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ABSTRACT
A four-year project (SuFiQuaD) has started in 2007 to optimise the sustainability of the Belgian dwelling stock, 
focussing on the environmental impact, the fi nancial cost and the qualities. The whole life cycle of represen-
tative housing types is assessed and recommendations for improvement are formulated. The environmental 
impact is evaluated through a life cycle assessment and is expressed in monetary terms, while a life cycle cost 
analysis is executed for the fi nancial evaluation. A multi-criteria analysis is used for the quality evaluation con-
sidering aspects as for example size of rooms, available wall length for furniture and acoustical performance. 
For the optimisation the Pareto principle is used, searching for the highest life cycle cost reduction for the 
smallest investment increase and for the highest quality increase for the lowest life cycle cost increase. This 
paper elaborates on the developed methodology and the results of the implementation to two dwellings (results 
of the fi rst phase of the research).

The analysis reveals that it is feasible to obtain a large reduction in the life cycle environmental cost for 
only a minor extra fi nancial investment and life cycle cost. Furthermore, fi nancial-based decisions prove to 
differ from environmental-based ones. For the case studies, internalisation of the environmental cost leads to 
an average increase in investment cost of 8%; while the maintenance cost (including cleaning and replace-
ments) increases by 2% and the heating cost by 55%. The life cycle environmental cost is mainly determined 
by the heating cost, while the fi nancial cost is above all determined by the investment and maintenance costs. 
Although the environmental and fi nancial cost, or one of both, is higher for a certain option, one may choose 
for it because of its better quality. This is clearly shown by the inclusion of the quality aspects in the optimisa-
tion procedure.
Keywords: life cycle assessment, life cycle costing, monetary valuation, multi-criteria analysis, optimisation, 
Pareto, quality assessment.

1 INTRODUCTION
In Belgium, as in other countries, the construction sector is responsible for a high environmental 
impact. Residential buildings are the focus of the research since these represent the largest share of 
the building stock (82%) [1]. The houses are moreover poorly insulated (details are reported in the 
survey on the insulation thickness of the building envelop of new residential buildings in the 
 European countries [2]) and hardly any attention is paid to the environmental impact of the applied 
building materials. Furthermore, a lot of transportation is generated and the amount of building 
waste is enormous. Although people are more conscious than a decade ago and the government has 
undertaken some important measures [3, 4], no overall change is noticeable.

Current approaches in Belgium aiming at a sustainable development of the building sector focus 
on different aspects separately (amongst others material suppliers and energy use of end users), but 
do not consider the complex interrelations (e.g. use of building materials with a higher initial envi-
ronmental impact which lead to a lower life cycle impact due to a reduced energy demand of the 
building). This allows for a detailed analysis but misses a global objective by losing the overall 
picture. Comprehensive strategies are lacking. The research described in this paper contributes to the 
search for these strategies. This text is a further elaboration of the methodology that was summarised 
in the paper ‘Striving for a more sustainable Belgian dwelling stock’ and was presented on the con-
ference ‘The Sustainable City 2008’ in September 2008 [5].
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2 OBJECTIVES
The main objective of the research was to identify actions in order of priority to move towards a 
more sustainable residential sector in Belgium. Priorities were sought to inform both the private 
decision maker and the government. The former is primarily interested in actions that lead to both 
an environmental and fi nancial benefi t. The task of the government may lie in stimulating measures 
that lead to an environmental benefi t, but require high fi nancial investment or life cycle costs.

This paper focuses on the developed methodology, illustrated by the analysis of two dwellings. The 
analysis investigated the consequences of the choice for a certain dwelling type, spatial characteristics and 
technical solutions on the fi nancial cost and environmental impact. More particularly, possible confl icts 
between decisions based on fi nancial investment and life cycle costs and life cycle environmental impact 
were identifi ed. Finally, the quality of the dwellings (e.g. size of rooms, available wall length for furniture 
and acoustical performance) was assessed to investigate the relation between quality and costs/impacts.

3 INTEGRATED SUSTAINABILITY ASSESSMENT
Ever since the concept of sustainable development has been debated worldwide and despite the consen-
sus on its importance, there is no agreement on a more detailed elaboration of the general defi nition. 
However, since the 1990s it is broadly acknowledged that three dimensions are incorporated within the 
concept, namely the economic, environmental and social aspect [6–8]. Sometimes a fourth dimension, 
the cultural dimension, is added. Despite the importance of all dimensions, the assessment method in this 
research focused on the environmental and economic aspect. The social aspects, however, were consid-
ered when implementing the proposed methodology and implementation results in policy regulations.

During the design of a dwelling, the goal is often a minimum investment cost for a set of minimum 
performances. However, integrated life cycle design could enhance the overall performance and 
optimise the life cycle cost and environmental impact of the dwelling. As stated by Oberg [9], ‘inte-
grated lifetime engineering is an approach to bridge the gap between the short term design 
perspective and the long life nature and complexity of a building’.

The developed assessment method was, therefore, based on an integrated approach and consists 
of a combination of existing techniques: traditional fi nancial evaluation approaches, environmental 
assessment methods and multi-criteria analysis (MCA) for the quality evaluation. In the following 
paragraphs, the different aspects of the approach are described. In the second part of the paper, the 
analysis of two dwellings is elaborated.

3.1 Environmental impact

3.1.1 Life cycle assessment – concept
According to the ISO 14040 standard [10], life cycle assessment (LCA) is defi ned as ‘the compilation 
and evaluation of the inputs, outputs and potential environmental impacts of a product system through-
out its life cycle’. It is a well-established technique and has a broad international acceptance [11–18]. 
It was, therefore, selected within this research for the assessment of the potential environmental impact 
of the dwellings. In the subsequent paragraphs the procedure is briefl y elaborated, followed by a 
description of its application at the building level and the methodological choices within this research.

3.1.2 General procedure and building-specifi c aspects
3.1.2.1 General procedure
According to ISO 14040 [19], an LCA must be performed in four iterative steps: (1) goal and scope 
defi nition; (2) life cycle inventory (LCI); (3) life cycle impact assessment (LCIA) and (4) interpreta-
tion of the results.
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LCI involves the collection of the data and defi nition of procedures to quantify the in- and outputs 
of the studied product (e.g. building) for all stages of the life cycle. Input data cover all natural 
resources, while the output data include products, co-products, waste, emissions to air, discharges to 
water and soil and other environmental exchanges (e.g. losses of heat). The product of interest in this 
research was the dwelling.

LCIA provides additional information to improve the environmental signifi cance of a product’s 
(dwelling) LCI results. In the LCIA, the results of the LCI are linked to specifi c environmental 
impact categories. CO2 emissions (inventory) are for example linked to global warming (impact). 
First of all the environmental effects to be considered need to be determined, second one needs to 
defi ne which loads lead to which effects (classifi cation) and to which extent (characterisation). Two 
additional steps can be added: normalisation and weighting. Normalisation is needed to evaluate the 
importance of the results: during normalisation the calculated environmental effects are compared 
with a reference value. Most often this reference value is the average yearly environmental effect 
caused by an European citizen. Weighting is required if a single score is desired.

The LCA procedure as defi ned by ISO 14040 was followed for the assessment of the environmen-
tal impact. However, a single score was calculated within the optimisation procedure despite the 
prohibition of ISO 14040/44 [10, 20] to calculate one single environmental indicator within a com-
parative LCA study disclosed to the public. This was desirable in order to make straightforward 
decisions when decisions on specifi c environmental impacts are contradictory. Since it did not con-
cern a comparison of two specifi c materials, but of alternative complex combinations of many 
materials and processes, the comparison of a single score seemed justifi ed. Moreover, no informa-
tion was lost on the importance of the different life phases, processes and effects and the single score 
was analysed in detail for the cases of interest. This methodological choice, however, implies that the 
assessment is not in accordance with the ISO guidelines.

3.1.2.2 Building-specifi c aspects
Because of its complexity and typically relatively long life span, applying LCA to a building is more 
than the addition of building materials and has become a distinct working area within LCA practice. 
The following characteristics contribute to the need for a different approach [16, 20]:

• Highly multi-functional character;

• Extremely long (and unknown) life expectancy;

• Site specifi city and local character of many of the impacts;

• Many environmental impacts and changes during its use phase;

• Unknown behaviour of the inhabitants;

• Heterogeneous composition;

• Close integration with the surrounding built environment, particularly urban infrastructure (e.g. 
roads, supply/sewerage lines and green space).

For a detailed elaboration on each of these aspects, the International Energy Agency (IEA) and 
Society of Environmental Toxicology and Chemistry (SETAC) report can be consulted. In the sub-
sequent paragraphs, the most important decisions within the developed methodology are summarised.

3.1.2.3 Highly multi-functional character
Products can only be compared if these fulfi l an identical function. Buildings, however, have a 
highly multi-functional character and it is in practice impossible to consider buildings with identical 
performance. Commonly, the environmental impact of buildings is calculated per m² fl oor over a 
typical year [15, 21]. The performance of this m² most probably differs for the different buildings 



 K. Allacker, F. De Troyer , Int. J. Sus. Dev. Plann. Vol. 7, No. 2 (2012) 189

considered. A second drawback of this functional unit is that larger buildings often lead to a lower 
impact per m² fl oor (since one divides by a larger number). It would, however, be wrong to conclude 
that larger dwellings induce a lower impact than smaller dwellings.

In this research, the impact was expressed per m² fl oor, assuming an identical life span for all 
analysed dwellings. The costs were furthermore expressed per dwelling and per inhabitant to inves-
tigate the infl uence of the choice of functional unit on the results. The last reference base (per 
inhabitant) is, however, less robust than the other references since the number of inhabitants may 
change during the life span of the dwelling. A quality evaluation was included to assess the diverging 
performance of the compared dwellings.

3.1.2.4 Life expectancy
The life expectancy of a building can be determined by its technological, functional or economic life 
span. The life span is a decisive parameter but hard to predict. Within the ISO 15686/1 document [22] 
concerning service life planning of buildings and constructed assets, a distinction is made between the 
estimated (ESL) and reference service life (RSL). The RSL needs to be used in comparative analysis. 
SETAC mentions RSLs for different countries, varying from 60 to 100 years [18]. For the Belgian 
context no RSL is mentioned. Ammar and Longuet [23], however, mention an average service life of 
60 years for dwellings in the Belgian context, which was considered acceptable for this research.

During this relatively long life span, parts of the building are replaced when their service life is 
shorter than the service life of the dwelling. These replacements were considered and comprised 
both the replacement of whole parts (such as non-bearing inner walls) as materials (e.g. paint on 
walls). A minimum quality over the whole life cycle of the material or building part was assumed 
and their service life was estimated based on an extended literature study (amongst others [24–27]).

In LCA practice, two methods can generally be distinguished for replacements: pro-rating or not. 
Pro-rating means that the calculated number is not changed (e.g. a window with a life span of 30 
years will be replaced 1.66 times in a building with a life span of 50 years). No pro-rating means the 
product would be replaced once (after 30 years). As described in SETAC [20], an argument against 
pro-rating is that it does not refl ect the true activities. An argument in favour of pro-rating is that it 
refl ects average situations. In this research the option of no pro-rating was chosen.

For the replacements at the end of the life span of the dwelling, a distinction was made between 
necessary replacements and replacements which are only needed for comfort or aesthetics. The for-
mer ones were executed until the end of the life span of the dwelling, while the latter depended on 
the life span of the subparts to be replaced. When the remaining life span of the dwelling was shorter 
than half of the life span of the subpart to be replaced, the latter was not replaced anymore.

3.1.2.5 Use phase and behaviour of the inhabitants
The environmental impact of dwellings during the use phase is mainly caused by the energy use, of 
which heating represents the most important part in the Belgian context. Since the energy demand 
of lighting and electric appliances was negligible compared with the heating demand (both for exist-
ing dwellings and newly built according to current practice), these were no priorities and were thus 
not investigated. Moreover, the use of appliances is hardly infl uenced by the design of the dwelling 
and thus of less importance within this research. The heating demand was predicted based on steady-
state simulations as is common in building LCA tools (e.g. GreenCalc [28], BREEAM [29], LEGEP 
[30]). Although dynamic energy simulations are more precise and should be used for a detailed 
energy study of a building, the steady state simulations are accurate enough for the aim of this study 
[31]. The Flemish Energy Performance standard, translated into a software tool by the government, 
was used for the calculations [32, 33].
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In addition to heating, the effects and periodic costs for cleaning, maintenance and replacements 
were also considered. The necessary processes and their frequencies were based on literature, 
amongst others [34, 35].

3.1.2.6 Heterogeneous composition
A building is composed of many different building materials and, therefore, requires a detailed bill 
of quantity. In order to allow a thorough inventory, the element method for cost control was used 
[36, 37]. This method hierarchically divides the building into independent building elements, which 
are building parts the designer is accustomed to working with. Examples are foundations, fl oor on 
grade and outer walls. Within this research, the element method was extended to include life cycle 
cost and environmental impact estimations.

3.1.3 Implementation within this research
3.1.3.1 Data and LCI analysis
The data were mainly gathered from existing databases, statistics and literature. The Ecoinvent data-
base [38] was the most important source for the inventory data. Several adaptations of the Ecoinvent 
records were, however, made within an iterative implementation process (e.g. imported materials 
and recycling processes).

The material production phase includes the cradle-to-gate data of all building materials occur-
ring in the building. The in- and outputs per unit of material were taken from the Ecoinvent database, 
while the functional and physical characteristics were found in technical documentation (e.g. 
national technical approvals for construction materials, products and systems (ATG/BUtgb), techni-
cal reports of the Belgian Building Research Institute (BBRI) and technical data sheets of building 
materials).

Transportation phase 1 considers the transportation of building materials to the construction 
site. A literature study revealed that data specifi c for the Belgian context were lacking. Therefore, a 
limited inquiry was conducted by the BBRI. In this inquiry (to date not yet published), contractors, 
producers and dealers of construction products were questioned about the transportation distance, 
means and load percentage for different predefi ned categories of building materials. The Ecoinvent 
database was consulted for the in- and outputs per vehicle type.

As in most LCAs of buildings, the construction phase was excluded in this research since data 
are lacking [17].

Two processes were assessed within the use phase: cleaning, maintenance and replacements on 
the one hand and space heating (including the production of domestic hot water) on the other hand. 
As mentioned before, the energy load was calculated with the Flemish Energy Performance Legisla-
tion for Buildings (EPB) software and a high performance central heating system on natural gas was 
assumed. The cleaning, maintenance and replacement scenarios were based on a literature study. 
Ecoinvent database was used for the in- and outputs of the occurring products and processes.

The environmental impact caused by the demolition of the building is mainly due to energy use. 
The amount of materials to be demolished was calculated and the in- and outputs for the demolishing 
process were taken from Ecoinvent database.

Within the second transportation phase the transport from the building site to a disposal, incin-
eration, re-use or recycling centre was addressed. The data were based on a limited inquiry conducted 
by the BBRI (to date not yet published) in analogy with the fi rst transportation phase.

Ecoinvent database was consulted to retrieve the inventory data of the necessary processes for the 
waste treatment, recycling and re-use of the building materials. However, after a fi rst implementa-
tion it became clear that the generic records available within Ecoinvent database led to unrealistic 
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results. Therefore, material-specifi c data records were defi ned based on the available generic records. 
The end-of-life (EOL) scenarios were based on a limited inquiry conducted by the BBRI (to date not 
yet published).

For the EOL treatment, allocation rules were needed. Allocation stands for the partitioning of 
environmental impacts between systems. Different allocation methods are possible and vary from 
cut-off of waste and recycling processes to a full assessment. In this research, both the environmen-
tal impacts and benefi ts related to the EOL treatment were allocated to the analysed building.

3.1.3.2 Life cycle impact assessment
According to the IEA [15], the environmental assessment of buildings commonly considers four 
environmental effects: global warming potential (GWP), acidifi cation potential (AP), ozone deple-
tion potential (ODP) and nutrifi cation potential (NP). The widely used impact assessment method 
Eco-Indicator 99 [39] considers amongst others the above-mentioned effects, but expresses these in 
three main damage categories: damage to human health, quality of ecosystems and depletion of 
resources. The damage to human health consists of sub-aspects such as global warming, carcino-
gens, ozone depletion, respiratory effects and irradiation. The effects on the quality of ecosystem are 
determined by ecotoxicity, acidifi cation/eutrophication and land use/conversion. The depletion of 
resources consists of both the depletion of minerals and fossil fuels.

A detailed analysis of frequently used building materials revealed that it is important to include as 
many effects as possible. The developed methodology, therefore, assessed all effects as defi ned 
within Eco-Indicator 99. The environmental impact was furthermore expressed in monetary values 
(EURO). This enables the evaluation of the environmental impact and fi nancial cost simultaneously. 
Moreover, the value of money is known by all decision makers and was, therefore, assumed to 
improve communication and consequently to facilitate action.

The translation of the environmental impacts into monetary values was based on a combination of 
existing methods. For the environmental effects of the greenhouse gas emissions, the monetary value 
was based on the combined information from Tol [40], Stern [41] and Watkiss et al. [42], and equals 
50 /ton CO2 equivalent. The monetary values of other airborne emissions (PM2.5, NH3, SO2, NOx, 
VOCs) were based on the ExternE studies, more specifi cally the values of the CAFE (Clean Air For 
Europe) project for the Belgian context were used [43]. The values are summarised in Table 1.

A monetary value was determined for the ‘disability adjusted life years’ (DALYs) caused by the 
emissions and/or effects not included within ExternE. The value of 60,000 /DALY was assumed 
based on several sources [44]. Acidifi cation, eutrophication, ecotoxic emissions and land use were 
included by translating the potentially disappeared fraction (PDF) of species × m² × year, as assessed 
within Eco-Indicator 99, into monetary values based on the studies mentioned before. The value of 

Table 1: Monetary values of the key airborne emissions according 
to CAFE for the Belgian context (low end scenario) [43].

Airborne emissions External cost Unit

PM2.5 61,000 /ton 
SO2 11,000 /ton 
NOx 5,200 /ton 
NH3 30,000 /ton 
VOC 2,500 /ton 



192 K. Allacker, F. De Troyer , Int. J. Sus. Dev. Plann. Vol. 7, No. 2 (2012) 

0.49 /(PDF × m² × year) was retained. For the depletion of minerals and fossil fuels, the monetary 
value of 0.0065 /MJ surplus energy was determined.

The future environmental costs, which occur during the life span of the dwelling and at the end of 
its life span, were calculated following the same approach that was used for the fi nancial cost. This 
is further elaborated in the next section.

3.2 Financial cost

The fi nancial costs were evaluated at the micro-economic level, meaning that the costs for the build-
ing owner were investigated. In addition to the investment cost, the life cycle costs were also 
considered. The latter not only include the investment costs, but also the costs during use phase 
(periodic costs) and at the end of the life span of the dwelling.

The life cycle cost was calculated by the sum of the present values (SPV) of all costs. The material 
and labour costs were taken from the ASPEN database [45], valid for the Belgian context. In contrast 
to the environmental cost, the initial fi nancial cost includes the construction costs. If data were lacking 
product-specifi c data were used. The cleaning and maintenance costs were based on literature from 
[46–51]. The fi nancial cost of natural gas (for heating) was assumed to be 0.047 /kWh (inclusive VAT) 
which is mentioned as the average price for households in 2006 in Belgian statistics [52].

For the economic parameters, the following assumptions were made (real terms): discount rate 
equals 2%, growth rate of material cost 0%, growth rate of labour cost 1%, growth rate of energy 
cost 2%. These assumptions were based on an analysis of the evolution of prices during the previous 
50 years in Belgium [53, 36, 54] and on predictions of evolutions in the future [55, 56]. For the future 
environmental costs, the same rates were assumed with the exception of the discount rate. A lower 
discount rate of 1% was used to calculate the future environmental costs since a social discount rate 
is assumed to be lower than a private discount rate [41, 57].

For the analysis of the case studies in this paper, the fi nancial cost for the demolition and EOL treatment 
were not included since data were lacking during the fi rst phase of the research. These were, however, 
further investigated during the second phase and were included in the fi nal version of the method.

3.3 Quality evaluation

The quality assessment was based on an existing method, consisting of an MCA [58]. The different 
quality aspects were awarded a score on a scale of 10, defi ned by a score function. The single end-
score was calculated by the sum of the weighted scores. Within the original method, an expert panel 
defi ned the weighting factors.

Some adaptations were made to the original method. First of all, some aspects were eliminated to 
avoid double counting. Second, some score functions were redefi ned according to the new European 
and Belgian norms (e.g. acoustical standards). The method considers aspects such as the dimensional 
characteristics (e.g. size of rooms and width of rooms), the functional characteristics (e.g. relation 
between the rooms and fl exibility), the technical characteristics (e.g. safety and acoustical perfor-
mance) and fi nally the surroundings of the dwelling. An overview is given in Table 2 (adapted version).

3.4 Optimisation

Literature on multi-objective decision problems provides a detailed description of different possi-
ble optimisation procedures (amongst others: [31, 59–61]). Within this research a cost–benefi t 
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analysis was chosen as optimisation technique. The optimisation started from a defi ned reference 
dwelling (for each of the different dwelling types considered) and was based on comparative 
analysis.

The optimisation procedure consisted of two steps. In the first step only costs were consid-
ered. Starting from the option with the lowest investment cost, preference was given to the 
option with the highest marginal return. Or in other words, the option with the highest reduc-
tion in the life cycle cost over the additional investment was identified. In a second step, the 
qualities were integrated into the analysis. Starting from the option with the lowest life cycle 
cost, the option that offered the highest quality improvement over additional life cycle cost 
was selected. The subset of preferred options was identified and graphically presented by the 
Pareto front.

4 IMPLEMENTATION OF THE METHODOLOGY
The method described above was translated into an assessment tool and applied to several dwelling 
types. The results for two of these dwelling types, a detached house and an apartment, are elabo-
rated in the subsequent paragraphs. The different costs during the different life phases were 
subdivided as follows: initial cost (from extraction of resources to the building process of the 
house), periodic cost (cleaning, maintenance and replacements), heating cost, demolition cost, cost 
for transport to the EOL treatment and fi nally the EOL treatment cost. Finally, a differentiation was 
made between environmental cost, fi nancial cost and total cost. The latter was defi ned as the sum 
of the former two.

Table 2: Description of the main aspects and sub-aspects with their corresponding weighting factors 
for the adapted method.

Global distribution of points
Maximum points 

sub-aspects
Maximum points 

main aspects
Percentages 

% (max)

Dimensional characteristics 2500 34.58%
Size of rooms
Room width
Windows size + orientation
Effi cient use of fl oor area

1050
650
500
300

Functional characteristics 1500 20.75%
Ventilation and safety
Hygrothermal characteristics
Acoustical performance
Technical installations
Surface of materials: maintenance

100
130
350
690
300

Surroundings of the dwelling 1660 22.96%
Direct surroundings
Broader surrounding

810
850

Financial cost 0 0.00%
Financial cost 0
Total 7230 100.00%
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4.1 Dwelling description

The detached house (Fig. 1) is L-shaped, consists of only a ground fl oor level and is therefore not 
compact at all. The house consists of a living room, kitchen and bathroom, storage room and three 
bedrooms. There is an entrance and night hall. There is no garage in the house. The garden is sur-
rounding the house and there is a terrace adjacent to the living room [5].

The apartment (Fig. 2) is situated in the centre of an apartment building consisting of 11 identical 
fl oors, a ground fl oor (entrance, storage, etc.) and a technical top fl oor. The apartment consists of one 
bedroom, an entrance hall, living room, kitchen, bathroom, storage and separate toilet; and has a small 
balcony. Part of the apartment building consists of shared space. The constituting elements were included 
in the analysis by assigning a proportion of these to the analysed apartment in accordance with its fl oor 
ratio [62]. The most important characteristics of both dwellings are summarised in Table 3.

Figure 1: Floor plan and front facade of the detached house.

Figure 2: Floor plan of the apartment and picture of the building.
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4.2 Element description

Different technical solutions for the elements were selected for comparative analysis. Five variants 
of the outer walls (OW1 – OW5) were analysed, varying in fi nishing and structure (Fig. 3). For the 
exterior fi nishing, a brick veneer was compared with wood cladding and cement fi bre board. For the 
loadbearing elements, both clay building blocks and a timber frame were analysed. The interior 
fi nishing consists of gypsum board or gypsum plaster. Moreover, the fi rst variant (OW1) was also 
considered without thermal insulation (OW1 – no insulation).

Two alternatives for the loadbearing inner walls of the apartment building were considered, 
namely clay building blocks (LIW1) and hollow concrete blocks (LIW2). Both are 14 cm thick and 
are fi nished with gypsum plaster at both sides.

For the non-bearing inner walls, four alternatives were compared: clay building blocks 
(NIW1), calcium silicate blocks (NIW2), a timber frame with a single (NIW3) and double gyp-
sum board fi nishing (NIW4). The fi rst three variants were fi nished with gypsum plaster at both 
sides.

For the fl at roof a concrete slab and timber construction were considered (Fig. 4). Again the fi rst 
variant was also analysed without thermal insulation (FR1 – no insulation). For all fl at roofs the roof 
edge was kept unchanged and consists of an aluminium section. The vertical part of the roof edge – 
which is a continuation of the outer wall – was of course changed according to the selected outer wall.

For the fl oor on grade two alternatives were analysed, the fi rst one (FG1) consisted of a concrete 
fl oor slab with ceramic tiles as fl oor fi nishing, the second (FG2) was identical to the fi rst but was 
insulated with 4 cm polyurethane (Fig. 5).

Table 3: Characteristics of the two case studies.

Detached house Apartment

Shape L-shaped Rectangular
Floor area 159 m² 69 m²
Compactness (heated volume/ 
Surface of thermal envelope)

0.75 m 5.12 m

Number of bedrooms 3 1
Number of inhabitants 4 2
Number of fl oors 1 1
Floor on grade 159.00 m² 7.85 m²
Foundation/ pile foundation 79.18 m 9.64 m
Outer wall 174.9 m² 36.72 m²
Loadbearing inner wall 0 m² 24.87 m²
Non-bearing inner wall 105.26 m² 23.35 m²
Separating wall 0 m² 40.16 m²
Floor 0 m² 83.22 m²
Flat roof 159.00 m² 6.96 m²
Flat roof edge 78.71 m 2.42 m
Windows 35.14 m² 14.19 m²
Interior doors 18.83 m² 16.12 m²
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(1) clay building blocks 29 x 14 x 14 cm
(2) joint in cement mortar
(3) rock wool – 14 cm
(4) air cavity – 3 cm
(5) brick veneer (M50) – 9 cm
(6) gypsum plaster + acrylic paint – 1 cm
(7) rock wool between horizontal bars – 6 cm
(8) rock wool between vertical bars – 8 cm
(9) supporting-structure for cladding 3.8 x 3.8 cm
(10) wooden cladding 2.4 cm (height 7 cm)
(11) waterproof course
(12) supporting-structure for boards 3 x 3.8; 3 x 9 

cm
(13) fibre cement board 120 x 250 cm
(14) air-tight vapour barrier
(15) gypsum board + acrylic paint – 1.25 cm
(16) timber frame – 14 cm
(17) oriented strand board (OSB) – 1.8 cm

Figure 3: Outer walls: graphical representation of the analysed variants.

Figure 4: Flat roof: graphical representation of the analysed variants.
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The foundation of the detached house consisted of a light concrete beam of which the width varied 
according to the thickness of the selected outer wall and the height according to the thickness of the 
chosen fl oor on grade. For the apartment building three types of pile foundations were compared: 
in situ concrete (PF1), prefabricated concrete drilled (PF2) and prefabricated concrete-driven piles 
(PF3).

The intermediate fl oors of the apartment were kept unchanged and consisted of a concrete slab 
(15 cm) with gypsum plaster as ceiling fi nish and ceramic tiles on a cement-based screed as fl oor 
fi nishing. For the apartment, however, no structural parts in timber were analysed (OW4, OW5 and 
FR2) since these are prohibited in Belgium for fi re safety reasons.

The window frames were kept unchanged and were assumed aluminium (with thermal break). 
The glazing, however, was altered from normal double glazing (DG) to thermally improved glazing 
(TIG). The U-value of the former equals 2.3 W/m²K, while it equals 1.1 W/m²K for the latter.

4.3 Cost optimisation

4.3.1 Analysis of the dwelling costs, focusing on the infl uence of the element options
The initial and life cycle costs (fi nancial and environmental) of both dwellings were determined for 
the different dwelling variants. In Fig. 6, the results are shown for the fi nancial costs and in Fig. 7 
for the environmental costs of the detached dwelling, assuming a life span of 60 years. Horizontally 
the initial cost is plotted, while vertically the life cycle cost is shown. Both are expressed per m² 
fl oor area. All graphs in Fig. 6 are identical, but each graph emphasises one of the building ele-
ments. The same accounts for the graphs in Fig. 7. The Pareto front is only shown in the graphs in 
the fi rst row.

The upper graph reveals that insulating the fl oor on grade results in an increase in the initial fi nan-
cial (Fig. 6) and environmental cost (Fig. 7), but in a decrease in the life cycle fi nancial and 
environmental cost. Among the six outer walls analysed (second graph), option four (OW4) is the 
most desirable from a fi nancial point of view, while options three and fi ve (OW3 and OW5) are 
preferable based on environmental cost. All the studied non-bearing inner wall variants lead to an 
approximately identical life cycle fi nancial and environmental cost (third graph). Insulating the fl at 
roof proves to be an important measure, both from a fi nancial and environmental point of view 
(fourth graph). Flat roof type one (FR1) is preferable from a fi nancial point of view, while the second 
type (FR2) is environmentally a better choice. Thermally improved glazing results in a higher initial 
and life cycle fi nancial cost, but leads to a lower life cycle environmental cost compared with stand-
ard double glazing (fi fth graph).

By comparing the fi nancial and environmental costs (Fig. 6 and Fig. 7), it is obvious that the envi-
ronmental costs are much lower than the fi nancial costs. The ratio of environmental to fi nancial cost 

Figure 5: Floor on grade: graphical representation of the analysed variants.
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Figure 6:  Detached dwelling: initial vs. life cycle fi nancial cost, analysing the infl uence of the 
element options.
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Figure 7:  Detached dwelling: initial vs. life cycle environmental cost, analysing the infl uence of the 
element options.
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is investigated and summarised in Table 4. The analysis reveals that internalising the environmental 
costs would lead to an average increase in investment cost of 8%, while the periodic cost would 
increase by 2% on average and the heating cost by 55%. For the apartment, this means an increase 
of 11% in the life cycle cost and for the detached house of 19%.

A similar analysis was made for the apartment, leading to similar results. A comparison of the housing 
types revealed that both the initial and life cycle costs of the subsets of Pareto optima of the detached 
house were always higher than that of the apartment. However, there are options of the detached house 
(not the optimal ones) that result in a lower life cycle cost than some options of the apartment. This is 
not only true for the fi nancial cost, but also for the environmental cost.

For the apartment, the maximum life cycle environmental cost of the Pareto subset equals 343 
/m2 fl oor area, while the minimum equals 195 /m2. For this life cycle environmental cost reduc-

tion of 43%, an extra environmental investment of 3.4% is required (but is thus compensated over 
the life span), while an extra fi nancial investment of 42 /m² fl oor area (6.4%) is needed. It, there-
fore, seems feasible to signifi cantly reduce the environmental life cycle impact for only a minor 
extra fi nancial investment. Moreover, the life cycle fi nancial cost is reduced by 9.4% and thus the 
extra investment is also fi nancially viable over a life span of 60 years. For the detached house, a 
reduction of 64% in the life cycle environmental impact is possible. However, this requires an 
extra fi nancial investment of 32%. The life cycle fi nancial cost is again reduced by 21% as a result 
of this environmental optimisation.

4.3.2 Financial cost optimisation
The subset of Pareto optima based on the fi nancial cost consists of 16 options for the apartment and 
12 options for the detached house. The option with the lowest investment cost was called the refer-
ence dwelling and proved to be, for both dwelling types, the variant which is not insulated, with 
inner non-bearing walls of timber frame and normal double glazing. Starting from this reference 
dwelling, the best investment among the different options considered is to opt for another type of 
inner walls, namely clay building blocks. This leads to the highest reduction in life cycle fi nancial 
cost for the lowest increase in initial fi nancial cost. However, it must be mentioned that the insulation 
options considered in this analysis were either no insulation or a thick insulation layer (two extremes). 
This explains why changing an inner wall type was preferred within a limited budget when com-
pared with the larger investment of insulating the house [5].

If a higher investment is possible, however, one should preferably invest in insulating the fl oor on 
grade. This requires a higher investment than choosing inner walls of clay building blocks, but leads 
to a higher reduction in the life cycle fi nancial cost [5].

The next optimisation steps differ between the two dwelling types. For the apartment, the next 
best investment is roof insulation, followed by insulating the outer walls. The fi nal optimal solution 
is a completely insulated apartment with normal double glazing and inner walls of clay building 

Table 4: Ratio of the environmental cost to the fi nancial cost.

Detached house (%) Apartment (%)

Initial environmental cost/initial fi nancial cost 8 8
Periodic environmental cost/periodic fi nancial cost 3 2
Heating environmental cost/heating fi nancial cost 55 55
Life cycle environmental cost/life cycle fi nancial cost 19 11
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blocks. For the detached house on the other hand, one should fi rst opt for insulated outer walls 
(timber frame) and then for roof insulation. This can be explained by the large outer wall surface area 
of this dwelling, which when insulated results in a large reduction in the heating cost. The detached 
house with the lowest life cycle fi nancial cost on the Pareto front is the dwelling with outer walls of 
insulated timber frame with a brick veneer, an insulated roof and fl oor on grade, normal double 
 glazing and inner walls of clay building blocks.

4.3.3 Environmental cost optimisation
The dwelling with the lowest initial environmental cost is identical to the one with the lowest fi nan-
cial cost with the exception of the inner wall type which consists of calcium silicate blocks instead 
of timber frame. The fi rst investment to make from an environmental viewpoint is opting for ther-
mally improved glazing instead of normal double glazing.

For the apartment, the next measures in order of preference are insulating the fl oor on grade, the 
roof and the outer walls. The option with the lowest life cycle environmental cost is identical to the 
one with the lowest life cycle fi nancial cost, but consists of inner walls of calcium silicate blocks 
instead of timber frame and of thermally improved glazing instead of normal double glazing.

For the detached house, the order of measures is more or less identical to those for the apartment, 
but the option with the lowest life cycle environmental cost on the Pareto front differs. It is a dwell-
ing with identical inner walls (calcium silicate blocks), an identical insulated fl oor on grade and 
thermally improved glazing, but with differing outer walls (clay building blocks with an outer fi nish-
ing of cement fi bre board instead of a brick veneer) and a differing fl at roof (consisting of a timber 
structure instead of a concrete slab).

4.3.4 Total cost optimisation
For the apartment two more options were identifi ed on the Pareto front compared with the fi nancial 
cost Pareto set. It concerns the improvement of the glazing to thermally improved glazing. In a fi rst 
step this is combined with the timber framed inner walls and in a second step with inner walls of clay 
building blocks.

For the detached house, the Pareto front based on total cost consists of six more options than 
the Pareto set based on fi nancial cost. Again, it concerns the choice for thermally improved glaz-
ing. Depending on the available budget, this is combined with other outer walls, inner walls and 
fl at roof types. The option with the lowest life cycle total cost is the dwelling with outer walls of 
clay building blocks and a brick veneer with cavity insulation, a fl at roof consisting of a timber 
structure, an insulated fl oor on grade, inner walls of calcium silicate blocks and thermally 
improved glazing. The option with the lowest life cycle cost is summarised in Table 5 for the 
three types of costs.

4.3.5 Importance of the life phases
A detailed analysis into how the different life phases contributed to the life cycle fi nancial and 
environmental costs clarifi ed the difference in Pareto subsets (Fig. 8). While the life cycle envi-
ronmental cost is mainly determined by the heating cost (for the detached house 81% and for the 
apartment 69%), the life cycle fi nancial cost is more evenly distributed over the different phases. 
For the detached house, the initial phase is responsible for 34% on average. For the apartment 
this phase accounts for 32% on average. The periodic costs for cleaning, maintenance and 
replacements are responsible for 36% of the life cycle fi nancial costs for the detached house as 
opposed to 53% for the apartment. And the heating costs are responsible for 30% and 16%, 
respectively.
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A comparison of the two dwellings revealed that the heating cost is more important for the 
detached house than for the apartment, as could be expected because it is less compact. The periodic 
costs for cleaning, maintenance and replacements on the other hand are higher on average for the 
apartment. This can be explained by the spaces shared between the apartments, induce fi nancial 
costs in the fi rst place due to the labour activities (cleaning).

Table 5:  Description of the Pareto optima with the lowest life cycle cost for the different types of 
costs (fi nancial, environmental and total) and for the two dwelling types.

Apartment Detached house

Financial 
cost

Environmental 
cost

Total cost Financial 
cost

Environmental 
cost

Total cost

Pile foundation PF1 PF1 PF1 – – –
Outer wall OW1 OW4 OW3 OW1
Flat roof FR1 FR1 FR2
Floor on grade FG1 FG1
Loadbearing 
inner wall

LIW2 LIW1 LIW2 –

Non-bearing 
inner wall

NIW1 NIW2 NIW1 NIW1 NIW2

Glazing DG TIG DG TIG

Figure 8:  Detailed analysis of the contribution of the phases to the life cycle fi nancial and 
environmental cost for both dwelling types.
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4.4 Importance of the different building elements

Although the analysis clarifi ed that on average the initial phase is responsible for only 20% of the 
life cycle environmental cost and 33% of the life cycle fi nancial cost, this phase is suspected to con-
tribute to more costs for better insulated dwellings. Especially in the case of low energy and passive 
houses, this phase will presumably become signifi cantly more important. Therefore, the contribution 
of the different elements to the initial environmental and fi nancial costs was investigated in order to 
determine which elements should be focused on fi rst (Fig. 9).

Large differences are apparent between the two dwelling types. The elements that contribute most 
to the initial environmental cost in the detached house are the fl at roof and the fl oor on grade, fol-
lowed by the outer walls, while the intermediate fl oors contribute most to the initial environmental 
cost of the apartment.

For the fi nancial cost, the same trends were noted, although some small shifts appeared. For the 
detached house, the outer walls contribute more to the initial fi nancial cost than the fl oor on grade, 
while the contribution of the foundation is reduced compared with its contribution to the environ-
mental cost. For the apartment the intermediate fl oors are still the most important contributors to the 
initial fi nancial cost, but this is again reduced compared with the environmental cost.

4.5 Importance of the choice of functional unit

Since the choice to express the costs per m² fl oor can be questioned (larger dwellings lead to a lower 
cost per m² fl oor), the costs were also investigated ‘per dwelling’ and ‘per inhabitant’. The results are 
shown in the graphs in Fig. 10. This comparison revealed that the conclusions based on the analysis 
per m² fl oor do not alter for the other functional units. However, the difference between the two 
dwellings is slightly changed in favour of the apartment.

Figure 9:  Average contribution of the different building elements to the environmental and fi nancial 
investment cost of the building.
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The analysis confi rmed the earlier conclusion that the optimisation opportunities are more 
extended for the detached house than for the apartment: there is obviously a larger difference between 
its minimum and maximum life cycle environmental cost.

4.6 Cost/quality optimisation

For the cost/quality optimisation, the alternative that offered the highest quality increase for the low-
est additional cost was identifi ed according to the same procedure used in the cost optimisation. The 
analysis revealed that the quality is identical for many options. This can be explained by the fact that 
all of the chosen technical solutions fulfi l the European and Belgian performance norms and 
 standards, resulting in little quality differences. However, the quality evaluation was important when 
optimising the layout of the dwelling [5].

Figure 10: Analysis of the minimum, maximum and average life cycle environmental cost for both 
dwelling types, expressed ‘per m² fl oor’, ‘per dwelling’ and ‘per inhabitant’.

Figure 11: Average quality score of the analysed detached house and apartment.
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The comparison of the average quality of the detached house and the apartment revealed that the 
quality of the detached house is higher. This means that, although the costs are higher for this dwell-
ing type, people may prefer it because of its quality. The subsets of Pareto optima based on cost/
quality proved to be different from the subsets based on costs only. One remarkable difference is the 
preference for ceramic tiles as fl oor fi nishing when considering the quality (ease of maintenance), 
while carpet is preferred when only costs are considered.

5 CONCLUSION
The proposed methodology to optimise the sustainability of the Belgian dwelling stock considered 
fi nancial and environmental costs based on life cycle analysis and also included a quality evaluation. 
The Pareto approach was used to defi ne the optimal solutions. The implementation of the methodol-
ogy to a detached house and an apartment revealed that it is feasible to obtain a large reduction in the 
life cycle environmental cost – for an assumed life span of 60 years – for only a minor extra fi nancial 
investment.

Furthermore, the analysis showed that the optimisation criterion (fi nancial cost, environmental 
cost or total cost) is a determining factor. For example, from an environmental point of view calcium 
silicate blocks are preferred for the inner walls while clay building blocks are fi nancially preferred.

For the case studies, internalisation of the environmental cost led to an 8% increase in investment 
cost on average while the maintenance cost (including cleaning and replacements) increased by 2% 
and the heating cost by 55%. While the life cycle environmental cost was mainly determined by the 
heating cost, the initial and periodic costs for cleaning, maintenance and replacements contributed 
most to the life cycle fi nancial cost.

The contribution of the building elements to the initial fi nancial and the initial environmental cost 
differed for the two analysed dwelling types. Therefore, depending on the dwelling type, other ele-
ments should be focused on during optimisation.

Although the environmental and/or fi nancial cost was higher for a certain option, one may chose 
for it because of its better quality. This was clearly shown by the optimisation procedure including 
quality aspects.

In the second phase of this research, the methodology is being refi ned and implemented to defi ne 
actions in order of priority for improvements of different dwelling types and to compare these mutu-
ally. Based on the results, policy recommendations will be formulated.
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