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ABSTRACT 

This study focusses on the development of a comprehensive early stage decision support tool for the 
holistic assessment of sustainability of renovation strategies. The motive for this study is twofold. On one hand 
the Dutch population is ageing in a rapid pace. This is due to the baby boom of World War II and the increasing 
life expectancy. As a result of this, elderly are ageing in place, which asks for appropriate housing for these 
people. On the other hand, the world is facing the consequences of climate change. In 2015, 195 countries signed 
the Paris climate agreement, all agreeing to limit global warming to 2 degrees Celsius compared to the levels of 
1990. Global warming is a consequence of the emission of greenhouse gasses, these gasses are for a substantial 
part a result of energy consumption. 40 % of the worldwide energy consumption is consumed by buildings. One 
of the key tasks in achieving the goals of the climate agreement is renovating the existing building stock to reduce 
energy consumption.  

This study aims to develop a comprehensive early stage decision support tool to assist the holistic 
assessment and development of sustainable renovation strategies. The early stage of renovation is defined as 
the pre-design and design phase. Holistic assessment of sustainability includes all three dimensions of 
sustainability, i.e. environmental, economic, and social sustainability. Environmental sustainability assesses the 
environmental impact using a life cycle approach. This includes the production, construction, operation and end-
of-life stage. Economic sustainability focusses on the cost-effectiveness of a renovation project. The life cycle 
approach of economic sustainability is more self-evident, as criteria such as investment costs, construction costs 
and end-of-life costs are important to the cost effectiveness of a project. Social sustainability is defined as the 
impact of renovation options on future residents. Study shows that social sustainability is often neglected in the 
assessment of renovations.  

This research is composed of three parts: the first part focusses on holistic assessment of sustainable 
renovation. Based on a literature study, assessment criteria for each dimension of sustainability are defined. The 
second part reviewed the state-of-the-art on early stage decision support tools. The Multivariant Design tool is 
selected as the most comprehensive tool, main reasons are its flexibility for including additional criteria and its 
structured approach. This tool accommodates the phases of goal setting and supports in alternative generation, 
performance estimation, and partially alternative evaluation. 

The tool is complemented with methods for goal setting, criteria weighting, building diagnosis, and 
alternative evaluation. The assessment criteria of the first part of the research are included in the tool to support 
holistic assessment of sustainability. The input of stakeholders is used in different phases throughout the tool. 
The final output of the tool is to incite discussion among stakeholders on which renovation strategy to choose, 
to make a well-considered decision.  

In the third part the new tool is tested using a case study of a multi-family house, built in 1971, for 
independent living elderly. The building is located in Roermond – The Netherlands and is owned by a housing 
association. The renovated building is targeted to be a zero energy building. Based on this target and the building 
diagnosis 16 elements for renovation are defined. With those elements 64 different renovation strategies have 
been generated and assessed.  

The applicability of the tool is wide, since it can accommodate the analysis of several building types. 
The goal setting phase can be adapted to meet criteria from different target groups. The added value of the tool 
is its comprehensiveness, the practical application of sustainability, the capability to assess sustainability 
holistically, assessment of multiple renovation strategies at once, and the insight in the performance of 
alternative renovation strategies. 
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1. INTRODUCTION 

1. A. CONTEXT 
This study is focused on a holistic approach towards sustainable renovation, which can be achieved in 

the early stage of the renovation process. This is assisted by means of a decision support tool. The state-of-the-
art on decision support tools and sustainability in renovation approaches is discussed. The most comprehensive 
tool is complemented with the omissions in sustainable renovation, after which it will be tested on a case study. 

The introduction will describe the case study and its context, the motive for this study and the problem 
statement. 

1. A.1.  Case study 
The multi-family house of the case study is located in the district of Maasniel, Roermond, which is a city 

in the south of The Netherlands in the province of Limburg. Approximately 7,500 people live in this district, 21 
% of the people are 65 or older (Municipality of Roermond, 2016). Figure 1 shows the district of Maasniel. The 
case building is located in the south-east corner of Maasniel, right along its border at the intersection of the 
Bredeweg and the Oranjelaan. The apartment building is connected to a care center, providing dwellings for 
elderly with care needs. See figure 2. Figure 3 shows the building standing from the red dot in figure 2. The 
building is built in 1971 and became property of a Dutch housing association called Domus in 2003. Domus is a 
housing association with the main focus on social housing and housing for elderly.  

        
Figure 1: District of Maasniel           Figure 2: Case study building and care center 

 
Figure 3: Facade street side 
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1. A.2. Social Housing 
Social housing in The Netherlands is a system of rental dwellings with several rental prices (excluding 

utility services). These dwellings are affordable rental dwellings for people who do not have enough financial 
resources to rent in the private sector. Usually these dwellings are owned by housing associations. To be eligible 
for social housing in The Netherlands certain conditions must be met, for example a limited income. There are 
three types of social housing, categorized on their rental price per month: < €592.55, €592.55 - €635.05, and 
€635.05 - €710.68. For each category there is a limited income define, one for elderly (above legal retirement 
age) and one for below retirement age. These dwellings are classified for a certain criteria based on a grading 
system. Each part of a dwelling, like surface and bathroom gets a grading, based on the total grades the dwelling 
is rated (Rijksoverheid, n.d.-a). 

 The term “appropriate allocation” (in Dutch: Passend Toewijzen) is used for the allocation of rental 
units to families. This principle requires that housing associations allocate their dwellings appropriate to a 
family’s income. The incomes for people above retirement age are given in Figure 4. There is a separation in one 
and two person households. 

 
Figure 4: Limited income per rental price (Woonbedrijf, n.d.) 

In the case study the focus is on independent living elderly. These elderly live either in a one, or a two 
person household. The rental price of the apartments cannot exceed €592.55 in order for it to be labeled as a 
social rental dwelling according to Dutch standards.  
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1. A.3. Housing association Domus 
As stated above it are usually the housing associations in The Netherlands providing social housing for 

people with limited income, as does Domus. Domus is a relatively small housing association mainly operating in 
Roermond. It currently owns 1.258 rental units with approximately 25 % healthcare property. The remainder 
are mostly apartments suited for small households. Large part of its stock is built this century (Domus, 2013). 

Domus has four core values illustrated by Figure 5. Connection (“verbinding”) is illustrated by a bridge, 
Domus’ focus is on their surrounding and as locally embedded civil society organization it is connected with its 
tenants and cooperation partners. Nearby (“dichtbij”) focusses on the accessibility of Domus for its tenants. 
Transparency (“transparant”) is how Domus acts as an association. Involvement of its tenants and partners in 
decision making, and clear, comprehensible communication result in a transparent organization. Proactive 
(“proactief”) is the attitude Domus aspires and expresses.  

 
Figure 5: Core values Domus 

Based on these four core values developed the following mission which clearly illustrates Domus’ focus 
on healthcare: 

“Housing association Domus is committed to suitable housing for people with care needs 
or limited incomes. In Roermond we are the specialist in healthcare property. We seek 

connection with the surrounding and our partners, and work in a proactive and 
transparent manner.” (Domus, 2013) 

In its business plan 2013 – 2016 Domus defines three strategic themes: 
I. Appropriate accommodation; tailored to the needs and wishes of its target group which consist of 

tenants with a limited income or (specific) care needs. Moreover its accommodations should be varied, 
affordable and qualitatively. 

II. Facilitating connections “We achieve more together”; Domus acts as a part of society and therefore 
wants to interact with it. Knowledge of its environment, tenants and partners in domains of living, 
wellbeing and care are crucial for this connection.  

III. Focus on Quality; this strategic theme focusses on the tenants, giving them the attention they deserve. 
This is realized by exploiting the advantages of being a small housing association on the one hand, and 
profit from economies of scale as a result of cooperation on the other. 
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1. B. MOTIVE 
The motives for this study is comes from two aspects: demography and environmental issues. 

1. B.1. Demography 
The demographic motive for this study contains two aspects, the challenge of an ageing population and 

the demographic trends of the city of Roermond. 

1. B.1.1. An ageing population 
People are ageing in a rapid pace. This ageing is a result of two factors, the so-called baby-boomers 

born after World War II, and the rising life expectancy (de Jong, 2013). In 2015 the population aged 65 and over 
accounts for 8.5 % (617 million) of the total population. The project increase for the timeframe 2015 – 2050 is 
an average of 27 million each year, resulting in 1.6 billion people aged 65 and over by 2050. By then it will 
represent 16.7 % of the world population. (He, Goodkind, & Kowal, 2016) In The Netherlands the population of 
elderly (65 and over) in 2015 is 18 % and is expected to reach 26.9 % by 2050 (European Commission, 2014b). 

Of the 25 oldest countries in 2015 most lie in Europe, 22 in total. By 2050 Europe is still expected to be 
the oldest continent, by then with 20 countries. The consequences of these demographic changes were first 
underscored in 1994 in terms of the need to improve employment opportunities for older workers. Since then 
several European Councils have been devoted to dealing with an ageing population. These councils regarded, 
among others, the housing of the elderly, health care and long-term care (European Commission, 2014a).  

For The Netherlands specifically the increase can be best shown by means of a population pyramid. The 
age is set on the y-axis, on the x-axis the total population of that age is represented. In Figure 6 the population 
pyramids for the years 2017 and 2060 are given. It can be seen that by 2060 the top of the population pyramid 
is a lot wider, thus more people are getting older.  

 
Figure 6: Population pyramid of The Netherlands. Top: 2017, Bottom: 2060 
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1. B.1.2. Demographic trends Roermond 
The demographic trends for the city of Roermond are quite similar 

compared to the rest of the country. In 2015 the municipality of Roermond has 
57,005 residents of which 10,869 residents are 65 and older. That accounts up to 
19 % of the population, compared to the 18 % nationally. It can be said that the 
population of Roermond is comparable to national numbers. By the year 2050 
Roermond will have 60,094 residents of which 17,410 are 65 and older. This makes 
up for 29 % of the total population of Roermond. Compared to the 26.9% of the 
national prognosis we can conclude that Roermond is ageing just slightly faster 
(Neimed, 2016b).  

Roermond is one of the few regions of the province Limburg which will 
see population growth in the current prognosis. The remainder of Limburg, mainly 
the south and middle of Limburg will face a population decrease in the upcoming 
years, see Figure 7 (Neimed, 2016a). From 2035 onward Roermond will, just like 
the rest of Limburg face population decrease, see Figure 8(RIVM, 2013).  

The fact that Limburg is a contracting region is a major concern for 
municipalities, businesses and housing associations. Contraction will have 
consequences for domains like living/dwellings, public space, education, and care 
and welfare facilities and employment.  

 

 
Figure 8: Demographic trends Roermond (RIVM, 2013) 

1. B.2. Environment 
1. B.2.1. Climate change 

A challenge the world is currently facing is tackling climate change. If no action is taken, the average 
global temperature is projected to increase by between 1.1 °C and 6.4 °C this century. Global warming has 
already led and will lead to increased extreme weather events, water availability issues, rising sea levels, and 
many more consequences. The cause of global warming can be attributed to human influence. The burning of 

Figure 7: Contracting region 
Limburg (Neimed, 2016a) 
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fossil fuels, deforestation and farming lead to the emission of greenhouse gases (GHGs). Types of GHGs are 
carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O) and fluorocarbons (Ohliger, 2017). 

In December 2015 at the Paris climate conference, 195 countries signed the Paris agreement. This 
agreement is a climate deal which sets out a global action plan to limit global warming well below 2°C (European 
Commission, 2017). To reach this goal the European Union (EU) set a goal to reach a 20 % reduction in GHG 
emission by 2020, compared to 1990 levels. A major task of this goal is “an efficient, prudent, rational and 
sustainable utilization of energy applies, inter alia, to oil products, natural gas and solid fuels, which are essential 
sources of energy, but also the leading sources of carbon dioxide emissions.” (European Union, 2010, p. 153/13). 
40 % of total energy consumption of the EU can be attributed to buildings. Which is an expanding sector and 
therefore bound to increase its energy consumption (European Union, 2010). The embodied energy in building 
products was estimated at 1.9 million TJ in 2011. In 2010 the operational energy in residential buildings was 
nearly 7 times the embodied energy in all newly produced building materials (Herczeg et al., 2014). 

The urgency of fighting climate change cannot be stressed out enough. An inspirational quote by WWF 
illustrates the broad impact of climate change.  

We’re facing the biggest environmental challenge our generation has ever seen. No 
matter what we’re passionate about, something we care about will be affected by climate 

change (WWF, 2016). 

1. B.2.2. Dutch building stock 
An apartment building, or any other building which houses multiple dwellings is categorized as a multi-

family house (meergezinswoning) in The Netherlands. The official definition of multi-family house is: Any 
residence which together with other residential or business premises forms a building. This includes flats, gallery, 
porch, lower and upper homes, apartments and dwellings above business premises, insofar as these are 
provided with a separated entrance door from the business premises (Centraal Bureau voor de Statistiek (CBS), 
n.d.). 

Approximately 900,000 multi-family houses built between 1955 and 1975 are now facing either 
renovation or demolition. These represent approximately 13% of the total housing stock (Ham & Schamhart, 
2006). The building used for this case study falls within this category of 900,000 multi-family houses. Moreover, 
the construction method used in the building, a masonry cavity wall, is a very common building technique in The 
Netherlands. This method has been used for decades, also prior to 1970 (Andeweg, 2013). The amount of multi-
family houses built using cavity wall construction method can be expected to be much larger. With these facts 
in mind it can be stated that this case study to renovation of a multi-family house built with a cavity wall 
represents a relatively large part of the Dutch building stock. 

A reduction of energy consumption, and thus the production of GHG, in the building industry cannot be 
achieved by reducing the (operational) energy consumption in new buildings and/or building products. Based 
on these numbers it can be concluded that renovation is a critical and necessary activity to reduce energy 
consumption in the building sector, therewith aiding in achieving the climate goals defined by the European 
Union.  
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1. C. PROBLEM STATEMENT 
The current problem faced in the construction industry is, broadly described, a need for sustainability. 

Sustainability is a generic and widely used term these days, it describes more a concept rather than it is a 
definition (Pawson, 2001). To continue with this report a clear definition which will be used throughout this 
research is given. Then an application of sustainability to the building industry will be researched, after which 
the problem statement will be given. 

1. C.1. Sustainability 
The first definition of sustainability was given by the World Commission on Environment and 

Development (WCED) in the Brundtland report in 1987. The definition is as follows: “Sustainable development 
is development that meets the needs of the present without compromising the ability of future generations to 
meet their own needs.” Continuing on the Brundtland report Elkington (1994) introduces an integrated system 
for the multidimensionality of sustainability. He felt there was a need for a deeper integration of the social and 
economic dimensions of the agenda. As a result of this he devised the Triple Bottom Line (3BL), in which 
sustainability has three main dimensions: environmental, economic, and societal (Elkington, 1994). The triple 
bottom line forms the basis for the commonly known and widely used triple P (people, planet, profit) approach. 
The associated parameters are environmental protection, economic prosperity and social equity. 

1. C.1.1. Environment 
Daly (1990) defined environmental sustainability by proposing three conditions which should be met. 

(1) The rate of harvest of renewable resources should not exceed the rate of regeneration, (2) the rates of waste 
generation from projects should not exceed the assimilative capacity of the environment and (3) the depletion 
of the nonrenewable resources should require comparable development of renewable substitutes for that 
resource. Examples of these conditions are (1) wood harvesting should not exceed the capacity of the forest to 
regrow the harvested wood, (2) The emission of CO2 should not exceed the assimilative capacity of the 
environment and (3) the extraction of oil should go paired with the planting of trees for wood alcohol.  

For renovation there are two main aspects which regard environmental sustainability, the reduction of 
operational energy consumption and embodied energy of materials used for renovation. Buildings are 
constructed with building materials, which consume energy throughout stages of material extraction, transport, 
manufacture, use, deconstruction and disposal. The energy consumed in these life cycle stages of a building is 
defined as embodied energy (Dixit, Fernández-Solís, Lavy, & Culp, 2012). Both the operational energy (Goldman, 
Greely, & Harris, 1988; Mahlia, Said, Masjuki, & Tamjis, 2005) and the embodied energy (Cellura, Guarino, Longo, 
& Mistretta, 2014; Gaspar & Santos, 2015) are widely researched and applied indicators for ecological 
sustainability within renovation projects. A key aspect of ecological sustainability is that both indicators are 
considered over the lifespan of a material/component.  

1. C.1.2. Economic 
The Business dictionary (2017) defines economic sustainability as follows: “The use of various strategies 

for employing existing resources optimally so that that a responsible and beneficial balance can be achieved 
over the longer term. Within a business context, economic sustainability involves using the assorted assets of 
the company efficiently to allow it to continue functioning profitable over time.”  

Although we are considering sustainability in the context of building renovation, the definition above is 
adequate for the case study. The housing association is allocating resources to the renovation of a building, in 
order to reduce exploitation costs, i.e. maintenance and operational energy costs. However in contrast to a 
business context, the optimal employment of resources is not merely a beneficial balance in long term, it is also 
maximum quality for users for a certain investment. 

1. C.1.3. Social 
Mckenzie (2004) defines social sustainability as a positive condition within communities, and a process 

within communities that can achieve that condition. He defines 10 different indicators of that condition 
(Mckenzie, 2004, p. 23). The most important one for the building industry is equal access to key services, i.e. 
health, education, transport, housing and recreation. 
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 The main focus of renovation in social sustainability is providing equal access to housing and, if 
necessary, healthcare. The target group of the case study considered in this thesis is independent living elderly.  

 

1. C.2. Sustainability in the building industry 
Sustainability in the building industry is widely researched as a consequence of its share in the total amount of 
GHC emission (European Union, 2010), its high economic significance (Home Builders Federation & Nathaniel 
Lichfield & Partners, 2015) and the impact on our everyday lives, as we spend 85 – 90% of our lives in buildings 
(Rockwool, n.d.). Pombo, Rivela, & Neila (2016) presented an overview on how sustainability is assessed in the 
renovation of residential buildings. They performed a literature study and categorized the literature in three 
groups, housing type, assessment criteria and energy-efficiency measures. The housing type identified are 
single-family housing (SFH), multi-family housing (MFH) and housing stock (HS) for macro-analysis with an 
unidentified housing type. The assessment criteria were divided along the dimensions of sustainability namely, 
environmental, economic and social. The energy-efficiency measures were categorized in renovation of the 
building envelope, improvement of the building service system and implementation of renewable energy. An 
overview is given in Figure 9. The overview illustrates that sustainability is not often assessed using all three 
dimensions of sustainability, just two of the 42 articles do include assessment criteria from all three 
dimensions of sustainability.  

 
Figure 9: Overview of literature studied by Pombo et al. (2016) 
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1. C.3. Early-stage decision support tools for renovation 
A literature review performed by Nielsen, Jensen, Larsen, & Nissen (2016) on early stage decision 

support tools for sustainable renovation reviewed 43 different tools, either designed or applicable for 
renovation. The renovation process defined by Nielsen et al. (2016) is illustrated in Figure 10.  

 
Figure 10: The process of renovation 

The phases in which decision-making methods can contribute to the renovation process are defined as: 
(1) goal setting, (2) criteria weighting, (3) building diagnosis, (4) design alternatives generation, (5) performance 
estimation, and (6) design alternatives evaluation. The goal setting is a key step in the process. This includes 
defining the objectives and choosing sustainability criteria. Setting the right goals for the project is essential as 
all the following phases will be based on the goals/criteria chosen in this stage. In the second phase, criteria 
weighting, the relative importance of criteria is determined. The criteria weights define the impact of a criterion 
on the final design. In order to renovate a building the current state of the building has to be known. The 
gathering of this data is carried out in the building diagnosis phase. In the fourth step, the design alternatives 
generation, renovation actions are determined. These can be both necessary actions, due to an advanced level 
of deterioration, or improvements to the quality of the building. In the phase of performance estimation the 
performance of the design alternatives is determined. The performance is determined based on the criteria and 
their weights as defined in the first two steps of the renovation process. In the final stage, design alternatives 
evaluation, the different performances of alternatives are compared and assessed. Based on this evaluation a 
decision maker can decide for a certain renovation strategy for the building. The evaluation of design alternatives 
is inherent to all decision support tools, i.e. in order to provide an optimal result the alternatives generated and 
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assessed by the tools have to be evaluated. However, the process of evaluation can be performed in different 
ways. Some tools provide guidelines for the evaluation of alternatives. 

In Figure 11 an overview is given of the reviewed decision support tools. These tools are divided 
according to where in the renovation process they can support the decision making. As can be seen in the 
overview an essential element of decision support tools is performance estimation. 36 out of the 43 reviewed 
tools include this part of decision making. Only five tools make use of tools/guidelines for the evaluation of 
alternatives. The phases of goal setting and building diagnosis are both included in tools nine times. The 
importance of the goal setting phase is critical, as this determines the process of performance estimation and 
alternatives evaluation. The phase of building diagnosis is somewhat less important to include in a decision 
making tool. It is important for design alternatives to be applicable to the building, however this can be assessed 
by means of a structured building analysis. The inclusion of building diagnosis in a decision support tool is not 
essential.  

From this overview it can be concluded that a lot of tools are developed for, and research is dedicated 
to, early-stage decision support tools. However there is no tool including all stages in which decision support can 
be used. 

 
Figure 11: Reviewed decision support tools by (Nielsen et al., 2016) 
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1. C.4. Problem definition 
The motive of this study is twofold: the demographic changes and environmental challenges. The need 

for proper housing for elderly is pressing as the Dutch population is ageing. Due to this ageing population the 
concept of ageing in place is gaining popularity in politics (Rijksoverheid, n.d.-b). This calls for future-proof, and 
thus flexible housing for elderly. The current challenge of global warming is a major driver in striving for energy 
efficiency. A reduction of 20 % GHG emissions compared to the levels of 1990 is necessary in order to meet the 
target set by the Paris agreement. The major task for reaching this goal is an efficient energy utilization. Given 
the fact that 40% of the total energy consumption is used by buildings, renovating the current building stock is 
critical.  

Based on the reviews of Pombo et al. (2016) and Nielsen et al. (2016) two problems in the building 
industry for renovation can be found. First there is a lack of holistic sustainability assessment. Two out of the 42 
reviewed articles by Pombo et al. (2016) use assessment criteria of all three dimensions of sustainability. 
Assessing only one or two of the three dimensions is a shortcoming in the assessment of sustainability. 

Another problem is a lack of an early-stage decision support tool supporting in all phases of the 
renovation process. None of the reviewed tools in the study of Nielsen et al. (2016) provide support in all phases 
of the early stage renovation process. By supporting each step of the renovation process whilst including 
assessment criteria of all three dimensions of sustainability, the impact of sustainability measures can be 
maximized.  
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1. D. CONTENT 
In chapter 2 the goal and methodology of this case study will be elaborated. This chapter will pose 

operational research questions, which will be answered in the following chapters. 

Chapter 3 is the exploration of this study. Chapter 3.A focusses on sustainable renovation. Definitions 
of sustainable renovation and the breakdown in sustainability dimension is given in the first sub-chapter. In the 
second sub-chapter assessment criteria of sustainability will be defined. In the third and final sub-chapter an 
explanation of a holistic assessment is given. In chapter 3.B the focus is on the target group, the independent 
living elderly. This target group is defined, their needs and wishes are described, and the potential care facilities 
are considered. Chapter 3.C is a study into early stage decision support tools. The first paragraph defines the 
purpose and requirements of a decision support tool. In the second sub-chapter the state-of-the-art in decision 
support tools for renovation is researched. In the third sub-chapter promising tools for different phases of early 
stage renovation have been identified. 

Chapter 4 regards the development of the decision support tool for holistic assessment of sustainable 
renovation. This tool is developed by complementing an existing tool. This tool is chosen and elaborated in the 
first sub-chapter. The following sub-chapter describes the phases and methods with which the tool is 
complemented. The final sub-chapter of chapter 4 describes the complemented decision support tool. It 
presents an overview, in-depth information of used methods, required input and produce output, and it gives 
an illustration of an interface for each phase. 

Chapter 5 is the application, in which the complemented tool will be applied to a case study in order to 
test its applicability. All phases of an early stagy renovation are considered in a separate sub chapter. These are 
goal setting, criteria weighting, building diagnosis, alternative generation, performance estimation, and 
alternative evaluation respectively. Each sub-chapter gives a brief summary of the output generated in this 
phase of the tool, the actual application is given in the appendices. 

Chapter 6 presents the results of the study. The results are divided in results of the tool and results of 
the study. The results of the tool provides an overview of the selected renovation options for the optimal 
performing renovation strategy. The results of the study discusses the validity, applicability, and added value of 
the complemented decision support tool. 

In chapter 7 the conclusion of this thesis will be given. Chapter 8 is the discussion, this chapter discusses 
the limitations of the research and provides recommendations for future works.   
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2. GOAL AND METHODOLOGY 

2. A. RESEARCH GOAL & QUESTION 
2. A.1. Research goal 

The research goal is based on the motives and problem statement previously described. The main 
motives are an ageing population, climate change and the possibility of the building stock to address these 
problems. In the problem statement it became apparent that there is a need for a holistic approach on 
sustainability. Therefore the goal for this thesis is to develop a holistic approach towards sustainability in 
renovation of a multi-family house for independent living elderly. 

In the problem statement two problems have been illustrated on the basis of a literature review; a lack 
of holistic assessment of sustainability, including assessment criteria of all three dimensions of sustainability and 
a lack of a comprehensive decision support tool, supporting all phases of early stage renovation process.  

Develop a holistic approach towards sustainable renovation of a multi-family house for 
independent living elderly in early stage decision making by means of a decision support 

tool. 

The purpose of this study is to design a tool which supports the decision maker in developing a 
sustainable renovation strategy. The adjective sustainable is defined by assessment criteria including all three 
dimensions of sustainability. On the basis of the research of Pombo et al. (2016), it can be concluded that the 
assessment criteria of environmental and economic sustainability are widely researched, the assessment criteria 
of social sustainability are under researched. This study proposes assessment criteria for social sustainability to 
enable holistic assessment of the concept of sustainability. Further research into social sustainability assessment 
criteria is necessary, however not included in the scope of this research.  

The highlighted words in the research goal represent key elements of this research, relating to the 
problem statement. These elements will be researched using operational research questions, elaborated later 
on in this chapter.  

2. A.2. Research question 
The main research question for the research is: 

How can an early stage decision support tool be designed to assist in decision making for 
holistic sustainable renovation of a multi-family house for independent living elderly? 

The intended outcome of this study is a decision support tool to assist the decision maker in developing 
a sustainable renovation strategy. This includes assessment criteria in all three dimensions of sustainability. The 
tool is applied to a case study to test the applicability. 

2. A.3. Operational research questions 
To be able to answer the research question in a structured and well-founded manner it is divided into 

sub, and sub-sub questions. The questions are as follows: 

1. What is a holistic approach for sustainable renovation? 
- What is a holistic assessment? 
- What is expected of a sustainable renovation? 
- What assessment criteria are needed for the assessment of sustainable renovation? 

 
2. What are the (future) needs and wishes of independent living elderly? 

- Who are the independent living elderly? 
- What are the needs and wishes of independent living elderly? 

What (future) facilities are/can be needed for independent living elderly? 
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3. Which decision support tool for early stage decision making for renovation is suited for 
complementation? 

- What are is the purpose of a decision support tool?  
- What is the state-of-the-art in early stage decision support tools? 
- Which decision support tools are promising? 

2. A.4. Definitions 
2. A.4.1. Holistic 

Geier, Ehrbar, & Schwehr (2014) define holistic as follows: “Holistic refers to the ancient Greek term 
holos (whole) that provides the basis for its understanding as a comprehensive approach and does not only 
address the integration of a variety of (cross-sectorial) disciplines in construction processes. Moreover, it is an 
attitude to understand and to coordinate complex processes across different disciplines without separating 
them into isolated parts (p. 2)”. 

2. A.4.2. Sustainable 
The concept of sustainability is already discussed in the introduction, chapter 1. C.1. The definition of 

Elkington (1994), generally known as the triple bottom line, is used for this study. The triple bottom line states 
that sustainability can be measured by three dimensions; environmental, economic, and social sustainability. 

2. A.4.3. Independent living elderly 
Independent living elderly are people above the age of 55 living independent. This means they are able 

to perform their day-to-day activities on their own, possibly with the help of domiciliary care. This may require 
facilities to enable people with limited abilities to live independent.  

2. A.4.4. Renovation 
Renovation is a term with many synonyms with varying definitions between nations. Examples of 

synonyms are retrofitting, remodeling and refurbishment. For the purpose of this paper the term renovation 
will be applied. The definition of renovation used for this paper is the activity in which a building is restored and 
(partially) renewed in good condition. A building is thus improved by making changes or enlarging it (Ensie, 
2013). The synonyms will however be used for literature search. 

2. A.4.5. Early stage 
The early stage of a renovation process encompasses the pre-design phase and the design phase, see 

Figure 10. These phases of renovation are iterative, meaning that sometimes it is necessary to re-do a step in 
the process. The stages in which a decision support tool can assist in the early stage are defined as; goal setting, 
criteria weighting, building diagnosis, alternatives generation, performance estimation, and alternatives 
evaluation. 

2. A.4.6. Renovation option 
A renovation option is a technique for the renovation of a single element of a building, e.g. the 

replacement of single glazing for double or triple glazing. 

2. A.4.7. Renovation strategy 
A renovation strategy is the combination of all renovation options, which forms the complete 

renovation of a building.   
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2. B. METHODOLOGY 
The approach of this study is inductive. An inductive approach starts with observations, where theories 

are proposed at the end of the research process as a result of the observations made (Goddard & Melville, 2004). 
The observations made for this study are based on a literature study. Based on this study an early stage decision 
support tool will be selected which will be complemented with social sustainability assessment criteria. These 
criteria will come from a literature study and an interview as verification. For the verification of the early stage 
decision support tool for renovation a case study will be performed, assessing the applicability of the tool.  

 
Figure 12: Research model 

In Figure 12 the research model of this study is given. The motive, comprised of social and environmental 
characteristics, is discussed in the first chapter. In the exploration the wishes and needs of independent living 
elderly are given. This provides the necessary requirements and conditions for the renovation of the building. 
Next, a literature study to the assessment criteria of sustainability will be performed. This study into 
assessment criteria will focus on the case study to which the tool will be applied, residential renovation for 
elderly. Simultaneously a study to early stage decision support tools for renovation will be carried out. The 
results of these two studies are used as input for the development of a holistic tool for the decision support of 
sustainable renovation. After completion of this tool it will be tested by applying the tool to a case study. The 
applicability of the tool will be discussed, as well as the possibility to use the tool for other cases.  
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3. EXPLORATION 

This chapter contains three sub chapters. Chapter 3.A is a research into sustainability for renovation, 
chapter 3.B focusses on the needs and wishes of independent living elderly, and chapter 3.C studies the state-
of-the-art early stage decision support tools.  

3. A. A HOLISTIC APPROACH FOR SUSTAINABLE RENOVATION 
This sub chapter aims to answer the first sub question: What is a holistic approach for sustainable 

renovation? To answer this sub question, three sub-sub questions are formulated. These are given and answered 
in each of the following paragraphs (3.A.1 – 3.A.3). The goal for this sub chapter is an understanding of how 
sustainability can be assessed holistically within the scope of this study.  

3. A.1. A holistic assessment 
The first term in sub question 1 is holistic. Therefore this chapter aims to answer the sub-sub question: 

what is a holistic assessment?  

A definition of holistic is given by Geier, Ehrbar, & Schwehr (2014, p. 2): “Holistic refers to the ancient 
Greek term ‘holos’ (whole) that provides the basis for its understanding as a comprehensive approach and does 
not only address the integration of a variety of (cross-sectorial) disciplines in construction processes. Moreover, 
it is an attitude to understand and to coordinate complex processes across different disciplines without 
separating them into isolated parts.” Two parts of the definition of holistic are underlined. This is because these 
are key parts of the definition, this adds up to: a comprehensive approach without separation into isolated parts.  

The definition of sustainability by Elkington (1994) states that sustainability is composed of three 
dimensions, environmental, economic, and social. An holistic approach for sustainability, based on the 
definitions of Geier et al. (2014) and Elkington (1994), is an approach where all three dimensions are assessed 
simultaneously, without being separated into isolated parts.  

In the introduction the research of Pombo et al. (2016) regarding the assessment of sustainability has 
already been discussed. Two out of 42 reviewed articles include assessment criteria from all three dimensions 
of sustainability. So it can be said that just two articles use a holistic approach for sustainability. 

To conclude, a holistic assessment is an assessment with a comprehensive approach. For sustainability 
this holds that all three dimension should be included in the assessment of it. 

3. A.2. Sustainable renovation 
The second part of the sub question regards sustainable renovation. To get a better understanding the 

sub-sub question of this paragraph is: what is expected of sustainable renovation? 

Sustainable renovation is comprised of two definitions. These are sustainable and renovation. These 
have both been described in the introduction. In short:  

Sustainability: Sustainability is defined using the triple bottom line, it has three dimensions. These are 
environmental, economic and social dimensions.  

Renovation: the activity in which a building is restored and (partially) renewed in good condition. A 
building is thus improved by making changes or enlarging it (Ensie, 2013). 

To be able to answer the sub-sub question, the dimensions of sustainability will be applied to the scope 
of this study, i.e. the renovation of a multi-family house.  

3. A.2.1. Environmental aspects of renovation 
The environmental aspects of renovation are generally related to the challenge of fighting climate 

change. The urgency of fighting climate change, and thus reducing greenhouse gas emissions is given in the 
introduction. This reduction can, for a large part, be achieved by making the current building stock energy 
efficient. 
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Energy efficiency measures are taken in existing buildings in order to reduce the operational energy 
consumption. There is a twofold in measures which can be taken in renovation. These can be passive measures, 
i.e. insulation of the façade, replacement of windows, and air sealing. The other measures are considered as 
active measures, i.e. the improvement of building services, the addition of building services and the generation 
of renewable energy (Pombo et al., 2016). 

The active and passive measures are all measures for reducing the operational energy consumption. 
However, the environmental impact of building materials extends beyond the use phase. They encompass 
energy consumption and greenhouse gas emission in the production, construction, operational and end-of-life 
stage (Bribián, Usón, & Scarpellini, 2009). For each of the stages activities which take place in these stages can 
be defined, see Figure 13.  

 
Figure 13: Life cycle stages and activities (Bribián et al., 2009) 

 

3. A.2.2. Economic aspects of renovation 
Economic aspects of renovation mainly regard the cost-effectiveness of a project. In contradiction to 

environmental aspects, the economic aspects are more naturally regarded from a life cycle perspective. This is 
because production/construction costs, operation costs and end-of-life costs are all influencing the financial 
viability of a project (Fuller, 2016). 

3. A.2.3. Social aspects of renovation 
Social sustainability is a widely under-researched dimension of sustainability, especially compared to 

the other two dimensions (Pombo et al., 2016). To perform a holistic assessment of sustainability for renovation 
strategies, social sustainability has to be defined. In this paragraph, an applied definition of social sustainability 
is suggested. Further research into the domain of social sustainability lies outside the scope of this study.  

 Similar to environmental and economic aspects, social sustainability can be assessed for the whole life 
cycle. For this study it is decided to assess social sustainability in the operational phase. This decision is made 
based on the following assumptions: 

- The social sustainability has the largest impact in the operational phase, thus for the future 
residents. 

- There is not sufficient data for a full social life cycle analysis of the building.  

Stages Activities
Production Raw materials supply

Transport
Manufacturing

Construction Transport
Construction / Installation

Operational Maintenance
Repair and replacement
Refurbishment
Energy consumption
Water consumption

End-of-life Deconstruction
Transport
Recycling / re-use
Disposal
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The social sustainability of this study is defined as the impact of renovation strategies on future 
residents of the renovated building, in this case independent living elderly.  

3. A.2.4. Conclusion 
The sub-sub question of this paragraph is: what is expected of a sustainable renovation? A sustainable 

renovation should have a low environmental impact throughout the life cycle, should be financially viable over 
the life cycle, and should have a positive impact on future residents of the renovated building.  

3. A.3. Assessment criteria of sustainable renovation 
The previous paragraph described what is expected of a sustainable renovation. Definitions for 

environmental, economic, and social sustainability within the scope of renovation are given. However, to assess 
the level of sustainability of a renovation strategy assessment criteria are needed. Therefore the third and final 
sub-sub question of this chapter is: what assessment criteria are needed for the assessment of sustainable 
renovation? 

3. A.3.1. Environmental assessment criteria 
Based on a literature review by Pombo et al. (2016) the essentiality of environmental sustainability is 

evident. Out of the 42 articles assessing the sustainability of renovation, 31 articles include environmental 
assessment criteria. The main method used for the assessment of environmental sustainability is a life cycle 
analysis. LCA studies are valuable studies for the assessment of environmental impacts of building materials. 
Performing an LCA of an entire renovation project requires a tremendous amount of data. This will result in an 
impractical method for early stage decision making (Marjaba & Chidiac, 2016). 

Bribián et al. (2009) proposed a simplified LCA methodology to be included in energy certification 
methodologies. This method can be used to assess sustainability in the early stages of renovation. This simplified 
method studied the most essential impact categories and life cycle stages of an LCA. The essential impact 
categories were defined as CO2 emissions and primary energy consumption. The lifecycle stages which were 
found to have the highest impact are the production stage and operational stage. Not all activities of the 
operational phase are assessed in the method, just the operational energy consumption as a result of heating, 
cooling, and hot water use.  

3. A.3.2. Economic assessment criteria 
For the assessment of economic sustainability the main focus is on costs. Building-related costs mostly 

fall within the following eight categories: initial costs, fuel costs, operation/maintenance/repair costs, 
replacement costs, residual values, finance charges, and non-monetary benefits or costs (Fuller, 2016). In early 
stage, estimates have to be made because a detailed design is not available. These estimations can be made 
using cost estimating guides and databases.  

The sub-criteria for the assessment of economic sustainability are defined as: initial stage costs, 
operational stage costs, and end-of-life stage costs. The measures for initial stage costs are construction and 
investment costs. For operational stage costs these are defined as maintenance costs, running costs, and repair 
or replacement costs. The end-of-life costs can be positive (income) or negative (expenses). For example, when 
the building is sold, the end-of-life costs will be positive. If the building is demolished (or again renovated) the 
end-of-life costs are negative.  

3. A.3.3. Social assessment criteria 
The assessment criteria of social sustainability focus on the end user of the building. For this case study 

these are independent living elderly. This is a target group with special needs, additional to the standard needs 
for a residential building. Not much research is devoted to the assessment of social sustainability (Pombo et al., 
2016). Based on the limited available data into social sustainability assessment criteria a list of criteria is 
proposed. This list is complemented using specific needs for the target group of this case study.  

The article of Alanne (2004) includes a concept called utility in a decision making process for sustainable 
renovation. Utility can be seen as “a value that can be expected by a decision-maker when paying a certain 
amount of money” (Alanne, 2004, p. 379). In a simplified application of the developed tool the author defined a 
criteria called functionality. The utility of functionality was assessed by 10 aspects among which applicability, 
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comfortability, reliability, space requirement, adaptability to existing structures, impact on the building, 
usability, and serviceability. Magnier & Haghighat (2010) include the aspect of thermal comfort, which is 
generally seen as a social sustainability criteria. They assess the thermal comfort by means of a predicted mean 
vote (PMV), this method is used to predict what a large population would deem a good level of thermal comfort. 
Risholt, Time, & Hestnes (2013) state that for private homeowners the home quality improvement is of major 
importance in decision making for renovation. Indicators for these home qualities are indoor comfort and 
aesthetics. They define different categories of homeowners which each have their separate interest in home 
qualities. 

Indoor environmental quality 
Indoor environmental quality (thermal/indoor comfort) is mentioned by two of the three articles as an 

assessment criteria for social sustainability. Indoor environmental quality (IEQ) is defined as the effect of the 
inside conditions of a building on its occupants. These inside conditions are thermal conditions, air quality, 
lighting, noise pollution, and ergonomics (Flourentzou, Genre, & Roulet, 2002; U.S. Green building council, 
2014). Improvement of the IEQ can enhance building occupants’ lives, increase a building’s resale value, and 
reduce liability for building owners (U.S. Green building council, 2014). Assessment criteria for IEQ are: thermal 
comfort, air quality, lighting, noise, and safety. Thermal comfort is, besides room temperature and relative 
humidity (ASHRAE, 2017; ISO, 2005), depending on other factors such as a person’s ability to control the 
environment, behavioral adaptation, and psychological adaptation. The ability to control the environment can 
be by making use of operable windows, fans, or sunshades. Behavioral adaptation regards aspects such as 
clothing, metabolism, drinking, and moving to another area of the building (or outside). Psychological adaptation 
is dependent on the previous experiences with the indoor climate, the expectancies based on these experiences, 
and variation in the indoor climate (Kurvers, Van der Linden, & Cauberg, 2012). Air quality depends on the 
presence of potential pollutants and ventilation (Flourentzou et al., 2002). The lighting is affected by artificial 
and day lighting schemes. Noise pollution can come from several sources, i.e. appliances, installations (HVAC), 
and outdoor noise (traffic) (Woningchecklist, 2017). The final criteria of IEQ, safety, is in this study considered 
as physical safety. This encompasses fire safety, structural safety, and also fall prevention.  

User quality 
The definition of user quality is introduced to represent the benefits of renovation as experienced by the user. 
These benefits can be assessed on the basis of criteria, which are related to the future residents of the 
renovated building. These criteria are: accessibility, care facilities, flexibility, maintainability, identity, and 
security. The accessibility, care facilities and security result from the analysis into the needs and wishes of 
independent living elderly (Adviescommissie Bouwen en Wonen, 2012). The criterion flexibility was discussed 
in a technical matter in the tool TOBUS (Flourentzou et al., 2002). This related to the flexibility of the 
ventilation system in dividing the work spaces. This criterion can be adopted for user quality, the definition will 
slightly change. The flexibility can regard the double use of rooms, by means of rotating/sliding walls. On the 
other hand, flexibility in providing care facilities can be of great value for accommodating a suitable dwelling, 
also for elderly not in need of care facilities. The final form of flexibility is the modifications during mutation, 
thus changing aspects of the dwelling when a new tenant is going to occupy it. Maintainability was named in 
multiple tools (Flourentzou et al., 2002; Zavadskas, Kaklauskas, & Gulbinas, 2004). The maintainability is an 
important aspect for the user. Elderly are not always able to clean their own house, by making the house 
maintainable friendly the need for a housekeeper may be obviated. Identity is defined as how the aesthetics 
and characteristics of the building impact the user. Besides the identity of the building itself, the user’s ability 
to express their identity with their dwelling is also considered.  

3. A.3.4. Conclusion 
This paragraph defined assessment criteria for all three dimension of sustainability, in line with the 

definitions given in paragraph 3.A.2. The dimension are divided in sub-criteria. For environmental sustainability 
these are production and operational stage, for economic sustainability it regards initial, operational, and end-
of-life costs, and social sustainability includes indoor environmental quality and user quality. For each of these 
sub-criteria measures were defined to assess them. An overview of the sustainability assessment criteria and 
sub-criteria is given in Appendix 2. 
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3. A.4. Conclusion 
The sub question of this sub chapter is: what is a holistic approach for sustainable renovation? After 

answering the three sub-sub questions an answer to the sub question can be formulated. A holistic approach 
for sustainable renovation is an approach including assessment criteria from all three dimensions of 
sustainability. These dimensions are environmental, economic, and social sustainability. Environmental 
sustainability regards the environmental impact of the renovation in the production and operational stage. 
Economic sustainability assesses the costs in the initial, operational, and end-of-life stage. Social sustainability 
regards the impact of renovation strategies on future residents, this impact can be in indoor environmental 
quality and/or user quality.  The assessment of these  

  



Page | 27  
 

  



Page | 28  
 

3. B. THE NEEDS AND WISHES OF INDEPENDENT LIVING ELDERLY 
The target group of the case study used in this study is independent living elderly. Social sustainability 

is defined as the impact of renovation strategies on future residents of the building. To assess social sustainability 
an analysis of the future residents, thus independent living elderly has to be performed. Therefore the sub 
question of this sub chapter is: what are the (future) needs and wishes of the independent living elderly? 

3. B.1. The independent living elderly 
To understand the needs and wishes of a certain demographic group, the group has to be defined. 

Therefore the sub-sub question of this paragraph is: who are the independent living elderly? 

The introduction discussed the ageing of the population due to two reasons, the baby-boom and the 
increasing life expectancy. With the increasing life expectancy the so-called ‘active old age’ increased. Feddersen 
& Lüdtke (2012) define this phase of life as people aged from 60 to 80. This phase is for most people a productive 
and eventful period. People want to live on their own and simultaneously do have the necessary provision for a 
later phase in their life when they may be in need of care.  

Schenk (2008) defines three categories of elderly; the Go-go’s, Slow-go’s, and No-go’s. The Go-go’s are 
aged ranging from 55/60 to 70/75, the Slow-go’s from 70/75 – 80/85, and the No-go’s are 80/85 +. The latest 
category are commonly characterized by chronic illness and ongoing nursing care. 

Another study by Doekhie, de Veer, Rademakers, Schellevis, & Francke (2014) defined 4 elderly profiles, 
based on a questionnaire (N = 985, aged from 57 – 77). The four profiles and the percentage of elderly within 
that profile are given in Figure 14. The level of experienced control (“ervaren regie”) and the level of self-reliance 
(“zelfredzaamheid”) are placed on the y- and x-axis respectively. The level of experienced control is defined as 
the extent to which a person feels in control of events and situations in his/her life. The level of self-reliance is 
defined as the attitude towards the level of control a person wishes to have on events and situations in his/her 
life.  

The care-needing elderly (28%) (“Zorgwensende oudere”) experience a high level of control of their life, 
they feel able to decide how to live their life. Despite the ability to determine whether or not they are in need 
of care, they think it is more or less self-evident that care is being provisioned. The proactive elderly (46%) (“Pro-
actieve oudere”) matches to the largest part of the elderly. These feel both the ability to decide how to live their 
lives and are willing and capable to make their own arrangements. Independence is of paramount importance 
for them. The waiting elderly (10%) (“Afwachtende oudere”) feel as though life simply happens to them and they 
are not able to control it. The aspect of self-reliance is of minor importance for this profile, meaning that they 
are comfortable with people making arrangements for them. The final profile, the impotent elderly (16%) 
(“Machteloze oudere”) have the same attitude as the waiting elderly to life, it just comes as is. The difference is 
that the impotent elderly aspires to live independent, albeit they fail at controlling their life. 
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Figure 14: Elderly profiles (Doekhie et al., 2014) 

3. B.1.1. Conclusion 
The definition of independent living elderly can be defined based on the previous three studies. These 

studies have some overlap, which is the group of independent living elderly regarded in this study. The group is 
aged ranging from 55/60 to 75/80 years old. It corresponds to the phase of ‘active old age’ (Feddersen & Lüdtke, 
2012), the Go-go’s and the Slow-go’s (Schenk, 2008), and with the target group of the questionnaire performed 
by Doekhie et al. (2014).The group of independent living elderly meant for this case study can come from any 
elderly profile. The major focus is on elderly with a low level of control, as they are given a completely finished 
apartment within the social housing system and easily accessible care facilities if necessary. 

3. B.2. The needs and wishes of independent living elderly 
The second sub-sub question is: what are the needs and wishes of independent living elderly? 

In appendix 3 the needs and wishes of elderly are given (Adviescommissie Bouwen en Wonen, 2012). 
These are researched by an advisory committee commissioned by several municipalities in the province of 
Groningen. This committee performed a questionnaire resulting in 632 valid respondents. Based on this, 
requirements and preferences for the layout of a dwelling are given. 

The conclusion of this report is that elderly prefer a dwelling in which the living room, kitchen, 
bathroom, toilet, and at least one bedroom are on the same level. Over 50% of the elderly prefer a dwelling area 
of 100 – 150 m². General comments for different rooms were well-lit and spacious rooms. The spacious aspect 
is mainly focused on accessibility with stroller or wheelchair.  

In terms of accessibility a large part of the elderly desire a same-level entry (61.8%), which means no 
thresholds and accessible from the street without the use of stairs (an elevator is allowed). 89.7% of the elderly 
prefer to have the living room, bathroom, kitchen, toilet, and at least one bedroom at the same level. Also an 
overhang at the entrance, providing shelter from the rain, is preferred (50.71%). In terms of security, 72.1% of 
the elderly prefer exterior lighting with a motion and twilight sensor and 38.6% prefer an elderly lock, where the 
crank is beneath the keyhole. 

For ventilation, the elderly tend towards what is known. They prefer natural ventilation over mechanical 
and balanced ventilation. 71% of the elderly prefer a central heating system combined with a private boiler. 
Approximately one third (30%) prefers the ability to separate room heating. In general owner-occupied housing 
have a preference for floor heating, whereas tenants prefer central heating with a private boiler. 

For the hallway the elderly prefer a spacious hallway to receive guests and sufficient manoeuver space. 
The preferred size of the toilet is 1.0 x 1.4 meters. For the living room critical aspects are the illumination and 
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orientation. Elderly prefer a well-lit room, in terms of day light and artificial lighting. The questionnaire gave the 
possibility for a north, east, south, and west orientation. Several elderly commented that they preferred a south-
west orientation. Similar to the living room elderly prefer a well-lit kitchen. Owner-occupiers prefer more 
flexibility in the kitchen in terms of equipment selection and choice of layout. Tenants are more likely to be 
satisfied with standard equipment and layout. The bedroom should at least fit a double bed and sufficient 
manoeuver space on both sides of the bed. Elderly preferred the ability to open a window for airing the room 
and the possibility of mechanical ventilation. 12.6% of the elderly desire a spare room, either for hobbies or as 
an extra bedroom. The elderly tend to think of the future, they desire wall handles and a shower chair in the 
bathroom, to accommodate to future needs. Besides these facilities proper ventilation and the ability to open a 
window is desired.  

3. B.2.1. Conclusion 
The needs and wishes of independent living elderly are discussed above and elaborately described in 

appendix 3. These needs and wishes provide input for assessing the impact of renovation strategies later on in 
the study.  

3. B.3. (Future) facilities for independent living elderly 
Present day technologies offer a lot of possibilities for elderly to live independent for a longer period. 

Therefore the third sub-sub question of this paragraph is: what (future) facilities are/can be needed for 
independent living elderly? 

As a result of the ageing population severe shortages are foreseen in healthcare, in terms of financial 
and human capital. In order to cope with these shortages, technologies are often introduced as helpful systems. 
By making use of technologies the aim is to reduce the workload of domiciliary nurses and make healthcare 
more efficient. A lot of research is performed on if, and how technology can be used in order to enable elderly 
to age in place, thus staying in their current home and/or living independently.  

The definition domotics is a constriction of the word ‘domus’ (Latin for dwelling) and ‘-tics’, from 
informatics, telematics and robotics. It is a collective noun for smart electronic services in dwellings raising 
comfort, safety, self-reliance, etc. (Hilbers-Modderman & de Bruijn, 2013). For the application of technologies 
for providing care to elderly there are certain conditions, e.g. reliability and usability. The reliability of the 
techniques has to be high, since people depend on certain technologies to work. Usability can be seen as the 
ability of a person to use a certain technique. For example, the current generation of elderly did not grow up 
using computers, tablets, smartphones, etc. They are not used to using this devices. If a technique employs a 
smartphone but the user is incapable of using it, the technique is not serving its purpose and can therefore 
better be omitted.  

Hilbers-Modderman & de Bruijn (2013) performed an inventory study into the risks and control 
measures of domotics, commissioned by the Dutch National Institute of public health and environment. In this 
study technologies are divided in two categories: monitoring technology and supporting technology.  

Monitoring technologies are divided in three ‘generations’. The first generation of technology is 
demand-driven technology, the client (in this case the elder) activates a sensor which sends a signal to a 
caregiver. He or she interprets the signal and acts accordingly. A known example of this is the alarm button for 
elderly in case they fall. The second generation of monitoring technology is making use of sensors, with this 
generation the generation of a signal is automated. Sensors generate a signal as a result of an incident, which is 
automatically sent to the caregiver which can act on this signal. The third generation of monitoring technology 
are intelligent systems. This system uses several sensors and/or camera footage which are processed 
automatically. The intelligent system checks whether the measured behaviors are in accordance to the regular 
behavior of the client. If this is not the case, a signal will be sent to a caregiver. The interpretation of the 
intelligent system functions as a filter for the caregiver, only reporting situations in which action is deemed 
necessary by the system.  

Supporting technologies are divided in two categories: automated action on the living environment and 
support systems for people with severe physical limitations. The first category are systems in which on the basis 
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of a sensor measures are being taken automatically, without the interference of a caregiver. An example of this 
is automated lighting at night. By measuring movement orientation lighting is activated so that the elder can 
find the way to the bathroom. A more advanced system is a so-called bed sensor which measures when a person 
leaves the bed, after which a clock starts measuring the time. If a person is not back to bed in time an alarm 
signal can be automatically send to a caregiver. Another measure after the time has passed is that lighting in the 
house turns on so he/she can find their way back to his/her bed.  

The second category is a technology enabling people with handicaps to control their environment, as a 
result of which they can live independent. The technique is generally referred to as environment control system. 
By means of a remote control a person is able to: open/close the door, open/shut the blinds, make a phone call, 
operate a wheelchair, control the elevator, etc.  

These different levels and applications of technologies can be very useful in assisting elderly to live 
independent. Even if they are in need of care, by means of these technologies the impact of the needed care on 
their everyday lives can be limited.  

Besides technological facilities, regular/offline facilities are also crucial in helping elderly to live 
independent. These facilities are also discussed in appendix 3, in which the results of a questionnaire performed 
by Adviescomissie Bouwen en Wonen (2012) are given. Examples of these are: elevated toilets and wall handles 
in the bathroom, no thresholds within the dwelling, same-level entry, and sufficient manoeuver space for 
strollers and/or wheelchairs. 

3. B.3.1. Conclusion 
There are different types of facilities which can be provided for elderly. The first differentiation can be 

made between regular/offline facilities and technical facilities. Technical facilities are divided in monitoring 
technologies and supporting facilities. Monitoring facilities can be used employed in three different levels; 
demand driven, sensor driven, and intelligent systems. Supporting technologies are divided in two categories: 
automated actions and support systems for physically limited persons.  

3. B.4. Conclusion 
The sub question of this sub chapter is: what are the (future) needs and wishes of independent living 

elderly? By using the answers of the sub-sub questions an answer to the sub question can be formulated. 
Independent living elderly are elderly aged from 55/60 to 75/80 years old. They are able to live independent, 
possibly with assistance of domiciliary nurses. The needs and wishes for a dwelling mainly regard spacious and 
well-lit rooms, and a same level entry with the main rooms of a dwelling on the same level. For future assistance 
several facilities can be employed, both offline and online.  
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3. C. A DECISION SUPPORT TOOL FOR EARLY STAGE DECISION MAKING 
During the development of a sustainable renovation strategy, numerous decisions are made. From goal 

setting, to the design of alternative renovation strategies, and finally selection of renovation strategy. The 
decision making in the early stage of renovation can be aided by means of a decision support tool. This tool aids 
a decision maker by assessing multi-criteria problems with conflicting objectives (Pohekar & Ramachandran, 
2004), providing insight in alternative renovation strategies, and selecting a sustainable renovation strategy. The 
sub question of this sub chapter is: which decision support tool for early stage decision making for renovation is 
suited for complementation? A lot of tools have already been developed, therefore the choice is made to 
complement an existing decision support tool instead of developing a completely new tool. This would be a 
waste of available knowledge. 

3. C.1. The purpose of a decision support tool 
To be able to answer the sub question, the purpose of an early stage decision support tool has to be 

known. Therefore the first sub-sub question is: what is the purpose of a decision support tool? 

The purpose of the decision support tool is aiding in decision making for sustainable renovation. The 
decision support tool is used in the early stages, as this is where the impact of sustainability measures can be 
maximized for minimum costs, see Figure 15 (Kohler & Moffatt, 2003). 

 
Figure 15: Impact of sustainability measures 

The early stage renovation encompasses the pre-design and design phase, see Figure 10. In the pre-
design phase the following activities take place: choose criteria, define measures, weight criteria, and building 
diagnosis. The design phase regards the generation of design alternatives, estimation of performance, and 
evaluation of alternatives. A comprehensive decision support tools aids the decision maker in all phases. In this 
way the process remains uncluttered. In the introduction the phases of early stage renovation have already been 
described. In a tool there are six phases in which decision support can be given. These are goal setting, criteria 
weighting, building diagnosis, alternative generation, performance estimation, and alternative evaluation. The 
activities of criteria choosing and defining measures are bundled in the phase of goal setting.  

A general requirement of a decision support tool is its user friendliness. The tool has to be easy to use 
and understand. If this requirement is not met, the tool will most likely not be used in future cases.  

3. C.1.1. Conclusion 
The purpose of a decision support tool is to maximize sustainability impact for minimal costs. It should 

support the entire early stage of decision making for renovation. This encompasses goal setting, criteria 
weighting, building diagnosis, alternative generation, performance estimation, and alternative evaluation.  
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3. C.2. State-of-the-art in early stage decision support tools 
To select a decision support tool for complementation the state-of-the-art in decision support tools has 

to be reviewed. Therefore the sub-sub question of this paragraph is: what is the state-of-the-art in early stage 
decision support tools? 

A recent literature review by Nielsen et al. (2016) reviewed 43 early stage decision support tools. The 
majority of these tools were specifically designed for renovation projects. Other tools are applicable for both 
renovation and new construction. The last category of tools are designed for new construction but have the 
potential to be used for renovation. This literature review will be used as a basis for the state-of-the-art research 
on early stage decision support tools. This state-of-the-art will be discussed for each phase of early stage 
renovation separately.  

3. C.2.1. Goal setting 
In the goal setting the focus lies on setting the right goals for the project. This is an essential phase in 

the renovation process given that all following phases are dependent on these goals. Regardless of the specific 
goal for the decision support tool, the point of departure is setting the right objectives. These objectives can be 
based on open or fixed criteria. The open criteria are based on input from the stakeholders, whereas the fixed 
criteria are the same for each project and the criteria weighting is up to the decision maker (Nielsen et al., 2016). 
Despite the effort invested upfront, in practice the objectives are defined throughout the process (Andresen, 
2000). 

Nine of the 43 reviewed tools include the aspects of goal setting and criteria choosing. Two of them 
make use of open criteria based on the input of stakeholders. One provides a basis for dialogue between 
professionals and users in the formulation of objectives (Jensen & Maslesa, 2015), whereas the other provides 
a framework for the building owner, aiding in setting objectives (Nielsen et al., 2016, p. 167). One tool states 
that objectives and criteria are formulated by the design team but does not provide a method to do so. It does 
provide a way of structuring the criteria in a criteria tree. This tree is composed of several layers where the main 
criteria indicate a general objective, the sub-criteria more specific definitions and the lowest level represents 
measures, either quantitative or qualitative (Alanne, 2004). Three tools suggest criteria and allow for flexibility 
of assigning weights (second phase of tool) by stakeholders (Balcomb & Curtner, 2000; Kaklauskas, Zavadskas, 
& Raslanas, 2005; Zavadskas et al., 2004). 

3. C.2.2. Criteria weighting 
Criteria weights are determined to define the relative importance of criteria and therewith the impact 

on the final renovation strategy. All tools including criteria weighting use the approach of rank-order weighting, 
which allows for prioritization of different criteria. This prioritization can be subjective (based on stakeholder 
preferences), objective (based on quantitative data), or a combination of both (Wang, Jing, Zhang, & Zhao, 2009). 
By assigning criteria weights stakeholders are encouraged to consider sustainability aspects at an early stage. It 
creates a discussion about which results in a better understanding of the challenged faced in sustainable 
renovation (Andresen, 2000; Jensen & Maslesa, 2015).  

Fourteen tools include the phase of criteria weighting. The most used methods for criteria weighting 
are the analytical hierarchy process (AHP) and the grading method. The grading method is a relatively simple 
(and known) method, where all criteria are graded on a scale ranging from 1 to 10. The most important criteria 
will be graded with a 10, all other criteria are graded according to their relative importance of this most 
important criteria. The AHP is a method for prioritization of criteria by pairwise comparison of criteria. This 
method is developed by Saaty (1990). Similar to a criteria tree, the decision problem is hierarchically structured 
with a main goal at the top of the hierarchy, followed by objectives and/or criteria, and sub-criteria. This 
hierarchical structure is used to ensure that comparisons are made on the same level, i.e. in a meaningful way. 
The next step is the pairwise comparison of criteria. This is performed by making comparison matrices, where 
criteria on the same level are compared to each other. Figure 16 illustrates a pairwise comparison matrix where 
C1/2/3 are criteria and W1/2/3 are criteria weights. The weighting ranges on a scale of numbers from 1 to 9, where 
1 is assigned when two criteria are of equal importance. When one criteria is extremely more important than 
the other, a weighting of 9 is given. The other criteria is represented by the reciprocal 1/9. See Figure 17 for the 
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interpretation of the criteria weights. After pairwise comparison, the weights are normalized and then 
synthesized in one criteria weight per criteria.  

  
Figure 16: Pairwise comparison matrix   Figure 17: Interpretation of numerical values for criteria weights  

3. C.2.3. Building diagnosis 
A building diagnosis, i.e. an investigation into the current state of the existing building, is necessary to 
determine the need for renovation, find out downsides/bottlenecks, and set boundary conditions for the 
renovation (which techniques can (or cannot) be applied). Some tools perform a building analysis prior to the 
goal setting, some tools after goal setting. When the analysis is carried out after the goal setting, the process 
of registration can be more targeted based on the set sustainability goals. A general comment on building 
diagnosis is that there should be an equilibrium between the necessary level of information and resources 
available, i.e. time, money, human capital. Nine out of fourteen tools include aspects of building diagnosis 
(Nielsen et al., 2016). Some of the tools including an extensive building diagnosis method are discussed in the 
following sections. In Appendix 4 an overview of the building diagnosis methods discussed below is given. 

Technical building diagnosis 
EPIQR (Jaggs & Palmer, 2000)is a method which performs a building diagnosis using two approaches. 

One is a questionnaire among occupants regarding the IEQ. The other is a breakdown of the building in 8 macro 
elements (these are: surroundings – facades, basement, common use spaces, roof, apartment, interior surfaces, 
auxiliary spaces, and commercial spaces) which are each composed of several elements (50 in total). For example 
the macro element ‘apartment’ has a heating system, is composed of interior walls, windows, cold- and hot 
water distribution etc. After this breakdown the level of deterioration of the elements is assessed. This 
assessment is carried out by a four level scale from good to poor condition. Exemplary pictures of deterioration 
states of elements are given to assist the decision maker. By breaking down the building in 8 macro elements 
the assessment is very structured. Each macro element can be assessed in detail instead of assessing the whole 
building of, e.g. hot water distribution (Balaras, Droutsa, Dascalaki, & Kontoyiannidis, 2004).  

Juan, Kim, Roper, & Castro-Lacouture (2009) provide six categories on which a building is assessed, 
these are safety, usage, convenience, comfort, utility, and health. However the division is somewhat unclear, 
e.g. for the category usage there is a sub-category interior aesthetics. In the category health there is a similar 
sub-category named interior finishes. These sub categories have a high interdependence which can cause 
difficulties in assessing them. However, they do regard the needs of the target group to some level. The sub 
category spatial function regards the suitability of the current layout, the handicapped facility regards the 
potential needs of a target group, especially relevant for the case at hand. 

Juan, Gao, & Wang (2010) published an article regarding the renovation of office buildings. In this article 
the assessment follows different criteria. These criteria are primarily focused on the environmental sustainability 
of office buildings (energy efficiency, water efficiency, material and resource use). The assessment of indoor 
environmental quality (IEQ) is regarding both environmental and social sustainability. The needs and wishes of 
the people working in the office, their current level of satisfaction for example is not included in the assessment.  

Similar to sustainability assessment criteria, the building diagnosis focusses on technical state of the 
building and operation schedules (energy consumption and operation costs). The social aspects of a building in 
terms of user satisfaction and/or needs are neglected.  

Value of w n Interpretation

1 c1 and c2 are equally important

3 c1 is slightly more imporant than c2

5 c1 is  more imporant than c2

7 c1 is strongly more imporant than c2

9 c1 is extremely more imporant than c2



Page | 35  
 

Functional building diagnosis 
Despite the lack of functional building diagnosis being discussed in the state-of-the-art early stage 

decision support tools, there are methods for functional analysis of buildings. A proven and long lasting tool for 
the evaluation of a building's performance is the Post Occupancy Evaluation (POE). This method is targeted on 
addressing the gap of designed (and built) intentions versus the actual outcomes in use. The method of POE can 
be used for 'diagnosing' the existing building. In this case the purpose of the evaluation is not the design 
intentions vs. actual outcomes, but current situation vs. desired situation. HEFCE (2006) describes several proven 
methods for POE used over the year. These are: walkthrough and observation, interviews, focus groups, 
workshops, questionnaires, and measurement and physical monitoring.  

The purpose of applying the POE for this case is assessing the building's suitability and user satisfaction. 
This can be best performed by interviews, focus groups, and/or questionnaires. The document prepared by 
HEFCE (2006), provides several guidelines for these methods, e.g. a complete questionnaire for occupants of an 
office building. To use this questionnaire for the case study the criteria used in the phase of goal setting can be 
taken as a starting point. The grading method used in the questionnaire is based on a scale from 1 to 7, e.g. how 
accessible is the building, where 1 = not accessible, 7 = very accessible. Chapter 3e of HEFCE (2006) describes 
tips for questionnaire design and use.  

The advantage of questionnaires over interview and/or focus groups is the fact that (ideally) the entire 
population of users participate. On the other hand the questionnaire is a relatively general method, resulting in 
scores on certain criteria. For example, if the accessibility is perceived as bad, there is no knowledge as to why 
this is the case. A good approach can be by first performing a questionnaire among the entire population of 
users after which a group of people can be selected for focus groups or interviews.  

3. C.2.4. Alternative generation 
After the building diagnosis the downsides/bottlenecks and boundary conditions of the existing building 

are known. After this phase alternative renovation options and/or strategies can be generated. Usually the 
generation of alternatives is carried out by the design team. However, 13 tools include this phase of alternative 
generation. Several of them suggest renovation actions based on previous input from the building diagnosis, 
others generate alternatives automatically based on predefined criteria. Most tools apply some sort of database, 
replacing the expert's knowledge. From this database renovation actions can be included. 

The System Selection Tool (SST) employs a database structure of a hierarchical pool model. For the 
generation of design alternatives actions can be chosen from each pool. A pool contains all renovation measures 
for one action, e.g. heating system. Interdependencies between pools and/or renovation measures are 
accounted for in the database (Alanne & Klobut, 2003). Similar like SST, EPIQR employs a database with linked 
actions. EPIQR suggests renovation actions based on the input of building diagnosis. In EPIQR this building 
diagnosis is an extensive analysis of the deterioration state of 50 elements. Based on the rating of these elements 
renovation actions are suggested, including an estimation of costs and energy consumption. The output is 
displayed in an interactive wheel, where elements can be checked and unchecked portraying the impact of 
different renovations options to the decision maker (Jaggs & Palmer, 2000). The tool presented by Juan et al. 
(2009) uses a similar approach as EPIQR, linking the generation of design alternatives directly to the 
deterioration state of the building.  

The REFLEX tool generates alternatives automatically. It employs two ways of data input: expert and 
simplified mode. The expert mode includes pre-input data such as occupancy rate, situation (rural/urban), etc. 
The input from expert mode results in more accurate calculations of alternatives, and thus a better accuracy of 
the tool. Alternative generation is directly related to data input in simplified mode. Data input is based on 
decision trees, at the end of data input renovation actions are suggested. Based on this output a smart algorithm 
analyses the combination of all cheapest interventions. If these exceeds the pre-set budget, all combinations are 
excluded without being explored. The same approach is used regarding energy efficiency. If the combination of 
all most efficient variants does not obtain the required performance, all these combinations are excluded in 
generating alternatives.  
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The most extensive approach towards the generation of alternatives is the Multivariant Design tool by 
Kaklauskas et al. (2005). This tool uses multi-variant design to come up with alternative renovation strategies. 
To overcome the issue of having an excessive amount of renovation strategies to assess, the tool suggests to 
evaluate performance of the renovation options separately before proceeding to generate alternative 
strategies. For each building element (e.g. walls, windows, etc.) renovation options are chosen by the decision 
maker. The performance of these options is then assessed based on relevant criteria for that option. After this 
assessment, the options are hierarchically organized ranking from best to worst performance. The next step is 
integrating the renovation options into a renovation strategy using just the best performing options. In this way 
the amount of alternative renovation strategies is limited (Kaklauskas et al., 2005).  

3. C.2.5. Performance estimation 
Just as is the case in the building diagnosis, there is a balance in the level of depth versus the available 

resources. Performance estimation is based on the chosen criteria and objectives in the first phase of the 
decision support tool. It measures the level of compliance with this criteria. Therefore the methods for 
performance estimation are structured in the same way as the goal setting, along the dimension of sustainability; 
environmental, economic and social performance assessment. After discussing these methods, the techniques 
used by tools for performance estimation are discussed. 

Environmental performance assessment 
The generally accepted method for environmental impact assessment is a life cycle analysis (LCA). This 

is a method for the assessment of the environmental impacts of a product throughout its entire lifecycle, from 
a cradle-to-cradle perspective. A LCA of an entire renovation requires an excessive amount of data, which results 
in an impractical method for the decision making process (Marjaba & Chidiac, 2016). LCA studies are valuable 
for the environmental impacts of building materials used for the renovation.  

The assessment of the operational energy consumption after renovation can be estimated by different 
methods. The first and most extensive method is building simulation techniques. The purpose of energy 
simulation is to gain accurate insight in the energy performance of a building. However the resources needed 
for energy performance simulation are often not available in early stage decision making. These resources are; 
detailed input data regarding the building and its characteristics, time, and human capital (Hensen, 2016). A 
second method for performance estimation of operational energy consumption is an energy balance calculation. 
This calculates the required amount of energy for conditioning the house, based on the set points, e.g. room 
temperature. The last method which can give insight in future operational energy consumption is based on the 
functional unit. The functional unit enables a decision maker to compare renovation options. For example, wall 
renovation methods can be compared based on the heat resistance (Rc-value), expressed in m²K/W. 

Economic performance assessment 
The most applied and accepted tool for the assessment of economic sustainability of a certain strategy 

is the life cycle cost (LCC) approach. This method includes the costs for construction, operation and end-of-life 
treatment. In order for a LCC calculation to be made the following data is necessary: Overall conditions, 
Investment costs, Reinvestment and replacement, Running management and maintenance, Energy costs, and 
Rental income and loss of rental income (Mjörnell, Boss, Lindahl, & Molnar, 2014). 

Social performance assessment 
The social performance of renovation is a less researched aspect of sustainability performance of 

renovation. Social sustainability can be assessed in several ways, e.g. the social impact assessment (SIA) and the 
social return on investment (SROI) and social life cycle assessment (SLCA). Similar to environmental LCA, a SLCA 
require a similar amount of resources which are unavailable during early stage decision making. The focus of 
social sustainability is on the operational phase, as stated in chapter 3. A.1. Besides the lack of resources in early 
stage, the scope of a SLCA is not in line with the defined scope of this study. A SROI focusses on the balance 
between costs and social benefits. One of the goals for this research is a holistic assessment of sustainable 
renovation. Focusing on the balance of cost and social impact is not in line with that goal, as it excludes the 
environmental impacts. 
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Decision support tools 
Performance estimation is by far the most included step in early stage decision support tools, 36 of the 

43 reviewed tools include this phase. The dominating presence of performance estimation methods is logical, 
as the goal is to find an optimal renovation strategy. Generally these performance estimation can be divided in 
two groups. One with external performance estimation methods and the other with internal modules for 
performance estimation. 

Most tools making use of external performance estimation methods include energy simulation 
methods. The external performance estimation module is the simulation software. The software which is used 
are: BREDEM 8, TAS, Energy-10, EnergyPlus, and TRNSYS simulations. The internal performance estimation 
modules are made up of (simplified) energy balance calculation, LCC analysis, LCA, and multiple criteria analysis. 
EPIQR (Jaggs & Palmer, 2000), TOBUS (Flourentzou et al., 2002), and XENIOS (Dascalaki & Balaras, 2004), are all 
employing a(n) (simplified) energy balance calculation. The Multivariant Design (Kaklauskas et al., 2005) assesses 
performance two times. Once for assessing the performance of alternative renovation options, as discussed in 
the chapter of alternative generation. The other estimation regards the overall performance and is carried out 
by a summarized decision making table. This table displays the different renovation strategies along with their 
performance at each criteria. The estimation of performance is by means of a multiple criteria analysis.  

3. C.2.6. Alternative evaluation  
The evaluation of alternatives is the final phase of the decision support tool. Most of the tools include 

a specific step where the generated alternative strategies are assessed based on the objectives, which were set 
in the first phase of the tool. Based on this and the goal of a decision support tool it can be said that alternative 
evaluation is inherent to all decision support tools for early stage renovation. However, five of the 43 tools 
provide specific guidelines for the evaluation of the alternatives.  

Three of them, among which the knapsack model (Alanne, 2004) provide a list of question to the 
decision maker for supporting the evaluation procedure. The tools Renobuild (Mjörnell et al., 2014) and RENO-
EVALUE (Jensen & Maslesa, 2015) provide a visual presentation of the results, making interpretation for the 
decision maker easier. Renobuild provides a framework based on environmental, economic and social 
sustainability aspects.  

3. C.2.7. Conclusion 
The state-of-the-art in early stage decision support tools is discussed for each phase separately. For goal 

setting the tools make use of open criteria or fixed criteria. A method for structuring the criteria is making use 
of a criteria tree. In criteria weighting two methods are mainly used, these are the grading method and analytical 
hierarchy process. For building diagnosis three methods are discussed. Each method uses a division in categories 
to divide the building in smaller elements for analysis. Alternative generation can be based on input by the design 
team or it can be directly related to the input from the building diagnosis. Performance estimation is divided 
into two categories: external and internal performance estimation. External makes use of external software like 
simulations, internal performance estimation is mostly based on calculations. Alternative evaluation is inherent 
to an early stage decision support tool. Two methods are used throughout the tool: visual representation and 
evaluation questions/procedures.  

3. C.3. Promising decision support tools 
To complement a decision support tool a selection out of the state-of-the-art of decision support tools 

has to be made. Therefore the final sub-sub question of this chapter is: which decision support tools are 
promising? 

Promising decision support tools are tools which are comprehensive, providing decision support in 
many phases of the renovation process. Also tools which are strong in supporting one phase of the early stage 
decision support are considered as promising tools. 

The main issue resulting from the literature review performed by Nielsen et al. (2016) is the lack of a 
decision support tool which provides support in all phases of the early stage renovation process. The most 
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promising tools are the following: EPIQR (Jaggs & Palmer, 2000), Multivariant Design (Kaklauskas et al., 2005), 
and Renobuild (Mjörnell et al., 2014). These will be discussed in the following paragraphs. 

3. C.3.1. EPIQR 
The EPIQR tool (Jaggs & Palmer, 2000) aids in the phases of building diagnosis and performance 

estimation. The performance estimation by EPIQR is carried out by a simplified energy balance calculation 
including heating and cooling loads. The promising part of the tool is the building diagnosis phase, which 
provides a comprehensive and structured way for performing a building analysis.  

The tool defines 8 macro elements (surroundings – facades, basement, common use spaces, roof, 
apartment, interior surfaces, auxiliary spaces, and commercial spaces), which suffices to divide every apartment 
building in separate components. Figure 15 illustrates an example of the division of a building in macro-
elements. This separation enables a decision maker to approach the analysis in a structured manner. The next 
step is to define the micro elements within each macro element. According to the EPIQR methodology every 
building can be defined by 50 micro elements, an example of an element is ‘balconies and loggias’, ‘stairways 
and landings’, etc. For each micro element a type can be selected. This type refers to different construction or 
materials.  

An example of this method is as follows: macro element 5: Apartments, element 5: Balconies and 
Loggias, type: concrete. 

 
Figure 18: Example of macro elements of a building 

3. C.3.2. Multivariant Design 
The Multivariant Design tool (Kaklauskas et al., 2005) includes aspects of goal setting, criteria weighting, 

alternative generation and performance estimation. The phase of goal setting is based on open criteria. This 
means that the decision maker is free to choose its own criteria. The possibility of open criteria is favorable, as 
this allows for flexibility in the tool. This makes it more likely the tool can be used for other target groups, building 
types, and property owners. The tool allows for criteria weighting, but does not specify a method to assign 
criteria weights.  

The ingenuity of the tool is in the alternative generation. Instead of generating a renovation strategy 
out of thin air this tool assesses renovation options for each element, prior to alternative generation. These 
alternative renovation options will be assessed and ranked based on their performance. This performance will 
be estimated based on the objectives and criteria weights set in the previous phases. After ranking these options 
the decision maker can decide, based on how many alternatives he desires to assess, to generate alternative 
renovation strategies by using the best renovation options for each element. The more renovation options he 
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uses, the more alternative strategies will be generated. For example, five elements of a building have to be 
renovated. For each element the best four options will be used for alternative strategy generation. The amount 
of different strategies, assuming each option of one element is compatible with all the other options of another 
element, are 45 = 1024 alternatives. 

The performance estimation is carried out by means of a multiple criteria analysis of each element 
defined for renovation. The significance of this element to the whole building renovation is determined. Besides 
the significance a utility degree is defined. This utility degree measures the value of various alternatives. This 
utility degree is directly related to the significance of an alternative, it compares the alternative under evaluation 
with the best alternative based on its significance.  

3. C.3.3. Renobuild 
Renobuild (Mjörnell et al., 2014) is an evaluation tool, thus it includes just the phases of performance 

estimation and alternative evaluation. This tool is the only tool to fully include the aspects of social sustainability 
by means of a social LCA. The criteria for the performance assessment of social aspects are: ‘A cohesive city’, 
‘Social interaction, teamwork and meetings’, ‘A well-functioning everyday life’, ‘Identity and experience’, ‘Health 
and green urban environments’, and ‘Safety, security and openness’. 

The performance evaluation is visualized in this tool. This is done by summarizing the score of a 
renovation strategy into one number so they can be placed on a scale. By doing this for each renovation strategy 
they become comparable and can be plotted in a graph. Figure 19 is an example of how the results can be 
presented in a visual way. 

 
Figure 19: Visual presentation of the results of alternative evaluation (Mjörnell et al., 2014) 

3. C.3.4. Conclusion 
The promising decision support tools are: EPIQR, Multivariant Design, and Renobuild. Each tool is 

promising in different phases of the early stage of renovation. EPIQR is promising in the method used for building 
diagnosis. The Multivariant Design is promising in the method for alternative generation and performance 
estimation. Renobuild provides a promising method for alternative evaluation. 

3. C.4. Conclusion 
The sub question of this sub-chapter is: which decision support tool for early stage decision making for 

renovation is suited for complementation? Based on the previous sub-sub question the Multivariant Design tool 
by Kaklauskas et al. (2005) is selected for complementation. This tool offers the most possibilities for 
complementation since it accommodates most of the phases from early stage renovation. This tool includes 
methods for alternative generation and performance estimation, it deals with the phases of goal setting and 
criteria weighting but does not provide a method for them. It lacks methods for building diagnosis and 
alternative evaluation.   
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4. DECISION SUPPORT TOOL 

In this chapter the used methods of the Multivariant Design tool will be discussed (4.A). The second sub 
chapter dis 

This chapter explains which decision support tool is chosen, why it is chosen, and complements it with 
methods in lacking phases.  

4. A. SELECTION OF AN EARLY STAGE DECISION SUPPORT TOOL 
In the previous chapter promising early stage decision support tools were given. These tools were found 

to be promising based on their method for assessing one or more phases of the early stage renovation process. 
The goal of this study is to develop a holistic approach towards sustainable renovation of a multi-family house 
for independent living elderly in early stage decision-making by means of a decision support tool. To achieve this 
goal, one tool is chosen as a starting point which will be complemented by elements of other decision support 
tools and with sustainability assessment criteria. 

The tool chosen as a basis for the complemented early stage decision support tool is the ‘Multivariant 
Design’ by Kaklauskas et al. (2005). This tool uses a multiple criteria analysis to deal with the problem of holistic 
sustainable renovation. The purpose of a multiple criteria approach is to deal with different objectives which are 
often contradictory in terms of performance. For instance, if we assume the objectives of cost efficiency versus 
user quality. A renovation option which results in a good performance in terms of user quality, e.g. a well-lit 
entrance area both in the interior and exterior area, does not result in a good performance in terms of cost 
efficiency. It is even worse, the investment in these lighting systems and required energy is resulting in a worse 
performance in terms of cost efficiency, than when this option is not applied. The multiple criteria approach is a 
useful method for solving these contradicting objectives, even when more than 2 objectives are in play.  

Early stage renovation is divided in the following phases: goal setting, criteria weighting, building 
diagnosis, alternative generation, performance estimation, and alternative evaluation (Nielsen et al., 2016). The 
reason for selecting Multivariant design as a basis is its comprehensiveness, flexibility in terms of goal setting, 
and the methods for alternative generation and performance estimation. According to Nielsen et al. (2016) the 
tool aids in the phases of goal setting, criteria weighting, alternative generation and performance estimation. 
The possibility of goal setting and criteria weighting is present in Multivariant Design, however it does not 
provide a method to do so. The phases the tool is lacking in, are building diagnosis and alternative evaluation, 
although the evaluation of alternatives is inherent to the Multivariant Design. In contrast to the phases defined 
by Nielsen et al. (2016), the phases of alternative generation and performance estimation will be gone through 
two times in the Multivariant design, once for renovation options and once for renovation strategies. The 
definitions of renovation options and strategies are given in chapter 2. A.4. 

4. A.1. Alternative generation – renovation options 
The generation of alternative renovation options is carried out by building experts, combined with the 

preferences of the decision maker. Building expert can vary from an architect to a structural engineer to a 
building physics engineer. For each element of the building which requires renovation, different renovation 
options will be determined. The determination of these alternatives is a joint tasks of the involved building 
experts. An example is the renovation of the façade finish, for which several alternatives can be determined. 
Alternative finishes can be bricks, wood cladding, plastic panels, and aluminum panels. These alternative finishes 
are called renovation options. The options are numbered using integer numbers, i.e. 1, 2, 3, etc.  

4. A.2. Performance estimation – renovation options 
The performance of an alternative in a multiple criteria approach is affected by contradicting objectives. 

Performance estimation is based on relevant criteria for the renovation option under evaluation. These relevant 
criteria can be adapted from the goal setting phase. If a certain criteria does not apply to a renovation option it 
is not taken in account. An example of this could be the criteria of accessibility while estimating the performance 
of heating systems. To assess the performance, a decision making matrix will be developed, see Figure 20. This 
matrix is composed of the relevant criteria in rows (assigned in green) and alternative options in the columns 
(assigned in blue). The criteria are defined by a description of the criterion, a criterion weight, a measuring unit, 
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and an indicator for minimizing (0) or maximizing (1) value. For example: the description of the criterion is 
construction costs. The criterion weight defines the importance of the criterion relative to other criteria. The 
measuring unit defines by what unit this criterion can be evaluated. For construction costs this measuring unit 
can be € or €/m², depending on the available data. The minimizing/maximizing indicator is meant to define 
whether a high or a low value is resulting in a better performance. When the measuring unit of the criterion 
construction costs is defined as €/m², the indicator will be minimizing (assigned with a 0 in the matrix). This is 
because a low value can be seen as a better performance for that criteria. If the construction costs of two wall 
alternatives were assessed, the wall costing 50 €/m² will be preferred over a wall costing 65 €/m². When 
considering the criterion sound insulation of a wall alternative with a measuring unit in decibels (dB), the 
indicator would be maximizing (1) since a higher sound insulation is preferred over a lower sound insulation 
value. Figure 20 illustrates a decision making matrix with generic symbols for the criteria description (Cx), 
measuring unit (mx), indicator (ix), criteria weight (wx), and renovation options (Xx,1). 

 
Figure 20: Decision making matrix – renovation options 

After developing the decision making matrix, the value of each option will be calculated by calculating 
a dimensionless weighted index value for each option. This value is calculated as follows: 

𝑑𝑑𝑗𝑗,𝑛𝑛 =
𝑋𝑋𝑗𝑗,𝑛𝑛 ∗ 𝑤𝑤1

𝑋𝑋1,1 + 𝑋𝑋1,2+ . . +𝑋𝑋𝑗𝑗,𝑛𝑛
 

For the performance estimation the sums of the maximizing and minimizing indicators are calculated. 
Thus, all index values d assigned with an indicator + are summed up, this value is the value S+. All index values d 
with an indicator - are summed up, this value is the value S-. The significance (Q) of the renovation option is 
calculated. The significance represents the satisfaction degree of the renovation option based on the 
performance of each criteria. The significance is calculated as follows: 

𝑄𝑄𝑛𝑛 = 𝑆𝑆+𝑛𝑛 ∗
𝑆𝑆−𝑛𝑛 ∗ (𝑆𝑆−1 + 𝑆𝑆+2+ . . +𝑆𝑆+𝑛𝑛)

𝑆𝑆−𝑛𝑛 ∗ (𝑆𝑆−𝑛𝑛𝑆𝑆−1
+ 𝑆𝑆−𝑛𝑛
𝑆𝑆−2

+ . . + 𝑆𝑆−𝑛𝑛
𝑆𝑆−𝑛𝑛

)
 

The utility degree (Nn) of a renovation option represents the value of that option. This utility degree is 
based on the significance and ranges from 0% to 100%. The utility degree is determined by comparing the option 
with the highest significance (Qmax) to the option under evaluation (Qn). The formula is as follows: 

𝑁𝑁𝑛𝑛 =
𝑄𝑄𝑛𝑛
𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚

∗ 100% 

Based on the utility degree, the priority of renovation options can be determined. The project with the 
highest significance, and thus the highest utility degree is the project with the highest priority. The priority of 
renovation options directly reflects the performance of the options, where the highest priority is also the best 

no. Relevant criteria Measuring 
unit

+/- Criteria 
weight

Opt. 1 Opt. 2 … Opt. n

1 C1 m 1 i1 w1 X1,1 X1,2 .. X1,n

2 C2 m 2 i2 w2 X2,1 X2,2 .. X2,n

3 C3 m 3 i3 w3 X3,1 X3,2 .. X3,n

4 C4 m 4 i4 w4 X4,1 X4,2 .. X4,n

5 C5 m 5 i5 w5 X5,1 X5,2 .. X5,n

6 C6 m 6 i6 w6 X6,1 X6,2 .. X6,n

7 C7 m 7 i7 w7 X7,1 X7,2 .. X7,n

8 C8 m 8 i8 w8 X8,1 X8,2 .. X8,n

9 C9 m 9 i9 w9 X9,1 X9,2 .. X9,n

.. .. .. .. .. .. .. .. ..

j Cj m j ij wj Xj,1 Xj,2 .. Xj,n
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performing renovation option. The multiple criteria analysis results, calculated based on the previous formulas 
are presented in Figure 21. 

 
Figure 21: Multiple criteria analysis results 

4. A.3. Alternative generation 
The generation of alternative renovation strategies is based on the best performing renovation options. 

It is up to the decision maker to decide how many renovation options are included for the generation of 
alternative strategies. After selecting any amount of best performing options, alternative renovation strategies 
are generated by means of a structured approach. This approach is illustrated in the figures below. Figure 22 is 
an overview of the considered elements, i.e. element w – z, and the two best performing options (priority). For 
example, for element w, the two best performing renovation options are option 1 and option 4. With these 
codes the alternative strategies can be generated. The output of alternative generation is in the form of a table, 
see Figure 23. The tool starts by defining the first alternative, based on all best performing (priority 1) options, 
thus the alternative strategy 1 is composed of renovation option 1 for element w, renovation option 3 for 
element x, renovation option 4 for element for element y, and renovation option 1 for element z. The second 
alternative is defined by changing the option of element z to the second best option 2. Since there are only two 
priorities now, we have evaluated all alternatives which can be made by changing the options of element z. The 
next step is to change the option of element y. The third alternative is thus generated by the best performing 
options, except for element y where the second best option has been filled in. the alternatives which can be 
developed for this code are equal to the previously generated alternatives, i.e. strategy 1 and 2. These steps can 
be repeated until all alternative options of each element has been assessed. This alternative generation is 
completely carried out by the tool. 

no. Relevant criteria Measuring 
unit

+/- Criteria 
weight

Opt. 1 Opt. 2 … Opt. n

1 C1 m 1 i1 w1 d1,1 d1,2 .. d1,3

2 C2 m 2 i2 w2 d2,1 d2,2 .. d2,3

3 C3 m 3 i3 w3 d3,1 d3,2 .. d3,3

4 C4 m 4 i4 w4 d4,1 d4,2 .. d4,3

5 C5 m 5 i5 w5 d5,1 d5,2 .. d5,3

6 C6 m 6 i6 w6 d6,1 d6,2 .. d6,3

7 C7 m 7 i7 w7 d7,1 d7,2 .. d7,3

8 C8 m 8 i8 w8 d8,1 d8,2 .. d8,3

9 C9 m 9 i9 w9 d9,1 d9,2 .. d9,3

.. .. .. .. .. .. .. .. ..

j Cj m j ij wj dj,1 dj,2 .. dj,n

S+1 S+2 .. S+n

S-1 S-2 .. S-n

Q1 Q2 .. Qn

N1 N2 .. Nn

P1 P2 .. Pn

The sums of weighted normalized 
maximizing indicators
The sums of weighted normalized 
minimizing indicators
Significance, Q j

Degree of efficiency, N j  (%)
Priority
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Figure 22: Considered elements and priority code 

 
Figure 23: Generation of alternative strategies – approach 

4. A.4. Performance estimation – renovation strategy 
The performance estimation of a renovation strategy is quite similar to the approach of performance 

estimation for renovation options. The same formulas for the calculation of significance (Q) and utility degree 
(N) apply. The difference between the performance estimation of renovation options versus performance 
estimation of renovation strategies is the extensiveness of the decision making matrix. In estimating the 
performance of a strategy all relevant criteria of each element are taken in account and will be grouped in one 
decision making matrix. Criteria which apply for one or more elements, e.g. construction costs, can be added 
and displayed as grouped criteria.  

 
Figure 24: Decision making matrix – renovation strategies 

  

Elements considered Priority
1 2

1 Element w 1 4
2 Element x 3 1
3 Element y 4 2
4 Element z 1 2

Elements considered Renovation strategy alternatives
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1 Element w 1 1 1 1 1 1 1 1 4 4 4 4 4 4 4 4
2 Element x 3 3 3 3 1 1 1 1 3 3 3 3 1 1 1 1
3 Element y 4 4 2 2 4 4 2 2 4 4 2 2 4 4 2 2
4 Element z 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2

no. Relevant criteria Measuring 
unit

+/- Criteria 
weight

Code of alternative renovation strategy

1 2 .. n
Element w

1 Cw,1 m w,1 iw,1 ww,1 Xw,1,1 Xw,1,2 .. Xw,1,n

2 Cw,2 m w,2 iw,2 ww,2 Xw,2,1 Xw,2,2 .. Xw,2,n

.. .. .. .. .. .. .. .. ..
j Cw,j m w,j iw,j ww,j Xw,j,1 Xw,j,2 .. Xw,j,n

Element x
1 Cx,1 m x,1 ix,1 wx,1 Xx,1,1 Xx,1,2 .. Xx,1,n

2 Cx,2 m x,2 ix,2 wx,2 Xx,2,1 Xw,2,2 .. Xx,2,n

.. .. .. .. .. .. .. .. ..
j Cx,j m x,j ix,j wx,j Xx,j,1 Xx,j,2 .. Xx,j,n

Element y
1 Cy,1 m y,1 iy,1 wy,1 Xy,1,1 Xy,1,2 .. Xy,1,n

2 Cy,2 m y,2 iy,2 wy,2 Xy,2,1 Xy,2,2 .. Xy,2,n

.. .. .. .. .. .. .. .. ..
j Cy,j m y,j iy,j wy,j Xy,j,1 Xy,j,2 .. Xy,j,n

Element z
1 Cz,1 m z,1 iz,1 wz,1 Xz,1,1 Xz,1 .. Xz,1,n

2 Cz,2 m z,2 iz,2 wz,2 Xz,2,1 Xz,2,2 .. Xz,2,n

.. .. .. .. .. .. .. .. ..
j Cz,j m z,j iz,j wz,j Xz,j,1 Xz,j,2 .. Xz,j,n
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4. B. LACKING ELEMENTS OF MULTIVARIANT DESIGN 
This sub chapter complements the Multivariant Design tool with methods to support the lacking phases 

of the tool. These phases are goal setting, criteria weighting, building diagnosis and alternative evaluation. These 
phases will be complemented making use of the research into the state-of-the-art which is performed in chapter 
3. C.2. 

4. B.1. Goal setting 
The goal setting of Multivariant Design is based on open criteria. This is increasing the tools’ flexibility. 
However, the downside of open criteria is the risk of inadequate criteria for the assessment of sustainability. 
This is of direct influence for the reliability of the tool. To improve the reliability of the tool fixed criteria will be 
included in the goal setting phase. The fixed criteria will regard general sustainability assessment criteria, 
which are applicable to all renovations. The possibility for open criteria allow for project specific criteria which 
have to be included in the tool. The criteria for the holistic assessment of sustainable renovation have already 
been discussed, see chapter 3. A.3 for the explanation of these criteria and Appendix 2 for an overview of 
these criteria. Based on this overview some general criteria can be set to be fixed criteria to aid the decision 
maker in assessing the minimal requirements of sustainable renovation. The fixed criteria are: all 
environmental criteria, all economic criteria, and the criteria of indoor environmental quality. These criteria 
can, and should, be included when assessing a sustainable renovation strategy. In Appendix 2 these criteria are 
underlined. 

To make sure that criteria are not overlapping and assessment is carried out in a proper manner, it is 
advisable to structure the objectives and criteria in some manner. The method used for this will be the criteria 
tree (Alanne, 2004). Figure 25 shows an example of a criteria tree. This tree structures the criteria on different 
hierarchical levels. The tree starts at the top with the main goal, the following level helps to achieve this main 
goal by defining main criteria. The main criteria are split up in sub-criteria, further concretizing the decision 
problem. The lowest level of the criteria tree represent measures, which can be quantitative and qualitative.  

 
Figure 25: Criteria tree (Nielsen et al., 2016) 

Besides the criteria tree the tool includes the possibility of setting an overall goal for the building, 
separate from the criteria tree. Examples of these overall goals can be to acquire a BREEAM/LEED certificate at 
a certain level, or to become a zero energy building.  

4. B.2. Criteria weighting 
Multivariant Design allows for criteria weighting, both for evaluating renovation options and for 

renovation strategies. A method for determining these weights is not provided in the tool. Based on the analysis 
of existing tools analytical hierarchy process (AHP) is chosen as the most suited method for determining criteria 
weights.  

This method assesses the relative importance of criteria by pairwise comparison. By using this method, 
the decision maker is presented with a very structured way of setting criteria weights. Compared to the grading 
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method, where all criteria on the same level in a criteria tree are graded from 1 – 10 (10 = most import criteria), 
the AHP is less complex, as it just compares two criteria relative to one another.  

Figure 26 is an example of the AHP method. In the table on the left the criteria weight are filled in, e.g. 
it can be seen that operational costs is extremely more important than construction costs (score = 9). This is 
done for each criteria relative to one another. The following step is normalizing these criteria weights. This is 
done by first calculating the sum of the criteria weights (construction costs = 10.3, operational costs = 1.25, 
maintenance costs = 11). Then the criteria weight is divided by the sum of the respective criteria (construction 
costs vs. construction costs: 1.00 / 10.3 = 0.1). The final step is synthesizing the criteria weights. In this step the 
criteria weights are added up (construction costs: 0.1 + 0.09 + 0.27 = 0.46). Dividing this value with the amount 
of criteria gives the overall criteria weight of that specific criteria (0.46 / 3 = 0.15). 

 
Figure 26: Theoretical example of AHP 

The decision maker, with assistance of building experts, has to fill in the relative importance of criteria 
(left table of Figure 26). All following calculations will be made by the tool. After the calculations the tool shows 
the overall criteria weights to the decision maker. 

4. B.3. Building diagnosis 
The phase of building diagnosis is not included in the Multivariant Design tool. The method for 

alternative generation used by this tool does not require this analysis. However, the assessment of the, both 
technical, and functional state of the existing building is necessary prior to generating alternative renovation 
strategies. This building diagnosis provides the necessary input to decide for what elements of the building 
renovation is necessary.  

Since the tool, unlike other tools, does not generate alternatives on the basis of the building diagnosis, 
it is relatively easy to include an analysis of the existing building. Similar to the simulation methods used by some 
tools, the building diagnosis can be an external method, which can be adapted from existing methods for 
building diagnosis. On the basis of this output alternative renovation options can be generated for the building.  

Technical building diagnosis 
The most suited method for technical building analysis is the one used by EPIQR (Jaggs & Palmer, 2000). 

On the basis of this method a building deterioration assessment guideline (BDAG) was developed (Balaras et al., 
2004). This guideline provides an overview of all building elements and their typical state of deterioration in 
European buildings. Also the main critical factors causing this deterioration are discussed. Besides this 
quantitative data, exemplary pictures for the assessment of deterioration levels are given.  

The general approach of the method has already been described in chapter 3. C.2.3. After dividing the 
building into 8 macro elements, the micro elements present in this macro element are identified. By using 50 
different micro elements, the entire building can be described without significant error (Balaras et al., 2004). 
The following step is specifying the type of these elements, regarding the materials or structural characteristics. 
Finally the deterioration state of the building can be estimated on the basis of exemplary pictures. There are 4 
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deterioration codes, “a”, “b”, “c”, and “d”, where “a” represents the best possible condition and “d” the worst 
condition. A list of the elements can be found in Appendix 5. 

Functional building diagnosis 
For this analysis only one method has been identified from the literature, the post occupancy evaluation 

(HEFCE, 2006). The guidelines described in this method can be used for the design of questionnaires, interviews, 
and surveys with current residents of the building. This provides insight in the current level of satisfaction from 
the perspective of the target group. 

The results of the technical and social building diagnosis can be used as input for the alternative 
generation and as means for performance estimation. Seriously deteriorated elements of the building can be 
specifically addressed in the multiple criteria approach, and results from the post occupancy evaluation can be 
included in evaluating the alternative renovation strategies.  

4. B.4. Alternative evaluation 
The alternative evaluation is inherent to the Multivariant Design tool. As a final step of the tool the 

decision maker is presented with a summarized decision making table. This table (see Figure 27) presents all 
renovation strategies obtained from the tool, and the related quantitative and conceptual information, 
qualitative data is quantified in previous steps of the tool. Besides the performance evaluation of the 
Multivariant Design another valuable method for performance evaluation is used by Renobuild (Mjörnell et al., 
2014). This tool evaluates the performance of renovation alternatives by plotting them in a radar graph with 3 
axes, economic, environmental and social, see Figure 19. These graphs enable the decision maker to see the 
performance of a strategy on the different dimensions at a glance.  

 
Figure 27: Summarized decision making table (Kaklauskas et al., 2005) 
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5. COMPLEMENTED MULTIVARIANT DESIGN  

The complemented Multivariant design is the basic Multivariant design tool, complemented with 
methods from other tools and/or literature, to support the entire decision making process of early stage 
renovation. This chapter presents the complemented decision support tool. It describes the necessary input, 
used methods, and produced output. Input provision is assigned to stakeholders in the process and an interface 
of the tool is given. This part of a sub chapter is called the theory. Subsequently the theory will be followed by 
an application to the case study. The application is discussed in a grey textbox, to guide the reader through the 
thesis. By pairing theory and application the input, method, output and actor involvement is directly visible. 
There are 8 phases in the tool corresponding to 8 sub chapters. 

Figure 28 is an overview of the complemented Multivariant Design tool. The blue box is the phase of 
the tool, the grey text shows the used method. In the light blue box the produced output is given. The blue 
arrows connect the phases to each other. This arrow shows that output of that phase is used as input for the 
connected phase.  

 
Figure 28: Diagram of complemented Multivariant design 
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5. A. GOAL SETTING 
The method used for goal setting is the criteria tree. The necessary input for filling the criteria tree and 

setting the right goals for renovation comes from the tool and the decision maker (DM), if necessary with 
assistance of the building expert (BE) and in discussion with stakeholders (SH). The tool provides fixed and 
suggested criteria. The selection of suggested criteria and open criteria is carried out by the decision maker, 
possibly with input from other stakeholders. A decision maker is free to choose an overall goal for the 
renovation, for example to realize a zero energy building. The output of this phase is a list of criteria filled in a 
criteria tree, hierarchically structuring the decision making problem. Besides the criteria tree a possible overall 
goal is determined. 

The interface provides the criteria tree with a differentiation between fixed (red), suggested (yellow) 
and open (green) criteria. The decision maker can select suggested criteria he wants to include in the assessment 
by using the ‘checkbox’. The open criteria can be included by filling in a criteria in the desired place within the 
criteria tree.  

1. Goal setting   

  Type Actors 
Method Criteria tree  
  

 

Input Fixed criteria Tool  
Suggested criteria Tool / DM / SH 

 Open criteria DM / SH  
Overall goal DM / BE / SH   

 

Output List of criteria 
 

  Goal for renovation   
Figure 29: Method, input, and output of goal setting 

 
Figure 30: Interface - goal setting 
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  Criteria tree 
In goal setting it is chosen to make use of a criteria tree to aid in structuring the goal setting. The 

overall goal is a sustainable renovation. Main criteria for a sustainable renovation are environmental 
sustainability, economic sustainability, and social sustainability. The related criteria for each dimension of 
sustainability have been discussed in chapter 3. A.  

In Figure 31 the criteria tree of this case study can be found. Note that the levels of the criteria tree 
are in hierarchical order, however the order in which sub-criteria and measures are given is not hierarchical. 

 
Figure 31: Application - Criteria tree 

Zero energy building  
The key role of the building stock in fighting climate change has been discussed in the introduction. 

The energy consumption of the building stock, i.e. the operational energy, contributes for 40% to the total 
energy consumption. With present day technologies the buildings can be designed to have a net zero energy 
balance. This energy balance regards all energy consumed for operating the building, i.e. heating, cooling, 
hot water, and electric consumption by appliances and user related energy.  

Buildings with a net zero energy balance are called zero energy buildings (ZEB), which are 
considered as the future target for new buildings. The production and consumption of energy for these ZEB 
equals to zero over a certain time period. The time period for calculation of this energy balance is usually a 
year. To achieve a ZEB the goal is to reduce the energy consumption as much as possible. By reducing the 
energy consumption, the required production of energy remains limited.  

For the production of energy it has to be taken into account what energy types are needed. This 
depends on the heating system which is chosen for the building. Electrical energy production is a 
prerequisite, since this type of energy is always necessary for appliance use. For heating and cooling the 
choice can go for electric heating and cooling, or making use of renewable heating energy. The production 
of renewable energy can either be from on-site or off-site production. There are different segregation levels 
for the on-, and off-site production of renewable energy (Marszal et al., 2011). These are illustrated in Figure 
32.  
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Figure 32: Overview of possible renewable energy production (Marszal et al., 2011) 

In The Netherlands the ambition is to have all residential dwellings disconnected from natural gas. 
These days new constructed dwellings are built without a connection to the natural gas infrastructure 
(Stroomversnelling, 2016). The main reason for this is the desire to become more sustainable as a country. 
To set the standard at a high level and to accommodate for future needs/regulations the goal for this case 
study is to become a zero energy building. 

The boundaries for the zero energy buildings are as follows: a net zero energy balance over a 
calculation period of a year. The energy balance includes the total energy consumption in the operational 
stage, thus operational and user related energy consumption. The calculations are based on the net 
difference between energy consumption and energy production, this should at least be zero, and preferably 
positive, i.e. production should exceed consumption. For this study, the production of renewable energy 
will be based on on-site systems. 
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5. B. CRITERIA WEIGHTING 
For criteria weighting the analytical hierarchy process is used. The input for this phase is a list of criteria 

and the relative importance of criteria. The list of criteria is the output of the first phase (goal setting) of the 
tool. The relative importance of criteria are determined by the decision maker, building expert, and 
stakeholders. The building expert serves as a consultant for the decision maker in this phase of the tool. The 
involvement of stakeholders engages them in the process, increasing the likelihood of a successful renovation. 
The output of the criteria weighting phase are criteria weights relative to the hierarchical equal criteria.  

The interface consist of three separate pages, one for each dimension. The analytical hierarchy process 
matrix is filled in with the criteria, also the relative importance of fixed criteria is given. The relative importance 
between suggested criteria vs. suggested criteria, and suggested criteria vs. fixed criteria are filled in as a 
suggestion. The decision maker is able to change them. For the open criteria it is up to the decision maker in 
collaboration with the building expert and stakeholders to fill out the analytical hierarchy process matrix. The 
necessary calculations are performed by the tool. After filling in the relative importance the decision maker is 
presented with criteria weights for each criteria.  

2. Criteria weighting   

  Type Actors 
Method Analytical hierarchy process  
  

 

Input List of criteria Tool (1)  
Relative importance of criteria DM / BE / SH   

 

Output Criteria weights   
Figure 33: Method, input, and output of criteria weighting 

 

 
Figure 34: Interface - criteria weighting 
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  For criteria weighting the method of analytical hierarchy process will be used. A comparison matrix 
will be made for each set of measures below a sub-criteria and for the sub-criteria among themselves. 
Criteria weights will not be assigned to the main criteria, i.e. the sustainability dimensions. These are all 
seen as equal criteria for achieving sustainable renovation. The main criteria will each receive a separate 
performance score, in this way the decision maker can decide on the basis of their own judgement which 
renovation strategy is perceived as optimal. Theoretically, a renovation strategy performing really well on 
economic sustainability, moderate on environmental sustainability and really bad on social sustainability, 
can outrank a solution performing relatively well on all three dimensions, if all the main criteria were to be 
grouped into one final score.  

The comparison matrices, calculations and substantiations for developing the criteria weights are 
given in Appendix 6.  For illustrating the functioning of the tool the AHP for economic sustainability is given 
in Figure 35. The decision maker, with assistance of building experts assigns the relative importance of the 
three criteria listed in the matrix (left side). Costs made in the operational phase are slightly more important 
(score = 3) than costs made in the initial stage and more important (score = 5) than costs made in the end-
of-life stage. The costs in the initial stage is slightly more important (score = 3) than costs in the end-of-life 
stage. The matrix on the right side is performed by the tool and therefore greyed out. After filling out the 
relative importance, the decision maker is presented with the overall criteria weights of the criteria. These 
are 0.26, 0.62, and 0.12 for the initial, operational, and end-of-life stage respectively.  

 
Figure 35: Comparison matrix - Economic 

The environmental measures and sub-criteria are all seen as equally important to the level of 
sustainability of a renovation strategy. The most significant sub-criteria within the dimension of economic 
sustainability is the operational stage, followed by the initial stage and the end-of-life stage respectively. 
The measures of the latter two have the same impact. The running costs is the most impacting measure of 
the operational stage, maintenance costs and repair costs are equally important. The social sub-criteria IEQ 
and quality are equally important. The measures with the highest impact on IEQ are thermal comfort and 
safety. For quality these are accessibility and security. 
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5. C. BUILDING DIAGNOSIS 
The method for building diagnosis is devised from the EPIQR method. The input for this phase are the criteria 
and goal for renovation, an assessment of the deterioration state, and a functional analysis of the building. The 
criteria and goal for renovation result from the first phase (goal setting) of the tool. The assessment of the 
deterioration state of the building is carried out by the building expert. The functional analysis is also 
performed by the building expert, in collaboration with the stakeholders. The output of this phase is a list of 
elements of the building, which have to be renovated. This list includes the reasoning why this element has to 
be renovated, this can be technical, social and of an overall goal.  

The interface of building diagnosis is divided in columns. The first column gives the macro elements. The 
building expert selects a macro element when it is present in the building. The second column shows all micro 
elements of the accompanying macro element. The building expert then selects the present micro elements. 
After selecting these the accompanying types per micro element are given in the third column. Here the 
building expert selects the present type and gives in the deterioration code.  

3. Building diagnosis   

  Type Actors 
Method EPIQR  
  

 

Input Criteria and goal for renovation Tool (1)  
Assessment of deterioration state BE  
Functional analysis BE / SH 

  
 

Output List of elements to be renovated   
Figure 36: Method, input, and output of building diagnosis 

 
Figure 37: Interface - building diagnosis 
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The analysis of the building will be performed in the chapter building diagnosis, however a 
comment has to be made prior to starting the application. The layout of the building is rather simple and 
the levels have an identical layout, with a small exception on the first floor to accommodate the main 
entrance. The purpose of the case study is to confirm the applicability of the decision support tool. The 
application of the tool to the entire building will not bring value for the study, as this generates a lot of data. 
The scope of the application is limited to one apartment, the hallway in front of the apartment, the elevator 
and the main entrance, over a height of three floors, the basement, first floor, and second floor. In Figure 
38 the scope is illustrated in the floor plan of the first floor and the section.  

 
Figure 38: Scope of application 

The first step in the building diagnosis is breaking down the building in macro elements. Later in 
this chapter the micro elements composing the macro elements are given. The breakdown in macro 
elements is illustrated in a section and floorplan of the first floor, see Figure 39. The dashed line encircling 
the main entrance accommodate an apartment at the higher levels. The total amount of apartments is 39.  

  
Figure 39: Macro elements of the building 
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Based on these macro elements, micro elements have been analyzed in terms of deterioration. The 
total analysis, including images can be found in Appendix 7.  

Figure 40 provides an overview of the building diagnosis. It distinguishes the technical 
(deterioration code) and functional performance. From this overview it can be concluded that fundamental 
elements such as load bearing structures and ground floor insulation are in good condition. The condition 
of these elements is fundamental because these require a lot of resources for renovation. 

 
Figure 40: Overview of building diagnosis 

 

Macro element / Micro element / Type Deterioration 
code

Functional performance

Surroundings - Facades
Developed areas × ×

West side - parking lot b Health and Identity: -
East side - communal garden a Identity: +

Load bearing structure b Flexibility and Accessibility: -
Façade finish d Identity: -
Balconies c Area and Accessibility: -

Basement
Private cellars b Storage of goods: +
Basement floor thermal insulation a ×
Heat production & Gas installation d ×

Common use spaces
Entrance area and stairwell wall finish b Maintainability and Security: + 

Identity: -
Stairways and landings × ×

Entrance stairway c Accessibility: -
Internal stairway a Slippery: -

Main entrance door d Security, Accessibility and Thermal Comfort: 
Lighting: -

Apartment access doors b Security: -
Elevator b Accessibility: +

Apartment
Electrical installation d Amount of plugs: -
Heating system d ×
Cold water distribution a ×
Hot water distribution d ×
Suface and waste water pipeworks a ×
Windows d Thermal comfort: -
Interior joinery a ×

Interior surfaces d Safety, Identity, Maintainability: -

Auxiliary spaces
Kitchen d Outdated
Bathroom d Accessibility and Care facilities: -
Ventilation d Thermal comfort and Air quality: -
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5. D. ALTERNATIVE GENERATION – RENOVATION OPTIONS 
For the alternative generation of renovation options there is no specific method. The input for this 

phase is the list of elements which have to be renovated from the third phase (building diagnosis). The building 
experts identify renovation options for each element which has to be renovated. The output of this phase is a 
list of renovation options per element of the building requiring renovation. 

The interface starts with a drop-down menu in which the elements which have to be renovated are 
listed. The building expert selects the element for which he wishes to identify renovation options. He then 
defines an amount of alternatives and for each alternative the characteristics can be given.  

4. Alternative Generation – renovation options   

  Type Actors 
Method -  
  

 

Input List of elements to be renovated Tool (3)  
Identifying renovation options BE    

Output List of renovation options per element   
Figure 41: Method, input, and output of alternative generation – renovation options 

 
Figure 42: Interface - alternative generation of renovation options 
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The results of the building diagnosis determine the elements which have to be renovated. Some 
elements might be added later in the process as a consequence of another renovated element. These are so 
called linked actions. The elements which have to be renovated based on the technical building diagnosis, 
i.e. building deterioration codes c and d, are: façade finish, balconies, heat production and gas installation, 
entrance stairway, electrical installations, heating system, hot water production, windows, kitchen, 
bathroom, and ventilation system. 

Based on the functional building diagnosis the following elements have to be renovated: West side 
– parking lot, façade finish, balconies, main entrance, internal stairway, apartment access doors, electrical 
installation, windows, kitchen, bathroom, and ventilation. Some of the elements of technical and functional 
building diagnosis overlap. However, the goal for renovation of these elements is different. The motivations 
for renovation (technical or functional) will be taken in account in developing alternatives.  

For some of these elements it is not necessary to include them in the decision support tool, since 
the current condition of the element and/or system boundaries set by the goals for renovation result in one 
option or a simple consideration. The motivation and discussion to which elements this applies is given in 
Appendix 8. An overview of the excluded elements including the chosen renovation option is given in Figure 
43.  

 
Figure 43: Overview excluded elements 

The renovation options of the included elements in the tool are defined in Appendix 9. This 
appendix defines the renovation options and estimates the performance (next phase). To illustrate the 
functioning of the tool, alternative renovation options will be generated for one building element. The 
selected building element is the main entrance. For this element three alternative renovation options are 
generated.  

To make the entrance more accessible, three renovation options have been developed. The 
generation of alternatives is to be performed using input of building experts. For the purpose of this study 
alternatives were generated by the author. These will be assessed on their performance by using the 
relevant criteria from the goal setting phase. The following options have been defined: 

Option 1 
Make a same level entry for the main entrance. A part of the main entrance area will have to be 

demolished. The elevator will be replaced with a model which has two exits. One on the side, giving access 
to the new first floor, which is at ground level and one exit at the same place as the current one, giving access 
to the basement, the new second floor and the top floors. Schematic drawings of this option can be found 
in Figure 44. The white area in the floor plan is the floor area which has to be demolished for this option. 

Elements considered Technical Functional ZEB Applied renovation option
3 Balconies × × × Cut off existing balconies, replace with new balconies of 7 m²
6 Internal stairway × Anti-slip strips
7 Apartment access doors × Replace spyhole with camera
8 Electrical installations × × New meter + fuse box, sufficient plugs in every room (at least 4
9 Heating system × Low temperature floor heating

11 Windows × × × Triple glazing, low thermal conductivity fram
12 Kitchen × × Replace, electric cooking unit
13 Bathroom × × Replace, including wall handles and shower chair
15 Façade insulation × Exterior insulation,thickness = ZEB standard
16 Energy production × PV panels (electricity) + GCHP (thermal, see element 4)
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Figure 44: Main entrance – option 1 

Option 2 
Option 2 makes use of a stair lift to overcome the height difference between ground level and first 

floor. This stair lift will be placed inside the building in the main entrance area. This also requires partial 
demolition of the first floor, however the total area to be demolished is smaller than that of option 1. 

 
Figure 45: Main entrance – option 2 
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  Option 3 
Option 3 is the most simple option of them al. In this option the stair lift will be installed outside 

on the existing stair. This requires no demolition whatsoever, the necessary works are the repairing of the 
stairs and the installation of the stair lift. 

An overview of the elements to be considered is given in Figure 46. The motivation for renovation 
has been indicated for each element. These motivations can be the following: technical, functional and ZEB. 
If the motivation is technical, the deterioration state of that element was so poor that it had to be repair or 
replaced. If the motivation is functional, the performance of the element on functional aspects was really 
poor. If ZEB is given as a motivation, this element has to be renovated or replaced as a consequence of the 
ZEB target.  

 
Figure 46: Elements to be considered for renovation 

 

 

 

 

 

Elements considered Technical Functional ZEB
1 West side - parking lot ×
2 Façade finish × ×
3 Balconies × × ×
4 Heat production × ×
5 Main entrance × ×
6 Internal stairway ×
7 Apartment access doors ×
8 Electrical installations × ×
9 Heating system ×

10 Hot water production ×
11 Windows × × ×
12 Kitchen × ×
13 Bathroom × ×
14 Ventilation system × × ×
15 Façade insulation ×
16 Energy production ×



Page | 66  
 

5. E. PERFORMANCE ESTIMATION – RENOVATION OPTIONS 
The methods for performance estimation of renovation options are a decision making matrix and a 

multiple criteria analysis. The necessary input is a list of criteria resulting from the first phase (goal setting), 
criteria weights resulting from the second phase (criteria weighting), and alternative renovation options defined 
in the fourth phase (alternative generation of renovation options). Solely the relevant criteria for each element 
to be renovated are included in the assessment. Because irrelevant criteria for an element are neglected, a 100% 
score on a dimension of sustainability is possible. Whether or not a criterion applies to a renovation option can 
be determined by building experts. The output of this phase is a performance score of renovation options. Based 
on this performance score a prioritization of renovation options per element is given, a higher priority equals a 
better performance.  

The interface of performance estimation for renovation options has a similar start as the phase of 
alternative generation for renovation options. The drop-down menu selects the element for which the 
performance will be filled in. The second column shows all criteria per dimension, the building expert selects the 
relevant criteria and fills out the performance of the alternative on these criteria in the third column.  

5. Performance estimation – renovation options   

  Type Actors 
Method Decision making matrix  
 

Multiple criteria analysis  

   
Input List of criteria Tool (1)  

Criteria weights Tool (2)  
Alternative renovation options Tool (4) 

 Selecting relevant criteria BE 

   
Output Performance of renovation options  
  Priorities of renovation options   

Figure 47: Method, input, and output of performance estimation – renovation options 

 
Figure 48: Interface - performance estimation of renovation options 
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  Prior to the alternative strategy generation, the performance of separate renovation options per 
element is assessed. In appendix 9 the performance estimation of renovation options is given for each 
element.  

The criteria weight for performance estimation of renovation options is calculated on the basis of 
the weight factor for sub criteria and measures. These are multiplied to ensure equal weighting within the 
main criteria, see the illustration in Figure 49.  

 
Figure 49: Explanation criteria weighting 

When estimating the performance of renovation options not all criteria are relevant. To ensure 
equal weighting among main criteria the weights of the relevant criteria are normalized. This is illustrated in 
Figure 50. For example, the relevant criteria can be accessibility, flexibility, and security, their corresponding 
weights are 0.165, 0.042, and 0.114 respectively. The sum of these criteria weights is given in bold (0.320..). 
By dividing the individual criteria weight with the sum of criteria weights the normalized criteria weight is 
calculated. For example: 0.165 / 0.320583 = 0.513. 

 
Figure 50: Normalizing criteria weights 

The performance estimation of the renovation options for the main entrance is given below, to 
illustrate the functioning of the tool. Again, the necessary input is to be given by building experts but for the 
purpose of the thesis the author provided the input. The relevant criteria of the criteria tree are set to be 
the following: 

- Environmental: Embodied energy, Embodied CO2, and Energy consumption 
- Economic: Construction costs, Investment costs, Maintenance costs, and Running costs 
- Social: Accessibility, Flexibility, and Security 

In the production stage (embodied energy and CO2 emissions) option 1 is the worst performing, this 
requires the production of a new elevator and the demolition of a floor area. Option 2 requires a new stair, 
a stair lift and demolition of a smaller floor area. Option 3 requires just the installation of a stair lift. Energy 
consumption is the least by option 1, the other two options require the operation of the stair lift on top of 
the operation of the elevator. This reasoning applies also for the maintenance and running costs, since two 
devices have to be maintained/operated. The investment costs are the biggest for the first option due to the 
new elevator. In terms of social performance option 1 is by far the best performing, which improved all 
aspects. The third option is a minor improvement of accessibility but least favored. This requires the use of 

Social 0.320583 1
Accessibility 0.165 0.513
Flexibility 0.042 0.132
Security 0.114 0.355
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  a stair lift outside the building. During the utilization of the stair lift the elderly are vulnerable to weather 
influences. Moreover they are still outside, whereas the use of a stair lift inside would provide more 
perceived security, since access to the building is controlled. The performance per criterion of the 
alternatives are given in Figure 51. 

 
Figure 51: Decision making matrix for main entrance, a = Scoring based on points (judged by decision maker) 

Figure 52 presents the result of the multiple criteria analysis. The best performing option is the first 
one, the installation of a new elevator. The second best performing option is the third, the exterior stair lift. 
The main reason for this is the limited costs and impact on the environment. 

 
Figure 52: Multiple criteria analysis results for main entrance 

no. Relevant criteria Measuring 
unit

+/- Criteria 
weight

1 2 3

1 Embodied energy a 0 0.33 10 5 1
2 Embodied CO2 a 0 0.33 10 5 1
3 Energy consumption a 0 0.33 1 5 5
5 Construction costs a 0 0.17 10 3 1
6 Investment costs a 0 0.17 10 5 1
7 Maintenance costs a 0 0.16 1 3 7
8 Running costs a 0 0.49 1 5 5
9 Accessibility a 1 0.51 10 5 1
10 Flexibility a 1 0.13 10 1 1
11 Security a 1 0.35 10 10 1

no. Relevant criteria 1 2 3

1 Embodied energy 0.2083 0.1042 0.0208
2 Embodied CO2 0.2083 0.1042 0.0208
3 Energy consumption 0.0303 0.1515 0.1515
5 Construction costs 0.1215 0.0365 0.0122
6 Investment costs 0.1063 0.0532 0.0106
7 Maintenance costs 0.0150 0.0450 0.1050
8 Running costs 0.0450 0.2249 0.2249
9 Accessibility 0.3208 0.1604 0.0321
10 Flexibility 0.1101 0.0110 0.0110
11 Security 0.1689 0.1689 0.0169

The sums of weighted normalized 
maximizing indices 0.600 0.340 0.060

The sums of weighted normalized 
minimizing indices 0.735 0.719 0.546
Significance, Q j 1.194 0.947 0.859
Degree of efficiency, N j  (%) 100% 79% 72%
Priority 1 2 3
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  The outcome of the performance estimation is represented using priorities. The priority reflects 
the performance of the renovation options, a priority of 1 is the best performing renovation option. Figure 
53 gives an overview of the considered elements and the priorities of each renovation option. For the 
elements heat production, main entrance, and ventilation system just three options were identified.  

 
Figure 53: Priorities of renovation options 

Elements considered Priority
1 2 3 4

1 West side - parking lot 1 4 3 2
2 Façade finish 3 1 4 2
3 Heat production 1 2 3 -
4 Main entrance 1 2 3 -
5 Hot water production 2 4 1 3
6 Ventilation system 3 1 2 -
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5. F. ALTERNATIVE GENERATION – RENOVATION STRATEGIES 
The alternative generation of renovation strategies is performed by means of a structured table. The 

content of this table, renovation strategies and renovation options are coded. The input of this phase is the 
priorities of renovation options resulting from the fifth phase (performance estimation of renovation options). 
The decision maker decides how many priorities he wants to include in the generation of alternative strategies. 
The output of this phase is a list of renovation strategies, which are labeled using numbers.  

The interface of alternative generation for renovation strategies is quite simple. The only necessary 
input from the decision maker is how many alternatives he wants to include in the generation of alternatives. In 
the first column the priorities of the alternatives is given, this is the output of the previous phase. In the second 
column the decision maker assigns how many alternatives he wants to include by selecting a number. The third 
column shows which alternative options are included in the generation of alternative strategies. This is 
automatically generated by the tool.  

6. Alternative generation – renovation strategies   

  Type Actors 
Method Structured table with coding  
  

 

Input Priorities of renovation options Tool (5) 
 No. of priorities to include DM  

 
 

Output List of renovation strategies   
Figure 54: Method, input, and output of alternative generation – renovation strategies 

 
Figure 55: Interface - alternative generation of renovation strategies 

  



Page | 71  
 

  For the generation of alternatives the two best performing options of each renovation element will 
be used. Based on the number of elements included (6) this generates 26 = 64 alternative renovation 
strategies. The best two renovation options for each element are given in Figure 52. The alternative 
renovation strategies are given in Appendix 10 – Alternative generation. A partial table of the alternative 
generation is given in Figure 53. 

 
Figure 56: Best versions of renovation options 

 
Figure 57: Generation of alternatives 

 

Elements considered Priority
1 2

1 West side - parking lot 1 4
2 Façade finish 3 1
3 Heat production 1 2
4 Main entrance 1 2
5 Hot water production 2 4
6 Ventilation system 3 1

Elements considered Renovation strategy alternatives
1 2 3 4 5 .. 16 17 18 … 31 32 33 …. 6

1 West side - parking lot 1 1 1 1 1 .. 1 1 1 … 1 1 4 …. 4
2 Façade finish 3 3 3 3 3 .. 3 1 1 … 1 1 3 …. 1
3 Heat production 1 1 1 1 1 .. 2 1 1 … 2 2 1 …. 2
4 Main entrance 1 1 1 1 2 .. 2 1 1 … 2 2 1 …. 2
5 Hot water production 2 2 4 4 2 .. 4 2 2 … 4 4 2 …. 4
6 Ventilation system 3 1 3 1 3 .. 1 3 1 … 3 1 3 …. 1
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5. G. PERFORMANCE ESTIMATION – RENOVATION STRATEGIES 
 The performance estimation of renovation strategies employs the same method which is used for 

performance estimation of renovation options, a decision making matrix and multiple criteria analysis. The input 
for this phase is the performance of renovation options from the fifth phase (performance estimation of 
renovation options) and the list of renovation strategies from the sixth phase (alternative generation of 
renovation strategies). The output of this phase is a performance score for each renovation strategy under 
consideration and a prioritization of the strategies.  

The interface of this phase requires no action of an actor in the process. The tool provides the decision 
maker with a summarized decision making matrix, in which the scores of renovation options are grouped. This 
provides insight in the total score per strategy for each criterion.  

7. Performance estimation – renovation strategies   

  Type Actors 
Method Decision making matrix  
 

Multiple criteria analysis  

   
Input Performance of renovation options Tool (5)  

Alternative renovation strategies Tool (6)    

Output Performance of renovation strategies 
 

  Priorities of renovation strategies   
Figure 58: Method, input, and output of performance estimation – renovation strategies 

 
Figure 59: Interface - performance estimation of renovation strategies 
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Performance estimation of alternative renovation strategies is carried out by developing an overall 
decision making matrix, including all renovation elements and its relevant criteria. The overall decision 
making matrix is given in Appendix 10– Performance estimation. It is constructed of the separate decision 
making matrixes combined in one overview. Figure 60 is a partial overall decision making matrix, not for 
reading purposes but illustrating the construction of this matrix. Each colored block is based on the 
performance estimation of that renovation strategy. The renovation option for main entrance used in 
strategy 1 is renovation option 1 (new elevator with two doors). Strategy 5 uses renovation option 3 (stair 
lift on outside stair). The performances of these renovation options are used in developing the overall 
decision making matrix. 

 
Figure 60: Partial overall decision making matrix 

Based on the overall decision matrix a summarized decision matrix can be generated. This 
summarized decision making matrix combines all the scores of the same criterion for a renovation strategy 
into one overall score. A partial summarized decision making matrix is given in Figure 56. The benefit of a 
summarized decision making matrix is that for each strategy the performance per criterion can be seen. For 
example construction costs, the overall performance in construction costs is 13. If, instead of a subjective 
grading method, objective values with a measuring unit of € / m² were given, this summarized matrix would 
provide an overall estimate of the construction costs per square meter.  

The tool calculates the overall best performing renovation strategy automatically, based on 
previous input. The best performing renovation strategy is strategy number 49. The second best performing 
is strategy 33, the third best is strategy 1.  

no. Relevant criteria Measuring 
unit

+/- Criteria 
weight

Code of alternative renovation strategy

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
West side

1 Construction costs a 0 0.51 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 Maintenance costs a 0 0.49 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
3 Air quality a 1 0.39 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
4 Noise a 1 0.32 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
5 Identity a 1 0.29 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Façade finish
6 Embodied energy a 0 0.50 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2
7 Embodied CO2 a 0 0.50 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 5 5 5 5
8 Investment costs a 0 0.34 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
9 Maintenance costs a 0 0.33 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 1 1 1 1

10 Income a 1 0.16 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 0 0 0 0
12 Identity a 1 0.18 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 10 10 10 10
13 Maintainability a 1 0.82 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 10 10 10 10

Heat production
14 Embodied energy a 0 0.33 1 1 1 1 1 1 1 1 10 10 10 10 10 10 10 10 1 1 1 1
15 Embodied CO2 a 0 0.33 1 1 1 1 1 1 1 1 10 10 10 10 10 10 10 10 1 1 1 1
16 Energy consumption a 0 0.33 5 5 5 5 5 5 5 5 1 1 1 1 1 1 1 1 5 5 5 5
17 Construction costs a 0 0.50 1 1 1 1 1 1 1 1 5 5 5 5 5 5 5 5 1 1 1 1
18 Investment costs a 0 0.50 1 1 1 1 1 1 1 1 10 10 10 10 10 10 10 10 1 1 1 1
19 Thermal comfort a 1 0.80 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
20 Flexibility a 1 0.20 10 10 10 10 10 10 10 10 1 1 1 1 1 1 1 1 10 10 10 10

Main entrance
21 Embodied energy a 0 0.33 10 10 10 10 5 5 5 5 10 10 10 10 5 5 5 5 10 10 10 10
22 Embodied CO2 a 0 0.33 10 10 10 10 5 5 5 5 10 10 10 10 5 5 5 5 10 10 10 10
23 Energy consumption a 0 0.33 1 1 1 1 5 5 5 5 1 1 1 1 5 5 5 5 1 1 1 1
24 Construction costs a 0 0.17 10 10 10 10 3 3 3 3 10 10 10 10 3 3 3 3 10 10 10 10
25 Investment costs a 0 0.17 10 10 10 10 5 5 5 5 10 10 10 10 5 5 5 5 10 10 10 10
26 Maintenance costs a 0 0.16 1 1 1 1 3 3 3 3 1 1 1 1 3 3 3 3 1 1 1 1
27 Running costs a 0 0.49 1 1 1 1 5 5 5 5 1 1 1 1 5 5 5 5 1 1 1 1
28 Accessibility a 1 0.51 10 10 10 10 5 5 5 5 10 10 10 10 5 5 5 5 10 10 10 10
29 Flexibility a 1 0.13 10 10 10 10 1 1 1 1 10 10 10 10 1 1 1 1 10 10 10 10
30 Security a 1 0.35 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

Hot water production
31 Embodied energy a 0 0.33 1 1 5 5 1 1 5 5 1 1 5 5 1 1 5 5 1 1 5 5
32 Embodied CO2 a 0 0.33 1 1 5 5 1 1 5 5 1 1 5 5 1 1 5 5 1 1 5 5
33 Energy consumption a 0 0.33 5 5 1 1 5 5 1 1 5 5 1 1 5 5 1 1 5 5 1 1
34 Construction costs a 0 0.50 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
35 Investment costs a 0 0.50 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

Ventilation system
36 Embodied energy a 0 0.50 5 1 5 1 5 1 5 1 5 1 5 1 5 1 5 1 5 1 5 1
37 Energy consumption a 0 0.50 1 3 1 3 1 3 1 3 1 3 1 3 1 3 1 3 1 3 1 3
38 Construction costs a 0 0.20 3 1 3 1 3 1 3 1 3 1 3 1 3 1 3 1 3 1 3 1
39 Investment costs a 0 0.20 3 1 3 1 3 1 3 1 3 1 3 1 3 1 3 1 3 1 3 1
40 Running costs a 0 0.59 1 3 1 3 1 3 1 3 1 3 1 3 1 3 1 3 1 3 1 3
41 Thermal comfort a 1 0.87 10 7 10 7 10 7 10 7 10 7 10 7 10 7 10 7 10 7 10 7
42 Air quality a 1 0.13 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Figure 61: Partial summarized decision making matrix 

Strategy 49 
The renovation options for strategy 49 will be described in this paragraph. For the west side the 

parking lot is upgraded. The parking lots are moved to the street side and are directly accessible from the 
street. A green area is created in front of the building. For the façade finish brick strips are selected. Heat 
production will be done by means of a ground coupled heat pump with a vertical closed loop system. This 
heat pump fuels the high efficiency boiler with thermal energy for hot water production. The main entrance 
will be redeveloped into a same level entry by means of installing a new elevator which can be entered from 
two sides. Finally, the ventilation system is composed of a balanced ventilation system with a heat recovery 
unit. 

Strategy 33 differs from strategy 49 in one element, the façade finish. In this strategy the 
preference goes out to plastic façade cladding. Strategy 1 is similar to strategy 33, except for the 
redevelopment of the west side of the building. In this strategy it is preferred to maintain the current 
situation instead of redeveloping it. 

Criteria Code of alternative renovation strategy
1 2 3 .. 32 33 34 .. 48 49 50 .. 64

Environmental
Embodied energy 8 6 10 .. 11 8 6 .. 10 9 7 .. 11
Embodied CO2 13 13 17 .. 25 13 13 .. 21 17 17 .. 25
Energy consumption 17 13 21 .. 21 17 13 .. 21 17 13 .. 21

Economic
Construction costs 13 15 9 .. 11 22 24 .. 20 22 24 .. 20
Investment costs 16 14 16 .. 11 16 14 .. 11 16 14 .. 11
Maintenance costs 16 16 16 .. 7 22 22 .. 17 18 18 .. 13
Running costs 4 2 4 .. 4 4 2 .. 4 4 2 .. 4
Income 10 10 10 .. 0 10 10 .. 10 0 0 .. 0
Expenses 0 0 0 .. 0 0 0 .. 0 0 0 .. 0

Social
Thermal comfort 2 4 2 .. 13 2 4 .. 13 2 4 .. 13
Air quality 11 8 11 .. 8 20 17 .. 17 20 17 .. 17
Noise 1 1 1 .. 1 10 10 .. 10 10 10 .. 10
Identity 9 9 9 .. 11 18 18 .. 18 20 20 .. 20
Accessibility 1 1 1 .. 5 1 1 .. 5 1 1 .. 5
Flexibility 20 20 20 .. 15 20 20 .. 15 20 20 .. 15
Maintainability 5 5 5 .. 10 5 5 .. 5 10 10 .. 10
Security 10 10 10 .. 1 10 10 .. 1 10 10 .. 1

Degree of efficiency, Nj (%) 99.6% 98.9% 97.4% .. 78.2% 99.9% 98.9% .. 80.6% 100.0% 98.9% .. 81
Priority 3 4 11 .. 63 2 5 .. 57 1 6 ..
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5. H. ALTERNATIVE EVALUATION 
The method used to visualize the performance of several renovation strategies is a radar graph. The 

input for this phase are the performance score and priorities of renovation strategies. The output of this phase 
is a visual representation of the performance of different renovation strategies. On the basis of this output the 
decision maker is able to select an optimal renovation strategy.  

The interface of this phase requires, like the previous phase, no action of any actor. It presents radar 
graphs of renovation strategies. One graph for the top 3 overall performance, and one graph with a top 3 of 
strategies for each dimension separately. These radar graphs provide a valuable representation of the 
performances of different strategies. Stakeholders, decision makers and building experts can discuss the 
different strategies and their performance using this representation. 

8. Alternative evaluation   

  Type Actors 
Method Radar graph  

   
Input Performance of renovation strategies Tool (7)  

Priorities of renovation strategies Tool (7)    

Output Interpretation of results   
Figure 62: Method, input, and output of alternative evaluation 

 
Figure 63: Interface - alternative evaluation 
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In the previous chapter a brief evaluation has been given of the three best performing renovation 
strategies. This evaluation is based on the calculated utility degree of the different renovation strategies, 
where the best performing strategy is indicated with a 100 % score. The closer the utility degree is to 100%, 
the better the performance of the strategy. To illustrate the relative performance of the strategies the 
priority is defined. The priority can be seen as the ranking of renovation strategies. This type of evaluation 
is seen as the inherent aspect of alternative evaluation, as discussed in chapter 4. B.4.  

An additional evaluation of the alternative strategies can be based on the main criteria defined in 
the criteria tree. These main criteria reflect the three dimensions of sustainability; environmental, economic, 
and social. This evaluation facilitates a discussion between stakeholders. The graphs visualizes the impact of 
certain renovation options on each dimension. A well-founded decision can be made by all stakeholders 
based on this output of the tool.  

The evaluation of alternatives includes the following strategies: The three overall best performing 
strategies, and the two best performing strategies for environmental, economic, and social criteria 
separately. The utility degree of these strategies will be plotted on a radar graph using 4 axes; overall 
performance, environmental performance, economic performance, and social performance.  

To plot these graphs the performance in separate dimensions has to be calculated. This calculation 
uses the same approach as overall performance estimation, just limited to criteria of one sustainability 
dimension. The graphs as a result of this calculation are given in Appendix 10– Alternative evaluation.  

Overall performance 
The overall best performing strategies are 49, 33, and 1 respectively. The economic performance of 

strategy 49 and 33 is average (72%), whereas the economic performance of strategy 1 is high (96%). Strategy 
33 and 1 perform approximately 10% better than strategy 49 on environmental criteria. The social 
performance of strategy 49 is by far the best, strategy 1 performs the worst on this criteria.  

  
Figure 64: Radar graph - overall performance 
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Environmental performance 
The two best performing strategies in environmental criteria are strategies 6 and 38. The overall 

performance is 94.3% and 94.2%, with a priority of 20 and 22 respectively. The social performance of 
strategy 6 is poor (60%) and that of 38 is average (77%). Economic performance of strategy 6 is relatively 
high (87%), strategy 38 performs average (68%). The strategies differ only in the redevelopment of the 
parking lot. Strategy 6 maintains the current situation, whereas strategy 38 redevelops it with parking lots 
directly accessible from the street. The other renovation options are a ground coupled heat pump for 
heating and hot water production, plastic façade panels, a same level entry by means of an indoor stair lift, 
and a ventilation system with a decentral natural supply and central mechanical extraction which is demand 
driven by using CO2 sensors. 

 
Figure 65: Radar graph - environmental performance 

Economic performance 
The two best performing strategies in economic criteria are strategies 17 and 19. The overall 

performance is 98.9% and 96.9%, with a priority of 7 and 14 respectively. The social performance, both 83%, 
of these strategies is above average. The environmental performance is average, with 75% and 72%. Both 
strategies maintain the current situation at the west side of the building. For the façade brick strips are used. 
Same level entry is realized by installing a new elevator with two exits. Heat production uses a ground 
coupled heat pump and the ventilation systems used is balanced ventilation. For hot water production 
strategy 17 uses a high efficiency boiler fueled by the ground coupled heat pump. Strategy 19 makes use of 
PV-T panels for hot water production.  
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Figure 66: Radar graph - economic performance 

Social performance 
The two best performing strategies in social criteria are strategies 49 and 51. The overall 

performance is 100% and 98.5%, with a priority of 1 and 7 respectively. The economic performance, both 
73%, of these strategies is average. The environmental performance is also average, with 75% and 72%. 
Strategies 49 and 51 are almost similar to strategies 17 and 19 respectively. The difference is that both 
strategies 49 and 51 do redevelop the parking lot on the west side of the building, which apparently 
positively contribute to the social performance of these renovation strategies.  

  
Figure 67: Radar graph - social performance 

 

0.0%
10.0%
20.0%
30.0%
40.0%
50.0%
60.0%
70.0%
80.0%
90.0%

100.0%
Overall

Environmental

Economic

Social
1

1

0.0%
10.0%
20.0%
30.0%
40.0%
50.0%
60.0%
70.0%
80.0%
90.0%

100.0%
Overall

Environmental

Economic

Social
4

5



Page | 80  
 

  



Page | 81  
 

  



Page | 82  
 

6. RESULTS 

The results will be discussed in two chapters. The first chapter regards the results of the application. 
Thus the outcome of the tool will be given. The second chapter is about the general results of the study, which 
is the developed early stage decision support tool. In this chapter the validity, applicability, and added value of 
the tool are assessed. These three aspects can be discussed by formulating a question, these are; ‘are the results 
reliable?’, ‘is the tool applicable to other cases?’, and ‘what is the added value of the tool for the renovation 
process?’ respectively.  

6. A. TOOL 
Opposed to sustainability assessment methods such as BREEAM, LEED, etc. the Multivariant design tool 

is able to achieve a 100 % score on a sustainability dimension. This is because the renovation options, which all 
together compose a strategy, are only scored to relevant sustainability criteria.  

Besides strategy 49, generated by the tool, some separate renovation elements were defined in Appendix 9. 
An overview of all renovation elements including the selected renovation strategy is given in Figure 68. The 
renovation strategy containing the elements listed in Figure 68 are illustrated by means of floor plans, 
sections, and 3D images. These are given in Appendix 11. The evaluation of strategy 49 and the other top 
renovation strategies has been carried out within the tool, in the final phase of alternatives evaluation.  

 
Figure 68: Overview renovation options of strategy 49 

  

Elements considered Applied renovation option By tool
1 West side - parking lot Green area & parking perpendicular to street Yes
2 Façade finish Brick strips Yes
3 Balconies Cut off existing balconies, replace with new balconies of 7 m² No
4 Heat production Ground coupled heat pump (GCHP), vertical loops, closed system Yes
5 Main entrance New elevator with two way exit - and entering Yes
6 Internal stairway Anti-slip strips No
7 Apartment access doors Replace spyhole with camera No
8 Electrical installations New meter + fuse box, sufficient plugs in every room (at least 4) No
9 Heating system Low temperature floor heating No

10 Hot water production High efficiency boiler, fueled by GCHP Yes
11 Windows Triple glazing, low thermal conductivity fram No
12 Kitchen Replace, electric cooking unit No
13 Bathroom Replace, including wall handles and shower chair No
14 Ventilation system Balanced ventilation with heat recovery Yes
15 Façade insulation Exterior insulation,thickness = ZEB standard No
16 Energy production PV panels (electricity) + GCHP (thermal, see element 4) No
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6. B. STUDY 
6. B.1. The validity of the tool 

The outcome of the tool proposes strategy 49 to be the most sustainable. In order for the outcome to 
be checked, this chapter will discuss the outcome of the tool for each renovation option separately. It is a check 
whether or not this outcome can be expected to be the most sustainable compared to the alternatives. 

6. B.1.1. West side 
The renovation option used in strategy 49 is option 4. This option includes the biggest green area in 

front of the building and allows cars to park on the edge of the building site. These parking lots are accessible 
directly from the street, see Figure 125. The alternative options include a smaller or no green area and requires 
cars to enter the building site for parking. Relevant criteria are construction costs, investment costs, air quality, 
noise, and identity. Estimating the performance of renovation options results in option 1 (maintaining the 
current situation) being the best performing alternative, and option 4 the second best. 

Even though option 1 is the best performing option in individual performance estimation, it makes 
sense that alternative 4 is selected for the best alternative. The positive impact on social criteria for renovating 
this area does not outweigh the accompanying costs for this renovation. 

6. B.1.2. Façade finish 
Strategy 49 uses a façade finish of brick strips. It is favored over the best renovation option, plastic 

cladding. If these two materials are compared, it makes sense that brick is favored. Maintainability of a brick 
wall is much better, since maintenance is hardly allowed. Plastic panels are more likely to need maintenance to 
prevent deterioration.  

6. B.1.3. Heat production 
A ground coupled heat pump is used in strategy 49. This heat pump is a central system, whereas the 

alternatives are decentral systems. A central system allows for more flexibility and requires less initial costs. The 
fact that the central ground coupled heat pump has a higher energy consumption does not outweigh the benefits 
of a central system.  

6. B.1.4. Main entrance 
A same level entry is provided by replacing the elevator with a new one, allowing entering and exiting 

the elevator at ground level. This option is favored due to its major positive impact in terms of social criteria. 
The energy consumption and running costs are lower for this option, since other options require the operation 
of two devices (elevator and stair lift). The initial costs or one-time investments which will be of lesser impact 
compared to running costs.  

6. B.1.5. Hot water production 
The method for hot water production in strategy 49 is a high efficiency boiler provided with thermal 

energy from the ground coupled heat pump. Construction and investment costs are equal to other options (high 
efficiency boiler with electric supply and PV-T panels) and embodied energy and CO2 of the high efficiency boiler 
with electric or thermal supply are equal. Decisive factor is the energy consumption, which is a lower for a boiler 
fueled by ground coupled heat pump, since this system uses a renewable energy source directly. The electric 
energy has to be generated first.  

6. B.1.6. Ventilation system 
Strategy 49 employs a balanced ventilation system with heat recovery unit. Decisive criterion in the 

selection of ventilation system is the thermal comfort. Elements such as energy consumption, embodied energy, 
initial costs and running costs cancel each other out. Thermal comfort of a system with heat recovery is generally 
considered as better, since the air supply is pre-heat prior to entering the building 

Based on the argumentation provided in the previous paragraph it can be concluded that the tool 
provides valid results. The validity of the tool is depending on the accuracy of the input, i.e. definition and 
selection of relevant criteria, defined criteria weight, and performance estimation per criterion. Stakeholder 
involvement in these stages, particularly selection and weighting of criteria, can be of crucial importance for 
achieving better results. 
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In applying the tool the choice was made to use a subjective grading method for estimating the 
performance of renovation options and strategies. This decreases the accuracy and reliability of the results. 
Objective and exact values provide more realistic results. Besides assessing the sustainability performance of 
renovation strategies, early cost estimates can be made based on the tool input. When related costs for 
renovation options are given as input, overall costs per measure are calculated in the summarized decision 
matrix.  

6. B.2. Applicability 
The applicability of the tool to other cases is high. The entire structure, calculations, and interface of 

the tool can be used for other cases.  

The only change in applying the tool to another case is in the sustainability criteria and measures, mainly 
regarding social sustainability. This is inherent to the chosen definition of social sustainability; the impact of 
renovation strategies on future residents of the renovated building. If, for example, the tool is applied to the 
renovation of an office building, the social sustainability criteria will have to be defined so that they reflect the 
needs and wishes of the target group of an office building, most likely its employees. Some changes in the criteria 
and measures for environmental and economic will have to be adapted to meet the boundaries and/or needs 
and wishes of the involved stakeholders. This adaption to a specific case can be carried out using the same 
interface, see Figure 69. The fixed criteria remain fixed. The suggested criteria might apply to the case, this is up 
to the decision maker. The open criteria can be used to adapt the tool to a specific case study. 

 
Figure 69: Interface - goal setting 

All following activities can be used in the same way as they are used in the application in this study. The 
methods for calculation of criteria weights, building diagnosis, alternative generation, performance estimation, 
and ultimately alternative evaluation are the same, no matter the case. The performance estimation of 
renovation options and strategies are all based on the selected (sub-) criteria and measures in the first phase of 
the tool. 
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6. B.3. Added value 
This chapter will give an answer to the question; what is the added value of the tool for the renovation 

process? The tool structures the process of early stage renovation, by providing support in each phase. The 
decision maker is guided through the process by going through the tool step by step. The phase of goal setting 
aids the decision maker in setting clear sustainability goals. Breaking down the goal of sustainability in main 
criteria, sub criteria, and measures makes it measurable. This results in a better understanding of sustainability 
and how to implement it in a renovation strategy.  

The phase of building diagnosis assists a decision maker and the building experts in structured analysis 
of the existing building. By using this method all essential building elements are analyzed, providing the 
necessary input for the sequential phase of the renovation process.  

Based on the output of the building diagnosis phase the team of building experts develop renovation 
options for each element of the building requiring renovation. Instead of developing entire strategies, the 
building experts have to develop separate renovation options, the generation of alternative strategies is 
performed by the tool later on. Estimating the performance of renovation options is based on the performance 
for each criteria separately. In this way performance estimation becomes an easy task. Combining all criteria 
and estimating a total performance of each renovation option is automatically calculated by the tool. From this 
moment on the tool generates alternative renovation strategies and estimates the performance of renovation 
strategies automatically, no input from the decision maker or building expert is necessary. Because of this 
automated alternative generation and performance estimation large numbers of strategies can be assessed at 
once. The final outcome of the tool are the evaluation graphs which gives the decision maker a better 
understanding of the performances of alternative strategies. 

Besides structuring the entire process in concrete phases an added value of the tool is its capacity to 
perform a holistic assessment of social sustainability, thus including performance scores of all three dimensions. 
The impact of assessing sustainability holistically is illustrated in the following paragraph. This is done by running 
the tool a second time, while excluding one criteria. In this case the social sustainability criteria are excluded. 

6. B.3.1.  Impact of social sustainability 
In Figure 70 the priority of renovation options per element is given, while including social criteria. Figure 

71 gives the priority while excluding social criteria. The priorities of just one element remain the same, hot water 
production. For two elements one of the two priorities has changed, for three elements the priority is entirely 
different.  

 
Figure 70: Priority of renovation options with social criteria 

Elements considered Priority
1 2

1 West side - parking lot 1 4
2 Façade finish 3 1
3 Heat production 1 2
4 Main entrance 1 2
5 Hot water production 2 4
6 Ventilation system 3 1
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Figure 71: Priority of renovation options without social criteria 

The outcome of the tool (excluding social criteria) provides the following top 3 for overall performance: 
strategy 1 (100%), 9 (99.9%), and 3 (97.6%), see Figure 72 right side. These results are entirely different from the 
results of the application with social criteria, see Figure 72 left side. Based on these outputs it can be concluded 
that the inclusion of social sustainability assessment criteria, and thus a holistic assessment of sustainability, is 
of major importance for sustainable renovation. 

 
Figure 72: Overall performance, left: with social criteria, right: without social criteria 

  

Elements considered Priority
1 2

1 West side - parking lot 1 2
2 Façade finish 3 2
3 Heat production 3 1
4 Main entrance 3 2
5 Hot water production 2 4
6 Ventilation system 1 3

Strategy code
49 33 1

Overall 100.0% 99.9% 99.6%
Environmental 75.4% 87% 86.9%

Economic 72.7% 72% 96.4%
Social 100.0% 92% 74.5%

Strategy code
1 9 3

Overall 100.0% 99.9% 97.6%
Environmental 90.8% 100% 84.4%

Economic 70.6% 97% 70.6%
Social -- -- --
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7. CONCLUSION, DISCUSSION AND RECOMMENDATIONS 

7. A. CONCLUSION 
This research revolved around the main question: How can an early stage decision support tool be 

designed to assist in decision making for holistic sustainable renovation of a multi-family house for independent 
living elderly? To provide an answer to the main question, there sub questions were dedicated to: (1) holistic 
assessment of sustainable renovation, (2) the needs and wishes of independent living elderly, and (3) early stage 
decision support tools.  

The concept of sustainability comprises three dimensions: environmental, economic, and social 
sustainability. Environmental sustainability in renovation focusses on the environmental impact over the 
building’s life cycle. Economic sustainability focusses on the cost-effectiveness of the renovation. Social 
sustainability is defined as the impact of renovation techniques on the future user of the building. For each 
dimension sub criteria and measures are defined to break down the concept in more concrete aspects. A holistic 
assessment method dictates a comprehensive approach without separating elements into separate parts. In 
terms of sustainability assessment, this holds that the holistic assessment of sustainable renovation should 
include all three dimensions in the assessment of renovation strategies.  

The focus of social sustainability for this study is on the user of the building, therefore a study into the 
needs and wishes of independent living elderly has been performed. The independent living elderly are aged 
from 55/60 years to 75/80 years. The focus is on elderly who experience a low level of control on their life, 
feeling as though everything happens to them and they have no influence on it. The general requirements for a 
dwelling are: a same level entry for the living room, kitchen, toilet, bathroom, and at least one bedroom, well-
lit rooms and common spaces, and spacious rooms. The inclusion of modern day technologies, such as domotics, 
in the every-day lives of elderly can make their lives easier and safer. Moreover, it can reduce the need and/or 
workload for domiciliary nurses. 

Early stage decision support tools for renovation are used to aid the decision making in early stages, i.e. 
the pre-design and design phase of renovation. The focus on early stages is related to the fact that the impact 
of sustainability measures is highest in the early stage, while simultaneously the costs related to this measure is 
low compared to later stages. The activities in the early stages of renovation are: goal setting, criteria weighting, 
building diagnosis, alternative generation, performance estimation, and alternative evaluation. To answer the 
main question an existing decision support tool was complemented with methods for phases it did not 
accommodate. This provided a comprehensive tool, supporting all phases of early stage decision making for 
renovation. In the first part of the research sustainability assessment criteria were defined, based on a literature 
study. These two elements combined provide a holistic approach towards sustainable renovation by means of a 
decision support tool.  

The applicability of the tool is high, since the methods and required input are relatively neutral, i.e. not 
depending on the scope of the study. The case-specific aspects of the tool are the sustainability criteria, mainly 
focused on the social dimension. This is inherent to the definition of social sustainability, which focuses on the 
end-user of the building. Including these sub-criteria and measures in the tool is an easy task, making use of the 
possibility for open criteria. The interface of the tool remains the same.  

The added value of the tool is: 

1. Its comprehensiveness in supporting every phase of the early stage renovation process. In this 
way the process of developing sustainable renovation strategies becomes very structured in 
this manner, all the decision maker has to do is go through the phases of the tool.  

2. The translation of the concept of sustainability into more precise sub-criteria and specific 
measures. By approaching sustainability systematically, breaking it down into three main 
criteria, with for each main criteria sub-criteria and measures, it creates better understanding 
of the definition among stakeholders. 

3. The method for the holistic assessment of sustainability. The impact of different renovation 
options can be assessed on all three dimensions of sustainability simultaneously.  
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4. The possibility to assess vast amounts of renovation strategies on the basis of multiple criteria 
in a short amount of time.  

5. Insight in the performance of alternative renovation strategies.  

The goal of the research to develop a holistic approach towards sustainable renovation of a multi-family 
house for independent living elderly in early stage decision making by means of a decision support tool is partially 
achieved. This is done by complementing an existing decision support tool, including sustainability assessment 
criteria for all three dimensions, and applying it to a case study. The focus on independent living elderly was 
included by means of social sustainability assessment criteria. The discussion will reflect on the research goal 
and the outcome of this study. 
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7. B. DISCUSSION 
The goal for the study was to develop a holistic approach towards sustainable renovation of a multi-

family house for independent living elderly in early stage decision making by means of a decision support tool. 
This goal encompasses three main topics; sustainability, independent living elderly, and early stage decision 
support tools. The study into sustainability assessment criteria for renovation and the state-of-the-art early stage 
decision support tools was extensive. The study into early stage decision support tools dictated the course of 
the research, which can be seen in the extensive analysis of methods for supporting the phases of early stage 
renovation. The extensive study into early stage decision support tools combined with sustainable renovation 
caused the focus to drift away from the target group, the independent living elderly. It can be concluded that 
the main research question is partially answered by this research, a holistic approach towards sustainable 
renovation by means of a decision support tool was developed. However, it was not developed for independent 
living elderly.  

The analysis into independent living elderly also relates to the definition of social sustainability: the 
impact of renovation techniques on future residents of the renovated building. This definition focusses on the 
operational phase of the renovation, where the other two dimensions focus on the entire lifecycle. This 
definition was selected to limit the scope of the study, so it matches to the timeframe of a graduation project. 
The limited research into the target group and the selected definition of social sustainability is a limitation of 
this study, and the developed tool. Still, the tool as it is presented in this thesis is useful. Whichever method 
used for the assessment of (social) sustainability can be accommodated in the tool. It is flexible to accommodate 
changes over time.  

The tool makes use of fixed, suggested, and open criteria. This is beneficial for the flexibility and 
applicability of the tool. The tool can be adapted to another case by defining relevant criteria to that specific 
case, e.g. building type or target group.  However, there is a downside to that flexibility. There is a reliable risk 
of setting inadequate criteria, which results in an assessment of renovation strategies based on insufficient 
criteria. This unreliability is partially mitigated by making use of fixed criteria for essential sustainability criteria, 
e.g. embodied energy of materials. Still, this limitation has to be taken into consideration when applying the tool 
for developing renovation strategies. 

The second limitation arises from the application. The estimation of performance of renovation options 
and strategies is based on a subjective grading method. Testing the tool with objective data is advisable prior to 
further developing it / using it for the development of renovation strategies in practice. The decision for using 
subjective data was made to limit the scope of the research. A full application including objective data is time 
consuming and does not add value for this phase of tool development. The main research goal is to develop an 
early stage decision support tool for holistic assessment of sustainability. The functioning of the developed tool 
had to be tested to a case study. To determine the functioning of the tool it is irrelevant whether subjective or 
objective data is used.  

In conclusion it can be said that this study offers a well substantiated method for developing and 
assessing sustainable renovation strategies with great potential for further development. Using this tool for 
developing sustainable renovation strategies can encourage renovation of the existing building stock. As a result 
of renovating the building stock the energy consumption of buildings can be reduced, with this reduction a 
contribution can be made to limiting global warming.   
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7. C. RECOMMENDATIONS 
Recommendations for future works focus on further developing and substantiating the tool. As stated 

in the discussion the current definition and method of assessment for social sustainability is a limitation. Further 
research into social sustainability and social sustainability assessment criteria over the entire lifecycle of a 
renovation project is of great importance in further substantiating the tool. Research into assessment criteria 
for the other two dimensions of sustainability (environmental and economic) is also important. However, these 
two dimensions have already been researched more extensively. With a better understanding of assessment 
criteria for each dimension of sustainability, the amount of fixed criteria can be increased. This improves the 
reliability of the tool and yields a better assessment of sustainability. A database of sustainability assessment 
criteria accompanied with the tool is of great value for further improving it. Instead of generating assessment 
criteria ‘out of the blue’, a decision maker, together with building experts, can use a sustainability criteria 
database to select assessment criteria.  

The validity, applicability and reliability of the tool can be further developed by validating it with experts 
from the building industry. By performing a pilot study, where all actors involved in early stage decision making 
make use of the complemented Multivariant Design tool, it can be tested in practice. By bringing the tool into 
practice, objective data can be used for performance estimation instead of subjective data. This provides a better 
understanding of the performances of alternative renovation strategies. Prior to performing a pilot study, an 
interface for the tool should be developed. This thesis provided illustrative examples of interface for explaining 
the tool. This interface should be user-friendly, otherwise the change of it being used in practice is limited.  
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8. APPENDICES 

8. A. APPENDIX 1 
Drawings of the existing building are given on the following pages.
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8. B. APPENDIX 2 
The underlined criteria are set to be fixed criteria, as explained in chapter 3. A.3. 

Table 1: Sustainability assessment criteria 

Dimension Criteria Sub-criteria 
Environmental Production stage Embodied energy   

Embodied CO2    
 

Operational stage Energy consumption 
    CO2 emissions 
Economic Initial costs Construction costs   

Investment costs     
Operational costs Maintenance costs   

Running costs 

  Repair/replacement costs 
   

 End-of-life costs Income 

 
 Expenses 

Social Indoor environmental quality Thermal comfort 

  Indoor air quality 

  Lighting 

  Noise 

  Safety 
   
 User quality Identity  

  Accessibility 

  Care facilities 

  Flexibility 

  Maintainability 
    Security 
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8. C. APPENDIX 3 
All the information in this appendix is based on Adviescomissie Bouwen en Wonen (2012). The study is 

distributed to 1935 questionnaires and 632 usable respondents were received. The age of the respondents range 
from 55 – 91 years. 49 % of the respondents are aged 55 to 65 year. This age category represents the future 
generation of elderly, therefore they are valuable for this study. The percentages given in brackets is the 
percentage of elderly preferring this or that option. 

8. C.1. General requirements 
In terms of accessibility a large part of the elderly desire a same-level entry (61.8%), which means no 

thresholds and accessible from the street without the use of stairs (an elevator is allowed). 89.7% of the elderly 
prefer to have the living room, bathroom, kitchen, toilet, and at least one bedroom at the same level. Also an 
overhang at the entrance, providing shelter from the rain, is preferred (50.71%). In terms of security, 72.1% of 
the elderly prefer exterior lighting with a motion and twilight sensor and 38.6% prefer an elderly lock, where the 
crank is beneath the keyhole.  

8. C.1.1. Living area 
Figure 73 shows the preferred living area in percentages of respondents. The largest part of the elderly 

prefer an area of 100 – 125 m², although 75 – 100 m² and 125 – 150 m² are also preferred by a similar part.  

 
Figure 73: Preferred living area in percentages of respondents.  
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8. C.1.2. Ventilation 
For ventilation, the elderly tend towards what is known. They prefer natural ventilation over mechanical 

and balanced ventilation, see Figure 74. 

 
Figure 74: Preferred ventilation system 

8. C.1.3. Heating system 
71% of the elderly prefer a central heating system combined with a private boiler. Approximately one 

third (30%) prefers the ability to separate room heating. The preferences for floor heating are given in Figure 
75. In general owner-occupied housing have a preference for floor heating, whereas tenants prefer central 
heating with a private boiler. 

 
Figure 75: Preferences for floor heating systems 
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8. C.2. Requirements per function 
For each space in the dwelling a set of requirements is given. These are represented in bar charts. 

Besides the bar charts relevant general comments given by the respondents are mentioned. 

8. C.2.1. Hallway  
Besides the requirements given in Figure 76, the general comment was that a long, narrow hallway was 

not preferred. Even though this would give sufficient area for walking, manoeuvring and receiving guests.  

 
Figure 76: Requirements hallway 

8. C.2.2. Toilet 
The preferred size of toilets is 1 x 1.4 m, this is sufficient for the steering pad of a wheelchair. Both the 

preference for an elevated toilet and wall handle increase with the age.  

 
Figure 77: Requirements toilet 
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8. C.2.3. Living room 
The general comments for the living room are the illumination and orientation. Elderly prefer a well-lit 

room, in terms of day light and artificial lighting. The questionnaire gave the possibility for a north, east, south, 
and west orientation. Several elderly commented that they preferred a south-west orientation. 

 
Figure 78: Requirements living room 

8. C.2.4. Kitchen 
Similar to the living room elderly prefer a well-lit kitchen. The research by Adviescomissie Bouwen en 

Wonen (2012) focused on both rental and owner-occupied dwellings. However, for the kitchen the difference 
between those two are large. Therefore the preferences of elderly who prefer rental dwellings are given 
separately. 

 
Figure 79: Requirements kitchen 
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8. C.2.5. Master bedroom 
Most requirements for the master bedroom are given in Figure 80. General comments were the 

possibility of mechanical ventilation and it should be sufficiently large, at least a double bed should fit. 

 
Figure 80: Requirements master bedroom 

8. C.2.6. Extra rooms 
12.6% wants an extra room besides the living room, kitchen, bath- and bedroom, albeit an additional 

bedroom or a hobby room. Figure 81 depicts the requirements of an extra bedroom, Figure 82 depicts the 
requirements of a hobby room. 

 
Figure 81: Requirements extra bedroom 
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Figure 82: Requirements hobby room 

(a) Bathroom 
General remarks made by elderly concerning the bathroom were the availability of a showering chair 

and wall handles in the shower. Moreover, proper (mechanical) ventilation of the room was regarded as 
important.  

 
Figure 83: Requirements bathroom 
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8. C.2.7. Balcony 
The balcony is preferred to have a size of 5 – 10 m² (51%). Important aspects are privacy (61%) and 

orientation. Preferably the balcony is oriented to the south (71%). 

 
Figure 84: Requirements balcony 
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8. D. APPENDIX 4 
Table 2: Building diagnosis by Juan et al. (2009) 

Criteria Sub-criteria Assessment items 
Safety Structural safety Plaster conditions   

Cracks   
Leakage   
Concrete strength  

Precaution equipment Fire alarm control   
Evacuation plan   
Gas monitor calibration  

Personal safety Safety device 
    Emergent rescue equipment 
Usage Spatial function Layout suitability  

Plumbing Material and maintenance condition  
Interior aesthetics Condition of furnishings and fittings   

Indoor landscaping 
  Equipment deterioration Deterioration level 
Convenience Handicapped facility Installation conditions 
  Intelligent wiring system Integrated wiring condition 
Comfort IEQ Light, heat, noise, and ventilation 
    Temperature and moisture conditions 
Utility Electricity saver HVAC and lighting conditions 
  Water saver Water supply and drainage system 
Health Indoor air quality Particle pollution   

CO2 and formaldehyde levels 
  

VOC level  
Interior finishes Green material adoption  
Electromagnetic control Electromagnetic wave measurement 

    Radioactive steel check 
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Table 3: Building diagnosis by Juan et al. (2010) 

Criteria Sub-criteria Assessment items 
Sustainable sites Exterior pavement improvement Building roof type   

Direction/fabric of the building   
Pavement type   
Current greenery condition  

Heat island reduction 
 

  Greenery   
Energy efficiency Thermal and moisture protection Openings of primary facade 

orientation, Occupied density, 
Openings area, Solar shading, 
Windows insulation, Overheat 
condition, Indoor daylight, 
Electric lighting, Current 
ventilation system, Energy saving 
HVAC devices, New green 
technologies (solar, wind energy, 
etc.)  

Openings improvement 
 

 
HVAC and electric lighting 

 

  Innovative energy technology   
Water efficiency Water performance assessment Water measurement devices, 

Wastewater technologies, 
Current urinal and toilet type, 
Cooling towers treatment  

Wastewater technology 
 

 
Water use reduction 

 

  Cooling tower water treatment   
Material and resources Purchasing policy Green furniture purchasing, 

Storage/collection plan, Waste 
management plans, Adaptable 
design strategies  

Storage and collection for recyclables 
 

  Sewage and garbage improvement   
IEQ Outdoor air introduction and 

exhaustion systems 
Air introduction/exhaust system 
maintenance, Smoke control 
device, Natural paints, IAQ 
management plan, Indoor 
climate control, 
Chemical/pollutant control 
devices  

Tobacco smoke control 
 

 
Indoor chemical and pollutant control 

 

  Occupant comfort and IAQ 
management 
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Table 4: Building diagnosis by Balaras et al. (2004) 
Macro elements Elements 
Surroundings - Facades Surroundings - developed areas  

Load bearing structure  
Façade finish   
Façade decorations  
Balconies and loggias 

  Façade thermal insulation 
Basement Private cellars  

Common rooms  
Basement ground floor thermal insulation  
Oil storage  
Heat production  
Distribution of heat (in basement)  
Central sanitary services, gas installations  
Sewage disposal  
Cellar and garage doors 

  Basement windows 
Common use spaces Entrance area and stairwell wall finish  

Stairways and landings  
Main entrance door  
Apartment access doors  
High voltage: connection, metering panels  
High voltage: Common installations  
Low voltage installations 

  Lift 
Roof Carpentry  

Roofing  
Superstructures on roof  
Skylights  
Dormer  
Roofing insulation  
Sheet metal work + gutters 

  Attics (common rooms) 
Apartment Electrical installation in apartment  

Heating  
Cold water distribution  
Hot water distribution  
Gas distribution  
Surface and waste water pipework  
Windows  
Shutters  
Canopies and sunshades 

  Interior joinery 
Interior surfaces Floor finish  

Wall finish 
  Ceiling finish 
Auxiliary spaces Kitchen (room and appliances)  

Bathroom and toilets (room and appliances) 
  Ventilation (kitchen, bathroom, toilets) 
Commercial spaces   
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8. E. APPENDIX 5 
• Surroundings - Facades 

- Surroundings - developed areas 
- Load bearing structure 
- Façade finish  
- Façade decorations 
- Balconies and loggias 
- Façade thermal insulation 

• Basement 
- Private cellars 
- Common rooms 
- Basement ground floor thermal insulation 
- Oil storage 
- Heat production 
- Distribution of heat (in basement) 
- Central sanitary services, gas installations 
- Sewage disposal 
- Cellar and garage doors 
- Basement windows 

• Common use spaces 
- Entrance area and stairwell wall finish 
- Stairways and landings 
- Main entrance door 
- Apartment access doors 
- High voltage: connection, metering panels 
- High voltage: Common installations 
- Low voltage installations 
- Lift 

• Roof 
- Carpentry 
- Roofing 
- Superstructures on roof 
- Skylights 
- Dormer 
- Roofing insulation 
- Sheet metal work + gutters 
- Attics (common rooms) 

• Apartment 
- Electrical installation in apartment 
- Heating 
- Cold water distribution 
- Hot water distribution 
- Gas distribution 
- Surface and waste water pipework 
- Windows 
- Shutters 
- Canopies and sunshades 
- Interior joinery 

• Interior surfaces 
- Floor finish 
- Wall finish 
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- Ceiling finish 
• Auxiliary spaces 

- Kitchen (room and appliances) 
- Bathroom and toilets (room and appliances) 
- Ventilation (kitchen, bathroom, toilets) 

• Commercial spaces 
- Commercial premises 
- Scaffolding and building site 
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8. F. APPENDIX 6 
This appendix provides the pairwise comparison matrices of the different sustainability criteria, along 

with a substantiation from studies. For the purpose of assigning the criteria weights the interpretation of the 
numerical values have been given in  

 
Figure 85: Interpretation of numerical values for criteria weighting 

8. F.1. Environmental  
Bribián et al. (2009) found in their research that embodied energy of building materials accounts for 

30% of the total energy consumption over the entire lifespan (50 years) of a house. The contribution of 
embodied energy on the total energy consumption over the lifecycle of a building is heavily dependent on the 
energy efficiency of the building in the operational stage. When the building consumes a lot of energy in the 
operational stage, the share of embodied energy relative to the total energy consumption is low. The target for 
the renovation of this building is to design a ZEB. Thus the share of embodied energy is relatively large in the 
total energy consumption. For this reason the main criteria for environmental sustainability, production stage 
and operational stage are weighted as equally important, i.e. criteria weight = 1, see Figure 86. 

The criteria weights of the measures for the production stage (embodied energy and CO2 emissions) 
and operational stage (energy consumption and CO2 emissions) are both graded as equally important. Both 
measures have a critical impact on climate change. Most methods for LCA include both aspects of energy 
consumption and CO2 emissions in the assessment of buildings or building materials. They do not make a 
differentiation in its impact. The AHP matrices of the production and operational stage are given in Figure 87 
and Figure 88 respectively.  

 
Figure 86: Comparison matrix - Environmental 
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Figure 87: Comparison matrix – Production stage 

 
Figure 88: Comparison matrix- Operational stage 

8. F.2. Economic 
The economic sub-criteria are initial costs, operational costs, and end-of-life costs. The operational 

costs has the most significant impact on the total costs over the lifecycle. Compared to initial costs the 
operational costs are slightly more important (3). Compared to end-of-life costs the operational costs are more 
important (5). This is due to the uncertainty of the end-of-life costs. Filling out this comparison matrix resulted 
in the weights as given in Figure 89. 

 
Figure 89: Comparison matrix - Economic 

The measures of initial costs are weighted as equally important. These are both one-time expenditures 
in the initial stages of the building’s lifecycle. In the operational phase the running costs are found to be slightly 
more important than the maintenance and repair/replacement costs. The running costs is the biggest 
expenditure in the operational costs. The measures of end-of-life costs, income and expenses, are found to be 
equally important. Both these measures represent a one-time income or expenditure at the end of the life cycle. 
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Operational stage 3 1 5 Operational stage 0.71 0.60 0.56 0.00 0.00 0.00 1.87 0.62
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Figure 90: Comparison matrix - Initial costs 

 
Figure 91: Comparison matrix - Operational costs 

 
Figure 92: Comparison matrix - End-of-life costs 

8. F.3. Social 
The sub criteria indoor environmental quality (IEQ) and user quality (UQ) are assessed using equal 

weights. The IEQ and UQ have an equal impact on the user of the building. The sub-criteria indoor environmental 
quality regards the additional quality, on top of the standard local regulations for residential buildings. A low 
relative importance of a measure does not mean that this criteria is not important for a building. What it does 
mean is that the improvement of this measure does not give the same additional quality as the improvement of 
a measure with a higher criteria weight. Social sustainability focusses on the tenants of the apartment, therefore 
in assigning criteria weights the needs and wishes for elderly are essential.  
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Figure 93: Comparison matrix - Social 

For the indoor environmental quality two measures stand out, thermal comfort and safety. Safety has 
the highest criteria weight (0.41). The elderly are a vulnerable target group, for example in terms of their mobility 
which is reduced. This has severe consequences in terms of fire safety. When the building has to be evacuated 
and the elevator is out of use, some of the elderly are unable to escape on their own due to their reduced 
mobility. Besides fire safety another physical aspect of safety is falling. Every five minutes an elderly enters the 
first aid due to falling in 2016 (Draisma, 2016). Well-lit rooms and common spaces in buildings and exterior 
spaces can prevent a substantial part of these accidents. Therefore lighting is also seen as a quite important 
criteria (0.17). 

The other important aspect is thermal comfort (0.33). Due to climate change the weather is getting 
more extreme, which means higher temperatures during the summer. These extreme temperatures are 
dangerous, especially for elderly. Based on a research by CBS, the Dutch statistics office, the average 
temperature of the month August is 22.3 °C. For every degree Celsius increase compared to this average, 33.5 
more people die as a consequence of the warmer temperature. The increase in temperature is not the cause, it 
are the cardiovascular problems. The heart has to work harder during warmer temperatures. This is not a 
problem for fit young people, but even more for elderly with fatal consequences (Overvelde, 2013). 

The comparison matrix of indoor environmental quality measures is given in Figure 94. 

 
Figure 94: Comparison matrix - Indoor environmental quality 

The user quality focusses on the qualities expected by a user of the building. For independent living 
elderly the accessibility of the building is of major importance. This relates to the (prospect) of reduced mobility. 
26% of the elderly aged 65 and over have a reduced mobility, for the group aged 75 and over this is 40%. Aspect 
of reduced mobility are; unable to walk for 400 meters (20%), unable to lift bags of 5 kg (20%), unable to walk 
up/down stairs (12%), and transportation problems (12%), i.e. getting from A to B (Orthocor, 2014). The other 
important criterion is the perceived level of security by elderly. The security criterion regards the matter of 
feeling safe in their own living environment. The reason for a high score on this criterion is the fact that elderly 
are and feel vulnerable. In Figure 95 the comparison matrix of user quality is given. 
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Thermal comfort 1 5 3 7 1 Thermal comfort 0.37 0.26 0.32 0.28 0.41 0.00 1.65 0.33

Air quality 1/5 1 1/5 1 1/7 Air quality 0.07 0.05 0.02 0.04 0.06 0.00 0.25 0.05

Lighting 1/3 5 1 7 1/5 Lighting 0.12 0.26 0.11 0.28 0.08 0.00 0.86 0.17

Noise 1/7 1 1/7 1 1/9 Noise 0.05 0.05 0.02 0.04 0.05 0.00 0.21 0.04
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Figure 95: Comparison matrix – User quality 

The criteria and their corresponding weights have been discussed with a project manager of 
DrieGastenhuizen Groep. This is a local housing association in Arnhem with over 1000 employees. The project 
manager oversaw several construction projects (both new construction and renovation, from pre-design to 
construction stage) for elderly, with or without the need for care facilities. She corroborated the criteria which 
resulted from the literature study. The project manager corroborated the assessment criteria and the 
corresponding criteria weights. The advice was to not underestimate the value of an in-depth study into the 
target group. 
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Accessibility 7 1 7 7 9 3 Accessibility 0.32 0.53 0.32 0.40 0.51 0.55 2.64 0.44

Care facilities 1 1/7 1 1 1/5 1/7 Care facilities 0.05 0.08 0.05 0.06 0.01 0.03 0.26 0.04
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8. G. APPENDIX 7 
One aspect of the building which stands out and has severe consequences for the user is the basement, 

which is half deep. 1.1 meter of the total height of the basement is below ground level, the floor height of the 
basement is 2.8 meters, similar to all floor heights in the building. As a result of this half deep basement the first 
floor is 1.7 meters above ground level. These level measurements are also given in the section in Fout! 
Verwijzingsbron niet gevonden.. The main entrance of the building is a stairway. As a result of this entrance, 
elderly people who are unable to walk up the stairs are forced to take another entry. There are two alternatives 
for these people, enter through the basement which is accessible via a ramp on the north side of the building, 
or enter through the adjacent care center Roncalli. These options are illustrated in Figure 96.  

The following sub chapters will discuss the macro elements and the micro elements of which it is 
composed. The deterioration state of these micro elements will be assessed and graded with a deterioration 
code. These codes can range from “a” to “d”. The interpretation of the deterioration codes is given in  

Figure 97. 

 

 
Figure 96: Entry possibility for elderly with reduced mobility 
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Figure 97: Interpretation of deterioration codes 

  

Deterioraton 
code

Interpretation

a
The micro element is in the best possible condition, no 
action needed

b
The micro element is slightly deteriorated, minor 
repairs have to be performed

c
The micro element is heavily deteriorated, major 
repairs have to be performed

d
The micro element is in the worst possible condition, 
it has to be replaced
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8. G.1. Surroundings – facades 
The micro elements which are present in this building are: developed areas, load bearing structure, 

façade finish, and balconies. There are no façade decorations and loggias present in the building and the façade 
is not insulated. 

8. G.1.1. Developed areas 
Technical 

The developed areas on the west side of the building are parking lots (Figure 98). The deterioration 
state of the parking lots is labeled as “b”, it is slightly deteriorated. If it is included in the renovation, incidentally 
some small repairs have to be made. On the east side there is a communal garden which can be used by residents 
of the building, and of Roncalli care center (Figure 99). This area is not the property of Domus, however it is in a 
good condition and thus labeled with a deterioration code “a”. 

Functional 
In terms of functional performance the developed area is not performing well. The first impression of 

the building is an entrance area full of cars, which is not good for the identity of the building. Moreover the 
people using their balconies on this west side of the building are looking out over cars. In terms of health the 
exhaust gasses of the cars so close to the façade is a critical aspect which has to be taken in account. The 
developed areas on the east side of the building is performing really well on functional aspects. It is a nice place, 
positively contributing to the identity of the building.  

 
Figure 98: Developed areas – west side 
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Figure 99: Developed areas - east side 

8. G.1.2. Load bearing structure 
Technical 

The loadbearing structure is composed of concrete walls and floor slabs. The load bearing walls are 
placed on a grid, varying in sizes of 3.6 and 3.8 meters. One apartment is two grid sizes wide, thus there is one 
loadbearing wall separating the apartment. At the main entrance area, the load bearing wall has been partially 
removed and a column has been placed instead. The walls along the hallway are shear walls composed of lime 
brick masonry. In Figure 100 the loadbearing walls have been labeled with orange, the shear walls with red. The 
deterioration state of the loadbearing structure is “b”. At some places, mainly at the stairwell and landing, the 
shear walls showed minor cracks. These cracks can easily be repaired when renovating the building. 

Functional 
The load bearing structure does not have an evident impact on functional performance, however it 

does affect the criteria flexibility and accessibility. All east-west orientated walls are load bearing. The 
apartments are separated in halves by one load bearing wall. This wall cannot be removed easily and due to its 
load bearing characteristics the amount and dimensions of openings are limited. The current amount of 
openings mitigates the impact of this load bearing wall in the apartment and provides possibilities for making 
the layout more flexible and accessible 



Page | 124  
 

 
Figure 100: Loadbearing structure 
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8. G.1.3. Façade finish 
Technical 

The façade is a typical Dutch façade of masonry. The deterioration code of the façade finish is graded 
as “d”. The façade is in a very bad condition. The joints were in very bad shape and falling out at the corners and 
the façade showed severe cracking, located at the suspension of the balconies, see the close ups of the façade 
in Figure 101. Based on the deterioration state of the façade it has to be replaced entirely. The structural scheme, 
elaborated previously, allows for a replacement of the total façade.  

Functional 
One of the major elements in expressing the identity of buildings is the façade. As stated above, the 

façade is heavily deteriorated, which degrades the identity of the building. Besides the deterioration of the 
façade, it is not a very expressive façade. The color of the balconies is really outdated. See Figure 102 for a 
picture of the west façade. 

  
Figure 101: Facade finish – close ups of façade 

 
Figure 102: West facade 
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8. G.1.4. Balconies 
Technical 

The balconies itself are heavily deteriorated. There is damage to the surface of the balconies and the 
railing requires some work. The deterioration of the balconies is labeled as “c”. The cracks in the façade are 
caused by the balconies and how they are attached to the building. These are directly connected to the interior 
floor slab, and on the sides suspended on the outer layer of the masonry cavity wall. Due to this suspension the 
cracks in the façade have been formed. This method of construction is illustrated in Figure 104. 

 
Figure 103: Balconies 

 
Figure 104: Sketch suspension of balconies 
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Functional 
A balcony is generally preferred to have a size of 5 – 10 m². The current balcony area is 2.7 m² and 

accessible via the bedroom. This is the least preferred way of access by elderly (15% of 632 respondents) based 
on Adviescommissie Bouwen en Wonen (2012). In terms of accessibility the balconies are performing poorly. To 
access the balcony a threshold of approximately 20 cm has to be overcome. For elderly with reduced mobility 
this is difficult, and sometimes even impossible. Figure 105 shows pictures and a sketch of the accessibility of 
balconies.  

  
Figure 105: Threshold of balconies 

Due to the construction method of the balcony a thermal bridge is created. The direct connection 
between the floor slab and balcony without insulation results in a cold area near the façade. This cold zone is 
negatively impacting the thermal comfort of the residents.  

8. G.2. Basement 
The basement of the building is used for private storage, garbage disposal, and the central heat boiler 

is placed in the basement. In the current situation the basement is also used as entrance for people with reduced 
mobility. The micro elements present in the building are: private cellars, basement ground floor thermal 
insulation, and heat production & gas installation. 

8. G.2.1. Private cellars 
Technical 

The condition of the private cellars and common rooms in the basement is good. There is no significant 
damage to these areas. The deterioration state is labeled as “b” as some repair works have to be done.  

Functional 
The private cellars allow for storage of goods which are not used on a regular basis. These are beneficial 

for the tenants, since they do not have to store all the goods in the apartment.  
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Figure 106: Common rooms 

8. G.2.2. Basement ground floor thermal insulation 
Technical 

The thermal insulation of the basement ground floor is sufficient. There were no signs of moisture on 
the ground floor or in the walls. This is graded “a”. 

Functional 
The basement floor thermal insulation has no significant impact on functional performance. 

8. G.2.3. Heat production & Gas installations 
Technical 

The heat production for the entire building is located in the basement. The heat is produced with a 
central heat boiler dated from 1987. The boiler is still operating but requires a lot of maintenance. The efficiency 
of a heat boiler of three decades ago is not what is expected of heat production systems nowadays. Gas 
installations are included in the micro element of heat production, since natural gas is solely used for the heat 
boiler. Hot water production and kitchen appliances are all electric.  

The target for the renovation is to build a ZEB. For a ZEB the heat production system should use 
renewable energy. Therefore, when the building is renovated this heating system will have to be replaced. It is 
labeled as deterioration state “d”, because it has to be replaced. 

Functional 
The type of heat production has limited impact on functional performance. However whether this heat 

production makes use of a central or a de-central system is of importance. A central heat production system 
produces the heat by means of one device. The heat is then transported throughout the building for heating. In 
de-central systems two levels of de-centralization can be defined. The de-centralization on the first level is heat 
production for each apartment separately. The other level de-centralizes even further, in heat production for 
each room within the apartment separately. When building a ZEB the heating demand is reduced in such a level 
that heating systems for the entire apartment may become redundant (Roskam, 2015). 
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Figure 107: Heating system 

8. G.3. Common use spaces 
The micro elements of common use spaces present in the building are: entrance area and stairwell wall 

finish, stairways and landings, main entrance door, apartment access doors, and elevator. 

8. G.3.1. Entrance area and stairwell wall finish 
Technical 

The wall finish in the entrance area is in good condition, in the stairwell there are some cracks in the 
wall finish. The overall label of the wall finish in the entrance area and stairwell is “b”. When renovating the 
building, it is most likely that all wall finish will be renewed.  

Functional 
The wall finish in the entrance area and stairwell can contribute to the following social criteria: identity, 

maintainability, and security. The second impression of the building (the exterior is the first), is the main 
entrance area. The wall finish can contribute to a positive perception of the identity of the building. The 
maintainability of the common spaces is depending, amongst other things, on the types of wall finish. Besides, 
some of the elderly may use mobility scooters. The main entrance will be extensively used by those scooters. 
Therefore the wall finish should be able to withstand possible collisions between walls and scooters. The security 
aspect relates to the perception of the main entrance. If the wall finishes are in a dark color, the elderly can 
perceive this room as insecure. Lighter colors are generally considered to be more ‘friendly’. The current main 
entrance is performing well on these criteria. The wall finish is a light color and in the current layout the 
possibility of damaging the wall is limited (prevention is better than cure). In terms of identity the building is 
relatively neutral. 

 



Page | 130  
 

 
Figure 108: Entrance area wall finish 

8. G.3.2. Stairways and landings 
Technical 

In the building two stairways can be defined. The stairs at the main entrance, bridging the height 
difference of 1.7 meters, and the internal stairways, connecting all the floor levels of the building.  

The stairway at the main entrance is heavily deteriorated. The significance of this deterioration is 
depending on the final solution for solving the accessibility issues at the main entrance. For now the 
deterioration code of the entrance stairway is “c”, requiring major repairs and possibly replacement.  

The internal stairways are made of concrete and are in a good condition, these are labeled as “a”.  

Functional 
The limited accessibility of the building due to the entrance stair has already been discussed in the 

beginning of this chapter. The internal stairway is made of concrete. In terms of accessibility a stairway finish 
could be added to prevent slipperiness of the stairway.  

  
Figure 109: Stairways 
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8. G.3.3. Main entrance door 
Technical 

The main entrance door suffices in its current situation. There is no significant deterioration 
whatsoever. However, the target of the renovation is to achieve a zero energy balance. The current main 
entrance door does not meet the one of the key requirements necessary for achieving this zero energy balance. 
This key requirement is the thermal conductivity of this door. Since this door has to be replaced it is labeled “d”. 
The entrance door can be seen on the left in Figure 109. 

Functional 
The main entrance door does perform well in terms of social aspects. It is made of glass, which enables 

residents to look in when entering the building, and look outside when exiting the building. However, when it is 
getting dark outside the lighting scheme in the exterior was insufficient. The elderly felt unsafe exiting the 
building at night, since it is too dark. The overhang in front of the main entrance is by 50% of the 632 respondents 
seen as an important aspect of a main entrance (Adviescommissie Bouwen en Wonen, 2012). The entrance door 
is an automatic sliding door which improves the accessibility of the building. A sliding door is preferred over a 
swinging door, since a sliding door cannot hit the user standing in front of the door. The doorbell system 
employed by the building for allowing people to enter uses a camera. However, the camera is not adjusted 
properly. As a result of this the elderly are unable to see who is at the front door. In terms of thermal comfort 
and the requirements of a ZEB it is advisable to design an enclosed porch to prevent hot air from escaping the 
common spaces of the building. This enclosed porch is also present in the current building, see Figure 108.  

8. G.3.4. Apartment access doors 
Technical 

The apartment doors are in good condition. When renovating the building the apartment doors have 
to fulfill the requirements of a ZEB, depending on the climatic schemes of the different spaces. For now the 
apartment doors are labeled as “b”, requiring a new layer of paint when the building is renovated.  

Functional 
The functional aspect of the apartment doors regard the aspect of security. The spyhole, which allows 

residents to check who is at their apartment door, is located at such a height that some of the residents are 
unable to use it. These residents are forced to open the door without knowing who is on the other side. In Figure 
110 on the left and right side the apartment doors are shown. The door in the middle connects the building to 
the Roncalli care center. 
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Figure 110: Apartment access doors 

8. G.3.5. Elevator 
Technical 

The elevator is installed later than the construction date of the building. Overall the elevator performs 
well. The deterioration code of the elevator is “b”. In Figure 111 it can be seen that some small damages will 
have to be repaired (right bottom side in black framing). 

Functional 
The elevator is of critical importance for the accessibility of the building. Internally this elevator 

performs really well. Due to the configuration of the building the elevator is not connected to the exterior ground 
level. This issue has been discussed in the beginning of this chapter.  
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Figure 111: Elevator 

8. G.4. Apartment 
For the apartment the following micro elements apply: electrical installation, heating, cold water 

distribution, hot water distribution, surface and waste water pipework, windows, interior joinery 

8. G.4.1. Electrical installation 
Technical 

The electrical system of the apartments is composed of decentralized meters, wiring and plugs. Each 
apartment has their own meter and fuse box. These are severely outdated and have to be replaced. The plugs 
in the apartments are not grounded, which can cause safety issues. The total electrical installation has to be 
replaced, therefore it is labeled as “d”.  
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Figure 112: Electrical installation in apartments 

Functional 
The amount of plugs in the apartment is not conform the current standard. Since the construction of 

the building the amount of electronic devices in our daily lives increased drastically. The location and amount of 
plugs are illustrated in Figure 113. The living room and kitchen have quite a lot plugs, in the bed room there are 
just two in the far end corner of the room. The entrance hall and bathroom have no plugs. 

 
Figure 113: Amount of plugs 
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8. G.4.2. Heating 
Technical 

The heating system of the apartments makes use of wall radiators. The heat production is, as stated 
previously, taken care of by means of a central heat boiler. Considering the target of ZEB radiators are not 
applicable after renovation. In ZEB the heating demand is limited to a minimum, therefore they require low 
temperature heating (LTH). The heating capacity of radiators is far too high for ZEBs, therefore they become 
redundant and are labeled as “d”. This system of heating has to be replaced when renovating the building.  

Functional 
Wall radiator heating is a conventional and accepted method for space heating, especially in residential 

buildings. It is a system which can heat a room relatively fast, especially compared to systems such as floor 
heating. In the current situation wall radiators positively influence thermal comfort, since it limits the cold 
radiating from the poorly insulated façade and single glazing. 

 
Figure 114: Wall radiators and windows 

 

8. G.4.3. Cold water distribution 
Technical 

The cold water distribution system is in good condition. The faucets should be replaced as these are 
outdated. The cold water distribution is labeled “a”. 

Functional 
The cold water distribution has no significant impact on the functional performance. 

8. G.4.4. Hot water distribution 
Technical 

Hot water is generated with an individual electric boiler of 50 liters. The hot water production system 
is, similar to heat production, of major importance in a ZEB. There are better system with a higher efficiency, or 
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even making use of a renewable energy source, available. These systems are preferred over the current system. 
Therefore the boiler is labeled “d”. The pipework is however still in good condition and may be re-used. 

Functional 
For the purpose of reducing water consumption and comfort it is important that the hot water 

production system provides hot water as quickly as possible.  

8. G.4.5. Surface and waste water pipework 
Technical 

The surface and waste water pipework is in good condition, it is labeled “a”. The surface water pipework 
is also in good condition. However sometimes it is located at inconvenient places. This may be a difficulty in 
assessing renovation options. 

Functional 
The cold water distribution has no significant impact on the functional performance. 

8. G.4.6. Windows 
Technical 

The original glass pane and window frame are a single glass pane and wooden window frame. During 
its lifecycle the windows and window frame in the living room are replaced for plastic frames with double glazing, 
with the purpose of reducing energy consumption for heating the living room. Since the target is a ZEB, all the 
windows, thus including the double glazing, are not of a high enough standard. Therefore all the windows 
including the window frames are labeled as “d”, which means they have to be replaced. 

Functional 
The replacement of the wooden frames with single glazing for plastic frames with double glazing were 

an improvement of the thermal comfort in the living room. The single glazing in the bed room is far below the 
current standards of thermal insulation. The thermal comfort is negatively impacted by the windows in the 
current situation 

8. G.4.7. Interior joinery 
Technical 

The interior joinery of the building is in a moderate condition. Some elements require major repairs, 
other require minor repairs. It is most likely that the joinery will be replaced of all apartments. In this way all 
apartments start off with the same standard quality. Besides, these ca be adapted to an elderly lock. With these 
locks the crank is below the keyhole. Elderly can better find the keyhole if it is directly in sight, instead of hidden 
below the crank. 

Functional 
The joinery has no significant impact on the functional performance. 

8. G.5. Interior surfaces 
The micro elements for interior surfaces are: floor finish, wall finish, and ceiling finish. The tenants of 

the building are responsible for the quality of the interior surfaces in the apartments. Therefore, these are not 
included in the building diagnosis. The interior surfaces of the common space are diagnosed. 

Technical 
Overall the interior surfaces of the common spaces are in a good condition. At some places however, 

the walls are severely damaged due to mobility scooters. While renovating the building it is most likely that all 
the interior surfaces will be renewed. The reason for this is that after renovation, the quality of the interior 
surfaces is the same throughout the building. Therefore the interior surfaces are labeled as “d”. 

Functional 
The social aspects influenced by interior surfaces are: safety, identity, and maintainability. The colors 

of interior surfaces can aid in fall prevention for elderly. When object which pose a threat for falling are colored 
with an expressive, deviating color, the attention of the elderly is focused to this object. This relation is bi-
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directional. Expressive contrasts in color on the floor can be interpreted by elderly as potential dangers, while 
there is no actual threat. The interior surfaces express the identity of the building. The expression of interior 
surfaces can also be used for identity within the building. An example of this is to give each floor level its own 
color. Residents do not have to remember the floor level they live, simply the color shows them if they are on 
the right level. Maintainability is influenced by the durability of the materials. The materials should be durable 
for intensive use and possible impacts by wheelchairs/mobility scooters. It is advisable to use light materials in 
interior surfaces. The perception of elderly decreases with age, light materials reflect the light of artificial and 
daylight sources better, making the spaces look lighter. 

 
Figure 115: Floor, wall, and ceiling finish 

8. G.6. Auxiliary spaces 
The auxiliary spaces regard the following micro elements: kitchen, bathroom, and ventilation. These 

are all present in the building. 

8. G.6.1. Kitchen 
Technical  

The deterioration state of the entire kitchen is labeled “d”, requiring total replacement. The tilework is 
outdated, and so is the counter, the cabinets and the faucet. Electrical plugs are mounted on the wall which is 
not preferred according to current standards.  

Functional 
The kitchen is really poor in terms of functional performance. It is a really minimalistic kitchen and does 

not have a cooker hood. If a residents has cooked his meal, the vapor and smell of cooking is not extracted. The 
space for the kitchen is limited and has to accommodate the laundry machine.  
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Figure 116: Kitchen 

8. G.6.2. Bathroom 
Technical 

The bathroom is composed of a toilet, sink, and shower. The bathroom is severely outdated and 
deteriorated. The tilework shows damages due to moist. The faucets, showerhead, and toilet still function but 
are not considered functional according to current standards. From a technical perspective the entire bathroom 
has to be replaced and is therefore labeled “d”. 

Functional 
Figure 117 shows the toilet and at the bottom the entrance to the bathroom. This is a threshold which 

can be challenging for people with reduced mobility. The wall handle for rising from the toilet is placed relatively 
high on the wall which complicates its use. The area surrounding the toilet is insufficient for providing assistance 
if necessary. The door width of the bathroom entrance is 0.9 meters, rendering it inaccessible with a wheelchair, 
moreover the manoeuvring space is insufficient for a wheelchair. In the shower the only facility for supporting 
the elder is a wall handle, which can be seen as insufficient. 
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Figure 117: Bathroom - toilet 

 
Figure 118: Bathroom - shower and sink 
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8. G.6.3. Ventilation 
Technical 

The ventilation system of the building makes use of natural ventilation. In the kitchen and bathroom 
there are non-mechanical extraction points. Supply of fresh air is through ventilation grids in the glass panes of 
the living room and bedroom, see Figure 114. The extraction point in the kitchen is depictured in Figure 119, 
right above the electric boiler for hot water production. The current ventilation system is insufficient, especially 
with regard to the target of ZEBs. A heat recovery unit is an essential part of the ventilation system in ZEBs, 
which is not present in the current system. The system has to be replaced and is therefore labeled “d”. 

Functional 
The functional performance of the ventilation system is inadequate. The natural supply of air can give 

cold air flows in the building. The air quality of the indoor air is not guaranteed by this system. The cold air flows 
also negatively impact the thermal comfort experienced by tenants. 

 
Figure 119: Ventilation 
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8. H. APPENDIX 8 
This appendix discusses certain elements which resulted from the building diagnosis. These elements 

are excluded from the tool. The motivation for doing so is because there is only one solution applicable / practical 
for applying to the case. The motivation for this is given in the following paragraphs. 

8. H.1. Balconies 
The balconies can be excluded from the early stage decision support tool because the thermal bridge 

leaves just two methods for dealing with it: remove the thermal bridge by cutting of the balconies and dealing 
with the thermal bridge by wrapping the floor area near the balcony with insulation. This second method is not 
an actual solution for the problem, more a method to deal with the consequences of a problem. Besides the fact 
that the problem of the thermal bridge is remediated, the other negative aspects of the building are not dealt 
with. These are: the accessibility issues, the advanced deterioration state, and its limited size. For these reasons 
the choice has been made for the first method, cutting of the balconies and installing new balconies, which will 
be thermally detached from the building.  

8. H.2. Internal stairway 
The issue of the internal stairway is a singular one. The concrete steps are slippery, which can be 

resolved by anti-slip strips mounted on, or in, the stairs. These strips prevent the user of the stair from slipping 
by providing a place to get a grip on the steps. Figure 120 is an image of different types of strips which can be 
installed in the steps. 

 
Figure 120: Anti-slip strips for stairs (Reuser, 2013) 

8. H.3. Apartment access doors 
The issue of the apartment access doors is a relatively simple one, the spyhole installed in the door is 

not usable by all residents. By replacing the spyhole with a wide angle camera this problem can be remediated. 
The camera footage can be displayed using the same display and system as that of the main entrance door. In 
this way the user is able to manage both the main entrance door and apartment access door using one system. 

8. H.4. Electrical installation 
The electrical installations in the apartment are outdated, plugs are not grounded, and the amount of 

plugs is insufficient. This entire system has to be replaced with a state-of-the-art electricity meter and fuse box. 
Moreover sufficient plugs, which meet all safety requirements, have to be installed in all rooms necessary. 

8. H.5. Heating system 
The current heating system is using wall radiators. These will not suffice in the new renovated building, 

which is targeted to be a ZEB. The common practice for heating systems in ZEBs are low temperature heating 
(LTH) systems, which heat rooms by using a supply temperature of 35 °C – 55 °C. LTH requires large transfer 
surfaces to heat the room. Special LTH radiators and convectors are developed for heating, however the current 
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practice is to use floor heating and/or wall heating. Low temperature floor heating is eminently suited for elderly, 
since the heating demand for elderly is constant throughout the day (Roskam, 2015).  

8. H.6. Windows 
There are several options for windows, i.e. glazing and frame, with a good performance in terms of 

thermal conductivity. However, for a ZEB the target is to reduce energy consumption as much as possible. 
Therefore the windows for renovation will be triple glazing with a corresponding low thermal conductivity 
window frame.  

8. H.7. Kitchen 
The motivations for the kitchen were mainly considered with its age. The tilework, kitchen counter and 

cabinets, faucets, and plugs were outdated. The solution for the kitchen is to replace it entirely, including the 
tilework. For safety purposes the cooking equipment will be electric, which is usually the case in kitchens for 
elderly.  

8. H.8. Bathroom 
The motivations for the bathroom were, similar to the kitchen, related to its age. On top of that the 

facilitated care facilities were substandard. The bathroom will be replaced with a modern bathroom, including 
the minimal necessary care facilities, these are wall handles for the toilet and shower, and a shower chair. Just 
as in the case of the current situation, the future bathroom will combine the toilet, sink and shower in the 
bathroom. This will save space, which is already limited in the apartments.  

8. H.9. Façade insulation 
The façade insulation is necessary to meet the target of a ZEB. One of the major elements of a ZEB is 

reducing the energy consumption to an absolute minimum (Roskam, 2015). The current building is not insulated 
at all. There are several methods for insulating existing buildings. In order to achieve a zero energy balance two 
methods are viable: interior insulation and exterior insulation. Sketches of these methods for insulation are 
given in Figure 121. The apartments of the building are not very spacious. The total floor area of an apartment 
is 55 m². When using interior insulation a lot of floor area is lost to the insulation. Given that the façade finish is 
not a protected one, the exterior of the building is allowed to change. Therefore the application of exterior 
insulation is possible. This method is favored over interior insulation, mainly because this method does not result 
in a loss of floor area. A major benefit is the fact that exterior insulation nullifies all thermal bridges in the 
building, whereas with interior insulation thermal bridges near floor connection are created. The method of 
exterior insulation is chosen for the element of façade insulation.  

 
Figure 121: Interior and exterior insulation 

8. H.10. Energy production 
One requirement of a ZEB is that the energy consumption in the operational stage, including user 

related energy, is coming from a renewable energy source. Electrical energy is necessary in every building for at 
least appliance use and lighting. Therefore, the generation of renewable electrical energy is a prerequisite. The 
scope of the energy production is defined to be generated on-site. Renewable electrical energy can be generated 
using several techniques namely solar energy, wind energy, and hydropower. The case study is located in an 
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urban area. Electricity generation using hydropower is not possible on site, wind energy and solar energy 
potentially are. Electricity generated using wind energy makes use of wind turbines. There are urban wind 
turbines available, however there are several difficulties in using wind turbines in urban environments. The wind 
flow is affected by street canyons, terrain roughness, and adjacent buildings, causing wind shadows and 
unexpected flows (Walker, 2011). Besides these limitations the generation capacity of urban wind turbines is 
limited and generally not worthwhile on a small scale compared to solar power (Lombardo, 2015).  

The only renewable energy source left is solar energy. Electricity generation using photovoltaic (PV) 
panels is a proven method for electricity generation. Ideally the panels are installed facing south on an inclination 
of 36 degrees. For this case study the solar panels can be installed facing the south direction. The roof of the 
building is a flat roof. The PV panels will be placed on a tilt system which gives the PV panels some inclination. 

  



Page | 145  
 

  



Page | 146  
 

8. I. APPENDIX 9 
This appendix deliberates the renovation options for the elements included in the tool. Parallel to the 

definition of renovation options (alternative generation of renovation options, chapter Fout! Verwijzingsbron 
niet gevonden.) their performance is determined (performance estimation of renovation options, Fout! 
Verwijzingsbron niet gevonden.). 

In this thesis the measuring unit, e.g. €/m² for construction costs, will all be based on a subjective 
grading method on a scale of 1 – 10. To present a complete decision making matrix the column of the measuring 
unit is included in the given figures. This subjective grading method is assigned with the letter a. Whether a good 
performance is assigned with a high (10) or a low (1) rating is indicated with the minimizing (indicated with 0) or 
maximizing (indicated with 1) indicator.  

8. I.1. West side – Parking lot 
The current area surrounding the building on the west side, which is the front side, is negatively 

impacting the identity of the building. Moreover, the parking lots are close to the façade which can result in a 
reduced air quality and noise complaints. Relevant criteria for the performance estimation are the following: 

- Economic: Construction costs, Maintenance costs 
- Functional: Air quality, Noise, Identity 

The following options are assessed: 

- Option 1: Current situation, 19 parking lots 
- Option2: The parking lots are placed on the street side. Access through area in front of building, 

19 parking lots. A small area in front of the building can become a green area. 
- Option 3: parking bays directly accessible from the street, 18 parking lots. A relatively large 

area in front of the building can become a green area. 
- Option 4: Parking lots placed on street side, directly accessible from the street. 19 parking lots. 

A large area in front of the building can become a green area. 

The options are illustrated in Figure 122 till Figure 125. 

 

 
Figure 122: West side - option 1 
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Figure 123: West side - option 2 

 
Figure 124: West side - option 3 

 
Figure 125: West side - option 4 

When the current situation (option 1) for the west side of the building is maintained, there are no 
construction costs. Since construction costs is a minimizing value (indicated with 0 in +/- column), a low value is 
perceived as a good performance. Thus option 1 receives a performance of 1. The construction costs for option 
2, 3, and 4 are quite similar. The differentiation is in the development of the green area and the quantity of 
ramps needed to access the parking lot. These ramps are needed because the road is lower than the building 
site. In the second option the same ramps can be maintained as in the current situation. For the third option 
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one additional ramp has to be created. For the fourth option a ramp over the total width of the building site has 
to be constructed. Maintenance costs increase with an increasing green area surface. Greenery requires more 
maintenance than a completely paved parking lot. The aspects of air quality, noise and identity are the best for 
the fourth option. The parking lots are furthest away from the building, therewith decreasing the negative 
impact of the parking lots on these criteria. The current situation is least favored for these criteria since the 
parking lots are closest to the building.  

 
Figure 126: Decision making matrix for west side, a = subjective grading method; scale 1 – 10 

The decision making matrix (Figure 126), yields the multiple criteria analysis results given in Figure 127. 
The option with the highest priority, and thus the best overall performance, is option 1. The second best is option 
2. The main reason for this is the high criteria weight of costs compared to those of the relevant social criteria.  

 
Figure 127: Multiple criteria analysis results for west side 

8. I.2. Façade finish 
The façade finish of the current building is heavily deteriorated. Moreover, because of the ZEB target 

exterior insulation will be installed. A new façade finish will be necessary and has to be applicable on a system 
of exterior insulation. Relevant criteria for the façade finish are the following: 

- Environmental: Embodied energy and Embodied CO2 
- Economic: Investment costs, Maintenance costs, End-of-life – income, End-of-life – expenses 
- Social: Identity, maintainability 

The options under evaluation are based on material type. These are: 

- Option 1: Brick strips 
- Option2: Wood cladding 
- Option 3: Plastic 
- Option 4: Aluminum 

no. Relevant criteria Measuring 
unit

+/- Criteria 
weight

1 2 3 4

1 Construction costs a 0 0.51 1 8 9 10
2 Maintenance costs a 0 0.49 1 5 6 7
3 Air quality a 1 0.39 1 3 6 10
4 Noise a 1 0.32 1 3 6 10
5 Identity a 1 0.29 1 6 8 10

no. Relevant criteria 1 2 3 4

1 Construction costs 0.0181 0.1451 0.1632 0.1813
2 Maintenance costs 0.0259 0.1295 0.1555 0.1814
3 Air quality 0.0193 0.0579 0.1157 0.1929
4 Noise 0.0161 0.0484 0.0968 0.1613
5 Identity 0.0117 0.0700 0.0933 0.1167

The sums of weighted normalized 
maximizing indices 0.047 0.176 0.306 0.471
The sums of weighted normalized 
minimizing indices 0.044 0.275 0.319 0.363
Significance, Q j 0.751 0.289 0.403 0.556

Degree of efficiency, N j  (%) 100% 38% 54% 74%
Priority 1 4 3 2
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The aluminum façade (option 4) has the highest embodied energy, despite the high amount of 
recyclable material. Not just aluminum but also plastic has a high potential for renovation. Due to this potential 
the embodied CO2 is the best for these materials. Based on the embodied energy and carbon database (Circular 
ecology, 2017) the embodied carbon of bricks (0.23 KgCO2/kg) and wood (0.7 KgCO2/kg) is comparable. The 
performance in terms of embodied carbon of bricks and wood is not high, but more significant than that of 
recyclable materials. Aluminum is the most expensive material and plastic and brick the least expensive 
(gevelbekleding.nl, n.d.). Wood cladding requires the most maintenance and therefore scores poor on 
maintenance costs and maintainability. For aluminum and plastic a high income score has been given, this is 
because their potential for recycling. Note that the income is a maximizing score, thus a higher score yields a 
better performance. For identity the highest performance is assigned to bricks, since this is the most common 
method for façades in The Netherlands. Wood and plastic have the same performance, since plastic cladding 
can be produced to have the same appearance as wood cladding. Aluminum is generally not considered as a 
suitable material for residential buildings.  

 
Figure 128: Decision making matrix for façade finish, a = subjective grading method; scale 1 – 10 

On the basis of the multiple criteria analysis result it can be concluded that plastic façade cladding is by 
far the best performing façade finish. Second best is the brick strips. 

 
Figure 129: Multiple criteria analysis results for façade finish 

8. I.3. Heat production 
The target of becoming a ZEB is of significant influence on the heat production methods. Conventional 

systems based on natural gas or other non-renewable energy sources cannot be installed in a ZEB, since all the 

Relevant criteria Measuring 
unit

+/- Criteria 
weight

1 2 3 4

Embodied energy a 0 0.50 2 5 1 10
Embodied CO2 a 0 0.50 5 5 1 1
Investment costs a 0 0.34 1 5 1 10
Maintenance costs a 0 0.33 1 10 5 5
Income a 1 0.16 0 5 10 10
Identity a 1 0.18 10 8 8 1
Maintainability a 1 0.82 10 1 5 5

no. Relevant criteria 1 2 3 4

1 Embodied energy 0.0556 0.1389 0.0278 0.2778
2 Embodied CO2 0.2083 0.2083 0.0417 0.0417
3 Investment costs 0.0203 0.1014 0.0203 0.2029
4 Maintenance costs 0.0159 0.1592 0.0796 0.0796
5 Income 0.0000 0.0321 0.0641 0.0641
7 Identity 0.0678 0.0542 0.0542 0.0068
8 Maintainability 0.3891 0.0389 0.1945 0.1945

The sums of weighted normalized 
maximizing indices 0.457 0.125 0.313 0.265
The sums of weighted normalized 
minimizing indices 0.300 0.608 0.169 0.602
Significance, Q j 0.903 0.345 1.103 0.488

Degree of efficiency, N j  (%) 82% 31% 100% 44%
Priority 2 4 1 3
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consumed energy in the operational phase has to be based on a renewable energy source. Heat production 
systems are heavily dependent on the heating systems in place and what type of energy they require. Three 
levels of heat production can be defined: central heat production and two levels of decentral heating. Central 
heat production requires a system which provides heat for the entire apartment. Decentralization can be 
apartment and room based.  

For the heat production the following options will be assessed: 

- Option 1: Central ground coupled heat pump (GHCP) 
- Option 2: Decentral air-water heat pump 
- Option 3: Decentral air-air heat pump 

The ground coupled heat pump regards a vertical closed loop system, due to limited space on the 
building site and its urban location. The following criteria were found to be relevant: 

- Environmental: Embodied energy, Embodied CO2, and Energy consumption  
- Economic: Construction costs and Investment costs 
- Social: Thermal comfort and Flexibility 

Option 2 and 3 perform poor in terms of embodied energy and CO2. These options are decentral 
systems, requiring a heat pump for each apartment. The production of 1 central system is consuming less energy 
and emitting less CO2, than the production of 39 separate systems. The energy consumption of a ground coupled 
heat pump is higher than heat pumps using air as heat source (Urchueguía, Zacarés, Jiménez, Corberán, & 
Martos, n.d.). The construction costs for option 1 are the lowest, even though vertical loops have to be installed. 
These costs do not compare to the installation of 39 separate heat pumps. The same goes for investment costs. 
Option 1 and 2 have similar performances in terms of thermal comfort. The air to air heat pump is performing 
worse since air heating can cause circulations of wind which can be perceived as uncomfortable. In terms of 
flexibility it is better to have one central system than multiple separate ones. If the building is to be repurposed 
in a later stage the likelihood of the central system being applicable is bigger than the decentralized systems. 

 
Figure 130: Decision making matrix for heat production, a = subjective grading method; scale 1 – 10 

The multiple criteria analysis results (Figure 131) shows that the ground coupled heat pump with a 
vertical closed loop system is the best performing heat production system. Second best is the air-water heat 
pump. Key factor in being the best system are the central heating production system for the ground coupled 
heat pump. The differentiation between option 2 and 3 results from thermal comfort issues in option 3, heating 
rooms with air can be perceived as uncomfortable. 

no. Relevant criteria Measuring 
unit

+/- Criteria 
weight

1 2 3

1 Embodied energy a 0 0.33 1 10 10
2 Embodied CO2 a 0 0.33 1 10 10
3 Energy consumption a 0 0.33 5 1 1
4 Construction costs a 0 0.50 1 5 5
5 Investment costs a 0 0.50 1 10 10
6 Thermal comfort a 1 0.80 10 10 1
7 Flexibility a 1 0.20 10 1 1
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Figure 131: Multiple criteria analysis results for heat production 

8. I.4. Main entrance 
To make the entrance more accessible, four renovation options have been developed. These will be 

assessed on their performance by using the relevant criteria from the goal setting phase. The following options 
have been defined: 

Option 1 
Make a same level entry for the main entrance. A part of the main entrance area will have to be 

demolished. The elevator will be replaced with a model which has two exits. One on the side, giving access to 
the new first floor, which is at ground level and one exit at the same place as the current one, giving access to 
the basement, the new second floor and the top floors. Schematic drawings of this option can be found in Figure 
132. The white area in the floor plan is the floor area which has to be demolished for this option. 

no. Relevant criteria 1 2 3

1 Embodied energy 0.0159 0.1587 0.1587
2 Embodied CO2 0.0159 0.1587 0.1587
3 Energy consumption 0.2381 0.0476 0.0476
4 Construction costs 0.0455 0.2273 0.2273
5 Investment costs 0.0238 0.2381 0.2381
6 Thermal comfort 0.3787 0.3787 0.0379
7 Flexibility 0.1706 0.0171 0.0171

The sums of weighted normalized 
maximizing indices 0.549 0.396 0.055

The sums of weighted normalized 
minimizing indices 0.339 0.830 0.830
Significance, Q j 1.650 0.845 0.504
Degree of efficiency, N j  (%) 100% 51% 31%
Priority 1 2 3
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Figure 132: Main entrance – option 1 

Option 2 
Option 2 makes use of a stair lift to overcome the height difference between ground level and first floor. 

This stair lift will be placed inside the building in the main entrance area. This also requires demolition partial 
demolition of the first floor, however the total area to be demolished is smaller than that of option 1. 

 
Figure 133: Main entrance – option 2 

Option 3 
Option 3 is the most simple option of them al. In this option the stair lift will be installed outside on the 

existing stair. This requires no demolition whatsoever, the necessary works are the repairing of the stairs and 
the installation of the stair lift. 

The relevant criteria of the criteria tree are set to be the following: 
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- Environmental: Embodied energy, Embodied CO2, and Energy consumption 
- Economic: Construction costs, Investment costs, Maintenance costs, and Running costs 
- Social: Accessibility, Flexibility, and Security 

In the production stage (embodied energy and CO2 emissions) option 1 is the worst performing, this 
requires the production of a new elevator. Option 2 requires a new stair and a stair lift and option 3 just the stair 
lift. Energy consumption is the least by option 1, the other two options require the operation of the stair lift on 
top of the operation of the elevator. This reasoning applies also for the maintenance and running costs. The 
investment costs are the biggest for the first option due to the new elevator. In terms of social performance 
option 1 is by far the best performing, which improved all aspects. The third option is a minor improvement of 
accessibility but least favored. This requires the use of a stair lift outside the building. During the utilization of 
the stair lift the elderly are vulnerable to weather influences. Moreover they are still outside, whereas the use 
of a stair lift inside would provide more perceived security, since access to the building is controlled.  

 
Figure 134: Decision making matrix for main entrance, a = Scoring based on points (judged by decision maker) 

Figure 135 presents the result of the multiple criteria analysis. The best performing option is the first 
one, the installation of a new elevator. The second best performing option is the third, the exterior stair lift. The 
main reason for this is the limited costs and impact on the environment. 

 

no. Relevant criteria Measuring 
unit

+/- Criteria 
weight

1 2 3

1 Embodied energy a 0 0.33 10 5 1
2 Embodied CO2 a 0 0.33 10 5 1
3 Energy consumption a 0 0.33 1 5 5
5 Construction costs a 0 0.17 10 3 1
6 Investment costs a 0 0.17 10 5 1
7 Maintenance costs a 0 0.16 1 3 7
8 Running costs a 0 0.49 1 5 5
9 Accessibility a 1 0.51 10 5 1
10 Flexibility a 1 0.13 10 1 1
11 Security a 1 0.35 10 10 1
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Figure 135: Multiple criteria analysis results for main entrance 

8. I.5. Hot water production 
In the current situation hot water production uses an electric boiler with a capacity of 50 liters. This 

boiler has to be replaced due to efficiency reasons. The following options have been defined for hot water 
production: 

- Option 1: High efficiency boiler - electric supply 
- Option 2: High efficiency boiler - heat pump supply 
- Option 3: Solar boiler 
- Option 4: PV-T system 

A high efficiency boiler with an electric supply uses renewable electrical energy for the production of 
hot tap water. The boiler with a heat pump supply uses the generated with the extracted with the heat pump to 
heat tap water. The third option, a solar boiler, uses solar energy to heat tap water. A solar boiler uses a solar 
collector to transfer the electromagnetic radiation of visible sun light directly into heat, which is stored in the 
boiler. The fourth option is a hybrid system of PV panels and a solar boiler. The PV panels are cooled using a fluid 
guided through channels on the back side of the PV panel. This fluid is heated and the heat is stored in a solar 
boiler. Due to the cooling of the PV panels the efficiency of the panel increases. The relevant criteria for assessing 
these systems are: 

- Environmental: Embodied energy, Embodied CO2 emission, and Energy consumption 
- Economic: Construction costs and Investment costs 

The embodied energy and CO2 emissions of the first two option is the lowest, they solely require a high 
efficiency boiler. The embodied energy and CO2 emissions of the fourth option is limited. PV panels already have 
to be installed, see chapter 8. H.10. Since it is a hybrid system of a PV panel and a solar collector the performance 
in embodied energy and CO2 emissions is shared over these two. The energy consumption of the first option is 
the highest, because it requires electricity to heat up the water. The second requires energy from the heat pump 
system, which has to be considered in determining the capacity of the heat pump. The third and fourth option 

no. Relevant criteria 1 2 3

1 Embodied energy 0.2083 0.1042 0.0208
2 Embodied CO2 0.2083 0.1042 0.0208
3 Energy consumption 0.0303 0.1515 0.1515
5 Construction costs 0.1215 0.0365 0.0122
6 Investment costs 0.1063 0.0532 0.0106
7 Maintenance costs 0.0150 0.0450 0.1050
8 Running costs 0.0450 0.2249 0.2249
9 Accessibility 0.3208 0.1604 0.0321
10 Flexibility 0.1101 0.0110 0.0110
11 Security 0.1689 0.1689 0.0169

The sums of weighted normalized 
maximizing indices 0.600 0.340 0.060

The sums of weighted normalized 
minimizing indices 0.735 0.719 0.546
Significance, Q j 1.194 0.947 0.859
Degree of efficiency, N j  (%) 100% 79% 72%
Priority 1 2 3
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directly produce hot water from a renewable energy source by installing the system. Construction and 
investment costs are highest for the solar boiler system, as this requires the purchase and installation of an 
entire new system.  

 
Figure 136: Decision making matrix for hot water production, a = Scoring based on points (judged by decision maker) 

The best performing option is the heat boiler using the heat pump as energy supply for heating. The 
second best performing system is the PV-T system. Both these systems are performing well due their compliance 
with necessary items for other elements of the renovation, i.e. heat production and electricity generation 
respectively. 

 
Figure 137: Multiple criteria analysis results for hot water production 

8. I.6. Ventilation system 
The current ventilation system is based entirely on natural ventilation. This is an inefficient way for 

renovation in terms of air quality and thermal comfort. The following options for renovation of the ventilation 
system are defined. 

- Option 1: Demand driven, based on CO2 levels and relative humidity in bathroom, decentral 
supply, central extraction 

- Option 2: Demand driven, based on CO2 levels and relative humidity in bathroom, decentral 
supply, decentral extraction 

- Option 3: Balanced ventilation with heat recovery, demand driven 

Option 1 
The first option is a demand driven system based on CO2 levels in separate rooms, measured by sensors. 

These sensors operate the supply grids in the façade. Air extraction is a central system with extraction points in 
the kitchen, bathroom and toilet. Depending on the CO2 levels in the rooms the air supply grids open or close. 

no. Relevant criteria Measuring 
unit

+/- Criteria 
weight

1 2 3 4

1 Embodied energy a 0 0.33 1 1 10 5
2 Embodied CO2 a 0 0.33 1 1 10 5
3 Energy consumption a 0 0.33 10 5 1 1
4 Construction costs a 0 0.50 1 1 10 1
5 Investment costs a 0 0.50 3 3 10 3

no. Relevant criteria 1 2 3 4

1 Embodied energy 0.0196 0.0196 0.1961 0.0980
2 Embodied CO2 0.0196 0.0196 0.1961 0.0980
3 Energy consumption 0.1961 0.0980 0.0196 0.0196
4 Construction costs 0.0385 0.0385 0.3846 0.0385
5 Investment costs 0.0789 0.0789 0.2632 0.0789

The sums of weighted normalized 
maximizing indices 0.000 0.000 0.000 0.000

The sums of weighted normalized 
minimizing indices 0.353 0.255 1.060 0.333
Significance, Q j 0.530 0.733 0.176 0.561
Degree of efficiency, N j  (%) 72% 100% 24% 76%
Priority 3 1 4 2
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The demand driven system limits ventilation to when it is necessary, therewith limiting the energy loss through 
ventilation. 

Option 2 
Option 2 is similar to option one. The system is also based on natural supply and mechanical extraction. 

The only difference is the decentral extraction of air. Each room has one or more extraction points with individual 
ducts. Every extraction point has its own control valve, controlling the amount of air being extracted in the room. 
In the central unit the CO2 levels of the extracted air are measured. For the bathroom the relative humidity is 
measured on top of the CO2 level. If the CO2 level in a room reaches a certain threshold, the system automatically 
extracts additional air out of the room by opening the control valve. When the CO2 level reaches the desired 
level the ventilation rate is automatically reduced. The fan speed is adjusted automatically when the ventilation 
rate increases for multiple rooms.  

Option 3 
The demand driven balanced ventilation with heat recovery makes use of mechanical air supply and 

extraction. The heat recovery unit let the warm, extracted air pass next to the cold, to be supplied air. In this 
way the fresh air is pre-heated which reduces the energy loss due to ventilation.  

The following criteria were found to be relevant: 

- Environmental: Embodied energy and Energy consumption 
- Economic: Construction costs, Investment costs, Running costs 
- Social: Thermal comfort and Air quality 

Overall the performance of the ventilation systems are alike. The performance of options 1 and 2 is 
relatively similar. In terms of embodied energy and construction costs the first option performs slightly better. 
The amount of extraction points and ducts is less than in option 2. If option 3 is included in the comparison it 
can be seen that the embodied energy and investment costs are a little higher. A balanced ventilation system 
requires additional ducts for the mechanical supply of fresh air. Moreover the inclusion of a heat recovering unit 
increases the embodied energy and investment costs. The performance in terms of thermal comfort is slightly 
better for option 3, for the other two options incidental complaints of cold air flows were made. The energy 
consumption of a ventilation system with a heat recovery is a little less compared to the other two options. The 
energy demand of those two is limited due to the demand driven ventilation. 

 
Figure 138: Decision making matrix for ventilation system, a = Scoring based on points (judged by decision maker) 

The performances of the ventilation system are really close. Overall option 3 is seen as the best 
performing system. Decisive criteria are energy consumption, running costs, and thermal comfort. The second 
best option is option 1. The decisive criteria for this low embodied energy and initial costs.  

no. Relevant criteria Measuri
ng unit

+/- Criteria 
weight

1 2 3

1 Embodied energy a 0 0.50 1 3 5
2 Energy consumption a 0 0.50 3 3 1
3 Construction costs a 0 0.20 1 3 3
4 Investment costs a 0 0.20 1 1 3
5 Running costs a 0 0.59 3 3 1
6 Thermal comfort a 1 0.87 7 7 10
7 Air quality a 1 0.13 1 1 1
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Figure 139: Multiple criteria analysis results for ventilation system 

 

 

 

no. Relevant criteria 1 2 3

1 Embodied energy 0.0556 0.1667 0.2778
2 Energy consumption 0.2143 0.2143 0.0714
3 Construction costs 0.0291 0.0873 0.0873
4 Investment costs 0.0407 0.0407 0.1222
5 Running costs 0.2540 0.2540 0.0847
6 Thermal comfort 0.2536 0.2536 0.3623
7 Air quality 0.0435 0.0435 0.0435

The sums of weighted normalized 
maximizing indices 0.297 0.297 0.406

The sums of weighted normalized 
minimizing indices 0.594 0.763 0.643
Significance, Q j 1.038 0.873 1.089
Degree of efficiency, N j  (%) 95% 80% 100%
Priority 2 3 1
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