stages of a residential building and at different scales of the built 

environment. 
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Existing buildings can be audited regarding their operational and 

transport energy use, and in cases where data is available for the materials 

used, their embodied energy. 

The life cycle energy use of new buildings, in terms of embodied, 

operational and transport energy can be calculated. Based on the results, 

the assessor can then make enlightened decisions to reduce the energy 

use related to the building. 

The life cycle energy demand of the building and its users is defined as 

the sum of the life cycle embodied, operational and user transport energy 

demand, and the life cycle embodied energy of infrastructure. These 

infrastructures, such as roads or power lines, are essential for the 

operation of the building and should thus be included in the assessment. 

An energy assessment of buildings at the early stage of design results in 

constraints related to the amount of available information. In general, 

many design aspects are not already addressed at an a early stage. Hence, 

assumptions and simplifications must be made to overcome this lack of 

information and still produce useful results. 

In addition, the framework should be flexible enough to allow the 

progressive replacement of automated calculations with more accurate 

data when it becomes available. Hence, at an advanced stage of design, 

the framework can be used as a compiler in which the assessor can input 

the known variables and where the remaining gaps are automatically 

calculated. 

4.1.2.1 System boundary 

The energy use resulting from raw material extraction, material 

manufacture, construction, operation and maintenance is taken into 

account at both the building and city scales. Therefore, the building 

embodied and operational energy are considered as well as the embodied 

energy of required infrastructures and transport modes (including direct 

and indirect energy use). 

Energy required for demolition and disposal of building materials is not 

taken into account since it is negligible compared to the energy 

requirements related to the assessed stages of the life cycle (see 

Section 3.3.1.3). Greenhouse gas emissions resulting from energy use are 

also considered. 
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The scope of this study is much larger than typical life cycle 

assessments of the built environment which often exclude the operation 

and maintenance stage (Finnveden et al. 2009). Moreover, the 

consideration of energy use at a city scale, i.e. infrastructures and user 

transport, has rarely been undertaken in previous building energy 

assessments, as discussed in Section 3.4. The framework analyses 

residential buildings and related infrastructures across the defined useful 

life of the building, which is referred to as the building design life (from an 

assessor point of view). The framework will also allow the study of urban 

districts, composed of different buildings. 

 

Figure 4.1: Life cycle stages taken into account within the proposed framework 

Source: Adapted from Crawford (2011) 

4.1.2.2 Functional unit 

The functional unit assessed by the framework is either a building or a 

district, across its life cycle. This environmental impact of this functional 

unit is measured using various reference flows. 

Sixteen different reference flows are chosen to assess the life cycle 

energy demand and associated greenhouse gas emissions of a residential 

building or district. These flows provide a measure of energy use and 

greenhouse gas emissions from the building, user, household and district 

perspectives. The various reference flows used in this work are shown in 

Table 4.1. 
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Table 4.1: Reference flows used in the framework and tool 

Impact category Unit Assessed entity 

Energy use GJ Building or district 

Energy use GJ/year Building or district 

Energy use GJ/m² Building or district 

Energy use GJ/capita Building or district 

Energy use GJ/km² District 

Energy use GJ/m².year Building or district 

Energy use GJ/capita.year Building or district 

Energy use GJ/km².year District 

Global warming potential kgCO2-e Building or district 

Global warming potential kgCO2-e/year Building or district 

Global warming potential kgCO2-e/m² Building or district 

Global warming potential kgCO2-e/capita Building or district 

Global warming potential kgCO2-e/km² District 

Global warming potential kgCO2-e/m².year Building or district 

Global warming potential kgCO2-e/capita.year Building or district 

Global warming potential kgCO2-e/km².year District 

Choosing the usable floor area as a denominator allows the comparison 

of buildings of different sizes. This reference flow has been globally used as 

a quantitative building energy efficiency indicator. Hence, the comparison 

of results between this work and others is better facilitated with the use of 

this reference flow. Expressing results on a per capita basis takes into 

account social differences (García-Casals 2006) and accounts for the 

difference of lifestyle, e.g. the floor area per capita in different households. 

Providing an overall energy use informs the assessor of the total energy 

use of the household or district and makes it easier to measure the total 

environmental impact. The output expressed per km² of district is useful 

for comparing larger built areas. Finally, all of the above can also be 

expressed per year of period of analysis to be able to compare buildings or 

districts with different design lives. 
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4.1.3 Data requirements 

The framework developed in this work relies on different datasets to 

quantify the embodied, operational and transport energy demands. 

Averaged values for different building types, assemblies and urban 

contexts are used to determine the life cycle energy use of a residential 

building. Consequently, a database related to each quantified energy flow 

is required. 

Embodied energy databases exist for different countries. Software such 

as Gabi®, Simapro® and Athena® provide process-based data and 

sometimes input-output-based figures as well. No existing software 

comprise embodied energy figures calculated according to the input-

output-based hybrid approach. Hence, embodied energy figures are likely 

to be underestimated when process analysis or input-output analysis data 

is used, as shown by Crawford (2011). 

Embodied energy data for materials are then aggregated into 

embodied energy figures for commonly used construction assemblies and 

infrastructures. These are then combined to produce the embodied energy 

requirements of the building and related infrastructures. Thus, databases 

of construction assemblies and infrastructures are required. 

The calculation of the operational energy relies on census data 

collected at a regional or national level and on basic heat transfer 

equations. Therefore census data of operational energy per capita, broken 

down into the end-uses defined in this work, i.e. ventilation, lighting, 

cooking, hot water and appliances, is needed. When data for a specific 

service is not available, the breakdown is made at a more aggregated level. 

For example, if no energy use figures for lighting are available, these are 

often integrated into the energy demand for appliances. 

The energy demand for heating and cooling is calculated according to 

the heat transfer coefficient of the building envelope and climatic data. 

Therefore, heat transfer values of used assemblies should be integrated 

into the database of assemblies. Climatic data of the city is also required to 

determine the heating and cooling energy demand. Software such as 

Meteonorm® can provide such data. 

The user transport energy demand requires travel distance and modal 

split transport data as well as modal energy intensity coefficients. Travel 

census data is often collected in many countries and is usually made 

available to the public. However, while direct energy intensity coefficients 
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for different modes of transport are often available, the indirect 

requirements are rarely available. Indirect energy intensities may be 

assumed based on studies for a similar transportation context. 

The greenhouse gas emissions associated with all the assessed energy 

demands are also taken into account in this work. Greenhouse gases 

associated with embodied energy are generally integrated in the same 

data set while emissions related to operational energy use are calculated 

based on the energy source. The direct greenhouse gas emissions resulting 

from user mobility are often directly available from the transport mode 

manufacturer. Indirect transport emissions are derived from input-output 

analysis, as for indirect energy requirements. 

Hence, data requirements are critical to this research and greatly 

condition its applicability. Indeed, in the case where no data is available, 

assumptions must be made and the reliability of results can be hindered. 

4.1.4 The different steps involved in the development of the 

framework 

The framework developed in this work involves three different steps: 

the development of the framework, the implementation of a software tool 

and the testing of the framework and tool through case studies. These 

steps are shown in Figure 4.2. 

The development of formulas for the quantification of the various 

energy flows (1) i.e. embodied, operational and transport energy is 

presented respectively in Sections 4.2, 4.3, and 4.4 and further described 

where necessary in Chapter 5. 

The software tool (2) is developed according to the equations 

determined in step 1. More details about the software tool can be found in 

Section 4.9 and Chapter 5. The databases for embodied, operational and 

transport energy analysis are compiled and linked to the tool. 

Finally, the software tool is validated using a case study in Melbourne, 

Australia and its potential is tested through two other case studies (3). An 

overview of the case studies is given in Section 4.10 and more details can 

be found in Chapter 6. 
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Figure 4.2: The different steps of the life cycle energy analysis of residential buildings 

framework development 

4.2 Assessment of embodied energy 

Embodied energy, which is rarely taken into account in the energy 

assessment of buildings, can represent an important share of their total life 

cycle energy demand (Treloar et al. 2000; Sartori and Hestnes 2007; 

Crawford 2011; Fuller and Crawford 2011; Stephan et al. 2011). At a whole-

building scale, the embodied energy can be seen as the sum of all the 

energy inputs required to manufacture and transport each constituting 

material as well as all related services such as insurance, marketing, 

administration and others. The direct construction energy requirements 

are also included. 

Across the building useful life, building materials will be replaced. Their 

replacement can occur for different reasons such as physical, economic, 

functional, technological, social, legal and political (Conejos and Langston 

2010). The replacement of building materials, which require energy for the 

production, results in a recurrent embodied energy demand. Since there is 

a large uncertainty regarding the actual service life of a material, the 

recurrent embodied energy demand will also vary. 
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Recurrent embodied energy, which is defined as the amount of energy 

required for the replacement of building materials throughout the building 

design life, is taken into account. In most existing studies, recurrent 

embodied energy is often assumed as a percentage of the initial embodied 

energy, depending on the useful life of the building (Fay et al. 2000; 

Newton 2000; Treloar et al. 2000; Fuller and Crawford 2011). Commonly 

used values range between 20% and 35% over 50 years. In this work, the 

recurrent embodied energy calculation is based on the replacement rate of 

building materials according to their service lives. This provides a more 

reliable figure for recurrent embodied energy. 

On a larger scale the building depends on infrastructure such as roads, 

the electricity grid, sewage, water and gas distribution, etc.. The energy 

required to build and maintain such infrastructure should therefore be 

attributed to the beneficiary buildings which would not otherwise be 

operational. Also, studies by Treloar et al. (2004) and Santero et al. (2011a, 

2011b) have revealed that paved roads, the most common infrastructure, 

require a large amount of energy for construction and maintenance. The 

embodied energy of infrastructure might therefore represent a significant 

share of the life cycle energy demand and should be taken into account. 

The following sections discuss the selection of the embodied energy 

assessment techniques used to quantify embodied energy in this study and 

present the equations and formulas used in the framework and tool. 

4.2.1 Selection of appropriate embodied energy quantification 

techniques 

Determining the embodied energy of construction materials is 

performed through an embodied energy analysis, a form of streamlined 

life cycle assessment. Therefore the quantification of embodied energy can 

rely on any of the same techniques used in a conventional life cycle 

assessment: process analysis, input-output analysis or hybrid analysis 

(refer to Section 3.1.3.2). 

Among these approaches, the input-output-based hybrid approach, 

developed by Treloar (1997; Treloar 2007), has been shown to be superior 

to others (process analysis and input-output analysis) through its wider 

system boundaries and completeness (Finnveden et al. 2009). The use of a 

hybrid analysis approach in also advocated by a number of studies (Suh et 

al. 2004; Dixit et al. 2010; Majeau-Bettez et al. 2011; Dixit et al. 2012; Dixit 
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et al. 2013). In a case study on an Australian building, Crawford (2011) has 

demonstrated that embodied energy figures from process analysis and 

input-output analysis represented 26.5% and 53.3% of those obtained 

through input-output-based hybrid analysis, respectively. Moreover, the 

initial embodied energy per usable floor area, calculated with the process-

based analysis technique, is comparable to results in a European context, 

i.e. around 3 GJ/m² (see Section 3.4). The embodied energy figures 

obtained with techniques other than the input-output-based hybrid 

analysis tend to be much lower, producing incomplete and unreliable 

results. The input-output-based hybrid analysis approach is therefore 

chosen in this work. 

4.2.2 Embodied energy calculations 

Within the scope of this research, embodied energy is assessed at the 

building level, i.e. as the sum of the embodied energy of its components, 

and at an urban scale, taking into account the infrastructure embodied 

energy. 

Using the input-output-based hybrid approach, Treloar and Crawford 

(2010) have developed so-called hybrid coefficients for construction 

materials in Australia. These are multiplied by material quantities of a 

building and summed to determine its total initial embodied energy, 

calculated as per the process-based hybrid analysis. Energy requirements 

related to services upstream in the economy are accounted for by adding 

the input-output remainder. 

While hybrid coefficients have been calculated for Australia, the 

majority of databases around the world only provide process-based data. 

Since the input-output-based hybrid analysis model, developed by Treloar 

and Crawford, is only available for Australia, the case study used to 

validate the tool is also based on an Australian context. 

For the case study outside Australia, i.e. in Belgium, the Australian 

figures for embodied energy are also used. This implies some errors in the 

embodied energy figures obtained for the Belgian case study, notably at a 

disaggregated level since energy intensities at a material level can differ. 

However, at a whole building scale, these differences will most likely be 

evened out. Indeed, most embodied energy studies at a whole building 

level, conducted in Europe, and using process-based analysis data, produce 

similar numbers to Australian studies relying on the same technique but 

different data (see Section 3.4). 
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The formulas for embodied energy analysis are grouped by scale: 

common formulas, building scale formulas and finally urban scale 

formulas. 

4.2.2.1 Formulas common for the building and urban scale 

The input-output-based hybrid analysis technique combines 

input-output data with process data to produce systemically complete 

figures for embodied energy. The database of materials used in this work 

and developed by Treloar and Crawford (2010) comprises hybrid 

coefficients which are determined according to Equation 4.1. Process data 

is added to input-output data for the related sector from which energy 

inputs representing the process data are removed to avoid double 

counting. 

1

n

m m n i m
i

EC PER TER DER P


 
    

 
 

  Equation 4.1 

Where: 

ECm = Hybrid energy coefficient of the basic material in GJ/unit of 

material; 

PERm = Material process energy requirement in GJ/unit of material; 

TERn = Total energy requirement of the input-output sector n, 

representing the material in GJ/currency unit; 

DERi = Direct energy requirement of the input-output pathways 

representing the material production process for which 

process data is available, in GJ/currency unit; and 

Pm = Total price of the basic material in currency units.  

Hybrid energy coefficients are expressed in GJ/unit of material. This 

unit can be weight, volume, surface area, length or other. Therefore, the 

hybrid coefficient should be multiplied by the relevant quantity of material 

expressed in the same unit to keep the equation dimensions coherent. 

These process-based hybrid coefficients can be used to determine both 

the building embodied energy and the infrastructure embodied energy, 

based on the materials and related quantities used in each. 
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4.2.2.2 Building embodied energy 

The components making up a residential building can be broken down 

into different categories such as structure, finishing, systems and envelope. 

The embodied energy of the building can therefore also be broken down 

into different categories. This will provide a clearer picture to the assessor 

regarding the most energy demanding category over the building design 

life. 

BUILDING INITIAL EMBODIED ENERGY 

The initial embodied energy of the building is determined by the choice 

of materials, their hybrid energy coefficients and the quantity of materials 

used. The initial embodied energy is the sum of the product of all material 

quantities by the corresponding hybrid energy coefficient. The direct 

energy associated with the construction of the building and the provision 

of related services are determined based on pure input-output data as 

process data dos not typically exist for these items. It is crucial to include 

the services which are not directly linked to the material production but 

which are essential to its manufacture such as insurance, marketing, 

administration and others. These services can represent a significant share 

of the total embodied energy (Finnveden et al. 2009). Equation 4.2 is used 

to determine the building initial embodied energy. The determination of 

the bill of quantities of the building is described in Section 5.4.2 since it is 

related to the software tool and not to the general framework. 
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   Equation 4.2 

Where: 

IEEb = Total initial embodied energy of building b, in GJ; 

ECm = Hybrid energy coefficient of material m, in GJ/unit of material; 

Qm = Quantity of material m, in units of material; 

TERn = Total energy requirement of the building construction-related 

input-output sector n, in GJ/currency unit; 

TERm = Total energy requirement of the input-output pathways 

representing the material production processes for which 

process data is available, in GJ/currency unit; and 

Pb = Price of the building, in currency units. 
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BUILDING RECURRENT EMBODIED ENERGY 

The recurrent embodied energy of a residential building is considered 

in this work as the sum of the energy requirements for the replacement of 

materials throughout the considered building design life. The idea is to 

consider the different materials year by year, and to account for the 

required embodied energy amount when a material replacement occurs, 

at the end of its useful life. 

It is assumed that as soon as a material reaches its useful life, it is 

replaced, regardless of its parent assembly. This assumption is not realistic 

as building design will greatly affect which materials can be replaced 

individually without replacing the whole assembly. This assumption could 

result in a slight distortion of recurrent embodied energy figures. However, 

accounting for the recurring embodied energy at each material 

replacement can inform the assessor about the most energy intensive 

materials, over the useful life of the building. Also, this can allow the 

assessor to indentify when significant replacements of materials and the 

associated embodied energy input do occur. This can inform the selection 

of materials and the design of assemblies to optimise their maintenance 

and replacement over time. For these reasons recurrent embodied energy 

is modelled as per Equation 4.3. 
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Equation 4.3 

Where: 

REEb = Total recurrent embodied energy of building b, in GJ; 

BDSL = Building design life, in years; 

y = Year of BDSL; 

ECm = Hybrid energy coefficient of material m, in GJ/unit of material; 

Qm = Quantity of material m, in units of material; 

TERn = Total energy requirement of the building construction-related 

input-output sector n, in GJ/currency unit; 

TERm = Total energy requirement of the input-output pathways 

representing the material production processes for which 

process data is available, in GJ/currency unit; 
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TERi≠m = Total energy requirements of all input-output pathways not 

associated with the installation or production process of 

material m being replaced, in GJ/currency unit; 

Pm = Price of the replaced material, in currency units; 

lm = Service life of the material m, in years; and 


 = The set of non-zero natural numbers. 

Equation 4.3 sums the embodied energy of the materials which are 

replaced across the building design life. Multiple cycles can occur if the 

building design life is lower than the adopted period of analysis (e.g. a 

building with a useful life of 30 years will be replaced three times during a 

period of analysis of 100 years). Therefore, plotting the function REEb(y) 

would produce a staircase graph in which each leap corresponds to the 

replacement of a material which has reached its design life. Because of the 

algorithm used, there is always an exact number of material replacement 

(e.g. 1, 2, 3, 4) and therefore there is no rounding of the number of 

replacements at any time. Another assumption made in this case is that 

the embodied energy of a material in the future is the same as today. 

BUILDING LIFE CYCLE EMBODIED ENERGY 

The total energy requirements for the raw materials extraction, 

manufacturing, transport and construction of all building materials as well 

as their replacement over the design life of the building is calculated as the 

sum of the initial and recurrent building embodied energy. 

b b bLCEE IEE REE   Equation 4.4 

Where: 

LCEEb = Life cycle embodied energy demand of building b in GJ; 

IEEb = Initial embodied energy of building b in GJ; and 

REEb = Recurrent embodied energy of building b in GJ. 

4.2.2.3 Infrastructure embodied energy 

On a larger scale, buildings depend on multiple infrastructures for 

different purposes such as energy delivery, water delivery, waste water 

disposal and user transport. According to its context, a residential building 

uses shared facilities or requires costly installations to be connected to the 

infrastructure grid. 
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This work takes into account the embodied energy of the following 

infrastructures: 

 Roads; 

 Water system; 

 Sewage system; 

 Electric grid (low voltage); and 

 Gas delivery grid (if existent). 

While other infrastructure systems such as telephone and internet 

connection could be integrated, these are not included in this research. 

The embodied energy of all considered infrastructures is summed to 

determine the infrastructure embodied energy. 

In order to calculate the embodied energy associated with 

infrastructures, coefficients per linear unit are first determined. These are 

obtained by multiplying the hybrid coefficients by the relevant quantities 

required to produce one linear unit of infrastructure, e.g. one linear meter 

of sewage pipe. 

 
1

M

inf m m
m

EC EC QL


   Equation 4.5 

Where: 

ECinf = Embodied energy per linear unit for the infrastructure inf (e.g. 

roads), in GJ/m; 

ECm = Hybrid energy coefficient of material m used in inf (e.g. roads), 

in GJ/unit of material; and 

QLm = Quantity of material m, in units of material/linear metre of 

infrastructure. 

The linear energy coefficient of an infrastructure is obtained by 

multiplying the energy coefficients of each composing material by the 

quantity of material per linear unit of infrastructure. In this case, the 

figures obtained are process-based hybrid figures which do not account for 

the energy requirements of related services in relation to infrastructure 

construction. This is because the input-output data used to quantify the 

energy associated with this external services is not added to the material-

related embodied energy. Hence, the figures for infrastructure are slightly 

underestimated. This is discussed further in Chapter 8. 
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INFRASTRUCTURE INITIAL EMBODIED ENERGY 

Equation 4.6 describes the calculation of the initial embodied energy of 

a certain infrastructure. 

inf inf infIEE EC D   Equation 4.6 

Where: 

IEEinf = Initial embodied energy of the infrastructure inf (e.g. roads), in 

GJ/km²; 

ECinf = Hybrid energy coefficient of material m, in GJ/m; 

Dinf = Density of infrastructure inf (e.g. roads), in m/km². 

The initial embodied energy of infrastructures is calculated by 

multiplying the linear embodied energy coefficients by the density of 

infrastructure in the building neighbourhood. 

INFRASTRUCTURE RECURRENT EMBODIED ENERGY 

The recurrent embodied energy of infrastructures is determined using 

the same logic as for the buildings: each material is replaced at the end of 

its service life across the period of analysis. The implications of this 

assumption were presented in Section 4.2.2.2 above. 

As for the initial embodied energy, the recurrent embodied energy of 

infrastructures is also calculated using process-based hybrid analysis, as 

per Equation 4.1. 
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 Equation 4.7 

Where: 

REEinf = Total recurrent embodied energy of an infrastructure inf (e.g. 

roads), in GJ/km²; 

POA = Period of analysis, in years; 

y = Year of POA; 

ECm = Hybrid energy coefficient of material m used in inf (e.g. roads), 

in GJ/unit of material; 
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QLm = Quantity of material m, in units of material/linear metre of 

infrastructure; 

Dinf = Length of infrastructure inf (e.g. roads), in linear metre of 

infrastructure/km²;  

lm = Service life of a material m used in inf (e.g. roads), in years; and 


 = The set of non-zero natural numbers. 

INFRASTRUCTURE LIFE CYCLE EMBODIED ENERGY 

The life cycle embodied energy of an infrastructure is defined as the 

sum of its initial and recurrent embodied energy requirements and is 

calculated as per Equation 4.8. 

inf inf infLCEE IEE REE   Equation 4.8 

Where: 

LCEEinf = Life cycle embodied energy demand of the infrastructure inf 

(e.g. roads), in GJ/km²; 

IEEinf = Initial embodied energy of the infrastructure inf (e.g. roads), in 

GJ/km²; and 

REEinf = Recurrent embodied energy of the infrastructure inf (e.g. 

roads), in GJ/km². 

LINKING INFRASTRUCTURE LIFE CYCLE EMBODIED ENERGY TO THE BUILDING 

In nearly all cases, a residential building will share the embodied energy 

associated with infrastructures with other nearby buildings which also use 

the same facilities. The infrastructure embodied energy must therefore be 

divided among all the households benefiting from these public services. 

Many studies have linked infrastructure cost with land use 

characteristics, such as density (Ladd 1992; Carruthers and Ulfarsson 2003; 

Halleux 2003; Rickwood et al. 2008). Spatial metrics are also considered in 

this work to assess the embodied energy of infrastructures. 

The embodied energy of infrastructures within a square-shaped area of 

one km² of land area in which the building is located is divided equally 

among the number of occupants living within the area. The number of 

occupants living in an area of one km² is the residential population density. 

The infrastructure embodied energy of each residential building is 

obtained by multiplying the resulting figure by the number of occupants. 

Therefore, the infrastructure energy per capita will be lower in a dense 
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urban environment. This trend was observed in an empirical study in the 

USA by Carruthers and Ulfarsson (2003). Equation 4.9 shows how the 

embodied energy required for infrastructure is calculated. 

inf
inf, b

LCEE NU
LCEE

Density


  Equation 4.9 

Where: 

LCEEinf,b = Life cycle embodied energy of the infrastructure inf (e.g. roads) 

attributed to the building b, in GJ; 

LCEEinf = Life cycle embodied energy per linear unit for the 

infrastructure inf (e.g. roads), in GJ/km²; 

Density = Density of the urban area in which the residential building is 

located, in inhabitants/km²; and 

NU = Number of users within the residential building. 

Values for the total length of infrastructure and density within one km² 

are based on empirical survey data where available and on representative 

cases of urban, suburban and regional scenarios otherwise. Details about 

the determination of these values for the case studies can be found in 

Chapter 6. 

The life cycle infrastructure embodied energy is then obtained by 

summing the individual embodied energy requirements of the different 

infrastructures considered as per Equation 4.10. 

1

INF

b inf, b
inf

LCIEE LCEE


   Equation 4.10 

Where: 

LCIEEb = Life cycle infrastructure embodied energy demand attributed 

to the users living in building b, in GJ; and 

LCEEinf,b = Life cycle embodied energy of the infrastructure inf (e.g. roads) 

attributed to the building b, in GJ. 

4.3 Assessment of operational energy 

Operational energy is the most assessed energy flow in building energy 

analysis. According to all studies combining embodied, operational and 

transport energy related to buildings, the energy requirements during the 
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operation stage of the building life cycle represent an important share of 

the overall energy demand, i.e. 24-51% (see Section 3.4.2). 

This work breaks down building operational energy into requirements 

for heating, cooling, ventilation, domestic hot water, lighting, cooking and 

appliances. This breakdown is often used for energy use statistics of 

residential buildings such as in DEWHA (2008). 

Through the building design life, the efficiency of systems delivering 

specific services such as heating will deteriorate inducing a continuous rise 

in the operational energy demand until the system is replaced. Information 

about the deterioration of HVAC systems can be found in Griffith et al. 

(2008). However, this information is still scarce and there is little historic 

data on the changes of the building thermal performance in particular (de 

Wilde et al. 2011) and operational performance in general. In their study, 

de Wilde et al. (2011) recommend relying on simple scenario methods to 

address this issue. 

The deterioration of operational energy systems and its impact on the 

life cycle energy demand is not included in the calculations because of the 

scarcity of data regarding this topic. This aspect could be integrated to the 

framework at a future stage. 

This section discusses the different available techniques to quantify 

operational energy over the period of analysis and provides the equations 

and formulas used in the framework and tool. 

4.3.1 Selection of appropriate operational energy quantification 

techniques 

Annual operational energy demand can be calculated in three different 

ways: through building energy simulations, through static energy equations 

and using average empirical data. 

4.3.1.1 Building energy simulation software 

Building energy simulation is the most accurate way of predicting the 

operational energy use of buildings. Simulation programs are becoming 

increasingly complex and can quantify the energy demand for heating, 

cooling, ventilation, lighting, hot water and sometimes appliances (Crawley 

et al. 2008). 

However, this approach also requires detailed information about the 

building geometry, envelope composition, systems specifications, 
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occupancy schedule, climatic data and other parameters. At an early stage 

of design, very little is known about many of these parameters. Moreover, 

building energy simulation is very time-consuming (Malkawi and 

Augenbroe 2003). 

Therefore, building energy simulation programs will not be used in this 

work to determine the annual operational energy of residential buildings. 

However, the framework software tool will allow bypassing the 

implemented calculation method in case more accurate data, obtained 

through dynamic simulation or energy bills, becomes available. 

4.3.1.2 Static energy equations 

Static heat-transfer equations, also known as steady-state equations, 

can be used to quickly assess the thermal energy demand of a building. 

These equations rely on average building characteristics and climatic data. 

The latter is generally expressed in heating or cooling degree days or hours 

which are explained in Section 4.3.2.1. Building characteristics often 

comprise the average heat transfer coefficient (U-value), the heat transfer 

area, the ventilation flow and others. From a thermal balance point of 

view, solar gains and free heat from electronic equipment should also be 

accounted for. 

Static equations can provide a quicker alternative to building energy 

simulations. However, this technique also generally requires considerable 

input from the assessor such as the building orientation, glazing surfaces, 

envelope heat transfer coefficient and ventilation rates. These parameters 

are often not known at the early stage of building or neighbourhood 

design. 

Only the heating and cooling energy demands are determined through 

static heat transfer equations while the remaining operational energy 

end-uses are typically derived through average empirical data (see 

Section 4.3.1.3). To simplify the assessor's input, only heat transfer values 

of envelope assemblies are required along with climatic data of the site in 

the form of heating degree hours and cooling degree hours. The value of 

the balance temperature chosen takes into account average solar and 

internal gains. This method provides an approximation of the space 

heating and cooling demands and could deviate from actual figures. 

Indeed, the algorithm used does not take into account hygroscopic and 

thermal mass effects and does not rely on a dynamic simulation which 

allows a more precise modelling of building physics. However, since the 
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shortest time period considered in this framework is a solar year (i.e. 365 

days or 8760 hours), figures obtained with static equations are judged 

suitable and thus this approach will be used within the developed 

framework and software tool. 

4.3.1.3 Average empirical data 

Besides dynamic energy simulation and static energy equations, 

average empirical data can be used to quantify the operational energy 

demand of a residential building. This type of approach, while providing 

the lowest accuracy of the three methods, has many advantages. 

The use of average empirical data is the fastest way of determining the 

operational energy demand since figures are readily available and need to 

be attributed to the relevant building and user type. The only requirement 

for using this technique is the availability of the data. 

Many studies rely on average empirical data to quantify operational 

energy of buildings at an early stage of assessment or at a city scale. The 

works of Fuller and Crawford (2011) and Howard et al. (2012) are 

examples. 

The framework will therefore rely on average national and regional 

empirical data to quantify the annual operational energy demand for hot 

water, lighting, cooking and appliances. 

Relying on national and regional averages to determine the average 

consumption of a single building can result in a significant divergence from 

measured figures for a single case. Hence, the variability related to user 

behaviour should be taken into account (see Section 4.8). 

4.3.2 Operational energy calculations 

Operational energy depends on two different sets of variables: 

building-related variables such as size, thermal properties, installed 

systems, and user-dependant variables, mainly the number of inhabitants 

(Erlandsson and Borg 2003). In order to simplify the calculations, the 

different operational energy demands will be calculated either in relation 

to the building, on a per square metre basis, or in relation to the user, on a 

per capita basis. 
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4.3.2.1 Calculating operational energy in close relation to the building 

HEATING ENERGY DEMAND 

The energy demand for heating depends on the heat losses of the 

building as detailed in Section 3.3.2.1. Heat losses in a building occur 

through conduction, convection, and radiation. These different heat loss 

mediums can be combined into a single parameter, i.e. the heat transfer 

coefficient or U-value. Equation 4.9 gives the formula for the U-value of an 

envelope element such as a wall or roof. 

1

1

1 1
e I

i

ext i inti

U
t

h h




 
 

Equation 4.11 

Where: 

Ue = U-value of the envelope element e, in W/(m²K); 

hext = Heat transfer through convection and radiation to the exterior, 

in W/(m²K); 

i = Constituting material of the envelope element; 

ti = Thickness of the material i, in m; 

λi = Heat conductance of the material i, in W/(mK); and 

hint = Heat transfer through convection and radiation to the interior, 

in W/(m²K). 

In practice, the convection and radiation (hext and hint) effect on the 

heat transfer coefficient are often negligible in comparison to conduction 

(Σti/λi). 

The average U-value of a building is calculated according to the surface 

area of specific envelope elements. In this work, the party walls and the 

ground floor slab are considered as adiabatic surfaces, i.e. no heat transfer 

occurs through these surfaces. This will most likely result in a slight 

underestimation of the heating and overestimation of the cooling energy 

demands. The heating demand calculation will not consider losses to the 

ground or to adjacent unheated volumes while the cooling demand 

calculations will not consider the cooler ground temperature. The average 

building envelope U-value is calculated as per Equation 4.12. 
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  Equation 4.12 

Where: 

Ub = Average U-value of the building b envelope, in W/(m²K); 

e = Heat-transfer envelope element e.g. outer wall, glazing or roof; 

Ae = Area of envelope element e, in m²; 

Atotal = Total heat-transfer area of the building, in m²; and 

Ue = U-value of the envelope element e, in W/(m²K). 

Heat losses also occur through natural or mechanically driven 

ventilation. In both cases, heated air is released outside and cold fresh air 

is let into the building volume. The heat stored in the evacuated air is 

therefore lost to the outdoor environment. In recent years, mechanical 

ventilation has been commonly installed in passive houses in Europe to 

recover part of the heat contained in the evacuated air (Thullner 2010). 

Equation 4.13 takes into account the rare cases of ventilation heat 

recovery and gives the ventilation heat losses for each degree of 

temperature difference between the inside and the outside in W/K. 
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Equation 4.13 

Where: 

VLb = Ventilation heat losses of the building b in W/K; 

ηHR = Efficiency of heat recovery system if present (<1); 

ARmech = Mechanical ventilation air renewal rate in ach
-1

; 

NHmech = Daily number of hours of mechanical ventilation in h; 

ARnat = Natural ventilation air renewal rate in ach
-1

; 

ρair = Density of air in kg/m³ (1.2 kg/m³ at 20°C); 

Cair = Specific heat of air in kJ/(kg K) (1 kJ/(kg K) on average); 

VVRb = Ventilated volume ratio of building b (0.8); and 

VOLb = Total gross indoor volume of the building b in m³. 
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In general, there is a large uncertainty about the air renewal value 

which depends on the user behaviour in case of natural ventilation. 

Beside controlled ventilation, heat losses also occur through infiltration 

or exfiltration. In common residential buildings, where no mechanically 

driven ventilation with a heat recovery system is installed, losses through 

infiltration or exfiltration are often negligible compared to losses through 

the envelope and ventilation losses. 

Exfiltration and infiltration losses are not considered in this work. The 

rare cases where this type of heat loss is not negligible is the case of low-

energy or passive houses. In this case, these losses can be modelled by 

slightly lowering the heat recovery system efficiency. The total annual final 

heating energy demand of the building is therefore calculated as per 

Equation 4.14: 

 63.6 10b b total bFHE U A VL HDH       Equation 4.14 

Where: 

FHEb = Final annual heating energy demand of the building b, in GJ; 

Ub = Average U-value of the building b envelope, in W/(m²K); 

Atotal = Total envelope area of the building b, in m²; 

VLb = Ventilation heat of the building b, in W/K; and 

HDH = Heating degree hours, in Kh. 

Heating degree hours (HDH) are determined according to a heating 

balance temperature (HBT). The number of hours during which the 

outdoor temperature is lower than the HBT is multiplied by the 

temperature difference in K between the HBT and the outdoor 

temperature to give HDH. In this work the HBT value is fixed at 286.65 K 

(13.5°C) to account for solar gains and free internal gains.  

Thermal inertia is not taken into account when determining the heating 

demand. However, studies have found that thermal inertia (or thermal 

mass) does not sensibly affect the annual heating demand (Aste et al. 

2009; Dodoo et al. 2012).  

COOLING ENERGY DEMAND 

The energy required to cool the building could be seen as the opposite 

of the space heating requirements. In this case, heat is being transferred 

from the outdoor environment into the building (while the opposite 
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phenomenon occurs for space heating). Therefore, the parameters 

affecting the cooling demand are the same, i.e. average heat transfer 

coefficient of the building, building envelope area, ventilation heat gains 

instead of losses and cooling degree hours. The calculation of the annual 

cooling energy demand is performed as per Equation 4.15. 

 63.6 10b b total bFCE U A VG CDH       Equation 4.15 

Where: 

FCEb = Final annual cooling energy demand of the building b, in GJ; 

Ub = Average U-value of the building b envelope, in W/(m²K); 

Atotal = Total envelope area of the building b, in m²; 

VGb = Ventilation heat gains of the building b, in W/K, same as 

calculation as VLb (see Equation 4.13); and 

CDH = Cooling degree hours, in Kh. 

Cooling degree hours (CDH) are determined according to a cooling 

balance temperature (CBT). The number of hours during which the outdoor 

temperature is higher than the CBT is multiplied by the temperature 

difference in K between the outdoor temperature and the CBT to give CDH. 

In this work the CBT value is fixed at 297.15 K (24°C). 

One major difference compared to the calculation of space heating 

energy demand is the influence of thermal inertia. Indeed, the rate at 

which building materials exposed to the indoor volume store or release 

heat, greatly affects the annual space cooling demand (Zhou et al. 2008; 

Fraisse et al. 2010; Di Perna et al. 2011; Stephan and de Myttenaere 2011). 

Since this parameter is not considered in this work as it requires, by 

definition, dynamic simulations, the calculated cooling demand figures 

could vary by a significant factor when compared to actual measurements. 

VENTILATION ENERGY DEMAND 

As defined in Section 3.3.2.3, the ventilation energy demand is the 

amount of active energy required to operate a ventilation system. 

Although mechanically driven ventilation systems are very common in 

non-residential buildings such as offices, residential buildings rarely include 

a ventilation system. The emergence of low energy and passive houses 

since 1995 has favoured the installation of mechanical ventilation in 

residential buildings in Europe. However, the ratio of such buildings in 
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relation to the total number of dwellings in Europe is very low, i.e. slightly 

more than 20 000 passive houses have been built in Europe representing 

less than 0.01% of the total housing stock (Eurostat 2011; Pass-net 2011). 

If the assessed building comprises mechanically driven ventilation, 

including untempered air circulation of air conditioning machines, the 

ventilation annual final energy demand is calculated as per Equation 4.16. 

63.6 10 365b f b b mechFVE P VOL VVR NH        Equation 4.16 

Where: 

FVEb = Final annual ventilation energy demand of the building b, in GJ; 

Pf = Nominal specific power of ventilation fans, in W/m³; 

VOLb = Total gross indoor volume of the building b, in m³; 

VVRb = Ventilated volume ratio of building b (0.8); and 

NHmech = Daily number of hours of mechanical ventilation, in h. 

The operating hours of fans are determined according to the type of 

ventilation. For instance, a purely mechanically driven ventilation system 

operates around the clock, 24 hours a day. A naturally ventilated building 

will not require any energy for ventilation. A mixed-mode ventilation 

building will have energy requirements according to the average number 

of hours the fans are operated each day. 

The use of an average volumetric coefficient to determine fan power 

will induce some errors in the results. However, since ventilation energy 

generally represents a small fraction of the operational energy in 

residential buildings and since little information is available about the 

installed fan power, the proposed calculation method is judged suitable. 

Moreover, more accurate data can be entered to override the ventilation 

energy calculations if available. 

LIGHTING ENERGY DEMAND 

The operational energy demand associated with lighting is not often 

detailed in empirical data. When information about the energy use of 

lighting systems is available, it is often provided per unit of usable floor 

area (UFA). 

The annual final lighting energy demand is calculated in this work as 

per Equation 4.17 by multiplying the specific lighting energy coefficient 
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(based on empirical data from reports by national or regional organisations 

such as IBGE (2010)) by the UFA of the assessed building. 

When data about lighting energy demand is not available, the energy 

use of lighting systems is included into an aggregated figure with other 

uses, i.e. appliances energy. 

310b bFLE LEI UFA     Equation 4.17 

Where: 

FLEb = Final annual lighting energy demand of building b, in GJ; 

LEI = Specific lighting energy intensity, in MJ/m²; and 

UFA = Usable floor area of building b, in m². 

4.3.2.2 Calculation of operational energy in close relation to the user 

HOT WATER ENERGY DEMAND 

The hot water energy demand is calculated linearly on a per capita 

basis. The daily hot water energy demand in litres per capita, which is 

based on average empirical figures, is multiplied by the specific heat of 

water, and the difference between the initial water temperature and the 

final temperature. The annual final hot water demand is calculated as per 

Equation 4.18. 

6365 10b u w wFHWE DV C NU T        Equation 4.18 

Where: 

FHWEb = Final hot water energy demand of building b, in GJ; 

DVu = Daily hot water volume per user u, in l/day; 

ρw = Density of water, in kg/l (1 kg/l); 

Cw = Specific heat of water (4.186 kJ/(kg K)); 

NU = Number of users within the household; and 

ΔT = Hot water difference of temperature between average annual 

final and initial states, in K. 

Drain heat recovery systems for hot water are starting to be installed in 

new energy efficient houses. These systems collect the heat from the 

waste water through a heat exchanger and delivers it to the hot water tank 

or preheats the intake water of the instantaneous hot water system, saving 

energy. These systems can be taken into account in Equation 4.18 by 
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multiplying all terms by (1-η), where η is the efficiency of the hot water 

heat recovery system. 

The difference in the primary energy used for hot water, according to 

the type of system installed (i.e. gas, electric or solar) is taken into account 

when final energy demand is converted to primary energy (see 

Section 4.3.2.3). 

The use of average daily hot water consumption figures per user might 

result in deviations when assessing a particular building due to variability 

related to user behaviour. This aspect is taken into account in Section 4.8. 

COOKING ENERGY DEMAND 

The annual energy requirements for cooking are calculated on a per 

capita basis according to figures derived from empirical data. The cooking 

energy of a household is obtained by multiplying the cooking energy 

intensity by the number of user as described in Equation 4.19. 

310bFCE CEI CNU     Equation 4.19 

Where: 

FCEb = Final annual cooking energy of the building b, in GJ; 

CEI = Annual cooking energy intensity, in MJ/capita; and 

CNU = Corrected number of users within the household (see 

Equation 4.21 and Equation 4.22). 

The use of average annual cooking energy requirements per user might 

imply deviations when assessing a particular building due to variability 

related to user behaviour. This aspect is taken into acount in Section 4.8. 

APPLIANCES ENERGY DEMAND 

As for the cooking energy demand, the annual appliances delivered 

energy use is calculated on a per capita basis. The figures are extracted 

from statistical data. The delivered annual appliances energy demand is 

obtained by multiplying the appliances energy intensity by the number of 

user as per Equation 4.20. 

310b uFAE AE CNU     Equation 4.20 

Where: 
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FAEb = Delivered annual appliances energy of the building b in GJ; 

AEu = Annual appliances energy intensity in MJ/capita; and 

CNU = Corrected number of users within the household (see 

Equation 4.21 and Equation 4.22). 

The use of average annual appliances energy requirements per user 

might imply deviations when assessing a particular building due to 

variability related to user behaviour. This aspect is taken into account in 

Section 4.8. 

CORRECTION OF NUMBER OF USERS FOR APPLIANCES AND COOKING DEMAND 

The empirical data figures that are used in the calculation of annual 

appliances and cooking final energy demand are based on an average 

number of users in the household. The equations above hence linearly 

relate energy use to the number of users. In reality, this seems unrealistic 

because more than one user can use the same appliance at the same time. 

Hence, for assessments involving a number of users higher than the city or 

regional average, a corrected value for the number of users is 

implemented. 

The correction multiplies the number of users above the average by an 

assumed coefficient of 0.5 to reflect the aspect of joint usage of appliances 

(such as televisions and refrigerators). This corrected number of users is 

applied only for cooking and appliances energy as it is assumed that the 

domestic hot water demand increases linearly with the number of 

occupants. The corrected number of users is calculated as per 

Equation 4.21 if the number of users in the household is lower than the 

city or regional average and as per Equation 4.22 otherwise. 

CNU NU if NU ANU   Equation 4.21 

 CNU ANU NU ANU if NU ANU      Equation 4.22 

Where: 

CNU = Corrected number of users within the household; 

NU = Number of users within the household; 

ANU = Average number of users within a household in the city/region; 

and 

α = Correction coefficient (0.5). 
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4.3.2.3 Converting final energy to delivered and primary energy 

Each final energy demand is converted to primary energy terms 

according to conversion factors related to the energy source (see 

Section 2.1.1). Prior to converting final energy to primary energy, the 

former must be converted to delivered energy by taking into account the 

efficiency of the systems used. For each of the final energy demands 

described above, the delivered energy can be obtained as per 

Equation 4.23. 

(1 )use use
use

use

SF FOPE
DOPE



 
  Equation 4.23 

Where: 

DOPEuse = Annual delivered operational energy demand for the end-use 

use, in GJ; 

SFuse = Share of energy provided by a solar system if installed 

otherwise a null value is considered; 

FOPEuse = Annual final operational energy demand for the end-use use, in 

GJ; and 

ηuse = Efficiency of the system used for the end-use use. 

In case the end-use service is operated by electricity, the efficiency ηend 

is replaced by the coefficient of performance (COP) of the related system. 

The COP is the ratio of output power divided by the input power, 

regardless of the energy quality. For example, heat pumps usually have a 

COP of between 2 and 5. 

The primary energy use is then calculated by multiplying the delivered 

energy demand by the appropriate primary energy factor related to the 

energy source. This primary energy conversion factor takes into account 

losses in the distribution system and the efficiency of the power plant. The 

resulting primary energy figure does not take into account indirect energy 

inputs in the supply chain, such as the embodied energy of the power 

plant. 

use use usePOPE DOPE PEF   Equation 4.24 

Where: 
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POPEuse = Annual primary operational energy demand for the end-use 

use, in GJ; 

DOPEuse = Annual delivered operational energy demand for the end-use 

use, in GJ; and 

PEFuse = Primary energy conversion factor of the energy source used for 

the end-use end. 

For end-use services using solar systems for energy supply the PEFuse 

factor is applied to the share of final energy use supplied by the auxiliary 

energy source, such as electricity or gas. 

The total annual primary energy use of the building and its users can 

then be obtained by adding the primary energy demand of each service, 

i.e. heating, cooling, ventilation, lighting, hot water, cooking and 

appliances, as per Equation 4.25. 

1

USE

total use
use

POPE POPE


   Equation 4.25 

Where: 

POPEtotal = Household annual primary operational energy demand, in GJ; 

and 

POPEuse = Annual primary operational energy demand for the end-use 

use, in GJ. 

4.3.2.4 Calculating the life cycle operational energy demand 

The life cycle operational energy demand of the building and its users is 

obtained by summing the annual primary operational energy use over the 

period of analysis as per Equation 4.26. 

,
1

POA

b total y
y

LCOPE POPE


  Equation 4.26 

Where: 

LCOPEb = Life cycle operational energy demand of the building b, in GJ; 

POA = Period of analysis, in years; 

y = Year of POA; 

POPEtotal,y = Household primary operational energy demand during the year 

y, in GJ. 
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4.4 Assessment of transport energy 

The land-use patterns generated by the arrangement of buildings are 

correlated closely with transport energy (Newman and Kenworthy 1999; 

Stead et al. 2000; van de Coevering and Schwanen 2006). As discussed in 

Sections 2.3 and 3.3.3, buildings define the urban layout at the city scale 

and are therefore responsible for land-use characteristics, i.e. population 

density, built area, city layout, etc.. 

Moreover, Rickwood et al. (2008) have shown that it is crucial to 

integrate the transport energy along with the embodied and operational 

energy demands if a more comprehensive assessment of the energy use 

associated with buildings and their users is to be achieved. In studies 

integrating the user transport energy (both direct and indirect), and the 

embodied and operational energy of a building over its useful life, the 

share of the total life cycle energy attributed to transport can be up to 51% 

(see Section 3.4.2). 

Through the period of analysis, changes in transport parameters such 

as fuel efficiency, fuel type, mode of transport etc. will occur. It is 

important to explore such developments in a life cycle perspective. The 

temporal change of transport variables are tackled through a scenario 

approach as described in Section 4.8.2.4. 

The following sections discuss the different techniques available for 

quantifying transport energy and describes the equations and formulas 

used in the framework and tool. 

4.4.1 Selection of appropriate transport energy quantification 

techniques 

Two major approaches exist regarding the assessment of energy 

associated with mobility, i.e. urban mobility simulation and statistical data. 

Travel distances and modal split, which represents the shares of each 

transport mode usage, such as cars, tramways, bikes, walking etc., can 

then be used to determine the associated energy use. 

Urban mobility simulations, such as those developed by Bazzani et 

al. (2003) and Kim et al. (2009) are predictive models used to evaluate the 

behaviour of the transport system. Rush-hour critical nodes, pressure on 

public transport, roads and most used pedestrian paths are examples of 

the problems investigated by such tools. In parallel, these tools also 
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produce average travel distances by mode which can be used to calculate 

the associated energy demand. 

Most urban mobility simulation tools are based and calibrated on 

survey data, often conducted by public authorities, which comprise 

household travel distances, modal split, and other parameters. An example 

of such a survey is the Victorian Integrate Survey of Travel Activity 2007 

(Department of Transport 2009) which includes travel patterns for 

households living in Melbourne, Australia. 

In this work, the aim is to quantify the annual transport energy use for 

a household. Therefore, details provided by using urban mobility 

simulations are not relevant nor necessary. Moreover, using such tools 

requires a certain level of expertise by the assessor and a large amount of 

input data for the model, two conditions which are not met in the case of a 

building energy assessment tool. Using average data can imply some errors 

since travel distances are sensitive to age and gender (Carlsson-Kanyama 

and Linden 1999). However, this variability is taken into consideration as 

described in Section 4.8. Finally, recent studies have shown that the 

mobility pattern of people is in fact highly predictable, contrarily to what 

has been thought so far (Gonzalez et al. 2008; Song et al. 2010). Using 

survey data to determine average travel distances is therefore likely to 

provide a reasonable level of accuracy. 

Hence, this work relies on travel distances extracted from national or 

regional transport statistics and census data. These surveys are conducted 

in many OECD countries. Examples are the "enquête ménage des 

transports et déplacements" by the INSEE (2008) in France, census data at 

a regional level by the INS (2009) in Belgium and the survey by the 

Department of Transport (2009) in Victoria, or other states in Australia. 

Travel distances represent the total distance travelled in a year for any 

purpose: work, leisure, and others. These travel distances do not comprise 

travel by airplanes. 

Besides the transport energy associated with the user, the transport 

energy use related to other services that support the operation of the 

building could be taken into account. These comprise mail delivery, waste 

collection, and others. However, very scarce data exists in order to 

estimate the energy intensity of these services. Therefore, they are not 

further considered in this work but could constitute a basis for further 

research. 
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Once travel distances have been determined, these are multiplied by 

the energy intensity of the related mode of transport to obtain the 

transport energy use. In order to account for all the energy use related to 

transport, both direct and indirect energy should be considered. 

4.4.2 Transport energy calculations 

Transport energy is broken down into its two components: direct 

energy, which accounts for the energy use directly related to the transport 

mode such as burning fuel in a car engine, and indirect energy for the 

energy demand of all other externalities linked to the transport mode. 

Indirect energy figures are based on input-output analysis (see 

Section 3.1.3.2). 

4.4.2.1 Car transport energy calculations 

DIRECT CAR TRANSPORT ENERGY 

The annual direct energy use of automobiles owned and operated by a 

household is obtained by multiplying the annual travel distance of each car 

by its fuel efficiency and the energy content of the fuel as per 

Equation 4.27. 

 
1

T

c t t
t

DTEC TD NU FE ECF


     Equation 4.27 

Where: 

DTEC = Annual direct transport energy of cars owned by the 

household, in GJ; 

TDc = Annual car travel distance per capita, in km; 

NU = Number of users within the household; 

t = Car technology i.e. gasoline, diesel or natural gas; 

FEt = Average fuel efficiency of car technology t, in l/km; and 

ECFt = Energy content of fuel used in car technology t, in GJ/l. 

In case a 100% electric car is used, its direct primary energy use is 

calculated as per Equation 4.28. 

el el elDTEEC TD NU EF PEF     Equation 4.28 

Where: 
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DTEEC = Annual direct transport energy of an electric car, in GJ; 

TDel = Annual electric car travel distance per capita, in km; 

NU = Number of users within the household; 

EFel = Energy efficiency of the electric car, in GJ/km; and 

PEFel = Primary energy conversion factor of electricity. 

INDIRECT CAR TRANSPORT ENERGY 

The annual indirect energy use related to the household car transport is 

obtained by multiplying the annual car travel distance per capita by the 

number of users in the household and by the indirect energy intensity per 

passenger-kilometre as per Equation 4.29. The indirect energy intensity 

factor is calculated through input-output analysis as in Lenzen (1999). 

c cITEC TD NU IEI    Equation 4.29 

Where: 

ITEC = Household annual indirect transport energy related to car 

transport, in GJ; 

TDc = Annual car travel distance per capita, in km; 

NU = Number of users within the household; and 

IEIc = Indirect energy intensity of cars, in GJ/pkm. 

The indirect energy intensity comprises energy requirements for fuel 

production, road construction and operation and car manufacturing and 

maintenance as well as related services such as insurance and registration. 

TOTAL CAR TRANSPORT ENERGY 

The total car transport energy is obtained by summing both direct and 

indirect energy requirements. The annual car transport energy is calculated 

as per Equation 4.30. 

TEC DTEC ITEC   Equation 4.30 

Where: 

TEC = Annual transport energy of cars owned by the household, in 

GJ; 

DTEC = Annual direct transport energy of cars owned by the 

household, in GJ; and 
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ITEC = Annual indirect transport energy of cars owned by the 

household, in GJ. 

4.4.2.2 Public transport energy calculations 

The equations used for public transport energy calculations are similar 

to those used for cars. 

DIRECT PUBLIC TRANSPORT ENERGY 

The annual direct energy use of public transport used by a household is 

obtained by adding the products of the annual travel distance of each user 

using a specific public transport mode by its direct energy intensity as per 

Equation 4.31. 

 
1

P

p p
p

DTEP TD DEI NU


    Equation 4.31 

Where: 

DTEP = Annual direct public transport energy use of the household, in 

GJ; 

p = Public transport mode used by the household; 

TDp = Average annual travel distance per capita using public 

transport mode p, in km; 

DEIp = Direct energy intensity of public transport mode p, in GJ/pkm; 

and 

NU = Number of users within the household. 

The direct energy intensity is calculated separately for each public 

transport mode. For transport modes operating on fuel (such as buses), 

the direct energy intensity is the product of the fuel efficiency and fuel 

energy content. For modes running on electricity (such as tramways), the 

direct energy intensity is the product of the energy efficiency and primary 

energy requirements. 

INDIRECT PUBLIC TRANSPORT ENERGY 

The annual indirect energy use of public transport used by a household 

is obtained by adding the products of the annual travel distance of each 

user using a specific public transport mode and its indirect energy 

intensity, as per Equation 4.32. 
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1

P

p p
p

ITEP TD IEI NU


    Equation 4.32 

Where: 

ITEP = Annual indirect public transport energy use of the household, 

in GJ; 

p = Public transport mode used by the household; 

TDp = Average annual travel distance of the household users using 

public transport mode p, in km/user; 

IEIp = Indirect energy intensity of public transport mode p, in 

GJ/pkm; and 

NU = Number of users within the household. 

The indirect energy intensity figure for public transport takes into 

account energy requirements for fuel production (including electricity 

generation), manufacture of public transport modes and infrastructure, as 

well as other related services such as insurance, advertising and others. 

TOTAL PUBLIC TRANSPORT ENERGY 

The total public transport energy is obtained by summing both direct 

and indirect energy requirements. The annual public transport energy is 

hence calculated as per Equation 4.33. 

TEP DTEP ITEP   Equation 4.33 

Where: 

TEP = Annual public transport energy use of the household, in GJ; 

DTEP = Annual direct public transport energy use of the household, in 

GJ; and 

ITEP = Annual indirect public transport energy use of the household, 

in GJ. 

4.4.2.3 Life cycle transport energy of building users 

The life cycle transport energy use of building users is obtained by 

adding the annual car and public transport energy requirements over the 

period of analysis. The life cycle transport energy use calculation is given in 

Equation 4.34. 
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1

POA

b y y
y

LCTE TEC TEP


   Equation 4.34 

Where: 

LCTEb = Life cycle transport energy demand of building users, in GJ; 

POA = Period of analysis, in years; 

y = Year of POA; 

TEC = Transport energy of cars owned by the household for year y, in 

GJ; and 

TEP = Public transport energy use of the household for year y, in GJ. 

DOUBLE COUNTING OF THE ROAD EMBODIED ENERGY 

The inclusion of the embodied energy of the nearby road, calculated as 

per Equation 4.9, in the total life cycle transport energy demand could lead 

to double counting since this component of the indirect road transport 

energy requirements is included in the calculation of the embodied energy 

of the road infrastructure. However, the amount of energy for the road 

infrastructure attributed to the household, calculated with input-output 

analysis, is negligible compared to the embodied energy figure of the road 

infrastructure quantified using an input-output-based hybrid analysis.  

An extreme and unlikely scenario where an Australian detached single 

family house owns four cars and drives each of the cars twice per day in 

and out of the house, all year round, is considered. The annual travel 

distance for all cars on the 30 m stretch of road attributed to the house is 

175.2 vkm. According to Lenzen (1999) the indirect energy intensity 

associated with private car use, including road construction, vehicle 

manufacturing and others, but excluding fuel production, is 2.25 MJ/vkm. 

According to Treloar et al. (2004), 14% of this energy is attributed to road 

construction and maintenance over 40 years. By considering the number of 

vkm travelled on the stretch of road attributed to the household over 40 

years, and multiplying this figure by the indirect energy intensity found by 

Lenzen, and by the related share of 14%, the obtained indirect energy 

associated with the construction and maintenance of the stretch of road is 

2.2 GJ. 

In parallel, according to Treloar et al. (2004), the linear initial embodied 

energy of a standard 5 m wide road, calculated with the input-output-

based hybrid analysis is 27.2 GJ/m. This figure, multiplied by the length of 
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road, in this case 30 m, gives 816 GJ for the initial embodied energy. The 

recurrent embodied energy associated with refurbishment and 

maintenance of roads can be assumed to account for 0.5% of the initial 

embodied energy per year based on Treloar et al. (2004). Over 40 years, 

the life cycle embodied energy of the road rises to 979 GJ. 

The embodied energy of the stretch of road attributable to the 

household, using indirect energy requirements, represents, in this extreme 

case, 0.23% of the embodied energy figure obtained through input-output-

based hybrid analysis. Considering the uncertainties related to embodied 

energy calculation methods i.e. ±20-50%, the amount of energy double 

counted is negligible. 

This great difference is due to multiple factors. These include but are 

not limited to: the direct attribution of the 30 m of road to the household 

(compared to a distribution of all regional roads among the whole regional 

population), the more reliable calculation of the embodied energy of the 

road and potential errors in the pure input-output data. 

Therefore, including the embodied energy of the road infrastructure 

related to the household without subtracting the related amount of energy 

from the input-output indirect transport energy calculations will not result 

in a significant impact on the life cycle energy figures. 

4.5 Assessment of the life cycle energy use 

The life cycle energy use of a residential building and its users is 

obtained by adding the building's life cycle embodied, operational, 

transport and infrastructure energy requirements as per Equation 4.35. 

b b b b bLCE LCEE LCOPE LCTE LCIEE     Equation 4.35 

Where: 

LCEb = Life cycle energy demand of building b, in GJ; 

LCEEb = Life cycle embodied energy demand of building b, in GJ; 

LCOPEb = Life cycle operational energy demand of building b, in GJ; 

LCTEb = Life cycle transport energy demand of building users, in GJ; 

LCIEEb = Life cycle infrastructure embodied energy demand, in GJ. 

The annual life cycle energy demand can be obtained by dividing any 

absolute quantity by the period of analysis in years. The specific energy 

requirements, expressed in GJ per capita or GJ/m² are obtained by dividing 
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an absolute or annual quantity by the number of users in the building and 

its usable floor area, respectively. 

4.6 Quantifying greenhouse gas emissions 

The framework also considers the greenhouse gas emissions resulting 

from energy production. The techniques used to quantity emissions 

related to each assessed energy requirement are given in this section. 

4.6.1 Embodied energy emissions 

Embodied energy databases often also comprise related greenhouse 

emissions coefficients for materials. The database produced by Treloar and 

Crawford (2010) does not include input-output-based hybrid emissions 

figures for each material. The embodied emissions are calculated by 

multiplying the embodied energy figures by the average emissions factor 

for Australian energy production: 60 kgCO2-e/GJ (Treloar 2000). 

The use of such an aggregated figure is not ideal since greenhouse gas 

emission intensities can differ between building materials. Therefore, the 

emissions related to the use of a particular material in the building may not 

be accurate using this approach. However, at a whole building level, the 

difference between materials is likely to balance each other out. The use of 

an average emissions intensity coefficient for other materials, is judged 

suitable for this work as this is the approach taken in many previous 

studies such as in Duffy (2009), Crawford (2010) and Fuller and Crawford 

(2011). 

4.6.2 Operational energy emissions 

The greenhouse gas emissions related to operational energy use are 

directly linked to the energy source used. 

In this work, these emissions are quantified by multiplying the primary 

operational energy demand by a greenhouse gas emissions intensity factor 

based on the energy source used. For electricity, the conversion depends 

on the energy mix of the state, e.g. Brown coal in Victoria, Australia. 

Table 4.2 provides the emissions factors for the combustion of common 

fuel types in Australia. 
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Table 4.2: Emissions factors for combustion of common fuel types 

Fuel Emissions factor (kgCO2-e per GJ) 

 

Total global warming potential 

(kgCO2-e per GJ) 

CO2 CH4 N2O 

Black coal 88.2 0.03 0.2 88.43 

Brown 
coal 92.7 0.01 0.4 93.11 

Biomass 0.0 0.6 1.2 1.8 

Dry wood 0.0 0.08 1.2 1.28 

LNG 51.2 0.1 0.03 51.33 

LPG 59.6 0.1 0.2 59.9 

Gasoline 66.7 0.2 0.2 67.1 

Diesel 69.2 0.1 0.2 69.5 

Ethanol 0.0 0.06 0.2 0.26 

Source: Department of Climate Change and Energy Efficiency (2011) 

4.6.3 Transport energy emissions 

The greenhouse gas emissions associated with the transport energy 

demand can be broken down into two categories: direct emissions and 

indirect emissions. Direct emissions are associated with direct energy 

requirements and depend on the fuel type used and the efficiency of the 

transport mode. Indirect emissions, as per indirect transport energy, are 

determined through input-output analysis. 

In this research, direct transport emissions are calculated based on 

average transport emissions figures by fuel type. For transport modes 

operated by electricity, the related emissions are determined by 

multiplying the energy requirements by the primary energy factor and the 

emissions factor for electricity (as for operational energy). Indirect 

transport emissions are based on input-output analysis, such as in the 

study conducted by Lenzen (1999). 

4.7 District analysis 

The framework and related tool also allow the life cycle energy demand 

of a residential district to be analysed. 
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A district is defined as the sum of multiple different buildings. Hence, 

all calculations are undertaken at a building level. The absolute energy 

demand of a district is calculated by multiplying the energy demand of a 

certain building type by the number of each building type in the district as 

per Equation 4.36. 

 
1

B

d b b
b

LCE LCE N


   Equation 4.36 

Where: 

LCEd = Life cycle energy demand of district d, in GJ; 

LCEb = Life cycle energy demand of building b, in GJ; and 

Nb = Number of buildings of type b in the district. 

For results expressed in specific units (e.g. GJ/m²), the figures are 

averaged based on the specified proportion of each building type in the 

district, as per Equation 4.37.  

 
1

1 B

d b b b
tot b

LCE LCE N GFA
BA



     Equation 4.37 

Where: 

LCEd = Life cycle energy demand of district d, in GJ/unit; 

BAtot = Total residential built area in the district, in m²; 

LCEb = Life cycle energy demand of building b, in GJ/unit; 

Nb = Number of buildings of type b in the district; and 

GFAb = Gross floor area of building b, in m². 

District analysis also includes an adapted specific reference flow: 

GJ/km², to allow the comparison of different districts on a spatial metric 

basis, adapted to the scale. 

4.8 Considering uncertainty in the life cycle energy 

analysis of residential buildings 

Any model is a representation of the real world based on assumptions, 

experiments, theories etc. (Le Moigne 1999). The assumptions and 

approximations made during the development of a model might result in a 

divergence from the real studied phenomenon or process. The model 
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developed in this work follows the same rules. However, the sources of 

error are numerous in this work because different data sources are used, 

both the building and city scale are integrated and a temporal evolution of 

parameters (e.g. the emissions factor for electricity production) is possible. 

Uncertainty relates to the lack or absence of knowledge for a certain 

parameter while variability is associated with the fluctuations of a certain 

parameter (Heijnungs and Huijbregts 2004). For example, there is 

uncertainty regarding the exact number of people in a specific household 

while the number of people in a typical household can present a certain 

level of variability. Even though uncertainty and variability have different 

meanings, the ways in which they are addressed are similar (Heijnungs and 

Huijbregts 2004). Parameter uncertainty is related to the quality of the 

data used while parameter variability accounts for possible deviations from 

average values. 

Different uncertainty classes have been identified in life cycle 

assessment and building energy simulation tools (Huijbregts 1998; De Wit 

2003), notably, parameter uncertainty, model uncertainty and uncertainty 

due to choices. In this research, parameter uncertainty is related to 

embodied energy figures, while parameter variability is linked to the rarely 

integrated user behaviour in operational and transport figures (Ryan and 

Sanquist 2012).  

The framework relies on different data sources at each scale of the 

built environment: hybrid embodied energy coefficients for building and 

infrastructure materials; average domestic hot water, lighting, cooking, 

and appliances energy use of building users; approximated heating and 

cooling energy demand; and statistics regarding the travel patterns of 

users. Therefore the uncertainty in embodied energy figures and variability 

present in operational and transport energy values, as well as in associated 

greenhouse gas emissions, must be addressed. 

Another source of variability is the forecasting of the energy use of 

buildings over the period of analysis. Indeed, 50, 75 and 100 years are 

commonly used in life cycle energy analyses of whole buildings (Cole and 

Kernan 1996; Sartori and Hestnes 2007; Gustavsson and Joelsson 2010; 

Ramesh et al. 2010). This longevity implies a high temporal variability in 

the future value of parameters. What will the energy mix be in 30 years? 

What technologies will be used? These unanswerable questions can 

influence the life cycle energy use and related emissions of a residential 
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building or district. This temporal evolution can have a significant effect on 

the life cycle energy demand. 

The following sections discuss the different techniques available to 

quantify uncertainty and variability and provides the equations and 

formulas used in the framework and tool. 

4.8.1 Selection of appropriate uncertainty analysis techniques 

Many methods exist to address uncertainty from both a qualitative and 

quantitative aspect. In this research quantitative tools are most 

appropriate. As outlined in the previous section, this work tackles 

parameter uncertainty and variability and the temporal variability of key 

parameters. 

Parameter uncertainty can be assessed through a probabilistic 

approach such as the Monte Carlo technique. This consists of taking a large 

number of random parameter values based on their probabilistic 

distribution (Pesonen et al. 2000; Burhenne et al. 2010). The output can be 

analysed using probabilistic methods such as Bayesian decision making (De 

Wit 2003). However, the problem with any probabilistic approach to 

uncertainty is in defining the distribution of the input parameters. While 

the central limit theorem can be used for some variables to provide a 

Gaussian distribution, e.g. indoor comfort temperature (Pettersen 1994), a 

large number of input probability functions are unknown. This situation 

implies that if a probabilistic approach is used, assumptions regarding the 

distributions of each parameter must be made. These assumptions can 

result in large errors in the uncertainty assessment itself, sometimes 

rendering it useless. The Monte Carlo technique will not be used due to 

the unavailability of probabilistic distributions of the large array of 

parameters involved. 

Another way of addressing parameter uncertainty relies on the 

so-called interval analysis (Moore and Bierbaum 1979). This technique is 

based on ranges of values for each parameter without their related 

probabilistic distribution. In probabilistic terms, it would correspond to a 

flat distribution with all values having the same probability of occurrence. 

Interval analysis consists of providing a range of values for each input 

parameter instead of a single value. The output is then given in the form of 

an interval. The range of values for each parameter should be determined 

through experimental, empirical or theoretical evidence. It is easier to 

provide a reasonable range of values for a given parameter than a 



Towards a comprehensive energy assessment of residential buildings 

 

108 

To
w

ard
s a co

m
p

reh
en

sive en
ergy assessm

en
t o

f resid
en

tial b
u

ild
in

gs 

 

probabilistic distribution (Alefeld and Mayer 2000). In case there is no 

sufficient information to define the interval for a parameter, assumptions 

will be made. 

Interval analysis is chosen in this work to assess uncertainty. Since 

probabilistic distributions are inexistent for most variables taken into 

account, probabilistic methods, such as the Monte Carlo technique cannot 

be used. Moreover, the low level of information at the early stage of 

design is best suited to the simple uncertainty estimation of interval 

analysis. 

The uncertainty analysis will not, however, be applied to all input 

parameters as this will result in heavy computation requirements. Since all 

equations used are linear, uncertainty analysis can be performed on cluster 

variables (variables defined as the sum of other variables). This greatly 

reduces computing time and the code complexity. More details about the 

propagation of uncertainty in the model are provided in the equations in 

Section 4.8.2. 

Beside parameter uncertainty, the temporal variability, associated with 

the evolution of parameters in time, can influence results and various life 

cycle energy demand profiles are possible. In order to address the many 

possible future developments, a scenario approach is used. A scenario has 

been defined by the SETAC-Europe working group Scenario Development 

in LCA (Pesonen et al. 2000:23) as: 

"A description of a possible future situation for specific [life cycle 

assessment] applications, based on specific assumptions about the 

future, and (when relevant) also including the presentation of the 

development from the present to the future". 

This definition will be used in this work with the only difference that the 

only input category considered is energy use and the only impact category 

is global warming potential. This source also reports that using scenarios 

can broaden the scope of investigation of the framework by exploring 

different future outcomes. Huijbregts (1998) also underlines that the use 

of scenarios is appropriate for assessing the temporal variability. 

Moreover, Erlandsson and Borg (2003), in their analysis of current whole 

building LCA tools have highlighted the need for giving the assessor the 

possibility of testing different scenarios. 
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To summarise, uncertainty in the proposed framework and tool is 

tackled through interval analysis. Multiple scenarios are used to forecast 

the temporal variability of key parameters. 

4.8.2 Assessment of uncertainty and variability 

4.8.2.1 Mathematical definition of an interval 

In this work, an interval will always be considered as closed, i.e. the left 

and right endpoints are possible values. Moreover, possible values are 

always real positive numbers. Consequently, an interval can be defined as 

per Equation 4.38 in the sense of Moore et al. (2009). 

0,, { : }X X X x X x X     
   Equation 4.38 

Where: 

X = Interval; 

X  = Left endpoint of X or minimal value of x; 

X  = Right endpoint of X or maximum value of x; and 

0,
 =  The positive real numbers system. 

Since all interval values are comprised in 
0,

, multiplying an interval 

by a positive real scalar S gives: 

0,, { : }S X X S SX SX x SX x SX        
   Equation 4.39 

Where: 

S = Positive real scalar; 

X = Interval; 

X  = Left endpoint of X or minimal value of x; 

X  = Right endpoint of X or maximum value of x; and 

0,
 = The positive real numbers system. 

Hence, multiplications do not imply testing multiple interval 

combinations to determine the correct boundaries. 
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4.8.2.2 Parameter uncertainty 

Parameter uncertainty, associated with embodied energy figures and 

related greenhouse gas emissions, is systematically evaluated by 

multiplying a certain energy demand E by an interval U. The latter always 

follows the definition given in Equation 4.40. 

 1 ,1i i iU     Equation 4.40 

Where: 

Ui = uncertainty interval for level i; 

i = level of uncertainty; and 

Δi = uncertainty for level i. 

The uncertainty Δi is calculated by imposing specific uncertainty values 

on process-based data and on input-output-based data. The uncertainty 

factors used for process-based data are ±10%, ±20% and ±30%. These 

factors rise to ±30%, ±50% and ±70% for input-output-based data. The 

figures are based on commonly used averages , e.g. (Crawford 2011). 

Hence, Δi is determined as per Equation 4.41. 

i i i i iSP AUP SIO AUIO      Equation 4.41 

Where: 

Δi = Uncertainty for level i; 

i = Level of uncertainty; 

SPi = Share of process-based data for level i; 

AUPi = Average uncertainty of process-based data for level i; 

SIOi = Share of input-output-based data for level i; and 

AUIOi = Average uncertainty of input-output-based data for level i. 

The resulting range of values of an embodied energy demand E is: 

   1 , 1i i iEEU EE EE        Equation 4.42 

Where: 

EEUi = Uncertainty interval of the embodied energy demand E for 

level i, in GJ; 

i = Level of uncertainty; 

EE = Embodied energy demand, in GJ; and 
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Δi = Uncertainty for level i. 

4.8.2.3 Parameter variability 

The variability in operational and transport energy (and related 

emissions), associated with user behavioural aspects which imply a 

deviation from average figures is also determined trough interval analysis. 

In this case also, three intervals are determined: a small deviation 

interval, a medium deviation interval and a large deviation interval. When 

using census data collected from large samples, the central-limit theorem 

often applies. This theorem implies that the probabilistic distribution of the 

data follows a normal distribution. Hence, the further we deviate from the 

median value, the more unlikely it is to obtain such a case. By using three 

intervals, an appreciation of the likeliness of the variability is given, along 

with its magnitude. 

The variability associated with operational and transport energy is 

defined as per Equation 4.43. 

 1 ,1i i iV     Equation 4.43 

Where: 

Vi = Variability interval for level i; 

i = Level of uncertainty; and 

Δi = Variability for level i. 

The determination of the variability ranges Δi for operational and 

transport energy depends on the end-use or transport mode (Yu et al. 

2011), the location, the socio-economic context (Carlsson-Kanyama and 

Linden 1999; Druckman and Jackson 2008) and other factors which are 

well beyond the scope of this thesis. For this reason, fixed average ranges, 

based on the literature are used to estimate the possible deviation from 

the mean calculated value. 

The ranges of ±10%, ±20% and ±30% are chosen for the operational 

energy. Indeed, in his study on user behaviour, Pettersen (1994) found that 

the maximum deviation of operational energy related to user behaviour 

was ±15-20%. The study by Juodis et al. (2009) found the same figure for 

the space heating demand. 

The same uncertainty ranges (±10%, ±20% and ±30%) are chosen for 

transport energy. Travel distance, which is linearly linked to transport 
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energy, can greatly differ for households living in different locations such 

as city and suburb (Masnavi 2000; Newton 2000; van de Coevering and 

Schwanen 2006; Lindsey et al. 2011). However, when comparing 

households living in the same location, this fluctuation is likely to be 

smaller since land-use parameters are similar and only behavioural and 

socio-economic aspects could be different. Since data in this work is 

provided at a neighbourhood-like scale, a maximum deviation of ±30% is 

assumed. Consequently, the ranges of ±10%, ±20% and ±30% are judged 

appropriate to estimate variability in transport energy and related 

emissions figures. The variability intervals for operational and transport 

energy requirements and related emissions, are determined as per 

Equation 4.42, by replacing embodied energy and uncertainty with the 

appropriate figures. 

4.8.2.4 Scenario elaboration 

The evolution of parameters in time can influence the life cycle energy 

demand of a residential building. In order to account for this so-called 

‘temporal variability’, prospective scenarios are considered. A prospective 

scenario consists of forecasting the evolution of one or more variables in 

time to test their influence on the model. 

Allowing the annual evolution of all parameters involved in the 

calculations would imply heavy computation requirements. More 

importantly, considering the possible variation of all parameters, requires 

the assessor to input a large amount of information which is mostly based 

on assumptions. 

Therefore, a limited number of key parameters, which can be varied 

during the period of analysis, is considered in this research. These 

parameters are: 

 Delivered to primary energy conversion factor for electricity; 

 Greenhouse gas emissions related to electricity generation; 

 Appliances energy demand; 

 User transport modal split; 

 Fuel efficiency of travel modes; and 

 Number of users in the building. 

The assessor can thus study any combination of the evolution of the 

parameters above and its effect on the life cycle energy requirements and 
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resulting greenhouse gas emissions. The reasons behind the choice of 

these parameters are given hereafter. 

The annual values of parameters are determined through a cubic 

interpolation of the initial value and three other values entered by the 

assessor: the value of the parameter at one third, two thirds and the end 

of the period of analysis. Hence, a good compromise between curve-fitting 

and amount of input data is obtained. It is important to highlight that the 

assessor input is crucial regarding the validity of the output, for this aspect 

of the framework in particular. 

DELIVERED TO PRIMARY ENERGY CONVERSION FACTOR FOR ELECTRICITY AND 

GREENHOUSE GAS EMISSIONS RELATED TO ELECTRIITY GENERATION 

A large part of building operational energy is provided by electricity. 

The latter is characterised by high primary energy conversion factors. 

Therefore, even a low final energy demand can induce high primary energy 

use. With many governmental policies focusing on the move to renewable 

energy sources and the increasing depletion of fossil fuels, the energy mix 

for electricity generation is likely to change in the future (IEA 2011). This 

will inevitably result in different primary energy requirements and 

greenhouse gas emissions. Hence, it is important to be able to test 

different evolution scenarios of the electricity primary energy conversion 

factor and the greenhouse gas emissions intensity of electricity generation. 

APPLIANCES ENERGY DEMAND 

The amount of energy used in relation to appliances represents a large 

share of the annual energy demand of households in many countries (see 

Figure 3.4). Moreover, appliances energy use is steadily increasing and this 

trend is likely to continue (DEWHA 2008; Calwell 2010) with our increasing 

reliance on electronic devices. The forecasting of the appliances energy 

demand is judged important to include in the framework. 

USER TRANSPORT MODAL SPLIT 

The transport modes used by building users have greatly changed 

during the course of the last decades with a notable increase in the use of 

car transport (Newman and Kenworthy 1999). However, with the rising 

environmental awareness, public transport mode shares have witnessed a 

rise in popularity in the last years. Since transport energy use is greatly 

linked to the transport mode used (Lenzen 1999; Fuller and Crawford 
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2011), the evolution of the modal split is an important aspect to consider 

over the period of analysis. The assessor can test the effect of a potential 

increase in public transport use, car use, etc.. 

FUEL EFFICIENCY OF TRAVEL MODES 

Even though the fuel efficiency of cars has stagnated for decades 

(Calwell 2010), recent advances in car technologies is increasing their fuel 

efficiency. In parallel, public transport direct energy intensities are also 

dropping with the advent of new technologies. 

The fuel economy or energy efficiency of transport modes, affecting 

the direct energy requirements, can be forecasted. The assessor can test 

the effect of potential technological breakthroughs on the life cycle energy 

demand of the building and its users. 

NUMBER OF USERS IN THE BUILDING 

The number of users living in the assessed house or flat is likely to 

change in time due to aging, education, or other social aspects. This can 

greatly affect the operational and transport energy requirements. 

Possible scenarios of the evolution of the number of users in time can 

be modelled. The assessor can then evaluate the impact on the life cycle 

energy demand of the building, through time. 

4.9 Developing a software tool for life cycle energy 

analysis of residential buildings 

The framework for a comprehensive energy assessment of residential 

buildings and their users is formalised into a software tool for town 

planners, building designers, researchers, and decision makers in the field. 

The software relies on a user friendly interface which allows quick and 

simple assessment of different residential buildings and districts. Building 

typologies, wall compositions, different structures, materials, systems, 

urban contexts, number of users, transport modes, design lives, and more 

than 300 other parameters can be tested. The assessor will also be able to 

bypass the calculation methods described above and input his or her own 

custom parameter values. 

This section provides background information regarding the choice of 

programming language and describes the different steps involved in the 
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tools development. Details about the software tool can be found in 

Chapter 5. 

4.9.1 Selection of appropriate programming language for the 

software tool 

In order to develop a software tool, software programming is needed. 

The choice of programming language is conditioned by the author's 

familiarity with the code. The author is mostly familiar with Matlab from 

Mathworks© (MathWorks 2011), C++ (Cplusplus 2011) and Python (Python 

Software Foundation 2012a) languages. 

Matlab is a costly software intended for engineering applications. The 

software must be installed on the assessor computer to run scripts written 

in Matlab. The chances of a random town planner or building designer 

having Matlab installed on his/her computer are low. These facts hinder 

the choice of Matlab as the programming language. 

C++ is a universal programming language that can be run on all 

operating systems. However, the syntax of C++, dating from 1983, 

becomes increasingly complicated when scripts for manipulating large text 

files, matrices and dynamic plotting as well as a graphical user interface 

have to be implemented. 

In comparison, Python is a free, simple open source language, 

continuously updated and compatible with all operational systems. Python 

also offers a large array of libraries which include classes and functions 

specifically designed to tackle certain aspects of programming. Scientific 

Python or SciPy (SciPy 2011) is used to facilitate the use of matrices and all 

numerical operations. Buzhug (Buzhug 2012), a python coded database 

management module, is used for the material and assemblies databases. 

WxPython (wxPython 2011) is used to implement the graphical user 

interface. Matplotlib (Hunter 2007) is used to generate line and bar graphs. 

All these modules, like Python are open source software. 

The programming language hence chosen for implementing the tool, 

based on the framework, is Python. 

4.9.2 Steps involved in the development of the tool 

The developed tool involves six different successive steps which can be 

revisited throughout the development. Table 4.3 describes each step of the 

development process. 
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Table 4.3: Steps involved in the development of the software tool 

Development step Description 

1 Requirements specification Definition of all required functionalities of the software 
and user interface aspect. 

2 Software architecture Design a software architecture which can efficiently 
provide all the required specifications. Functions, 
classes, parameters and all details pertaining to the 
mechanisms of the tool are developed. 

3 Calculations coding Transcription of the calculations part of the tool into 
code. At this stage, commands through a terminal are 
used for input. 

4 User interface coding Transcription of the user interface design into a code 
which wraps the calculations and is used as a filter for 
input-output operations. 

5 Verification Verification of output validity by comparison of results 
with a simple case with manual calculations. 

6 Validation and testing Validation of the output by comparing the results with 
data from previous studies and ensuring compliance. 
Further testing using different case studies. 

4.10 Case studies for tool validation and testing 

The tool formalising the framework for a comprehensive energy 

assessment of residential buildings and their users is validated through one 

case study and used for two others. The reasons behind the choice of each 

case study along with a brief description of the cases is given below. More 

details about each of the two cases used for testing are given in Chapter 6. 

The validation case is described in Section 5.7. 

The validation case study is a detached single family house located on 

the outskirts of Melbourne, Australia. The life cycle embodied, operational 

and transport energy demands are calculated using the tool and compared 

to those provided by previous studies of the same house. The previous 

studies by Crawford (Crawford 2011; 2012) and Crawford et al. (2010; 

Crawford et al. 2011) rely on detailed architectural drawings and energy 

bills to quantify the embodied and operational energy respectively. The 

aim is to check if energy use figures (and related greenhouse gas 

emissions) from the tool are within the same range of those of the existing 

studies. The tool will be calibrated accordingly in case the results are not 

comparable. 
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The two remaining case studies are used to test the tool at the building 

and district scales. A summary of the cases is presented in Table 4.4. 

The second case study is located near Brussels, Belgium and consists of 

a recently built passive house. The first reason behind the selection of this 

case study is to test the tool in a European context. The second is to test 

the functionality of the tool to perform a parametric study. Different 

parameters such as building size, wall and roof types, number of users and 

others are varied to evaluate their impact on the life cycle energy demand 

of the building and its users. The passive house is also compared to 

alternative housing options. 

The third case study evaluates the energy use of a typical suburban 

neighbourhood in Melbourne, Australia. The study tests the usability of the 

tool at a large scale of the built environment. Various housing typologies 

are tested to evaluate their effect on the life cycle energy demand and the 

life cycle greenhouse gas emissions of the neighbourhood. 

Table 4.4: Summary of case studies used to calibrate and test the software tool. 

Case Location Purpose Target 

Single family house Melbourne, 
Australia 

Validation Compare results from the 
tool with measured values 
and detailed embodied 
energy calculations. 

Passive house Brussels, Belgium Testing Evaluate the framework in 
a European context. 

Conduct a parametric 
study. 

Compare different housing 
types. 

Suburban 
neighbourhood 

Melbourne, 
Australia 

Testing Evaluate the energy 
demand and related 
emissions at a district level. 

Test various housing 
typologies. 

4.11 Summary 

A life cycle energy analysis framework for residential buildings and their 

users requires the assessment of a multitude of energy requirements at 

different stages of the life cycle of the building and at different scales of 

the built environment. This chapter has described the goal and scope of 

the framework. The equations used to quantify each of the embodied, 
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operational and transport energy requirements and associated greenhouse 

gas emissions as well as uncertainty and variability have been given. The 

choice of a programming language for the software tool has been made in 

addition to the selection of case studies for its validation and testing. 

Embodied energy is quantified using an input-output-based hybrid 

analysis approach and material quantities. The initial and recurrent 

embodied energy of the building are taken into account as well as the 

embodied energy of related infrastructures. Operational energy is 

quantified using static heat transfer equations for heating and cooling. The 

energy demands for ventilation, hot water, lighting, appliances and 

cooking are determined using average empirical data. Transport energy is 

calculated according to average travel distances and modal split based on 

statistical data. These figures are then multiplied by energy intensity 

coefficients determined through input-output analysis. Greenhouse gas 

emissions related to operational and transport energy are based on 

average emissions factors for the fuel source used. Embodied greenhouse 

gas emissions are obtained by multiplying the embodied energy figures by 

an average coefficient when no specific data is available. Districts are 

defined as the sum of a number of different buildings. 

Uncertainty and variability are included in the framework by 

multiplying results by a lower and upper boundary coefficient. Parameter 

uncertainty, related to embodied energy is determined based on the 

original data source. Parameter variability, related to user behaviour, is 

assumed to be ±10%, ±20% and ±30% of the mean value. Scenarios are 

also implemented to tackle the temporal evolution of the primary energy 

coefficient for electricity, the greenhouse gas emissions resulting from 

electricity generation, the appliances energy demand, the user transport 

modal split, the fuel efficiency of travel modes and the number of users in 

the household, throughout the period of analysis. 

Python programming language has been selected for the software tool 

which formalises the framework. The flexibility of Python and its 

open-source nature is preferred over other alternatives. 

The tool is first validated using a case study in Melbourne, Australia. 

Afterwards, two case studies, one in Brussels, Belgium and one in 

Melbourne, Australia are used to test the potential of the framework and 

tool. The cases encompass different scales of the built environment as well 

as different urban contexts.  
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This chapter has answered the first research question: “Can the 

embodied, operational and transport energy requirements of residential 

buildings and their users be integrated into a single framework?” (see 

Section 3.7). But how is the software tool designed? What are its main 

functions? What further assumptions must be made to implement it? Does 

it provide reliable results? These questions will be answered in Chapter 5. 
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5 A software tool for the comprehensive 

life cycle energy assessment of 

residential buildings 

Software development is often required to automate demanding 

calculation processes or model highly complex systems. The determination 

of the life cycle energy demand of residential buildings, as defined in the 

previous chapter, is a complex task requiring different data sets and matrix 

calculations. As declared in Section 4.9, a software tool, written in the 

programming language Python is developed in this work to formalise the 

framework and automate all calculations. A graphical user interface is also 

implemented for assessors to easily perform an evaluation. 

The aim of this chapter is to provide a description of the developed 

software tool, verify its core modules and validate the output results. 

The software requirements are first presented followed by the 

software architecture with aspects pertaining to database management, 

computing, and graphical user interface. A walkthrough of the software is 

described. The quantification aspects are detailed. The verification of the 

different modules of the software is performed before validating the 

results by confronting them with existing figures for a case study house in 

Melbourne, Australia. 

5.1 Software requirements 

5.1.1 Setting requirements 

The first step in developing any model is to define the requirements or 

specifications. Based on studies performed on existing building energy 

analysis software such as Evan (2004), some of the following capacities are 

often found lacking in existing tools: 

 Assess and compare different residential buildings/districts; 

 Usable in different countries/contexts; 

 Robust yet flexible architecture; 

 Reduced runtime; 

 Simple to use; 
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 Produce graphs; 

 Export data to universal formats; and 

 Compatible with different operating systems. 

All these requirements are taken into account during the software 

development. Hence appropriate strategies are implemented to respond 

to each specification. The strategy used to meet each requirement is given 

in Table 5.1. A brief description of each strategy is also provided. 

Table 5.1: Software requirements and chosen solutions 

Requirement Chosen solution 

Assess and compare different residential 
buildings/districts 

Object oriented programming 

Usable in different countries/contexts Rely on national/regional databases 

Robust yet flexible architecture Object oriented programming 

Reduce runtime Rely on vectorized calculations when 
possible 

Simple to use Simplified input 

Produce graphs Integrated plotting module 

Export data to universal formats; Export data to the comma-separated value 
(csv) format 

Compatible with different operating 
systems 

Python and Python-related modules only 

5.1.1.1 Object oriented programming 

Instead of relying on a fixed succession of operations and statements, 

object oriented programming defines ‘objects’, i.e. data structures called 

classes with related modules or functions. Each class has different 

attributes and functions which can perform different actions. For instance, 

a building class can have the parameters width, depth, number of users, 

etc. and the action calculate embodied energy. 

By relying on object oriented programming, the parameters of classes 

such as buildings can be changed while keeping the same calculation 

algorithms. Different types of buildings/districts can then be assessed, 

based on their defining parameters. In parallel, object oriented coding 

provides a very robust yet flexible structure. Indeed, adding a function to a 

class or modifying one is a relatively easy task which often does not affect 

the remaining functions of the class. Hence, updating the algorithm for a 
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specific calculation or adding a function which calculates a new quantity 

can be performed with very little impact on the whole software. 

Also, by implementing the ability to save and load building and district 

files, the software can easily compare different buildings and districts. 

Indeed, the saved files can be loaded into the integrated plotting module 

to visualise and compare the energy demand or greenhouse gas emissions 

of a number of buildings or districts simultaneously. 

5.1.1.2 Rely on national/regional databases 

By developing databases, data sets adapted to each assessed location 

can be used. Therefore, the transferability of the software is greatly 

enhanced since it can be used for virtually any location, given that the 

database is available. The software can be seen as a calculation engine 

which can be connected to different databases according to the assessed 

case. 

These databases compile a range of different factors which are grouped 

by scale of the built environment. More details about these databases are 

provided in Section 5.2.2. 

5.1.1.3 Rely on vectorized calculations when possible 

When computing large amounts of data, over period of analysis, it is 

important to optimise the runtime of the code. Vectorized calculations, i.e. 

multiplying matrices and vectors, are much faster than so-called ‘for loops’ 

calculations. ‘For loops’ calculations consist of iterating over the indices of 

a matrix and performing the calculations for each element. 

Hence, all embodied (initial), operational and transport energy 

requirements as well as related greenhouse gas emissions, are vectorized. 

Only the calculation of the recurrent embodied energy demand is 

performed using a ‘for loop’ due the necessity to test if a building material 

service life is spent. 

More information about runtime aspects is given in Section 5.6.6. 

5.1.1.4 Simplified input 

In order to simply the assessor’s task, a compromise between 

exhaustive information and assessor’s input time is necessary. In order to 

conduct a simple building assessment, the assessor has to input only 10 

parameters, namely: the building’s name, the urban area in which it is 
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located, its width, depth, height between floors, if solar hot water panels 

are installed, if photovoltaic panels are installed, the period of analysis, the 

building design life and the predefined building type. The latter loads the 

rest of the necessary inputs from an existing database of typical values for 

that building type. 

5.1.1.5 Integrated plotting module 

It is important to provide the assessor with processed data in the form 

of graphs. An integrated plotting module, using Matplotlib (Hunter 2007) is 

included in the software. It permits the display of multiple quantities at a 

very disaggregated level, e.g. the recurrent embodied energy of windows, 

a more aggregated level, e.g. the total private transport greenhouse gas 

emissions, or a whole building level, e.g. the life cycle energy demand of 

the building and its users. 

5.1.1.6 Export data to the comma-separated values (CSV) file format 

It is important to allow the assessor to have access to the raw data 

produced by the software in order to process it in different ways. The 

comma-separated values (CSV) format is chosen to export calculated 

matrices. The CSV format is widely used in spreadsheet software such as 

Microsoft Office Excel or Open Office Calc and is highly versatile since it 

contains a minimal amount of formatted information. The CSV output in 

this work follows the guidelines set by The Internet Society (2005). 

5.1.1.7 Python and Python-related modules only 

In order to be accessible to the largest number of assessors possible, 

the software should be compatible with all current operating systems. 

Hence, only Python and Python-related modules are used in this work. 

5.2 Software architecture 

The general architecture of the tool is presented in this section, 

followed by database management, computing and graphical user 

interface aspects. 
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5.2.1 General architecture 

The software tool is composed of three main components: the 

computing core, the databases and the graphical user interface. Figure 5.1 

depicts a simplified diagram of the general architecture of the tool. 

The computing core (A) includes the building and district classes. It 

contains all related calculation functions to determine the embodied, 

operational and transport energy requirements and related emissions 

across the period of analysis. It reads most of the information in the 

databases. 

The databases (B) include the data sets at the country, city, urban area, 

assembly and material levels. It provides parameter values to the 

computing core. 

The graphical user interface (C) wraps both the computing core and the 

databases. It serves as an input-output device to inform the computing 

core and databases of which values to use and which functions to run. The 

graphical user interface also reads the calculated values in the computing 

core and displays them on the screen and allows the assessor to save or 

export them. 

 

Figure 5.1: Simplified diagram of the general architecture of the software 
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The architecture of the three main components of the software is given 

in the following sections. 

5.2.2 Database management 

As described in Section 4.1.3, the software relies heavily on databases 

to compute the life cycle energy requirements and related greenhouse gas 

emissions of a residential building or district. Different databases are 

defined in the software tool. These are listed in Table 5.2 with a small 

description of each. These databases are structured according to the 

different scales of the built environment, i.e. materials, assembly, urban 

area, city, country and constants. 

Table 5.2: List of databases of the developed software tool 

Database Description 

Materials Contains all building materials and their properties 

Assembly Contains the constituting materials of one building assembly 
and their quantities 

Assemblies catalogue Contains a list of all defined building assemblies 

City Contains all urban areas within a city and their properties 

City data Contains all constant parameters defined at a city level for a 
particular city 

Cities catalogue Contains a list of all defined cities in a country 

Country data Contains all constant parameters defined at a country level 
for a particular country 

Constants data Contains all constant parameters for any location 

The highest level comprises the constants data and the countries. Each 

country contains its own material, assemblies catalogue and cities 

catalogue databases. In turn, the assemblies catalogue contains numerous 

assemblies, each with its own materials and quantities. Similarly, the cities 

catalogue database contains various cities and their urban areas as well as 

data at a city level. An urban area within a city is also connected to the 

assemblies catalogue database where it reads the defined infrastructure 

types. The predefined buildings database is defined at a country level and 

comprises typical assemblies used in common residential building types. It 

is therefore also connected to the assemblies catalogue. 
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The hierarchy and connectivity of databases is represented in 

Figure 5.2. Arrow connectors indicate a hierarchal relationship while 

square connectors indicates a connection between databases i.e. a 

database reads data from another. 

 

Figure 5.2: Hierarchy and connectivity of databases of the developed software tool 
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Each of the databases above is programmed as a class with 

input-output functions and local calculation algorithms. For instance, a 

function in the assemblies catalogue database automatically calculates the 

initial embodied energy and greenhouse gas emissions per functional unit 

of assembly, based on the materials and their quantities in the assembly. 

5.2.2.1 Databases 

Databases in the software are implemented using the module Buzhug 

(Buzhug 2012) which is a disk-access database written in Python. When 

only single static data files are required, i.e. for the city data, the country 

data and the constants data, Python dictionaries are used. Dictionaries in 

Python can be seen as an ordered set of ‘key: value’ pairs. Hence for each 

key in the dictionary, a value is attached, as in a dictionary book. More 

information on Python dictionaries can be found in the online Python 

documentation (Python Software Foundation 2012b). The use of 

dictionaries for simple data files is very useful since all variable names are 

entered as keys and their values in the associated value field of the 

dictionary. 

The materials, assembly, assemblies catalogue and city databases are 

described below. The single static data files, i.e. city data, country data, 

and constants data are then presented. 

MATERIALS 

The materials database is at the heart of the embodied energy 

calculations since it constitutes the basis for building assemblies. It also 

plays a determinant role for heating and cooling calculations since the heat 

conductivity of materials in the database is used to determine the heat 

transfer coefficient or U-value of the envelope assemblies in the 

assemblies catalogue. Each material in the database is characterised by 15 

different fields. Some of these fields are presented in Table 5.3 below. See 

Table B.1, Appendix B for the full list.  
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Table 5.3: Selected fields defining a material entry in the materials database of the 

developed software tool 

Field name Type Description 

material String Name of the material e.g. Aluminium 

type String Type of the material e.g. Virgin 

unit String Functional unit of the material e.g. tonne 

eec Float Embodied energy coefficient (GJ/unit) 

heat_coeff Float Heat conductivity of the material (W/(mK)) 

lifespan Integer Service life of the material (years) 

wastage_coeff Float Wastage coefficient of the material (/1) 

Source: Appendix B 

The service life of materials is determined according to figures from the 

literature. In case the same material has a shorter service life in a particular 

context, the assessor can always enter the same material with a different 

service life in the database and create a new assembly using the new 

material. However, it is important to consider contextual factors in the 

determination of materials service lives. This aspect is discussed in 

Chapter 8. 

ASSEMBLY 

In this work, an assembly is considered as a combination of individual 

materials. Each assembly is defined as an individual dictionary stored in a 

data file. Three fields characterise each material in an assembly: the 

material, its thickness and its quantity. Table 5.4 shows the fields used for 

each entry in each assembly database. 

Each assembly database comprises the required information to 

characterise the assembly in the assemblies catalogue database. Hence, as 

shown in Figure 5.2, the assemblies catalogue database reads each 

assembly to retrieve the necessary data.  
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Table 5.4: Fields defining a material entry in an assembly database of the developed 

software tool 

Field name Type Description 

material Integer Reference identification of the corresponding material in the 
materials database 

thickness Float Thickness of the material in mm 

quantity Float Quantity of material (in material functional unit) per functional 
unit of assembly 

The thickness field is used only for envelope assemblies to 

automatically determine their heat transfer coefficient or U-value. It is also 

used to automatically calculate the quantity of material in the assembly 

based on its thickness. 

ASSEMBLIES CATALOGUE 

The assemblies catalogue database contains all defined assemblies and 

characterises each one through 9 different fields. These fields are 

automatically calculated based on the material quantities in each of the 

assembly databases. The calculations are detailed in Section 5.4.1. The 

different fields of each assemblies catalogue entry are given in Table 5.5. 

Table 5.5: Fields defining an assembly entry in the assemblies catalogue database 

Field name Type Description 

name String Assembly name 

category String Assembly category i.e. envelope, structure, systems, 
finishings or infrastructure 

subcategory String Assembly subcategory. See Table B.2, Appendix B. 

unit String Functional unit of the assembly i.e. m³, m², m, t, no. 

iee Float Initial embodied energy of the assembly (GJ/unit) 

iec Float Initial greenhouse gas emissions of the assembly 
(kgCO2-e/unit) 

ppr_energy Float Percentage of process data for the calculation of the initial 
embodied energy of the assembly 

ppr_carbon Float Percentage of process data for the calculation of the initial 
embodied emissions of the assembly 

u_value Float Heat transfer coefficient of the assembly (W/(m²K)), only 
for envelope assemblies 

description String Description of the assembly 
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The assemblies subcategories have been derived and adapted from the 

Australian Cost Management Manual (The Australian Institute of Quantity 

Surveyors 2000) which provides a common breakdown for commercial 

building assemblies. The list of assemblies subcategories and related 

parent categories is given in Table B.2, Appendix B. 

The assemblies catalogue is central to embodied energy calculations 

and to determine the heating and cooling demand since it comprises the 

necessary parameters. The determination of the quantities of assemblies 

used in a building, according to the input geometry and building type is 

described in Section 5.4.2. 

CITY 

The city database comprises all defined urban areas within that city. 

Each urban area is characterised by fields related to transport energy and 

related greenhouse gas emissions but also to infrastructure embodied 

energy and greenhouse gases. In total, each urban area in the city 

database is defined by 17 fields. A selection of these fields is presented in 

Table 5.6. The full list is provided in Table B.3, Appendix B. 

Table 5.6: Selected fields defining an urban area entry in a city database of the 

developed software tool  

Field name Type Description 

urban area String Name of the urban area within the city 

density Float Population density (persons/km²) 

car_travel_dist Float Annual car travel distance per capita 

tram_travel_dist Float Annual tramway travel distance per capita 

road_type String Name of the road assembly used, refers to a 
defined assembly in the assemblies catalogue 
database 

length_road_km² Float Total length of roads (m/km²) 

Source: Appendix B 

Four different public transport modes are taken into account in the 

software tool, i.e. buses, tramways, subways, and trains. A difference 

between subways and trains has been considered since in most European 

countries, capital cities have a subway network operated with trains which 

are sensibly different from regular intercity trains. 
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The car travel distance comprises the use of gasoline, diesel, liquefied 

petroleum gas, and purely electric cars. The share of each technology is 

defined at a building level. 

CITY DATA 

Values of 72 parameters defined at a city level are comprised in the city 

data, which is a single static file and uses a Python dictionary. Some are 

directly involved in calculations while others are used as default values for 

input fields. The complete list of variables is presented in 

Table B.4, Appendix B. 

COUNTRY DATA 

As for variables defined at a city level, many parameters are defined at 

a country level and are contained in the country data static file. This data 

file comprises variables such as direct greenhouse gas emissions per 

energy unit for a specific fuel combustion, direct input-output construction 

energy requirements per monetary unit and others. The complete list of 18 

variables is given in Table B.5, Appendix B. 

CONSTANTS DATA 

Some particular variables are constant in all situations. These are 

contained in the constants data static file which includes quantities such as 

air density, specific heat of water, energy density of fuels, etc.. The 

complete list of 13 variables is given in Table B.6, Appendix B. 

5.2.3 Computing core 

The core of the software is its computing component which calculates 

the life cycle energy demand of a residential building or district and related 

greenhouse gas emissions based on the user input and the databases. 

The calculations at a building level are based on three main steps. First 

a bill of quantities of all constituting assemblies is established. Second, this 

bill, in combination with data read from the databases is used to 

determine the embodied and operational energy requirements of the 

building. The transport energy is determined based on the user input and 

city databases and does not depend on the bill of quantities. Third, the 

embodied, operational and transport energy requirements are summed to 

produce the life cycle energy demand and related emissions. The flow 
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chart diagram of the computing core of the building class is shown in 

Figure 5.3. 

 

Figure 5.3: Flow chart diagram of the building class computing core of the developed 

software tool 

The procedure is exactly the same for a district except that calculations 

are performed for each building in the district. A function, proper to the 

district, sums the results and produces the averages. The flow chart 

diagram of the computing core of the district class is given in Figure 5.4 

below. 

 

Figure 5.4: Flow chart diagram of the district class computing core of the developed 

software tool 
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The building class is the core of the software tool as it is connected to 

all other classes: it receives input from the user interface, reads relevant 

data in all defined databases during the calculation steps and compiles the 

results so that the user interface can display them. 

Each of the two main classes in the computing core of the software, i.e. 

building and district class, have an identification (ID) dictionary which 

comprises the variables necessary to perform a calculation. 

5.2.3.1 Building class 

The building class ID comprises geometry, assembly, transport, user, 

systems, location and other data. It represents the essential data structure 

used in calculations. All 70 variables in the building ID data are entered by 

the user, either directly, using the advanced mode, or indirectly by loading 

a predefined building in the simple assessment mode. 

The majority of parameters in the building class ID have been detailed 

in the equations of Chapter 4. The remaining undefined parameters, 

related to modelling aspects in the tool are explained in Section 5.4. 

The complete list of 70 variables in a building ID is presented in 

Table B.7, Appendix B. 

5.2.3.2 District class 

The district class ID comprises far fewer variables than the building ID 

since most variables are defined at a building level. Hence, the district ID 

includes common variables for all constituting buildings. All defined 

variables at a district level, except the district area and the site coverage 

ratio, override the same variables at a building level. A good example 

would be the period of analysis which is imposed at a district level. 

The full list of all district class ID variables is given in 

Table B.8, Appendix B. 

5.2.4 User interface 

The graphical user interface (GUI) is designed to allow maximum 

flexibility. The assessor has three main choices when the software is 

launched. First, he/she can start a new analysis through the home panel. 

Secondly, he/she can load the plotter class to load previously saved files 

and visualize or compare results. Thirdly, the assessor can manage each of 
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the databases through a dedicated dialog and add new entries, edit 

existing data or remove selected entries. 

The flowchart diagram of the user interface architecture is given in 

Figure 5.5 below. Each process box corresponds to a class. 

 

Figure 5.5: Flow chart diagram of the graphical user interface architecture of the 

developed software tool 
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5.3 Software walkthrough 

A walkthrough of the main dialogs and panels of the software is 

presented in this section. The main frame, databases, home panel, building 

input panel, district input panel and plotter are described. 

5.3.1 Main frame 

The main frame of the software is divided into three parts: the 

horizontal menu bar on top, the content panel in the middle and the status 

bar at the bottom of the frame. Figure 5.6 is a screenshot of the main 

frame showing the home panel. 

The menu bar provides access to all features in the software, from 

running a new simulation, accessing all databases, launching the plotter, 

accessing help, to closing the software. 

The content panel, which represents 97% of the frame, is used to house 

the home panel, building input panel and district input panel which are 

also described in this chapter. 

The status bar at the bottom of the frame is used to display hints when 

menu items are hovered over. 

 

Figure 5.6: Screenshot of the main frame of the developed software tool displaying the 

home panel 
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5.3.2 Databases 

The different databases on which the software relies are accessed 

through the menu bar item ‘Databases’ as shown in Figure 5.7. 

The material database input dialog (Figure 5.8) is used as an example to 

explain how entries can be added, edited or removed. All database input 

dialog panels are similar. 

The dialog is divided into three main parts: the list control in the upper 

half, the input fields in the bottom left part and the button panel on the 

right. 

 

Figure 5.7: Accessing the databases through the menu bar of the developed software 

tool 
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Figure 5.8: Material database input dialog of the developed software tool 

The list control displays each entry in the database and its descriptor 

fields (in this case the material name, type, functional unit, etc.). A material 

can be selected from the list control for editing, copying, or removal. Scroll 

bars are automatically displayed if needed. 

The field input panel comprises all the controls necessary to add a new 

entry. Text controls, choices and checkboxes are used depending on the 

field type (see Section 5.2.2.1). The user input is automatically verified for 

validity and error messages are generated in case of a faulty input, e.g. text 

instead of number. This strategy tries to control potential errors before 

they are entered into the software. Some fields are dynamically modified 

according to the input in others. For example, the embodied emissions 

coefficient is calculated by multiplying the embodied energy by a specific 

factor. The assessor can override dynamic calculations by modifying the 

calculated number. 

The button panel is the command centre of the dialog. The ‘Add’ 

button adds the inputs as a new entry in the database. The list control is 

updated automatically. The ‘Remove’ button removes an entry from the 

database. However, double confirmation is required and also, entries 

which are used in other databases cannot be removed. For example, trying 

to remove the material ‘aluminium’ would raise an error since it is used in 
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a ‘door’ assembly. The assessor should delete all assemblies in which the 

material is used in order to remove the material from the database. The 

‘Edit’ button fills all the input fields in the input panel with the 

corresponding field values of the selected entry in the list control. These 

values can hence be edited and the database entry updated. The ‘Copy’ 

triggers the same action as the ‘Edit’ button except that the selected item 

is copied. Hence, a duplicate entry can be entered quickly without having 

to manually input all the fields again. The ‘Export database’ button 

generates a comma separated values (csv) file containing all database 

entries. The ‘Close’ button closes the dialog and returns the assessor to the 

main frame. 

5.3.3 Home panel 

The home panel of the main frame is displayed when the software is 

launched. It is divided into three boxes: the assessment type box, the 

location box and the mode box. Figure 5.6 shows the home panel. 

The assessment type box is used to determine whether a new analysis 

should be performed or a file loaded. In the latter case, a browsing dialog 

is opened and the selected file path displayed. The file type, i.e. building or 

district, is automatically detected. The ‘Proceed’ button can then be 

pressed and the software automatically displays the appropriate panel. 

The location box is used in case of a new analysis. It comprises the list 

of countries and all related cities for which data is available. The map of 

the world displays the country location. The city’s location on the country’s 

map is displayed in the second picture box. 

The mode box allows the assessor to choose the assessment mode, i.e. 

building or district analysis and submode, i.e. simple or advanced (for 

buildings only). The selection of the mode and submode determines which 

panel should be displayed and which controls on this panel should be 

enabled. 

5.3.4 Building input panel 

The building input panel is the most complex single entity in the 

software graphical user interface. It allows the user to enter all variables 

required to define a building. It is composed of ten different boxes (see 

Figure 5.9): 

 Simple assessment input; 



A software tool for the comprehensive life cycle energy assessment of residential buildings 

 

139 

 Geometry; 

 Structure; 

 Envelope; 

 Systems; 

 Finishings and cost; 

 Car transport shares; 

 Retrofit; 

 Parameter custom evolution; and 

 Controls. 

 

Figure 5.9: Building input panel of the developed software tool, in advanced mode 

5.3.4.1 Simple assessment input 

The simple input submode disables all boxes except the simple 

assessment input and the controls box as shown in Figure 5.10 below. 

The simple input box comprises the basic building information (see 

Section 5.1.1.4). All other controls in the building input panel are set by 

loading a predefined building type, e.g. brick veneer house, apartment in a 

six-storey building, etc.. Hence, the assessor is able to select from a range 

of predefined building types. The ‘Manually enter operational energy data’ 

button allows the assessor to override calculations and to input specific 
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final or delivered annual energy demands for heating, cooling, ventilation, 

lighting, cooking, hot water and appliances, individually. 

Once all fields in the simple assessment input box are filled and a 

predefined building is loaded, the calculations can be launched. 

 

Figure 5.10: Building input panel of the developed software tool, in simple mode 

5.3.4.2 Geometry 

The geometry box allows the assessor to select the building typology 

(house or apartment), the number of façades, number of storeys, etc.. The 

geometry fields are used to determine the bill of quantities as described in 

Section 5.4.2. 

5.3.4.3 Structure 

The structure box allows the assessor to choose the type of structure 

used in the building, i.e. bearing walls or beams and columns. The 

foundation type, concrete grade and steel type used in the foundations can 

also be selected. Note that in this work a foundation represents “the 

lowest load-bearing part of a building” as defined in the Oxford Online 

Dictionary (2013). The columns, beams, ground floor slab and upper floors 

slab can be chosen and the standard span entered. Custom assemblies can 
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be defined at a national level in the database and used in any building in 

that country. 

In case a ‘bearing walls’ structure type is selected, no beams or 

columns are considered. The embodied energy associated with the outer 

and inner bearing walls is attributed respectively to ‘envelope’ and 

‘finishings’ assembly categories. 

5.3.4.4 Envelope 

The envelope box allows the assessor to select the assemblies for the 

outer walls, the windows and the roof. Each of these assemblies includes a 

heat transfer coefficient or U-value used to determine the annual heating 

and cooling demands of the building (see Equation 4.12, Equation 4.14 and 

Equation 4.15, Chapter 4). 

5.3.4.5 Systems 

The systems box provides the necessary controls to input systems 

characteristics. These include the assemblies used for particular systems 

(such as for heating, cooling and hot water), the efficiency of systems (used 

to convert final to delivered energy) and the solar fractions and number of 

panels of solar hot water and photovoltaic systems. Ventilation 

parameters, in terms of ventilation type, number of ventilation hours and 

heat recovery efficiency are also controlled in the systems box. 

5.3.4.6 Finishings and cost 

The finishings and cost box allows the assessor to modify certain 

aspects of the building finishes and cost. The type of flooring for the 

bathrooms and kitchen, living area and bedrooms can be selected. The 

internal walls and doors assemblies can also be chosen. The remaining 

aspects of finishes are aggregated into a cluster denominated ‘other’. The 

building cost per m² is also entered in this box and used for the 

determination of pure input-output embodied energy requirements and 

associated greenhouse gas emissions (see Equation 4.2). 

5.3.4.7 Car transport shares 

The car transport share box permits the setup of car travel shares by 

car technology, i.e. gasoline, diesel, liquefied petroleum or natural gas, and 

electric. The default values are read at a city level but can be edited for 
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each building. The public transport data is read directly from the urban 

area database since it cannot be changed for each household. 

5.3.4.8 Retrofit 

The retrofit box allows the assessor to choose which assemblies already 

exist in the residential unit in case of retrofit. The initial embodied energy 

and related emissions of selected assemblies are not taken into account in 

calculations. The recurrent energy requirements are calculated as if the 

assemblies were installed at the time of retrofit. This model is not very 

realistic since it does not account for the already-consumed service life of 

the materials in the assembly. The implications of this assumption are 

discussed in Chapter 8. 

5.3.4.9 Parameter custom evolution 

The parameter custom evolution box allows the assessor to model the 

evolution of six key parameters in the future and to test different scenarios 

as described in Section 4.8.2.4. 

A dialog box (see Figure 5.11) is displayed for each parameter. This 

dialog box is separated into four main parts: the button panel, the list box, 

the hint and the input controls. 

The button panel allows the assessor to load, save and remove 

predefined scenarios for the evolution parameter (in this case the CO2-e 

emissions from electricity generation). 

The list box, displays all predefined scenario names while the hint 

informs the assessor of the required data format. The initial value of the 

parameter, at year 0 of the assessment, is also displayed. 

The input controls are used to determine the value of the parameter at 

one third, two thirds and at the end of the period of analysis specified in 

the simple assessment box of the building input panel. The only exception 

is the number of users which can be modified at any four years during the 

period of analysis. 
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Figure 5.11: Custom parameter evolution dialog sample of the developed software tool 

5.3.4.10 Controls 

The controls box contains the buttons to save the assessor’s input and 

calculate the life cycle energy demand and related greenhouse gas 

emissions of the specified building. It also allows conducting a sensitivity 

analysis and bypassing the bill of quantities generated by the tool. 

The ‘display bill of quantities’ checkbox allows the assessor to display 

the calculated bill of quantities of the building and to override the 

calculations in case these differ from what would be expected. The 

‘sensitivity analysis’ button launches the sensitivity analysis window which 

is presented hereafter. The ‘save as type’ button allows the assessor to add 

a new predefined building type to the library. The ‘save’ button is enabled 

after calculations are performed. It allows the assessor to save the results 

and the building variables in a file. This file can be loaded into the plotter 

or can be used to define a district. Finally, the ‘calculate’ button performs 

all calculations. 

SENSITIVITY ANALYSIS 

The sensitivity analysis module allows the assessor to perform a battery 

of parametric variations and to rank all possible scenarios against a 

selected energy or greenhouse gas emissions indicator (e.g. accumulated 

appliances primary energy demand, total life cycle energy use, initial 

embodied energy of outer walls, etc.). A screenshot of the module is 

presented in Figure 5.12. 

The assessor selects which parameters should be varied and defines up 

to eight possible values for each. The software computes all possible 
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combinations and calculates all life cycle energy and emissions 

requirements for each. The assessor can then select which output variables 

he/she wants to use for ranking the scenarios as well as the output unit 

(e.g. GJ/year.capita). A multiple ranking can also be performed. The latter 

generates a list of all scenarios with their rankings for each selected output 

variable. The generated rankings can be exported as data sheets. The 

assessor can also save one or more scenarios as building files and open 

them afterwards in the software tool. 

This module greatly saves time for the assessor and allows the quick 

identification of the most important parameters. This prioritisation 

enhances the framework and can inform the assessor about the most 

effective life cycle energy reduction strategy. 

 

Figure 5.12: Sensitivity analysis module of the developed software tool 

5.3.5 District input panel 

The district input panel is simpler than the building input panel since it 

basically acts as a compiler of different buildings (see Figure 5.13). It is 

composed of four main parts: the district input box, the parameter custom 

evolution, the constituting buildings and the controls. 
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The district input box comprises the district specific parameters, i.e. 

area and built area, as well as the period of analysis which will be imposed 

on all constituting buildings. 

The parameter custom evolution loads the same dialog box as in the 

building input panel. However, the district input panel only allows the 

input of four key parameters instead of six. The evolutions of the transport 

modal split and the number of users are read in each constituting building 

file. The defined parameter evolutions are imposed on all constituting 

buildings. 

The constituting buildings box allows the assessor to load up to six 

building files and to specify the share of each building type in the district. 

The number of each constituting building type in the district is displayed 

after the calculations are performed. 

The controls box allows the assessor to run the district calculations and 

to save the results in a file once these are performed. This file can be 

reloaded from the home panel or loaded into the plotter to display and 

compare results. The calculated residential population density of the 

district is displayed in the results box. 

 

Figure 5.13: District input panel of the developed software tool 
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5.3.6 Plotter 

The plotter is the dialog box that displays all the framework and 

software output. It is where all graphs are displayed and data can be 

exported. The plotter dialog is divided into three main parts: the display 

bar on top, the canvas in the centre and the control panel in the bottom, 

as depicted in Figure 5.14. 

 

Figure 5.14: The plotter dialog of the developed software tool 

5.3.6.1 The display bar 

The display bar includes the controls to show and hide uncertainty and 

variability lines on the canvas and is located at the top of the frame. 

Variability and uncertainty lines are always drawn in a hatched style to 

easily differentiate them from median values. Each variability and 

uncertainty line can be shown/hidden for each loaded file in the plotter. 

Lines also become more transparent as variability and uncertainty grows 

for line graphs while their width is changed for bar graphs. The boundary 

and nominal values can be shown on line and plot graphs through the 

display values checkbox. The values of the abscissa and ordinates are 

dynamically displayed under the type of analysis when the mouse is moved 

above the plotting canvas. 
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5.3.6.2 The canvas 

The canvas of the plotter is where line charts and bar charts are drawn. 

The title of the graph, the units, the axis labels and the gridlines are 

automatically generated and adjusted according to the plotted variable. 

5.3.6.3 The control panel 

The plotter control panel (located at the bottom of the frame) provides 

the assessor with all the tools to extract graphs from the calculated results. 

It is composed of five different boxes: 

 The data box; 

 The custom graph box; 

 The main graphs box; 

 The graph units box; and 

 The export box. 

DATA BOX 

The data box is used to load saved building or district files into the 

plotter. The loaded file names are automatically displayed in the list box. 

Files can also be removed. Up to seven different files can be loaded into 

the plotter to compare different buildings or districts. District files can be 

broken down into their constituting buildings by clicking on the 

‘By building’ button. The files properties, i.e. the ID variables (see 

Section 5.2.3.1), can be displayed to have an overview of the input. 

CUSTOM GRAPH BOX 

The custom graph box is composed of five choice controls and one 

‘Plot graph’ button. The assessor, by a combination of choices, has access 

to very specific variables such as the recurrent embodied greenhouse gas 

emissions associated with doors in the building, the accumulated space 

heating primary energy demand or the accumulated indirect tramway 

transport energy of the household. 

The custom graph box allows the assessor to visualize the energy 

demand or greenhouse gas emissions of variables at a highly disaggregated 

level. 
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MAIN GRAPHS BOX 

The main graphs box allows the assessor to quickly plot main variables 

with a single click. The life cycle embodied, operational, transport and total 

(sum of the former) energy requirements can be displayed. A bar diagram 

representing the share of each energy flow and the total energy demand 

can also be displayed with a single click. The same graphs can be displayed 

for the related greenhouse gas emissions of the loaded building or district 

files. 

GRAPH UNITS BOX 

The graph units box allows the assessor to express the results in terms 

of any unit defined in Table 4.1. The choice of a unit combination in the 

two dropdown boxes will automatically update the graph accordingly. If a 

per year unit is chosen, the graph type is converted to a bar plot. 

EXPORT BOX 

The export box contains the necessary controls to save the graph as an 

image or portable document format (pdf) which can then be printed. It 

also allows the assessor to export the raw data of the plotted variable, for 

the selected file, to the comma separated values (csv) format, to treat the 

data in a third party program. An automatically generated header is 

attached to exported data files to facilitate data interpretation. 

5.4 Quantification aspects 

This section provides information about quantification aspects which 

are not covered in Chapter 4. The calculation of assemblies characteristics, 

based on material quantities is described. The determination of the bill of 

quantities of a building, based on its geometry input is also detailed. 

Finally, additional details pertaining to the calculation of embodied energy 

using an input-output-based hybrid analysis are provided.  

5.4.1 Calculation of assemblies characteristics 

The characteristics of a particular assembly are determined based on its 

constituting materials and their properties. Apart from the heat transfer 

coefficient or U-value of envelope assemblies, which is determined 

according to Equation 4.11, there are two types of assembly 

characteristics: absolute variables and averaged variables. 
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5.4.1.1 Absolute variables 

The absolute variables are the embodied energy and embodied 

greenhouse gas emissions of the assembly expressed in GJ and kgCO2-e, 

respectively. These are calculated by summing the product of: the 

embodied energy emissions coefficient of each material, the quantity of 

material per functional unit of assembly and the material wastage 

coefficient as per Equation 5.1. 

 
1

M

a m m a m
m

EE EE Q w



    Equation 5.1 

Where: 

EEa = Embodied energy per functional unit of assembly a in GJ/unit; 

m = Constituting material; 

EEm = Embodied energy per functional unit of material m in GJ/unit; 

Qm→a = Quantity of material m in assembly a; and 

Wm = Wastage coefficient of material m. 

The wastage coefficient of each material also depends on the type of 

construction, i.e. prefabricated, on-site, etc. This aspect is not considered 

in this work as all wastage coefficients are considered for an on-site 

construction. Also, wastage coefficients could differ between practices and 

countries but are considered the same in this work. These assumptions 

could result in changes in embodied energy figures. Greenhouse gas 

emissions associated with the embodied energy of an assembly are 

calculated by replacing energy figures with emissions in Equation 5.1. 

5.4.1.2 Averaged variables 

The average variables are the ratio of process data for the embodied 

energy and embodied greenhouse gas emissions. 

These are calculated using a standard weighted average approach 

based on the contribution of each material towards the total embodied 

energy or emissions of the assembly, as per Equation 5.2. 
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     Equation 5.2 

Where: 
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PEEa = Share of process data for embodied energy of assembly a; 

EEa = Embodied energy per functional unit of assembly a in GJ/unit; 

m = Constituting material; 

EEm = Embodied energy per functional unit of material m in GJ/unit; 

Qm→a = Quantity of material m in assembly a; 

Wm = Wastage coefficient of material m; and 

PEEm = Share of process data for embodied energy of assembly m. 

5.4.2 Determination of a building’s bill of quantities 

The bill of quantities of the building is central to most calculations. It is 

automatically generated based on the assessor input, in terms of geometry 

and building type. However, because of the simplified input (rectangular 

plans only), the figures obtained are a first approximation and may differ 

sensibly from the reality. Therefore, the assessor can override the bill of 

quantities by imposing quantities for one or more variables. The 29 

quantity variables which are automatically calculated are presented in 

Table B.10, Appendix B. A selection of these is given in Table 5.7 below. 

The calculations and assumptions necessary to obtain these figures are 

provided hereafter. 

Table 5.7: List of selected quantity variables in a building’s bill of quantities 

Variable name Type Description 

GFA  Float  Gross floor area of the building in m² 

area_outer_walls  Float  Area of outer walls in m² 

area_bedrooms  Float  Area of the bedrooms in m² 

num_dhw_units  Integer  Number of domestic hot water systems 

length_columns  Float  Total length of columns in m 

qtty_foundations_concrete  Float  Quantity of concrete in foundations in m³  

road_length  Float  Length of road attributed to the building 

Source: Appendix B 

5.4.2.1 Determination of floor area quantities 

GROSS FLOOR AREA AND USABLE FLOOR AREA 

The gross floor area of the building (GFA) is obtained as per 

Equation 5.3. 
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GFA w d NS    Equation 5.3 

Where: 

GFA = Gross floor area of the building in m²; 

w = Width of the building in m; 

d = Depth of the building in m; and 

NS = Number of storeys of the building. 

Therefore, common areas for apartments or terraces, etc. are not taken 

into account. This is likely to slightly underestimate the total embodied 

energy figures. 

The usable floor area of the building (UFA) is calculated as per 

Equation 5.4. 

GFA UFAUFA GFA     Equation 5.4 

Where: 

UFA = Usable floor area of the building in m²; 

GFA = Gross floor area of the building in m²; and 

αGFA→UFA = Coefficient transforming GFA to UFA (0.9). 

The value of the coefficient αGFA→UFA, i.e. 0.9, is based on Fay (1999). The 

usable floor area and gross floor area per floor are obtained by dividing the 

above quantities by the number of storeys in the building. 

5.4.2.2 Determination of envelope area quantities 

OUTER WALLS AREA 

The initial area of the outer walls is calculated as per Equation 5.5 

which factors in the number of façades of the building. 

 2 ( 2)ow, wA w NF d h NS         Equation 5.5 

Where: 

Aow,+w = Area of outer walls in m² (including windows); 

w = Width of the building in m; 

NF = Number of façades of the building (i.e. 2, 3 or 4) 

d = Depth of the building in m; 

h = Height between floors of the building in m; and 
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NS = Number of storeys of the building. 

Once the windows area is determined as per Equation 5.8, the outer 

walls area is updated as per Equation 5.6 to remove the windows surface 

area. 

ow,-w ow,+w wA A A   Equation 5.6 

Where: 

Aow,-w= Area of outer walls in m² (excluding windows); 

Aow,+w = Area of outer walls in m² (including windows); and 

Aw = Area of windows in m² (calculated as per Equation 5.8). 

The outer walls area is updated a third and final time to include the 

gables under the roof. 

2tan( )

2
ow,+g ow,-w

RS w
A A


   Equation 5.7 

Where: 

Aow,+g = Area of outer walls in m² (including gables); 

Aow,-w = Area of outer walls in m² (excluding windows); 

RS = Slope of the roof in degrees; and 

w = Width of the building in m. 

The roof slope variable should be comprised within [0°; 90°[ to avoid an 

infinite number during the tangent calculation. This aspect is controlled by 

the input verifier of the user interface. 

WINDOWS AREA 

The area of windows is obtained as per Equation 5.8 by multiplying the 

outer walls area by the windows to façade ratio entered by the assessor. 

The windows area comprises frames which can be defined in the assembly. 

w ow,+w w fA A     Equation 5.8 

Where: 

Aw = Area of windows in m²; 

Aow,+w = Area of outer walls in m² (including windows); and 

αw→f = Windows to façade ratio. 
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ROOF AREA 

The roof area is calculated by considering the roof slope and the 

building type. For apartment buildings, the roof area of the building is 

divided equally upon all apartments to account for the heat losses. Hence, 

when all apartments in a building are added, the total heat loss of the 

building is obtained. Equation 5.9 shows the calculation of the roof area. 

1
2

cos( )
r

w
A d

RS NA
     Equation 5.9 

Where: 

Ar = Roof area in m²; 

w = Width of the building in m. 

RS = Slope of the roof in degrees; 

d = Depth of the building in m; and 

NA = Number of apartments (1 if house). 

HEAT LOSSES AREA 

The heat losses area is obtained by summing the outer walls area, the 

windows area and the roof area. Losses to the ground and to party walls 

are neglected (see Section 4.3.2.1). 

hl ow,+g w rA A A A    Equation 5.10 

Where: 

Ahl = Heat losses area in m²; 

Aow,3 = Area of outer walls area in m² (including gables); 

Aw = Area of windows in m²; and 

Ar = Roof area in m². 

5.4.2.3 Determination of finishings quantities 

The finishings quantities comprise the internal walls area, the number 

of doors and the floor area per building function. The latter is used to 

determine flooring assemblies quantities. 

INTERNAL WALLS AREA 

The area of internal walls depends on the building geometry, number 

of façades and number of storeys. Table 5.8 relates the number of façades 
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with the corresponding equation to determine the area of internal walls 

and floor plan. 

Table 5.8: Internal walls area calculations according to the number of façades 

Number of 
façades 

Internal walls area calculated as 
per 

Floor plan 

2 Equation 5.11 Figure 5.15 (A) 

3 Equation 5.12 Figure 5.15 (B) 

4 Equation 5.13 Figure 5.15 (C) 

 

Figure 5.15: Plan view of internal walls (in dark) considered for bill of quantities 

 2 2iwA w d h NS       Equation 5.11 

 2 1.5iwA w d h NS       Equation 5.12 

 3 2iwA w d h NS       Equation 5.13 

Where: 

Aiw = Area of internal walls in m²; 

w = Width of the building in m; 

d = Depth of the building in m; 

h = Height between floors of the building in m; and 

NS = Number of storeys of the building. 

NUMBER OF DOORS 

The number of doors is determined by dividing the usable floor area by 

the average room size as per Equation 5.14. It is assumed that each room 

requires one door. 



A software tool for the comprehensive life cycle energy assessment of residential buildings 

 

155 

av

UFA
ND round

RS

 
  

 
 Equation 5.14 

Where: 

ND = Number of doors; 

UFA = Usable floor area of the building in m²; and 

RSav = Average room size in m². 

FLOOR AREA PER BUILDING FUNCTION 

The floor areas of the different functions, i.e. living, bathrooms and 

kitchen and bedrooms are obtained by multiplying the usable floor area by 

a certain factor. These factors differ between each building type and are 

based on Du Bellay et al. (2006). The factors used in this work are given in 

Table 5.9 below. The laundry function is not taken in account. 

Table 5.9: Floor area coefficient per building function 

Building type Bathroom and 
kitchen coefficient 

Bedrooms 
coefficient 

Living area 
coefficient 

House 0.15 0.45 0.4 

Apartment 0.1 0.45 0.45 

Source: Du Bellay et al. (2006) 

The usable floor area per function is used to determine the amount of 

flooring surface for each function and the related embodied energy based 

on the corresponding assembly (see Table B.10, Appendix B). 

5.4.2.4 Determination of systems quantities 

The calculations of the number of systems assemblies is based on 

average values for the particular system. 

PIPES AND WIRES LENGTH 

The pipes and wires length are determined by multiplying the usable 

floor area of the building by the average length of pipes or wires per m² of 

residential buildings. The average pipe and wires lengths used in the model 

are 0.55 and 0.6 m/m² respectively based on a rule of thumb from Du 

Bellay (2006). The quantities are obtained as per Equation 5.15. 

, ,p w p w UFAL UFA L    Equation 5.15 
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Where: 

Lp,w = Length of pipes or wires in m; 

UFA = Usable floor area of the building in m²; and 

Lp,w→UFA = Length of pipes or wires per unit of UFA in m/m². 

NUMBER OF COOLING AND HEATING OUTLETS 

It is assumed that for each room, a heating delivery and a cooling unit 

are installed when an assembly is selected by the assessor. Hence, the 

number of units is determined by dividing the usable floor area by the 

average room size. Also, no heating or cooling systems are installed in the 

toilets and the kitchen. The formula used is therefore similar to 

Equation 5.14, except that the usable floor area does not include 

bathrooms and kitchen. 

NUMBER OF HEATING AND DOMESTIC HOT WATER UNITS 

One heat generation (e.g. central heating) and one domestic hot water 

units are assumed to be installed for each building. Indeed, it is uncommon 

to have more than one of each of these systems. A heating and domestic 

hot water unit is assumed to be installed for each apartment in an 

apartment building. In case a centralised system is installed, the assessor 

should manually enter the fraction of the system attributed to the 

assessed apartment into the bill of quantities, e.g. 1/8 for an apartment 

building with 8 apartments. 

SOLAR HOT WATER AND PHOTOVOLTAIC PANELS 

The number of solar hot water or photovoltaic panels is directly 

entered by the assessor in the building input panel and does not need to 

be computed. Default values, based on the solar fraction are provided in 

the graphical user interface. 

5.4.2.5 Determination of structure quantities 

The calculations of structure quantities, i.e. length of columns, length of 

beams and quantity of concrete and steel in the foundations are based on 

the average span specified and on average reinforcement values. 

LENGTH OF COLUMNS AND BEAMS 

The average number of columns and beams per storey is first 

calculated by imposing a regular orthogonal grid on the floor plan as 
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shown in Figure 5.16. Beams and columns are only used if the 

corresponding structure type is selected by the assessor. 

 

Figure 5.16: Determination of the number of columns and beams 

The total number of columns and total number of beams in the building 

are multiplied by the height between floors (see Equation 5.16) and the 

typical span (see Equation 5.17), respectively to obtain the total length. 

cL NC h   Equation 5.16 

Where: 

Lc = Length of columns in m; 

NC = Number of columns in the building; and 

h = Height between floors in m. 

bL NB s   Equation 5.17 

Where: 

Lb = Length of beams in m; 

NB = Number of beams in the building; and 

s = Average span in m. 
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CONCRETE AND STEEL QUANTITIES IN FOUNDATIONS 

The concrete and steel quantities in foundations depend on the type of 

foundations. The concrete volume is first determined based on standard 

foundations sizes for residential buildings. The amount of steel in tonnes is 

then calculated by multiplying the concrete volume by an average 

reinforcement value. Three types of foundations can be chosen: raft, 

continuous footing or individual footings and the corresponding concrete 

quantities are calculated as per Equation 5.18, Equation 5.19 and 

Equation 5.20. 

floor
raft

GFA t
VC

NA


  Equation 5.18 

Where: 

VCraft = Volume of concrete in a raft foundation in m³; 

GFAfloor = Gross floor area per storey in m²; 

t = Average thickness of the raft in m (i.e. 0.4 m); and 

NA = Number of apartments (1 if house). 

 2
floor f floor f

cfooting

t NB s w NC w
VC

NA

    
  Equation 5.19 

Where: 

VCcfooting = Volume of concrete in a continuous footing foundation in m³; 

t = Average thickness of the footing in m (i.e. 0.35 m). 

NBfloor = Number of beams in a single storey; 

s = Average span in m. 

wf = Width of the footing (i.e. 0.8 m); 

NCfloor = Number of columns in a single storey; and 

NA = Number of apartments (1 if house). 

The subtraction term in the numerator of the equation is required to 

avoid double counting at the columns crossing. 

 2
floor f

ifooting

t NC w
VC

NA

 
  Equation 5.20 

Where: 
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VCifooting = Volume of concrete in individual footings foundation in m³; 

t = Average thickness of the footing in m (i.e. 0.4 m); 

NCfloor = Number of columns in a single storey; 

wf = Width of the footing (i.e. 0.6 m); and 

NA = Number of apartments (1 if house). 

All the foundations thicknesses and widths are based on rule of thumb 

practices extracted from Du Bellay (2006) and Le Moniteur (2000). 

Once the volume of concrete is determined, the quantity of steel is 

calculated as per Equation 5.21 based on average figures from Le Moniteur 

(2000). 

f steel concWS VC     Equation 5.21 

Where: 

WSf = Weigth of steel in foundations in t; 

VC = Volume of concrete in foundations in m³; and 

αsteel→conc = Concrete reinforcement coefficient in t/m³ (i.e. 0.13 for 

apartment buildings and 0.1 for houses). 

5.4.2.6 Determination of infrastructure quantities 

The quantities of infrastructures related to a building are determined as 

per Equation 4.9. The calculations are discussed in Section 4.2.2.3. 

5.4.2.7 Determination of other quantities 

GROSS VOLUME 

The gross indoor volume of the building, which is used in ventilation 

heat loss calculations (see Equation 4.13), is calculated as per 

Equation 5.22. 

 bVOL GFA h   Equation 5.22 

Where: 

VOLb = Gross indoor volume of the building in m³; 

GFA = Gross floor area of the building in m²; and 

h = Height between floors in m. 
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5.4.3 Additional details on embodied energy calculations 

This section provides additional details regarding the implementation 

of embodied energy calculations using the input-output-based hybrid 

analysis technique. The formulas used for the embodied energy 

calculations are presented in Section 4.2. 

The embodied energy coefficients used in the materials database are 

process-based hybrid analysis figures. Hence, two input-output-based 

quantities still need to be added to obtain comprehensive system 

boundaries: the direct construction requirements and the remainder. 

5.4.3.1 Implementation of the direct construction requirements 

The direct energy requirements and greenhouse gas emissions related 

to the construction of the building represent the amount of energy and 

emissions linked to the erection of the building on site, excluding 

manpower. 

Crawford (2011) has determined the direct energy and emissions 

intensities of the residential construction industry for Australia 

(Table 5.10). 

Table 5.10: Direct construction energy requirements and greenhouse gas emissions 

for Australia 

Direct construction requirements Quantity 

Energy 0.34895 (GJ/A$ 1 000) 

Greenhouse gas emissions 23.87 (kgCO2-e /A$ 1 000) 

Source: Crawford (2011) 

Hence, in order to determine the direct energy requirements (DER) and 

emissions (DGHGR) associated with the construction of the building, these 

quantities should be multiplied by the building price. 

A building price estimation is provided to help the assessor. This 

estimation is extracted from average figures based on the building type 

(house or apartment), its number of façades and its standing (low, 

medium, high. The prices for Australia are based on Rawlinsons (2004, 

2012) and complemented with adjusted data from RSMeans (2012) where 

the desired building type was not found. All prices are expressed in 1997 

terms to match the input-output data used in the embodied energy and 

emissions database. The building price is calculated as per Equation 5.23. 
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The prices of existing assemblies in case of retrofit are based on the 

same sources for coherence. It is important to correct the price in case of 

retrofit to obtain realistic figures for the construction requirements and 

the remainder. 

1

EA

b b ea
ea

P GFA SP SP GFA


     Equation 5.23 

Where: 

Pb = Price of the building in currency unit; 

GFA = Gross floor area of the building in m²; 

SPb = Specific price of the building b in currency unit/m²; 

ea = Already existing assembly in retrofit case; and 

SPea = Specific price of the already existing assembly ea in currency 

unit/m². 

The energy and emissions construction requirements are therefore 

quantified as per Equation 5.24 and Equation 5.25 respectively. 

c rc bE DER P   Equation 5.24 

Where: 

Econstruction = Direct construction energy of the building b in GJ; 

DERrc = Direct energy requirement of the residential construction 

sector in GJ/currency unit; and 

Pb = Price of the building in currency unit. 

c rc bGHG DGHGR P   Equation 5.25 

Where: 

GHGc = Direct construction greenhouse gas emissions of the building b 

in kgCO2-e; 

DGHGRrc = Direct emissions requirement of the residential construction 

sector in kgCO2-e/currency unit; and 

Pb = Price of the building in currency unit. 

Once the direct construction energy and emissions have been 

calculated, the ratio of construction to total initial energy or emissions is 

determined. These ratios are multiplied by the total recurrent energy or 
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emissions to obtain the direct construction requirements for the recurrent 

energy and emissions. Hence, ratios of construction energy or emissions to 

total embodied energy or emissions are assumed to be the same for initial 

and recurrent requirements. 

5.4.3.2 Calculation of the remainder for the input-output-based hybrid 

analysis technique 

The initial embodied energy figure at the whole building level, 

calculated using the materials and assemblies catalogue databases relies 

on process-based hybrid analysis. These numbers do not include energy 

demand associated with the non-material inputs to the building such as 

insurance, advertising and others. The energy requirements of these 

service related inputs must be accounted for in order to cover the 

complete system boundary as in the input-output-based hybrid analysis. 

The so-called ‘remainder’, represents the non-material-related inputs 

in the economy which are related to the residential building sector. The 

remainder is calculated by removing the energy requirements of the 

pathways for which process data is available from the total input-output 

energy requirements of the residential sector. 

However, automating this process at the material level implies defining 

prices for each material as well as automating the determination of the 

input-output pathways related to each material. These aspects fall beyond 

the scope of this thesis. Hence, a simplified approach has been adopted to 

still provide comprehensive and reliable embodied energy and emissions 

results. 

It is assumed that most residential buildings comprise the same generic 

building materials. Hence, the related input-output pathways are often the 

same for all residential buildings in the same country. This implies that the 

remainder, expressed in GJ/currency units, is often very similar for any 

residential building. 

The remainder for residential buildings in Australia is calculated in this 

work. These calculations are based on Crawford (2011). 

Table B.9, Appendix B presents the main construction materials commonly 

found in residential buildings, their related input-output pathway as well as 

the energy intensity of that pathway. 

The total energy requirement of the residential building sector in 

Australia is 10.633 GJ/A$ 1 000 (based on 1996-1997 input-output data, 

the latest energy-based input-ouput model available at the time). The total 
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energy requirements of the input-output pathways covering the commonly 

used materials in residential buildings in Australia is 6.074 GJ/A$ 1 000 (see 

Table B.9, Appendix B). The remainder figure obtained is 

4.558 GJ/A$ 1 000. The direct energy requirement for construction should 

be deducted from this figure to avoid double counting as it is included in 

the non-materials inputs covered by the remainder. Hence the final 

remainder value used is 4.209 GJ/A$ 1 000. 

The calculation of the energy requirements remainder at a whole 

building level is therefore performed as per Equation 5.26 below. 

b b avR P R   Equation 5.26 

Where: 

Rb = Remainder energy requirements for building b in GJ; 

Pb = Price of the building in currency unit; and 

Rav = Average remainder energy requirements for the residential 

building sector in GJ/currency units. 

The emissions remainder is calculated using the same approach. In case 

no input-output data is available for greenhouse gas emissions, the energy 

remainder is converted to greenhouse gas emissions by multiplying it by 

the average emissions intensity of energy use. This figure is 60 kgCO2-e/GJ 

for Australia (Treloar 2000). 

The energy and emissions remainder associated with the recurrent 

embodied energy and emissions of the building is determined using the 

same approach as for the direct construction requirements by relying on 

an average ratio. 

The ratio of the remainder energy and emissions to the total initial 

embodied energy calculated using process-based hybrid analysis are first 

determined. These are multiplied by the total recurrent embodied energy 

and carbon requirements to determine the associated remainders. 

Therefore, it is assumed that the ratio of the remainder to the initial and 

recurrent embodied energy and emissions are the same. 

5.5 Simplified wire diagram of the developed software tool 

The software tool reflects the complexity of the framework. The tool 

has been described by module in the previous sections for clarity purposes. 

However, the linkages between the software classes, dialogs, databases 
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and data files are very complex in nature. Figure 5.17 shows a wire 

diagram of the software. Intentionally, only aggregated components have 

been shown to be able to distinguish some connections. If all variables and 

sub-components were to be displayed, the number of connections would 

exceed 1 000. Notwithstanding, the diagram below depicts the complexity 

of the developed framework and its related software tool. 

 

Figure 5.17: Simplified wire diagram of the developed software tool 



A software tool for the comprehensive life cycle energy assessment of residential buildings 

 

165 

5.6 Software verification 

Software verification consists of proving the correctness of computed 

results by comparing them with manual calculations. The software 

verification aims solely at verifying that calculations are correct and differs 

from validation, which tests if the software output accurately represents 

reality. 

In this work, software verification is performed for all implemented 

algorithms, not all quantities. This implies that if multiple quantities are 

calculated using the same software algorithm, verifying one quantity 

ensures that all others are correct. This greatly reduces verification time. 

The manual calculations are performed using a calculator and Microsoft 

Excel. For evolution parameters, which include cubic interpolation, Matlab 

(MathWorks 2011) is used. A maximum relative difference of 0.001% 

between the software output and the value obtained manually is imposed. 

In other terms, if the software value differs from the manual calculation by 

more than 0.001%, the algorithm is reviewed. The relative difference εr is 

calculated as per Equation 5.27. Uncertainty and variability calculations are 

also verified. 

100r
SQ MQ

MQ



   Equation 5.27 

Where: 

εr = Relative difference in %; 

SQ = Software output nominal quantity; and 

MQ = Manually calculated nominal quantity. 

More information related to the verification of particular quantities is 

given below. 

5.6.1 Bill of quantities 

Each figure in the bill of quantities (see Table B.10, Appendix B), was 

successfully verified. Variations were made to the input to include different 

building types (apartment and house), number of façades (2, 3 or 4), 

number of storeys (1, 2, 3 or 4), etc.. 

The ability to bypass the calculated quantities was also tested by 

entering modified values and comparing the output with hand calculations. 
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In all cases, the relative difference between the software output and 

the hand calculation, was lower than 0.001%. 

5.6.2 Embodied energy and greenhouse gas emissions 

The embodied energy and greenhouse gas emissions calculations were 

verified for their: 

 Initial value; 

 Recurrent value; and 

 Total value. 

Also, the years of material replacement in an assembly were verified. 

The remainder and direct construction energy and greenhouse gas 

emissions requirements were verified for different building prices. A 

retrofit scenario was tested to verify that the initial embodied energy and 

related emissions were set to zero for the existing assemblies in the 

building. 

In all cases, the relative difference between the software output and 

the hand calculation, was lower than 0.001%. 

5.6.3 Operational energy and greenhouse gases 

The operational energy and greenhouse gas emissions calculations 

were verified. The final, delivered and primary energy use and emissions 

figures on an annual basis and over the building design life were compared 

to manual calculations for each end-use. 

The evolution of the primary energy coefficient for electricity, the 

greenhouse gas emissions from electricity generation, the appliances 

energy demand and the number of users over time were verified, 

individually, along with each combination of the four. 

The ability of the assessor to bypass operational energy calculations 

was also successfully tested. 

In all cases, the relative difference between the software output and 

the hand calculations was lower than 0.001%. 

5.6.4 Transport energy and greenhouse gases 

The transport energy requirements and related greenhouse gas 

emissions figures produced by the software were verified. The direct, 

indirect and total energy use and related emissions, for each travel mode 
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were tested. The verification was undertaken on an annual basis and over 

the building design life. 

The evolution of the energy and fuel efficiency of travel modes, the 

modal split evolution, the primary energy factor of electricity, the 

greenhouse gas emissions from electricity generation and the number of 

users over time were verified, individually, along with each combination of 

the five. 

In all cases, the relative difference between the software output and 

the hand calculations was lower than 0.001%. 

5.6.5 Life cycle energy and greenhouse gas emissions 

The life cycle energy and greenhouse gas emissions calculations which 

represent the sum of the embodied, operational and transport figures 

were also verified. 

In all cases, the relative difference between the software output and 

the hand calculations, was lower than 0.001%. 

5.6.6 Runtime aspects 

Apart from numerical verification, the runtime (or computing time) of 

the software is important to measure. Indeed, the aim of the software is to 

provide building designers and energy experts with a practical tool to 

quickly evaluate the impact of design decisions on the life cycle energy 

demand of residential buildings and districts. It is therefore important to 

produce a fast, optimised algorithm, with a minimal running time. 

The implementation of the software tool results in a runtime 

dependent on the period of analysis (POA). All matrices have a number of 

rows equal to the POA. In other terms, when a long POA is specified, the 

calculations will take a longer time since they require the manipulation of 

larger matrices. 

To test the runtime dependence on the POA, a short script, which runs 

calculations for a range of POA (10 to 200) has been developed. Figure 5.18 

shows the runtime in milliseconds (ms) for increasing POA values. It is clear 

that the two variables are linearly correlated (with R²=0.9994) with an 

average 37.5 ms computing time for each year of POA. The longest runtime 

for a single building with a POA of 200 years, was 7.65 seconds. This 

implies that a district comprising six different buildings, and with a POA of 

200 years would require around 46 seconds to compute. It is judged that 
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the maximum possible runtime of 46 seconds is acceptable knowing that in 

most cases the assessment will comprise 1-3 buildings and a POA of 50-100 

years (runtime of 2-11.8 seconds). The computing time was measured on 

an Intel® core™ i7-620M TOSHIBA® laptop operating at 2x2.67 GHz with 

4 Mb of L2 cache, 1.3 GHz system bus speed equipped with 6 Gb of 

DDR3-1066 RAM, and running on Windows® 7 Professional 64 bits. 

 

Figure 5.18: Software computing time vs. period of analysis 

5.7 Software validation 

Software validation consists of comparing the calculation output with 

existing data. The relative difference allowed between the software output 

and the data used for benchmarking depends on the type of software and 

what it is trying to model. A quantity is automatically validated if is 

obtained through an arithmetic operation of two or more quantities, e.g. if 

a and b are valid figures, c = a + b is valid as well. 

The validation of the software in this work directly results in the 

validation of the underlying framework and all related assumptions and 

approximations in all used equations. It is therefore a crucial element of 

the research. 

5.7.1 Validation strategy 

The developed framework and software tool calculate embodied, 

operational and transport energy requirements and the related 

greenhouse gas emissions of a residential building. An important step 
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upstream is the estimation of the bill of quantities based on a simplified 

geometrical input. Hence, the geometry simplifications, embodied energy, 

operational energy and transport energy should be validated. The related 

greenhouse gas emissions are directly validated since they are based on 

the energy calculations. 

The validation is performed by comparing the software tool output 

with data from previous studies on a single family detached house in 

Melbourne, Australia. The case study is described in detail in Section 5.7.2. 

The quantities of assemblies obtained through the simplified geometric 

assumptions are compared to quantities for similar assemblies in the case 

study building. 

Embodied energy calculations, which require complex calculations, are 

the most important element to validate since they cannot be bypassed in 

the software tool. 

Operational energy calculations including thermal and non-thermal 

demands, calculated as described in Chapter 4, are also validated. The 

heating and cooling demand are compared with figures calculated using a 

dynamic simulation software (TRNSYS) model for the same building. The 

non-thermal operational energy demands (lighting, domestic hot water, 

appliances, ventilation and cooking) are compared to regional averages for 

the same household size. Post-occupancy data, in the form of energy bills 

for both thermal and non-thermal operational energy use, is also used for 

comparison. 

Transport energy requirements are validated by comparing estimated 

travel distances by mode to actual figures based on the interview of the 

case study house occupants. 

Greenhouse gas emissions calculations do not require validation and 

district calculations cannot be validated at this point in time. See 

Sections 5.7.7 and 5.7.8 for more details. 

5.7.2 Description of the case study used for validation 

A validation case study should ideally comprise results for all studied 

parameters in a framework. However, this is not possible in this work due 

mainly to the originality of the approach and the technique chosen for 

embodied energy calculations. Indeed, no previous studies assess a 

residential building from such a holistic perspective. Therefore, the chosen 

case study was selected because its embodied energy has previously been 
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analysed by Crawford (Crawford 2010, 2011; 2012) and Crawford et al. 

(2011), using an input-output-based hybrid analysis, even though these 

studies did not include the embodied energy associated with 

infrastructure. Operational energy figures are available from a TRNSYS 

(dynamic building energy simulation software) model of the house, post-

occupancy energy bills and average regional numbers. Transport energy 

requirements are based on post-occupancy data. 

The selected case study for the software validation is a detached single 

family house (see Figure 5.19 and Figure 5.20) representative of new 

houses on the outskirts of Melbourne, Victoria, Australia. Five persons live 

in the case study house which is analysed over a period of 50 years. The 

timber-framed brick veneer construction, with insulated walls (U-value 

0.35 W/(m²K)) and roof (U-value 0.23 W/(m²K)) covers 270.8 m² of usable 

floor area. The flooring consists of ceramic tiles and nylon carpet and the 

internal walls of painted plasterboard. A 36.9 m² garage is attached to the 

house. Figure 5.20 depicts the case study house. 

The data inputs used to model the house are summarised in 

Table B.11, Appendix B. All the assemblies used in the building were 

modelled according to the detailed bill of quantities of the house. A list of 

the assemblies used and their properties is provided in 

Table B.12, Appendix B. 

 

Figure 5.19: Front elevation of the validation case study 
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Figure 5.20: Floor plan of the validation case study 

Source: Metricon (2010) 

5.7.3 Validation of geometric approximations 

The developed software tool uses simple geometric inputs to 

determine the bill of quantities of the building. However, in reality, 

residential buildings are not rectangular boxes. In addition, rules of thumb 

have been applied to determine the number of doors, heating delivery 

outlets, length of pipes, etc.. Hence, it is necessary to validate the 

hypotheses made. 

5.7.3.1 Rectangular shape 

The total usable floor area of the case study house (excluding the 

garage) is 270.8 m². This was modelled in the tool as a rectangular shape of 
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14.85 m width by 20 m depth. The resulting bill of quantities is given in 

Table 5.11 below with a comparison to the real case and the relative error. 

The relative error limit was set to ±10%. The real values were derived from 

the builder-supplied bill of quantities. 

All calculated quantities deviate less than ±5% from the real values. 

This good fit is probably due to the rectangular plan shape of the case 

study house. For houses with complex geometry, the model is likely to fail 

to produce realistic numbers. In this case, the assessor might want to 

bypass the automatic bill of quantities. However, most residential buildings 

have rather rectangular plans and the approach used appropriately models 

this configuration. 

The greatest deviation was observed for the internal walls area (+4%), 

and the outer walls area (+3.9%). The use of the window to wall ratio for 

the windows area (-2.3%) seems to produce acceptable results. The roof 

area deviates only by -0.8% from the real case. However, this is due to the 

way the real figures were derived from the bill of quantities. The bill of 

quantities only supplied the area of insulation (240 m²) and the area of 

roof tiles (378 m²). An average between these two figures was used to 

determine the total roof area as the model uses a single value to calculate 

the quantities of insulation and roof tiles. 

Table 5.11: Comparison of modelled bill of quantities related to the rectangular shape 

of the building with real numbers for the validation case study 

Quantity Modelled value 
(m²) 

Real value 

(m²) 

Relative 
difference 

Status 

Gross floor area  297.0 307.7 -3.5% Acceptable 

Usable floor area 267.3 270.8 -1.3% Acceptable 

Outer walls area 185.1 178.2 +3.9% Acceptable 

Windows area 60.5 61.9 -2.3% Acceptable 

Roof area 307.5 310.0 -0.8% Acceptable 

Internal walls 
area 

262.1 252.0 +4.0% Acceptable 

5.7.3.2 Doors, heating delivery outlets and cooling delivery outlets 

The number of doors, heating delivery and cooling delivery outlets is 

determined in the model by dividing the usable floor area by an average 

room size. This approach provided a good fit for the number of heating and 
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cooling delivery outlets (+7.1%). However, the calculated number of doors 

was found to be too high in this case (+63.36%). This is probably due to the 

open plan nature of the case study house. Indeed, the whole living area 

consists of one open space with no doors. The number of doors in houses 

that are less open-planned is therefore expected to be higher. A correction 

factor for open plan houses could be introduced to reduce the number of 

doors calculated by the model in this case. 

Table 5.12: Comparison of modelled number of doors and heating and cooling 

delivery outlets with real numbers for the validation case study 

Quantity Modelled value 
(no.) 

Real value 
(no.) 

Relative 
difference 

Status 

Heating outlets 15 14 +7.1% Acceptable 

Cooling outlets 15 14 +7.1% Acceptable 

Doors 18 11 +63.6% Not acceptable 

5.7.3.3 Functional floor areas 

The functional floor areas, i.e. kitchen and toilets, bedrooms and living 

are determined as a fraction of the total usable floor area. Results show a 

certain deviation from the real numbers with a slight overestimation of the 

kitchen and toilets area and an underestimation of the bedrooms and 

living areas. In all cases, the relative difference is less than ±12%. This is 

judged acceptable since the total usable floor area modelled is slightly less 

than the real floor area. If figures are normalised, the maximum relative 

difference drops below 10%. Comparative figures are provided in 

Table 5.13 below. 

Table 5.13: Comparison of modelled functional areas with real numbers for the 

validation case study 

Quantity Modelled value 
(m²) 

Real value 

(m²) 

Relative 
difference 

Status 

Kitchen and 
toilets area 

40.1 37.45 +7.1% Acceptable 

Bedrooms area  106.9 97 +10.2% Acceptable 

Living area 120.3 136.35 -11.8% Acceptable 
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5.7.3.4 Pipes and wires length 

The length of pipes and wires in the building is calculated using average 

empirical factors of 0.55 and 0.6 metres per square metre of usable floor 

area respectively. No wire length was found in the bill of quantities. 

However, the embodied energy of wires was found to represent a 

negligible fraction (0.01%) of the overall embodied energy of the building. 

Hence the validation of the wires length is judged to be unnecessary. The 

length of pipes obtained is only 2% lower than the real figure. 

Table 5.14: Comparison of modelled lengths of pipes and wires with real numbers for 

the validation case study 

Quantity Modelled value 
(m) 

Real value 

(m) 

Relative 
difference 

Status 

Length of pipes  147 150 -2.0% Acceptable 

Length of wires  160.38 Not provided - - 

5.7.3.5 Other aspects 

The determination of the quantity of steel and concrete in the 

foundations could not be validated through the selected case study. 

Indeed, in this case, the foundations are atypical polystyrene pods placed 

directly on the ground (to avoid site works). These types of foundations are 

not automatically embedded in the software, hence the quantity of 

concrete and steel had to be bypassed using the bypass quantities module 

in the tool. The correct amount of materials was derived directly from the 

bill of quantities. 

The quantities of infrastructure attributable to the building was not 

studied for the case study building previously. Therefore, no reliable data is 

available for comparison. In parallel, the calculation of the quantities of 

infrastructure attributable to the building is based on three validated 

factors: the length of infrastructure per km², the population density per 

km² and the number of users in the building (see Equation 4.9). Since the 

calculation is a linear operation of the former variables, the result is 

automatically validated (for the used algorithm). 
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5.7.4 Validation of embodied energy calculations 

5.7.4.1 Initial embodied energy 

The initial embodied energy of the house has been calculated by 

Crawford (2011). Access to the detailed initial embodied energy 

calculations was provided by the author to validate the developed 

framework and tool. The calculations of Crawford are performed by 

multiplying the quantity of materials in the building by their wastage 

coefficient and their embodied energy coefficient determined as per 

Equation 4.1. 

The initial embodied energy results from the tool are compared to the 

figures presented by Crawford (2010, 2011) and Crawford et al. (2011) in 

previous studies, on an assembly category level as well as at a whole 

building level. All comparisons present closely correlated figures 

( -2.9% to +2.8% relative difference). At a whole building level, the relative 

difference is only -2.4%. When taking into account the uncertainty 

associated with embodied energy figures calculated using the input-

output-based hybrid approach, i.e. ±40% (Crawford 2004), the deviations 

between the output of the tool and figures obtained from the detailed 

embodied energy studies of the house are extremely low. 

The total embodied energy figure equates to 13.16 GJ/m² of gross floor 

area (297 m²).This figure is only +1.4% higher than the figure obtained by 

Crawford (12.98 GJ/m²; 307 m² of gross floor area) and is in line with other 

specific embodied energy figures calculated using the input-output-based 

hybrid analysis approach (e.g. 14.1 GJ/m² by Fay et al. (2000)). 

Table 5.15: Comparison of modelled initial embodied energy figures with actual figures 

for the validation case study house 

Element Modelled value 
(GJ) 

Crawford 
(2011) value 

(GJ) 

Relative 
difference 

Status 

Structure 1242.05 1272.03 -2.4% Acceptable 

Envelope 972.19 1001.64 -2.9% Acceptable 

Finishings 651.53 637.83 +2.1% Acceptable 

Systems 121.04 117.75 +2.8% Acceptable 

Remainder 841.8 842.00 -0.0% Acceptable 

Construction 69.79 70.00 -0.3% Acceptable 



Towards a comprehensive energy assessment of residential buildings 

 

176 

To
w

ard
s a co

m
p

reh
en

sive en
ergy assessm

en
t o

f resid
en

tial b
u

ild
in

gs 

 

Total 3898.40 3994.16^ -2.4% Acceptable 

Note: 
^
The total figure may differ from the sum of the categories due to additional components 

which are not included in the breakdown. 

5.7.4.2 Recurrent embodied energy 

The recurrent embodied energy of the case study house was 

determined by Crawford (2012), and accounted for 2 319 GJ over 50 years 

or 60% of the initial embodied energy figure. The validation of the 

recurrent embodied energy calculations is performed by comparing 

calculated values to those of Crawford (2012) but also those of Treloar et 

al. (2000). Treloar et al. studied a house in Melbourne using the input-

output-based hybrid analysis technique and found that the recurrent 

embodied energy represented 32% of the initial embodied energy over 30 

years. This figure is proportionally scaled up to 53.3% over 50 years. 

The recurrent embodied energy over 50 years, calculated with the 

software tool equates to 2 841 GJ or 72.8% of the initial embodied energy. 

This value is higher than the figures for recurrent embodied energy 

presented previously. 

This difference is due mainly to the inclusion of a greater number of 

materials than in previous studies. Moreover, the use of nylon carpet, 

which is energy intensive and has a relatively short lifespan contributes to 

a large extent to this high figure. For instance, if nylon carpet is replaced 

with ceramic tiles, the recurrent embodied energy over 50 years drops to 2 

032 GJ or 51.4% of the initial embodied energy. The results are then similar 

to those of Treloar et al. (2000). 

Figure 4 shows the cumulative recurrent embodied energy of the case 

study house over 50 years as generated by the software tool. The 

‘quantum leaps’ correspond to the replacement of materials: paint and 

carpets every 10 years, plasterboards and insulation at 30 years, windows 

and frames at 40 years. Dashed lines represent the degree of uncertainty 

associated with the data used in the embodied energy analysis (±20% for 

process data and ±50% for input-output data). 
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Figure 5.21: Recurrent embodied energy of the validation case study house over 50 

years 

5.7.5 Validation of operational energy calculations 

The operational energy in the developed software tool relies on static 

heat balance equations for the heating and cooling demand and on 

regional averages for the remaining operational requirements. 

The annual heating and cooling demands are compared to figures 

obtained with a TRNSYS model of the case study house. The remaining 

operational energy demands are compared to the regional average. 

5.7.5.1 Annual heating and cooling primary energy demands 

The TRNSYS model, developed in a previous study (Crawford et al. 

2011), uses three thermal zones, i.e. the garage, the house and the attic. 

The outer walls and roof are modelled with U-values of 0.35 W/(m²K) and 

0.23 W/(m²K), respectively. The ground floor has a heat transfer coefficient 

of 3.49 W/(m²K). The infiltration rate at 50 bars in the simulation is 

assumed to be 1 ach
-1

 while the ventilated volume of the living space is 

631.4 m³. The house is oriented north-south. The single glazing has a 

g-value of 0.85 and a U-value of 5.7 W/(m²K). Internal gains in the TRNSYS 

model were neglected. The modelled heat transfer areas in the TNRSYS 

model were found to be smaller than the actual house due to a variation in 

the dimensions of the model. Hence, figures from the previous study are 

scaled up linearly (i.e. multiplied by 1.3) to match the modelled house size 

in the software tool. 

2 841 GJ 

0 

500 

1 000 

1 500 

2 000 

2 500 

3 000 

3 500 

4 000 

4 500 

0 10 20 30 40 50 

P
ri

m
ar

y 
en

er
gy

 (
G

J)
 

Years  



Towards a comprehensive energy assessment of residential buildings 

 

178 

To
w

ard
s a co

m
p

reh
en

sive en
ergy assessm

en
t o

f resid
en

tial b
u

ild
in

gs 

 

The modelled house in the developed tool replicates the same U-values 

for outer-walls, roof and windows. However, as described in 

Section 4.3.2.1, losses to the ground are neglected. Natural ventilation 

with a flow of 0.5 ach
-1

 is assumed to occur on the ventilated volume of the 

building. This ventilation flow is higher than the standard 0.33 ach
-1

 

generally required for a good indoor air quality (Feist et al. 2005) in order 

to account for air infiltration. 

The annual space heating primary energy demand, calculated with the 

TRNSYS model, is 8.2% higher than the figure obtained with the software 

tool. This deviation is judged acceptable given the assumptions made in 

the framework. The annual cooling primary energy demand calculated by 

the software tool was 87.5% higher. While the cooling demand represents 

only 4-5% of the heating demand in Melbourne, it could represent a much 

greater share in hotter climates. Hence, the use of the developed 

framework to determine the cooling demand may result in unreliable 

figures in locations where it represents a high share of the overall 

operational energy demand. In these locations, the assessor should bypass 

the automated calculations within the tool and enter the specific annual 

final cooling demand manually. For the case study house, the sum of the 

annual primary cooling and heating demands obtained with the use of the 

software tool is 4.4% lower than the figure obtained from the TRNSYS 

model. This deviation is judged acceptable given the simplified heat 

transfer model. Instead of using primary energy figures, the validation 

could be performed using final energy use. However, since the same 

efficiencies and primary energy conversion factors are applied, primary 

energy figures have been preferred for consistency purposes across this 

work. 

Table 5.16: Annual primary thermal energy demand obtained with the software tool 

and TRNSYS model of the validation case study house 

Annual primary 
energy 

Modelled value 
(GJ) 

TRNSYS model 
value (GJ) 

Relative 
difference 

Status 

Heating 53.5 57.80 -7.4% Acceptable 

Cooling 3.6 1.92 +87.5% Not acceptable 

Total 57.1 59.72 -4.4% Acceptable 
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5.7.5.2 Non-thermal annual operational primary energy demands 

The non-thermal annual operational primary energy demands include 

appliances, lighting, domestic hot water, ventilation (fans) and cooking. In 

this case, ventilation has been omitted. 

According to DEWHA (2008), the average annual non-thermal delivered 

energy use of a Victorian household is 42 GJ. By assuming a primary energy 

conversion factor of 2.4 (50% gas, 50% electricity), this figure rises to 101 

GJ. However, according to the ABS (2004), which produced the population 

data used within DEWHA (2008), the average number of occupants per 

household is 2.95. The number of occupants in the case study house is 

modified to 2.95 (instead of 5) to validate the obtained figures. The annual 

primary energy use for non-thermal end-uses, calculated using the 

software tool, is then 104.8 GJ. Therefore a relative difference of +3.6% is 

observed, compared to the 101 GJ average figure. This validates the 

approach used in this work regarding the total non-thermal annual energy. 

The other aspect to validate is the proportion of the non-thermal 

energy demand by end-use. The software results are compared to average 

figures for Australia from DEWHA (2008). The proportion of the total non-

thermal energy for each end-use for the software output and DEWHA data, 

are given in Table 5.17. The difference between results from the model 

and average empirical data seems acceptable considering the possible 

variability of these figures for an individual household. 

Table 5.17: Annual primary non-thermal energy demand obtained with the software 

tool and average empirical data for the validation case study house 

Annual primary 
energy 
demand 

Modelled value 
(%) 

DEHWA* data 
(%) 

Difference 

(%) 

Status 

Appliances 55.8% 52.0% +3.7% Acceptable 

Domestic hot 
water 25.3% 31.5% 

-6.2% 
Acceptable 

Lighting 14.4% 10.1% +4.4% Acceptable 

Cooking 4.6% 6.4% -1.9% Acceptable 

*
Source: DEHWA (2008) 

5.7.5.3 Total annual primary operational energy use 

The total annual primary operational energy use figures are compared 

to data from energy bills to evaluate the concordance of results with post-
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occupancy data for the case study house. The annual primary energy 

demand of the occupants living in the case study house, averaged over 

seven 12-month periods, was found to be 85.9 GJ. This figure is much 

lower than the estimated consumption from the software tool (199.6 GJ). 

The divergence between average data and post-occupancy 

measurements demonstrates that a great variability between households 

could occur when it comes to operational energy. Even though the 

software output fitted average empirical data very well, it failed to 

represent the yearly primary energy use of the case study house 

specifically. This divergence may be due to the behaviour of occupants, the 

operation of heating and cooling systems, blinds, windows, etc.. This is 

discussed further in Chapter 8. 

5.7.6 Validation of transport energy calculations 

Since transport energy is directly proportional to the travel distance per 

transport mode, the validation of the annual travel distance is sufficient. 

Based on an interview of the occupants of the case study house, the 

average annual car travel distance is 30 500 km using two cars. However, 

the main income earner also uses the train to go work. Since no train travel 

was modelled, an underestimation of the transport energy occurs (-11.8%). 

This divergence for the case study is not however representative of the 

average dwelling since most households in the area (83%) rely solely on car 

travel (BITRE 2011). Indeed, when compared to the regional average 

transport energy, the modelled figure is only 7% lower. This aspect is 

discussed in Chapter 8. 

Table 5.18 presents the relative difference for the annual modal 

travel distances and the annual transport energy use. The latter is 

calculated using energy intensities of 7.1 MJ/km and 2.8 MJ/pkm for cars 

and trains respectively, based on Lenzen (1999).  
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Table 5.18: Total annual primary transport energy demand obtained with the software 

tool and post-occupancy data for the validation case study house 

Mode Modelled 
value 

Actual value Relative 
difference 

Status 

Car 33 500^ km 30 500# km +9.8% Acceptable 

Train (one 
passenger) 

0* pkm 19 000 pkm N/A Not acceptable 

Total 237.9 GJ 269.8 GJ -11.8% Acceptable 

Note: 
^
Department of Transport (2009), 

#
Based on post-occupancy data obtained from the 

occupants, 
*
Assumed, based on BITRE (2011). 

5.7.7 Greenhouse gas emissions calculations 

The calculation of greenhouse gas emissions is directly based on the 

obtained energy figures. Indeed, the emissions are determined by 

multiplying the energy use by an emissions factor, depending on the 

energy source. The emissions factors for each energy source are obtained 

from DCCEE (2011) and are hence valid. Therefore, the calculations of 

greenhouse gases are valid because they rely on the multiplication of two 

valid quantities. 

5.7.8 District calculations 

Previous studies assessing the life cycle energy demand of districts, 

such as Norman et al. (2006) and Duffy (2009) have a limited scope 

compared to the developed framework and tool. It is therefore impossible 

to compare the software tool output to existing data for validation. In this 

work, districts are modelled as a sum of buildings. If this assumption is 

correct, the validation of the energy and greenhouse gas calculations for 

buildings directly entails the validation of district calculations. Further 

research is needed to measure the actual total energy requirements at a 

district level. 

5.8 Summary 

This chapter has described, verified and validated the developed 

software tool. Python programming language, object oriented 

programming, vectorized calculations, reliance on databases and the 

implementation of a dedicated user interface with an integrated plotting 

module are some of the main characteristics of the tool. The software 
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basically consists of a computing core which exchanges data with a set of 

databases. The user interface wraps both components and serves as an 

input-output filter for the assessor to enter data and visualise results. The 

reliance on databases allows the assessor to quickly test different designs 

and permits a greater flexibility and a gradual enriching of the software. 

The software calculations were verified, i.e. their mathematical 

consistency was tested. All calculations produced figures which deviated 

less than 0.001% from manual calculations. The user interface has also 

been debugged. 

The software output was then validated by comparing its generated 

results for a case study house in Melbourne with data from previous 

studies. Geometrical approximations and assumptions produced a good 

model of reality with deviations around ±5%. Figures for the initial 

embodied energy of the house were nearly identical to those produced by 

previous studies. A small deviation was observed when comparing initial 

embodied energy figures at an assembly category level (around ±3%). The 

recurrent embodied energy was found to be higher than average values 

found in the literature due to the more comprehensive model and the 

choice of materials. Operational thermal energy calculations were 

validated by comparing them with figures produced by a dynamic 

simulation model (TRNSYS). The observed deviation was +4.4% overall. The 

cooling demand algorithm overestimated the associated energy use 

because thermal mass and hygroscopic effects are not taken into account 

in the tool. The tool might therefore produce unreliable results for climates 

where the cooling demand is significant. Non-thermal operational energy 

requirements were found to be very similar to regional averages in both 

absolute and relative terms. However, the modelled energy demand was 

higher than post-occupancy measures, even with the largest variability. 

This highlights the importance of the user behaviour. The same trend was 

observed for transport energy requirements (although to a lesser extent) 

which correlated with average data but diverged from post-occupancy 

figures. Hence, the software appropriately represents reality when 

average, representative buildings are modelled. When specific houses are 

assessed, bypassing the average calculations for operational and transport 

energy is recommended. 

This chapter has answered the second research question: “What are 

the simplifications/assumptions required to produce a simple yet realistic 

assessment tool that automates all required calculations for a 
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comprehensive life cycle energy analysis of residential buildings?” (see 

Section 3.7). With this research question answered, the framework can 

now be used to investigate how including embodied, operational and 

transport energy requirements can influence building design. The answer 

to the third research question: “How can integrating the embodied, 

operational and transport energy demands at both the building and urban 

scale inform planning and building design?” will be investigated through 

two case studies in Brussels, Belgium and Melbourne, Australia in 

Chapters 6 and 7 and discussed in Chapter 8. 
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6 Description of case studies 

investigating the potential of the 

framework 

A comprehensive framework for the life cycle energy analysis of 

residential buildings and districts, at both building and urban scales, has 

been developed in Chapter 4. A software tool, automating all calculations 

has been described, verified and validated in Chapter 5. The next step is to 

test the developed framework, investigate its potential, and explore how it 

may inform building design and energy policies. 

To examine how a multi-scale life cycle energy analysis, with wide 

system boundaries, influences design, a parametric study and a sensitivity 

analysis need to be conducted for both a building and a district. To test the 

universality of the method, case studies in more than one country should 

be assessed. 

The aim of this chapter is to describe the two case studies used to 

investigate the potential of the framework. The selection of the 

appropriate case studies will provide a new and broader perspective on 

ways to measure and reduce energy use and associated greenhouse gas 

emissions in the built environment. 

The key aspects of the framework which should be tested are 

presented. First, case studies investigating these main aspects are selected. 

Detailed descriptions of each case study, including pertinence of choice, 

background information, data sources, assumptions, modelling and other 

aspects are provided. The period of analysis and building design lives are 

selected at the end of this chapter. 

6.1 Investigated aspects of the framework 

The selected case studies should cover all aspects that are assessed 

through the framework. These aspects can be summarised under 15 main 

topics (listed in Table 6.1), which highlights the breadth of parameters that 

can be investigated using the developed tool. 
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Table 6.1: Investigated aspects of the framework through case studies 

Aspect of the framework investigated through the two case studies 

Building analysis Non-thermal efficiency variations 

District analysis Energy source variations 

Different countries/cities Solar energy systems 

Low energy building analysis Urban context variations 

Structural variations Parameter evolution 

Typological variations Greenhouse gas emissions 

Thermal efficiency variations  

The selected case studies should, combined, cover all of the 15 aspects 

stated above. This will test the developed framework and tool thoroughly 

(as declared in Section 4.10), but will also provide a new comprehensive 

perspective regarding the energy use of residential buildings and districts. 

The selection of the case studies is discussed in the following section. 

6.2 Selection of case studies 

In order to demonstrate that the framework is applicable in different 

contexts, the two selected case studies are located in two different 

countries: Belgium and Australia. The Belgian case study quantifies the life 

cycle energy use of a single, recently built passive house. The Australian 

case addresses a whole suburban residential neighbourhood. 

The case studies are assessed using the developed software tool. 

Aspects related to embodied, operational, transport and total life cycle 

energy demands are evaluated. The influence of the evolution of key 

parameters in time is also measured. 

6.2.1 A passive house near Brussels, Belgium 

The first case study runs a series of parametric variations to a recently 

built passive house in the outer suburbs of Brussels, Belgium before 

comparing it to other types of housing. Passive houses are extremely 

insulated and airtight buildings with a very low heating demand and 

heating power requirements. In fact, the heating load is so low that the 

mechanical ventilation system can be used to deliver heating/cooling (Feist 

2006). This is often very hard to achieve in Europe’s cold climates which 

typically require heating systems with high heat delivery rates such as 
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radiators. Passive houses use around 80-90% less final energy for heating 

than conventional houses in Europe (Feist 2003). 

With the implementation of the Energy Performance of Buildings 

Directive (EPBD) (European Parliament and the Council of the European 

Union 2002), the construction of passive houses has rapidly increased in 

Europe in the last years. In 2009, more than 25 000 passive houses had 

been built across Europe (Lang 2010). Since then, many more have been 

supposedly erected. The Passive House Standard is growing in importance 

in Europe. Some regions are planning on using the standard as a basis for 

their new building energy efficiency regulations. An example is the 

Brussels-capital-region (IBGE 2012). 

However, the passive house certification does not address embodied or 

transport energy and focuses solely on the operational energy, notably 

space heating. Yet, aspects such as indoor air quality and draught are 

addressed by the certification. Nevertheless, focusing solely on operational 

energy is considered as a major flaw in current building assessment 

practices, as discussed in Chapter 3. 

Some studies have assessed the embodied and operational energy 

requirements of passive houses (e.g. Blengini and di Carlo (2010) and 

Thiers and Peuportier (2012)). However, as indicated in Section 3.4.1, most 

of them rely on the process-based analysis technique for the quantification 

of embodied energy and therefore greatly underestimate it. The transport 

energy of the building user is rarely considered. 

It is crucial to evaluate the energy use of passive houses and their users 

from a more holistic perspective to determine which energy demands 

affect their life cycle energy demand the most. Also it is important to 

compare passive houses to other forms of housing to examine whether 

they actually do result in net energy savings. The chosen Belgian passive 

house case study is representative of the European context. By using the 

comprehensive framework developed in this research, the life cycle energy 

use of the selected Belgian passive house is assessed in a comprehensive 

manner. 

6.2.2 A typical residential suburban neighbourhood near 

Melbourne, Australia 

A significant body of literature explores the energy intensity of 

low-density suburban neighbourhoods. These studies mostly deal with 
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transport energy requirements, e.g. Newman and Kenworthy (2000), van 

de Coevering and Schwanen (2006) and Karathodorou et al. (2010). As 

stated by Rickwood et al. (2008), few studies assess whole districts in 

regard to embodied, operational and transport energy requirements and 

related greenhouse gas emissions. 

Low-density suburban neighbourhoods require more energy for user 

transport (due to high car use) as highlighted in most of the studies 

mentioned previously. At the same time, the typical housing typology, i.e. 

single family detached houses, also requires more space, more 

infrastructure per dwelling and more living area per capita (Halleux 2003). 

The life cycle energy demand (as defined in this work) of such 

neighbourhoods is therefore likely to be higher than for denser 

configurations. 

The world’s population is expected to increase to 9.3 billion people by 

2050 (from the current 7 billion) with all the increase expected to be 

absorbed by urban areas (U.N. 2012). This, in addition to the fact that cities 

have accommodated more than 50% of the world’s population since 2009 

(United Nations Human Settlements Programme. 2009), puts an increasing 

pressure on urban centres. In order to accommodate the increasing 

population in cities, notably in Asia, new housing units have to be built. 

Many studies, such as that by Angel et al. (2011), have shown that because 

of this, most cities are likely to expand. This expansion is generally 

characterised by low-density urban sprawl in major urbanising centres 

such as China (Yaping and Min 2009; Zhao 2010). This outward expansion 

of cities mirrors what has occurred in American or Australian cities over 

the last century. 

With the continued outward development of cities, more low density 

neighbourhoods are likely to be built. This practice should be assessed to 

determine the life cycle energy demand implications, and to propose 

improvements and possible alternative housing types to reduce the energy 

and greenhouse gas requirements. 

The chosen Australian case study is representative of typical low-

density suburban residential areas. The analysis of this suburb using the 

developed framework will provide a comprehensive perspective on this 

topic and identify means of improvement at the district scale, notably in 

terms of building typology. 
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6.2.3 Investigated aspects of the framework for each case study 

The Belgian passive house and Australian suburban neighbourhood 

case studies, together, cover all aspects of the framework which should be 

investigated (see Table 6.1). Table 6.2 compliments Table 6.1 by linking 

each aspect to the corresponding case studies. 

Table 6.2: Investigated aspects of the framework by case study 

Investigated aspect of the 
framework  

Belgian passive house Australian suburban 
neighbourhood 

Building analysis   

District analysis   

Different countries/cities   

Low energy building analysis   

Structural variations   

Typological variations   

Thermal efficiency variations   

Non-thermal efficiency variations   

Energy source variations   

Solar energy systems   

Urban context variations   

Parameter evolution   

Greenhouse gas emissions   

6.3 Data sources 

As stated in Section 4.1.3, the developed framework requires a 

considerable amount of data. The main data sources used for each case 

study are presented in this section. 

6.3.1 Quantities 

The amount of materials used in a building, the areas and the 

quantities of assemblies were determined from bills of quantities obtained 

from the main contractor. When no information was available, 

assumptions were made to estimate the quantities. The material bill of 

quantities of the main modelled buildings are presented in Appendix C. 
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The density of roads for a given urban area is determined using Google 

Earth
©

 (Google Inc. 2011). Alternative geographic information system 

software such as GRASS (GRASS Development Team 2012) could also be 

used. However, the latter’s advanced analysis and database are not 

necessary in this work. Other infrastructure densities are sourced from 

management companies, e.g. Vivaqua (2012), for the cities in which the 

case study is located. When no infrastructure density is found, it is 

assumed that the infrastructure has the same density as roads since it is 

likely that it is built alongside the roads. Population densities used are 

based on figures from the relevant municipality. 

When solar panels for domestic hot water or photovoltaic panels are 

installed, the number of panels required is based on the relevant method 

described in Appendix A. 

The travel distances per mode for each case study were assumed based 

on the availability of transport modes and average regional travel distance 

data. These regional travel distances were sourced from Bureau Fédéral du 

Plan (2012) and INS (2009) for the Belgian case study and Department of 

Transport (2009) for the Australian case. 

6.3.2 Embodied energy 

All embodied energy calculations are performed according to Equation 

4.1 to Equation 4.10 (Chapter 4) and Equation 5.23 to Equation 5.26 

(Chapter 5) using the database of hybrid embodied energy coefficients 

compiled by Treloar and Crawford (2010). Associated greenhouse gas 

emissions are calculated based on an average 60 kgCO2-e/GJ for the 

Australian energy production (Treloar 2000). When no coefficient is found 

for a particular material or assembly, a pure input-output figure, based on 

1996-1997 data and using a corrected price, was used. Uncertainty in the 

data is discussed for each case study. The complete list of all materials 

used and their main characteristics is given in Table C.1, Appendix 

C. Appendix C also contains all the supporting information for the case 

studies used to investigate the potential of the tool. 

6.3.3 Operational energy 

The operational energy demand is determined based on Equation 4.11 

to Equation 4.26 (Chapter 4), and using average operational energy use for 



Towards a comprehensive energy assessment of residential buildings 

 

190 

To
w

ard
s a co

m
p

reh
en

sive en
ergy assessm

en
t o

f resid
en

tial b
u

ild
in

gs 

 

non-thermal end-uses from IBGE (2010) and DEHWA (2008) for the Belgian 

and Australian case studies, respectively. 

The heating and cooling energy demands were determined using the 

described static heat transfer equations unless specified otherwise. 

Heating and cooling degree hours for each location were based on 

meteorological data from Meteonorm
©

 (MeteoTest 2009) and balance 

temperatures of 13.5°C and 24°C, respectively (as specified in 

Section 4.3.2.1). 

The primary energy conversion factors are based on the EPBD 

(European Parliament and the Council of the European Union 2002) for 

Brussels, Belgium and on Treloar (1998) for Melbourne, Australia. 

Table 6.3: Main operational energy variables values used 

Variable Brussels, Belgium Melbourne, Australia 

Heating degree hours (Kh) 46500^ 21919^ 

Cooling degree hours (Kh) 520^ 2170^ 

Appliances energy intensity (MJ/capita.year) 2822# 5837† 

Ventilation power intensity (W/m³) 0.1* 0.1* 

Lighting energy intensity (MJ/m².year) 15.53# 22.42† 

Cooking energy intensity (MJ/capita.year) 1838.2# 1045† 

Hot water demand (L/capita.day) 50- 70+ 

Primary energy factor for electricity 2.5~ 3.4= 

Primary energy factor for gas 1.0~ 1.4= 

Based on: 
^
Meteonorm (MeteoTest 2009), 

#
IBGE (2010), 

†
DEHWA (2008), 

-
IBGE (2008), 

+
Melbourne Water (2011), 

~
RBC (2008), 

=
Treloar (1998), 

*
assumed. 

6.3.4 Transport energy 

The transport energy requirements are calculated as per Equation 4.27 

to Equation 4.34 (Chapter 4) and are based on data from Lenzen (1999) for 

the Australian case study. Direct energy requirements of fuel operated 

vehicles are determined by multiplying the average fuel economy of the 

mode by the energy content of the fuel from Department of Climate 

Change and Energy Efficiency (2011). The product is then divided by the 

average vehicle occupancy. The average fuel economy for Australian cars is 

11.3 L/100km based on BITRE (2009). Fuel production requirements were 

subtracted from the indirect requirements of electric vehicles because they 
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are taken into account by multiplying the direct requirements by the 

primary energy conversion factor (see Section 4.4.2.2). 

Since no input-output study for transport modes in Belgium exists, the 

data had to be collected for this case. The collected data is complemented 

with assumptions to fill missing gaps. The direct car transport energy is 

derived from Bureau Fédéral du Plan (2012), using average fuel economy 

rates for each type of car and an average car occupancy of 1.32 passengers 

per car. The indirect car transport energy is assumed to represent 45% of 

the total or 81.8% of the direct requirements based on Jonson (2007) and 

Lenzen (1999). The train direct energy requirements are derived from 

similar electric trains in Germany based on Jørgensen (1997). Indirect 

requirements for trains are assumed to represent 50% of the total or 100% 

of the direct energy based on Lenzen (1999). 

The direct energy intensities of each public transport mode in Brussels 

were provided by the public transport company (STIB - MIVB). Indirect 

energy use for facilities operation (electricity, gas and light-oil) was also 

provided by the company (access to this data is not available in the public 

domain). Hence, the indirect energy intensities for travel modes in Brussels 

do not comprise the requirements for infrastructure construction and 

maintenance because they are not based on input-output analysis. 

However, these indirect energy requirements represent only 10% of the 

indirect requirements for Melbourne tramways, when fuel requirements 

are subtracted (Lenzen 1999). Therefore the urban transport figures are 

not greatly affected by this omission. The indirect fuel requirements of 

Brussels busses is added to the collected data and is based on Lenzen 

(1999). Direct and indirect requirements used for each transport mode in 

each city are given in Table 6.4. 
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Table 6.4: Transport modes energy intensities 

Transport 
mode 

Brussels Melbourne 

Directa 

(MJ/pkm) 

Indirect 

(MJ/pkm) 

Directa 

(MJ/pkm) 

Indirect 

(MJ/pkm) 

Car 
gasoline 

1.76^  1.44† and ~ 2.42†  1.99† 

Car diesel 1.61^  1.32† and ~ 2.73†  2.07† 

Car LPG 1.09^  0.89† and ~ 1.85†  2.07† 

Car electric 1.10  (0.44#) 0.92†- and ~ 1.22 (0.36#) 1.41†- 

Bus (diesel) 1.52*  0.97* and † 2.47†  1.14† 

Tramway 1.45  (0.58*) 0.59* 1.26  (0.37†) 0.67†- 

Subway 1.33  (0.53*) 0.59* -  - 

Train 1.375  (0.55+) 0.55† 2.14  (0.63†) 0.97†- 

Note : 
a
The values in brackets are final energy intensities, i.e. prior to multiplication by the primary 

energy conversion factor of electricity in the region or country.
 
Based on: 

^
Bureau Fédéral du Plan 

(2012). 
†
Lenzen (1999), 

~
Jonson (2007), 

#
Perrin (2012), 

*
Brussels public transport operator 2011 

data (confidential), 
+
Jørgensen (1997). 

†-
Indicates that the indirect fuel requirements have been 

subtracted since they are taken into account when multiplying the direct requirements by the 

electricity primary energy conversion factor. 

6.3.5 Uncertainty and variability 

As described in Section 4.8, uncertainty in the embodied energy data 

and variability related to user behaviour are taken into account in the 

method and software. In the case studies, a medium uncertainty and 

variability range is considered. In summary, the uncertainty on embodied 

energy data is considered to be ±20% on the process-based data and ±50% 

on the pure input-output data (see Section 4.8.2.2). The operational and 

transport energy demands are considered to vary by up to ±20% variability 

(see Section 4.8.2.3). 

6.4 Case study 1: A passive house near Brussels, Belgium 

6.4.1 Description of the house (base case) 

The studied passive house is a 330 m² detached single family house for 

four persons in Braine-le-Château (Latitude 50.68°N, Longitude 4.27°E), 

located in the Walloon Brabant, 24 km south of Brussels, Belgium. Built in 
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2012, the house has three stories of approximately 110 m² each. It is 

accessed at street level to the middle floor. The plan of the house is given 

in Figure 6.1. 

 

Figure 6.1: Plan view of the studied passive house 

The sub-structure consists of individual reinforced concrete footings, 

linked by a network of concrete beams. Steel columns are anchored to the 

sub-structure and, together with the steel I-beams, constitute the load-

bearing elements of the house. The ground floor slab is composed of 

reinforced concrete (RC) cast in situ while the upper floor slabs are 

composed of 130 mm pretensionned hollow core concrete slabs. A 50 mm 

RC compression layer is cast on top along with a 100 mm floating screed, 

which is typical in Belgian construction practices. 

The façade of the house is composed of 40 mm-thick bricks. These 

bricks are glued directly on the insulation, a new product on the Belgian 

market to avoid extremely thick walls for low-energy buildings. 

The house is extremely well insulated with 220 mm of polyurethane 

(PU) insulation (heat conductivity λ=0.023 W/(mK)) in the walls, 200 mm of 

PU under the ground floor slab, 50 mm of peripheral slab insulation (PU) 

and 300 mm of PU in the roof, directly under the roof sheeting. The roof 

insulation is complemented by 100 mm of rock wool on top of the ceiling. 

All windows are triple glazed, argon-filled and low-emissivity coated with 

timber frames. The U-values and R-values of envelope elements are given 

in Table 6.5. 
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Table 6.5: U-values of the envelope elements of the passive house case study 

Envelope element U-value (W/(m²K)) R-value ((m²K)/W) 

Walls 0.10 10.00 

Windows (glazing) 0.50 2.00 

Windows (frames) 0.93 1.08 

Roof 0.08 12.50 

Ground floor slab 0.11 9.09 

The internal walls of the house are composed of 100 mm thick plaster 

blocks. Their surface is covered with 10 mm of render and painted. 

Wooden parquetry flooring is used in the living rooms, nylon carpets in the 

bedrooms and ceramic tiles in the kitchen and toilets. 

As in any passive house, no standard heating system is installed. In this 

case, the ventilated air is heated by electric coils and delivered through the 

mechanical ventilation system which is operated 24 hours per day. A heat 

recovery system with 81.2% efficiency is installed on this ventilation 

system. An electric domestic hot water (DHW) system provides the 

household with hot water at 55°C. Electricity in Belgium is mainly 

generated with nuclear and gas power plants. According to the Passive 

House Planning Package calculation sheet, the annual final space heating 

energy demand is 14 kWh/m² (50.4 MJ/m²). 

Two adults and their two children live in the house. The household 

owns two cars and does not use the train. The nearest train station is 

located 13.6 km east of the house, in Braine l’Alleud. 

This house is very representative of private passive houses built in 

Belgium to date according to Plate-forme Maison Passive (2012), which 

keeps a record of certified passive house buildings in Belgium. Most of 

these are located in suburban areas often with limited access to public 

transport. 

6.4.2 Modelling aspects 

The house is modelled in the developed software tool with a 

rectangular shape (14.6 m x 7.5 m) and 2.8 m between floors. These 

dimensions result in a bill of quantities with figures very similar to those 

provided by the main contractor (at most a relative difference of 7%). Two 

exceptions were however noticed: the surface of internal walls and the 

number of heating delivery outlets. The surface of internal walls was 
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overestimated by the implemented algorithm due the very low width of 

the house (7.5 m). The number of heating delivery outlets, which in this 

case are ventilation ducts, was also overestimated. This is probably due to 

the open plan design of the house which allows using the same outlet to 

deliver heat and air for multiple rooms (e.g. living room, dining room and 

kitchen). The values for these two quantities are overridden using the 

‘display quantities’ checkbox in the controls box of the building input panel 

of the tool (see Section 5.3.4.10). The list of all assemblies used, their 

quantities and a short description of each are given in Table C.2, Appendix 

C. The bill of materials is presented in Table C.3, Appendix C. 

6.4.2.1 Operational energy 

The operational energy calculations are based on average figures for 

the city of Brussels, Belgium (see Table 6.3) and four persons in the 

household. However, the cooling demand was set at 0 MJ/m².year because 

no cooling system is installed in the house. The heating demand was also 

imposed based on the values calculated in the Passive House Planning 

Package (PHPP), i.e. 12 kWh/m².year (43 MJ/m².year). The value calculated 

by the tool was 17.5 kWh/m².year (63 MJ/m².year). The difference is due 

to a different reference surface area in the calculations. If the surface areas 

are normalised, the PHPP value rises to 17.85 kWh/m².year 

(64.26 MJ/m².year) and the relative difference between the PHPP value 

and the calculated value is then only -2.0%. In order to obtain the same 

overall heating energy use as in the PHPP, the final heating demand is 

manually fixed at 43 MJ/m².year. The manual overriding of the 

implemented calculations demonstrate the flexibility of the developed 

software tool. 

6.4.2.2 Transport energy 

It is assumed that the household owns two cars, one with a gasoline 

engine and the other a diesel engine. This assumption is based on the 

national average: 57% gasoline and 43% diesel (Bureau Fédéral du Plan 

2012). Each car was assumed to be driven 14 000 km per year based on 

figures from Bureau Fédéral du Plan (2012). 

6.4.3 Variations to the base case passive house 

Variations pertaining to the embodied, operational and transport 

energy demands of the studied passive house are performed in order to 
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determine their impact on the overall life cycle energy use and to identify 

opportunities for optimising the life cycle energy demand. These variations 

are presented in the following sections. All these variations concern critical 

parameters which have been identified as significantly contributing to the 

life cycle energy demand of the passive house base case. The most energy 

saving variations will be combined to produce the best case scenario with 

the lowest life cycle energy demand. This scenario will then be used to 

compare to alternative dwellings. 

6.4.3.1 Embodied energy variations 

In this case study, two structural, one insulation, and one infrastructure 

modifications are considered. The structure and insulation material 

(maintaining the same U-values) are varied because they represent the 

highest share of embodied energy and they can be modified without 

affecting the energy performance of the passive house. The infrastructure 

variation considers building new infrastructure for the house in case the 

latter is erected in a new residential area. More details about each 

variation are given below. 

STRUCTURAL VARIATIONS 

The building’s structure is changed to reinforced concrete (RC) and 

then to timber framing to evaluate the effect on the embodied energy. The 

RC structure replaces the base case circular steel columns with 300 mm x 

300 mm RC columns and the IPE 220 steel beams with 200 mm x 40 mm RC 

concrete beams. All structural elements are reinforced with 100 kg of steel 

per m³ of concrete. The timber framed structure makes more alterations to 

the base case since the distribution of loads is different. The changes made 

to the base case to obtain the timber framed case are: 

 Remove columns and beams; 

 Add load bearing elements in walls; 

 Change glued brick to brick veneer wall (brick thickness 
40 mm→110 mm); 

 Change upper floor slabs to timber framed floors; and 

 Change roof concrete structure to timber framed. 

The outer walls, upper floor slab and roof assemblies used in the timber 

framed case are given in Table C.13, Appendix C. 
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INSULATION MATERIAL VARIATION 

Because passive houses are highly insulated, it is important to test a 

different insulation material than polyurethane (PU). Fibreglass insulation 

which is 42.6% less energy intensive, for equivalent heat transfer 

coefficients, is used to replace PU in the outer walls and the roof. The 

selection of alternative insulation materials is limited by hybrid embodied 

energy data availability. 

The glued bricks have to be replaced by a normal brick wall because 

they cannot be glued to the soft fibreglass insulation. The ground floor slab 

insulation was not changed because fibreglass, which is a soft material, 

cannot be used under a concrete slab. The changes made are therefore: 

 Glued bricks (40 mm) → Normal bricks (100 mm) 

 220 mm of PU in walls → 420 mm of fibreglass; and 

 300 mm of PU in roof → 573 mm of fibreglass. 

NEWLY BUILT INFRASTRUCTURE 

The infrastructures can represent an important share of the overall life 

cycle embodied energy demand, where the house is part of a new 

residential area. Therefore, a variation to the base case is made in which all 

infrastructures, i.e. roads, power lines, the water distribution system, the 

gas distribution system and the sewage system, are constructed at the 

same time as the building. In this case, they are taken into account in the 

initial embodied energy calculations, unlike in the base case. 

6.4.3.2 Operational energy variations 

The effect of changes to the end-use fuel type, the installation of solar 

energy systems and a reduction in the final and delivered energy uses, 

linked to user behaviour and improved appliance efficiency, are 

investigated. A combination of all measures is also studied. 

USING GAS FOR HOT WATER, COOKING AND HEATING 

For the base case, and according to the installed systems and 

appliances, users rely on electric hot water, cooking and heating systems. 

These are modified, in turn, to gas powered systems. A case which 

combines gas heating, cooking and hot water is also assessed. The 

efficiencies of the systems used are given in Table 6.6. 
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Table 6.6: Electric and gas, cooking and domestic hot water systems efficiencies used 

in the operational energy variations of the passive house case study 

End-use Efficiency^ Primary energy 
coefficient* 

Electric heating/cooking/domestic hot 
water 

100% 2.5 

Condensation gas boiler combined with a 
ventilation heat recovery system for heating 

110% 1.0 

Gas cooking 90% 1.0 

Condensation gas boiler for domestic hot 
water 

110% 1.0 

Note: 
^
Based on various manufacturers,

*
Source: RBC (2008) 

INSTALLATION OF SOLAR ENERGY SYSTEMS 

The installation of solar energy systems is common in passive houses, 

although the assessed house does not include any. Solar panels for 

domestic hot water and photovoltaic panels for electricity production are 

installed in variations to the base case house. 

A solar system with a gas fired auxiliary system is installed on the roof 

of the passive house to evaluate potential operational energy savings. The 

embodied energy of the system (initial and recurrent) is considered in the 

life cycle analysis of the variation case. The installed panels are 1.2 m x 

1.8 m (2.16 m²) each. Two panels provide a solar fraction of 40% for the 

base case. The calculations are performed as explained in Appendix A. The 

efficiency of the auxiliary gas system (which provides 60% of the final hot 

water demand) is assumed to be 90%. 

The installation of monocrystalline photovoltaic (PV) panels with 18% 

efficiency is tested. The embodied energy of the 13 panels installed (initial 

and recurrent) is considered in the life cycle analysis of the variation case 

and is based on Crawford (2011). As for hot water solar panels, the 

dimensions of PV panels is 1.2 m x 1.8 m. The number of panels installed 

has been imposed based on investment cost considerations. Indeed, by 

assuming 3.2 €/Wp (4 A$/Wp) for high efficiency cells such as these, the 

installation of 13 panels costs 16 174 € (A$ 20 218). The installed panels 

provide 39.5% of the base case final electricity demand. The determination 

of the solar fraction is based on Equation A.5, Appendix A. 
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USER BEHAVIOUR AND IMPROVED NON-THERMAL APPLIANCES EFFICIENCY 

Users greatly affect the energy demand of the buildings they live in (see 

Sections 3.5.2 and 4.8.2.3). Hence, it is important to assess less energy-

intensive behaviours (even if these might not actually occur). In parallel, 

users choosing to live in a passive house might also use appliances with an 

increased efficiency. The combined effect of higher efficiency devices and 

users with low energy requirements is modelled as a decrease in the final 

and delivered operational energy demands for non-thermal appliances. 

Two scenarios are modelled. The first reduces all non-thermal demands by 

20% while the second further lowers the appliances and lighting delivered 

energy demand to 50% of the base case consumptions. The reduction 

factors for each scenario are given in Table 6.7. 

Table 6.7: Reduction factors used for each operational energy end-use in the 

operational energy variations of the passive house case study 

Operational energy end-use 1st scenario reduction 
factor 

2nd scenario reduction 
factor 

Final heating energy 0% 0% 

Final cooling energy 0% 0% 

Final ventilation energy 0% 0% 

Final cooking energy 20% 20% 

Final domestic hot water energy 20% 20% 

Delivered lighting energy 20% 50% 

Delivered appliances energy 20% 50% 

COMBINATION OF OPERATIONAL ENERGY SAVING MEASURES 

Multiple operational energy measures are combined to evaluate their 

joint effect on the life cycle energy demand of the passive house. In this 

regard, the following scenarios are combined: 

 Reduce the final energy demand of cooking and hot water by 20% 
and the delivered energy demand of lighting and appliances by 50%; 

 Install two solar panels on the roof, providing 78% of the reduced 
domestic hot water demand; and 

 Install 13 photovoltaic panels providing 50.7% of the reduced 
electricity demand. 

All other parameters are kept as in the base case. The combined effect 

of operational energy saving measures is expected to dramatically lower 
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the operational energy demand. However, the increased embodied energy 

for solar panels might reduce the significance of operational energy 

savings. Therefore another variation, where no photovoltaic panels are 

installed and gas systems for cooking and heating are installed, is also 

examined. 

6.4.3.3 Transport energy variations 

The only variation considered for transportation, is to assume that the 

household owns one car instead of two and uses the train to commute. 

While this consideration is unrealistic in this particular case, since no train 

station is available in the town, the effect of using public transportation 

should be investigated. Therefore, the changes in transport related 

variables are: 

 Two cars → One diesel car driven 16 000 km per year; and 

 The main income earner uses the train to commute to Brussels: 
9 600 km per year (based on 40

1
 km per weekday, 48 weeks per year). 

The assumption that the main income earner uses the train to 

commute to Brussels is based on the study from IBGE and IGEAT (2008). 

This study surveyed 200 000 of the 680 000 working people in Brussels, 

and found that the transport mode which was used most, at a distance of 

24 km from Brussels (this case), was the train. 

6.4.3.4 Other variations 

Apart from variations to embodied, operational and transport aspects, 

two other variables were changed to test their influence on the life cycle 

energy demand of the base case passive house: the number of users and 

the evolution of parameters in time. 

The number of users greatly affects the calculations since it is used in 

many equations. For these reasons, the number of users is increased to 5 

persons in the household. It is assumed that the additional child does not 

require additional car transport. A further increase to the maximum 

amount of possible users, based on the average living floor area per person 

in Belgium is tested for comparison. 

                                                                 
1 A shorter distance is assumed for train travel compared to car travel (48 km) since trains 
often have more direct routes to the city. 
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The evolution of parameters in time was applied to two of the six key 

parameters: the primary energy conversion factor for electricity and the 

appliances energy demand. As described in Section 4.8.2.4, the evolution is 

modelled using a cubic interpolation of values specified at each third of the 

period of analysis. Table 6.8 presents the values at each third of the period 

of analysis for the two parameters. 

Table 6.8: Values of evolving key parameters at key dates during the period of 

analysis of the passive house case study 

Stage of period of 
analysis 

Parameter 

Primary energy conversion factor for 
electricity Appliances energy 

demand 

First scenario Second scenario 

0/3 2.5 2.5 100% 

1/3 2.0 1.5 133% 

2/3 1.75 1.0 166% 

3/3 1.5 0.5 200% 

6.4.4 Best case 

A best case scenario, combining the variations with the lowest energy 

demands evaluates the influence of multiple variations at once. The 

composition of the best case can logically be determined only after the 

individual variations are assessed. The best case characteristics will 

therefore be determined in light of the results and are presented in 

Section 7.1.6. 

6.4.5 Description of alternative dwellings 

The studied passive house is compared to other dwellings: a standard 

single family detached house and a retrofitted apartment in the city of 

Brussels. The influence of various parameters on the life cycle energy 

demand is evaluated through these two comparisons. The comparison with 

a standard house in the same location will provide an insight into the 

influence of material selection and the energy performance of buildings. 

The comparison with an apartment in the city evaluates the influence of 

location, housing typology and public transports on the life cycle energy 

demand. 
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6.4.5.1 Standard house 

The standard house alternative has the same geometry as the passive 

house but follows normal construction standards, in terms of structure, 

insulation, etc.. The changes made to the passive house in order to obtain 

the normal house are: 

 Changed outer walls to traditional brick veneer walls with 80 mm of 
expanded polystyrene (EPS) insulation (U-value = 0.40 W/(m²K)); 

 Modified insulation in ground floor slab (200 mm PU → 80 mm EPS); 

 Removed peripheral insulation from upper floor slabs; 

 Changed windows to aluminium framed double glazed windows 
(U-value = 2.8 W/(m²K), including frames); 

 Modified insulation in roof (300 mm PU and 100 mm of Rockwool → 
100 mm EPS, U-value = 0.35 W/(m²K)); 

 Removed mechanical ventilation system and ducts; 

 Installed a 35 kW condensation gas boiler for heating; and 

 Installed 1 kW aluminium radiators for heating delivery. 

The final space heating demand calculated with the software tool is 

64 kWh/m².year (230 MJ/m².year), which is an expected figure regarding 

the recent more stringent regulations on the energy performance of 

buildings. All other parameters are the same as in the base case passive 

house. 

6.4.5.2 Retrofit apartment in Brussels city 

The second alternative dwelling is a retrofitted apartment in the city of 

Brussels. This housing type is considered in order to compare two different 

housing typologies and locations. The double fronted adjoined apartment, 

which houses two persons, is 80 m² in size (see Figure 6.2) and is located in 

the south of Brussels, next to a major tramway line (see Figure 6.3). The 

apartment building comprises 90 apartments across 10 storeys and was 

built in the early 1970s. It is important to compare the suburban single 

family detached house to a small apartment retrofit scenario in Brussels 

since 75% of dwellings there are apartments and 84% of these have a floor 

area lower than 104 m² (IBGE 2010). 

During the apartment retrofit no changes are made to the existing 

structure (footings, columns, beams and slabs), the existing heating and 

domestic hot water system (central condensation gas boiler and radiators) 

and the internal walls. All other assemblies are changed. The retrofit 
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consists of changing the single glazed windows to double glazed windows 

(which represent 94% of the façade), the adjacent brick veneer walls, the 

flooring, all fittings, wiring, piping, doors, the bathrooms, etc.. The U-value 

of the new double glazed windows is 2.8 W/(m²K), including frames. The 

list of assemblies used in the apartment dwelling, their quantities and a 

short description of each are given in Table C.4, Appendix C. The bill of 

material quantities is given in Table C.5, Appendix C.  

The operational energy demand is based on the figures in Table 6.3. 

The cooling demand is fixed at 0 MJ/m².year. The final space heating 

demand after renovation is 74.7 kWh/m².year (270 MJ/m².year), as 

determined by the software tool. The operational energy requirements of 

common areas, e.g. lighting, lifts, etc., are not taken into account. 

 

Figure 6.2: Plan view of the alternative retrofitted apartment in Brussels 

Source: Based on site visit measurements 
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Figure 6.3: Bird eye view of the apartment building in Brussels 

Source: Adapted from Microsoft Corporation (2010) 

The two occupants living in the apartment rely mainly on public 

transport in the city. One person is assumed to use the tramway 10 km per 

weekday while the other uses the subway 10 km per weekday. This results 

in 2 400 km per year of travel distance for each transport mode. The 

couple is assumed to own a gasoline car which is driven 6 000 km per year, 

mainly on week-ends. 

6.5 Case study 2: A new residential suburban 

neighbourhood near Melbourne, Australia 

6.5.1 Description of the suburban neighbourhood (base case) 

A typical residential suburban neighbourhood, comprising single family 

detached houses, is used to evaluate the total life cycle energy demand 

and greenhouse gas emissions associated with a large urban area. The 

assessed neighbourhood is a representation of suburban areas in Australia 

and many other regions of the world. This neighbourhood is based on the 

area of Wyndham (Latitude 37.89°S, Longitude 144.66°E), 28 km west of 

Melbourne’s central business district (located in the outer sector). 

Wyndham, like many other suburbs, has witnessed a dramatic increase 

in population in the last ten years (an average of 25% increase per year 

(BITRE 2011)). On average, suburbs in the so-called ‘outer-sector’ (see 

Figure 6.4) accommodated 58% of the population growth of Melbourne 
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between 2001 and 2010 (BITRE 2011). Most of the new developments 

were single family detached houses. This increase in the outer-sector 

population is a small scale representation of one scenario of what is likely 

to happen in cities around the world in order to accommodate an 

increasing population (U.N. 2012). 

 

Figure 6.4: Urban sector classification of Melbourne, Australia 

Source: Adapted from BITRE (2011) 

A population density of 500 inhabitants/km² is chosen for the case 

study neighbourhood. The Bureau of infrastructure, Transport and 

Regional Economics (BITRE 2011) has shown that the average population 

density of the suburban areas of Melbourne (middle, outer and peri urban, 

is 230 inhabitants/km². According to the same source, the average 

population density of Wyndham ranges from 500 to 1 500 inhabitants/km². 

The lower boundary of Wyndham’s population density is chosen to reflect 

the average density of the outer sector. 
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The base case neighbourhood (BC) is modelled with a surface area of 

1.5 square kilometres of which 43 850 m² is attributed to the floor area of 

the residential buildings. The remaining area accounts for gardens, 

footpaths, roads and other infrastructures. Two houses of different sizes, 

each representing 50% of the built stock, are used to model the 

neighbourhood. The first house (BC4) is 230 m² in area and is assumed to 

accommodate 4 occupants. The second house (BC3) is 180 m² and 

accommodates 3 occupants. With 107 buildings of each type, the obtained 

density for the district is 499 inhabitants/km².The number of people per 

household is based on the number of bedrooms in each house. The floor 

area of the houses is determined according to the current market trend 

and is under the average floor area of new residential buildings in Australia 

(270 m²) (ABS 2007). 

6.5.2 Buildings used to model the base case neighbourhood 

The BC4 house (230 m² and 4 occupants) is modelled with a 19.2 m by 

12 m rectangular shaped plan while the BC3 (180 m² and 3 occupants) has 

a depth of 15 m and the same width of 12 m. The height between floors in 

both houses is assumed to be 3 m, the roof tilt at 15° and the glazing to 

façade ratio at 30%. The bills of quantities, calculated as described in 

Section 5.4.2, are presented in Table C.6 and Table C.7, Appendix C. 

Both houses have individual reinforced concrete (RC) footings on which 

a RC slab is cast. Timber framing constitutes the structure of the buildings. 

Timber trusses support the concrete tiled roof which comprises 160 mm of 

fibreglass insulation (R4). 

Brick veneer walls are used for the façades of the houses. The outer 

walls comprise 80 mm of fibreglass insulation (R2). Painted plasterboard is 

used on the inner faces of the outer walls and for the internal walls of the 

houses. Double glazed aluminium windows, with a U-value of 2.8 W/(m²K) 

are installed. 

A ducted gas fired heating system, with a 70% efficiency, is installed in 

the buildings. The same ducts are used to cool the houses. Cooling is 

operated by an electrical heat pump with a coefficient of performance 

(COP) of 2.5. Solar panels for hot water are installed on all buildings and 

provide 75% of the domestic hot water demand. 

The infrastructure for both houses is assumed to be built at the same 

time as part of a new residential area, typical of urban sprawl expansion. 
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The initial embodied energy of infrastructures is therefore accounted for in 

the life cycle energy demand. 

As can be observed, the two houses are very similar to the validation 

case study house (see Section 5.7.2) and use the same assemblies and 

materials, except for the ground floor slab and foundations. 

All households are assumed to own two gasoline cars which are driven 

in total 28 000 km and 24 000 km per year, for BC4 and BC3 respectively, 

based on average figures from the Department of Transport (2009). While 

a train connection is available in Wyndham, only private cars are generally 

used in such suburbs. Indeed, 84.2% of trips are made by car and only 4% 

by public transport while walking and biking represent the remaining 

shares (Department of Transport 2009). 

Multiple scenarios are used to evaluate the effect of certain 

parameters on the life cycle energy demand and greenhouse gas emissions 

of the neighbourhood. These scenarios are divided into four categories 

(size, electric cars, parameter evolution and housing typology) and are 

described in the following sections. 

6.5.3 Size variations 

As described in Section 3.3.2, most building energy policies focus on 

operational energy efficiency, notably in terms of space heating and 

cooling. The reference flow used is often one square metre of usable floor 

area. The limitation of using this reference flow is the disregard for the 

house size. Indeed, a house which is 50% more efficient than a 

conventional dwelling but twice as big, will use the same amount of energy 

in absolute terms. 

More importantly, the additional embodied energy, both initial and 

recurrent, associated with the larger house sizes, is very rarely integrated. 

According to the validation case study (see Section 5.7) and previous 

research using the input-output-based hybrid analysis, e.g. Fay (1999), the 

initial embodied energy of a typical Australian house is between 

11-15 GJ/m² of gross floor area. 

Since Australian dwellings have dramatically increased in size over the 

past 60 years (ABS 2007), it is important to evaluate the influence that 

reducing the dwelling size has on the life cycle energy demand of the case 

study neighbourhoods. While Fuller and Crawford (2011) advocate the 

importance of reducing dwelling size in regard to embodied energy, no 
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study has yet investigated the effect of house size on the energy use of a 

whole district. 

Two scenarios, involving reducing the base case house sizes by 10% (SK) 

and 20% (SK+) are tested. The constituting buildings, originally BC4 and 

BC3, are respectively denominated SK4 and SK+4 and SK3 and SK+3 for the 

first and second house size scenarios. Table 6.9 gives the modifications of 

the gross floor areas, the width and the depth for each house and scenario. 

The number of units built on the plot are kept constant for the sake of 

comparison. 

Table 6.9: House size variations for the Australian suburban neighbourhood case 

study 

Building acronym Width (m) Depth (m) Gross floor area 
(m²) 

BC4 12 19.2 230 

SK4 11.5 18 207 

SK+4 11.5 16 184 

BC3 12 15 180 

SK3 12 13.5 162 

SK+3 12 12 144 

6.5.4 Using purely electric cars 

The third scenario (ELEC CAR) tests a switch to 100% electric cars on 

the base case to investigate its effect on the life cycle energy demand of 

the suburban neighbourhood. Electric cars are being marketed as a so-

called ‘green’ alternative to traditional combustion engine vehicles and 

have a much lower direct energy demand compared to standard vehicles 

(van Vliet et al. 2011). However, the high primary energy conversion factor 

for electricity in Victoria, Australia (3.4), the indirect requirements of 

electric cars (see Table 6.4) and the high emissions factor for electricity in 

Victoria, are expected to lessen their advantage over combustion engines. 

A scenario, testing the effect of the use of electric cars on the life cycle 

energy requirements and greenhouse gas emissions is modelled. 

6.5.5 Evolution of parameters 

Possible evolutions of the primary energy conversion factor for 

electricity and the associated greenhouse gas emissions factor are 
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investigated. Table 6.10 gives the values of these parameters at key dates. 

As described in Section 4.8.2.4, a cubic interpolation over the period of 

analysis is performed based on the values at the key dates. 

Table 6.10: Values of evolving key parameters at key dates during the period of 

analysis of the Australian suburban neighbourhood case study 

Stage of period of analysis Primary energy conversion 
factor for electricity 

Greenhouse gas emissions 
factor for electricity 

(kgCO2-e/GJ) 

1st scenario 2nd scenario 1st scenario 2nd scenario 

0/3 3.40 3.40 93.11 93.11 

1/3 2.72 2.04 74.48 55.87 

2/3 2.04 1.36 55.87 37.24 

3/3 1.36 0.68 37.24 18.62 

6.5.6 Housing typology scenarios 

Urban form has been identified as an important factor in achieving a 

more environmentally friendly built environment (Jenks et al. 2000). 

However, a universal sustainable urban model does not yet exist (Guy and 

Marwin 2000). The complexity of each case should be included and local 

measures undertaken to lower the environmental impact of urban areas. 

Dense and compact cities have often been associated with a reduced 

environmental impact, notably because of lower transport energy 

requirements, although actual transport figures show that planners this 

benefit is often exaggerated (Williams 2000). Also, from a life cycle energy 

use perspective, developing denser districts will save significant amounts 

of materials per capita and allow the implementation of more efficient 

systems such as district heating and cooling. Moreover, if densification 

entails intensification and improved accessibility, the average travel 

distances are likely to drop. This will ultimately decrease the transport 

energy requirements. For all of the above reasons, denser configurations 

of the assessed case study neighbourhood are assessed through variations 

to the dwelling typology. 

The constituting bricks of any urban structure are its buildings and 

infrastructure. Hence, higher density urban structures have to rely on 

specific building typologies which accommodate more people per square 

metre. When it comes to residential buildings, row houses and apartment 

buildings can provide higher density districts compared to detached 
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houses. The introduction of these two housing typologies, and its 

repercussion on the life cycle energy demand, is investigated in three 

different scenarios. One half of the built area of the base case (BC) 

neighbourhood, i.e. approximately 22 000 m², is attributed to row houses 

or apartment buildings in each of the three housing typologies scenarios. 

The other half is kept as detached houses as in the BC. These three housing 

typology scenarios are presented in the following section. 

6.5.6.1 Row houses and semi-detached houses scenarios 

The first scenario, RH_SDH_1, replaces half of the built floor area with 

row houses and semi-detached houses. Row houses share a party wall on 

each side and have two façades, except for the houses at the edges (semi-

detached houses), which have three. These houses are expected to save 

embodied energy compared to normal houses with the same area and 

built using the same materials. Indeed, the shared party wall is typically 

less energy intensive than an outer wall comprising insulation, glazing and 

weatherproof materials. Moreover, the space heating energy demand of 

row houses is also lower because of their lower heat transfer area: the 

party walls are in contact with a heated space. Additionally, row houses 

and semi-detached houses are typically smaller than single detached 

houses. 

In the RH_SDH_1 scenario, houses are grouped in blocks of four houses 

with 168 m² row houses in the middle (RH3-1) and 216 m² houses with 

three façades, called semi-detached houses (SDH4-1), on the edge (see 

Figure 6.5). A depth of 12 m is chosen for all houses with less than four 

façades to allow natural daylight deep inside the house. This figure is based 

on the passive zone concept used by Ratti et al. (2005). The row houses 

and semi-detached houses use the same assemblies as in the base case 

neighbourhood houses. The travel distances per household are also 

assumed to be the same as in the base case, based on the number of users. 

The second scenario, RH_SDH_2, is similar to the first but uses double 

storey row houses (RH3-2, 168 m²) and semi-detached houses (SDH4-2, 

216 m²) (see Figure 6.6). The width of row and semi detached houses is 

divided by two compared to the RH_SDH_1 scenario. This results in an 

increased population density because more houses can be built on the 

same surface area. 

Table 6.11 presents the basic geometrical properties of the modelled 

row houses and semi-detached houses in the RH_SDH_1 and RH_SDH_2 
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scenarios. All houses have the same height between floors (3m), roof tilt 

(15°) and glazing to façade ratio (30%). Figure 6.5 and Figure 6.6 show the 

basic volume of a group of houses for the RH_SDH_1 and RH_SDH_2 

scenarios, respectively. The bill of material quantities of RH3-1, RH3-2, 

SDH4-1 and SDH4-2 are given in Table C.8, Table C.9, Table C.10 and 

Table C.11, Appendix C, respectively. The U-values of the various envelope 

elements are given in Table 6.12 below. 

Table 6.11: Basic geometrical properties of the modelled row and semi-detached 

houses in the housing typology variation of the Australian suburban 

neighbourhood case study 

House 
acronym 

Width (m) Depth (m) Floors Gross floor area (m²) Façades 

RH3-1 14 12 1 168 2 

RH3-2 7 12 2 168 2 

SDH4-1 18 12 1 216 3 

SDH4-2 9 12 2 216 3 

Note: RH3-1: row house with one storey, RH3-2: row house with two storeys, SDH4-1: semi-

detached house with one storey, SDH4-2: semi-detached house with two storeys. 

 

Figure 6.5: Basic geometric and volumetric layout of modelled row and semi detached 

houses in the RH_SDH_1 scenario of the Australian suburb case study 

 

Figure 6.6: Basic geometric and volumetric layout of modelled row and semi detached 

houses in the RH_SDH_2 scenario of the Australian suburb case study 
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Table 6.12: U-values of envelope elements for the row and semi-detached houses in 

the housing typology variation of the Australian suburb case study 

Envelope element U-value (W/(m²K)) R-value ((m²K)/W) 

Walls 0.39 2.56 

Windows (glazing + frames) 2.8 0.36 

Roof 0.21 4.76 

The modelled district which includes row houses, includes the same 

number of units for the base case houses and the row houses. Hence each 

house type is equally represented. However, row houses, even with two 

storeys still require large land areas and do not significantly increase 

population density. Low rise apartment buildings might provide a better 

means of densification. 

6.5.6.2 Low-rise apartment buildings scenario 

The third scenario, APB, consists of replacing half of the built area in 

the BC with four-storey apartment buildings. It is assumed that a radical 

change of housing type, such as medium rise apartment buildings with 10 

stories, will not be accepted in traditionally low-density areas. 

The low-rise buildings are modelled with four storeys in this study. 

Continuous reinforced concrete (RC) footings support the ground floor 

slab. Precast RC bearing walls are used to support the upper storeys and 

constitute the external walls and part of the internal partition of the 

building. 

A steel frame, containing 80 mm of fibreglass insulation batts (R2), is 

attached to the interior face of the external walls. Painted plasterboard is 

fixed to the steel frame of the external walls, and to the steel framed 

internal walls. Double glazed windows with aluminium frames cover 70% 

of the external wall area. The roof comprises 160 mm of fibreglass 

insulation (R4). The U-values of envelope elements are the same as those 

used in the base case neighbourhood and the row houses scenarios. 

Ceramic tiles are installed in the living rooms, the kitchen and the 

toilets while nylon carpets constitute the flooring of the bedrooms. Other 

finishings are considered to be of a medium standard. 

As depicted in Figure 6.7, each modelled building comprises 12 double-

façade flats of 120 m² each and 8 triple-façade flats of 168 m² each. Three 

and four users live in each of the small (AP3) and large apartments (AP4), 
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respectively. The depth of 12 m is based on the passive zone concept (Ratti 

et al. 2005) as in the row houses scenarios. The height between floors is 

lowered to 2.8 m in this case. The bill of material quantities of the whole 

apartment building is given in Table C.12, Appendix C. As in the Belgian 

case study, the embodied and operational energy requirements of the 

common spaces of the building are not taken into account. These areas are 

considered as part of the apartments. 

In total, 31 apartment buildings are constructed resulting in an average 

neighbourhood density of 1 653 inhabitants/km², keeping the same 

neighbourhood area as in the base case. 

 

Figure 6.7: Basic geometric and volumetric layout of modelled low-rise apartment 

buildings in the housing typology variation of the Australian suburban 

neighbourhood case study 

While no changes are made regarding the travel distances of the 

households compared to the base case, the modal split is modelled as 

evolving in time. Indeed, the construction of the low-rise apartment 

buildings will greatly increase the density of the district. It is hence 

assumed that in time, the population density is enough to support the 

development of a reliable train connection to the city. The share of train 

trips is linearly increased from 0% at year 0 to 75% of all trips in 100 years. 

At the same time, the share of car trips is decreased from 100% at year 0 

to 25% in 100 years. 

6.6 Selection of period of analysis and building design life 

The period of analysis (POA) and building design life (BDSL) are among 

the most important parameters to define when using the developed 

software tool. Indeed, they are directly correlated with the absolute 

energy use of the assessed building or district. While operational and 

transport energy are linearly linked to the POA, the embodied energy 
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calculations depend on the replacement rates of the materials during the 

BDSL and the POA. 

Most building life cycle assessment studies typically consider an equal 

POA and BDSL which range between 50 and 100 years (see Section 3.4). 

While the POA can be set to any value depending on the assessor, the 

BDSL is very complex to realistically estimate. For instance, in her study of 

the Swiss and European building stocks, Hassler (2009), states that the 

BDSL can range considerably based on the time of construction of the 

building (e.g. 1920s), its construction quality and other regional 

instruments for building preservation. 

Another aspect to consider when choosing a BDSL figure is the 

quantification method used for the recurrent embodied energy. Indeed, in 

most studies in the literature, the recurrent embodied energy is either 

omitted (focus on the initial embodied energy) or determined as a 

percentage of the initial embodied energy. In this work, the recurrent 

embodied energy is determined according to the service life of each 

material and the BDSL. 

In this regard, the influence of the BDSL on the overall life cycle energy 

demand of the passive house case study is determined. For a POA of 200 

years, the BDSL is increased incrementally from 10 to 195 years by steps of 

5 years. Figure 6.8 shows the total life cycle energy demand as a function 

of the BDSL. It is clear that the BDSL has a great influence on the overall 

energy use, especially for low BDSL values. This is due to the integral 

replacement of the building which results in high embodied energy 

requirements. As expected, after a value of 100 years for the BDSL, which 

represents half of the set POA, the overall life cycle energy demand seems 

to stabilise. This is due to the fact that, past this point, only one whole 

building replacement is made, while before the number of whole building 

replacements varies considerably from 2 to 20. 
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Figure 6.8: Life cycle energy demand vs. building design life for a period of analysis of 

200 years 

Based on the average time periods considered in the literature and the 

more advanced recurrent energy quantification technique developed, the 

chosen POA and BDSL for the case studies are 100 years. This choice of 

BDSL will also more accurately reflect the replacement of lasting 

assemblies such as windows and roof tiles, and some insulation materials, 

which can have life expectancies of 50 years. Moreover, the chosen 

100 year figure is in line with the typical lifetime of the building stock 

proposed by the IEA (2011), i.e. between 50 and 150 years with an average 

of 80 years. Hence, the chosen POA and BDSL match those of some studies 

in the literature, are adapted to the recurrent embodied energy 

quantification algorithm used and respect generally accepted figures such 

as those published by the IEA (2011). 

6.7 Summary 

This chapter has described the two case studies used to investigate the 

potential of the developed framework and tool. The large array of 

parameters studied performs a thorough testing of the framework. The 

diversity of assessed buildings also ensures the enrichment of the tool’s 

database in terms of materials and assemblies. 

The details and assumptions regarding data sources and the application 

of the framework both generally and as applied to each case study have 

been outlined throughout the chapter and in Appendix C. The Belgian 
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passive house case study will be used to investigate the tool at a building 

level while the Australian suburban neighbourhood will test the potential 

of the framework at the urban level. 

The results of the two case studies, as presented in Chapter 7, will 

explore the possibilities of the framework and provide a new insight into 

the life cycle energy use and associated greenhouse gas emissions of 

residential buildings and districts. 
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7 Case study results 

The developed life cycle energy analysis framework and the related 

software tool is applied to the two case studies described in Chapter 6. The 

case studies are selected to ensure a broad investigation of the potential of 

the framework and tool. 

The aim of this chapter is to present the results from the two case 

studies. The results are then used as a basis for the discussion in the 

following chapter. 

The findings test the applicability of the developed framework and tool 

at different scales of the built environment and in different countries. A 

clear dichotomy is performed between the two cases. The Belgian passive 

house is first presented followed by the Australian suburban 

neighbourhood. Results are presented using a similar structure to 

Chapter 6 to improve clarity. 

7.1 Case study 1: A passive house near Brussels, Belgium 

The results of the study of the passive house located in 

Brain-le-Château, 26 km south-west of Brussels, are presented in this 

section. The base case energy profile is analysed in terms of embodied, 

operational, transport and total energy requirements. Afterwards, the 

parametric variations are presented. The combination of multiple 

measures to reduce the life cycle energy use is represented by the best 

case scenario (within the assessed parameters and current system 

boundaries). The base and best cases are finally compared to other 

dwelling types, i.e. new standard house and retrofitted city apartment, 

which are described in Section 6.4.5. 

The acronyms used for each variation are given at the beginning of the 

relevant section. 

7.1.1 Base case 

The energy profile of the base case scenario, which is described in 

Sections 6.4.1 and 6.4.2, is presented hereafter. The base case is referred 

to as BC in the text. 
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7.1.1.1 Embodied energy demand 

The total embodied energy requirements over the period of analysis 

(100 years) are displayed in Figure 7.1. The initial embodied energy of the 

building is 5 696 GJ or 17.26 GJ/m². This figure is much higher than in all 

previous embodied energy studies of passive houses. The difference is due 

to the use of the more comprehensive input-output-based hybrid analysis 

technique (Treloar 1997) for the quantification of embodied energy. 

Indeed, using the same method, Fay (2000) found an initial embodied 

energy of 14.1 GJ/m² for a typical Australian house. Given the additional 

technology and material use in a passive house (compared to a standard 

house), the obtained initial embodied energy figure is realistic. 

 

Figure 7.1: Life cycle embodied energy demand of the base case passive house 

The importance of the recurrent embodied energy is clearly visible with 

the many leaps occurring throughout the building design life. In this case, 

the recurrent embodied energy is 7 749 GJ (excluding infrastructures), 

representing 136% of the initial embodied energy. In the developed model 

the recurrent embodied energy depends on two main factors: the 

embodied energy of the replaced material and its durability. These 

parameters, especially durability, which depends on multiple factors, are 

hard to determine. The importance of recurrent embodied energy might 
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embodied energy. Notwithstanding, when using the dynamic material 

replacement algorithm developed and average material service lives, the 

recurrent embodied energy use over 100 years is significant. 

A more detailed insight of the embodied energy demand of the BC is 

obtained through a breakdown by material, as computable by the software 

tool. Figure 7.2 and Figure 7.3 show the initial and life cycle embodied 

energy requirements by material, respectively. While insulation remains 

the single most important material in both cases, the contribution of other 

materials to embodied energy changes. The ranks of each material for 

initial and life cycle embodied energy are given in Table D.1, Appendix D. 

As a general trend, structural materials such as steel and concrete tend 

to decrease in importance over the life cycle because of their high 

durability (-3 places). Conversely, initially insignificant materials such as 

carpets and paint can represent considerable life cycle embodied energy 

requirements (+3 places) because of their frequent replacement. 

Therefore, while structural considerations are often addressed, it might be 

more critical to reduce the embodied energy requirements of intuitively 

less important materials or elements when a life cycle perspective is 

considered. 

 

Figure 7.2: Initial embodied energy of the base case passive house, by material 
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Figure 7.3: Life cycle embodied energy of the base case passive house, by material 

7.1.1.2 Operational energy demand 

Figure 7.4 shows the life cycle operational energy demand of the base 

case passive house by end-use. All end-uses in this case are operated by 

electricity and result in high primary energy requirements because of the 

primary energy conversion factor of electricity (2.5). 

Hot water represents the highest energy demand, followed by heating, 

appliances, cooking, lighting and ventilation. While passive houses strive to 

achieve a very low final heating demand per m², it is clear that the size of 

the house and the conversion to primary energy (based on the energy 

source), counter balance this efficiency. For instance, a passive house of 

180 m² instead of the current 294 m², using a gas heating system instead of 

electricity, but accommodating four people as well, would have a life cycle 

heating demand of 778 GJ (instead of 3 178 GJ) which would rank fourth 

after cooking. Hence, it would then be important to optimise other 

operational energy demands. Indeed, once the heating demand is 

dramatically lowered, other end-uses can become more important. This 

finding confirms the conclusions of Blengini and Di Carlo (2010). 
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Figure 7.4: Life cycle primary operational energy of the base case passive house, by 

end-use 
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of recurrent embodied energy. For example, the leap at 50 years 

corresponds to the replacement of the insulation in the walls and roof. The 

total life cycle energy demand of the BC is 36 049 GJ or 9 012 GJ/capita. 

The uncertainty in the embodied energy data and the variability in 

operational and transport energy demands (dashed grey lines in Figure 7.5) 

result in a possible range: from 25 556 GJ to 46 541 GJ. 

 

Figure 7.5: Accumulated life cycle energy demand of the base case passive house 

The breakdown of the life cycle energy demand of the passive house 

into its three components (see Figure 7.6) reveals many important findings. 

First, the embodied, operational and transport energy requirements 

represent 40%, 32.8% and 27.2% of the total, respectively. The transport 

energy requirements (9 804 GJ over 100 years), represent an important 

part of the total. Combined, the so-called indirect requirements (embodied 

and transport) represent 67.2% of the life cycle energy use. If only 

embodied and operational energy are considered, the first represents 55% 

of the total and the second 45%. If only thermal, hot water energy 
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most previous studies on passive houses, the embodied energy demand 

represents 67% of the total (excluding transport) over 100 years. This 

clearly underlines the importance of embodied energy in so-called ‘low-
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based on the computed uncertainty (see Section 4.8.2.2). The minimal 

value for embodied energy, considering an unlikely scenario where all the 

energy coefficients of all materials are overestimated, is 8 266 GJ. Even in 

this case, the embodied energy requirements still represent 27.7% of the 

total energy demand and 41.2% of the sum of embodied and operational 

energy. When the minimal values for embodied and transport energy 

requirements are combined with the maximum figure for operational 

energy, the embodied and transport energy demand still represents 53.2% 

of the total energy demand. Hence, even considering extreme uncertainty 

and variability numbers, indirect requirements represent more than half of 

the life cycle energy demand of the base case passive house. 

 

Figure 7.6: Life cycle energy demand of the base case passive house, by use 
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comparing the initial embodied energy requirements. The limited variation 

in initial embodied energy is due to the fact that the additional quantity of 

materials needed, when the structural system or insulation material is 

changed, partly counter-balance their energy intensity. The initial 

embodied energy figures are: 

 RC case: 5 520 GJ (-3.1%); 

 TF case: 5 247 GJ (-7.9%); and 

 FG case: 5 469 GJ (-3.9%). 

When it comes to life cycle embodied energy, the modified cases are 

more energy intensive instead of the intuitively expected savings 

(RC: +1.4%,.TF: +7.3%, FG: +5.2%). When breaking down the embodied 

energy, the additional materials related to certain structural systems (e.g. 

the use of plasterboards for timber framed houses) result in high recurrent 

embodied energy requirements. The multiple replacements of the initially 

less energy-intensive fibreglass also induced a higher overall life cycle 

energy demand compared to the polyurethane-insulated base case. These 

findings emphasise the importance of recurrent embodied energy aspects 

which could lead to counter-intuitive results. The consideration of whole 

building assemblies, which takes into account construction aspects and 

technologies, is also proven as a more comprehensive approach to 

determine less energy intensive alternatives. If only the structural system 

is considered, without related construction changes (e.g. using 

plasterboard and double cavity walls for timber framed houses), the 

outcome might not reflect reality. 

Due to the considerable uncertainty present in the data, it is impossible 

to determine the best outcome scenario concerning the initial or life cycle 

embodied energy requirements of variations. 
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Figure 7.7: Initial and total embodied energy requirements of structural and insulation 

variations of the case study passive house 
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the case where the infrastructure already exists, its ratios to the overall 

embodied energy of the passive house drop to 7.4%. 

Yet, the obtained embodied energy figures for infrastructures are 

expected to be conservative. The embodied energy figures are based on a 

process-based hybrid analysis, which still produces more complete results 

than process analysis, but is less comprehensive than the input-output-

based hybrid analysis (see Section 3.1.3.2 and Figure 3.2). Indeed, the 

input-output remainder associated with infrastructure is not taken into 

account (see Section 4.2.2.3). Therefore the system boundaries are not 

complete. Even in this case, the infrastructure embodied energy is 

significant. Hence, infrastructures should be accounted for in a 

comprehensive life cycle energy analysis, especially when assessing newly 

built areas or future development projects. 

7.1.3 Operational energy variations 

A variety of operational energy variations, including reduced demand, 

greatly reduced demand, installation of solar systems, a combination of 

the above-mentioned measures and installation of gas systems for heating, 

cooking and domestic hot water are investigated (see Section 6.4.3.2). The 

cases are referred to, in this section, as follows: 

 Base case → BC; 

 Replace heating, cooking and domestic hot water electric systems 
with gas-powered systems→ GAS; 

 Reduced operational energy according to scenario 1 in Table 6.7 → 
ROPE; 

 Highly reduced operational energy according to scenario 2 in 

Table 6.7 → HROPE; 

 Combination of scenario 2 and installation of domestic hot water 

solar panels and photovoltaic panels (see Section 6.4.3.2) → 
SOLHROPE; and 

 Combination of scenario 2 and installation of domestic hot water 
solar panels and gas cooking and heating (see Section 6.4.3.2) → 
GASHROPE. 

Figure 7.8 shows that GAS, ROPE, HROPE, SOLHROPE and GASHROPE 

save 41.4%, 13.5%, 21.9%, 70.3% and 60.4% of the life cycle primary 

operational energy demand compared to the BC, respectively. The 

reduction of primary operational energy requirements is therefore notable 
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for each case. Just by changing their behaviour and relying on energy 

efficient systems, occupants can save up to 22% of the primary operational 

energy. 

An important finding is the importance of the energy source. Indeed, by 

keeping the same level of consumption and switching to the GAS scenario, 

the reduction in the life cycle operational energy demand was greater than 

adopting a dramatic user-related reduction (HROPE). However, in this case, 

the reduction might be exaggerated by the very low primary energy 

coefficient for gas adopted in Belgium, i.e. 1.0 which is based on RBC 

(2008). It is unrealistic that the final and primary energy uses are the same, 

especially when considering the energy requirements for gas extraction, 

storage, shipping and delivery. Nonetheless, even by adopting a 1.4 

primary energy coefficient for gas (similar to Australian figures), the result 

still holds: the energy sources used for operational energy systems is 

important regarding primary energy use (note the difference with the 

Kyoto pyramid, Figure 3.3). 

An equally important aspect to consider, is the dramatic reduction 

observed when all measures were combined. The reduction in final energy 

demand resulting from user behaviour allows high solar fractions and a 

very low primary energy requirement. It is however crucial to consider the 

added energy expenditures in terms of embodied energy for the initial 

installation and replacement of solar energy systems across the building 

design life. 

Combining operational primary energy savings through the installation 

of solar systems, while considering their embodied energy requirements, is 

automatically handled in the developed software. Figure 7.8 shows the life 

cycle embodied energy requirements of each of the cases above. The 

increased embodied energy associated with solar systems is 4 847 GJ over 

100 years (of which 90% are attributed to the photovoltaic system). At the 

same time, the installation of solar systems results in a reduction of 

5 712 GJ of primary operational energy (compared to HROPE). The net 

savings from the installation of solar systems over 100 years is therefore 

865 GJ. The very high embodied energy of photovoltaic panels, calculated 

with the input-output-based hybrid analysis, results in a very low net 

benefit in a country with low solar irradiation such as Belgium. However, 

the performance of solar hot water panels is more benefitial. Indeed, while 

the installation of 13 photovoltaic panels (40% solar fraction, 1 063 GJ of 

initial embodied energy) on the base case resulted in a 0.3% increase in the 
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total life cycle energy demand, the installation of two solar hot water 

panels with a gas auxiliary system (40% solar fraction, 30 GJ of initial 

embodied energy) resulted in a 6.4% decrease in the total life cycle energy 

demand. 

GASHROPE has the lowest life cycle energy demand. Even if its 

operational energy is higher than SOLHROPE (+695 GJ), its total embodied 

energy is much lower (-4 760 GJ) this results in a net difference of 4 065 GJ 

over 100 years. Compared to the base case, GASHROPE saves 7 517 GJ 

(combined embodied and operational energy demand). 

 

Figure 7.8: Life cycle embodied and operational energy demand of the case study 

passive house with various operational energy usage patterns and 

systems. 

The GASHROPE variation is selected for the best case because it results 

in the lowest life cycle energy demand. However, this choice may be 

somewhat controversial as gas is not a renewable resource and because 

the related primary energy conversion factor is unrealistically low in 

Belgium. Moreover, while monocrystalline silicon photovoltaic panels are 

very energy intensive to produce, the improvement of new promising 

technologies for photovoltaic cell production may change the situation in 

the near future (Razykov et al. 2011). Nevertheless, photovoltaic panels 

are not considered for the best case scenario. 
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7.1.4 Transport energy variations 

The transport energy variations comprised one modified scenario with 

train commuting (TC). The life cycle transport energy requirements 

dropped by 31%, from 9 804 GJ to 6 765 GJ when the train was used as a 

transport mode for the main income earner. As a comparison, the 

transport energy savings are nearly equal to the life cycle heating demand 

of the base case. These findings underline the commonly accepted 

importance of public transport and its less energy-intensive nature 

compared to car travel. The TC variation is selected for the best case 

scenario. 

7.1.5 Other variations 

Besides embodied, operational and transport energy variations, the 

number of users and the effect of key parameters evolution in time is 

studied. This section first describes the influence of the number of users on 

the life cycle energy demand, in both absolute and per capita terms. The 

second part investigates the effect of key parameters evolution in time, as 

described in Section 6.4.3.4. 

7.1.5.1 Number of users 

The number of persons living in the passive house is changed from 4 to 

5. Based on the assumption that transport energy requirements do not 

change, this results in a slight increase of 3.9% in the life cycle energy 

demand (see Figure 7.9). When expressing the results on a per capita basis, 

a decrease of 16.9% can be observed. Increasing the number of occupants 

results in a slightly higher energy demand in absolute terms due to the 

increased use of hot water, cooking and appliances energy demand, but 

leads to a more efficient energy use on a per capita basis. 

This increased energy efficiency on a per capita is expected. Indeed, the 

embodied energy requirements (and the transport energy requirements in 

this case) are shared amongst all users. Moreover, the operational energy 

end-uses which are more closely related to the building (see Section 3.3.2) 

are also shared among all users (e.g. heating). In this particular case, 

increasing the number of users to 5, results in reducing the usable living 

area per inhabitant from 73.5 m² to 58.8 m². These figures are much higher 

than the national Belgian average of 35.6 m² (IBSA 2011), although the 

latter does not take into account bathrooms. If the national value is 
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increased to 40 m² to account for the bathrooms, 7 users should live in the 

studied house to reach this density. 

By increasing the number of users to 7, which results in an additional 

energy demand for hot water, cooking and appliances, and assuming the 

same annual travel distances per capita as in the 5 users case (6 400 km of 

car travel), the life cycle energy per capita decreases by 30% (compared to 

the BC) to 6 312 GJ. This trend clearly demonstrates the importance of 

smaller housing units or increased number of users per house to increase 

the energy efficiency on a per capita basis through sharing. 

 

Figure 7.9: Accumulated life cycle energy demand of the case study passive house 

with different numbers of users in GJ and GJ/capita 

Because of the importance of the number of users, the best case 

scenario will be tested with both 4 and 5 users. 

7.1.5.2 Evolution of key parameters in time 

The evolution of the primary energy conversion factor for electricity 

(PEFel) (according to the first scenario in Table 6.8) and the annual 

appliances energy demand (APP) over time are modelled in the software 

tool. The influence of these evolutions and their combination (PEFel+APP) 

on the operational and total life cycle energy demand is presented. 

Table 7.1 summarises the results of the evolution parameters. 
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Table 7.1: Effect of key parameter evolutions in time on the operational and life cycle 

energy demand of the base case passive house 

Case Accumulated operational energy 
demand 

Accumulated life cycle energy 
demand 

 Value Change Value Change 

BC 11 809 N/A 36 049 N/A 

APP 12 877 +9.0% 37 117 +3.0% 

PEFel 9 009 -23.7% 33 249 -7.8% 

PEFel+APP 9 759 -17.4% 33 998 -5.7% 

The first observation is that APP, PEFel and their combination have a 

notable impact on the total operational energy use. The greater influence 

in the PEFel case is due to the sole reliance on electricity as the energy 

source for operational energy. The PEFel+APP case shows that even if the 

appliances delivered energy demand increases to 200% of the actual figure 

in 100 years, a decrease by 60% of the primary energy factor for electricity 

counter balances this increase. 

The second observation is that the evolution of these two parameters 

has a limited impact on the accumulated life cycle energy demand. Indeed, 

a fluctuation between -7.8% and +3.0% is observed. While the evolution of 

the appliances energy demand might not be regarded as critical in this 

case, the developed model might not accurately reflect the impact of the 

evolution of the electricity primary energy conversion factor. 

In fact, the evolution of the primary energy factor of electricity also 

affects the recurrent embodied energy figures since electricity is widely 

used in manufacturing and other related services. This aspect is not 

integrated in the framework because the used database does not yet 

comprise information about the energy sources used for the 

manufacturing of specific materials or for input-output sectors. In parallel, 

the base case solely relies on a gasoline car for transport. Therefore, the 

potential reductions in the direct energy intensity of public transport 

operated by electricity is not investigated. 

To evaluate the impact of the primary energy conversion factor 

evolution on the transport energy demand, the first an second evolution 

scenarios of Table 6.8 were applied on the train usage case TC (see 

Section 7.1.4). Results show a decrease in the direct primary transport 

requirements of 30.0% and 47.4%, respectively. However, the related 
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decrease in the overall transport energy is only 5.9% and 9.3% respectively, 

because of the indirect energy requirements of trains (which are not 

affected in the model) and the use of cars for a significant share of trips. 

The accumulated life cycle energy demand is 11.8% lower than the TC case. 

This confirms the previous statement regarding a greater impact of the 

evolution of the primary energy conversion factor on the life cycle energy 

demand when electric public transport is used. 

The developed model for the evolution of the primary energy 

conversion factor of electricity should be further developed and improved 

to account for changes in the recurrent embodied energy and the indirect 

energy requirements of transport modes which partially depend on 

electricity. 

The best case scenario will be tested with the evolution of the 

appliances annual delivered energy demand and the second scenario of 

Table 6.8 for the evolution of the primary energy conversion factor for 

electricity. 

7.1.6 Best case 

The so-called ‘best case’ scenario (BSTC) combines several individual 

measures to reduce the total energy demand of the base case (BC) passive 

house. Based on all the choices made throughout the evaluation of the 

results, the best case characteristics are: 

 Timber framed structure, selected for potential end-of-life 
incineration (recovery of embodied energy) and the renewable 

nature of the material (see Section 7.1.2.1); 

 Replace nylon carpets and parquetry flooring with ceramic tiles based 

on the findings of Section 7.1.1.1; 

 Reduced operational energy use according to the second scenario of 

Table 6.7 (see Section 7.1.3); 

 Installed two solar panels on the roof with an auxiliary gas heater, 

providing 78% of the final hot water demand (see Section 7.1.3); 

 Changed electrical heating and cooking to gas (see Section 7.1.3);  

 Train commuting for the main income earner as described in 

Section 6.4.3.3 (see Section 7.1.4); and 

 The infrastructure is assumed to be already existing. 

In addition to the above modifications, the best case is also tested with 

5 users (BSTC5) and additional parameter evolutions are also studied 
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(BSTC5EVOL) based on the findings of Sections 7.1.5.1 and 7.1.5.2. The 

parameter evolutions are imposed as per Table 6.8 for the primary energy 

conversion factor for electricity (second scenario) and the annual 

appliances delivered energy demand. All other parameters are similar to 

those in the base case passive house. 

Figure 7.10 represents the total life cycle energy demand of the BC, 

BSTC, BSTC5 and BSTC5EVOL in GJ/capita, for 100 years and its breakdown 

by embodied, operational and transport use. The energy demand is 

expressed on a per capita basis to allow the comparison of scenarios with a 

different number of users. The different energy requirements are 

described in this order in the following sections: embodied, operational, 

transport and total. 

 

Figure 7.10: Accumulated life cycle energy demand for the best case passive house 

variations, by use. 

7.1.6.1 Embodied energy demand  

The life cycle embodied energy of the BSTC scenario (3 496 GJ/capita), 

is 3.1% lower than for the BC (3 609 GJ/capita) although it is based on the 

timber framed (TF) scenario which has a 7.3% higher embodied energy 

(see Section 7.1.2.1). This difference between the BSTC and the TF case is 

due to the replacement of carpets and parquetry flooring with ceramic 

tiles with a much longer service life. Indeed, the replacement of the less 
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durable flooring types by tiles results in energy savings of 1 045 GJ. This 

figure excludes the energy savings associated with a reduced number of 

replacements, i.e. direct construction energy and other related services. 

Materials that are often overlooked in the life cycle energy demand of 

buildings, such as carpets, can therefore represent a significant amount of 

embodied energy. 

The embodied energy requirements of the BSTC5 and BSTC5EVOl 

(2 797 GJ/capita) are 20% lower than in the BSTC. This drop is predictable 

given that there are 20% more users in the BSTC than in the BSTC5 and the 

BSTC5EVOL. 

7.1.6.2 Operational energy demand 

The total operational energy demand of the BSTC (1 051 GJ/capita) is 

64.4% lower than in the BC (2 952 GJ/capita). The dramatic drop in the 

operational energy demand shows that the operational energy use of a 

passive house can still be significantly reduced by changing the energy 

source, changing the user behaviour and installing solar hot water panels. 

The total operational energy demand of the BSTSC5 ( 946 GJ/capita) is 

9.9% lower than in the BSTC (compare with the 20% for embodied energy). 

The increase in the number of users, does not affect the hot water energy 

demand per capita. However, the average cooking and appliances energy 

use is divided due to the corrected number of users for these energy 

demands (see Section 4.3.2.2, Equation 4.21 and Equation 4.22). Most 

importantly, the increased number of users divides the heating and lighting 

consumption (according to the model) by a larger number (5 vs. 4). The 

lower heating, lighting, appliances and cooking energy demands result in a 

lower overall life cycle operational energy demand per capita. 

The BSTC5EVOL has a life cycle operational energy demand 

(762.3 GJ/capita) 19.5% lower than the BSTC5. This difference is explained 

by the significant reduction in the primary energy coefficient for electricity 

(by 80% in 100 years) which counter-balances the increase in the 

appliances energy demand (by 100% in 100 years) and greatly reduces the 

lighting and ventilation energy demands. 

7.1.6.3 Transport energy demand 

The BSTC (1 691 GJ/capita) saves 31% of the transport energy demand 

of the BC (2 451 GJ/capita). The use of public transport is responsible for 

this reduction. Similarly to the embodied energy, the BSTC5 
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(1 353 GJ/capita) uses 20% less transport energy compared to the BSTC. 

This is due to maintaining the same overall travel distances per mode in 

both cases. 

Finally the dramatic reduction of the primary energy conversion factor 

for electricity further reduces the life cycle transport energy of BSTC5EVOL 

(1 227 GJ/capita) by 9.3% compared to BSTC5. The improvement of 

electricity generation methods greatly reduces the direct energy 

associated with train travel. However, the effect on indirect energy 

requirements should also be considered for a more holistic indication of 

the potential energy savings. 

7.1.6.4 Life cycle energy demand 

The BSTC and the BSTC5 have a life cycle energy demand 30.8% and 

43.4% lower than the BC, respectively. The considerable reduction in the 

total energy demand per capita reveals that passive houses do not always 

perform at the lowest expected operational energy level and that by 

modifications to design, change of user behaviour, selection of low primary 

energy systems, use of solar hot water and public transport, further energy 

savings can be made. This variation also shows that, because a passive 

house certification mainly tackles the space heating demand and overlooks 

other aspects, a significant variation in life cycle energy demands can be 

observed between two certified buildings, i.e. the base and best case 

houses. 

The intensification of dwellings, i.e. increase in number of users for the 

same living area, greatly increases the energy efficiency per capita through 

sharing the embodied energy requirements, parts of the operational 

energy demand and, to some extent, the transport energy use. 

The improvement of the electricity generation, modelled in this work as 

the evolution of the primary energy coefficient, has probably a more 

important impact than what is found in this case. Indeed, its effect on the 

recurrent embodied energy demand as well as indirect transport energy 

requirements has to be taken into account for a full investigation of its 

impact. Nonetheless, its effect on operational energy and the direct energy 

of electric transportation is acknowledged. 

7.1.7 Alternative dwelling types 

The previous sections have performed a parametric study of the base 

case passive house and investigated the effects of embodied, operational 
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and transport energy variations and others on the life cycle energy demand 

of the base case passive house case study. The following sections compare 

the case study passive house to alternative dwelling types (as described in 

Section 6.4.5). The standard house and retrofitted city apartment are 

compared to the base case passive house and other pertinent variations. 

7.1.7.1 Passive house vs. standard house 

The standard house, which is a modified version of the base case 

passive house is located in the same location. The transport energy of both 

houses is assumed to be the same and is taken into consideration in the 

analysis of the results. Three variations of the standard house case are 

examined: 

 SH: the standard house as described in Section 6.4.5.1; 

 SHGAS: same as SH with gas cooking and domestic hot water instead 
of electrical; and 

 SHGASROPE: same as SHGAS but with a reduced operational energy 

demand according to the second scenario in Table 6.7. 

The standard house variations are compared to the passive house base 

case (BC) and an alternative scenario with gas heating, hot water and 

cooking (PHGAS, as in Section 7.1.3). 

Figure 7.11 compares the life cycle energy demand, by use, of the 

passive house base case and the standard house (see Section 2.4) with the 

GAS and combination of GAS and ROPE variations (see Table 2). Results 

show that, over 100 years, the total energy use of a new standard house 

and a passive house are nearly the same (204 GJ or 0.6% difference). This is 

due to the higher insulation embodied energy of the passive house 

(+2 416 GJ) which counter-balances the operational energy demand 

savings (-2 620 GJ). If the standard house relies on gas for heating, hot 

water and cooking, its total energy use is 7.2% lower than the fully electric 

base case passive house. If the GAS variation is applied to the passive 

house, it outperforms a standard house by 2 285 GJ or 6.8%. Even in this 

case, the reduction in the overall demand is not as dramatic as what would 

be expected from a passive house. Nearly the same performance is 

achieved in the SHGASROPE case when compared with the PHGAS. 
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Figure 7.11: Total life cycle energy demand of passive and standard houses variations 

These results show that passive houses do not always save energy 

compared to standard dwellings. A more thorough analysis of their 

embodied energy, using the input-output-based hybrid analysis technique 

should be undertaken. Indeed, the embodied energy of passive houses is 

largely underestimated in the literature with initial embodied energy 

figures lying within 3.5-7.1 GJ/m² (based on Thormark 2002; Sartori and 

Hestnes 2007; Ramesh et al. 2010; Dahlstrøm 2011). The developed model, 

although using Australian data, shows significantly higher figures at 

17.26 GJ/m². 

Also, when including the user transport energy in the assessment, the 

relative impact of operational energy drops. Improvements which are 

significant at the operational energy level, become less important when all 

energy flows are accounted for. 

7.1.7.2 Passive house vs. retrofitted apartment in the city 

An 80 m² retrofitted apartment (AP), as described in Section 6.4.5.2, is 

compared to the base case passive house (BC) and the best case passive 

house with 5 users (BSTC5). The comparison is done on a per m² and per 

capita basis (see Figure 7.12). The life cycle energy demand (LCE) and its 

breakdown are compared. 
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Results show that when compared on a per m² basis, the apartment is 

the most energy intensive dwelling (146.9 GJ/m²) with the best case 

passive house being the least (84 GJ/m²). The operational energy of the 

apartment is higher than that of the base case and the best case passive 

houses, as expected. The total embodied energy requirements of the 

apartment are only 23.4% lower even though the apartment is retrofitted 

(no new structural elements). This is due to the higher proportion of 

carpet, parquetry and glass materials in the apartment, which are very 

energy intensive over the life cycle. Indeed, the initial embodied energy 

demand (per m²) of the apartment is 58% lower than the base case passive 

house but its recurrent embodied energy demand per m² is the same. The 

transport energy requirements of the apartment are also the highest on a 

per m² basis. However, the use of an area-based reference flow distorts 

the findings because it attributes both building and user related energy use 

to the area of the house, and it does not take into account the number of 

occupants. The per capita basis is judged a more appropriate metric to 

compare buildings with different areas and number of occupants as 

highlighted in Fuller and Crawford (2011) and Norman et al. (2006). 

When compared on a per capita basis, the apartment scenario is the 

least energy-intensive and has a life cycle energy demand 15.2% lower 

than for the best case passive house. The apartment also outperforms the 

passive house cases from an embodied energy perspective (even when 

including the main structure). Surprisingly it also has a lower operational 

energy demand than the base case passive house. This is due to its reliance 

on gas as an energy source for heating, cooking and domestic hot water 

but also on the smaller area to heat per capita. Yet, the operational energy 

demand of the best case passive house is still much lower (58%). The 

transport energy of the apartment is lower to that of the best case and 

best case passive houses by 41.4% and 15% respectively. The difference in 

total life cycle energy requirements per capita and per m² highlights the 

importance of using an appropriate reference flow. When expanding the 

system boundaries, the use of the per m² basis does not seem appropriate. 

Figure 7.12 also compares the nominal accumulated life cycle energy 

demand of the BC, the BSTC5 and the AP case through time. Uncertainty 

lines are not plotted to simplify the interpretation of the graph. 

While the energy requirements of the BC are always higher than that of 

the two others, the life cycle energy demands of the AP and the BSTC5 are 

close throughout the period of analysis. Indeed, the BSTC5 starts higher 
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because of the high initial embodied energy. However, since the annual 

operational energy use of the AP is higher, the gap nearly closes at 50 

years. Yet, 50 years is set as the insulation service life in the BC. This results 

in a significant increase in energy requirements at this point due to the 

insulation replacement. The life cycle energy use of the AP overtakes that 

of the BSTC5 at 80 years but is equal again 10 years later due to another 

material replacement. Finally, the overall energy demand of the AP is 

slightly higher at 100 years. These findings are subject to change due to 

uncertainty in the data. 

Based on the results of this comparison, the importance of the 

reference flow used, as described by Norman et al. (2006), is confirmed. 

Another critical point is that two people living in a retrofitted apartment in 

the city, use much less energy per capita than an average passive house in 

the suburbs. This underlines the importance of a more holistic approach. If 

only the space heating energy demand were compared, the base case 

passive house would perform much better than the apartment case. It 

requires the best case passive house with 5 users to match the 

performance of the apartment scenario. Finally, the ability of the 

framework to analyse the evolution of the accumulated life cycle energy 

demand in time reveals that recurrent embodied energy peaks can be 

equal to many years of combined operational and transport energy. The 

embodied energy of the chosen materials should be as low as possible 

without compromising their function or durability. Their useful life should 

also be extended to reduce the rate of replacement. This case study has 

dealt with a building scale, the second study explores the implication of 

conducting a life cycle energy analysis at the district scale. 
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Figure 7.12: Accumulated life cycle energy demand of suburban passive house 

variations vs. a retrofitted apartment in the city, per m², per capita and 

evolution through time 

Note: BC = base case passive house, BSTC5 = best case passive house with 5 users and AP = 

retrofitted city apartment. 
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7.2 Case study 2: A new residential suburban 

neighbourhood near Melbourne, Australia 

7.2.1 Base case 

The energy demand and greenhouse gas emissions of the base case 

suburban neighbourhood, as described in Section 6.5, are presented in the 

following sections. The base case is referred to as BC in the text. 

7.2.1.1 Embodied energy and related greenhouse gas emissions 

The embodied energy demand of the neighbourhood is presented by 

element in Figure 7.13. The elements include: envelope (building shells), 

finishings, infrastructure, structure, systems, the direct energy required for 

construction and the input-output remainder. The maximum contribution 

from a single element is 26.2% (envelope). Thus, the embodied energy 

demand cannot be significantly lowered if the requirements of only one 

element are reduced. All categories should be tackled together, through 

the reduction of house size for example. 

 

Figure 7.13: Life cycle embodied energy demand of the Australian suburban 

neighbourhood base case, by element 

A finding to underline is the significant contribution of infrastructure to 

the neighbourhood life cycle embodied energy (16.9%). Roads are critical 

contributors since they are the second most energy intensive assembly, 

after roofs, over 100 years (see Figure D.1, Appendix D). Power lines, 
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supported by timber poles every 20 m are more energy intensive over 100 

years than the combined concrete and steel in all footings of the buildings. 

Hence, it is critical that the requirements for infrastructure are taken into 

account in building life cycle energy analysis studies. 

The input-output remainder element represents the energy 

requirements associated with non-material inputs such as insurance and 

advertising services that are required to support the building infrastructure 

and construction processes. The input-output remainder energy demand, 

which is omitted in other embodied energy assessment techniques, 

represents a significant share of the total (15.3%). 

The greenhouse gas emissions associated with embodied energy are 

calculated by multiplying the former by an emissions factor of 

60 kgCO2-e/GJ as explained in Section 4.6.1 (except for the greenhouse gas 

emissions directly associated with the construction process, see 

Table 5.10). Therefore the same rankings and contributions are obtained 

for embodied emissions, as for embodied energy (see Appendix D). 

7.2.1.2 Operational energy and related greenhouse gas emissions 

The life cycle operational energy demand (LCOPE) and related 

greenhouse gas emissions (LCOPGHG) are dominated by appliances. As can 

be seen in Figure 7.14, appliances represent 47.7% of the LCOPE and 55.5% 

of the LCOPGHG. Since the thermal performance of the envelope is in line 

with stringent energy efficiency regulations, the heating demand is lower 

than the average building stock. The installation of solar panels, providing 

75% of the domestic hot water demand, dramatically reduces the 

associated primary energy use and related greenhouse gas emissions. 
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Figure 7.14: Life cycle operational energy demand and greenhouse gas emissions of 

the Australian suburban neighbourhood base case, by use 

A clear trend is visible regarding the energy source and the associated 

greenhouse gas emissions: end-uses running on electricity (appliances, 

lighting and cooling) have a higher contribution to the LCOPGHG than 

those operating on gas (heating, auxiliary domestic hot water and 

cooking). The higher emissions factor for electricity in Victoria, Australia is 

partly responsible for this shift. Even though the cooling demand was 

found to be overestimated (see Section 5.7.5.1), its overall contribution to 

the LCOPE and LCGHG is insignificant. 

7.2.1.3 Transport energy and related greenhouse gas emissions 

The life cycle transport energy use (LCTE) of the neighbourhood is 

2 456 TJ over 100 years and is associated with the life cycle transport 

greenhouse gas emissions (LCTGHG) of 195 ktCO2-e. The totality of the 

transport requirements are associated with private car use since it is the 

sole transport mode utilised. 

Direct energy use represents 54.8% and 48% of the LCTE and LCTGHG 

respectively (see Table 7.2). Indirect energy requirements and emissions 

represent 1 109 TJ (45.2%) and 102 ktCO2-e (52%) respectively. In this case, 

the indirect transport energy represents 123.7% of the heating primary 

energy demand of the neighbourhood. These ratios highlight the 
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importance of integrating indirect transport requirements in the analysis of 

household energy requirements. 

Table 7.2: Life cycle car transport energy and greenhouse gas emissions of the 

Australian suburban neighbourhood base case, by category 

Category Life cycle transport energy Life cycle transport GHG^ 

Consumption 

(TJ) 
Share 

Emissions 

(ktCO2-e) 
Share 

Direct 1 347 54.8% 93 725 48.0% 

Indirect 1 109 45.2% 101 525 52.0% 

Total 2 456  195 251  

Note: 
^
GHG: greenhouse gas emissions. 

7.2.1.4 Life cycle energy and related greenhouse gas emissions 

The life cycle energy requirements and associated greenhouse gas 

emissions of the case study suburban neighbourhood are presented in this 

section. The breakdown of the energy demands and associated 

greenhouse gas emissions is given first before analysing each of the 

embodied, operational and transport requirements in more detail. 

Figure 7.15 shows the life cycle energy demand (LCE) and greenhouse 

gas emissions (LCGHG) breakdown of the base case neighbourhood (BC). 

The LCE and LCGHG of the whole neighbourhood over 100 years represent 

7 300 TJ and 544 ktCO2-e, respectively. This energy use is equivalent to the 

amount of solar energy hitting 75% of the ground surface of the suburb 

during one year or nearly 30% of the annual final energy use for lighting in 

Australia (DEWHA 2008). The operational energy represents the largest 

share of the LCE (with 39.4% of the total) as well as the largest contribution 

to the LCGHG (42.4%). The transport requirements rank second, 

representing 33.6% and 35.9% of the LCE and LCGHG, respectively. 

Embodied energy and related emissions represent 26.9% and 21.7% of the 

respective totals. Embodied and transport energy and emissions 

requirements, which are often overlooked, represent more than half of the 

LCE and LCGHG over 100 years. Operational energy is the most emissions 

intensive of all flows with 80.36 kgCO2-e/GJ followed closely by transport 

with 79.5 kgCO2-e/GJ. Embodied energy has an average emissions factor of 

60.42 kgCO2-e/GJ which explains its lower contribution to LCGHG 

compared to LCE. It is hence important to lower greenhouse gas emissions 
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from transport, electricity generation and other operational energy fuels 

such as gas. 

 

Figure 7.15: Life cycle energy and greenhouse gas emissions of the Australian 

suburban neighbourhood base case, by use, over 100 years 

Note: Figures may not sum due to rounding. 

If only the operational and embodied energy demands are considered, 

embodied energy represents 40.6% of the total energy use. If the 

neighbourhood is assessed over a period of analysis of 50 years, this figure 

rises to 46%. Hence, the share of embodied energy is decreasing over time. 

Indeed, on average, embodied energy increases by 11 462 GJ/year while 

operational energy increases by 28 270 GJ/year over 100 years. However, if 

the buildings’ useful life is shortened to 50 years (resulting in the 

replacement of all buildings at year 50), the embodied energy demand 

increases from 1 966 TJ to 2 455 TJ, representing 31.5% of the total LCE 

over 100 years. Embodied energy and related greenhouse gas emissions 

are hence significant in both cases. 
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higher emissions factor than embodied energy, is not affected by changes 

to the size of the houses. And secondly, the reduction in operational 

greenhouse gas emissions is slightly lower than for the operational energy 

to the reduction in end-uses operated by gas and not electricity, which is 

more emissions-intensive in this case. 

Table 7.3: Effect of house size and transport variations on the life cycle energy and 

emissions breakdown of the Australian suburban neighbourhood base 

case 

Use SK SK+ ELEC CAR 

Value 
Relative 

difference 
with BC 

Value 
Relative 

difference 
with BC 

Value 
Relative 

difference 
with BC 

LCEE (TJ) 1 832 -6.8% 1 699 -13.6% 1 966 0.0% 

LCOPE (TJ) 2 784 -3.3% 2 691 -6.5% 2 878 0.0% 

LCTE (TJ) 2 456 0.0% 2 456 0.0% 1 466 -40.3% 

LCE (TJ) 7 072 -3.1% 6 845 -6.2% 6 310 -13.6% 

       

LCEGHG 

(ktCO2-e) 
110 -6.8% 102 -13.6% 118 0.0% 

LCOPGHG 
(ktCO2-e) 

224 -3.0% 217 -5.9% 230 0.0% 

LCTGHG 

(ktCO2-e) 
195 0.0% 195 0.0% 140 -28.4% 

LCGHG 

(ktCO2-e) 
530 -2.9% 515 -5.6% 488 -10.2% 

Note: SK: 10% house size reduction, SK+: 20% house size reduction, BC: base case, ELEC CAR: 

replace all gasoline cars with electric cars, LC: life cycle, EE: embodied energy, OPE: operational 

energy, TE: transport energy, LCE: life cycle energy, EGHG: embodied emissions, OPGHG: 

operational emissions, TGHG: transport emissions, LCGHG: life cycle emissions. 

The greatest reduction in energy occurs for the embodied energy 

demand and associated greenhouse gas emissions (-6.8% for SK 

and -13.6% for SK+). It is logical that a reduced house size will imply less 

material usage and hence a lower embodied energy and associated 

emissions. However, the embodied energy and greenhouse gas emissions 

of the different elements are not equally affected by the floor area 

reduction. For instance, in the SK+ case, the embodied energy associated 
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with the structure (footings and slab) is reduced by 16.8%, finishings by 

15.9%, envelope by 15% and systems by 12.5%. In all cases, a notable 

decrease in embodied energy and emissions is observed. 

Operational energy requirements are also reduced but to a lesser 

extent. Indeed, the affected operational energy demands are heating, 

cooling and lighting while cooking and appliances depend only on the 

number of users. For example, the heating demand of SK+ is reduced by 

13.3% because of the lower heat loss area and heated volume while the 

appliances demand (which is the most energy-intensive) remains constant. 

The reduction in house size should not realistically affect the travel 

patterns of the users, especially since the overall density of the district is 

kept constant. This implies that only reducing the house size will not lead 

to dramatic energy savings since transportation is not affected. This aspect 

is investigated in the second scenario which replaces all gasoline cars with 

electric cars and is described in the following Section. 

7.2.3 Using purely electric cars 

The last column of Table 7.3 shows that relying on purely electric cars 

instead of gasoline results in significant reductions in the life cycle 

transport and total energy and emissions requirements. The life cycle 

transport energy (LCTE) is reduced by 40.3% compared to the base case 

and the resulting emissions by 28.4%. The difference between energy and 

emissions is due to the very high greenhouse gas emissions from electricity 

generation in Victoria, Australia using wet brown coal (93.11 kgCO2-e/GJ). 

The life cycle energy demand is reduced by 13.6% and the associated 

emissions by 10.2%. 

The high primary energy conversion factor for electricity and the high 

emissions factor for electricity generation intuitively suggest that electric 

cars might not currently be a viable alternative to combustion engine 

vehicles in countries with emissions-intensive electricity production. 

However, using electric cars result in a significant reduction in energy and 

emissions requirements. This is due to two main factors. 

Firstly, the observed reduction in energy use and emissions is due to 

the much higher efficiency of the electric motor. Indeed, the so-called 

“tank-to-wheel” efficiency (engine/motor efficiency) of electric vehicles is 

much higher (74% on average) than for combustion engines (40% at most) 

(van Vliet et al. 2011; Faria et al. 2012). Indeed, as shown in Table 6.4, the 
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direct energy use of electric vehicles, before conversion to primary energy, 

is 85% lower than for gasoline cars. After conversion to primary energy, 

this relative difference drops to 49.6% but is still very significant. 

Secondly, the indirect requirements of electric cars are assumed to be 

similar to those of gasoline cars, excluding fuel production expenditures. 

Indeed, those are assumed to be taken into account when multiplying the 

direct energy demand by the primary energy factor. In parallel, it is 

assumed that other indirect requirements, such as the embodied energy of 

the vehicle, are similar. Electric cars rely on rare and energy-intensive 

metals for their batteries. This implies that their embodied energy is higher 

than conventional cars (Sharma et al. 2013). 

Using electric cars can therefore reduce the total energy demand and, 

to a lesser extent, the resulting greenhouse gas emissions, even based on 

the current energy mix in Victoria, Australia. However, the use of cars 

often implies heavy infrastructure costs and requirements. Also, even if 

cars are more efficient, they support low-density urban sprawl and hence 

indirectly affect the embodied and operational energy demands. 

Notwithstanding, electric cars provide significant energy savings and 

prevent the emission of an important quantity of greenhouse gases even if 

electricity is produced with wet brown coal. 

7.2.4 Parameter evolution 

The evolution of the primary energy conversion factor for electricity 

(PEFel) and the associated greenhouse gas emissions factor (GHGel) (as 

defined in Table 6.10) have a notable impact on the operational and total 

life cycle requirements of the case study neighbourhood. The first scenario 

resulted in a reduction of 8.2% and 15.2% of the total energy demand and 

emissions, respectively. The second scenario, which applies more dramatic 

reductions, results in a 12.4% decrease in the total energy use and 21.1% in 

the greenhouse gas emissions. Lower operational requirements are 

responsible for these reductions. 

The developed model does not take into account the effect of the 

evolution of the PEFel nor the GHGel on the embodied energy or the 

indirect transport requirements. This entails that the noticed impacts on 

the life cycle requirements are due to the reduction of electrical 

operational energy demand and associated greenhouse gas emissions. The 

high energy demand of appliances (see Figure 7.14) explains the significant 

reductions in the operational requirements observed. 
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Another important aspect is the higher reduction in greenhouse gas 

emissions, compared to energy (-48.8% vs. -30.3% and -20.2% vs. -11.3% 

for the second scenario). This increased reduction is due to the 

combination of PEFel and GHGel in the calculation of the emissions of 

electrical end-uses. Indeed, the primary operational energy is obtained 

from the delivered energy through PEFel (see Equation 4.24) and then 

multiplied by the corresponding greenhouse gas emissions factor to obtain 

the associated emissions (see Table 4.2). The effect of this approach is 

clearly visible in the non-linear evolution of the operational emissions in 

Figure 7.16 (uncertainty lines have been omitted for clarity purposes). 

Table 7.4: Effect of selected key parameters evolution on the life cycle energy demand 

and emissions of the base case Australian neighbourhood 

Life cycle flow 
Base case 

First 
scenario^ 

(moderate) 

Relative 
difference 

Second 
scenario^ 

(dramatic) 

Relative 
difference 

Operational 
energy 

(TJ) 

2 878  2 308 -19.8% 2 006 -30.3% 

Total energy 

(TJ) 

7 300 6 780 -7.1% 6 478 -11.3% 

Operational 
emissions 

(ktCO2-e) 

230  153 -33.6% 121 -47.6% 

Total 
emissions 

(ktCO2-e) 

543  465  -14.3% 433 -20.2% 

Note: 
^
Refers to Table 6.10. 
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Figure 7.16: Effect of the selected key parameters on the evolution of the life cycle 

accumulated operational greenhouse gas emissions of the Australian 

suburban neighbourhood base case 

7.2.5 Housing typology scenarios 

The three scenarios, RH_SDH_1, RH_SDH_2, and APB (see 

Section 6.5.6), which replace half of the built area of the suburban 

neighbourhood (approximately 22 000 m²) with single-storey row and 

semi- detached houses, double-storey row and semi-detached houses and 

apartment buildings, respectively, are grouped for the presentation of the 

results. 

Figure 7.17 and Figure 7.18 show a clear trend which correlates higher 

density housing and more compact buildings with lower energy use and 

greenhouse gas emissions (see Table D.2, Appendix D for the main 

characteristics of the various neighbourhoods). The APB scenario has the 

lowest life cycle energy demand per capita, i.e. 7 886 GJ, representing a 

19.6% decrease compared to the BC. It also results in a 14.7% reduction in 

the life cycle greenhouse gas emissions. Scenario RH_SDH_1 and scenario 

RH_SDH_2 present lower reductions in energy requirements (3.8% and 

7.3%, respectively) and greenhouse gas emissions (3.2% and 6.0%, 

respectively). 
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Figure 7.17: Life cycle energy demand of the alternative housing scenarios for the 

case study Australian suburban neighbourhood 

Note: Figures may not sum due to rounding. 

 

Figure 7.18: Life cycle greenhouse gas emissions of the alternative housing scenarios 

for the case study Australian suburban neighbourhood 

Note: Figures may not sum due to rounding. 

Various parameters are behind the observed difference in the life cycle 

energy demand and greenhouse emissions. These are related to 

embodied, operational and transport requirements and are described in 

the remainder of this section. 
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The embodied energy demand and associated emissions of the 

RH_SDH_1 scenario are 7.1% lower than the BC. This is due to sharing 

party walls among houses and the slightly smaller living area per capita. 

The RH_SDH_2 scenario variation reduces the embodied energy demand 

to 2 214 GJ/capita or by 15.9% compared to the BC, by sharing the 

infrastructures among more people (higher density) and slightly less 

energy intensive materials (-2.1% for the RH3-2 house compared to the 

RH3-1 house and -1.5% for the SDH4-2 house compared to the SDH4-1 

house). The most significant reduction in embodied requirements occurs 

for the APB scenario (-38% for energy and -38.2% for emissions compared 

to the BC). The smaller living area per capita (26.2% smaller compared to 

the BC, see Table D.2, Appendix D) and the greatly increased density 

(+231.3%) resulting in greater sharing of the surrounding infrastructure, 

are responsible for this reduction. 

Operational energy requirements decrease by 4.9%, 7.6% and 16.4% 

for the RH_SDH_1, RH_SDH_2 and APB scenarios, respectively. The 

decrease in operational energy is due to end-uses related to the building 

geometry (i.e. heating, cooling and lighting). The highest contribution to 

the reduction in operational energy demand comes from the heating 

demand which is gas powered. The reduction in the heat loss area, due to 

party walls and smaller house size per capita, is responsible for the lower 

space heating energy. This explains why the reduction in emissions is less 

significant, primarily due to the greenhouse gas emissions resulting from 

gas combustion being lower than for electricity generation in Victoria, 

Australia. 

Transport energy requirements and associated greenhouse gas 

emissions are the same for the BC, RH_SDH_1 and RH_SDH_2 scenarios. 

This explains the lower reduction of total energy and emissions 

requirements compared to the APB scenario which has lower transport 

requirements due to the gradual shift to train transportation. If no train 

shift is modelled, the reduction in total energy and emissions requirements 

for the APB scenario would be 16.5% and 13.7%, respectively (compared to 

19.6% and 14.7% with the shift to train usage included). If the share of 

train travel is assumed to be 75% from year 0 the total energy demand and 

greenhouse gas emissions would be 22.8% and 15.9% lower than for the 

BC, respectively. This shows that the train shift does not affect the 

transport requirements as significantly as expected. Indeed, for the ABP 

scenario (with a linear train shift over 100 years), the transport energy is 
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reduced by 8.5% and the associated emissions by 2.2% only. This is due to 

the high primary energy coefficient and emissions factor for electricity due 

to the use of wet brown coal. For instance, if these two parameters are 

reduced to 20% of their current values in 100 years, the transport energy 

and emissions for the APB scenario drop by 17.9% and 17.1% respectively 

(compared to the BC). Hence, relying solely on a train shift, without 

ensuring that the fuel source is efficient and non-polluting, cannot provide 

significant reductions in greenhouse gas emissions. 

Another interesting observation is the importance of the reference flow 

used to express the results. When expressing the energy demand (or 

emissions) on a per km² basis (see Figure 7.19), the denser scenarios are 

the most energy intensive. However, the opposite trend is visible when 

using a per capita reference flow. While intensification implies a higher 

concentration and higher energy usage per surface area, it also (in the 

modelled cases) results in more efficient consumption per capita. 

 

Figure 7.19: Life cycle energy demand and greenhouse gas emissions of the 

alternative housing scenarios for the case study suburban neighbourhood, 

per km² and per capita 

7.3 Summary 

This chapter presented the investigation of the potential of the 

developed framework and software tool through two case studies. The 

developed framework has also been used to explore ways in which it could 
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affect design. A suburban passive house, a standard house and a city 

apartment in Brussels, Belgium and a suburban neighbourhood near 

Melbourne, Australia with various housing typology scenarios have been 

tested. 

Results show that, over a period of analysis of 100 years, the embodied, 

operational and transport requirements are all significant and none can be 

neglected. Specific findings, relative to each of the three energy 

requirements have also been underlined, notably: the importance of 

recurrent embodied energy; the energy source and related emissions for 

operational energy; the house size; and public transportation coupled with 

a gradual improvement in electricity generation technologies. 

These key findings and the research as a whole are discussed in the 

following chapter. This discussion will provide a basis to inform building 

design, planning and new energy policies for a less energy-intensive built 

environment. 
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8 Discussion 

The application of the developed framework and software tool in 

Chapter 7 has proven that thermal and operational energy requirements 

represent only one part of the total life cycle energy demand of a 

residential building. The more comprehensive assessment has shown that 

embodied and transport energy requirements can largely counter-balance 

an increased operational energy efficiency. No single parameter 

dramatically affected the life cycle energy demand in any of the case 

studies analysed. Hence, a reduction of the total energy demand can only 

be achieved by the implementation of multiple measures. However, 

uncertainty and variability in the data hinder the performance of the 

developed framework as the least energy intensive scenario cannot always 

be clearly identified. Notwithstanding, the evaluation of the results have 

demonstrated that current energy assessment methods fail to realistically 

measure the total energy requirements of residential buildings and that 

decisions based on partial assessment may lead to increased energy 

demand. The developed framework and software tool have successfully 

overcome this limitation. 

The aim of this chapter is to discuss the implications of the results 

presented in Chapter 7 which are based on the framework developed in 

Chapter 4, the software tool described in Chapter 5 and the case studies 

presented in Chapter 6. The results are discussed in light of the current 

scientific literature and definitions reviewed in Chapters 2 and 3. 

This chapter proposes different means to reduce the overall life cycle 

energy demand of residential buildings and districts, based on the 

developed framework and its application. The limitations of the framework 

and software tool are also discussed and potential improvements are 

proposed. Finally, broader system boundaries for the developed 

framework are discussed. Conclusions to the research are presented 

separately in Chapter 9. 
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8.1 Reducing the life cycle energy demand and 

greenhouse gas emissions of residential buildings and 

neighbourhoods 

The analysis of the case study results shows that the life cycle energy 

demand is not dominated by a single end-use, such as space heating, but is 

split into many. The most significant contributors such as envelope-related 

embodied energy, the appliances operational energy, transport energy 

requirements, appliances, and others, range from the choice of materials 

at the building scale, to the determination of the housing type at the urban 

scale. Hence, multiple actors are involved in the reduction of the life cycle 

energy demand and greenhouse gas emissions of residential buildings and 

neighbourhoods. The building designer, town planner, building occupant, 

policy maker and the industry in general, share the responsibility of 

reducing the energy use associated with residential buildings. 

The energy reduction measures related to building design are first 

presented followed by town planning guidelines. The user behaviour 

aspect is then discussed. Finally, the need for a holistic energy regulation 

policy is discussed. This argument is built upon a discussion of the case 

study results and the framework in general. 

8.1.1 Building design 

Building design has a significant influence on the life cycle energy 

demand since it directly impacts the embodied and operational energy and 

indirectly affects the transport energy demand. Building designers are 

responsible for providing designs that reflect the client’s demand. However 

architects and engineers should also propose alternatives and deploy the 

necessary means to reduce the energy use and the environmental impact 

of the building. 

One major parameter affecting the overall energy demand is the floor 

area per capita, or, in simpler terms, the house size. A very large floor area 

per person not only results in significantly higher embodied energy 

demand and related emissions but also higher space heating and cooling 

requirements. This has been clearly demonstrated in the Belgian case 

study by increasing the number of users in the building. Indeed, when the 

latter was raised to match the average national floor area per capita, the 

life cycle energy demand per capita dropped by 30% (see Section 7.1.5.1). 
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Similarly, shrinking the average suburban Australian house size by 10% 

and 20% yielded a reduction of 3.1% and 6.2% of the life cycle energy 

demand (see Section 7.2.2). The reduction of greenhouse gas emissions 

was slightly lower because of the lower emissions intensity of embodied 

energy compared to transport energy, which remains constant. 

Building designers should strive to build smaller houses or apartments, 

which still provide a similar comfort level to larger dwellings. The reduced 

footprint of these housing types also results in reduced land usage and 

provides more space for other purposes such as public space and, at a 

larger scale, agriculture. 

Designing smaller dwellings with a similar comfort level to large houses 

is a challenge which confronts building designers, especially when the 

client’s desires conflict with the environmental reality. Yet, smaller housing 

units are not necessarily less comfortable and can be perceived as more 

spacious than they are. A good use of daylight, open-plans and adequate 

proportions can provide building users with high quality spaces. An 

example of compact housing with an excellent quality is the apartments of 

the ‘Cité Radieuse’ of Le Corbusier in Marseille. 

Another important aspect is the choice of building materials. Recurrent 

embodied energy, associated with the replacement of building materials 

across the useful life of the building, has been shown to be higher than in 

previous studies. Building designers should select low life cycle embodied 

energy materials and assemblies. Indeed, if a material has a very low initial 

embodied energy but is replaced many times, it can result in a high life 

cycle energy demand. A clear example in the case studies is the use of 

nylon carpets which ranked in front of concrete in terms of life cycle 

embodied energy (see Figure 7.3). Alternatively, extremely durable 

materials with a very high embodied energy should not be used in 

assemblies which are likely to be replaced often or in buildings with a short 

design life. This will result in a waste of the embodied energy capital since 

the material is not used to its full potential. The shortening of the building 

design life to 50 years instead of 100 in the Australian case study illustrates 

this effect, notably in terms of structure embodied energy (see 

Section 7.2.1.4). 

The selection of appropriate materials for envelope assemblies, such as 

walls, roofs, windows and ground floor slabs should not only focus on 

embodied or operational energy demand but on both. This is fully 

integrated in the developed framework. Building designers should select 
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assemblies which have the lowest life cycle energy demand. Often this 

comes at a higher embodied energy price but results in significant savings 

in terms of thermal operational energy. However, this logic has its limits, as 

illustrated by the comparison of the Belgian passive house to a new 

standard house in Section 7.1.7.1. In this case, the net life cycle energy 

savings of the additional insulation level of the passive house are negligible 

because the increase in embodied energy is similar to the reduction of 

space heating energy. An optimum level should be found. More research is 

needed to develop climate and location specific catalogues for the life 

cycle energy demand of envelope assemblies. The work of 

Crawford et al. (2010; 2011) is pioneering in this area. 

When it comes to operational energy, the use of passive means is 

greatly encouraged. Indeed, relying on location specific and bioclimatic 

strategies reduces the need for active energy input and can lower the 

embodied energy. The end-uses which are most affected by using passive 

means are space heating, space cooling and lighting which combined, 

represent 36.6% and 43.7% of the operational energy demand of the 

Belgian passive house and the Australian suburban neighbourhood base 

cases, respectively. 

The importance of the energy source is another significant aspect 

related to operational energy. The selection of the energy source is 

relegated to the least important position in the Kyoto pyramid of Dokka 

and Rødsjø (2005) (see Figure 3.3). However, this research as well as the 

work of Gustvasson et al. (2010) have clearly established that when 

considering energy use in primary energy terms, the selection of the 

energy source is very important. Indeed, just by relying on gas for space 

heating, cooking and domestic hot water, the Belgian passive house life 

cycle energy demand was reduced by 41.4% (see Figure 7.8). 

However, this reduction is partly due to the underestimated primary 

energy conversion factor for gas in Belgium. Further research is needed in 

to determine a realistic estimate of this factor. Moreover, gas is not a 

renewable resource and results in considerable greenhouse gas emissions. 

It is therefore not sustainable in the long run. The energy generation 

schemes at a local, regional, national and global level should focus on a 

transition to renewable sources such as wind and solar. This falls beyond 

the power of the building designer and should be tackled in a holistic 

energy policy. 
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The last building design guideline which can be directly drawn from the 

results of the case studies is the importance of using active solar systems, 

especially solar hot water systems. In the studied cases, solar hot water 

systems greatly reduce the primary energy demand for domestic hot water 

(by up to 78%) for a marginal embodied energy cost. The net savings are 

hence significant as found by Crawford et al. (2004). Photovoltaic panels, 

manufactured using current technologies, have a lower net energy balance 

because of their extremely high embodied energy and their relatively low 

efficiency. However, future developments are likely to change this 

situation. 

Building designers therefore have a great responsibility towards 

reducing the life cycle energy demand of residential buildings. The house 

size, the quality of the architectural design, the selection of building 

materials, a bioclimatic architecture using passive means, the selection of 

energy sources and the installation of solar energy systems can greatly 

reduce the life cycle energy demand and related greenhouse gas emissions 

of a building. Also, building designers should design for flexibility of use so 

that the building can be adapted to the changing demand of its occupants 

(e.g. conversion of a living room to a bedroom, merging two bedrooms 

together, etc.). This will reduce the use of additional materials and avoid 

extensive demolition. Currently, most building designers focus on 

maximising the return on investment, for example through the use of 

cheap energy intensive materials, at the expense of the environment. 

However, building designers have little or no impact on the infrastructure 

and transport energy and emissions requirements which relate to the 

neighbourhood and city scale and are highly conditioned by town planning. 

8.1.2 Town planning 

The land-use characteristics have an important impact on the life cycle 

energy demand of residential buildings, notably in terms of housing 

typology. The latter conditions multiple land-use parameters such as plot 

size, population density and infrastructure requirements. 

As established in the Australian case study, the reliance on more 

compact dwellings with multiple storeys can lead to significant savings in 

terms of embodied and operational energy. Moreover, the increased 

density can support an economically viable public transport system which 

has a lower energy intensity compared to private car transport. For 

example, the Australian suburban neighbourhood scenario with apartment 
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buildings used 19.6% less energy and generated 14.7% less emissions than 

the base case (see Figure 7.18). 

The suburban sprawl of cities, supporting large single family detached 

houses and private car transport along with the construction of 

energy-intensive roads must be stopped. While many studies already hint 

at the unsustainable nature of suburban sprawl, e.g. Jenks et al. (2000), the 

developed tool is the first capable of assessing the impact of housing 

typology in such a comprehensive manner. The embodied energy of 

infrastructure, the embodied energy of large detached houses, the high 

thermal operational energy per capita (due to the house sizes) and the 

significant transport energy requirements (both direct and indirect) all 

contribute to making low density suburban housing very energy-intensive. 

This is also clearly visible in the Belgian case study when comparing the 

base case passive house with a retrofitted apartment in Brussels (see 

Figure 7.12). 

Denser alternatives should be favoured depending on the location. 

While high-rise buildings can require significant additional embodied 

energy (Treloar et al. 2001), low to medium rise apartment buildings can 

provide a viable alternative without dramatically changing the urban fabric. 

Various building typologies should be presented to generate an urban 

dynamic and provide different housing types for different household 

categories. This has been taken into account in the modelling of the 

various scenarios of the Australian suburban neighbourhood by replacing 

only half of the built area with alternative housing forms. 

The densification of urban areas should be carried with regards to their 

aesthetical characteristics and their cultural heritage. While apartment 

buildings have been modelled as simple parallelepipeds in this work, they 

can actually have various forms. For example, many typical large Brussels 

houses have been retrofitted into small apartments. This conserved the 

façade and street typology but the density was increased. The 

developments of the 1950s and 1960s, at the edge of cities, with little 

concern for contextual and historical elements, should be avoided. While 

environmental concern should be essential in architecture, it should also 

be compatible with aesthetics and cultural values. 

Also, the densification of urban areas must be accompanied by a 

broader reflection on the quality of the urban space. The increased 

number of people living in a certain area will increase the need for public 

space and public facilities such as parks, squares, sports centres, etc.. The 
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improvement of the public spaces and the accessibility within the urban 

areas is essential to maintain the quality of the urban space and attract 

residents to the area. 

Another major finding is the significant contribution of infrastructures, 

notably roads, to the life cycle energy demand of houses located in low 

density neighbourhoods. Indeed, previous studies such as Norman et al. 

(2006) greatly underestimate the embodied energy of roads and 

infrastructure in general (see Section 7.1.2.2). Intensifying these 

neighbourhoods can improve the efficiency of road use. Alternatively, 

relying on public transport and biking or walking can reduce the need to 

construct and maintain roads which support the most energy intensive 

transport mode: cars (Lenzen 1999; Newman and Kenworthy 1999, 2000). 

Yet, intensifying these neighbourhoods also increases their energy 

demand per km² and thus their hinterland (Weisz and Steinberger 2010), 

which is the amount of land required to sustain the suburb in terms of 

food, energy, water and other primary needs. Since a very small part of 

these needs is produced in the neighbourhood, most of them have to be 

delivered to the suburb. Their transportation and the increased complexity 

of the related supply chains could hinder the overall performance. The 

work of Heinonen and Junnila (2011b, 2011a), which studies all energy 

requirements of cities in Finland (including buildings, food, transport, 

leisure, clothing and other expenditures) found no correlation between the 

total energy use and population density. Intensifying neighbourhoods 

might result in a increased energy use outside of the system boundaries 

associated with buildings and the built environment. Further research is 

required to determine the overall implications of intensification. 

Town planners and decision makers therefore have a great 

responsibility towards reducing the life cycle energy demand of residential 

buildings and the built environment in general. Through more adapted 

housing typologies and the development of densities allowing the 

development of public transport systems, they can help move urban 

development away from energy-intensive urban sprawl. However, these 

measures should be accompanied by a shift in user behaviour. 

8.1.3 User behaviour 

Building users have a significant influence on the life cycle energy use 

of residential buildings. User behaviour is an area that can lead to 

significant reductions major point to reduce the life cycle energy use and 
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other environmental burdens as shown in various studies such as 

Pettersen (1994), Brunklaus et al. (2010) and Gram-Hanssen (2010). The 

significance of the user behaviour has been further demonstrated in this 

work. A less energy-intensive user behaviour resulted in a significant 

impact on the operational energy use, reducing it by up to 21.9% (see 

Figure 7.8). 

However, the reduction in operational energy use based on a change of 

user behaviour is much harder to achieve in practice and especially on a 

large scale. Indeed, a range of parameters, such as the thermal comfort 

level, cultural practices, household background and adaptive comfort come 

into play (see Sections 2.1.3, 2.3, and 3.3.2.8). 

The user behaviour effect is not limited to operational energy and can 

also affect transport energy. For example, some building users will prefer 

to take public transport or bikes instead of cars for environmental reasons 

instead of economic ones. 

However, user behaviour is undeniably affected by the environment in 

which the users reside, at both the building and the city scale. While users 

are ultimately responsible for their energy use, a great responsibility falls 

on the building designers, town planners and decision makers. Indeed, the 

spaces and cities have a large influence on the behaviour of users and 

inhabitants. For example, Copenhagen, Denmark has the same population 

density as Toronto, Canada but has a direct car transport energy demand 

per capita which is three times lower (see Figure 3.5). The design of the 

city, in this case the active bike-friendly policy and other schemes, have 

dramatically favoured the use of bikes over cars for the inhabitants 

mobility. 

Therefore, it is important to raise the awareness of building users and 

to provide them with information and incentives to reduce their energy 

use according to their location. In parallel, building designers, town 

planners and decision makers should strive to create spaces and cities 

which naturally favour lower energy use. All these measures should be an 

integral part of a holistic energy policy. 

8.1.4 The need for a holistic energy policy 

In order to significantly reduce the life cycle energy demand of 

residential buildings (and others), an integrated holistic energy policy is 

needed. Although current building energy regulations, such as the energy 
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performance of buildings directive (EPBD) (European Parliament and the 

Council of the European Union 2002), are praiseworthy, they only focus on 

building operational energy use, notably in terms of space heating and 

cooling. The two case studies (see Chapters 6 and 7), as well as the 

validation case study (see Section 5.7), have clearly proven that 

operational energy is only one aspect of the overall energy use. A more 

comprehensive energy policy is therefore needed. 

Indeed, if all 70 studied building variations are considered, the nominal 

shares of embodied, operational and transport energy fall within the 

following ranges: 

 Embodied energy: 21.2% — 68.6% 

 Operational energy: 3.1% — 47.4% 

 Transport energy: 19.5% — 41.8% 

The minimal shares reveal that operational energy is the only 

requirement which falls below 10% and, in that particular case, could be 

neglected. In other terms, in this variation, which is close to a so-called 

‘zero energy building’, the indirect requirements represent nearly all of the 

life cycle energy demand, which surprisingly are not considered in most 

assessments performed today. The minimal shares of embodied and 

transport energy represent nearly 20% of the life cycle energy demand and 

cannot be neglected in any case. 

The maximum shares show that each of the three assessed 

requirements can represent a significant part of the overall life cycle 

energy demand over 100 years. The embodied energy can equal up to 

68.6% of the total demand (for the passive house variation with a 

dramatically improved operational energy and the evolution of parameters 

in time). In general, the reduction in the operational energy demand 

comes at the expense of an increased embodied energy (as can be seen in 

Figure 7.8 and Figure 7.11). This is why even stringent operational energy 

efficiency certifications such as the passive house label don’t ensure a 

lower life cycle energy demand. These facts establish the need to take 

embodied energy into consideration in building energy regulations in order 

to ensure that net life cycle energy savings do occur. The calls of 

García-Casals (2006) and Szalay (2007) for the integration of embodied 

energy in the EPBD are therefore reinforced. 

But integrating only the embodied energy in building energy 

regulations is not enough to guarantee an overall energy reduction. 
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Indeed, the comparison of the apartment in Brussels, Belgium to the 

suburban passive house near the Belgian capital has shown that transport 

energy per capita can be reduced by up to 41.4% when public transport is 

used in the city, compared to car commuting. Therefore, if very energy 

efficient buildings (in embodied and operational terms), are built in the 

suburbs, less efficient alternatives in the city could still have a lower life 

cycle energy demand. The transport energy of the building users should 

therefore be integrated in a comprehensive building energy policy. 

While energy is an important metric, the resulting greenhouse gas 

emissions by use (embodied, operational or transport) are not all 

equivalent, as shown in Section 7.2.1.4. The emissions associated with a 

particular requirement can vary greatly between countries. For instance, 

Iceland which relies on geothermal energy for most of its energy needs 

(Statistics Iceland 2012), might have a higher emissions factor for 

embodied energy compared to operational, contrarily to Australia. 

Location specific emission factors should be used and enforced in the 

regulation to determine which energy requirement has the most important 

global warming potential impact, and to reduce it accordingly. This aspect 

is integrated in the software tool architecture which relies on location 

specific databases. Transport energy is more likely to have a similar 

emissions intensity in different countries because of its high reliance on 

combustion engines. Hence, a shift away from this transport mode should 

occur to reduce the associated energy use and environmental impact. 

However, transport energy can only be effectively reduced if more 

efficient and cleaner transport means are available. The decision here does 

not lie in the hands of building designers or building users but in the hands 

of decision makers, town planners and car manufacturers. A regional and 

national transport energy policy should be coupled with planning directives 

in order to ensure that more sustainable transport modes are available and 

attractive to use. The use of electric cars (see Section 7.2.3) or electric 

public transport can reduce the emissions intensity, only if electricity is 

generated by renewable resources. 

Another important measure as part of an overall energy strategy is the 

reliance on renewable energy sources. Indeed, if electricity is generated 

with wet brown coal, like in Victoria, Australia, the use of electrically driven 

public transport will still require a large amount of primary energy and 

result in significant greenhouse gas emissions (see transport emissions for 

the apartment building typology in Figure 7.18). Hence, a transition to 



Discussion 

 

265 

renewable energy sources for electricity generation and local production 

with an adaptation of the power grid is needed. The cleaner energy 

production will not only reduce the impact of operational energy demand 

but also embodied and transport requirements. 

Finally, energy use and efficiency in building energy regulations should 

also be expressed on a per capita basis. As demonstrated in 

Sections 7.1.7.2 and 7.2.5, the per capita basis provides a more 

appropriate metric to compare buildings with different typologies, 

different number of users and in different locations. This is because the per 

capita basis captures social differences, such as the living area per person, 

that a spatial reference flow does not include (García-Casals 2006). Both 

metrics should be used, as well as an absolute measure, in order to provide 

a more realistic assessment of energy use, as advocated by Calwell (2010). 

The expression of energy requirements and related emissions in different 

units is fully implemented in the developed software tool. 

To summarise, a building regulation, integrating embodied, operational 

and transport energy requirements ensures that net energy savings, across 

the life cycle of the building, are more likely to occur. A per capita basis, a 

per m² basis and an absolute expression of energy use, should be used to 

provide a better understanding and comparison of life cycle energy 

demands. The building regulation should be complemented by policies for 

transport, planning and energy production which aim at reducing the 

overall energy use. It is only by identifying the interconnections of these 

complex entities that a holistic and effective energy policy can be 

developed and implemented. 

8.2 Limitations of the research and potential 

improvements to the developed framework and 

software tool 

This work has developed a novel comprehensive life cycle energy 

analysis framework for residential buildings. However, the developed 

framework and the results of the case studies have limitations. These are 

discussed in this section along with potential improvements. Aspects 

pertaining to each of the embodied, operational and transport energy are 

presented. The limitations of the software tool and potential 

improvements are discussed. Finally the relevance of the chosen case 

studies is analysed. 
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8.2.1 Embodied energy 

The embodied energy calculations, as implemented in the software tool 

and applied to the case studies present a series of limitations. These range 

from data appropriateness to algorithmic implementation and material 

service life forecasting. 

The major limitation in the embodied energy calculations is that data 

for the comprehensive input-output-based hybrid analysis was only 

available for Australia. Therefore, the embodied energy results of the 

Belgian case study may show an important variation if Belgian or European 

figures were used. However, by considering the lower boundary of the 

largest uncertainty on embodied energy for the passive house base case, 

associated embodied energy requirements still represent 21% of the life 

cycle energy demand. Hence, even in this unlikely deviation, embodied 

energy requirements are still significant. Yet, the data required to develop 

a hybrid embodied energy database for Belgium and Europe is available. 

The development of a comprehensive embodied energy database for 

Europe and other regions is therefore a crucial step of future research in 

this area as suggested by Dixit et al. (2013). 

In this work, a simplified approach has been implemented in the 

software tool to quantify the input-output remainder for the 

input-output-based hybrid analysis embodied energy figures. Ideally, the 

method developed by Treloar (1997) should be automated in the software. 

This implies adding material prices to the database as well as the 

input-output tables of the national economies. It is evident that this will 

result in a larger computing time but it will yield more reliable results, 

notably for the recurrent embodied energy calculations. 

Also, as this work does not consider potential reuse, recycling or 

incineration, a significant amount of energy can be recovered at the 

end-of-life stage for specific materials. The possibility of replacing current 

materials with others across the useful life of the building would provide a 

more flexible and realistic way of measuring the recurrent embodied 

energy demand. 

While the recurrent embodied energy calculations depend greatly on 

the embodied energy coefficients and input-output remainder, they are 

also greatly affected by the material service life. In this work, a simple 

approach has been adopted by replacing the materials at the end of their 

average service life, which is based on figures from the literature. These 
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figures can vary considerably because materials could be replaced at a 

different rate, based on multiple factors (Aktas and Bilec 2012). A more 

complex approach, integrating these factors would improve the reliability 

of the recurrent embodied energy model. 

The International Standard 15686 (International Standard 15686-1 

2011) sets a simple but improved method for the calculation of building 

material service lives. This so-called ‘factor method’ consists of multiplying 

the average material service life by a set of different factors which affects 

the material’s durability. The seven unitary factors, labelled A to G 

represent: 

A Material quality; 

B Design level; 

C Skill of construction workers; 

D Indoor environment; 

E Outdoor environment; 

F In-use conditions; and 

G Maintenance level. 

Ideally, all factors should be taken into account where relevant. This 

approach could improve the material lifespan forecasting ability of the 

framework and software tool and improve its reliability. For example, the 

average useful life of timber weatherboards, i.e. 30 years, could be 

extended to 39 years if the material quality is higher than the average 

(A=1.05), the design level is improved as to avoid running water and 

maximize the aeration of the wood (B=1.05), skilled construction workers 

install the material (C=1.03), the weatherboards are regularly inspected 

and maintained (G=1.15) and all other aspects are considered average 

(D=E=F=1.0). 

The selection of the factors’ values has been a focal point for discussion 

of the factor method, but simple ways of selecting these values, such as 

the method of Hovde and Moser (2004) have been suggested. A further 

investigation of this approach could enhance the framework’s recurrent 

embodied energy quantification algorithm and make it sensitive to design, 

climatic, construction and maintenance aspects. 

An additional weakness in the developed model regarding recurrent 

embodied energy calculation is the assumption that the conserved 

assemblies in retrofitted buildings are considered as new. For example, if a 

30-year old building is refurbished, but the windows are kept, it is assumed 
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these will be replaced 40 years after the refurbishment instead of 10 years. 

The model does not allow the assessor to input the already lapsed time of 

an existing assembly. This might result in an underestimation of the 

recurrent embodied energy because of increased material service lives. A 

potential improvement would be to implement an algorithm to allow the 

assessor to input the lapsed life of each assembly or material in case of a 

retrofit. 

Another limitation in this work is the reliance on process-based hybrid 

analysis figures for the calculation of infrastructure embodied energy 

requirements. This results in a systemic truncation that excludes the 

non-material energy requirements of infrastructures, such as insurance, 

advertising, etc.. Even with this underestimation, infrastructure embodied 

energy figures have been found to constitute a significantly greater share 

of the life cycle energy demand compared to previous studies (see 

Section 7.1.2.2). However, Crawford (2011) has shown that for a single 

residential building, the truncation error associated with the use of 

process-based hybrid analysis can represent 21.1% of the initial embodied 

energy. If the same amount is assumed for infrastructures, the determined 

embodied energy figures could be even higher. Input-output-based hybrid 

embodied energy figures should be used for infrastructures. This will 

provide a better understanding of their contribution to the overall energy 

use of residential buildings and in the built environment in general. 

Also, while the use of input-output data ensures systemic 

completeness, it results in a high uncertainty in the data. Ideally, process 

data should be used across the whole supply chain in order to minimise 

uncertainty and improve accuracy. However, the complexity of supply 

chains make it impossible to gather such data (Treloar 2007). Input-output 

data must be used to ensure systemic completeness, even if this comes at 

the expense of the accuracy of the figures. 

The embodied energy calculations used in the framework and software 

tool suffer from certain limitations. The reliance on an Australian database 

for the Belgian case study, the simplified approach to the calculation of the 

input-output remainder, the simple material replacement algorithm, the 

use of process-based hybrid figures for infrastructures and the uncertainty 

present in input-output data represent the major limits of embodied 

energy calculations. Notwithstanding, the developed embodied energy 

framework is one of the most comprehensive compared to previous 

models. 
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8.2.2 Operational energy 

Static heat transfer equations and average regional data are used for 

the quantification of operational energy use. The validation case study has 

demonstrated that this approach produced space heating figures which are 

in concordance with more advanced techniques such as dynamic building 

simulations. However, the cooling demand was found to be overestimated 

and average figures used for other end-uses deviated largely for a 

particular case study. The quantification of thermal operational energy is 

discussed, followed by the use of average figures for other uses. 

The developed model relies on the heat transfer characteristics of 

envelope assemblies and nominal ventilation rates to determine the space 

heating and cooling demand, as described in Section 4.3.2.1. This allows 

the assessor to modify envelope assemblies and immediately measure the 

overall life cycle implications in terms of operational and embodied energy. 

However, the equations used for the determination of the thermal 

demands do not take into consideration the thermal mass of the building 

nor hygroscopic aspects. Moreover, solar gains, free internal gains and 

local microclimatic and shading conditions are roughly modelled by 

adapting the balance temperature used for the determination of the 

heating and cooling degree hours. Therefore the same building with 

different orientations or glazing g-values will have the same heating or 

cooling demand. This might result in an inaccurate estimation of thermal 

operational energy. 

Moreover, the space cooling calculations were found to overestimate 

the associated energy use (see Section 5.7.5.1). While the influence of 

space cooling is totally negligible in the selected case studies due to 

climatic conditions, the use of the framework and tool for buildings in 

hotter climates might not be appropriate. 

A more advanced algorithm for the determination of thermal demands 

should therefore be implemented to increase the accuracy of the 

estimation. However, contrarily to embodied energy, the quantification of 

thermal operational energy benefits from a large body of scientific 

research and advanced commercial software. Instead of developing a 

separate algorithm, it might be more appropriate to couple the developed 

framework and tool with an existing building energy simulation software 

tool for the determination of thermal energy requirements. 
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When it comes to non-thermal operational end-uses, i.e. domestic hot 

water, lighting, cooking and appliances, the calculations are based on 

regional or national averages per capita or per m². As shown in 

Section 5.7.5.2, this produces results that match average figures at a 

building level. However, the variability due to user behaviour can greatly 

affect the reliability of this estimation (see Figure 7.8). This variability is 

inevitable and should be integrated in the assessment, as done in this 

work. Yet, instead of relying on fixed average figures based on a single 

occupancy pattern or lifestyle, the tool could be modified as to comprise 

various operational energy use patterns. This can improve the assessment 

and help the assessor adapt the building design according to the user’s 

needs. 

In summary, operational energy figures, notably for space cooling, can 

diverge significantly from real post-occupancy measures. The coupling of 

the framework and tool with a third party dynamic simulation software can 

improve the reliability of thermal energy quantification. Non-thermal 

end-uses are determined through regional averages which can diverge 

from post-occupancy measures due to variability in user behaviour. This 

variability is taken into account in this work but could be further enhanced. 

In case accurate figures for operational energy are available, these can be 

inputted directly into the software tool, bypassing the developed 

algorithms. 

8.2.3 Transport energy 

Transport energy requirements are calculated in the framework by 

multiplying the annual travel distances per capita by the total energy 

intensity of the used transport mode. This implies that both direct and 

indirect energy intensities for each mode are known. While direct 

requirements can be easily determined, the indirect energy intensities are 

generally derived from an input-output analysis. These studies have rarely 

been conducted previously and therefore, there is a large data gap 

regarding the quantification of indirect transport energy demand. 

Indirect transport requirements for car transport in the Belgian case 

study were assumed as 45% of the direct energy intensity, based on 

Lenzen (1999) and Jonson (2007). While this figure is likely to be realistic, a 

proper input-output analysis for Belgium should be conducted to 

determine the energy intensity of car transport. 
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Regarding public transport in Brussels, Belgium, accurate data of direct 

requirements of travel modes was obtained from the public transport 

company. Additionally, operational energy figures for the company’s 

buildings were provided. These however constitute one part of indirect 

requirements. All other related services should be taken into account in 

order to ensure a systemic completeness and avoid truncation errors. The 

public transport energy use figures for the apartment building in Brussels 

may therefore be higher than calculated. 

The input-output-based hybrid analysis technique could be applied in 

this case to determine hybrid energy intensities for transport modes. 

Indeed, data provided by a transport company or governmental bodies is 

considered as process-data and the remaining gaps in the system can be 

filled with input-output data based on the monetary value of the service or 

product. The development of such modal transport energy intensities at a 

national or regional level could provide the required data for an improved 

and more accurate transport energy quantification. 

8.2.4 Uncertainty and variability 

The developed framework relies heavily on different databases for the 

quantification of the life cycle energy demand of residential buildings at 

different scales of the built environment. Interval analysis and evolution 

scenarios are used to assert uncertainty and variability in these data sets 

(see Section 4.8.2). The limitations of these techniques are presented 

hereunder. 

Interval analysis provides a simple means to consider uncertainty and 

variability in the data used, by determining lower and upper boundary 

values between which the result is likely to fluctuate. Regarding the lack of 

information on the multitude of parameters involved in the calculations, 

this technique is judged the most suitable. However, interval analysis does 

not inform the assessor of the likelihood of deviation. Therefore, the 

probability that the result is closer to the upper boundary is the same as 

being close to the lower boundary. The determination of the least 

energy-intensive building can therefore be seriously handicapped when 

results present a slight difference in nominal values (e.g. Figure 7.7). More 

advanced techniques, including accurate probabilistic distributions of 

major parameters should ideally be implemented. 

In order to develop a probabilistic uncertainty and variability 

assessment, intensive data collection of the probabilistic distribution of 
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major parameters should be undertaken. This process is time and resource 

intensive and might not lead to a more accurate appreciation of 

uncertainty and variability if the distributions do not accurately reflect 

reality. However, interval analysis can be combined with probabilistic 

distributions because, in probabilistic terms, it corresponds to a flat 

distribution. Therefore, the model can be progressively enriched with 

known probabilistic distributions of certain variables. Ultimately, this can 

lead to a more accurate evaluation of uncertainty and variability and can 

ease the decision making process. 

The use of scenarios to model the evolution of parameters has 

provided an interesting and new insight into the influence of key 

parameters in time on the life cycle energy demand of residential 

buildings. The model for the evolution of the modal split, transport mode 

technologies, appliances annual energy demand and the number of users is 

judged sufficient and does not require major improvements. However, the 

evolution of the primary energy conversion factor for electricity (PEFel) 

and the emissions intensity for electricity generation (EIel) should be 

improved. Indeed, Sections 7.1.5.2 and 7.2.4 have shown that PEFel and 

EIel have an important impact on the life cycle energy demand and 

associated greenhouse gas emissions. This is likely to be underestimated in 

the software tool since the effect of the evolution of PEFel and EIel on the 

embodied energy and indirect transport energy is not modelled. These two 

key parameters therefore have an even greater importance, reinforcing 

the significance of the energy source, as discussed in Sections 8.1.1 

and 8.1.4. 

In order to integrate the influence of the PEFel and EIel on the 

recurrent embodied energy demand and the indirect transport energy 

requirements, more comprehensive databases of these two quantities are 

required. Instead of relying on aggregated energy intensities, these should 

be broken down by energy source, such as electricity, gas, etc.. Only then 

can the influence of the PEFel and EIel be taken into consideration in a 

realistic manner in the model. Further research is required in this regard. 

The use of interval analysis to assess uncertainty and variability in this 

work, as well as relying on scenarios to model the possible evolution of key 

parameters are currently the best approaches. In order to implement more 

sophisticated techniques which might improve the accuracy and quality of 

uncertainty, variability and forecasting, significant data collection and 

research is required. 
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8.2.5 Software tool 

The developed software tool formalises the framework by automating 

all the calculations and providing a user-friendly graphical interface for 

data input and output. Hence, its most important contribution is allowing 

an assessor to perform a complete life cycle energy analysis of residential 

buildings and districts in minutes compared to hours or days otherwise. 

However, it suffers from some limitations related to modelling aspects 

which are discussed hereunder. The improvement of certain modules is 

also proposed. Aspects related to programming and software architecture 

are not discussed as they fall out of the scope of this work. 

The most notable limitation of the developed software tool is its basic 

geometrical modelling capabilities. Indeed, only parallelepiped-like 

building shapes can be modelled with flat or tilted roofs. While this shape 

can represent the average residential building, more complex designs are 

hard to model. The space heating and cooling demands are also affected 

by this simplified geometry. More advanced geometrical inputs should 

therefore be implemented to provide the assessor with a wider range of 

options. 

Another limitation is that exterior or common spaces such as terraces, 

balconies, parking, stairs and lifts, etc. cannot be modelled. Hence, the 

associated embodied energy requirements are not taken into account. The 

embodied energy figures might therefore increase if these requirements 

are considered. A more detailed geometrical model should therefore allow 

the assessor to consider such exterior or common spaces. 

Implementing a more detailed geometrical model can be done in the 

tool itself or by coupling it with a computer aided design (CAD) software 

tool and allowing the assessor to import three dimensional models to the 

software tool. This would ideally provide the assessor with a visualisation 

of the building and assemblies and would lead to a more accurate bill of 

quantities. 

The sensitivity analysis module allows the assessor to evaluate the 

effect of different variables on the life cycle energy demand and its 

breakdown. This powerful module allows the testing of the influence of 39 

different variables such as modifying assemblies, the period of analysis, the 

number of users, geometry parameters, the urban area and others. 

However, the assessor cannot test the influence of modifying the service 

life of a specific material, or the primary energy conversion factor for 
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electricity. The influence of these variables might have an important 

impact on the life cycle energy demand of the building and should be 

implemented in the future. 

Another improvement to the software tool would consist of 

implementing an optimisation module. While a parametric study identifies 

the important parameters affecting the results, optimisation works in the 

other direction. Instead of modifying parameters to obtain a desired result, 

the assessor fixes the desired target result and the algorithm modifies the 

parameters in order to obtain this result. The object-oriented architecture 

of the software tool can easily accommodate the implementation of an 

optimisation module. The latter could further enhance the capabilities of 

the tool in order to determine sometimes counterintuitive parameter 

combinations to reach low life cycle energy demands for residential 

buildings. 

Finally, in order to improve the efficiency of the software and increase 

its acceptability among architects, town planners, engineers, researchers 

and decision makers, its user interface should be reviewed and simplified, 

especially the building analysis input panel. Indeed, the latter currently 

contains a very high number of input fields which might confuse the 

assessor. A simpler step by step approach might make the software easier 

to use. 

8.2.6 Case studies 

The selected case studies for the investigation of the potential of the 

framework cover different housing typologies, different urban contexts 

and two different countries. The Belgian case study has assessed a very 

energy efficient house (in terms of operational energy) which is 

increasingly being built in Europe. This house also represents the current 

trend in improving the thermal efficiency of buildings in Europe without 

assessing other stages of the life cycle or other scales of the built 

environment. The Australian case study focused on typical new residential 

areas in the outer suburbs of cities. This type of urban development is very 

popular in the USA and Australia but also in developing economies such as 

China (Yaping and Min 2009; Zhao 2010) and Brazil (da Silva et al. 2007). 

Hence the results of the study can be extrapolated to other similar 

contexts considering appropriate adaptations. 

However, more case studies, in different contexts should be conducted 

to establish that the embodied, operational and transport energy 
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requirements are individually significant. For example, a study located in 

Copenhagen would probably reveal that the transport energy 

requirements are much lower than in Brussels, Belgium or Melbourne, 

Australia. Conversely, a case study in a Mediterranean climate and for a 

vernacular architecture house could have a dramatic transport energy 

demand and rather low embodied and operational energy requirements. 

A further investigation of the relevance of a multi-scale life cycle energy 

analysis framework should be conducted. This could be performed by 

assessing a variety of residential buildings in different climates, contexts 

and economies. Yet, this is only possible if required relevant data is 

available. 

8.3 Beyond energy and residential buildings 

The energy use of residential buildings is currently the most critical 

measure of their environmental impact. This is due to the reliance on 

energy sources and technologies with a high environmental impact such as 

coal and oil and its derivatives. However, energy is far from being the only 

critical metric that should be assessed. Other life cycle requirements and 

environmental impacts can be more important in situations where most 

energy is produced by renewable sources. In parallel, residential buildings 

constitute one part of the built environment. The environmental impacts 

of commercial, office, educational and other building types should also be 

reduced. 

This section discusses the importance of non-residential buildings and 

proposes a way to integrate other life cycle resource requirements (such as 

water use) in the framework. The integration of a broader range of 

environmental impacts associated with buildings is presented. Finally, the 

importance of raising the awareness of key actors is discussed. 

8.3.1 Non-residential buildings 

Non-residential buildings constitute a significant share of energy use, 

representing 18% and 11% of the final energy demand in the USA and the 

EU, respectively (Perez-Lombard et al. 2008). These shares are likely to 

increase when their final energy demand is converted to primary energy 

terms because most of the energy demand in this type of building is 

powered by electricity. Indeed, lighting, electronic equipment, space 

cooling and ventilation, which are most of the time electrically operated, 
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can represent the dominant share of their operational energy use (Stephan 

2010). 

As for residential buildings, operational energy represents only one 

aspect of the life cycle energy demand. Indeed, the embodied energy of 

commercial buildings, such as steel framed high-rise buildings with curtain 

windows, can be significantly higher than for residential buildings 

(18.1 GJ/m² vs. 13 GJ/m²) based on Treloar (2001) and Crawford (2011), 

respectively. The total energy intensity of these buildings is likely to be 

much higher than for residential buildings. 

The developed framework can easily be adapted to non-residential 

buildings, accounting for their embodied and operational energy demands. 

Transport energy should only be attributed to residential buildings and 

their occupants to avoid double counting. A dedicated allocation algorithm 

could also be developed to distribute transport energy requirements to 

each building type based on relevant parameters. The embodied energy 

model is directly transposable since similar materials are used for both 

residential and commercial buildings, while the operational energy 

algorithm should be adapted to the different energy profile. Indeed, the 

operational energy profile of commercial buildings is different from 

residential ones. The reliance on mechanical ventilation in most cases, the 

significant use of artificial lighting, the high cooling demand, and other 

factors, result in a different operational energy profile and calculations. 

8.3.2 Life cycle water requirements 

One of the other major inputs in the life cycle of a building is water. 

Water requirements can be responsible for important environmental 

impacts, especially in locations where fresh water resources are scarce, 

such as Australia. While energy and related emissions have been the focus 

and scope of this research, the same quantification methods can be 

applied to other inputs such as water. 

In order to demonstrate the transposability of the developed 

framework to other inputs and to show how its scope can be extended, 

embodied and operational water models have been implemented within 

the software tool. The embodied water model relies on the database of 

hybrid embodied water coefficients developed by Treloar and Crawford 

(2010) and on the comprehensive input-output-based hybrid analysis for 

the calculations. The operational water demand algorithm is based on 

annual average water consumption figures per capita and is much simpler 
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than the operational energy demand calculations. Indirect transport water 

requirements equations have also been implemented but the water 

intensities are not yet available in the literature. This constitutes an 

important area for further research in order to determine the significance 

of transport water demand. 

The embodied water demand calculations have been verified and 

validated using the same Australian case study as in Section 5.7. Results 

are presented in Figure 8.1. The obtained initial embodied water demand 

(8 588 kL) is only 5.9% lower than the figure calculated by Crawford and 

Pullen (2011) for the same house. This small deviation validates the model 

for the quantification of the initial embodied water. 

 

Figure 8.1: Life cycle embodied water of the validation case study house 

The implemented life cycle water demand algorithm proves the 

flexibility and potential extensions of the developed framework and 

software tool. Additional flows and other environmental impacts should be 

taken into consideration for a more holistic life cycle assessment. 

8.3.3 Environmental impacts 

Global warming is only one of the many environmental impacts that 

result from human activities. Indeed, a range of environmental impacts 

such as ozone depletion, ecotoxicity, acidification and others can have a 

severe impact on the natural environment. This work has focused on the 
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greenhouse gas emissions which are associated with global warming 

potential. However, a baseline life cycle assessment, as described in 

Section 3.1.2.1, often takes into account a range of environmental impact 

categories (see Table 3.1). While the use of multiple impact categories 

introduces the subjective issue of weighting (see Section 3.1.3.3), it does 

provide a more comprehensive assessment than a streamlined life cycle 

assessment focusing solely on energy. Ideally, the developed framework 

and tool should be expanded to account for other impact categories, such 

as resource depletion. 

Indeed, while the earth receives very large amounts of solar energy 

(which surpass by far the energy demand of the current human 

population), the amount of available materials is finite. Resources such as 

minerals, metals and fossil fuels are available in a limited supply in the 

earth’s crust. If energy is currently an important issue because it is mainly 

generated by non-renewable and polluting sources, then material 

depletion is ultimately a more critical concern, as highlighted by Hubert 

(1949) more than 60 years ago. The recyclability of materials, and the use 

of renewable materials, such as sustainably harvested timber, should be 

favoured. With the continuous urban growth and the construction of more 

buildings to accommodate the growing world population (United Nations 

Human Settlements Programme. 2009), rare resources should be managed 

and used sparingly. 

Another important aspect related to the building construction sector is 

the generation of waste. One of the most waste generating stages of a 

building’s life cycle is the end-of-life stage which is not taken into 

consideration in this work due its insignificance regarding energy use. 

When other environmental impacts are considered, all life cycle stages 

should be taken into account. 

A comprehensive life cycle assessment framework including all 

common environmental impact categories should be developed to ensure 

that all environmental burdens associated with the built environment (and 

other products) are lowered and that there is no shift between different 

impacts. Truly multidisciplinary teams should be formed to tackle this 

crucial issue and to develop such frameworks which could also be the basis 

of effective and comprehensive environmental and building policies 

(Davies and Oreszczyn 2012). By bringing together different fields of 

science, sociology and practice, truly comprehensive frameworks can 

emerge. 
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8.3.4 Raising the awareness of key actors 

This work has demonstrated the importance of considering so-called 

‘indirect’ requirements in the energy assessment of residential buildings. 

By relying on a life cycle approach, the quantitative framework has 

identified couplings between different scales of the built environment. It 

has highlighted the importance of considering multiple scales at once, 

across the different life cycle stages of the building or the neighbourhood. 

Yet, the reality of the building practice, the general knowledge of the 

public about these complex issues is rather limited. There is therefore a 

need to raise awareness about the importance of a multi-scale life cycle 

assessment to measure the environmental impact of buildings. 

Spreading the knowledge to the public domain is critical as informed 

clients and users will have a critical look at the buildings being proposed by 

practitioners. This also ensures that the users demand a realistic 

estimation of the environmental performance of the house in which they 

want to live. On the other hand, it is crucial to include relevant subjects in 

this regard to the curriculums of engineers, architects and policy makers. 

Informed experts will have the necessary skills to implement the required 

changes highlighted in Section 8.1. By raising the awareness of the general 

public and of the experts of the built environment about the importance of 

relying on a comprehensive assessment of the environmental performance 

of buildings, a built environment with a reduced environmental impact can 

emerge. 
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9 Conclusion 

The environmental burdens associated with human activities have a 

significant impact on the equilibrium of the earth. The built environment 

and residential buildings in particular are responsible for a large share of 

the greenhouse gas emissions that are associated with climate change. 

Currently, the major source of environmental impacts associated with 

residential buildings is energy use. 

In order to reduce the energy demand of residential buildings, a 

comprehensive measurement should be performed. This measurement 

should assess a building and its users across the different life cycle stages 

of the building and at different scales of the built environment. By relying 

on wide system boundaries, a comprehensive assessment ensures that a 

reduction in energy use at one stage or scale does not result in greater 

energy use at other stages or scales. 

The aim of this research was to develop an evaluation framework that 

quantifies the life cycle primary energy use of residential buildings and 

their users at both the building and the city scale. This framework, 

integrating embodied, operational and transport energy requirements and 

related greenhouse gas emissions has been developed. An advanced 

software tool with a user-interface, automating all calculations, has been 

implemented, verified and validated. Two case studies, i.e. a passive house 

near Brussels, Belgium and a suburban residential district near Melbourne, 

Australia, have been used to illustrate the potential of the framework. 

Results show that the developed framework provides an unprecedented 

perspective on the life cycle energy demand of residential buildings. 

Hence, current energy assessment methods and policies fail to realistically 

measure energy use and might actually result in higher overall energy use. 

The use of the input-output-based hybrid analysis has produced 

embodied energy requirements which are much higher than in most 

previous studies, often relying on process-based analysis. The inclusion of 

all operational energy end-uses has also provided a more comprehensive 

energy assessment at the building scale, beyond thermal aspects. At the 

city scale, the incorporation of the infrastructure embodied energy and of 

the user transport energy demand have ensured that the building context 

is also taken into account in the assessment. 
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Each of the embodied, operational and transport energy demands, in 

all variations, have represented an important share of the life cycle energy. 

Only in a few cases out of 70 was the operational energy share negligible. 

This establishes that multiple parameters should be optimised in order to 

ensure the reduction of energy demand and related greenhouse gas 

emissions. A sole focus on thermal operational energy demand will 

inevitably lead to sub optimisation. Building designers, town planners, 

building users and policy makers thus have a shared responsibility in 

reducing the life cycle energy demand of residential buildings. 

Building designers can reduce house sizes, select low embodied energy 

and durable materials, rely on passive means for operational energy and 

select renewable energy sources to reduce the overall energy use. These 

measures should be applied while providing a good architectural quality 

for building users. On a larger scale, town planners can determine the most 

appropriate building typologies and plot sizes to ensure a higher 

population density which allows the development of energy efficient public 

transportation systems and increases the accessibility to services through 

intensification - which should be further studied to fully understand its 

energy and environmental repercussions. The measures can only be 

effective if there is a change in the user behaviour. This change implies a 

modification of habits in order to reduce energy use in residential buildings 

and the reliance on sustainable transport modes. However, the shift in 

user behaviour is only possible if urban planners, local governments and 

other bodies favour such change through stimulating urban environments, 

raising awareness and promoting less-energy intensive transport modes. A 

virtuous circle is therefore created where the actions of building designers 

and town planners result in a less energy-intensive built environment. This 

in turn influences the behaviour of building users. At the regional and 

national scales, a consistent and holistic energy policy should address all 

the different aspects in this work (and others) and favour energy 

production from renewable resources to reduce primary energy 

requirements and related greenhouse gas emissions. 

The developed framework suffers from certain limitations, notably data 

requirements and basic operational energy algorithms. Indeed, the 

determination of embodied, operational and transport requirements 

requires significant databases which are complex to develop. Also, the 

algorithm used to quantify operational energy relies on static heat transfer 

equations and average regional data and might therefore produce figures 
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which deviate from post-occupancy measures. However, the priority now 

is to develop consistent embodied and transport energy databases using 

comprehensive techniques, as the operational energy demand could be 

calculated in a more detailed manner by third party simulation tools. 

The framework and software tool developed and implemented in this 

work have been shown to provide the most sophisticated and complete 

energy assessment of residential buildings as of yet. The developed 

framework and tool can be used by building designers, town planners, 

policy makers and researchers to investigate the life cycle energy demand 

breakdown of both residential buildings and neighbourhoods. The measure 

of energy use and related greenhouse gas emissions at both the building 

and city scales, over the life cycle of the buildings, ensures that a reduction 

of the energy requirements of one particular end-use does actually result 

in reducing the overall energy demand and greenhouse gas emissions. 

Future building energy assessments need to consider a wider system 

boundary, beyond thermal and operational energy. The developed 

framework and tool can be considered as an important step in this 

direction. Their use will ultimately reduce the environmental repercussions 

of residential buildings and will help alleviate the impact of human 

activities on the environmental balance of the earth. 

9.1 Future research 

While this research has developed a framework and software tool for a 

comprehensive energy assessment of residential buildings, further 

research could be pursued in various areas outside the scope of this work. 

These include, but are not limited to, considering other building types in 

the framework and tool, the development of reliable databases for 

embodied and transport energy in different countries, and taking into 

account a range of environmental impacts. 

The developed framework and software tool currently allow the 

assessor to measure the total energy requirements and related 

greenhouse gas emissions of residential buildings. However, office, 

commercial, educational and other non-residential building types 

represent an important part of energy use. The developed framework 

could be extended to assess non-residential buildings as well. While the 

operational energy model has to be reviewed, the embodied energy model 

can be used in its current form. However, more reliable databases are 

needed first to ensure the accuracy of results in different countries. 
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Most current embodied energy databases provide only process data, 

resulting in a systemic truncation which can imply a great underestimation 

of energy requirements. Detailed and disaggregated input-output tables 

should be used to ensure a systemic completeness with a comprehensive 

input-output-based hybrid embodied energy analysis. These input-output 

tables should ideally comprise as many sectors as possible to provide the 

most accurate energy intensity figures for individual materials. The 

collection of process data, which is more reliable, should also be pursued. 

Only by developing databases which systematically rely on the same 

sources and quantification techniques can embodied energy analysis 

become more reliable. These databases can also comprise other flows and 

environmental impacts for a more holistic life cycle assessment. 

Similarly, current transport energy intensities often comprise only 

direct requirements, sometimes omitting up to 80% of the total energy 

requirements and greenhouse gas emissions of transport. Databases 

comprising both direct and indirect energy intensities of transport modes 

at a regional level should be developed to allow a realistic measure of 

transport energy and related emissions. The indirect energy intensities 

should be calculated using a combination of data from public transport 

companies and governmental bodies, and data from input-output tables. 

This more holistic assessment of total transport requirements will provide 

a better means to identify less energy-intensive configurations. 

These databases should also include the energy source used for each 

input, as currently available in European embodied energy databases. This 

will allow a better understanding of the influence of energy sources on 

embodied energy and emissions. Similarly, the energy source breakdown 

for indirect requirements will improve the forecasting of the effect of a 

change in the primary energy conversion factor and the emissions factor 

for electricity production on the life cycle energy demand of residential 

buildings, as implemented in the software tool. 

While this research has focused solely on energy use and related 

greenhouse gas emissions, other environmental impacts should be 

integrated for a more holistic perspective. Impacts, such as material 

scarcity, waste generation, ozone depletion, and others should ideally be 

taken into account for a more holistic life cycle assessment. The inclusion 

of the life cycle water consumption has been implemented in the software 

tool as a demonstration of how it could be extended to include other 

impacts. 
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Also, a building with a reduced environmental impact might not suffice 

to achieve a sustainable model that can last. Other dimensions should be 

explored to ensure that the building is sustainable on various aspects. The 

developed framework can be extended to include so-called ‘economic’ and 

‘social’ requirements to further widen the system boundaries and provide 

a more holistic assessment. This can be done through the introduction of 

qualitative indicators that are combined with the quantitative nature of 

the framework. 

It is only by integrating different scales of the built environment, 

through the different life cycle stages of a building’s life, that the total 

environmental impacts of buildings can be realistically assessed and 

effective measures be taken to reduce them. 
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Appendix A Solar fractions for different cities 

This appendix relates to Section 3.3.2.5. It also provides the equations 

used for the determination of average solar fractions used in the case 

studies (Chapters 6 and 7). 

A.1 Background 

Solar thermal energy is being increasingly used for Domestic Hot Water 

(DHW). The share of the water heating energy supplied by the sun is called 

the solar fraction. This fraction varies according to the tilt of the collector, 

its azimuth, its properties, the climate and the hot water demand. Similar 

principles apply to photovoltaic systems. 

A.2 Solar hot water simulations 

In order to determine solar fractions which are comparable for 

different countries, the hot water demand is fixed at 90-120 l/day per 

person. By considering a household of two or three persons and an initial 

water temperature of 15°C, the resulting monthly hot water demand is 

approximately 280 or 380 kWh/month. The collector output is calculated 

as per Equation A.1 from Duffie and Beckman (2006). Used values of 

parameters are given in brackets. 

2
1 2

'( ) ( )

' ( ) ' ( )

n b b d d g g

m a m a

Q F K I K I K I

F U T T F U T T

      

     
 Equation A.1 

Where: 

Q = Collector output in W/m²; 

F' = Collector efficiency (0.9); 

(τα)n = Optical efficiency (0.9); 

Kb = Angle of incidence modifier calculated as per Equation A.2; 

θ = Angle of incidence of beam radiation in °; 

Kd = Optical modifier for diffuse radiation (0.9); 

Kg = Optical modifier for ground radiation (0.9); 

U1 = Linear heat transfer coefficient in W/(m²K) (1.5 W/(m²K)); 
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U2 = Quadratic heat transfer coefficient in W/(m²K²) (0.01 

W/(m²K²)); 

Tm = Collector temperature in K; and 

Ta = Ambient temperature in K. 
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 Equation A.2 

Where: 

θ = Angle of incidence of beam radiation in °; 

Kb = Angle of incidence modifier; and 

b0 = Optical losses coefficient (0.01). 

The simulation program used is Winsun (Energy and Building Design - 

Lund University 2007) developed at Lund University, Sweden. Climate data 

used is extracted from Meteonorm v6.0 (MeteoTest 2009). 

Simulations are performed for a south or north orientation 

(azimuth = 0°) depending on the earth hemisphere. The following tilts from 

horizontal are tested: 30; 40; 50; 60 and 70°. The ground reflectance or 

albedo is considered to be 20% at all times of the year. The average 

operational temperature of the system is assumed to be 50°C at all times. 

Each panel’s area is 2.16 m² based on various providers products. The total 

collector area is therefore calculated using Equation A.3 below. 

Overheating can occur when using this formula as the output during 

summer months can exceed the demand. Consequently, adapted 

measures to control overheating should be taken. 

max

0.9

panel

DHW

panel

A n A

Q

C
n round

A

 

 
 

 
 
 
 

 Equation A.3 

Where: 

A = Area of the collectors in m²; 
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n = Number of solar panels installed; 

Apanel = Area of a single solar panel in m² (2.16 m²); 

QDHW = Domestic hot water monthly energy demand in kWh; and 

CMAX =Collector’s maximum monthly energy output in kWh/m². 

Four cities, at different latitudes and in three different climatic regions 

according to Köppen climate classification (Köppen 1923) are chosen to 

evaluate the achievable solar fraction in different contexts. Brussels 

(50.85°N) and Melbourne (37.81°S) have an oceanic climate (Cfb), Beirut 

(33.89°N) enjoys a Mediterranean climate (Csa) while Stockholm (59.35°N) 

has a hemiboreal climate (Dfb). 

Table A.1: Solar fraction and number of collector panels in different cities for a monthly 

DHW demand of 280 and 380 kWh 

City kWh/month Tilt 

30° 40° 50° 60° 70° 

Stockholm 

(Dfb, 59.35°N) 

280  SF 41.1% 42.0% 41.8% 40.3% 75.2% 

Panels 1 1 1 1 2 

380 SF 60.5% 62.0% 61.6% 59.4% 55.4% 

Panels 2 2 2 2 2 

Brussels 

(Cfb, 50.85°N) 

280  SF 34.1% 33.4% 64.1% 60.0% 54.7% 

Panels 1 1 2 2 2 

380 SF 50.2% 49.2% 47.2% 44.2% 60.5% 

Panels 2 2 2 2 3 

Beirut 

(Csa, 33.89°N) 

280  SF 81.3% 79.7% 75.9% 70.1% 62.5% 

Panels 1 1 1 1 1 

380 SF 59.9% 58.7% 55.9% 51.6% 92.0% 

Panels 1 1 1 1 2 

Melbourne 

(Cfb, 37.81°S) 

280  SF 66.7% 65.3% 62.5% 58.2% 52.7% 

Panels 1 1 1 1 1 

380 SF 49.1% 48.1% 46.1% 85.8% 77.7% 

Panels 1 1 1 2 2 

 

A.3 Photovoltaic panels calculations 

Calculations related to the determination of the photovoltaic (PV) 

panels output and solar fraction are based on rules of thumb from Karlsson 

(2009). 
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The annual output of a PV panel can be approximated using 

Equation A.4 , by multiplying its nominal power in kWp by the annual solar 

irradiation on the corresponding tilted pane and a losses coefficient. The 

latter accounts for shading and losses in efficiency due to heat, dust, etc.. 

pv pvE P H    Equation A.4 

Where: 

Epv = Annual energy output of the pv panel in kWh; 

Φ = Losses coefficient; 

Ppv = Peak power of the pv panel in kWp; and 

H = Annual solar radiation on a tilted surface with the same 

azimuth and slope angles as the pv panel in kWh/m². 

The above equation dimensions are consistent because of the 

definition of the Wp unit as the ratio of the efficiency multiplied by the 

area and divided by the solar irradiation of 1 000 W/m² at 25°C and 90° 

angle of incidence. 

The solar fraction for electricity is then obtained by dividing the annual 

load by the total output of all installed panels as per Equation A.5. 

1

100el
el PV

pv
pv

D
SF

E


 


 

Equation A.5 

Where: 

SFel = Solar fraction of the annual final electrical energy demand in %; 

DEel = Annual final electrical energy demand in kWh; 

pv = Installed photovoltaic panel; and 

Epv = Annual energy output of the pv panel in kWh. 
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Appendix B Tables related to the software 

tool 

Appendix B contains all the tables related to the development of the 

software tool in Chapter 5. It also contains details about the validation case 

study used in Section 5.7. 

Table B.1: Fields defining a material entry in the materials’ database 

Field name Type Description 

material String Name of the material e.g. Aluminium 

type String Type of the material e.g. Virgin 

unit String Functional unit of the material e.g. tonne 

eec Float Embodied energy coefficient in GJ/unit 

ecc Float Embodied emissions coefficient in kg CO2-e/unit 

process_share_energy Float Share of process data in the energy coefficient expressed as a fraction 
e.g. 0.4 

process_share_carbon Float Share of process data in the emissions coefficient expressed as a 
fraction e.g. 0.3 

density Float Density of the material in t/m³ 

heat_coeff Float Heat conductivity of the material in W/mK 

lifespan Integer Lifespan of the material in years 

Wastage_coeff Float Wastage coefficient of the material (/1) 

envelope Boolean Used to determine if the material can be used for envelope assemblies 

structure Boolean Used to determine if the material can be used for structure assemblies 

systems Boolean Used to determine if the material can be used for systems assemblies 

finishings Boolean Used to determine if the material can be used for finishings assemblies 

infrastructure Boolean Used to determine if the material can be used for infrastructure 
assemblies 

description String Description of the material 

Table B.2: List of assemblies subcategories used in this work 

Subcategory Category 

Foundations Structure 

Columns Structure 

Beams Structure 

Slab Structure 

Outer walls Envelope 



Towards a comprehensive energy assessment of residential buildings 

 

310 

To
w

ard
s a co

m
p

reh
en

sive en
ergy assessm

en
t o

f resid
en

tial b
u

ild
in

gs 

 

Subcategory Category 

Windows Envelope 

Roof Envelope 

Flooring Finishings 

Internal walls Finishings 

Doors Finishings 

Other Finishings 

Heating Systems 

Heating delivery Systems 

Cooling Systems 

Domestic hot water Systems 

Solar hot water Systems 

Photovoltaic Systems 

Wires Systems 

Pipes Systems 

Roads Infrastructure 

Sewage Infrastructure 

Water system Infrastructure 

Gas pipes Infrastructure 

Power lines Infrastructure 

Table B.3: Fields defining an urban area entry in a city database 

Field name Type Description 

urban area String Name of the urban area within the city 

density Float Population density in people/km²
 

car_travel_dist Float Annual car travel distance per capita 

tram_travel_dist Float Annual tramway travel distance per capita 

subway_travel_dist Float Annual subway travel distance per capita 

train_travel_dist Float Annual train travel distance per capita 

road_type String Name of the road assembly used, refers to a defined assembly in the 
assemblies catalogue database 

length_road_km² Float Total length of roads in m/km² 

watersystem_type String Name of the water system assembly used, refers to a defined 
assembly in the assemblies catalogue database 

length_watersystem_km² Float Total length of the water system in m/km² 

sewage_type String Name of the sewage assembly used, refers to a defined assembly in 
the assemblies catalogue database 

length_sewage_km² Float Total length of sewages in m/km² 
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Field name Type Description 

powerline_type String Name of the power line assembly used, refers to a defined assembly in 
the assemblies catalogue database 

length_powerline_km² Float Total length of power line in m/km² 

gaspipe_type String Name of the gas pipe assembly used, refers to a defined assembly in 
the assemblies catalogue database 

length_gaspipe_km² Float Total length of gas pipes in m/km² 

Description String Description of the urban area 

Table B.4: List of the city data variables 

Variable name Type Description 

CO2e_elec  Float  Carbon dioxide equivalent factor in kg of CO₂-eq per GJ of energy in 
the city (Brown Coal). Based on Department of Climate Change and 
Energy Efficiency. (2011) National greenhouse accounts factors. 
Canberra. 

GFA_to_UFA  Float  Conversion factor of gross floor area to usable floor area. Based on Fay 
(1999) 

Regional  List  Default input list for the urban area for an "regional" location around 
Melbourne 

Suburban  List  Default input list for the urban area for an "suburban" location in 
Melbourne 

Urban  List  Default input list for the urban area for an "urban" location in 
Melbourne 

air_renewal_mech  Float  Standard mechanical ventilation rate in air change per hour. Based on 
phpp 

air_renewal_nat  Float  Standard natural ventilation rate in air change per hour. Assumed 

app_energy_intensity  Float  Annual appliances energy intensity in GJ/capita. Based on DEWHA 
(2008) 

area_per_user  Dictionary Living area per user in m². Based on Du Bellay (2005) 

avg_num_users Float Average number of users per household 

areas_postcodes  Dictionary List of areas in and around Melbourne and their postcodes 

assemblies_prices  Dictionary A dictionary of dictionaries containing the prices per m² of gross floor 
area for each building assembly per building type. The roof assembly is 
given per m² of roof area. The systems assemblies are given per unit of 
system e.g. One DHW gas system 

average_num_of_persons_
in_a_car  

Float  Average number of persons in a car. Used to determine fuel economy 
per pkm. Based on Lenzen (1999) 

avg_room_size  Float  Average room size in m². Used to determine quantities of 
doors,heating and cooling units 

building_cost  Dictionary Building costs in 1000 A$/m² according to type and finishings level 

bus_fuel_eff  Float  Bus fuel efficiency in l/pkm. Based on Lenzen (1999) 

bus_ic  Float  Bus indirect carbon emissions in kg CO₂-eq/pkm. Based on Lenzen 
(1999) 

bus_ie  Float  Bus indirect energy requirements in GJ/pkm. Based on Lenzen (1999) 

bus_iw  Float  Bus water requirements in kl/km 
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Variable name Type Description 

car_diesel_eff  Float  Diesel car fuel efficiency in l/pkm. Based on bitre (2009) 

car_diesel_ic  Float  Diesel car indirect carbon emissions in kg CO₂-eq/pkm. Based on 
Lenzen (1999) 

car_diesel_ie  Float  Diesel car indirect energy requirements in GJ/pkm. Based on Lenzen 
(1999) 

car_diesel_iw  Float  Car water requirements in kl/pkm 

car_diesel_share  Float  Share of diesel cars 

car_elec_eff  Float  Electric car energy efficiency in GJ/pkm. Based on Perrin (2012) 

car_elec_ic  Float  Electric car indirect carbon emissions in kg CO₂-eq/pkm. Based on 
numbers for gasoline car from Lenzen (1999). It is assumed that no 
fuel is required 

car_elec_ie  Float  Electric car indirect energy requirements in GJ/pkm. Based on 
numbers for gasoline car from Lenzen (1999). It is assumed that no 
fuel is required 

car_elec_iw  Float  Electric car water requirements in kl/pkm 

car_elec_share  Float  Share of electric cars 

car_gas_eff  Float  Gas car fuel efficiency in l/pkm. Based on Bitre (2009) 

car_gas_ic  Float  Gas car indirect carbon emissions in kg CO₂-eq/pkm. Based on Lenzen 
(1999) 

car_gas_ie  Float  Gas car indirect energy requirements in GJ/pkm. Based on Lenzen 
(1999) 

car_gas_iw  Float  Gas car water requirements in kl/pkm 

car_gas_share  Float  Share of gas cars 

car_gasoline_eff  Float  Gasoline car fuel efficiency in l/pkm. Based on bitre (2009) 

car_gasoline_ic  Float  Gasoline car indirect carbon emissions in kg CO₂-eq/pkm. Based on 
Lenzen (1999) 

car_gasoline_ie  Float  Gasoline car indirect energy requirements in GJ/pkm. Based on Lenzen 
(1999) 

car_gasoline_iw  Float  Gasoline car water requirements in kl/pkm 

car_gasoline_share  Float  Share of gasoline cars 

cdh  Int  Number of cooling degree hours of the city in Kh. Base temperature = 
24.0 C 

cook_energy_intensity  Float  Annual cooking energy intensity in GJ/capita. Based on DEWHA (2008) 

dhw_liters_day_capita  Float  Litres of hot water per day per capita 

dhw_sf  Dict  Solar fractions for domestic hot water and number of panels. Average 
values for a household of two 

dhw_solar_default_ass  String  Assembly name of default domestic hot water solar panels 

dhw_tf  Float  Final average annual temperature of water in degrees celcius. 
Assumed 

dhw_ti  Float  Initial average annual temperature of water in degrees celcius. 
Assumed 

functions_ratios_catalogue  Dictionary Ratios of function areas to usable floor area for each building type. 
Order in list: kitchen and wc, bedrooms and living area 
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Variable name Type Description 

hdh  Integer Number of heating degree hours of the city in Kh. Base temperature = 
15.5 C 

light_energy_intensity  Float  Annual lighting energy intensity in GJ/m². Based on DEWHA (2008) 

pef_elec  Float  Primary energy conversion coefficient for electricity in the city. Based 
on Treloar (1998) 

pef_gas  Float  Primary energy conversion coefficient for gas in the city. Based on 
Treloar (1998) 

pef_light_oil  Float  Primary energy conversion coefficient for light oil. Assumed to be 
similar to gas 

pef_wood  Float  Primary energy conversion coefficient for wood. Assumed 

pipes_wires_catalogue  Dictionary Length of pipes and wires per m² of gross floor area. Assumed 

postcodes_areas_types  Dictionary List postcodes of the associated area type i.e. Urban, suburban, 
regional, remote 

pv_default_ass  String  Assembly name of default photovoltaic panels 

pv_sf  Dictionary Solar fractions for electricty, dictionary contains sf and number of 
panels per user. Average values. Panels are 215 wp monocrystalline. 
Average solar radiation is assumed to be 1800 kwh/m².year. Solar 
fraction is based on 3500 kwh per year electricity consumption 

subway_elec_eff  Float  Subway energy efficiency in GJ/pkm. No subway in Melbourne 

subway_ic  Float  Subway indirect carbon emissions in kg CO₂-eq/pkm. No subway in 
Melbourne 

subway_ie  Float  Subway indirect energy requirements in GJ/pkm. No subway in 
Melbourne 

subway_iw  Float  Subway water requirements in kl/pkm. No subway in melbourne 

train_elec_eff  Float  Train energy efficiency in GJ/pkm. Based on Lenzen (1999) 

train_ic  Float  Train indirect carbon emissions in kg CO₂-eq/pkm. Based on Lenzen 
(1999). The indirect emissions for fuel were substracted since they are 
considered as direct emissions here and are calculated according to 
the electricity mix. The remaining indirect emissions from fuel when 
the emissions for electricity generation are substructed are added 

train_ie  Float  Train indirect energy requirements in GJ/pkm. Based on Lenzen (1999). 
The indirect energy for fuel was substracted since it is considered in 
the direct energy through the primary energy conversion factor 

train_iw  Float  Train water requirements in kl/pkm 

tram_elec_eff  Float  Tramway energy efficiency in GJ/pkm. Based on Lenzen (1999). 

tram_ic  Float  Tramway indirect carbon emissions in kg CO₂-eq/pkm. Based on 
Lenzen (1999). The indirect emissions for fuel were substracted since 
they are considered as direct emissions here and are calculated 
according to the electricity mix. The remaining indirect emissions from 
fuel when the emissions for electricity generation are substructed are 
added 

tram_ie  Float  Tramway indirect energy requirements in GJ/pkm. Based on Lenzen 
(1999). The indirect energy for fuel was substracted since it is 
considered in the direct energy through the primary energy conversion 
factor. 

tram_iw  Float  Tramway water requirements in kl/pkm 

vent_power_intensity  Float  Ventilation power intensity in W/m³ of ventilated volume 
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Variable name Type Description 

ventilated_vol_ratio  Float  Ratio of ventilated volume over building gross volume. Assumed 

water_day_capita  Float  Dayly water consumption in L per capita 
http://www.melbournewater.com.au 

Table B.5: List of the country data variables 

Variable name Type Description 

CO2e_LPG  Float  Greenhouse gas emissions factor in kg of CO₂-eq per GJ of energy. 
Based on Department of Climate Change and Energy Efficiency (2011) 

CO2e_diesel  Float  Greenhouse gas emissions factor in kg of CO₂-eq per GJ of energy. 
Based on Department of Climate Change and Energy Efficiency (2011) 

CO2e_gasoline  Float  Greenhouse gas emissions factor in kg of CO₂-eq per GJ of energy. 
Based on Department of Climate Change and Energy Efficiency (2011) 

CO2e_light_oil  Float  Greenhouse gas emissions in kg of CO₂-eq per GJ of energy. Based on 
Department of Climate Change and Energy Efficiency (2011) 

CO2e_naturalgas  Float  Greenhouse gas emissions factor in kg of CO₂-eq per GJ of energy. 
Based on Department of Climate Change and Energy Efficiency (2011) 

CO2e_wood  Float  Greenhouse gas emissions in kg of CO₂-eq per GJ of energy. Based on 
Department of Climate Change and Energy Efficiency (2011) 

DCR  Float  Direct carbon requirements for construction in kg CO₂-eq/A$ from 
input-output data 

DER  Float  Direct energy requirements for construction in GJ/A$ from input-
output data 

DWR  Float  Direct water requirements for construction in kl/A$ from input-output 
data 

RCR  Float  Input-Output remainder carbon requirements for residential building 
sector in kg-CO₂-eq/A$ 

RER  Float  Input-Output remainder energy requirements for residential building 
sector in GJ/A$ 

RWR  Float  Input-Output remainder water requirements for residential building 
sector in kl/A$ 

ee_to_CO2e  Float  CO2 equivalent emissions in kg/GJ for the embodied energy 

eta_cooking  Dictionary Efficiency of the cooking system by energy source 

eta_cooling  Dictionary Efficiency of the cooling system by energy source 

eta_dhw_aux  Dictionary Efficiency of the hot water system by energy source 

eta_heating  Dictionary Efficiency of the heating system by energy source 

eta_hr  Float  Standard ventilation heat recovery percentage 

eta_ventilation  Float  Efficiency of the ventilation fans 

he  Float  External convection and radiation heat transfer in W/(m²k) 

hi  Float  Internal convection and radiation heat transfer in W/(m²k) 
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Table B.6: List of the constants data variables 

Variable name Type Description 

LPG_energy  Float  Energy density of natural gas in GJ/l. Based on Department of Climate 
Change and Energy Efficiency (2011) 

c_air  Float  Specific heat of air in kJ/(kg.K) 

c_water  Float  Specific heat of water in kJ/(kg.K) 

default_PEF  List  Default primary energy coefficient used if no matches are found for 
the end_use 

diesel_energy  Float  Energy density of diesel in GJ/l. Based on Department of Climate 
Change and Energy Efficiency (2011) 

gasoline_energy  Float  Energy density of gasoline in GJ/l. Based on Department of Climate 
Change and Energy Efficiency (2011) 

naturalgas_energy  Float  Energy density of natural gas in GJ/l. Based on Department of Climate 
Change and Energy Efficiency (2011) 

ro_air  Float  Density of the air in kg/m³ 

ro_water  Float  Density of water in kg/m³ 

uncertainty_IOA  List  Percentage of uncertainty on input-output-based data 

uncertainty_OPE  List  Percentage of uncertainty on operational energy 

uncertainty_PBA  List  Percentage of uncertainty on process-based data 

uncertainty_TE  List  Percentage of uncertainty on transport energy 

ventilation_type  List  List of ventilation types 

currency_exchange Dictionary Default currency exchange rates from currency unit to 1997 AUD 

Table B.7: List of the building class ID variables 

Variable name Type Description 

BDSL  Integer Building design life in years 

POA Integer Period of analysis in years 

appliances_evol  Array  Array containing the evolution of the appliances energy as a 
percentage of the initial state 

beam_ass  String  Assembly name for beams 

bypass_initial  Dictionary  A dictionary containing Boolean values (True) for the assemblies which 
already exist in the building or existing infrastructure 

bypass_operational  Dictionary Contains the keywords by end-use to bypass the calculations of a 
certain end-use operational energy. If empty, no calculations are 
bypassed. Units are: heating MJ/m².year, cooling MJ /m².year, 
ventilation MJ/m².year, cooking MJ/a, dhw MJ/a, lighting delivered 
MJ/m².year, appliances delivered MJ/a 

bypass_quantities  Dictionary  A dictionary of all quantities to bypass their calculations. IF EMPTY, 
Not acceptable CALCULATIONS ARE BYPASSED. 

car_diesel_share  Float  Share of car transports made with a diesel car 

car_elec_share  Float  Share of car transports made with an electric car 

car_gas_share  Float  Share of car transports made with a LPG car 
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Variable name Type Description 

car_gasoline_share  Float  Share of car transports made with a gasoline car 

city  String City in which the building is located 

column_ass  String Assembly name for columns 

cooking  String Cooking system type (energy source) 

cooling  String Cooling system type (energy source), same as assembly name and 
name in the dictionary of etas in the country data file 

country  String Country in which the building is located 

currency String Currency of the define price per m² of the building 

density  Float  Density of the district in which this building is located in case of a 
district analysis, used to override urban area density in infrastructure 
quantities calculations 

depth  Float  Building depth in meters 

dhw_aux  String Auxiliary source of energy for domestic hot water in case solar panels 
are installed, source of energy for DHW otherwise, same as assembly 
name 

dhw_sf_panels  List  Solar fraction of the domestic hot water and number of panels 

dhw_solar_ass  String Assembly name of default domestic hot water solar panels 

doors_ass  String Assembly name of the internal doors 

elec_to_CO2e_evol  Array  Array containing the evolution of the electricity CO₂-eq emissions per 
GJ 

eta_cooking  Float  Efficiency of the cooking system 

eta_cooling  Float  Efficiency of the heating system or COP 

eta_dhw_aux  Float  Efficiency of the auxiliary energy source system for domestic hot water 
in case solar panels are installed, efficiency of the DHW system 
otherwise 

eta_heating  Float  Efficiency of the heating system or COP 

eta_hr  Float  Efficiency of the ventilation heat recovery system if present 

eta_ventilation  Float  Efficiency of the ventilation fans installed 

flooring_bedrooms_ass  String Assembly name of the flooring for bedrooms 

flooring_living_ass  String Assembly name of the flooring for the living space 

flooring_toilets_kitchen_ass  String Assembly name of the flooring for toilets and kitchen 

foundations_concrete_ass  String Assembly name of used concrete for foundations 

foundations_steel_ass  String Assembly name of used steel for foundations 

foundations_type  String Type of foundations i.e. Raft, continuous footing 

fuel_efficiency_evol  Array  Array containing the evolution of the fuel/energy efficiency of 
transport modes in the city as a percentage of the initial efficiency 

gf_slab_ass  String Assembly name of the slab for the ground floor 

heating  String Heating system type (energy source), same as assembly name and 
name in the dictionary of etas in the country data file 

heating_units  String Heating system delivery units, same as assembly name 
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Variable name Type Description 

height  Float  Height between floors NOT height of the building 

mech_ventilation_hours_day  Float  Number of hours of mechanical ventilation per day 

modal_split_evol  Array  Array containing the evolution of the modal split for the urban_area 

name  String Building name 

nat_ventilation_hours_day  Float  Number of hours of natural ventilation per day 

num_facades  Integer  Number of facades of the building 

num_storeys  Integer Number of storeys of the building unit i.e. 1 if simplex, 2 if duplex, 3 if 
triplex, etc. 

num_storeys_apart_bldg  Integer Total number of storeys of an apartment building e.g. An apartment 
building with 3 duplex apartments on top of each other would have 6 
floors 

num_users  Float  Number of users of the building 

num_users_evol Array Array containing the evolution of the number of users in the building 

other_finishings  String Standing of the finishings i.e. Finishings_low, finishings_med or 
finishings_high which determines related embodied energy per m² of 
usable floor area, also refers to the assembly name 

outer_walls_ass  String Assembly name of the outer walls 

partition_walls_ass  String Assembly name of the internal walls 

pef_elec_evol  Array  Array containing the evolution of the electricity primary energy 
conversion coefficient 

pipes_ass  String Assembly name of the pipes used 

price_per_sqm Integer Construction cost per m² of building in currency units 

pv_ass  String Assembly name of default photovoltaic panels 

pv_sf_panels  List  Solar fraction of the electricity demand and number of panels 

roof_ass  String Assembly name of the roof 

roof_slope  Float  Slope in degrees of the roof 

span  Float  Typical span of the building beams 

structure_type  String Type of structure i.e. Beams/columns or bearing walls 

type  String Type of building i.e. House, or apartment 

uf_slab_ass  String Assembly name of the slab for the upper floors 

urban_area  String Urban area of the city in which the building is located 

ventilation  String Ventilation type i.e. Natural, mechanical, mixed 

width  Float  Building width in meters 

windows_ass  String Assembly name of the windows type 

windows_to_facade  Float  Windows to facade ratio 

wires_ass  String Assembly name of the wires used 
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Table B.8: List of the district class ID variables 

Variable name Type Description 

BDSL  Integer Building design life in years 

appliances_evol  Array Array containing the evolution of the appliances energy as 
a percentage of the initial state 

area  Float  Total area of the district in km² 

buildings_dict  Dictionary Contains building1, building2, building3, ..., up to building 
6 as keys and a list structured: [percentage_area, bldg_id, 
real_percentage, number of housing units] as values 

city  String City in which the district is located 

country  String Country in which the district is located 

density  Float  Density of the district based on the total number of users 
in all its buildings divided by its area 

elec_to_CO2e_evol  Array  Array containing the evolution of the electricity CO2-e 
emissions per GJ 

fuel_efficiency_evol  Array Array containing the evolution of the fuel/energy 
efficiency of transport modes in the city 

number_of_bldgs Dictionary Contains the number of buildings of each type 

pef_elec_evol  Array Array containing the evolution of the electricity primary 
energy conversion coefficient 

site_coverage_ratio  Float  Site coverage ratio (/1) 

total_built_ground_floor_area Float Total built ground floor area in m² 

Table B.9: Input-output pathways of the Australian residential building sector 

representing commonly used materials 

Input-output pathway Materials Total energy 
requirements 

(GJ/A$ 1 000) 

Basic chemicals Polystyrene 0.0100 

Basic non-ferrous metal and 
products 

Aluminium reflective foil, aluminium, copper 0.0256 

Cement, lime and concrete slurry Concrete 0.8988 

Ceramic products Clay bricks, ceramic tiles, ceramics 1.0940 

Fabricated metal products Steel 0.2555 

Glass and glass products Toughened glass (6mm), clear float glass (4mm) 0.0226 

Household appliances Various 0.4508 

Iron and steel Steel 0.4222 

Other electrical equipment Copper 0.0848 

Other machinery equipment Various 0.0518 

Other mining Screenings, sand 0.0770 

Other non metallic mineral products Fibreglass insulation (various thicknesses) 0.3490 
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Input-output pathway Materials Total energy 
requirements 

(GJ/A$ 1 000) 

Other wood products MDF/particleboard, softwood 0.5704 

Paints Water-based paint, oil-based paint 0.1010 

Plaster and other concrete products Fibre cement sheet (4.5 mm), plasterboard (10 mm). 
Concrete roof tile (20 mm) 

0.3361 

Plastic products Plastic membrane (1 mm), UPVC pipe 100, plastic 0.1675 

Sawmill products Softwood, hardwood 0.2722 

Sheet metal products Steel 0.0942 

Structural metal products Steel, windows (aluminium, clear float glass (4 mm)) 0.7497 

Textile products Nylon carpet 0.0410 

 Total 6.074 

Table B.10: List of quantity variables in a building’s bill of quantities 

Variable name Type Description 

Floor area quantities   

GFA  Float  Gross floor area of the building in m² 

GFA_floor  Float  Gross floor area of the building in m² 

UFA  Float  Usable floor area of the building in m² 

UFA_floor  Float  Usable floor area of the building in m² 

Envelope area quantities   

area_outer_walls  Float  Area of outer walls in m² 

area_windows Float Area of windows in m² 

area_roof  Float  Area of windows in m² 

area_heat_transfer  Float  Area of heat transfer in m² 

Finishings quantities   

area_bedrooms  Float  Area of the bedrooms in m² 

area_living  Float  Area of the living in m² 

area_toilets_kitchen  Float  Area of the toilets and kitchen in m² 

area_partition_walls  Float  Area of internal walls in m² 

num_doors  Integer  Number of internal doors 

Systems quantities   

length_pipes  Float  Length of used pipes in m 

length_wires  Float  Length of used wires in m 

num_cooling_units  Integer  Number of cooling units e.g. Air conditioning splits 

num_dhw_units  Integer  Number of domestic hot water systems 
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Variable name Type Description 

num_heating_source_units  Integer  Number of heating sources e.g. Boiler 

num_heating_units  Integer  Number of heating units e.g. Radiators 

Structure quantities   

length_columns  Float  Total length of columns in m 

length_beams  Float  Total length of beams in m 

qtty_foundations_concrete  Float  Quantity of concrete in foundations in m³  

qtty_foundations_steel  Float  Quantity of steel in foundations in t 

Infrastructure quantities   

powerlines_length  Float  Length of power lines attributed to the building 

road_length  Float  Length of road attributed to the building 

sewage_length  Float  Length of sewage attributed to the building 

watersystem_length  Float  Length of water system attributed to the building 

gaspipes_length  Float  Length of gas pipes attributed to the building 

Other   

volume_gross  Float  Gross volume of the building in m³ 

Table B.11: Validation case study input 

Variable name Value 

BDSL  100 (years) 

beam_ass  void_beams 

car_diesel_share  0.0 

car_elec_share  0.0 

car_gas_share  0.0 

car_gasoline_share  1.0 

city  Melbourne 

column_ass  void_columns 

cooking  gas_cooking 

cooling  void_cooling_elec 

country  Australia 

depth  20.0 (m) 

dhw_aux  Auxiliary gas DHW 

dhw_sf_panels  [0.75, 2] 

dhw_solar_ass  Flat plate collector (1.2 x 1.8m) 

doors_ass  Hollow core MDF door 

eta_cooking  0.9 (/1) 
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Variable name Value 

eta_cooling  2.5 (/1) 

eta_dhw_aux  0.9 (/1) 

eta_heating  0.7 (/1) 

eta_hr  0.0 (/1) 

eta_ventilation  1.0 (/1) 

flooring_bedrooms_ass  Nylon carpet 

flooring_living_ass  Nylon carpet 

flooring_toilets_kitchen_ass  Ceramic tiles 

foundations_concrete_ass  Foundations concrete 20 MPa 

foundations_steel_ass  Foundations steel 

foundations_type  Raft 

gf_slab_ass  Validation gf slab 

heating  Air heater (gas) for ducted system 

heating_units  Hot air distribution (ducted system) 

height  3.1 (m) 

mech_ventilation_hours_day  0.0 (hours/day) 

name  Validation 

nat_ventilation_hours_day  6.0 (hours/day) 

num_facades  4 

num_storeys  1 

num_storeys_apart_bldg  0 

num_users  5.0 

other_finishings  Medium standard finishes 

outer_walls_ass  Timber framed brick veneer wall (large joints) 

partition_walls_ass  Timber framed internal walls 

pipes_ass  PVC pipes (20 mm) 

pv_ass  void_pv 

pv_sf_panels  [0.0, 0] 

roof_ass  Concrete tiles timber frame roof 

roof_slope  15.0 (degrees) 

span  N/A 

structure_type  Bearing walls 

type  House 

uf_slab_ass  void_slab 

urban_area  Carlton 
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Variable name Value 

ventilation  Natural 

width  14.85 (m) 

windows_ass  Alu 1.5 glazed (steel lintel and brick sill) 

windows_to_facade  0.28 (/1) 

wires_ass  Electric wire (copper 1 mm) 

Note: Only relevant inputs are displayed in the table above. Evolution parameters and bypassing 

dictionaries have been omitted. 
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Table B.12: Properties of assemblies used in the validation case study  
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Table B.13: Assemblies for the validation case study, by material 
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Appendix C Case study data 

Appendix C contains all the supporting information for the case studies 

used to investigate the potential of the tool in Chapter 6. 

Table C.1: Selected material characteristics, including their embodied energy 

coefficient (ECm), the percentage of process data (MP), their lifespan (lm) 

and wastage coefficient (Wm). 

Material Type Uni
t 

ECm 
(GJ/unit) 

MP lm 
(years) 

Wm 
(/1) 

Description 

Aluminium Virgin t 252.605 83.1% 35 1.00 Use specific types for 
assemblies. Lifespan 
assumed 

 Reflective foil m² 0.137 83.1% 30 1.10 Assumed lifespan. 
Wastage coefficient 
based on CSIRO (1994) 

 Roof coating m² 0.682 83.1% 5 1.05 Assumed 1 mm 
thickness. Lifespan 
based on NAHB (2007). 
Wastage coefficient 
assumed to be as for 
paint CSIRO (1994) 

 Interior shutters m² 0.750 83.1% 12 1.05 Assumed 1 mm 
thickness and 110% 
coverage over 1 m². 
Lifespan based on 
NAHB (2007) and 
wastage coefficient 
assumed as for virgin 
aluminium 

 Gutter m 0.273 83.1% 20 1.05 Assumed 1 mm 
thickness and 400 mm 
perimeter of section. 
Lifespan based on 
NAHB (2007) and 
wastage coefficient on 
Wainwright and Wood 
(1981) 

 Frame m 0.421 83.1% 40 1.05 Assumed 0.005t/m² of 
window/door and 3 m 
of frames per m² of 
window/door. Lifespan 
average of 
windows/doors from 
NAHB (2007). Wastage 
coefficient from Fay 
(1999) 

 Door handle no. 0.058 83.1% 30 1.05 Assumed 12 cm long 
and 3cm of diameter. 
Lifespan based on 
NAHB (2007) and 
wastage coefficient on 
Wainwright and Wood 
(1981) 
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Material Type Uni
t 

ECm 
(GJ/unit) 

MP lm 
(years) 

Wm 
(/1) 

Description 

 Solar frame m 0.421 83.1% 30 1.05 Assumed 0.005t/m² of 
panel and 3 m of 
frames per m² of 
window/door. 
Assumed lifespan of 
average of solar flat 
plate. Wastage 
coefficient from Fay 
(1999) 

 Systems t 252.605 83.1% 30 1.01 Assumed lifespan and 
wastage coefficient 

Asphalt Rolled m³ 3.076 23.6% 15 1.05 Assumed lifespan and 
wastage coefficient. 
Asphalt is assumed to 
5% Bitumen and 95% 
gravel based on Rolled 
asphalt from 
http://en.wikipedia.or
g/wiki/Asphalt  

Bitumen Plain m³ 48.389 91.1% 20 1.05 Assumed wastage 
coefficient and lifespan 
based on NAHB (2007) 

Carpet Wool m² 0.741 29.3% 10 1.05 Lifespan based on 
NAHB (2007) and 
Dovetail Partners Inc. 
(2009). Wastage 
coefficient based on 
CSIRO (1994) 

 Nylon m² 0.683 44.4% 10 1.05 Lifespan based on 
NAHB (2007) and 
Dovetail Partners Inc. 
(2009). Wastage 
coefficient based on 
CSIRO (1994) 

Ceramics Clay bricks (110 
mm) 

m² 0.560 71.4% BDSL 1.05 Wastage coefficient 
based on Crawford 
(2011) and lifespan 
based on NAHB (2007) 

 Tiles m² 0.293 9.0% 50 1.05 Heat coefficient 
average for alumina 
and zirconia types. 
Lifespan based on 
Dovetail Partners Inc. 
(2009). Wastage 
coefficient from CSIRO 
(2004) 

 Terracotta roof 
tiles (20 mm) 

m² 0.986 0.0% 50 1.10 Lifespan based on 
NAHB (2007) and 
wastage coefficient on 
CSIRO (1994) 

 Fibre cement 
sheet (4.5 mm) 

m² 0.235 26.0% 30 1.05 Lifespan based on Ding 
(2004) and wastage 
coefficient on CSIRO 
(1994) 

 Fibre cement 
sheet (6 mm) 

m² 0.288 28.3% 30 1.05 Lifespan based on Ding 
(2004) and wastage 
coefficient on CSIRO 
(1994) 
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Material Type Uni
t 

ECm 
(GJ/unit) 

MP lm 
(years) 

Wm 
(/1) 

Description 

 Toilet suite no. 9.625 0.0% 40 1.03 Lifespan based on Ding 
(2004) and wastage 
coefficient based on 
Fay (1999) 

 Basin no. 10.730 0.0% 35 1.03 Lifespan based on Ding 
(2004) and wastage 
coefficient on Fay 
(1999) 

Concrete 15 MPa m³ 4.032 65.6% BDSL 1.10 Wastage coefficient 
based on CSIRO(1994). 
Average from slab and 
foundation coefficients 

 20 MPa m³ 4.436 65.6% BDSL 1.10 Wastage coefficient 
based on CSIRO 
(1994). Average from 
slab and foundation 
coefficients 

 25 MPa m³ 5.013 68.8% BDSL 1.10 Wastage coefficient 
based on CSIRO 
(1994). Average from 
slab and foundation 
coefficients 

 32 MPa m³ 5.806 70.9% BDSL 1.10 Wastage coefficient 
based on CSIRO 
(1994). Average from 
slab and foundation 
coefficients 

 Aerated block 
(200 mm) 

m² 0.495 0.0% BDSL 1.05 Assumed that data is 
pure I-O. Wastage 
coefficient based 
concrete tiles from 
CSIRO 1994 

 Cement 
(structural) 

t 16.692 79.1% BDSL 1.05 Wastage coefficient 
based on CSIRO 
(1994). Lifespan from 
NAHB (2007) 

 Cement (other) t 16.692 79.1% 25 1.05 Wastage coefficient 
based on CSIRO 
(1994). Lifespan from 
NAHB (2007) 

 Hollow block 
(200 mm) 

m² 0.805 0.0% BDSL 1.05 Assumed that data is 
pure input-output. 
Wastage coefficient 
based concrete tiles 
from CSIRO 1994 

 Roof tile (20 mm) m² 0.251 15.5% 50 1.10 Assumed lifespan. 
Wastage coefficient 
from CSIRO (1994) 

 Mortar m³ 2.000 100.0
% 

BDSL 1.30 Lifespan based on 
Wainwright and Wood 
(1981)Assumed 
lifespan 

 Precast m³ 4.436 65.6% BDSL 1.01 Assumed wastage 
coefficient. 
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Material Type Uni
t 

ECm 
(GJ/unit) 

MP lm 
(years) 

Wm 
(/1) 

Description 

 Hollow block 
(100 mm) 

m² 0.405 0.0% BDSL 1.05 Assumed that data is 
pure input-output. 
Wastage coefficient 
based concrete tiles 
from CSIRO (1994) 

 5 MPa (for roads) m³ 2.790 65.6% 35 1.05 Wastage coefficient 
based on CSIRO 
(1994). Assumed 
lifespan and embodied 
water coefficient. 

 Sidewalk 
pavement 

m² 0.248 0.0% 35 1.05 Assumed similar to 
half an aerated block 
(200mm). Assumed 
that data is pure input-
output. Wastage 
coefficient based 
concrete tiles from 
CSIRO 1994. Assumed 
lifespan 

 32 MPa (roads) m³ 5.806 70.9% 50 1.05 Wastage coefficient 
based on CSIRO 
(1994). Assumed 
lifespan 

Copper Plain t 378.853 18.6% BDSL 1.05 Lifespan based on 
NAHB (2007) and 
wastage coefficient 
based on CSIRO (1994) 
and Crawford (2011) 

 Pipe m 0.036 18.6% 30 1.05 Assumed 1/4 inch 
diameter and 1 mm 
thickness. Lifespan 
based on NAHB (2007) 
and wastage 
coefficient based on 
CSIRO (1994) and 
Crawford (2011) 

 Wire t 378.853 18.6% 30 1.03 Assumed lifespan and 
wastage coefficient 
from Fay (1999) 

Glass Clear float (4 
mm) window 
pane 

m² 1.728 34.2% 40 1.03 Lifespan based on 
window average from 
NAHB (2007). Wastage 
coefficient from 
Wainwright and Wood 
(1981) 

 Thoughened 
glass (6 mm) 

m² 3.657 24.3% 40 1.03 Assumed lifespan. 
Wastage coefficient 
from Wainwright and 
Wood (1981) 

 Thoughened 
glass (12 mm) 

m² 7.314 24.3% 40 1.03 Assumed lifespan. 
Wastage coefficient 
from Wainwright and 
Wood (1981) 

 Toughened glass 
(6 mm) for solar 

m² 3.657 24.3% 30 1.03 Assumed lifespan. 
Wastage coefficient 
from Wainwright and 
Wood (1981) 
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Material Type Uni
t 

ECm 
(GJ/unit) 

MP lm 
(years) 

Wm 
(/1) 

Description 

Insulation Expanded 
polystyrene 

m³ 7.220 32.5% 50 1.10 Assumed lifespan 
based on NAHB (2007). 
Wastage coefficient 
from CSIRO (1994) 

 Fibreglass m³ 2.170 44.7% 30 1.10 Assumed lifespan. 
Wastage coefficient 
from CSIRO (1994) 

 Fibreglass (solar) m³ 2.170 44.7% 30 1.03 Assumed lifespan 
based on solar flat 
collector. Assumed 
wastage coefficient. 

Other Ducted heating 
delivery 

no. 3.000 0.0% 30 1.05 Material based on 
60 GJ for a 14 outlet 
complete system from 
pure input-output 
figures. 70% is 
assumed for the 
ducting--> 
60/14*0.7=3. Assumed 
lifespan and wastage 
coefficient 

 Ducted heating 
generation 

no. 18.000 0.0% 30 1.05 Material based on 60 
GJ for a 14 outlet 
complete system from 
pure input-output 
figures. 30% is 
assumed for the heat 
generation unit> 
60*0.3=18. Assumed 
lifespan and wastage 
coefficient 

 PH heat recovery 
system 

no. 60.000 0.0% 30 1.05 Based on the price of a 
heat recovery system 
in Belgium using input-
output data for the 
corresponding sector 
in Australia. Assumed 
lifespan and wastage 
coefficient 

 Centralized gas 
heating boiler 

no. 18.076 0.0% 30 1.05 Assume lifespan and 
wastage coefficient. 
Pure input-output 
figures based A$ 1 200 
(1997) price. 

 100 kVA 
transformer 

no. 53.060 0.0% 30 1.05 Assumed lifespan and 
wastage coefficient. EE 
EC and EW values 
based on pure 1997 I-
O figures for Australia 
with A$ 3 000 price 
and sector: Other 
electrical equipment 

 Silicon cell 
(mono) 

m² 33.586 0.0% 30 1.00 EE figure based on 
Crawford (2011). The 
remainder of the 
system is attributed to 
the silicon cells. 
Assumed lifespan and 
wastage coefficient. 
Assumed pure I-O and 
no water requirements 
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Material Type Uni
t 

ECm 
(GJ/unit) 

MP lm 
(years) 

Wm 
(/1) 

Description 

 Inverter (for pv 
system) 

no. 1.506 0.0% 30 1.00 EE based on pure I-O. 
Assume A$ 100 price 
and sector: other 
machinery and 
equipment. Assumed 
lifespan and wastage 
coefficient 

 Central 
condensation 
boiler 700 kW 

no. 169.458 0.0% 30 1.03 Assumed lifespan and 
wastage coefficient. EE 
based on pure I-O data 
and price of A$ 11 250 
of 1997 based on 2012 
Belgian price from 
manufacturer 

Paint oil_based m² 0.101 15.9% 10 1.05 Assumed heat 
conductivity. Lifespan 
based on NAHB (2007). 
Wastage coefficient 
based on CSIRO (1994) 

 water_based m² 0.096 14.9% 10 1.05 Assumed heat 
conductivity and 
density. Lifespan based 
on NAHB (2007). 
Wastage coefficient 
based on CSIRO (1994) 

Plasterboard (10 mm) m² 0.207 16.8% 30 1.05 Lifespan based on 
Treloar et al. (2000). 
Wastage coefficient 
from CSIRO (1994) 

 (13 mm) m² 0.232 19.5% 30 1.05 Lifespan based on 
Treloar et al. (2000). 
Wastage coefficient 
from CSIRO (1994) 

Plastics General (PVC) t 156.904 38.3% 30 1.05 Lifespan based on 
averages from NAHB 
(2007) for different 
assemblies. Wastage 
coefficient from 
Crawford (2011) 

 Laminate (1 mm) m² 0.200 31.2% 10 1.05 Density and heat 
conductivity set as for 
PVC. Assumed lifespan 
and wastage 
coefficient. 

 Plastic 
membrane 
(1mm) 

m² 0.514 12.2% 100 1.10 Density and heat 
conductivity set as for 
PVC. Assumed lifespan 
(structural) and 
wastage coefficient. 

 Polystyrene 
(structural) 

m³ 7.037 33.3% 100 1.05 Assumed lifespan and 
wastage coefficient 
taken as for PVC 

 PVC water pipe 
(20 mm) 

m 0.212 0.0% 25 1.05 Lifespan based on 
NAHB (2007) and 
wastage coefficient 
assumed to be as for 
PVC 
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Material Type Uni
t 

ECm 
(GJ/unit) 

MP lm 
(years) 

Wm 
(/1) 

Description 

 UPVC pipe (100 
mm) 

m 0.266 0.0% 25 1.05 Lifespan based on 
NAHB (2007) and 
wastage coefficient, 
density and 
conductivity assumed 
to be as for PVC 

 UPVC pipe (100 
mm slotted) 

m 0.208 0.0% 25 1.05 Lifespan based on 
NAHB (2007) and 
wastage coefficient, 
density and 
conductivity assumed 
to be as for PVC 

 Vinyl flooring (2 
mm) 

m² 0.661 18.9% 50 1.05 Lifespan based on 
NAHB (2007) and 
Dovetail Partners Inc. 
(2009). Wastage 
coefficient from CSIRO 
(1994). Assumed 
density 

 Bath (Acrylic) no. 5.524 0.0% 40 1.00 Assumed lifespan and 
wastage coefficient. 

 Wire coating t 156.904 38.3% 30 1.03 Assumed lifespan. 
Wastage coefficient 
from Fay (1999) 

 Systems (PVC) t 156.904 38.3% 30 1.05 Lifespan based on 
averages from NAHB 
(2007) for different 
assemblies. Wastage 
coefficient from 
Crawford (2011) 

 PVC (water 
system) 

t 156.904 38.3% 40 1.05 Assumed lifespan and 
wastage coefficient 

Sand and 
stone 

Granite t 0.087 0.0% BDSL 1.30 Lifespan based on 
NAHB (2007). 
Estimated wastage 
coefficient based on 
Crawford (2004). 
Averaged heat 
conductivity. 

 Sand m³ 0.617 64.2% 500 1.10 Assumed lifespan. 
Wastage coefficient 
from CSIRO (1994). 
Heat conductivity for 
dry conditions. 

 Screenings m³ 0.691 20.0% BDSL 1.30 Assumed lifespan and 
heat conductivity. 
Wastage coefficient 
estimated and based 
on Crawford (2004) 

Steel COLORBOND® 
steel decking 

m² 0.933 11.5% 30 1.05 Lifespan based on Ding 
(2004). Wastage 
coefficient from CSIRO 
(1994) 

 Reinforcement t 85.460 31.9% BDSL 1.05 Assumed lifespan and 
wastage coefficient 
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Material Type Uni
t 

ECm 
(GJ/unit) 

MP lm 
(years) 

Wm 
(/1) 

Description 

 Lintel t 85.460 31.9% BDSL 1.02 Assumed lifespan and 
wastage coefficient 
from CSIRO (1994) 

 Stainless t 445.178 0.0% 80 1.05 Assumed lifespan. 
Wastage coefficient 
based on Crawford 
(2011) 

 Steel decking m² 0.796 13.4% 30 1.05 Lifespan based on Ding 
(2004). Wastage 
coefficient based on 
Crawford (2011) 

 Gutter t 85.460 31.9% 20 1.05 Lifespan based on 
NAHB (2007) and 
assumed wastage 
coefficient. 

 Door accessories t 85.460 31.9% 30 1.05 Lifespan based on 
NAHB (2007) and 
estimated wastage 
coefficient 

 Stainless (sink) no. 13.762 0.0% 40 1.00 Assumed Lifespan and 
wastage coefficient. 

 Tank (solar) t 85.460 31.9% 30 1.03 Assumed lifespan 
based on solar hot 
water system. 
Assumed wastage 
coefficient 

 Structural t 85.460 31.9% BDSL 1.05 Assumed lifespan and 
wastage coefficient 

 Systems t 85.460 31.9% 30 1.03 Assumed lifespan 
based on average 
systems lifespan. 
Assumed wastage 
coefficient 

 Reinforcement 
(roads) 

t 85.460 31.9% 50 1.05 Assumed lifespan and 
wastage coefficient 

 Infrastructure 
valves 

t 85.460 31.9% 40 1.03 Assumed lifespan and 
wastage coefficient 

Timber Hardwood 
(structural) 

m³ 21.326 78.7% BDSL 1.05 Average density. Heat 
conductivity of Oak. 
Lifespan based on 
NAHB (2007). Wastage 
coefficient from CSIRO 
(1994) 

 Hardwood 
(exterior) 

m³ 21.326 78.7% 30 1.05 Average density. Heat 
conductivity of Oak. 
Lifespan based on 
NAHB (2007). Wastage 
coefficient from CSIRO 
(1994) 

 Softwood 
(framing) 

m³ 10.925 60.0% BDSL 1.02 Average density. Heat 
conductivity of Pine. 
Lifespan based on 
NAHB (2007). Wastage 
coefficient from CSIRO 
(1994) 
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Material Type Uni
t 

ECm 
(GJ/unit) 

MP lm 
(years) 

Wm 
(/1) 

Description 

 MDF/particleboar
d 

m³ 30.350 26.2% 30 1.05 Average density and 
heat conductivity. 
Lifespan based on 
NAHB (2007) and 
wastage coefficient 
from CSIRO (1994) 

 Softwood 
(panels) 

m³ 10.925 60.0% 30 1.02 Average density. Heat 
conductivity of Pine. 
Lifespan based on 
NAHB (2007). Wastage 
coefficient from CSIRO 
(1994) 

 Skirting (20 x 1.8 
cm) 

m 0.109 26.2% 50 1.10 Average density and 
heat conductivity. 
Assumed Lifespan and 
wastage coefficient 
from CSIRO (1994) 

 Hardwood ( 
window frame) 

m³ 21.326 78.7% 40 1.05 Assume same as 
hardwood. Lifespan 
based on NAHB (2007). 
Wastage coefficient 
from CSIRO (1994) 

 MDF/particleboar
d (structural) 

m³ 30.350 26.2% BDSL 1.05 Average density and 
heat conductivity. 
Assumed lifespan and 
wastage coefficient 
from CSIRO (1994) 

 Hardwood (poles) m³ 21.326 78.7% 50 1.05 Average density. Heat 
conductivity of Oak. 
Assumed lifespan. 
Wastage coefficient 
from CSIRO (1994) 

Void Void no. 0.000 0.0% 1000 1.00 Use for empty 
assemblies 

Note: ECm = embodied energy coefficient of material m in GJ/unit, MP = percentage of process 

data, lm = lifespan of the material m in years, and Wm = wastage coefficient of material m. 

Table C.2: List of assemblies used in the base case of the passive house case study 

Assembly subcategory Assembly name Quantity Unit Description 

Beams  IPE 220  167.38 m For small spans such as those used in 
this case 

Columns  Circular steel tube 
column (152mm x 4mm 
thick)  

58.73 m Circular column made of extruded steel 
tube 152.4 mm x 4 mm of thickness. 
kg/t=14.64 from ArcelorMittal 
catalogue (2012) 

Cooling  void_cooling_elec  0.00 no. No cooling system 

Dhw_aux  Electric DHW tank (300 
L)  

1.00 no. Purely electric dhw tank. Includes: steel 
tank 300L (including burner) - copper 
pipes - heating coils 

Dhw_solar  void_solar_hot_water  0.00 no. No solar panels installed 
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Assembly subcategory Assembly name Quantity Unit Description 

Doors  Hollow core MDF door 
(concrete lintel)  

20.00 no. Typical hollow core door 2.05 x 0.82 m 
Include: -MDF board x2 - Hinges - Lock - 
handle - prestressed concrete lintel 
above - frame - paint 

Flooring_bedrooms  Nylon carpet  118.26 m² Nylon carpet 

Flooring_living  Parquetry flooring  133.04 m² Parquetry flooring . Includes: Parquet - 
foam 1 cm assumed 2 mm of plastic 

Flooring_toilets_kitchen  Ceramic tiles  44.35 m² - 

Foundations_concrete  Foundations concrete 
20 MPa  

14.06 m³ - 

Foundations_steel  Foundations steel  1.41 t - 

Gaspipe  PE gas distribution 
system (low density)  

44.49 m Low density PE pipes gas distribution 
system . Includes: 92.3 mm diameter 
gas - 1x steel valve every 50 m 

Gf_slab  PH insulated 15 cm slab 
with piping  

109.50 m² PH ground floor slab. Includes: 15 cm 
32 MPa RF concrete slab (100 kg/m³) – 
110 mm plastic pipes - 20c m of PU 
(assumed as EPS) 

Heating  PH heat recovery 
systems with elec 
resistances  

1.00 no. Heating delivery system for ducted 
system (hot air) 

Heating_units  PH ventilation duct (3 m 
- 200x100)  

10.00 no. A 3m rectangular ventilation duct for 
PH . Includes: 200x100 duct - related 
circular steel ducts - delivery grill 
(plastic) - extract grill (plastic) - 
insulation 

Other_finishings  Medium standard 295.65 m² Medium standard finishes. Determined 
for a 270 UFA m² house. . includes: -
Mirrors - Toilet Ceramics - Baths - 
Stainless steel sink - MDF squirting - 
MDF cupboards 

Outer_walls  PH masonry walls with 
glued bricks  

304.56 m² PH outer walls Includes: Glued bricks 
(40 mm) – 22 cm PU (assumed as EPS) - 
weather membrane - 15 cm concrete 
blocks - mortar (1 cm) - paint 

Partition_walls  Masonry internal walls  220.00 m² Typical 10cm masonry internal walls 
Includes: 10cm concrete blocks - 1cm 
mortar on each face for evening - paint 
on each face 

Pipes  PVC pipes (20 mm)  162.61 m PVC pipes (20 mm) for water 
distribution 

Powerline  Power lines without 
poles (low density)  

44.49 m Powerlines for low density residential 
areas: one 100 kVA transformer for 
every 1000 m of wires (i.e. 20 m per 
house and 2 kVA per house) Includes: 
4x 1 cm diameter copper wires - Plastic 
insulation 2mm thick -Plastic holder for 
4 wires - 1x 100 kVA transformer per 
700 m 

Pv  void_pv  0.00 no. No pv system installed 
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Assembly subcategory Assembly name Quantity Unit Description 

Road  Suburban concrete road 
with asphalt (5.5 m 
wide)+ sidewalk + 
lighting poles  

44.49 m A 5.5 m wide concrete road with 
asphalt road with screenings. 1.5 m 
sidewalks are included as well as 
lighting poles every 20 m. Includes: 
Asphalt (5 cm) - Concrete 32 MPa 
(15 cm) - Steel reinforcement 
100 kg/m³ - Screenings (30 cm) - 
Screenings for 1.5 m sidewalks on each 
side - 10 cm sand under sidewalks - 
Steel poles every 20 m - Concrete 25 
MPa for pole foundation - Steel 
reinforcement for foundation 

Roof  PH Terracota tiles roof 
with concrete structure  

113.36 m² PH roof. Includes: Terracota tiles - 
3x10 cm of PU (assumed as EPS) - MDF 
board – 10 cm of rock wool insulation 
(assumed as fibreglass) - plasterboard 
(10 mm) - paint 

Sewage  Sewage concrete pipe 
1.2 m diameter  

18.31 m A 1.2 m diameter – 10 cm thick - RF 
concrete pipe. Includes: Concrete 
32 MPa - Steel reinforcement (70 
kg/m³) - One entrance every 50 m 
+ladder 

Uf_slab  PH concrete slab with 
prefab 13 cm hollow 
concrete  

219.00 m² Concrete slab with prefab 
pretensionned concrete. Includes: 
13 cm prestressed concrete elements - 
pretensionning cables - edge insulation 
- 5 cm compression layer - Steel 
reinforcements for compression layer 
(100 kg/m³) – 10 cm concrete 

Watersystem  PE water distribution 
system (low density)  

44.49 m Low density PE pipes water distribution 
system Includes: 200mm diameter 
water - 1x steel valve every 50 m 

Windows  Wood Triple glazed PH 
(concrete lintel and 
brick sill)  

74.26 m Triple glazed wood framed window. 
Includes a concrete lintel above and a 
brick sill. Rubber joints assumed as pvc 

Wires  Electric wire (copper 
1 mm) 

177.39 m Classic electric wire (2x) with 1 mm 
copper wire and 2 mm plastic coating 

Table C.3: Material bill of quantities for the base case of the passive house case study 

Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

Aluminium Door handle 21.000 no. Hollow core MDF door (concrete 
lintel) 

  Reflective foil 335.016 m² PH masonry walls with glued 
bricks 

Carpet Nylon 124.173 m² Nylon carpet 

Ceramics Basin 4.511 no. Medium standard finishes 

  Clay bricks (110 mm) 124.863 m² PH masonry walls with glued 
bricks - Wood Triple glazed 
PH(concrete lintel and brick sill) 

  Terracotta roof tiles (20 mm) 137.166 m² PH Terracota tiles roof with 
concrete structure 
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Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

  Tiles 46.568 m² Ceramic tiles 

  Toilet suite 3.384 no. Medium standard finishes 

Concrete 15 MPa 25.295 m³ PH concrete slab with prefab 
13 cm hollow concrete - PH 
insulated 15 cm slab with piping 

  20 MPa 15.466 m³ Foundations concrete 20 MPa 

  25 MPa 12.045 m³ PH concrete slab with prefab 
13 cm hollow concrete 

  32 MPa 18.068 m³ PH insulated 15 cm slab with 
piping 

  Aerated block (200 mm) 355.341 m² PH masonry walls with glued 
bricks - Masonry internal walls 

  Mortar 9.679 m³ PH masonry walls with glued 
bricks - Masonry internal walls 

  Precast 20.595 m³ PH concrete slab with prefab 
13 cm hollow concrete - Hollow 
core MDF door (concrete lintel - 
Wood Triple glazed PH(concrete 
lintel and brick sill) 

Copper Pipe 10.500 m Electric DHW tank (300 L) 

  Wire 0.002 t Electric wire (copper 1 mm) 

Glass Clear float (4 mm) window 
pane 

269.051 m² Wood Triple glazed PH(concrete 
lintel and brick sill) - Medium 
standard finishes 

Insulation Expanded polystyrene 135.202 m³ PH masonry walls with glued 
bricks - PH insulated 15 cm slab 
with piping - PH Terracota tiles 
roof with concrete structure 

  Fibreglass 14.440 m³ PH concrete slab with prefab 
13 cm hollow concrete - PH 
Terracota tiles roof with concrete 
structure 

  Fibreglass (solar) 0.515 m³ PH ventilation duct (3 m - 
200x100) 

Other PH heat recovery system 1.050 no. PH heat recovery systems with 
elec resistances 

Paint water_based 974.432 m² PH masonry walls with glued 
bricks - Hollow core MDF door 
(concrete lintel) - Masonry 
internal walls - PH Terracota tiles 
roof with concrete structure 

Plasterboard (10 mm) 119.028 m² PH Terracota tiles roof with 
concrete structure 

Plastics Bath (Acrylic) 2.190 no. Medium standard finishes 
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Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

  General (PVC) 0.231 t Parquetry flooring - Wood Triple 
glazed PH(concrete lintel and 
brick sill) 

  PVC water pipe (20 mm) 170.741 m PVC pipes (20 mm) 

  Systems (PVC) 0.002 t PH ventilation duct (3 m - 
200x100) 

  UPVC pipe (100 mm) 86.231 m PH insulated 15 cm slab with 
piping 

Sand and stone Sand 41.594 m³ PH insulated 15 cm slab with 
piping 

Steel Door accessories 0.008 t Hollow core MDF door (concrete 
lintel) 

  Lintel 0.532 t Hollow core MDF door (concrete 
lintel) - Wood Triple glazed 
PH(concrete lintel and brick sill) 

  Reinforcement 4.918 t PH concrete slab with prefab 
13 cm hollow concrete - PH 
insulated 15 cm slab with piping - 
Foundations steel 

  Stainless (sink) 1.095 no. Medium standard finishes 

  Structural 5.508 t Circular steel tube column 
(152 mm x 4 mm thick) - IPE 220 

  Systems 0.411 t Electric DHW tank (300 L) - PH 
ventilation duct (3m - 200x100) - 
PH heat recovery systems with 
elec resistances 

  Tank (solar) 0.065 t Electric DHW tank (300 L) 

Timber Hardwood ( window frame) 4.678 m³ Wood Triple glazed PH(concrete 
lintel and brick sill) 

  MDF/particleboard 7.357 m³ Parquetry flooring - Hollow core 
MDF door (concrete lintel) - PH 
Terracota tiles roof with concrete 
structure - Medium standard 
finishes 

  Softwood (framing) 0.328 m³ Hollow core MDF door (concrete 
lintel) 

Void Void 17.000 no. void_pv - void_cooling_elec - 
void_solar_hot_water 
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Table C.4: List of assemblies used in the retrofitted apartment alternative to the 

passive house case study 

Assembly 
subcategory 

Assembly name Quantity Unit IEEa Description 

beams  Concrete beam 20 cm x 
40 cm  

40.00 m NO Typical RF concrete beam 
Includes: Concrete 25 MPa - 
Steel reinforcements - Mortar 
1 cm 3/4 of faces - paint 3/4 of 
faces 

columns  Concrete column 
30 cm x 30 cm  

12.96 m NO Typical RF concrete column 
Includes: Concrete 25 MPa - 
Steel reinforcement - 1cm 
mortar on 3/4 of faces - paint 
on 3/4 of faces 

cooling  void_cooling_elec  0.00 no. - No cooling system installed 

dhw_aux  void_gas_dhw  0.00 no. - The domestic hot water is 
generated by the heating 
system 

dhw_solar  void_solar_hot_water  0.00 no. - No solar panels for hot water 
installed 

doors  Hollow core MDF door 
(concrete lintel)  

8.00 no. YES Typical hollow core door 2.05 x 
0.82 m Include: -MDF board x2 
- Hinges - Lock - handle - 
prestressed concrete lintel 
above - frame - paint 

flooring_bedroo
ms  

Nylon carpet  32.40 m² YES - 

flooring_living  Parquetry flooring  32.40 m² YES - 

flooring_toilets_
kitchen  

Ceramic tiles  7.20 m² YES - 

foundations_con
crete  

Foundations concrete 
20 MPa  

3.20 m³ NO - 

foundations_ste
el  

Foundations steel  0.42 t NO - 

gaspipe  PE gas distribution 
system (high density)  

2.70 m - High density PE pipes gas 
distribution system Includes: 
184.7 mm diameter gas pipes 
50% - 92.3mm diameter gas 
50% - 1x steel valve every 20m 

gf_slab  15 cm RF concrete slab 
with 8 cm insulation 
and piping  

8.00 m² NO PH ground floor slab Includes: 
15 cm 32 MPa RF concrete slab 
(100 kg/m³) – 110 mm plastic 
pipes - 8cm of PU (assumed as 
EPS) 

heating  Central gas 
condensation boiler 
700 kW (for 90 
apartments)  

1.00 no. NO A high power 700 kW 
condensation boiler for large 
apartment buildings The EE 

heating_units  Heating radiator 
1000 W  

4.00 no. NO Typical 500 W heating radiator: 
Includes: Radiator 40cm x 
120 cm - Valve – 10 m of steel 
pipes 1/2'' 
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Assembly 
subcategory 

Assembly name Quantity Unit IEEa Description 

other_finishings  Medium standard 
finishes  

72.00 m² YES Medium standing finishes. 
Determined for a 270 UFA m² 
house. Includes: -Mirrors - 
Toilet Ceramics - Baths - 
Stainless steel sink - MDF 
squirting - MDF cupboards 

outer_walls  Double walls: masonry 
+ bricks with 8 cm 
insulation  

4.32 m² YES Traditional Belgian brick veneer 
outer walls Includes: Bricks 
(110mm) – 8 cm PU (assumed 
as EPS) - weather membrane - 
15 cm concrete blocks - mortar 
(1cm) - paint 

partition_walls  Masonry internal walls  97.20 m² YES Typical 10 cm masonry internal 
walls Includes: 10cm concrete 
blocks – 1 cm mortar on each 
face for evening - paint on each 
face 

pipes  PVC pipes (20 mm)  39.60 m YES  

powerline  Power lines without 
poles (high density)  

2.70 m NO Powerlines for high density 
residential areas: one 100 kVA 
transformer for every 400 m of 
wires (i.e. 8 m per house and 
2 kVA per house) Includes: 4x 
1 cm diameter copper wires - 
Plastic insulation 2 mm thick -
Plastic holder for 4 wires - 1x 
100 kVA transformer per 400m 

pv  void_pv  0.00 no. NO No photovoltaic panels are 
installed 

road  Concrete road with 
asphalt (6.5 m wide)+ 
sidewalk + lighting 
poles  

2.70 no. NO A 6.5m wide concrete road 
with asphalt road with 
screenings. 1.5 m sidewalks are 
included as well as lighting 
poles every 20 m. Includes: 
Asphalt (5 cm) - Concrete 32 
MPa (15 cm) - Steel 
reinforcement 100 kg/m³ - 
Screenings (30 cm) - Concrete 
pavements for 1.5 m sidewalks 
on each side - 10 cm sand 
under sidewalks - Steel poles 
every 20 m - Concrete 25 MPa 
for pole foundation - Steel 
reinforcement for foundation 

roof  Terracota tiles roof 
with concrete structure  

8.00 m² YES Typical Belgian house roof 
Includes: Terracota tiles - 
2x10 cm of PU (assumed as 
EPS) - MDF board - 
plasterboard (10 mm) - paint 

sewage  Sewage concrete pipe 
1.2 m diameter  

0.87 m NO A 1.2 m diameter – 10 cm thick 
- RF concrete pipe. Includes: 
Concrete 32 MPa - Steel 
reinforcement (70 kg/m³) - One 
entrance every 50 m +ladder 



Towards a comprehensive energy assessment of residential buildings 

 

346 

To
w

ard
s a co

m
p

reh
en

sive en
ergy assessm

en
t o

f resid
en

tial b
u

ild
in

gs 

 

Assembly 
subcategory 

Assembly name Quantity Unit IEEa Description 

uf_slab  Concrete slab with 
prefab 13 cm hollow 
concrete  

80.00 m² NO Concrete slab with prefab 
pretensionned concrete 
Includes: 13 cm prestressed 
concrete elements - 
pretensionning cables - 5 cm 
compression layer - Steel 
reinforcements for 
compression layer (100 kg/m³) 
– 10 cm concrete 

watersystem  PE water distribution 
system (high density)  

7.66 m NO High density PE pipes water 
distribution system Includes: 
400 mm diameter water pipes 
50% - 200 mm diameter water 
50% - 1x steel valve every 20 m 

windows  Aluminium double 
glazed bay window (no 
lintel and no sill)  

38.88 m² YES Double glazed aluminium 
framed bay window from floor 
to ceiling Rubber joints 
assumed as pvc 

wires  Electric wire (copper 
1 mm)  

43.20 m YES Classic electric wire (2x) with 1 
mm copper wire and 2mm 
plastic coating 

Note: 
a
IEE: considered in initial embodied energy calculations. 

Table C.5: Material bill of quantities of the retrofitted apartment alternative to the 

passive house case study 

Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

Aluminium Door handle 8.400 no. Hollow core MDF door 
(concrete lintel) 

  Frame 81.648 m Aluminium double glazed bay 
window (no lintel and no sill) 

  Reflective foil 4.752 m² Double walls: masonry + bricks 
with 8cm insulation 

Carpet Nylon 34.020 m² Nylon carpet 

Ceramics Basin 1.099 no. Medium standard finishes 

  Clay bricks (110 mm) 3.629 m² Double walls: masonry + bricks 
with 8cm insulation 

  Terracotta roof tiles (20 mm) 9.680 m² Terracota tiles roof with 
concrete structure 

  Tiles 7.560 m² Ceramic tiles 

  Toilet suite 0.824 no. Medium standard finishes 

Concrete 15 MPa 8.888 m³ Concrete slab with prefab 
13 cm hollow concrete - 15 cm 
RF concrete slab with 8 cm 
insulation and piping 

  20 MPa 3.520 m³ Foundations concrete 20 MPa 
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Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

  25 MPa 9.203 m³ Concrete slab with prefab 
13 cm hollow concrete - 
Concrete column 30 cm x 
30 cm - Concrete beam 20 cm 
x 40 cm 

  32 MPa 1.320 m³ 15 cm RF concrete slab with 
8 cm insulation and piping 

  Aerated block (200 mm) 54.432 m² Double walls: masonry + bricks 
with 8cm insulation - Masonry 
internal walls 

  Mortar 2.787 m³ Double walls: masonry + bricks 
with 8cm insulation - Concrete 
column 30 cm x 30 cm - 
Concrete beam 20 cm x 40 cm 
- Masonry internal walls 

  Precast 6.989 m³ Concrete slab with prefab 
13 cm hollow concrete - 
Hollow core MDF door 
(concrete lintel) 

Copper Wire 0.001 t Electric wire (copper 1 mm) 

Glass Clear float (4 mm) window pane 89.734 m² Aluminium double glazed bay 
window (no lintel and no sill) - 
Medium standard finishes 

Insulation Expanded polystyrene 1.964 m³ Double walls: masonry + bricks 
with 8cm insulation - 15 cm RF 
concrete slab with 8 cm 
insulation and piping - 
Terracota tiles roof with 
concrete structure 

Other Central condensation boiler 700 
kW 

0.011 no. Central gas condensation 
boiler 700 kW (for 90 
apartments) 

Paint water_based 300.749 m² Double walls: masonry + bricks 
with 8cm insulation - Hollow 
core MDF door (concrete 
lintel) - Concrete column 
30 cm x 30 cm - Concrete 
beam 20 cm x 40 cm - 
Masonry internal walls - 
Terracota tiles roof with 
concrete structure 

Plasterboard (10 mm) 8.400 m² Terracota tiles roof with 
concrete structure 

Plastics Bath (Acrylic) 0.533 no. Medium standard finishes 

  General (PVC) 0.059 t Parquetry flooring - 
Aluminium double glazed bay 
window (no lintel and no sill) 

  PVC water pipe (20 mm) 41.580 m PVC pipes (20 mm) 

  UPVC pipe (100 mm) 6.300 m 15 cm RF concrete slab with 
8 cm insulation and piping 

  Wire coating 0.000 t Electric wire (copper 1 mm) 



Towards a comprehensive energy assessment of residential buildings 

 

348 

To
w

ard
s a co

m
p

reh
en

sive en
ergy assessm

en
t o

f resid
en

tial b
u

ild
in

gs 

 

Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

Sand and stone Sand 3.039 m³ 15 cm RF concrete slab with 
8 cm insulation and piping 

Steel Door accessories 0.003 t Hollow core MDF door 
(concrete lintel) 

  Lintel 0.005 t Hollow core MDF door 
(concrete lintel) 

  Reinforcement 1.529 t Concrete slab with prefab 
13 cm hollow concrete - 
Concrete beam 20 cm x 40 cm 
- 15 cm RF concrete slab with 
8 cm insulation and piping - 
Foundations steel 

  Stainless (sink) 0.267 no. Medium standard finishes 

  Structural 0.122 t Concrete column 30 cm x 
30 cm 

  Systems 0.130 t Heating radiator 1000 W 

Timber MDF/particleboard 1.620 m³ Parquetry flooring - Hollow 
core MDF door (concrete 
lintel) - Terracota tiles roof 
with concrete structure - 
Medium standard finishes 

  Softwood (framing) 0.131 m³ Hollow core MDF door 
(concrete lintel) 

Table C.6: Material bill of quantities of the BC4 building (240 m² house for four 

persons) of the Australian suburban neighbourhood case study 

Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

Aluminium Door handle 14.700 no. Hollow core MDF door 

  Frame 176.904 m Aluminium double glazed window 
(steel lintel and brick sill) 

  Reflective foil 165.363 m² Timber framed brick veneer wall 
(large joints) 

Carpet Nylon 87.087 m² Nylon carpet 

Ceramics Basin 3.164 no. Medium standard finishes 

  Clay bricks (110 mm) 88.567 m² Timber framed brick veneer wall 
(large joints) - Aluminium double 
glazed window (steel lintel and 
brick sill) 

  Tiles 130.631 m² Ceramic tiles 

  Toilet suite 2.373 no. Medium standard finishes 

Concrete 25 MPa 86.801 m³ Foundations concrete 25 MPa - 
Typical RC concrete slab including 
piping and plastic membrane 



Appendix C: Case study data

 

349 

Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

  Roof tile (20 mm) 288.621 m² Concrete tiles timber frame roof 

Copper Pipe 71.400 m Flat plate collector (1.2 x 1.8m) - 
Auxiliary gas DHW 

  Wire 0.002 t Electric wire (copper 1 mm) 

Glass Clear float (4 mm) window 
pane 

143.455 m² Aluminium double glazed window 
(steel lintel and brick sill) - 
Medium standard finishes 

  Toughened glass (6 mm) for 
solar 

4.450 m² Flat plate collector (1.2 x 1.8m) 

Insulation Fibreglass 69.013 m³ Timber framed brick veneer wall 
(large joints) - Concrete tiles 
timber frame roof 

  Fibreglass (solar) 0.222 m³ Flat plate collector (1.2 x 1.8m) 

Other Ducted heating delivery 12.600 no. Hot air distribution (ducted 
system) 

  Ducted heating generation 1.050 no. Air heater (gas) for ducted system 

Paint Water based 928.554 m² Timber framed brick veneer wall 
(large joints) - Hollow core MDF 
door - Timber framed internal 
walls - Concrete tiles timber frame 
roof 

Plasterboard (10 mm) 877.023 m² Timber framed brick veneer wall 
(large joints) - Timber framed 
internal walls - Concrete tiles 
timber frame roof 

Plastics Bath (Acrylic) 1.536 no. Medium standard finishes 

  General (PVC) 0.006 t Aluminium double glazed window 
(steel lintel and brick sill) 

  PVC water pipe (20 mm) 119.753 m PVC pipes (20 mm) 

  Plastic membrane (1mm) 253.440 m² Typical RC concrete slab including 
piping and plastic membrane 

  UPVC pipe (100 mm) 122.182 m Typical RC concrete slab including 
piping and plastic membrane 

  Wire coating 0.000 t Electric wire (copper 1 mm) 

Sand and stone Sand 23.908 m³ Timber framed brick veneer wall 
(large joints) 

  Screenings 5.042 m³ Typical RC concrete slab including 
piping and plastic membrane 

Steel Door accessories 0.006 t Hollow core MDF door 

  Gutter 0.059 t Concrete tiles timber frame roof 
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Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

  Lintel 0.469 t Hollow core MDF door - 
Aluminium double glazed window 
(steel lintel and brick sill) 

  Reinforcement 8.358 t Timber framed brick veneer wall 
(large joints) - Typical RC concrete 
slab including piping and plastic 
membrane - Timber framed 
internal walls - Concrete tiles 
timber frame roof - Foundations 
steel 

  Stainless (sink) 0.768 no. Medium standard finishes 

  Tank (solar) 0.065 t Auxiliary gas DHW 

Timber MDF/particleboard 1.696 m³ Hollow core MDF door - Medium 
standard finishes 

  Softwood (framing) 12.510 m³ Timber framed brick veneer wall 
(large joints) - Hollow core MDF 
door - Timber framed internal 
walls - Concrete tiles timber frame 
roof 

  Skirting (20 x 1.8 cm) 182.477 m Medium standard finishes 

Table C.7: Material bill of quantities of the BC3 building (180m² house for three 

persons) of the Australian suburban neighbourhood case study 

Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

Aluminium Door handle 11.550 no. Hollow core MDF door 

  Frame 153.090 m Aluminium double glazed window 
(steel lintel and brick sill) 

  Reflective foil 145.959 m² Timber framed brick veneer wall 
(large joints) 

Carpet Nylon 68.040 m² Nylon carpet 

Ceramics Basin 2.472 no. Medium standard finishes 

  Clay bricks (110 mm) 78.062 m² Timber framed brick veneer wall 
(large joints) - Aluminium double 
glazed window (steel lintel and 
brick sill) 

  Tiles 102.060 m² Ceramic tiles 

  Toilet suite 1.854 no. Medium standard finishes 

Concrete 25 MPa 71.280 m³ Foundations concrete 25 MPa - 
Typical RC concrete slab including 
piping and plastic membrane 

 Roof tile (20 mm) 225.484 m² Concrete tiles timber frame roof 



Appendix C: Case study data

 

351 

Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

Copper Pipe 71.400 m Flat plate collector (1.2 x 1.8m) - 
Auxiliary gas DHW 

  Wire 0.001 t Electric wire (copper 1 mm) 

Glass Clear float (4 mm) window 
pane 

121.808 m² Aluminium double glazed window 
(steel lintel and brick sill) - 
Medium standard finishes 

  Toughened glass (6 mm) for 
solar 

4.450 m² Flat plate collector (1.2 x 1.8m) 

Insulation Fibreglass 55.593 m³ Timber framed brick veneer wall 
(large joints) - Concrete tiles 
timber frame roof 

  Fibreglass (solar) 0.222 m³ Flat plate collector (1.2 x 1.8m) 

Other Ducted heating delivery 9.450 no. Hot air distribution (ducted 
system) 

  Ducted heating generation 1.050 no. Air heater (gas) for ducted system 

Paint Water based 791.281 m² Timber framed brick veneer wall 
(large joints) - Hollow core MDF 
door - Timber framed internal 
walls - Concrete tiles timber frame 
roof 

Plasterboard (10 mm) 750.792 m² Timber framed brick veneer wall 
(large joints) - Timber framed 
internal walls - Concrete tiles 
timber frame roof 

Plastics Bath (Acrylic) 1.200 no. Medium standard finishes 

  General (PVC) 0.005 t Aluminium double glazed window 
(steel lintel and brick sill) 

  PVC water pipe (20 mm) 93.555 m PVC pipes (20 mm) 

  Plastic membrane (1mm) 198.000 m² Typical RC concrete slab including 
piping and plastic membrane 

  UPVC pipe (100 mm) 95.455 m Typical RC concrete slab including 
piping and plastic membrane 

  Wire coating 0.000 t Electric wire (copper 1 mm) 

Sand and stone Sand 21.103 m³ Timber framed brick veneer wall 
(large joints) 

  Screenings 3.939 m³ Typical RC concrete slab including 
piping and plastic membrane 

Steel Door accessories 0.005 t Hollow core MDF door 

  Gutter 0.046 t Concrete tiles timber frame roof 

  Lintel 0.397 t Hollow core MDF door - 
Aluminium double glazed window 
(steel lintel and brick sill) 
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Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

  Reinforcement 6.868 t Timber framed brick veneer wall 
(large joints) - Typical RC concrete 
slab including piping and plastic 
membrane - Timber framed 
internal walls - Concrete tiles 
timber frame roof - Foundations 
steel 

  Stainless (sink) 0.600 no. Medium standard finishes 

  Tank (solar) 0.065 t Auxiliary gas DHW 

Timber MDF/particleboard 1.329 m³ Hollow core MDF door - Medium 
standard finishes 

  Softwood (framing) 10.208 m³ Timber framed brick veneer wall 
(large joints) - Hollow core MDF 
door - Timber framed internal 
walls - Concrete tiles timber frame 
roof 

  Skirting (20 x 1.8 cm) 142.560 m Medium standard finishes 

Table C.8: Material bill of quantities of the RH3-1 building (168m² one-level row-house 

for three persons) of the Australian suburban neighbourhood case study 

Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

Aluminium Door handle 10.500 no. Hollow core MDF door 

  Frame 79.380 m Aluminium double glazed window 
(steel lintel and brick sill) 

  Reflective foil 93.566 m² Timber framed brick veneer wall 
(large joints) 

Carpet Nylon 63.504 m² Nylon carpet 

Ceramics Basin 2.307 no. Medium standard finishes 

  Clay bricks (110 mm) 49.353 m² Timber framed brick veneer wall 
(large joints) - Aluminium double 
glazed window (steel lintel and 
brick sill) 

  Tiles 95.256 m² Ceramic tiles 

  Toilet suite 1.730 no. Medium standard finishes 

Concrete 25 MPa 58.080 m³ Foundations concrete 25 MPa - 
Typical RC concrete slab including 
piping and plastic membrane 

  Roof tile (20 mm) 210.455 m² Concrete tiles timber frame roof 

Copper Pipe 71.400 m Flat plate collector (1.2 x 1.8m) - 
Auxiliary gas DHW 
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Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

  Wire 0.001 t Electric wire (copper 1 mm) 

Glass Clear float (4 mm) window 
pane 

72.158 m² Aluminium double glazed window 
(steel lintel and brick sill) - 
Medium standard finishes 

  Toughened glass (6 mm) for 
solar 

4.450 m² Flat plate collector (1.2 x 1.8m) 

Insulation Fibreglass 47.621 m³ Timber framed brick veneer wall 
(large joints) - Concrete tiles 
timber frame roof 

  Fibreglass (solar) 0.222 m³ Flat plate collector (1.2 x 1.8m) 

Other Ducted heating delivery 9.450 no. Hot air distribution (ducted 
system) 

  Ducted heating generation 1.050 no. Air heater (gas) for ducted system 

Paint Water based 636.347 m² Timber framed brick veneer wall 
(large joints) - Hollow core MDF 
door - Timber framed internal 
walls - Concrete tiles timber frame 
roof 

Plasterboard (10 mm) 599.540 m² Timber framed brick veneer wall 
(large joints) - Timber framed 
internal walls - Concrete tiles 
timber frame roof 

Plastics Bath (Acrylic) 1.120 no. Medium standard finishes 

  General (PVC) 0.003 t Aluminium double glazed window 
(steel lintel and brick sill) 

  PVC water pipe (20 mm) 87.318 m PVC pipes (20 mm) 

  Plastic membrane (1mm) 184.800 m² Typical RC concrete slab including 
piping and plastic membrane 

  UPVC pipe (100 mm) 89.091 m Typical RC concrete slab including 
piping and plastic membrane 

  Wire coating 0.187 kg Electric wire (copper 1 mm) 

Sand and stone Sand 13.528 m³ Timber framed brick veneer wall 
(large joints) 

  Screenings 3.677 m³ Typical RC concrete slab including 
piping and plastic membrane 

Steel Door accessories 0.004 t Hollow core MDF door 

  Gutter 0.043 t Concrete tiles timber frame roof 

  Lintel 0.240 t Hollow core MDF door - 
Aluminium double glazed window 
(steel lintel and brick sill) 
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Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

  Reinforcement 5.594 t Timber framed brick veneer wall 
(large joints) - Typical RC concrete 
slab including piping and plastic 
membrane - Timber framed 
internal walls - Concrete tiles 
timber frame roof - Foundations 
steel 

  Stainless (sink) 0.560 no. Medium standard finishes 

  Tank (solar) 0.065 t Auxiliary gas DHW 

Timber MDF/particleboard 1.223 m³ Hollow core MDF door - Medium 
standard finishes 

  Softwood (framing) 8.769 m³ Timber framed brick veneer wall 
(large joints) - Hollow core MDF 
door - Timber framed internal 
walls - Concrete tiles timber frame 
roof 

  Skirting (20 x 1.8 cm) 133.056 m Medium standard finishes 

Table C.9: Material bill of quantities of the RH3-2 building (168m² two-level row-house 

for three persons) of the Australian suburban neighbourhood case study 

Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

Aluminium Door handle 10.500 no. Hollow core MDF door 

  Frame 79.380 m Aluminium double glazed window 
(steel lintel and brick sill) 

  Reflective foil 71.896 m² Timber framed brick veneer wall 
(large joints) 

Carpet Nylon 63.504 m² Nylon carpet 

Ceramics Basin 2.307 no. Medium standard finishes 

  Clay bricks (110 mm) 38.597 m² Timber framed brick veneer wall 
(large joints) - Aluminium double 
glazed window (steel lintel and 
brick sill) 

  Tiles 95.256 m² Ceramic tiles 

  Toilet suite 1.730 no. Medium standard finishes 

Concrete 25 MPa 45.936 m³ Foundations concrete 25 MPa - 
Typical RC concrete slab including 
piping and plastic membrane 

  Roof tile (20 mm) 105.222 m² Concrete tiles timber frame roof 

Copper Pipe 71.400 m Flat plate collector (1.2 x 1.8m) - 
Auxiliary gas DHW 
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Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

  Wire 0.001 t Electric wire (copper 1 mm) 

Glass Clear float (4 mm) window 
pane 

72.158 m² Aluminium double glazed window 
(steel lintel and brick sill) - 
Medium standard finishes 

  Toughened glass (6 mm) for 
solar 

4.450 m² Flat plate collector (1.2 x 1.8m) 

Insulation Fibreglass 26.321 m³ Timber framed brick veneer wall 
(large joints) - Concrete tiles 
timber frame roof 

  Fibreglass (solar) 0.222 m³ Flat plate collector (1.2 x 1.8m) 

Other Ducted heating delivery 9.450 no. Hot air distribution (ducted 
system) 

  Ducted heating generation 1.050 no. Air heater (gas) for ducted system 

Paint Water based 763.744 m² Timber framed brick veneer wall 
(large joints) - Timber framed slab 
- Hollow core MDF door - Timber 
framed internal walls - Concrete 
tiles timber frame roof 

Plasterboard (10 mm) 726.936 m² Timber framed brick veneer wall 
(large joints) - Timber framed slab 
- Timber framed internal walls - 
Concrete tiles timber frame roof 

Plastics Bath (Acrylic) 1.120 no. Medium standard finishes 

  General (PVC) 0.003 t Aluminium double glazed window 
(steel lintel and brick sill) 

  PVC water pipe (20 mm) 87.318 m PVC pipes (20 mm) 

  Plastic membrane (1mm) 92.400 m² Typical RC concrete slab including 
piping and plastic membrane 

  UPVC pipe (100 mm) 44.545 m Typical RC concrete slab including 
piping and plastic membrane 

  Wire coating 0.187 kg Electric wire (copper 1 mm) 

Sand and stone Sand 10.395 m³ Timber framed brick veneer wall 
(large joints) 

  Screenings 1.838 m³ Typical RC concrete slab including 
piping and plastic membrane 

Steel Door accessories 0.004 t Hollow core MDF door 

  Gutter 0.021 t Concrete tiles timber frame roof 

  Lintel 0.240 t Hollow core MDF door - 
Aluminium double glazed window 
(steel lintel and brick sill) 
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Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

  Reinforcement 4.443 t Timber framed brick veneer wall 
(large joints) - Timber framed slab 
- Typical RC concrete slab 
including piping and plastic 
membrane - Timber framed 
internal walls - Concrete tiles 
timber frame roof - Foundations 
steel 

  Stainless (sink) 0.560 no. Medium standard finishes 

  Tank (solar) 0.065 t Auxiliary gas DHW 

Timber MDF/particleboard 1.223 m³ Hollow core MDF door - Medium 
standard finishes 

  MDF/particleboard 
(structural) 

1.588 m³ Timber framed slab 

  Softwood (framing) 8.362 m³ Timber framed brick veneer wall 
(large joints) - Timber framed slab 
- Hollow core MDF door - Timber 
framed internal walls - Concrete 
tiles timber frame roof 

  Skirting (20 x 1.8 cm) 133.056 m Medium standard finishes 

Table C.10: Material bill of quantities of the SDH4-1 building (216 m² one-level 

semi-detached for four persons) of the Australian suburban neighbourhood 

case study 

Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

Aluminium Door handle 13.650 no. Hollow core MDF door 

  Frame 136.080 m 
Aluminium double glazed window 
(steel lintel and brick sill) 

  Reflective foil 158.631 m² 
Timber framed brick veneer wall 
(large joints) 

Carpet Nylon 81.648 m² Nylon carpet 

Ceramics Basin 2.966 no. Medium standard finishes 

  Clay bricks (110 mm) 83.728 m² 

Timber framed brick veneer wall 
(large joints) - Aluminium double 
glazed window (steel lintel and 
brick sill) 

  Tiles 122.472 m² Ceramic tiles 

  Toilet suite 2.225 no. Medium standard finishes 

Concrete 25 MPa 74.448 m³ 

Foundations concrete 25 MPa - 
Typical RC concrete slab including 
piping and plastic membrane 

  Roof tile (20 mm) 270.580 m² Concrete tiles timber frame roof 
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Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

Copper Pipe 71.400 m 
Flat plate collector (1.2 x 1.8m) - 
Auxiliary gas DHW 

  Wire 0.002 t Electric wire (copper 1 mm) 

Glass 
Clear float (4 mm) window 
pane 115.022 m² 

Aluminium double glazed window 
(steel lintel and brick sill) - 
Medium standard finishes 

  
Toughened glass (6 mm) for 
solar 4.450 m² Flat plate collector (1.2 x 1.8m) 

Insulation Fibreglass 65.060 m³ 

Timber framed brick veneer wall 
(large joints) - Concrete tiles 
timber frame roof 

  Fibreglass (solar) 0.222 m³ Flat plate collector (1.2 x 1.8m) 

Other Ducted heating delivery 11.550 no. 
Hot air distribution (ducted 
system) 

  Ducted heating generation 1.050 no. Air heater (gas) for ducted system 

Paint Water based 774.272 m² 

Timber framed brick veneer wall 
(large joints) - Hollow core MDF 
door - Timber framed internal 
walls - Concrete tiles timber frame 
roof 

Plasterboard (10 mm) 726.422 m² 

Timber framed brick veneer wall 
(large joints) - Timber framed 
internal walls - Concrete tiles 
timber frame roof 

Plastics Bath (Acrylic) 1.440 no. Medium standard finishes 

  General (PVC) 0.005 t 
Aluminium double glazed window 
(steel lintel and brick sill) 

  PVC water pipe (20 mm) 112.266 m PVC pipes (20 mm) 

  Plastic membrane (1mm) 237.600 m² 
Typical RC concrete slab including 
piping and plastic membrane 

  UPVC pipe (100 mm) 114.545 m 
Typical RC concrete slab including 
piping and plastic membrane 

  Wire coating 0.240 kg Electric wire (copper 1 mm) 

Sand and stone Sand 22.935 m³ 
Timber framed brick veneer wall 
(large joints) 

  Screenings 4.727 m³ 
Typical RC concrete slab including 
piping and plastic membrane 

Steel Door accessories 0.005 t Hollow core MDF door 

  Gutter 0.055 t Concrete tiles timber frame roof 

  Lintel 0.379 t 

Hollow core MDF door - 
Aluminium double glazed window 
(steel lintel and brick sill) 
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Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

  Reinforcement 7.175 t 

Timber framed brick veneer wall 
(large joints) - Typical RC concrete 
slab including piping and plastic 
membrane - Timber framed 
internal walls - Concrete tiles 
timber frame roof - Foundations 
steel 

  Stainless (sink) 0.720 no. Medium standard finishes 

  Tank (solar) 0.065 t Auxiliary gas DHW 

Timber MDF/particleboard 1.582 m³ 
Hollow core MDF door - Medium 
standard finishes 

  Softwood (framing) 11.235 m³ 

Timber framed brick veneer wall 
(large joints) - Hollow core MDF 
door - Timber framed internal 
walls - Concrete tiles timber frame 
roof 

  Skirting (20 x 1.8 cm) 171.072 m Medium standard finishes 

Table C.11: Material bill of quantities of the SDH4-2 building (216 m² two-level 

semi-detached for four persons) of the Australian suburban neighbourhood 

case study 

Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

Aluminium Door handle 13.650 no. Hollow core MDF door 

  Frame 170.100 m 
Aluminium double glazed window 
(steel lintel and brick sill) 

  Reflective foil 150.535 m² 
Timber framed brick veneer wall 
(large joints) 

Carpet Nylon 81.648 m² Nylon carpet 

Ceramics Basin 2.966 no. Medium standard finishes 

  Clay bricks (110 mm) 80.957 m² 

Timber framed brick veneer wall 
(large joints) - Aluminium double 
glazed window (steel lintel and 
brick sill) 

  Tiles 122.472 m² Ceramic tiles 

  Toilet suite 2.225 no. Medium standard finishes 

Concrete 25 MPa 58.608 m³ 

Foundations concrete 25 MPa - 
Typical RC concrete slab including 
piping and plastic membrane 

  Roof tile (20 mm) 135.290 m² Concrete tiles timber frame roof 

Copper Pipe 71.400 m 
Flat plate collector (1.2 x 1.8m) - 
Auxiliary gas DHW 
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Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

  Wire 1.566 kg Electric wire (copper 1 mm) 

Glass 
Clear float (4 mm) window 
pane 137.270 m² 

Aluminium double glazed window 
(steel lintel and brick sill) - 
Medium standard finishes 

  
Toughened glass (6 mm) for 
solar 4.450 m² Flat plate collector (1.2 x 1.8m) 

Insulation Fibreglass 39.652 m³ 

Timber framed brick veneer wall 
(large joints) - Concrete tiles 
timber frame roof 

  Fibreglass (solar) 0.222 m³ Flat plate collector (1.2 x 1.8m) 

Other Ducted heating delivery 11.550 no. 
Hot air distribution (ducted 
system) 

  Ducted heating generation 1.050 no. Air heater (gas) for ducted system 

Paint Water based 875.943 m² 

Timber framed brick veneer wall 
(large joints) - Timber framed slab 
- Hollow core MDF door - Timber 
framed internal walls - Concrete 
tiles timber frame roof 

Plasterboard (10 mm) 828.093 m² 

Timber framed brick veneer wall 
(large joints) - Timber framed slab 
- Timber framed internal walls - 
Concrete tiles timber frame roof 

Plastics Bath (Acrylic) 1.440 no. Medium standard finishes 

  General (PVC) 0.006 t 
Aluminium double glazed window 
(steel lintel and brick sill) 

  PVC water pipe (20 mm) 112.266 m PVC pipes (20 mm) 

  Plastic membrane (1mm) 118.800 m² 
Typical RC concrete slab including 
piping and plastic membrane 

  UPVC pipe (100 mm) 57.273 m 
Typical RC concrete slab including 
piping and plastic membrane 

  Wire coating 0.240 kg Electric wire (copper 1 mm) 

Sand and stone Sand 21.764 m³ 
Timber framed brick veneer wall 
(large joints) 

  Screenings 2.364 m³ 
Typical RC concrete slab including 
piping and plastic membrane 

Steel Door accessories 0.005 t Hollow core MDF door 

  Gutter 0.028 t Concrete tiles timber frame roof 

  Lintel 0.448 t 

Hollow core MDF door - 
Aluminium double glazed window 
(steel lintel and brick sill) 
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Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

  Reinforcement 5.667 t 

Timber framed brick veneer wall 
(large joints) - Timber framed slab 
- Typical RC concrete slab 
including piping and plastic 
membrane - Timber framed 
internal walls - Concrete tiles 
timber frame roof - Foundations 
steel 

  Stainless (sink) 0.720 no. Medium standard finishes 

  Tank (solar) 0.065 t Auxiliary gas DHW 

Timber MDF/particleboard 1.582 m³ 
Hollow core MDF door - Medium 
standard finishes 

  
MDF/particleboard 
(structural) 2.041 m³ Timber framed slab 

  Softwood (framing) 10.482 m³ 

Timber framed brick veneer wall 
(large joints) - Timber framed slab 
- Hollow core MDF door - Timber 
framed internal walls - Concrete 
tiles timber frame roof 

Table C.12: Material bill of quantities of the low rise apartment building (comprising 12 

AP3 and 8 AP4 units) of the Australian suburban neighbourhood case 

study 

Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

Aluminium Door handle 172.200 no. Hollow core MDF door (concrete 
lintel) 

  Frame 3457.440 m Aluminium double glazed window 
(no lintel nor sill) 

  Gutter 292.320 m Flat RC roof with 16 cm EPS 
insulation 

  Reflective foil 765.600 m² Flat RC roof with 16 cm EPS 
insulation 

Carpet Nylon 1183.896 m² Nylon carpet 

Ceramics Basin 38.234 no. Medium standard finishes 

  Tiles 1446.984 m² Ceramic tiles 

  Toilet suite 28.675 no. Medium standard finishes 

Concrete 15 MPa 61.248 m³ Flat RC roof with 16 cm EPS 
insulation 

  25 MPa 612.480 m³ Hollow core 20cm slab + 5cm 
concrete - Foundations concrete 
25 MPa - Typical RC concrete slab 
including piping and plastic 
membrane 
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Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

  Aerated block (200 mm) 1053.696 m² Hybrid internal wall with concrete 
blocks and steel trusses 

  Hollow block (200 mm) 3654.000 m² Hollow core 20cm slab + 5cm 
concrete - Flat RC roof with 16 cm 
EPS insulation 

  Mortar 9.048 m³ Flat RC roof with 16 cm EPS 
insulation 

  Precast 74.578 m³ Precast concrete bearing walls 
with R2 insulation - Hollow core 
MDF door (concrete lintel) 

Copper Pipe 1428.000 m Flat plate collector (1.2 x 1.8m) - 
Auxiliary gas DHW 

  Wire 0.020 t Electric wire (copper 1 mm) 

Glass Clear float (4 mm) window 
pane 

2596.556 m² Aluminium double glazed window 
(no lintel nor sill) - Medium 
standard finishes 

  Toughened glass (6 mm) for 
solar 

88.992 m² Flat plate collector (1.2 x 1.8m) 

Insulation Expanded polystyrene 122.496 m³ Flat RC roof with 16 cm EPS 
insulation 

  Fibreglass 41.395 m³ Precast concrete bearing walls 
with R2 insulation 

  Fibreglass (solar) 4.450 m³ Flat plate collector (1.2 x 1.8m) 

Other Central condensation boiler 
700 kW 

0.229 no. Central gas condensation boiler 
700 kW (for 90 apartments) 

Paint Water based 7096.847 m² Precast concrete bearing walls 
with R2 insulation - Hollow core 
MDF door (concrete lintel) - 
Hybrid internal wall with concrete 
blocks and steel trusses - Flat RC 
roof with 16 cm EPS insulation 

Plasterboard (10 mm) 5762.400 m² Precast concrete bearing walls 
with R2 insulation - Hybrid 
internal wall with concrete blocks 
and steel trusses 

Plastics Bath (Acrylic) 18.560 no. Medium standard finishes 

  General (PVC) 0.115 t Aluminium double glazed window 
(no lintel nor sill) 

  PVC water pipe (20 mm) 1446.984 m PVC pipes (20 mm) 

  Plastic membrane (1mm) 765.600 m² Typical RC concrete slab including 
piping and plastic membrane 

  UPVC pipe (100 mm) 369.091 m Typical RC concrete slab including 
piping and plastic membrane 

  Wire coating 0.003 t Electric wire (copper 1 mm) 
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Material name Material type Delivered 
quantity 

Unit List of assemblies in which the 
material is used 

Sand and stone Screenings 33.328 m³ Typical RC concrete slab including 
piping and plastic membrane - Flat 
RC roof with 16 cm EPS insulation 

Steel Door accessories 0.069 t Hollow core MDF door (concrete 
lintel) 

  Lintel 0.103 t Hollow core MDF door (concrete 
lintel) 

  Reinforcement 72.386 t Precast concrete bearing walls 
with R2 insulation - Hollow core 
20cm slab + 5cm concrete - 
Typical RC concrete slab including 
piping and plastic membrane - 
Foundations steel 

  Stainless (sink) 9.280 no. Medium standard finishes 

  Structural 45.260 t Precast concrete bearing walls 
with R2 insulation - Hybrid 
internal wall with concrete blocks 
and steel trusses 

  Systems 4.692 t Heating radiator 1000 W 

  Tank (solar) 1.298 t Auxiliary gas DHW 

Timber MDF/particleboard 20.165 m³ Hollow core MDF door (concrete 
lintel) - Medium standard finishes 

  Softwood (framing) 2.687 m³ Hollow core MDF door (concrete 
lintel) 

  Skirting (20 x 1.8 cm) 2204.928 m Medium standard finishes 
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Table C.13: Modified assemblies in the timber-framed passive house variation 
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Appendix D Case study results 

This appendix contains all supporting information, in the form of tables 

and figures, related to the case study results in Chapter 7. 

Table D.1: Shifts in material contribution rankings between initial and life cycle 

embodied energy requirements of the base case passive house 

Material IEE rank LCEE rank Change 

Insulation 1 1 0 

Steel 2 4 -2 

Concrete 3 7 -4 

Glass 4 2 +2 

Timber 5 3 +2 

Ceramics 6 8 -2 

Plastics 7 9 -1 

Paint 8 5 +3 

Carpet 9 6 +3 

Other 10 10 0 

Aluminium 11 11 0 

Sand and stone 12 13 -1 

Plasterboard 13 12 +1 

Copper 14 14 0 

Note: IEE = initial embodied energy and LCEE = life cycle embodied energy (initial + recurrent). 
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Figure D.1: Life cycle embodied energy of the base case Australian suburban 

neighbourhood, by assembly 

 

Figure D.2: Life cycle embodied greenhouse gas emissions of the base case 

Australian suburban neighbourhood, by category 
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Table D.2: Characteristics of the modelled neighbourhoods regarding housing 

typology variations of the base case Australian suburban neighbourhood 

Case acronym Built area 

(m²) 

Average living 
area (m²/capita) 

Density 
(inhabitant/km²) 

Constituting 
buildings 

Number of 
units 

BC 44 000 58.8 500.3 BC4 107 

BC3 107 

RH_SDH_1 44 000 56.8 517.5 BC4 53 

BC3 53 

SDH4-1 57 

RH3-1 57 

RH_SDH_2 44 000 56.2 784.9 BC4 53 

BC3 53 

SDH4-2 114 

RH3-2 114 

APB 44 000 43.4 1683.1 BC4 53 

BC3 53 

AP4 252 

AP3 378 

Note: All acronyms refer to districts and buildings in Section 6.5.6. 
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