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Abstract 

Significant investments are being made in the construction sector in order to raise the quality of 
the buildings and make them more sustainable and energy-efficient. The key aspect of these 
investments should be the purposeful optimization of the possible renovation and construction 
measures. However, this important matter usually is being pushed aside in favor of construction 
price and/or quality. Nevertheless, there are plenty of criteria that play a major role in building 
sustainable development.  

The main purpose of this study is to present a tool that combines multi-criteria decision making 
(MCDM) methods and building certification systems in order to make weighted decisions in 
complicated construction tasks. For this, a decision making model was developed with a focus on 
sustainability, buildings’ life cycle, MCDM methods, and building certification.  

The first section of this thesis, the introduction, discusses the importance of the investigated 
area, and the main objectives, tasks, and structure of the thesis.  

A literature review is presented in Section 2 – Theory. The main works in the area of 
sustainability, LCA, building certification, and MCDM are collected to show their role and 
importance and how they interact in the construction industry. 

Section 3 presents and discusses the main ideas and instructions of the proposed decision 
making model. 

Section 4 (Methodology) introduces the main existing and proposed techniques that I have used 
to implement the study. 

Sections 5 and 6 are the case studies, which demonstrate how the proposed methods can be used 
in practice. 

Final conclusions and recommendations are presented in Section 7. 
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Sammanfattning 

En hel del investeringar görs i byggsektorn för att höja kvaliteten på byggnaderna och göra dem mer 
hållbara och energieffektiva. Den viktigaste aspekten av dessa investeringar bör vara målmedveten 
optimering av den möjliga renovering och byggåtgärder. Denna viktiga fråga oftast skjuts åt sidan, till 
förmån för aspekter som byggkostnad/eller kvalitet. Icke desto mindre finns det många aspekter som har 
stor betydelse i att skapa en hållbar utveckling. 
Huvudtanken med detta arbete är att presentera verktyg som kombinerar systematiska metoder för 
beslutsfattande som samtidigt tar hänsyn till många kriterier som också kan viktas (MCDM – Multi 
Criteria Decision Making) med frågor och beslut som har betydelse för hållbarhet inom byggande och 
förvaltning och även inom området miljöcertifiering. För detta har en beslutsmodell utvecklats med fokus 
på hållbarhet, byggnader livscykel, MCDM-metoder och byggnadscertifiering 
I den inledande delen av avhandlingen diskuteras betydelsen av det undersökta området, och de 
viktigaste målen, uppgifter och arbetets struktur. 
En litteraturstudie presenteras i avsnitt 2 - Teori. De viktigaste referenserna i områdena hållbarhet, LCA, 
certifiering av byggnader och MCDM har samlats för att visa vilken, betydelse de har och hur de 
interagerar med varandra i byggsektion. 
De viktigaste idéerna och metoderna för den föreslagna modellerna för beslutsfattande presenteras och 
diskuteras i avsnitt 3. 
Avsnitt 4, Metodologi, presenterar de viktigaste teknikerna, befintliga och föreslagna, som har använts i 
arbetet.  
Avsnitt 5 och 6 är fallstudier som visar hur de föreslagna metoderna kan användas i praktiken. 
Slutsatser och rekommendationer presenteras i avsnitt 7. 
 
Nyckelord  

Byggande, renovering, MCDM, certifiering, hållbarhet.  
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1. Introduction 

 

The research into sustainability and the growing apprehension with 

environmental degradation have increasingly attracted researchers from 

around the world, and highlighted the need to develop indicators that 

include the economy, society and environment [1]. “Sustainability” is an 

elusive term that can sometimes seem to mean just about anything. The 

term “sustainable development” is a little easier to pin down – it refers to 

any development that moves us from a less sustainable to a more 

sustainable state – but even this has a large number of dimensions [2]. 

Sustainability, in contrast to fluid dynamics for example, is subject to a 

great deal of subjectivity by the researcher, from problem formulation 

and the selection of data to interpretation of results [3]. The societal 

dimension of sustainability has gained importance recently in order to 

cope with recent advancements and corporate social responsibility [4]. 

Sustainability goals move projects away from narrowly focused 

traditional management-oriented ambitions of time, cost, and quality, 

instead paying more attention to the economic, environmental, and social 

impacts of construction projects [5]. Sustainability issues pose an 

important challenge to contemporary dietary patterns. Scientists are 

increasingly emphasizing the importance of consumers shifting their 

dietary patterns towards consumption levels that are not only healthy but 

simultaneously consider sustainability [6]. As the growth in demand for 

sustainable manufacturing continues, companies must start making 

conscious decisions with regard to the sustainability of their products. 

Thus, design and manufacturing engineers must consider economic, 

environmental, and social aspects simultaneously when developing 

products and process flows [7]. The relation between economic growth 

and the protection of the environment is an essential problem when 

approaching sustainable development. This is because addressing 

economic growth only in terms of GDP, without trying to quantify the 

medium and long-term advantages resulting from environmental 

protection, is overly simply and unacceptable in sustainable development 



16 | INTRODUCTION  
 

analysis [8]. Environmental problems have aroused public awareness 

about the trade-off between economic growth and environmental 

conservation. In this regard, sustainable development plays a crucial role 

balancing the demands of social productivity (observable social outcomes 

of institutions) with the reserves of natural resources [9]. Sustainability 

and sustainable development follow from policy and judgments that are 

very much informed by values. Sustainability decisions are contextual, 

value-laden, and often focused on social action. In the quest for relevance 

and persuasive power, researchers seek to design studies and to explain 

results and recommendations with as much rigor as possible [3]. 

Examples of sustainability questions in the product development process 

are: What are the sustainability implications of the materials and 

chemicals currently used in the forthcoming products and production 

processes? What are the sustainability implications of the manufacturing 

processes used? How can the manufacturing platform develop to generate 

a better working environment? How can the product be designed to 

reduce the energy usage? How can the product be designed to be recycled 

and to keep materials in closed loops within the value-chain? [10]. 

Sustainability has also been widely debated in the construction 

industry in recent years. Various assessments have been developed to 

help improve the sustainability of construction projects [11]. Excessive 

fluctuations in construction volume are undesirable and comprehensive 

strategic planning is required in order to sustain the development of the 

construction industry [12]. Engineers have always had to deal with 

complex challenges. However, a profound change has occurred over the 

last two decades, with a realization of the need to transition from a focus 

on technical issues towards sustainability problems that require an 

integrated, adaptive, and participatory approach [13]. Even so, 

technology is progressing and playing an increasingly important role in 

our lives, which are increasingly dependent on technical processes. It is 

very important to include sustainability issues in technical design. In 

several developing countries, the construction industry has undergone 

major transitions to cope with national economic goals and – just as 

importantly – to align their markets with the growing global 

sustainability trends [14]. In order for energy use to be sustainable in the 

future, two aspects need to be considered: the energy supply or 

generation and the consumption side, including the closely linked 

construction and building industries, which consume a large amount of 
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energy [15]. Many new technological solutions have been introduced, 

aiming to improve the ability of buildings to satisfy a variety of needs of 

human beings and the environment. Consequently, designing an optimal 

building has become more challenging than ever before [16]. The 

designers of the smart contemporary buildings must take into 

consideration the thermal comfort of the building, services for water and 

waste water, Internet connections, heat recovery system, HVAC (heating, 

ventilation and air conditioning) systems, etc., which means that the 

designers must be in step with technological progress and still be able to 

face the challenges of sustainable issues.   

Due to an increased awareness of sustainable development and 

constructability, the construction industry needs to reduce energy 

consumption, carbon emissions and other negative environmental 

impacts while maintaining high economic sustainability and 

constructability performance [17]. Energy efficiency in buildings is of 

particular importance in the pursuit of international objectives in the area 

of climate and energy, as it is a sector that represents approximately 40 

percent of the total primary energy demand in the world, with expected 

strong growth [18]. The energy challenge is a complex issue that the 

entire world, including the EU, is facing. A sustainable, safe and 

competitive energy supply and climate change mitigation are key 

priorities of EU energy policy and matters that each EU Member State 

must address. Sustainable energy development at the regional level is a 

multiple and complex activity, involving various stakeholders and 

different measures [19]. It is important to develop energy solutions that 

positively impact issues related to economic growth, the environment, 

and social equity in cities. A better understanding of urban energy use, 

particularly in developing countries, can strengthen energy security, 

climate change mitigation, and local pollution abatement [20]. Energy 

savings can be achieved in the building sector by improving the building’s 

dynamic energy performance in terms of sustainable construction 

management in the urban-based built environments (referred to as an 

“Urban Organism”) [21]. Besides the energy-saving values, the costs of 

energy saving measures, as well as the environmental and social impacts, 

must be evaluated in order to ensure that the application of these 

measures can also meet sustainable development requirements [22]. 

Therefore, we should not forget the issues related to life cycle assessment 

(LCA). The trend of product design development is shifting from ‘cradle-
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to-grave’ to ‘cradle-to-cradle’, which leads to the advent of multiple 

generation product life cycles [23]. It is now necessary to think about life 

cycles and sustainability in order to preserve and to sustain our natural 

resources [24]. 

An increasing awareness of short and long-term environmental 

impacts is currently driving manufacturers to reconsider the product 

design process with a view toward sustainability. Manufacturers have 

started to consider the need for responsible resource use and 

management during the product life cycle, particularly during the product 

retirement phase (when the product is already at the end of its life cycle) 

[25]. In the realm of sustainable development, life cycle assessment (LCA) 

is an important tool to help achieve proper sustainability by assessing the 

environmental impacts of product designs [9]. The built environment is 

recognized as a major hotspot of resource use and environmental 

impacts. LCA has been increasingly used to assess the environmental 

impacts of construction products and buildings during the last 25 years 

[26]. 

The importance of integrating resources criticality (the quality, state, 

or degree of being of the highest importance [27] into LCA under the Life 

Cycle Sustainability Assessment (LCSA) framework has been discussed 

for some time. However, the question of how to proceed towards 

integration remains unclear [28]. The construction industry in general 

will benefit from an integrated tool that will help optimize the selection 

process of materials, equipment, and systems at every stage of a proposed 

building’s life [29]. 

Embodied energy calculations and life cycle analysis have been 

identified as key elements in building energy assessment, although they 

are still consistently left out of regulation and certification proposals [30]. 

Malmqvist et al. (2014)[31] designed strategies for low embodied energy 

and greenhouse gases in buildings, where sample case studies are used to 

illustrate the IEA Annex 57 method and the evaluation matrix through an 

initial preliminary analysis.  

Coherence evaluation models listed in scientific and special literature 

are based on the valuations made by several different criterions or aspects 

of the building’s functioning coherence that are not connected by 

presented criteria. There is no single summarizing indicator that could 

cover all the aspects of the building’s functioning coherence and allow 

valuating coherence [32]. From one point of view, the building 
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certification systems made a big input in assessing the criteria for 

building evaluation. Certification according to international standards 

brings many benefits to the society, including technical, economic, and 

environmental aspects [33]. The Energy Performance of Buildings 

Directive (EPBD) [34] was issued to provide a common strategy for all 

European countries and to implement several actions for improving 

energy efficiency of buildings, responsible for energy consumption [35]. 

Today, however, we are looking not just at buildings’ certification, but 

also sustainable practices that go beyond ratings to satisfy our social 

responsibilities [36]. Green building certifications aim to achieve 

sustainable buildings that are healthier, more energy-saving, and more 

environmentally friendly. To construct healthy built environments for 

occupants, a high indoor environment quality (IEQ) has to be maintained 

[37]. The increased awareness of building energy consumption and 

sustainability has resulted in the development of various means of 

predicting performance and rating sustainability. The Building Research 

Establishment Environmental Assessment Method (BREEAM) and 

Leadership in Energy and Environmental Design (LEED) are the most 

commonly used performance rating systems [38]. Today, many designers 

claim that they are engineering green or LEED certified buildings. LEED 

is an evaluation system that rates how sensitive buildings are to the 

environment and the objective of LEED is to reduce emissions by 

developing highly efficient mechanical systems, designing durable and 

efficient wall systems, and by providing additional thickness to insulation 

[39]. BREEAM sets the standard for best practice in sustainable building 

design, construction, and operation and has become one of the most 

comprehensive and widely recognized measures of a building’s 

environmental performance [40]. Some of the building certification tools 

are designed especially for assessing building in a particular specific 

region. For example, the Swedish building certification system 

Miljöbyggnad is important in a national context since it is a tool 

developed in Sweden for Swedish climate and buildings by a consortium 

of actors including universities, property owners, architects and engineers 

[41], [42]. Green building certifications have been initially implemented 

as a tool for creating more sustainable buildings. However, the real 

impact of green certification systems on building operations remains 

unclear [43]. Although several authors, such as Ramírez-Villegas et al. 

[44], have investigated how different renovation strategies affect the 
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energy rating of a building environmental assessment tool and analyzed 

the consequences in terms of greenhouse gas emissions for the local 

district heating system. 

A building’s functioning coherence is an important characteristic that 

influences not only the design, building works, management, and input 

size, but also the choice of housing and living safety, and the ease of 

implementing the decisions [45]. Owners, as key drivers of urbanization, 

play an influential role for other stakeholders to undertake sustainable 

construction practices [46]. According to the Energy Performance of 

Buildings Directive (EPBD) recast [47], building energy retrofitting 

should also aim “to achieving cost-optimal levels”. However, determining 

cost-optimal levels for an entire building stock is a complex task [48]. 

Complexity in property development projects involves and affects 

stakeholders with different attributes, interests, needs, and concerns. 

Thus, each stakeholder may influence a project negatively or positively 

[49]. Different users and investors’ project preferences often lead to 

trade-offs during the early design phase of a project. Currently, decisions 

of design options and their technical measures are mainly reduced to an 

instantaneously assessed criterion (that is, energy efficiency) within the 

sustainability assessment of buildings [50]. 

The increasing pressures of resource constraints and the need for 

environmental protection have made it crucial to achieve optimal 

sustainable development performance. Managers of eco-industrial parks 

in China administrative committees, as decision makers and executors, 

have a pivotal role in the design, planning, and organization for the 

sustainable development of eco-industrial parks [51]. Because 

sustainability is now a major concern, global manufacturing enterprises 

must optimize their global supply chain over multiple objectives including 

sustainability. It is important for such enterprises to analyze their global 

supply chain across all the three pillars of sustainability (society, 

economy, and environment) when making a distribution network 

decision [52]. When assessing the sustainability of a particular 

technology, a number of environmental, economic, and social indicators 

need to be taken into account [53]. The problem in the application of the 

principles of sustainable development in everyday business operations is 

the lack of clearly defined sustainability indicators, which might be used 

in the assessment of remanufacturing activities [54].  
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A great deal of progress has been made in recent years in the 

development of sustainable building assessment tools as a means to 

promote sustainable buildings. However, many assessment tools face 

issues with assessment methods and system frameworks, which greatly 

undermine their credibility and applicability [55]. For example, [56] 

argued that the approach of the GBTool has led to a very large and 

complex system, causing difficulties and frustration for over-stretched 

assessors rather than a global assessment method as intended [57]. If 

these problems persist, the role of sustainable building assessment tools 

as decision making aids during the design stage will be greatly limited 

[55].  

The building and construction sector plays a crucial role in 

implementing energy efficiency and, more generally, in reducing 

environmental impacts. In this context, design is a key phase for effective 

improvement across the entire sector [58]. The early building design 

phases play a crucial role in the determination of a building’s life cycle 

performance in terms of resources and energy consumption and 

development of life cycle costs (LCC). In this stage, the optimization 

potential is still very large and has a very low cost. In the later planning 

phases the change possibility rapidly decreases with costs increasing 

simultaneously [59]. Enhanced decision support tools are needed in order 

to clearly model the relationship between the decision maker's action 

plans and the development of the sustainability key performance 

indicators over time [60]. In real-life circumstances, managers must often 

face various decision-making problems. Among these, one of the most 

important and complicated is the topic of multi-criteria decision making 

(MCDM) [61]. Multi-criteria decision analysis (MCDA) using goal 

programming is a popular and widely used technique to study decision 

problems in the face of multiple conflicting objectives. MCDA assists 

policy makers by providing clarity in choosing between alternatives for 

strategic planning and investments [62]. One of the advantages of MCDM 

is that it can consider qualitative and quantitative criteria. While criteria 

based on quantitative variables are expert-independent, qualitative 

criteria (variables) are expert-dependent and may be subjective, since 

different approaches such as ranking, systems with counting of points or 

other can be used to transform qualitative variable into quantitative units 

compatible with MCDM methodology [63]. 
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In this introduction part I present some facts about the sustainability, 

construction industry, energy challenges, importance of building 

certification, role of the building owners, stakeholders, who make the 

decisions, and identify those decisions that should be made in the early 

stage of design. All these facts could be collected together and integrated 

into the tool, which contributes to decision making, basing on the opinion 

of the building owners, collecting all the criteria involved in the 

construction design. Decision strategy can be based on the strategy for 

sustainability, concerning the main ideas from the concept of building’s 

life cycle assessment. MCDM is a frequently used tool for making 

decisions in construction tasks. The only one thing that I feel is weak is 

that, while making the decisions with MCDM, the criteria are being 

collected chaotically at the time of each determination. There is no strict 

regulation of which criteria should be taken into consideration when 

talking about sustainable buildings. We know that sustainability means 

economical, ecological, and social, but the sub-criteria that can be fitted 

into these characteristics are very fuzzy. This means that, even if the goal 

and idea of the decision making strategy are the same, this does not mean 

that the result of the determination will provide the same solution. If you 

assess the same project but take different criteria into consideration, your 

strategy for sustainability is variant and predisposed to different results of 

the MCDM calculations. This contradicts the main idea and goal of 

sustainable development of the Brundtland Commission [64].  

This dissertation offers a model that includes all the main parts of 

sustainable construction, towards decision making in early design stage. 

The model helps the building users to make the right decision in selecting 

the proper answer, which is being based on their own opinions or those of 

the stakeholders. Taking the presented model into account, the next level 

was to offer a decision-making tool that solves the problem of fuzzy 

sustainable criteria, by integrating the methodology of buildings’ 

certification system into the MCDM methods. 

1.1. The objective of the thesis 

The goal of this dissertation is to develop a model that could be 

suitable for making the decisions in sustainable construction tasks. The 

main idea is to show the possibility to use an integrated multi-criteria 

decision-making tool based on methodology of the buildings’ certification 

systems. 
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1.2. Tasks 

The following tasks were set in order to achieve the provided 

objectives: 

 Make a comprehensive literature review of research that has been 

conducted in the investigated research area. Conclude with the 

findings and present the research relevance. 

 Explain and offer the new model, which includes general parts of 

sustainable development movement in construction area towards 

sustainable decision making. 

 Present and explain the methodology that is used in the case studies. 

Conclude with advantages and disadvantages of presented 

methodologies and offer new solutions. 

 Develop the new integrated methodology for choosing the criteria for 

the decision-making matrix in MCDM tasks. 

 In order to be able to take the opinion of stakeholders into account, 

present the new simplified methodology for the building 

owners/stakeholders, who are being involved in the decision making 

process in construction tasks. This needs to be done to make the 

weights for the criteria of investigated alternatives. 

 Show the possibility of using the offered model and new methodology 

in real construction case studies. Compose the data for initial decision 

making matrix, make the survey with the stakeholders, in order to 

include their opinion and give the weights to the criteria. Make the 

final calculations and discuss the results. 

 Offer final conclusions about the made research and present general 

recommendations.   
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2. Theory 

2.1. Literature review 

At the UN in New York the Open Working Group created by the UN 

General Assembly proposed a set of global sustainable development goals 

(SDGs) that comprised 17 goals and 169 targets. Further to that, a 

preliminary set of 330 indicators was introduced in March 2015. Some 

SDGs build on preceding millennium development goals (MDGs), while 

others incorporate new ideas [65]. Sustainability, energy challenges, role 

of stakeholders, idea of building certification, life cycle assessment and 

multi-criteria decision-making analysis are the main topics in the thesis’ 

research area. In order to be able to define the conclusions and present 

the relevance of the research of this thesis, it is important to make the 

review of the principal works, implemented in these areas. All of the 

presented examples are important research case studies of the 

investigated topics and in one way or another overlap each other. 

For example, certification methodology is very closely related to the 

term “sustainability” in very different research areas. Certification 

systems for sustainable neighborhoods started to emerge in the mid-

2000s. Wangel et al. [66] analyzed the content, structure, weighting, and 

indicators of two established certification systems for sustainable urban 

development – BREEAM Communities and LEED for Neighborhood 

Development. In their work about green tourism, Jarvis et al. [67] 

discussed the perceived benefits and challenges associated with 

membership of the Green Tourism Business Scheme and named it as a 

sustainable certification initiative. Dam et al. [68] presented an overview 

of 67 ongoing certification initiatives related to sustainability of 

bioenergy. The overview shows that certification has the potential to have 

a direct influence on environmental and social effects of direct bioenergy 

production. Kooten et al. [69] analyzed certification of sustainable forest 

management practices in order to gain a global perspective on why 

countries certify. The authors examined national conditions that 

encourage the growth of a private regulatory environmental system to 

govern forests. Dam et al. [68] made an overview of recent developments 
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in sustainable biomass certification. The main objective of their work was 

to give a comprehensive review of initiatives on biomass certification 

from different stakeholders’ viewpoints, including national governments. 

Lewandowski and Faaij [70] analyzed existing certification systems and 

sets of sustainability criteria or guidelines for environmental or social 

sound management of resources with the purpose to learn about the 

requirements, contents, and organizational set-ups of a certification 

system for sustainable biomass trade. Pinto et al. [71] studied the coffee 

producers certified under the Sustainable Agriculture Network–

Rainforest Alliance Certified system in Brazil in 2011, comprising 55 

individual farms and 11 groups of individual producers. They found that 

group certification has increased access to small and medium size 

producers compared to certification for individually certified producers. 

Hadjimichael et al. [72] presented a study entitled “Really sustainable? 

Inherent risks of eco-labeling in fisheries”. Based on their cases, a key 

indication is that incentives generated by market forces create a risk of 

certification schemes making questionable claims in order to increase and 

retain market shares. Sikkema et al. [73] studied the mobilization of 

biomass for energy from boreal forests in Finland and Russia under 

present sustainable forest management certification and new 

sustainability requirements for solid biofuels. Their study sought to 

investigate the quantitative impacts from IWPB’s principles for forest 

biomass for energy only. Chen and Innes [74] analyzed the implications 

of new forest tenure reforms and forestry property markets for 

sustainable forest management and forest certification in China. They 

examined issues existing in the southern collective forests in China, 

particularly prior to the implementation of new forest tenure reforms. 

Examples include illegal logging and timber theft, inadequate availability 

of finance, and inconsistent forest-related policies. The research area of 

sustainability and certification are also closely related to the LCA. The 

next subsection reviews LCA and its importance for the building 

construction industry.  

Another, no less important, theme in civil engineering is the life cycle 

assessment of buildings. Roh et al. [75] aimed to develop the Building Life 

Cycle Carbon Emissions Assessment Program (BEGAS 2.0) to support 

South Korea’s Green Building Index (GBI) certification system. The 

building LCA qualification standards of other international green 
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building certification systems were analyzed with theoretical 

consideration of the GBI certification system. 

LCA is a powerful tool for identifying a building’s environmental 

impact throughout its life cycle [76]. Life cycle inventory (LCI) involves 

collecting data for each unit process regarding all relevant inputs and 

outputs of energy and mass flow, as well as data on emissions to air, 

water, and land [77]. A good example of integrated methodology was 

made by Wang et al. [78], who was the first to combine an LCA tool with 

feasibility study (assessment of the practicality of a proposed plan or 

method), life cycle costing, environmental evaluation, and risk analysis in 

the design decision making of a real project. 

Dawood et al. [79] presented a framework, methodologies, and 

technologies that facilitate the integration of environmental impact 

assessment (EIA), whole life cycle cost assessment (WLCCA), and LCA 

using 3D and building information model (BIM) technologies. The results 

showed that buildings could be designed with full knowledge of the 

environmental impact of the building over its life cycle by the use of 

virtual reality (VR)/3D images in the whole life cycle analysis and in the 

control of energy, emissions, ventilation, materials, and orientation to 

estimate the operation and maintenance costs of project alternatives 

throughout the facility’s expected life-span. Also, in order to assist the 

architects and building developers in decision making when designing 

buildings, a linked database will ensure that the designer has all of the 

relevant information available that would be needed for the assessment of 

cost and environmental impact and options to reduce such an impact at 

the early design stage. Unfortunately, there was no more information 

about this tool’s availability and applicability in future studies.  

In order to promote LCA application, a more comprehensive 

evaluation of building life cycle environmental and economic 

performance must be performed. To address these issues, Gu et al. [76] 

proposed life cycle green cost assessment (LCGCA), a method that 

combines LCA with LCC. In LCGCA, the building’s environmental loads 

are converted to environmental costs based on the trading price of CO2 

certified emission reductions (CERs). These environmental costs are then 

included into the building life cycle cost. Subsequently, an evaluation 

index of green net present value (GNPV) for LCGCA can be obtained. A 

governmental office building in Beijing was studied using LCGCA. Several 

design options were compared and the sensitivity of the CER price was 
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analyzed. The research also shows that conclusions reached by LCGCA 

may be different from those of traditional LCC, which does not include 

environmental costs. This decision making tool was one of these 

researchers’ perspective ideas, but also not implemented in the reality. 

Figure 1 shows the analytical results of a typical multi-story residential 

building in Beijing. It can be seen that the total environmental impact of 

building material production and maintenance phases is more or less as 

much as that of operation phase and cannot be neglected [76]. 

Liu et al. [80] proposed a generic model of exergy assessment for the 

environmental impact of the building lifecycle, with a special focus on the 

natural environment. Three environmental impacts – energy 

consumption, resource consumption, and pollutant discharge – have 

been analyzed with reference to energy-embodied exergy, resource 

chemical exergy, and abatement exergy, respectively. The generic model 

of exergy assessment for the environmental impact of the building 

lifecycle, thus formulated, contains two sub-models, one from the aspect 

of building energy utilization and the other from building materials use. 

Combined with theories by ecologists such as Odum, Liu et al. evaluated a 

building’s environmental sustainability through its exergy footprint and 

environmental impacts. 

 

 
 

Figure 1: Analysis of the environmental load of a residential building’s 

life cycle [76] 
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Mora [81] explored the relationship between the life cycle of 

engineering works and their sustainable and transcendent qualities 

(when the quality is something that is recognized, but not defined), and 

considered the possibility of creating durable works with ephemeral 

(lasting for a markedly brief time) materials. 

Yasantha Abeysundara et al. [82] presented a matrix to select 

sustainable materials for buildings in Sri Lanka, taking into consideration 

environmental, economic, and social assessments of materials in a life 

cycle perspective. They analyzed five building elements – foundations, 

roofs, ceilings, doors and windows, and floors – based on materials used 

for these elements. They analyzed environmental burdens associated with 

these elements in terms of embodied energy and environmental impacts 

such as global warming, acidification and nutrient enrichment are 

analyzed using LCA as a tool. 

Zhang et al. [83] presented a building environmental performance 

analysis system called BEPAS, which was developed based on the LCA 

framework. In BEPAS, environmental impacts were investigated in three 

main aspects of a building that were closely related to environmental 

performance: building facilities (air condition, heating, elevator, 

ventilation, illumination, reclaimed water, etc.), building materials, and 

location. 

Stamford and Azapagic [84] applied a life cycle approach in order to 

assess the sustainability of future electricity systems using techno-

economic, environmental and social sustainability indicators, following 

extensive engagement with stakeholders from industry, government, 

academia, and non-governmental organizations. In total, there are 36 

indicators, which are summarized in Table 1 (Appendix 1) [84], [65]. 

Below is a framework for LCA, which has been internationally agreed 

upon and distinguishes four phases [85]: 

1. The goal and scope definition phase. The scope of an LCA, including 

the system boundary and level of detail, depends on the subject and 

the intended use of the study. The depth and the breadth of LCA can 

differ considerably depending on the goal of a particular LCA. 

2. The inventory analysis phase. The life cycle inventory (LCI) analysis 

phase is the second phase of LCA. It is an inventory of input/output 

data with regard to the system being studied. It involves collection of 

the data necessary to meet the goals of the defined study. 
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3. The impact assessment phase. The life cycle impact assessment (LCIA) 

phase is the third phase of the LCA. The purpose of LCIA is to provide 

additional information to help assess a product system’s LCI results in 

order to better understand their environmental significance. 

4. The interpretation phase. Life cycle interpretation is the final phase of 

the LCA procedure, in which the results of an LCI and/or an LCIA are 

summarized and discussed as a basis for conclusions, 

recommendations and decision-making in accordance with the goal 

and scope definition.  

Some analyses say that environmental impact from the life cycle of 

commercial buildings is dominated by the operation stage, especially 

electricity consumption. Significant reductions in the environmental 

impacts of buildings at this stage can be achieved through reducing their 

operating expenditure [86]. Energy efficiency is one of the main key 

issues closely related to the sustainable city agenda [87]. 

2.2. The idea and need for building certification systems 

One of the main goals of this thesis is to develop the decision making 

model, which will include the main ideas of building’s certification 

systems’ methodology. This section provides the main aims and 

information about the building certification movement around the world. 

Discussion about the methodology for assessing “green buildings” 

requires an improvement of the traditional criteria for environmental 

quality, such as energy consumption [88]. The growing impact of 

buildings on the environment has created a greater need to take 

environmental criteria into account. Therefore, there is an international 

environmental management systems standard named ISO 14001, as well 

as the slightly older approach of eco-labeling [89]. The ISO has been 

actively used in defining standardized requirements for the 

environmental assessment of buildings. ISO Technical Committee (TC) 

59, “Building construction”, and its Subcommittee (SC) 17, “Sustainability 

in building construction”, have published two technical specifications 

[90]: 

 ISO/TS 21929-1:2006 Sustainability in building construction — 

Sustainability indicators — Part 1: Framework for development of 

indicators for buildings [91] 
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 ISO/TS 21931-1:2006 Sustainability in building construction — 

Framework for methods of assessment for environmental 

performance of construction works — Part 1: Buildings [92] 

Buildings are significant in terms of the economic and social 

development of cities, as well as their impact on the environment [93]. 

Therefore, the “green building approach” needs to consider three 

dimensions:  environmental, social, and economic [94].  

In 2002, eight nations formed the World Green Building Council 

(GBC), a union of national councils with a mission to accelerate the 

transformation of the built environment towards sustainability. 

Collectively, these nations represent 50 percent of global construction 

activities and their advice affects more than 10,000 companies and 

organizations. The World GBC provides an international forum along 

with proven tools that significantly accelerate market transformation 

from traditional, inefficient building practices to a new generation of 

high-performance buildings. It provides “branding” and transforms the 

skills and knowledge of the industry as a whole. This is a critical response 

strategy for cities and countries worldwide to their national and 

international commitments to reduce carbon emissions and readdress 

other environmental impacts. GBCs are highly effective at engaging 

leaders across sectors to transform the built environment. These 

suggestions are proven and replicable and they generate momentum in 

the building sector [95].  

There are over 60 green building assessment systems over the world 

(Table 2) [96] [97]. Table 3 presents issue data and major international 

building assessment systems, showing the main award structure of the 

system [96] [97]. 
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Table 2. Names of some of the green building assessment systems in the 

world by countries [96] [97]. 
Country Rating System Country Rating System 

 Peru EDGE Australia Naberts/Green Star/Basix 

Philippines BERDE/Philippine 
Green Building 
Council 

Brazil AQUA/LEED Brasil/EDGE 

Portugal Linder A/SBToolPT Canada LEED Canada/Green 
Globes/Built Green Canada 

Qatar Qatar Sustainability 
Assessment System 
(QSAS) 

China GBAS 

Republic of 
China (Taiwan) 

Green Building Label Colombia EDGE 

Saudi 
Arabia 

Saudi Arabia 
Accredited Fronds 
(Sa’af) 

Egypt Green Pyramid Rating 
System (GPRS) 

Singapore Green Mark Finland PromisE 

South 
Africa 

Green Star SA/EDGE France HQE 

Spain Verde Germany DGNB/CEPHEUS 

Switzerland Menergle Hong Kong BEAM Plius 

United 
States 

LEED/Living 
Building 
Challenge/Green 
Globes/Build ir 
Green/NAHB 
NGBS/International 
Green Construction 
Code (IGCC)/Energy 
Star 

India Indian Green Building 
council (IGBC)/Green 
Building Construction 
India 
(GBCIndia)/GRIHA/EDGE 

United 
Kingdom 

BREEAM Indonesia Green Building Council 
Indonesia 
(GBCI)/Greenship/EDGE 

Sweden 
Miljöbyggnad, 
BREEAM, LEED 

Italy Protocollo Itaca/Green 
Building Council Italia 

UAE 
Esitdama Japan  CASBEE 

Turkey CEDBIK Republic of 
Korea 

Green Building 
Certification 
Criteria/Korea Green 
Building Council 

Thailand TREES Malaysia GBI Malaysia 

Vietnam LOTUS rating 
tools/EDGE 

Mexico LEED Mexico 

Czech 
Republic 

SBToolCZ 

Netherlands 

BREEAM Netherlands 

Pakistan Pakistan Green 
Building Council 

New 
Zealand 

Green Star NZ 



 THEORY | 33 

 

 

Table 3. Major green building rating systems in the world [96][97]. 

Country Rating system First Issue date Awards 
United Kingdom BREEAM 1989 Outstanding 

Excellent 
Very good 
Good 
Pass 
Unclassified 

United States LEED 1998 Platinum 
Gold 
Silver 
Certified 

United States  Green Globes 2005 4 Green Globes 
3 Green Globes 
2 Green Globes 
1 Green Globe 

Sweden Miljöbyggnad 2010 Bronze 
Silver 
Gold 

Japan  CASBEE 2001 S (Excellent) 
A (Very good) 
B+ (Good) 
B- (Rather poor) 
C (Poor) 

GBCS South Korea 2002 Best 
Excellent 

EEWH Taiwan 1999 Certified  
Bronze   
Silver        
Gold        
Diamond 

Australia Green Star 2003 6 Stars 
5 Stars 
4 Stars 
(Green star 
doesn’t award 
project with 3,2 or 
1 star) 

Germany  DGNB/BNB 2006 Gold 
Silver 
Bronze 

China GBEL 2007 3 stars 
2 stars 
1 star 
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Building materials and construction techniques are dependent upon a 

group of factors that are clearly geographical in character (climate, 

availability of raw materials, traditions, etc.). Therefore, it is natural that 

they should differ from country to country and from one area to another. 

These differences are reflected both in the external appearance of 

buildings and in their environmental behavior [98]. For example, Lopes 

et al. (2016) [99] made a comparison between certification system in 

Brazil with building labeling in the United States and Portugal. The 

results showed that: (i) the Brazilian labeling program does not inform 

suggestions for the building improvements; (ii) is not mandatory; (iii) 

does not value net-zero energy building; (iv) does not inform the CO2 

emissions savings; and (vi) is not sufficiently stringent to challenge the 

building industry to improve efficiency levels. Banani et al. (2016) [100] 

stated that there is a great deal of debate about the efficacy of 

international assessment tools like LEED , BEEAM, and Green Star, in 

measuring building performance outside their country of origin, due to 

global variations in climate, geography, economics, and culture. To 

address this debate, those authors proposed a framework for developing 

domestic sustainable non-residential building assessment criteria for 

Saudi Arabia. Their results showed that the difference in criteria 

priorities, particularly with respect to land and waste criteria, indicates a 

priority variation between regions due to their local context. Chong et al. 

(2015) [101] applied LCA methodology for green building certification in 

South Korea. The method of environmental assessment in the field of 

building materials was examined using the United States’ LEED, and the 

United Kingdom’s BREEAM building certification systems, with the main 

idea of showing that the choice of building materials can affect the GHG 

emissions during the construction phase of a building. By using Jining 

City in China’s Shandong Province as a case study, the authors developed 

a system of 52 indicators of urban sustainable development that address 

economic growth and efficiency, ecological and infrastructural 

construction, environmental protection, social, and welfare progress 

[102]. Certification criteria levels of SABA Green Building Rating System 

in Jordan are illustrated in Figure 2 [103]. The SABA Green Building 

Rating System (suggested green building assessment tool) is a computer-

based program that suits the Jordanian context in terms of 

environmental, social, and economic perspectives. Three performance 
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levels are considered: very green (100–80 percent), green (79–50 

percent), not green (<50 percent). 

 

 
 

Figure 2: Certification criteria levels of SABA Green Building Rating 

System [103] 

There is an optimization model for the selection of materials using a 

LEED-based green building rating system in Colombia [104]. The 

USGBC’s LEED Green Building Rating System dominates the commercial 

green building field in the United States [105]. LEED introduced the 

system, adhering to environmental goals. The project earns points toward 

four progressively higher certification levels: Certified, Silver, Gold, and 

Platinum [106]. LEED includes five major areas of sustainability; 

sustainable sites (SS), water efficiency (WE), energy and atmosphere 

(EA), materials and resources (MR), and indoor environmental quality 

(IEQ). Apart from these categories, it also includes two other categories: 

innovations in design (ID) and regional priority (RP) [107]. Stankovic et 

al. (2014) [108] analyzed and compared criteria for the lighting design 

assessment in three international certification systems: LEED, BREEAM 

and CASBEE. The major difference is that BREEAM and LEED scoring 

systems are both based on collecting credits (points) in different 

categories and summing them up to the total number (percentage) which 

determines the rating level, while CASBEE is based on the value of BEE 

(Building Environment Efficiency) indicator. 

Collecting that all together, the main characteristic shared by all 

worldwide certification systems is that they give scores to the buildings 

based on their sustainable or “green” characteristics. It is also important 

to note that those characteristics can vary, taking into consideration the 

region in which the building is being constructed. This is an essential 

point in making decisions in early-stage building design. 
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2.3. Conclusions of Chapter 2 

The task of sustainable development is undoubtedly important and a 

key issue among research areas, which take part in competitive “fights” to 

become leaders in this needful way to the environmentally friendly way of 

life.  

This literature review has emphasized this point and presented the 

variety of researchers and their studies that have been implemented for 

sustainability issues. From another point of view, however, while 

maintaining the high level of sustainable issues, it is a great challenge for 

the building construction industry to withstand with these requirements 

and continue being competitive.   

To resolve this, more and more investors are being challenged to build 

constructions that could be certified with a worldwide known certification 

system, to be involved in an eco-labeled level for the buildings. This, in 

some or another, solves the problem of sustainability issues and gives 

builders their guarantee. However, another issue is the “whole picture 

view”, which in research terms is usually referred to as a life cycle 

assessment; this is a very important and indispensable way of viewing the 

situation.  

The International Panel of Climate Change stated that there will be a 

steady increase in the ambient temperature during the end of the 21st 

century. This climate change increase will impact the built environment, 

particularly the requirements of energy used for the buildings [109]. In 

current society there are significant needs to improve the technologies in 

the construction process, according to the methodologies that are used in 

developed countries around the world.  

The construction sector has a large impact on climate change because 

of the amount of energy it uses. More than 40 percent of energy used in 

Europe is consumed by the construction sector. This is increasingly 

having an influence on the global warming process. It is necessary to 

involve the construction sector in the ‘green’, ‘eco’, ‘sustainable’ and 

similar movements, which should improve the building quality according 

to the stated criteria. 

It is natural that a great deal of attention and investments are made to 

reduce the energy use in different sections, including the construction 

sector. With regard to this, however, it is usually forgotten that another 

aspects of the building lifecycle exist, which must be involved in the 
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process. Sustainable development should be based on three different and 

general criteria: social, economic and environmental. Therefore, building 

evaluation must be referred to all these criteria. Some of the building 

certification systems have prepared well-organized methodologies that 

include these criteria, and more. 

Each certification system is unique and consists of different parts and 

criteria that describe different sections of the buildings’ life cycle. Also, 

each system has its own individual methodology for the evaluation. Some 

of them collect points, some give percentages, and some award stars. 

Some of them (like LEED and BREEAM) have a very long detailed 

evaluation methodology. Some of them are easily understandable with a 

clear methodology (like Miljöbyggnad). However, the numbers of 

categories are the same and, over time, these rating systems exchange the 

information about the methodology in order to improve their results and 

make their work more sustainable.  

One of the goals of this work was to create a methodology for 

integrating decision making into the building certification process. This 

integration is important because decision makers who conduct studies 

using MCDM usually disagree on the criteria that they have been able to 

obtain information about. We believe that it is appropriate to involve 

criteria that are used in well-known certification systems and have been 

proven over the years, and are used to increase the quality of buildings. 

We investigated a few different certification systems in order to clarify 

the methodology for MCDM integration into the building certification 

and the building certification into the MCDM. The general idea is to use 

the methodological sections of certification systems as the criteria for the 

matrices used in multi-criteria decision making. 

In this part of the work I have presented the introduction and a 

literature review, which, as a whole, will present the full picture of the 

investigated research areas. Afterwards, in the section entitled “Decision-

making model for healthy buildings”, I will present the model that I am 

offering for decision making in sustainable building, including and 

making the link between all the analyzed areas. 
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3. Decision-making model for healthy buildings 

The previous part of this literature review discussed the main 

investigated areas of the thesis: sustainability, buildings’ LCA, the 

importance of decision making (MCDM methods were selected as an 

example for case study), and buildings’ certification system 

methodologies. Based on this literature review, it can be concluded that 

all these areas are both necessary and usable in civil engineering, with a 

methodology that is reliable and well-organized. In one way or another 

they are related to each other and have connection links (Figure 3). In 

this section I present a few examples that describe how these areas 

impact on and relate to each other. Based on this, I present the decision-

making model that I have developed for MCDM in difficult civil 

engineering situations, which includes all these important issues.  

 

 
 

Figure 3: Main investigated areas of this study 
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3.1. Relationship between sustainability and buildings’ 

LCA 

One of the main aims of this work is to make the construction process 

more sustainable. Many decisions need to be made in order to reach the 

goals of sustainability. LCA can aid in the choice between these 

alternatives. Figure 4 illustrates the relationship between sustainability 

and building’s life cycle. There are three general aspects of sustainability 

– the environmental aspect, the social aspect and the economic aspect – 

and all are closely related and relevant throughout all the building’s life 

cycle. This life cycle starts from material production and the building’s 

design and construction stage, and finishes with the operation, 

maintenance, and demolition stages. Environmental aspects (including 

natural recourse use, environmental management, pollution prevention, 

etc.) are relevant in the material production stage, as well as in the 

construction stage and especially in the demolition stage. Economic 

aspects, with profit, cost savings, economic growth, R&D, etc., are more 

or less related to all of these life cycle stages. The social aspect, including 

education, community, standard of living, equal opportunity, etc. should 

be closely involved in all of the building’s life cycle stages. Figure 4 also 

illustrates how intersectional sustainability aspects are intertwined 

between each other and also have an important impact on all of a 

building’s life cycle stages, as well as environmental – economic 

intersectional aspect (energy efficiency, subsidies/incentives for use of 

natural resources), social–economic (fair trade, workers’ rights, business 

ethics) and social–environmental (environmental justice, local and global 

natural resources stewardship) aspects. Each cycle includes sub-headings 

under each aspect of sustainability. Green dots indicate the relationship 

of the main cycles of sustainability with separate sections of the building’s 

life cycle. For example, all three sustainability shapes are involved in each 

stage of the buildings life cycle, starting from material production and 

finishing with demolition stage. As well, each separate cycle of 

sustainability has an impact on each separate stage of a building’s life 

cycle (production, design, construction and etc.). Environmental aspects, 

including natural resource use, environmental management, and 

pollution prevention, are involved in the material production stage, 

operation, and management stage, etc. Social aspects of sustainability 

with its standard of living, communication, and equal opportunities 
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impact the design, construction and other life cycles. The economic part, 

with its profit, cost savings, and economic growth, overlaps with material 

production, design, and all other stages. The conjugated aspects of 

sustainability also influence the life cycle stages: the socio-environmental 

aspect together with its environmental justice, local, and global natural 

resources overlaps with material production, construction and others; the 

environmental–economic aspect with its energy efficiency, subsidies for 

use of natural resources overlaps a lot with operation and maintenance 

stage and demolition and others; and the social-economic aspects, with 

its workers’ rights, business ethics and fair trade options. These all have 

an impact on the material production as well as on all other stages of a 

building’s life cycle. 

  

 
 

Figure 4: Relationship between sustainability shapes and a building’s life 

cycle 
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3.2. Relationship of sustainability, multi-criteria decision 

making methods and LCA 

Figure 5 illustrates how decision making, and especially multi-criteria 

decision making methods, are related to sustainability and to a building’s 

life cycle. The illustration on the right side of figure 5 is a simplified 

version of Figure 4 and describes relationship between a building’s life 

cycle and sustainability shapes. The yellow arrow marks sustainability 

criteria and the red arrow indicates the building’s life cycle, as it does on 

Figure 4. The green stripe, which changes the color from intense green to 

pale green, is the building’s life cycle stages (from material production 

and design stage to operation/maintenance and demolition). This green 

stripe (building’s life cycle) is very closely related to the decision making 

matrix (marked on the left side of the figure) and especially when it 

comes to the criteria of the building (marked as x1, x2, x3, x4…). When 

composing a decision making matrix, with different alternatives, with the 

ultimate goal of determining the best suitable alternative, a lot of care is 

needed when choosing criteria to describe the building. They should 

describe the building’s condition starting from material production, and 

finish with final construction, its operation and maintenance and 

demolition. The dashed yellow and green lines, which contribute to the 

sustainability and buildings life cycle, respectively, mark the relation 

between them and values of decision making matrix, making sure that 

those values describe each investigated alternative. While composing the 

decision-making matrix, all the empty boxes should be described as 

values, tagged as sustainability criteria, which are being involved and 

being operating through the building’s all life cycle stages. Those criteria 

should be closely related to the building’s life cycle, as well as to the 

building’s sustainability. This illustration shows clearly how 

sustainability, LCA, and decision making are related to each other. All the 

three parts have a strong relationship with and impact on each other. 
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Figure 5: Relationship between sustainability, multi-criteria decision 

making methods and LCA 

3.3. Relationship between sustainability and buildings’ 

certification models 

Integrated environmental assessment methods and global 

sustainability indicators are imperative for evaluating the performance of 

buildings, as housing is greatly concerned with global environmental 

problems such as the use of non-renewable energy, the overexploitation 

of materials, the exhaustion of resources, and the wasting of energy [110]. 

A building certification system is a systematic tool for making a grade 

related to sustainability that is communicable to the market. Building 

evaluation with the help of a certification methodology is one of the 

techniques that makes it possible to evaluate a building, basing on well-

known and credible tools as LEED, BREEAM, Miljöbyggnad, etc. All of 

these certification systems take into account the sustainable development 

model for evaluating the buildings. This work includes the methodology 

of few certification tools that base their methodology on the main ideas 

and goals of sustainability. All of the tools rank the buildings on three 

main aspects of sustainability (social, economic and environmental). 

Some researchers have offered to add the technical aspect of 

sustainability. In his dissertation, Šaparauskas (2004) [111] presented the 

four-dimensional model of sustainable development for civil engineering 

tasks. He explained the necessity of the technical–engineering quality of 

the buildings and infrastructure (Figure 6). 
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Figure 6: The four-dimensional model of Sustainability [111] 

3.4. The problem solution model for fuzzy situations 

This section briefly present the problem solution model, described in 

my previous work [112] and in Paper D. The problem solution model that 

was used for making the decisions in fuzzy situations is presented in 

Figure 7 and can be described as follows. 

The first step is problem formulation. In this stage, the current 

situation is being analyzed: this contains the overview of the current 

market, the demand of the society, what housing is attractive, what are 

possible sustainable construction solutions and what are the projected 

maintenance costs of the building. 

The second step is to determine the purposes of the decision maker. In 

order to solve the problem it is important to know for whom and for what 

purpose the work with the problem is to be done, who is interested in the 

outcome, and what impact it will have on the decision to be made. 

The third step is data collection. This important stage consumes the 

most resources in terms of time and labor. The quality of the result 

depends on the precision of the collected data and the skills of the data 

collectors. This is the main stage of the work. The respondents are being 

surveyed, the criteria of environmental impact are being collected, and 

the cost and terms of construction are being calculated. 
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The fourth step is the composition of the initial decision making 

matrix. This step consists of two stages: composing alternatives and 

description of criteria. The decision-making matrix is developed on the 

basis of the described data. 

The fifth step is determining the weights of criteria. The weight should 

reflect the purpose of the stakeholders. This step might be performed in 

parallel with step 4. There are many methods for determining the weights 

of criteria and calculating, including simulation (software), survey, and 

the AHP method (pairwise comparison of the importance of the criteria). 

The sixth step is selection of MCDM method. Appropriate selection of 

multi-criteria is very important. Choosing the right method can save time 

in making the final decision, which will result in the success of the 

application. 

The seventh step is analysis of the results and evaluation before 

making a decision. The problem solution algorithms, which used SAW-G 

and Fuzzy game theory, were presented in the previous work [112]. 

The eighth step is realization of the decision. The best solution 

(alternative) is selected and implemented in practice. The same solution 

algorithm is used and for another case study with fuzzy sets. 
 



46 | DECISION-MAKING MODEL FOR HEALTHY BUILDINGS  
 

  
Figure 7: Problem solution model for fuzzy situations  

 

 

 



 DECISION-MAKING MODEL FOR HEALTHY BUILDINGS | 47 

 

3.5. The new decision making model  

Taking into account all the presented schemes, Figure 8 presents the 

decision-making model, which shows how all these important parts (LCA, 

sustainability and building certification) can be involved in one decision 

making model. This tool will be applied in decision making tasks and 

implemented in further case studies.  

The model includes seven general steps, which are similar to the 

problem solution model (Figure 8), which is adapted for the decision 

making in fuzzy situations. The new model is improved and presented as 

a decision-making model that takes into consideration the project’s 

aspects, related to sustainability, which includes information about its life 

cycle and chooses the criteria, based on a building’s certification 

methodology. 

Step 1 is task formulation. Before making the decision, three general 

aspects need to be formulated: the kind of project being worked with; the 

point of view of the decision maker; and the result orientation. The kind 

of the project could be new construction or renovation. It is also 

important to know whether the project includes the demolition stage. 

Will refurbishment be done? Some projects can include demolition of 

parts of the building; some are directed to construction, and in some 

cases the buildings can remain as they are. All of these criteria are 

important in the initial task formulation, for being able to evaluate the 

project’s scale, and for taking into account the project’s LCA. The “point 

of view” means that, in task formulation, it is important to know the 

target group or, more accurately, the decision maker: from whose point of 

view is the evaluation to be done – that of the building owner, the 

contractor, the builder, or the investor? All of these participants have very 

important positions in the project’s life cycle and have very different 

needs and opinions; this is why this aspect should be sorted out in the 

initial project’s evaluation step. It is crucial to determine which 

participants are relevant for the project. The “result orientation” is closely 

related to the “point of view” section and is based on the opinion of the 

selected decision maker. For example, a future building owner is more 

orientated towards the qualitative work result, smaller investments, and 

shorter construction term; the building contractor is orientated towards a 

higher price, longer construction term, a simple process, and efficient use 

of workers and equipment. Investors are orientated towards lowering 
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costs and increasing payback, and also towards getting shorter 

construction terms. The “result orientation” and “point of view” sections 

have a strong impact on each other and are very closely related and can 

be even joined. 

 

 
 

Figure 8: New decision making model 

 

In my previous studies I have presented the problem solution model, 

produced for decision making in fuzzy situations in civil engineering 

(described briefly in section 3.4 and in paper D). There, following 

formulation of the first problem step, named as a “point of view”, the next 

step is “collecting the data”. However, a very important aspect is lost 
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here: before starting to collect the data, it is important to have a clear idea 

of what kind of data is actually needed. In my previous research I found 

that if it is planned to work with a construction project, making a 

comparable evaluation of possible project’s alternatives, it will not be 

clear from the start what data that will be necessary and what will be 

superfluous. That means that it is reasonable to collect as much data as 

possible to find on this building or project. It is reasonable to assume that 

the more data you collect, the more correct the result will be. However, 

there is a weakness in this approach. When the data is collected, one part 

of it could describe the building’s project from the very positive side, but 

another part, which describes the project from a less satisfactory position, 

could be missed. This means that criteria that are being collected for 

description of a building need to be collected with great care, using a very 

reliable and authoritative methodology. Here could it be beneficial to 

apply building certification methods that are trustworthy and relate their 

evaluation methodology with buildings’ sustainable evaluation.  

Step 2 is “choosing the methodology for data collection”. This means 

that criteria that describe the building’s alternatives should be verified 

and collected based on the methodology that is suitable for the analyzed 

area or region and is being implemented as a reliable building’s 

certification system. This could be carried out with certification systems 

such as LEED, BREEAM, Swedish system Miljöbyggnad, EcoHomes, 

CASBEE, etc. In the present study, this work takes the form of a case 

study about rated buildings constructed in Scandinavian region. In this 

case, the Swedish certification system Miljöbyggnad is applied. Along 

with this, as an example of how to integrate the certification methodology 

to the decision making process, I will present a few methodological 

examples (for LEED and BREEAM). 

Step 3 is “marking out the criteria”. This should be done based on the 

selected certification system’s methodology. This means that before 

collecting the data for decision making, it is necessary to orientate the 

choice of criteria, according to the technique stated in the chosen 

certification system’s recommendations (Figure 9). As an example, I 

present several certification systems that can be chosen (GBI, LEED, GBC 

SA, BREEAM, Miljöbyggnad). 
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Figure 9: The methodology for data collection 

 

To demonstrate how it can be implemented, Table 4 shows the 

possibility of using LEED’s identification topics (sustainable sites, water 

efficiency, energy and atmosphere, materials and resources, indoor 

environmental, etc.) as a framework for the decision making criteria. Only 

part of the information is marked, but all the windows, except 

descriptions of the alternatives (A1, A2 …, An), should be filled in. 
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Table 4. Example of LEED’s topics for the multi-criteria decision 

making 

 
N

r.
o

f 
A

lt
er

n
a

ti
v

e 

S
S

 Water Efficiency (WE)  EA  MR  IEQ  ID  RP  

 
W

a
te

r 

E
ff

ic
ie

n
t 

L
a

n
d

sc
a

p
in

g
  

In
n

o
v

a
ti

v
e 

W
a

st
ew

a
te

r 

T
ec

h
n

o
lo

g
ie

s 
 

W
a

te
r 

U
se

 

R
ed

u
ct

io
n

  

     

 

E
co

n
o

m
ic

  

S
o

ci
a

l 

E
n

v
ir

o
n

m
en

ta
l 

           

A1                

A2                

A3                

A4                

An                

 

 Sustainable sites (SS) 

 Water efficiency (WE) 

 Energy and atmosphere (EA) 

 Materials and resources (MR) 

 Indoor environmental quality (IEQ) 

 Innovation in design (ID) 

 Regional priority (RP) 

 A1, A2, A3, A4, A5 – number or description of potential alternatives 

 

LEED is very comprehensive tool that pays attention to a wide 

spectrum of sustainable priorities, which are properly described with 

their identification topics and their sub-criteria. From this point of view, 

it can appear complicated to use LEED methodology. The alternatives for 
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LEED evaluation can be composed in the same way as for all other 

decision making matrices. The only difference is that the criteria that 

describe those alternatives should be collected based on the methodology 

of the selected certification scheme. 

Compared to LEED’s framework, the Miljöbyggnad system is much 

more adaptive for the decision making (for MCDM). It has three clear 

general indicators, which can be measured and assessed in order to 

provide a final rating for the building. Each of these indicators has only a 

few criteria, which can also be integrated into the decision making 

process with MCDM. Table 5 presents an example of the Miljöbyggnad 

framework for the MCDM scheme. 

 

Table 5. Swedish certification system Miljöbyggnad in decision-

making matrix for MCDM 

 
No. of the 

alternative 

Selected criteria 

Energy Indoor 

environment 

Materials 

and 

Chemicals 

Bought 

energy 

Heating 

power 

requirement 

Solar 

heat 

load 

Fraction 

of energy 

carriers 

          

A1               

A2               

A3               

A4               

A5               

 

For more ordinary calculation it is acceptable to use the general issues 

of the Miljöbyggnad framework – energy, indoor environment, materials 

and chemicals. Therefore, compared to LEED, the decision making 

matrix would lay out in a more simple way (Table 6). 
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Table 6. Swedish certification system Miljöbyggnad in decision 

making matrix for MCDM (simple way) 

 

No. of the alternative Selected criteria 

Energy Indoor environment Materials and Chemicals 

A1    

A2    

A3    

A4    

A5    

 

After finishing all the preview steps, it is time for step 4, which is 

collecting the data. This step involves collecting the data necessary for 

making the decisions in civil engineering tasks and collecting information 

about the exact values of the investigated project. This can be 

implemented with the help of a decision making matrix. It is important to 

note that the composed decision making matrix should rely on the 

selected buildings’ certification methodology, so the criteria for 

construction of the matrix should be found there. Examples are presented 

in Tables 4, 5, and 6. The matrix is composed so that information would 

express the investigated alternatives (A1, A2, A3, …, An), which on their 

behalf are expressing their characteristics through the selected criteria. 

All collected data for this thesis was implemented with the help of the 

collaborating construction company NCC (Nordic Construction 

Company) and based on the ongoing projects’ information at KTH. 

Step 5 involves giving a weight to each criterion. Some certification 

systems, such as BREEAM, already have their own criteria weighting. 

BREEAM environmental weightings are fundamental to most buildings’ 

environmental assessment methods as they provide a means of defining, 

and therefore ranking, the relative impact of environmental issues. 

BREEAM uses an explicit weighting system derived from a combination 

of consensus-based weightings and ranking by a panel of experts. The 

outputs from this exercise are then used to determine the relative value of 

the environmental sections used in BREEAM and their contribution to 

the overall BREEAM score. 

Table 7 below outlines the weightings for each of the nine 

environmental sections included in the BREEAM New Construction 

scheme: 
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Table 7. BREEAM Environmental section weightings 

 

Environmental section Weighting 

Management 12% 

Health & wellbeing 15% 

Energy 19% 

Transport 8% 

Water 6% 

Materials 12.5% 

Waste 7.5% 

Land use & ecology 10% 

Pollution 10% 

Total 100% 

Innovation (additional) 10% 

 

If there are no weighting recommendations presented in certification 

system’s methodology, there are still plenty of solutions for weighting the 

criteria. This could be implemented by finding the statistics, collecting the 

information through the questionnaire, making the simulation model, 

etc. In this investigated case study, the analytical hierarchy process (AHP) 

method is used, with a pair-wise comparison questionnaire composed in 

a matrix table. This method is found to be reliable, usable, and popular in 

multi-criteria decision making. More descriptive information and 

recommendations will be presented in the methodological section of this 

study.  

The next step (number 6), which is quite important, is selecting the 

multi-criteria decision making method. There are plenty of 

methodologies for decision making with multi-criteria; most are based on 

the same principles, but have different techniques for calculation. 

Choosing an inappropriate method can cause very different results. 

Therefore, the present research uses different multi-criteria decision 

making methods, constructing few results, to be able to compare them 

and get a clearer and more adequate decision.  

Having the decision about the MCDM methods and having composed 

a decision making matrix with collected criteria, it is time to make the 

final calculations in order to be able to present the final results. Based on 

the results, the final choice among the investigated alternatives can be 

presented. This can be done by selecting the best calculated score, by 
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ranking the results (step 7). All the methodology for calculations and 

ranking will be presented in the “Methodology” section. 

 

3.6. Review of presented papers, based on the 

developed model 

This section will review the papers that are presented as appended 

publications of the author of this thesis. The idea is to show the main idea 

of the new decision making model and how can it be implemented. As 

mentioned, the final concept of the developed model has been 

consummated through all the period of doctoral studies, so not all the 

stages are engaged into each case study of the paper. In this section I will 

briefly discuss all of the offered steps, with examples in appended papers. 

The case study of paper A will be presented as an example of model’s 

implementation in detail in section 6 (case study no. 2). 

Table 8 presents seven steps, which were outlined in section 3.5 and 

formulated as tasks for each case study of the publications. Below, the 

each step in short is described by the solutions that were selected in 

different case studies in different papers. The case studies are named as 

paper A, paper B, paper C, and paper D respectively (as presented in 

section “List of appended papers”).  

For step no. 1 I have laid out three general directions of section “Task 

formulation”: type of project, the point of view, and the result orientation. 

Paper A analyzed a new construction (six new office buildings), 

evaluated based on the opinions of existing and future building owners; 

the results were orientated to the qualitative result, short construction 

term, and smaller investments.  

Paper B focused on the renovation measures, where few alternatives 

with different windows and doors characteristics were analyzed. No 

respondents participated in this research because, in this particular case 

study, all the criteria were equal.  
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Table 8. Review of papers with regard to developed decision making 

model 

Step 1. Task formulation 
  Kind of project The point of 

view 
The result 
orientation 

Paper A New 
construction 

Building owners Quality, cheap, short 
construction term 

Paper B Renovation 
(windows and 
doors) 

No respondents 
(all weights were 
equal) 

The best values of 
analyzed criteria 

Paper C Number of 
renovation 
measures 

Building owners Shortest payback 
period 

Paper D One-flat 
dwelling houses 
and loft type 
apartments 

No respondents 
(no weights for 
criteria) 

The best values of 
analyzed criteria 
 

Step 2. The methodology for data collection 
Paper A Miljöbyggnad 
Paper B Random 
Paper C Random 
Paper D Fuzzy game theory 
Step 3. Marking the criteria  

Paper A Paper B Paper C Paper D 
x1 coefficient of 
bought energy 
SBC; 
x2 heating power 
requirement; 
x3 solar heat load; 
x4 fraction of 
energy carriers; 
x5 noise 
protection; 
x6 radon content; 
x7 ventilation 
rates; 
x8 N2O to indoor 
air ; 
x9 thermal 
climate winter; 
x10 daylight; 
x11documentation 

x1 heat insulation 
value; 
x2 price; 
x3 energy 
consumption; 
x4 heat loss; 
x5 heat loss II; 

 

x1 district heat 
energy 
consumption; 
x2 electricity for 
the facility 
x3 cost for 
renovation; 
x4 payback 
period; 

 

x1 material, 
used for 
construction 
process; 
x2 energy use; 
x3 water use; 
x4 energy use 
II; 
x5 enclosures 
with heat 
losses; 
x6 CO2 use; 
x7 price of the 
apartment; 
x8 labor costs; 
x9 fuel annual 
price; 
x10 price of 
energy use 
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of materials; 
x12 absence of 
hazardous 
substances  

 

Step 4. Collecting the data 
Paper A Paper B Paper C Paper D 

Table 3 in Paper 
A or Table 19 of 
Appendix 1. Data 
from Nordic 
construction 
Company (NCC) 

Table 2 and 3 in 
Paper B. Data 
from Lithuanian 
window 
manufacturers.  

Table 4 in 
Paper C or 
Table 12 of 
Appendix 1. 
Data from NCC 
and “Mecoren” 
project. 

Table 5 in 

Paper D. Data 

from 

simulation 

and according 

to the prices 

of the market.  
Step 5. Criteria weighting 

Paper A Paper B Paper C Paper D 
AHP method + 
new original 
judgment scale 

No calculations 
(all weights 
equal) 

AHP method 
with pair-wise 
comparison 
matrix 

No weights 

Step 6. Selection of MCDM method 
Paper A Paper B Paper C Paper D 

ARAS method COPRAS, 
TOPSIS and 
WASPAS 

SAW, MEW and 
COPRAS 

Fuzzy Games 
 

Step 7. Final calculations and the results 
Paper A Paper B Paper C Paper D 

A3 › A2 › A6 › A1 › 
A5 › A4 

Best score for 
Golden buildings, 
which basically 
approve the 
methodology 

A5(A4) › A4(A5) › 
A3 › A2 › A1 

A very small 
difference with 
the TOPSIS 
method. No need 
for >36mm 
glazing 

 

Best score for 
A24 with all three 
methods. Small 
differences in 
SAW results for 
A3  

A2 – one-flat 
dwelling 
house with 
gas-based 
heating 
system  

  

Paper C describes typical Swedish apartment buildings built in the 

1950s, 1960s, and 1970s, which included a number of renovation 

measures that aimed to improve energy efficiency. The point of view was 

orientated from the building owners’ angle; as a result, the preferences 

were given to the renovation measures within a short payback period. 
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Paper D considered two types of buildings: traditional single-flat 

dwelling houses and loft flat dwelling houses, with several heating system 

options (coal-based, gas-based, biomass-based, and combined biomass 

with gas-based systems). No respondents participated in this research 

because the main idea of investigation was the assessment of dwellings in 

an uncertain environment with fuzzy game theory; the weights for criteria 

were not taken into consideration. 

Step 2 is about choosing the methodology for data collection. The 

main idea of this thesis, which came to mind after several investigations, 

is that the data collected for the decision making matrix should be 

gathered basing on some reliable and trustworthy methodology. The main 

fact was that the criteria chosen for the consideration have a very large 

impact on the final result. This had to be improved, which is why the 

methodology for data collection in all of the previous papers (Papers B, C 

and D) is based just on the random values, which were possible to get for 

the investigated project or which seemed to be important for this 

particular situation. The exception is paper D, where for determination I 

used fuzzy game theory, in which one of the main steps includes division 

of the criteria in two separate sections: the criteria for inner impact 

factors and for outer impact factors. Step 3 is dedicated to marking the 

criteria, which means that, based on the chosen methodology of step 2, 

the main criteria are defined and set in the matrix. Table 8 presented the 

criteria marked for all four papers. Paper B investigates several options 

for new windows and doors, so five criteria are taken into consideration, 

describing the most important factors of possible solutions. In Paper C, 

several renovation measures are being described with the four most 

important criteria for building owners (district heat energy consumption, 

electricity for the facility, cost for renovation, and payback period). 

Paper D considers 10 different criteria, which are selected for fuzzy 

case studies and are separated into two main sections (five criteria for 

inner impact factors and five for outer impact factors). In contrast to 

papers B, C and D, the criteria in paper A are being collected not in a 

random way, but basing on the methodology of Miljöbyggnad 

certification system’s methodology, so the criteria are separated in three 

general issues (energy, indoor environment, and materials and 

chemicals), and are presented by 12 main measures. 

Step 4 requires the largest amount of work: all the necessary data for 

the initial decision making matrix need to be collected. In paper A this 
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was implemented with the help of the data supplied by the NCC, 

presented in Table 1 of the paper A and in Table 21 of Appendix 1. Six 

different office buildings were under consideration, which were awarded 

with gold, silver, and bronze grades of the Miljöbyggnad certification 

scale. Paper B analyzes several alternatives of changing the windows with 

different glazing options. The collected data, supplied by the Lithuanian 

windows’ manufacturers, are presented in Tables 2 and 3 of the paper. 

The data for Paper C was collected based on information from the 

“Mecoren” project, which was funded by the Swedish research council 

FORMAS and the data from the NCC report. Initial decision-making 

matrices are presented in Table 4 of the paper and in Table 14 of 

Appendix 1 of this thesis. Paper D investigates loft type apartments and 

one flat dwelling houses with several options of heating system (8 

alternatives in total). All the values were determined by simulation and 

according to the prices of the market. Initial decision making matrix was 

composed and presented in Table 5 of the paper. 

Weights for criteria (step 4) for Papers A and C were calculated using 

the AHP method with pair-wise comparison matrices (forms), discussed 

in more detail in the “Methodology” section. The only difference is that 

the more recent paper (A) develops a new technique for ranking the 

judgment, named as the “new original judgment scale”. This is offered to 

simplify the questioning process to the respondents. There was no need to 

calculate the weights in paper B because all the weights were equal. This 

was also the case in paper D because the methodology of fuzzy games did 

not provide the criteria weighting. 

Step 5 – selecting the MCDM method – is an important and very 

delicate step, where the motivation of the selection should be very strong. 

For paper A the ARAS method was chosen because of its applicability for 

different decision-making situations, also in the construction sector, and 

because of its decision methodology, which is based on comparisons to 

the optimal alternative. More advantages and characteristics of this 

method are presented in a paper by Zavadskas and Tuskis [113]. To 

eliminate the differences that may occur when choosing among several 

MCDM methods, more than one method for determination was chosen in 

papers B and C. For paper C, the simple additive weighting (SAW) 

method [114], the multiplicative exponential weighting (MEW) method 

[115], and the complex proportion assessment (COPRAS) method [116], 

[117], [118] were chosen. For Paper B, COPRAS, the technique for order 
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preference by similarity to ideal solutions (TOPSIS) [119], and the 

weighted aggregated sum product assessment (WASPAS) [120] (which is 

the mix of SAW and MEW methods) methods were used. For paper D the 

method of fuzzy games was chosen, which was specially adapted for civil 

engineering tasks in uncertain environment. 

Step 7 is the final calculations and results. All of the calculations with 

matrices are presented in the papers; some are discussed in more detail in 

this thesis in the “Case Study” section. The results of Paper A, as 

expected, showed that the best score of investigated alternatives, which 

had two “Golden” (certified by Miljöbyggnad) buildings. However, they 

had quite small differences in the final result, which means that this 

method could be used for decision making even between the same 

buildings with the same certified grade. As well, the MCDM method could 

be applied for certifying the buildings by determining the final score of it.  

In Paper B, the final calculation showed that the best results for 

building owners can be achieved by choosing triple-glazed windows with 

a width of 36 or 52 mm – alternatives A4 and A5, respectively. Results of 

the COPRAS and WASPAS MCDM methods determined the best score for 

the A5 (52 mm) alternative, while the TOPSIS method’s rank showed the 

best score for alternative A4 (36 mm). This basically means that windows 

with triple-glaze do not have a big impact from the point of view of 

efficiency, if their width is greater than 36 mm.  

Paper C analyzed three buildings (B1 building – four stories with 

basement house with 24 apartments in each building; B2 building – 

seven stories with basement with 28 apartments in one of five point 

blocks; and four to five stories with basement with 143 apartments in 17 

stairways). The results of calculations showed the same best results for all 

three types of buildings. The alternatives A22,23,24, which are the 

adjustment of a heating system and valves in thermostats and alternatives 

and the alternatives A1,2,3 – thermal insulation, added in the attic 

(additional insulation is 300 mm loose-fill insulation).  

In Paper D, the determination process goes through a long calculation 

process and values are transformed with large algorithms that are 

developed especially for determination in uncertain environment; 

therefore, the results are not exact, but this has no impact on the final 

correct solution, which in this case was A2 – one-flat dwelling house with 

a gas-based heating system. 
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4. Methodology 

4.1. Decision making techniques 

Decision-making is one of the most important and popular aspects 

when it comes to applying mathematical methods in various fields of 

human activities [121]. MCDM techniques have been used in many 

performance measurements. They are useful for identifying and 

evaluating compatible alternatives (or solutions) in decision support tools 

[122], [123], [124], [125], [126], [127], [128]. 

Generally, a solution of MCDM problems involves the following five 

key steps [129]: 

 Identification of the problem/issue: decision makers (agents) need to 

identify the nature of the researched problem. Determination of the 

criteria to be considered and decision-making strategies to be adopted. 

 Problem structuring: practitioners/decision makers need to identify 

the goals, values, constraints, external environment, key issues, 

uncertainties, and stakeholders of an enterprise. In this step, the 

appropriate data or information needs to be collected so that the 

preferences of decision makers can be correctly identified and 

considered. 

 Building the model: decision makers then specify the alternatives, 

define all criteria and elicit values for model building. This process 

allows them to compile a set of possible alternatives or strategies in 

order to guarantee goal achievement. 

 Use of the model as a new assessment tool especially for decision 

makers; to collect and synthesize information, to suggest new 

alternatives and analyze the robustness and sensitivity of the model 

considering people’s intuition. 

 Developing an action plan: In the final step, an action plan is 

constructed as a solution. In other words, the appropriate method can 

be selected to help evaluate and rank the possible alternatives or 

strategies (that is, determine the best alternative). 
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4.2. Building certification systems appliance in MCDM 

Generally, the decision maker chooses the criteria for the set of 

operations. Thus, the choice tends to be made in some “mystical” manner 

or simply by the existing data. The criteria involved in the building 

certification methodology can be appropriately referenced. LEED’s 

system identifies the main topics for multiple criteria decision-making as 

follows: sustainable sites, water efficiency, energy and atmosphere, 

materials and resources, indoor environmental quality, innovation in 

design and regional priority. 

However, LEED’s framework is much too complicated to be useful for 

composing the matrix. Some of the topics are difficult to identify and find 

a quantitative expression for.  

The Swedish certification system, Miljöbyggnad, is more adaptive for 

MCDM. It has three clear general indicators, which can be measured and 

assessed to give a final rating for the building. Each of these indicators 

has no more than a few, lower-level, definitive indicators, which can be 

the basis for an integrated MCDM process. Table 9 (Annex 1) presents 

general indicators, which are measured and assessed to give a final rating 

for the new construction building (offices) with the Miljöbyggnad system. 

This information was taken from the Miljöbyggnad brochure, prepared 

for the SB11 Sustainable Building Conference in Helsinki. For a more 

ordinary assessment, it is acceptable to use the general issues of the 

Miljöbyggnad’s framework – energy, indoor environment, materials and 

chemicals. 

4.3. Weighting criteria 

The next step for decision-making is to identify a weight for each 

criterion. This was done with help from the AHP method [130], [131] in 

paper A, which can be expressed concisely as the relative values of a set of 

criteria. This method is chosen because it is well-known and reliable for 

weighting criteria [132], [133], [134]. This method provides a proven 

effective means to deal with complicated decision making. It is useful 

when identifying and weighting selection criteria, analyzing the data 

collected, and expediting the decision-making process.  

The essence of the method is to construct a matrix that expresses the 

relative values of a set of criteria. The method contains four steps [135]: 
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a) Decompose the goal into its constituent parts and develop a hierarchy 

of interrelated decision elements describing the problem; 

b) Make pair-wise comparisons with decision elements using a nine-

point weighting scale to generate input data;  

c) Calculate the relative weights of the criteria relevant to the problem, 

which is technically called the Eigenvector; 

d)  Aggregate the relative weights of decision elements to calculate 

ratings for alternative decision possibilities. The consistency ratio 

(CR) is calculated to check the opinions given as the basis for 

consistent decisions. A CR>0.1 indicates arbitrary judgments. 

Table 10 shows the results of one of the interviewed owners. Table 11 

indicates the pair-wise comparison matrix of the group results of building 

owners.  

 

Table 10. Pair-wise comparison matrix of one of the interviewed 

owners 
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x1 x2 x3 x4 

District heat, energy  

consumption, MWh 
x1 1.00 1.00 3.00 1/5 0.162 

Electricity for the 

facility, MWh 
x2 1.00 1.00 3.00 1/5 0.162 

Cost for renovation, 

SEK 
x3 1/3 1/3 1.00 1/5 0.075 

Payback period, year x4 5 5 5 1.00 0.601 

CR=0.06 
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Table 11. Pair-wise comparison matrix of the group results  

 

 

D
is

tr
ic

t 
h

ea
t,

  

en
er

g
y

 
co

n
su

m
p

ti
o

n
 

, 

M
W

h
 

E
le

ct
ri

ci
ty

 f
o

r 
th

e 
 

fa
ci

li
ty

, 
M

W
h

 

C
o

st
 f

o
r 

 

re
n

o
v

a
ti

o
n

, 
S

E
K

 

P
a

y
b

a
ck

 p
er

io
d

, 
y

ea
r 

q 

x1 x2 x3 x4 

District heat, energy  

consumption, MWh 
x1 1.00 0.447 0.656 0.209 0.06 

Electricity for the 

facility, MWh 
x2 2.24 1.00 1.00 0.611 0.23 

Cost for renovation, 

SEK 
x3 1.52 1.00 1.00 0.352 0.24 

Payback period, year x4 4.78 1.64 2.84 1.00 0.47 

CR=0.01 
 

 

The choices in this study were based on the opinions given by persons 

whose attitudes are typical of building owners. All the respondents 

participated in the survey as building owners, and were asked to answer 

the questions from their own perspective. All the weights of each criterion 

were determined by applying the AHP method. A pair-wise comparing 

matrix was produced to show the owner’s possible decisions. In this 

matrix, the criteria to be compared were the use of energy for district 

heating and electricity, investment cost, and a payback period, 

respectively. 

A new simplified judgment scale for pair-wise comparisons and 

distributions of the importance between the compared criteria is being 

offered in this work, according to which significance is more or less 

important, by delineating them with the coefficient. If one criterion is 

more than 20 percent more important than another, a coefficient of 1.2 is 

used; if it 40 percent less important, a coefficient 0.6 is used, and so on. 

For example, Table 12 presents a pair-wise comparison matrix with 

four criteria. The first criterion is 30 percent more important than the 
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second criterion, so it can be expressed as a coefficient of 1.3. In row x1 

near column x2, the value of 1.3 is indicated. Proportionately, in row x2, 

near column x1, the indicated value is 0.77, which means a ratio of 1/1.3. 

The last row shows the sum of the values in row i. 

Weights (denoted as wL) can be expressed by a simple proportion 

between the sum of the summarized column and the sum of each row. 

This is meant for expressing the final weights in an AHP-recommended 

scale, where all weights equal 1.  

 

Table 12. Simple pair-wise comparison matrix 

 x1 x2 x3 x4 Σ wL ws 

x1  1.3 1.1 0.7 3.1 0.239 0.242 

x2 1/1.3  0.9 0.5 2.2 0.169 0.186 

x3 1/1.1 1/0.9  0.6 2.6 0.200 0.213 

x4 1/0.7 1/0.5 1/0.6  5.1 0.392 0.358 

Σ 13 1.000  

  CR 0.0004 

 

For a clearer result, the additional use of Saaty’s Judgment scale is 

recommended (with a nine-point intensity of importance) [130]. 

Following this the weight is express by the integrated weights wj
*: 
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                                                    (1) 

4.4. SAW, MEW and COPRAS methods 

 In one of the investigated case studies, three multi-criteria 

decision making methods were used: 

SAW method [136], [137], [138]; 

Multiplicative Exponential Weighting (MEW) method [139]; 

COPRAS method [140], [141]. 

For the SAW and MEW methods and for alternative “i”, the 

normalized ijx values of criterion “j” are calculated as follows: 
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if the maximum is preferable and xij ≥0, ⩝ xij≥0 

 

 

(2)    

 

When xij=0 it is recommended to use the minimally possible closest value (for 

example, 0.1 or 0.01, depending on other values) or, if possible, eliminate it 

because it would have an impact on the determinations and will make difficulties in 

calculations when the methodology includes multiplication or division. 
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if minimum is preferable and xij ≥0, ⩝ xij≥0. 
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if maximum is preferable and xij <0, ⩝ xij<0         
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if minimum is preferable and xij <0, ⩝ xij<0                       

                 

(5) 

 

 

                     

There may be positive and negative values in the same criterion 

column of the decision making matrix. In these cases, it is recommended 

to calculate using these formulas: 

min

( ) 2min
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x x

 

  
 if minimum is preferable and xij>0, ⩝ -∞≤xij≤∞        

(6) 

ij
i

ij

ij
x

x
x

min


  
if minimum is preferable and xij<0, ⩝ -∞≤xij≤∞         

(7) 

When applying COPRAS methods, the normalized ijx values of j 

criterion for i alternative is calculated as follows: 
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if minimum is preferable or maximum, and xij <0, ⩝ xij<0,         

or xij ≥0, ⩝ xij≥0. 

(8) 

For the solution where xij <0, ⩝ -∞≤xij≤∞, all values were transformed 

to positive values, and the vector of these numbers was taken as a value 

(distance from the lowest to the given value).  

When applying the SAW method, the optimality criterion Li equals to 

the sum of the weighted criteria values: 
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When applying the MEW method, an optimality criterion Li equals to 

the multiplication of the weighted criteria values: 
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where qj is the weight of j criterion.        

(10) 

                         

When applying the COPRAS method, optimality criterion Qi is 

determined as follows: 
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The weights of each criterion were determined using the AHP method 

[130], which is also applicable for decision-making methods and can be 

engineering tasks. 

4.5. The ARAS method 

The ARAS method was used for decision-making, based on the 

argument that the use of simple relative comparisons could aid the 

understanding of the complicated phenomena in the world. It is argued 

that the ratio of the sum of normalized and weighted values of criteria 

describing the alternatives under consideration to the sum of the values 
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of the normalized and weighted criteria describing the optimal alternative 

describes the degree of optimality reached by the alternative under 

comparison [142]. The ARAS method is used because of its applicability 

for different decision-making situations, including in the construction 

sector, and because of its decision methodology based on a comparison of 

the optimal alternative. 

 Major accidents can influence sustainable development and the 

environment [143], [144]. Machines working together, which constitute a 

formation of technological systems, perform numerous construction 

processes. Effectiveness ratios relating to the profits and losses stemming 

from system used are the most important for process design purposes 

[145]. The ARAS method is used here to evaluate alternatives and select 

the best alternative. The typical MCDM problem is concerned with the 

task of ranking a finite number of decision alternatives, each of which is 

explicitly described in terms of different decision criteria that have to be 

taken into account simultaneously [146], [147]. According to the ARAS 

method, a utility function value determining the complex relative 

efficiency of a feasible alternative is directly proportional to the relative 

effect of the values and weights of the main criteria considered in a 

project. 

The first stage is forming a decision-making matrix. In the MCDM of a 

discrete optimization problem, any problem to be solved is represented 

by the following decision-making matrix of preferences for m feasible 

alternatives (rows) rated by n criteria (columns): 
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(12) 

where m is the number of alternatives, n is the number of criteria 

describing each alternative, xij is the value representing the performance 

value of the i alternative in terms of the j criterion, and x0j is the optimal 

value of the j criterion. 

If the optimal value of the j criterion is unknown, then 
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(13) 

http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6VC4-4J8D980-1&_mathId=mml18&_user=986143&_cdi=5944&_rdoc=1&_ArticleListID=580998617&_acct=C000049865&_version=1&_userid=986143&md5=12557551a49195e36dc7bcaf15b38ad2
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6VC4-4J8D980-1&_mathId=mml19&_user=986143&_cdi=5944&_rdoc=1&_ArticleListID=580998617&_acct=C000049865&_version=1&_userid=986143&md5=5275e4fc4a4d3a27924aa6d2866d2eba
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The performance values xij and the criteria weights wj are usually 

viewed as the entries in a decision-making matrix. The system of criteria, 

as well as the values and initial weights of criteria, are determined by 

experts. The information can be corrected by the interested parties by 

taking their goals and opportunities into account.  

The criteria usually have different dimensions. The purpose of the next 

stage is to receive dimensionless weighted values from the comparative 

criteria. In order to avoid the difficulties caused by different dimensions 

of the criteria, the ratio to the optimal value is used.  

In the second stage, the initial values of all the criteria are normalized 

by defining the values ijx of the normalized decision-making matrix X :  
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(14) 

The criteria, preferably with maxima values, are normalized as 

follows: 
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The criteria, preferably with minima values, are normalized by 

applying a two-stage procedure: 
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(16) 

The third stage is defining the normalized-weighted matrix X̂ . It is 

possible to evaluate the criteria with weights 0 < wj < 1. Only well-

founded weights should be used because weights are always subjective 

and influence the solution. The values of weight wj are usually 

determined by an expert evaluation method. The sum of weights wj would 

be limited as follows: 

http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6VC4-4J8D980-1&_mathId=mml15&_user=986143&_cdi=5944&_rdoc=1&_ArticleListID=580998617&_acct=C000049865&_version=1&_userid=986143&md5=05c82e806da53ee37bfd0a33104a9bc1
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6VC4-4J8D980-1&_mathId=mml16&_user=986143&_cdi=5944&_rdoc=1&_ArticleListID=580998617&_acct=C000049865&_version=1&_userid=986143&md5=4c2d8b8abeed73b6a0c9b668dc47ed19
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6V23-4H3Y9JJ-3&_mathId=mml28&_user=986143&_cdi=5691&_rdoc=18&_ArticleListID=580998617&_acct=C000049865&_version=1&_userid=986143&md5=e081f8a37542ef3ce42ab20c4bdd2b3b
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Normalized, weighted values of all the criteria are calculated as 

follows: 

,,0;ˆ miwxx jijij 
 

(19) 

where jw  is the weight (importance) of the j criterion and ijx  is the 

normalized rating of the j criterion.  

The following task is to determine the values of the optimality 

function:  
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(20) 

where iS  is the value of optimality function of the i alternative.  

The highest value is the best and the lowest one is the worst. Taking 

into account the calculation process, the optimality function iS  has a 

direct and proportional relationship with values xij and weights jw  of the 

investigated criteria and their relative influence on the final result. 

Therefore, the greater the value of the optimality function iS , the more 

effective the alternative. The priorities of alternatives can be determined 

according to the value iS . Consequently, it is convenient to evaluate and 

rank decision alternatives when this method is used.  

The degree of the alternative utility is determined by a comparison of 

an analyzed variant with the ideally best 0S . The equation used for 

calculating the utility degree Ki of an alternative ai is given below: 
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(21) 

http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6V23-4H3Y9JJ-3&_mathId=mml60&_user=986143&_cdi=5691&_rdoc=18&_ArticleListID=580998617&_acct=C000049865&_version=1&_userid=986143&md5=46eabd8669c11c6cb8dac7da2cbdc528
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6V23-4H3Y9JJ-3&_mathId=mml76&_user=986143&_cdi=5691&_rdoc=18&_ArticleListID=580998617&_acct=C000049865&_version=1&_userid=986143&md5=671d85f5aa970d4b798fbdc07efaf326
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where iS and 0S  are the optimality criterion values obtained from 

Eq. (19). 

The calculated values Ki can clearly be ordered in an increasing 

sequence, which is the desired order of precedence. The complex relative 

efficiency of the feasible alternative can be determined according to the 

utility function values. 
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5. Case study no.1 

   

Three apartment buildings built in residential areas of Sweden the 

1950s, 1960s and 1970s were selected. Each building included 

calculations on the effects and investment cost of a number of renovation 

measures, aimed at improving energy efficiency. All actions on renovation 

were evaluated with regard to the use of energy from district heating and 

electricity, investment costs and payback time. Energy calculations were 

made considering E-norm, which is an energy calculation software 

program that is commonly used in Sweden. In the base case, which is 

reference to each of the buildings, calculations are done using in-data like 

when the building was new. Costs were calculated based on data about 

experiences from a social partner, NCC. Table 13 (Annex 1) presents the 

properties of importance for the buildings discussed in the study. 

In calculations on the base case, the following input data are used: 

 Room temperature in the apartments is set to +22°C and in stair 

houses – to +20°C. 

 The air tightness of the building envelope is described with a leakage 

flow of 2.0 l/s, m2 in the surrounding area at 50 Pa of pressure 

difference. Calculations indicate that air flow through the building 

envelope is constantly 5 percent of this value. This is calculated on the 

entire surrounding area of the building. 

 Incoming solar radiation through the windows is calculated by 

assuming a mean sun shading factor of 0.5. This means that the gain 

of solar energy is 50 percent of the gain possible through a two-pane 

window with no solar shading. 

 Annual energy consumption for hot tap water is reckoned to be 25 

kWh/m2 Atemp, a. 

 The consumption of household electricity is set to be 30 kWh/m2 

Atemp,a. 

 The flow of supply air per year is set to be 0.35 l/s, m2 Atemp. 
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 The inhabitants’ airing of their apartments are supposed to result in 

an additional need for heating of 4 kWh/m2,a. 

Based on the presented description, the initial decision making matrix 

was composed (Table 14, Annex 1). The initial decision-making matrix 

describes the buildings’ alternatives, presenting them with a few different 

criteria (district heat, energy consumption, MWh; electricity for the 

facility, MWh; cost for renovation, SEK; and payback period, year). In 

total, 12 different renovation options were presented for three main 

buildings, which were described in total as 36 different alternatives. 

It should be kept in mind that when a number of measures for 

renovation are combined into a package, compound savings are usually 

lower than the sum of the savings from the measures one by one. 

5.1. Results and Discussion 

Table 15 (Appendix 1) shows the initial decision-making matrix of the 

described problem.  

The names of the criteria can be defined as follows: 

 x criterion x1 is energy consumption of district heat, MWh. 

 x criterion x2 is electricity for the facility, MWh. 

 x criterion x3 is the total cost of renovation, SEK. 

 x criterion x4 is payback period per year. 

All of these criteria have different units that make normalization 

necessary to make comparisons. The normalized decision-making matrix 

for SAW and MEW methods is determined according to formulas (2), (3), 

(4), (5), (6), and (7) and is presented in Table 16 (Appendix1).  

When using the COPRAS method, normalization was made by 

applying the algorithm in equation (8) after all values, including xij <0, ⩝ -

∞≤xij≤∞, were transformed into positive values.  

All weighted and normalized values from calculations employing SAW, 

MEW and COPRAS methods are presented in Tables 17, 18, and 19 

(Appendix 1) for each separate building. The matrix does not present all 

the results, just several alternatives whose results have an impact on the 

calculations. Some of the results showed values close to 0 (zero); these 

have been eliminated in order to be able to determine the real impact on 

the investigated area. These tables also present optimality criteria, 
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calculated for each of the methods, using equations (9), (10), and (11) 

respectively. These criteria show the weight of each alternative. The 

highest value indicates the best alternative.  

According to the results of the SAW method, the most preferred 

solution to the renovation method for all (B1), (B2), and (B3) buildings is 

additional thermal insulation in the attic. On the contrary, according to 

MEW and COPRAS methods, the most preferred alternative for all three 

buildings is the adjustment of a heating system and valves in thermostats.  

According to the MEW method, the obtained results also showed that 

the owners would prefer heat recovery from ventilation air with 

regenerative heat exchangers having 80 percent efficiency. When 

comparing all results, we can state that the most preferred measure for 

the renovation of this group of facility owners is the adjustment of a 

heating system and valves in the thermostat, because MEW and COPRAS 

disclosed the best results of preferences for this alternative; applying the 

SAW method also shows good results of this renovation measure.  

For all buildings and decision making methods, the adjustment of 

heating systems are high on the list. In this case, one of the reasons might 

be short pay back-time, which is prioritized by the building owners. 

However, it is doubtful whether this action really should be considered a 

renovation method as it is more likely to be ordinary upkeep. Tightening 

windows and doors and changing water taps into more efficient ones 

should also be included in normal upkeep. Individual metering for 

heating and hot tap water will certainly influence energy consumption of 

the building; it is more related to the user’s behavior than to the 

properties of the building. 

Additional thermal insulation in the attic and on facades, the 

installation of new windows, doors and equipment for heat recovery, 

using heat exchangers or a heat pump are real investments that reduce 

the use of energy in buildings in different ways. 

When limiting views on alternatives that are not only ordinary upkeep, 

the results will be slightly different. Calculations will remain valid 

because in any selection of alternatives, those with the highest values are 

the ones that should be chosen. 

If one method for heat recovery is selected, the other two will not be 

applicable. In such a case, only thermal insulation in the attic or on 

facades as well as new doors and windows will remain as alternatives. 
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For all three buildings and for almost all decision methods, heat 

recovery of 80 percent emerges as the best or second best option with 

regard to the preferences of building owners. 

Additional thermal insulation in the attic always emerges as a high 

priority in the limited selection of remaining alternatives when one 

method of heat recovery is chosen.  

Short pay-back times characterize the actions that come first when 

MCDM are applied to the data obtained. However, it should be 

remembered that these calculations are made according to the owner’s 

opinion.  

This result could mean that there is not enough information and 

motivation for the dwellers about energy savings; they only care about 

having a short payback period. Information or subsidiaries (or even 

taxation) could motivate building owners to take care more about energy 

savings and the global warming potential (GWP) situation in the world.  

The COPRAS and SAW methods also show the least desirable 

solutions, because general action of the MEW method is multiplication; 

this is the reason why some of the results are equal to 0. However, it does 

not mean that this result is the worst. 

Figure 10 schematically presents the allocation of the results 

calculated by the SAW, MEW, and COPRAS methods. These results 

before the comparison have been normalized (Table 20). 

 

 
 

Figure 10: Results of SAW, MEW and COPRAS methods’ calculations  
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Table 20. Normalized results 

 

 SAW MEW COPRAS 

A3 1 0.313048 0.537721 

A6 0.169668 0.129503 0.139647 

A9 0.090521 0.17332 0.195827 

A12 0.37346 0 0.539326 

A15 0.327488 0.618793 0.260032 

A18 0.372038 0.795034 0.345104 

A21 0.233649 0.399221 0.18138 

A24 0.957346 1 1 

A27 0.260664 0 0.394864 

A30 0.381517 0.540896 0.651685 

A33 0.432227 0.738072 0.29374 

A36 0.140284 0 0.256822 

 

These calculations can be helpful from some other aspects because 

they enable us to choose not only between all alternatives in the matrix, 

but also between two or three of the alternatives. These calculations can 

help a building owner who has a limited amount of money to choose the 

most attractive presented solution.  

For example, if the owner wants to add more thermal insulation and is 

hesitant when choosing between the alternatives to put it in the attic or 

on facades, we can state that the most preferable solution is additional 

thermal insulation in the attic (see Tables 17, 18 and 19; the results of 

alternatives 1 to 6 in Appendix 1). 

If the owner is going to either change the windows and doors or 

tighten around the windows, we can accept that the best solution, 

according to the opinion of the owner, is tightening around the window 

(see Tables 17, 18 and 19; the results of alternatives 7 to 12 in Appendix 1). 

Moreover, if the owner decided to renovate the ventilation system, 

choosing between solutions to recover 60 percent of heat from exhaust air 

with plate heat exchangers, 80 percent of heat from exhaust air with 

regenerative heat exchangers and by using a heat pump to take heat from 

exhaust air, the result shows that the best alternative is the regenerative 

heat exchanger giving recovery of 80% of heat from exhaust air (see 

Tables 17, 18 and 19; the results of alternatives 13–21 in Appendix 1). 
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5.2. Conclusions of the case study Nr. 1 

For each of these buildings, a series of energy calculations have been 

made using E-norm energy calculation software. The best alternatives for 

all of the above-introduced building apartments were selected using 

multi-criteria decision making methods. 

This determination was made according to recommendations 

produced by the SAW, MEW, and COPRAS methods. The obtained 

results point to the usefulness of combining different MCDM methods 

because, in this case, the decision maker can compare results that are not 

always the same.  

According to the achieved results, the best alternative was to adjust 

the heating system and valves in thermostats. The cost of adjusting the 

heating system is supposed to provide savings because the average 

temperature in the building can decrease in 1 0C. This alternative was 

chosen because of the short payback period, which, as the results showed, 

was very important for building owners. 

The choices for the above-mentioned renovation actions that cannot 

be considered to be normal, upkeep heat recovery from ventilation air, 

and additional thermal insulation in the attic turn out to be quite 

attractive for building owners. 

The opinion of the decision maker has a big impact on the results. In 

this case study, building owners gave a lot of votes for the payback period. 

Thus, the obtained results also showed the best solution is an alternative 

with the shortest payback period.  

The received results show that it is necessary to inform and motivate 

the dwellers about the energy consumption problem and help them 

become more motivated about their needs with reference to global 

warming. 
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6. Case study no. 2 

Six new office buildings, assessed with the Miljöbyggnad judgment 

scale (Table 9. Appendix 1) were used for this case study.  

The case study was calculated based on the proposed decision making 

model (section 3.4) and determined as follows: 

 

Step 1. Task formulation 
Kind of project –> New construction (six office buildings) 

The point of view –> The respondents were building owners or the 
people who plan to stay in the buildings under examination 
The result orientation –> Qualitative work result, fewer investments, and 
short construction term 
Step 2. The methodology for data collection 
For these six office buildings, the Swedish certification system 
Miljöbyggnad was selected as the methodology for judging. 
Step 3. Marking the criteria  

The characteristics of each building are presented as criteria x1, x2, ..., 
x12. The criteria are being described as follows: 

x1 – coefficient of bought energy SBC; 
x2 – heating power requirement (W/m2 HA); 
x3 – solar heat load (W/m2 FA); 
x4 – fraction of energy carriers ( percent for Category 4 – fossil, 

nuclear); 
x5 – noise protection (% of users satisfied); 
x6 – radon content (Bq/m3); 
x7 – ventilation rates (% of users satisfied); 
x8 – N2O to indoor air (from traffic) (μg/m3); 
x9 – thermal climate winter (%, Predicted Percentage Dissatisfied); 
x10 – daylight (%, daylight factor); 
x11 – documentation of materials (score from 1 to 10); 
x12 – absence of hazardous substances (in designated building parts) 

(same score). 
Step 4. Collecting the data 

In Tables 21, 22 and 23 (Appendix 1), the six buildings are presented 
as alternatives A1, A2, A3, A4, A5, and A6. The initial decision-making 
matrix is presented in Table 21. Table 22 is the normalized decision-
making matrix, where values are calculated based on formula (15). Table 
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23 shows the normalized weighted decision-making matrix with the final 
results Si and Ki. 

The optimal alternative with optimal values is described by A0. An 
office building awarded with the Silver grade is A1, the Gold grade is A2, 
the Gold grade is A3, the Bronze grade is A4, the Bronze grade is A5, the 
Silver grade is A6 and AG is the alternative that is described with the 
minimum values for the building for possible certification as golden. 
Next, AS is the alternative that is described with the minimum values for 
the building for possible certification as silver, and AB is the alternative 
described with the minimum values for possible certification as bronze.  
Step 5. Criteria weighting 
The weights of each criterion are first calculated by using the new original 
judgment scale. Next, the same weights are calculated with Saaty’s 
judgment scale. All values are compared and expressed as integrated 
values (Table 24. Appendix 1) and calculated by using pair-wise 
comparison matrix with the AHP method. 
Step 6. Selection of MCDM method 
Here I use the ARAS MCDM method, which is applicable for different 
decision-making situations, as well as in the construction sector. Its 
methodology, based on comparison of the optimal alternative, is very well 
orientated to this particular case study.  
Step 7. Final calculations and the results 

The results showed the following rank: A3 › A2 › A6 › A1 › A5 › A4 , 
which means that golden buildings A3 and A2, with a final score 0.0952 
and 0.0910 respectively, basing on their criteria, showed the best results 
and can be nominated as golden buildings, whereas the score of building 
A3 is a little better than that of building A2. Alternatives A6 and A1, with 
scores of 0.0798 and 0.0745, respectively, as silver buildings, took the 
second place of this rank, where the score of A6 is a little better than the 
score of building A1. A5 and A4 showed the worst results (0.0654 and 
0.0636, respectively), where building A5 showed a better result than 
building A4.  

 

Basing on these results, the presented method can also be used 

directly, as is presented in the case study, and vice versa: for assessing the 

building’s level. The final score of the MCDM evaluation can be used for 

defining the certification level of the building. For example, buildings 

with a final score of more than 0.09 can be nominated for golden level, 

while buildings with a final score less than 0.09 and more than 0.07 can 

be nominated for the silver lever. Respectively, buildings with a score 

between 0.07 and 0.06 can be nominated for the bronze building level. 
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6.1. Conclusions of case study no. 2 

I have developed a new integrated multiple criteria decision-making 

model for sustainable building assessment/certification. The presented 

model includes the generally well-known Saaty scale and modified 

(original) scale, which can be expressed by a simple coefficient based on 

percentage, for a pair-wise comparison of criteria importance for building 

assessment.  

The developed model can be used as the basis for certifying a newly 

built building by simply defining it as a final calculated score, instead of 

as a building’s performance determined by a separate criterion.  

Two certification systems were investigated to clarify the developed 

methodology for building certification. In general, the idea is to use the 

methodological sections of certification systems as the criteria set for the 

initial decision-making matrices.  

Miljöbyggnad, which has a clear methodological structure, highlights 

the aspects of a feasible criteria set and criteria importance. In order to be 

useful, the assessment criteria set system must be reasonably simple and 

not too complicated.  

The new method has significant value because of its applicability for 

the tasks specified in construction. 

Compared to the criteria of other certification systems, a general 

advantage of the Miljöbyggnad system is that it has a clearly structured 

framework. Although the Swedish certification system is used in the 

present study, the general idea was to demonstrate a wide range of 

possibilities to integrate other well-known building certification systems 

to decision making in civil engineering tasks. 
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7. Final conclusions and recommendations 

To achieve the provided goal of this thesis, a few tasks have been 

settled (please see the introduction part of the work). This section 

presents the main results and conclusion of the provided tasks. They also 

feature the main conclusions and recommendations. 

Based on the literature review, it can be stated that the sustainable 

development is one of the most challenging issues not only in scientific 

word, but as well as in our everyday life, work, and business. The 

construction sector plays a significant role in sustainable development. 

Most studies have investigated or created a link between engineering 

studies and sustainable issues. In many works, authors have made 

comparable studies and presented the multi-criteria decision making 

method as a tool for making clear and weighted decisions in complicated 

tasks. Authors have also explained the importance of the building life 

cycle and based their research on the buildings’ life cycle assessment 

methodology.  

In order to compose all these examined issues into one productive 

tool, I have presented a new decision making model. This model takes 

into consideration the project’s sustainable aspects, includes information 

about buildings’ life cycle, and provides an opportunity to choose from 

among the assessed criteria based on the buildings’ certification 

methodology. All of the decision making tasks can be assessed and 

resolved in an easier and more reasoned manner.  

Part of the methodological section presents a few multi-criteria 

methods that are being presented and used for final calculations. In most 

cases, a few methods are used jointly in order to obtain a more precise 

and weighted decision. MCDM methods are popular and well-organized 

tools that help with decision making in situations that appear 

complicated (that is, they include several describing criteria and have 

difficulties comparing the different values between each other). This 

statement applies to several studies that have invoked MCDM in their 

determinations. One of the main disadvantages of this method is that it 

does not specify how the criteria for the matrix should be selected.  
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The new presented methodology for determining the tasks with multi-

criteria is based on the technique of building certification methodology. 

This method makes it possible to choose the criteria for the main decision 

making matrix, according on the reliable and tested building’s 

certification methodology, thereby offering a new integrated MCDM and 

certification methodology, which could also be used for certifying 

buildings as well.  

The thesis also includes some ideas about the new technique, which 

was created in order to simplify the survey for buildings’ stakeholders. 

This technique is used for making the weights for estimated project and is 

based on and includes the main ideas of AHP method; however, instead 

of using the Saaty judgment scales, it offers the new simplified coefficient 

that is expressed as a percentage.  

Two case studies have been presented to demonstrate the proposed 

methodology in order to able to have the full picture of the methods’ 

merits. The first case study presents three building apartments, built in 

residential areas in the 1950s, 1960s and 1970s. This clearly demonstrates 

the MCDM methods’ applicability for construction tasks and how the 

results can be expressed in an accurate way while applying different 

methods. It also shows the importance of the building owners’ opinion. 

The second case study demonstrates the proposed new integrated 

methodology in use. The weights are also calculated based on the new 

offered judgment scale. The new method shows well-organized results 

that are based on the opinion of the stakeholders; express the main idea 

of building life cycle assessment, based on the buildings certification; and 

accentuate the right directions. This method helps to express more 

adequate and weighted decisions.  

In sum, MCDM methods allow comprehensive reflection and 

evaluation of information that is expressed using a large number of 

criteria that are usable in scientific calculations and seem to be good tools 

for decision making. The idea of the present study was to improve this 

model and present a new upgraded methodology that could be used in a 

future work for practical use in helping the stakeholders in difficult 

decisions, such as building renovation. 
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Appendix 1 

Table 1. Summary of the indicators used for assessing the sustainability 

of electricity scenarios [84]. 

 Sustainabilit
y issue 

Indicator Unit 

Techno-
economic 

Operability 

1. Capacity factor 
(power output as a 
percentage of the 
maximum possible 
output) 

Percentage (%) 

2. Availability factor 
(percentage of time a 
plant is available to 
produce electricity) 

Percentage (%) 

3. Technical 
dispatchability 
(ramp-up rate, ramp-
down rate, minimum 
up time, minimum 
down time) 

Summed rank 

4. Economic 
dispatchability (ratio 
of capital cost to total 
levelized generation 
cost) 

Percentage (%) 

5. Lifetime of global 
fuel reserves at 
current extraction 
rates 

Years 

Technological 
lock-in 
resistance 

6. Ratio of plant 
flexibility (ability to 
provide trigeneration, 
negative GWP and/or 
thermal/thermochem
ical H2 production) 
and operational 
lifetime 

Years− 1 

Immediacy 
7. Time to plant start-
up from start of 
construction 

Months 
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Levelized cost 
of generation 

8. Capital costs £/MWh 

9. Operation and 
maintenance costs 

£/MWh 

10. Fuel costs £/MWh 

11. Total levelized cost £/MWh 

Cost variability 

12. Fuel price 
sensitivity (ratio of 
fuel cost to total 
levelized generation 
cost) 

Percentage (%) 

Environmen
tal 

Material 
recyclability 

13. Recyclability of 
input materials 

Percentage (%) 

Water eco-
toxicity 

14. Freshwater eco-
toxicity potential 

kg 1.4 
DCB‡ eq./kWh 

15. Marine eco-
toxicity potential 

kg 1.4 
DCB‡ eq./kWh 

Global 
warming 

16. Global warming 
potential (GHG 
emissions) 

kg CO2 eq./kW
h 

Ozone layer 
depletion 

17. Ozone depletion 
potential (CFC and 
halogenated HC 
emissions) 

kg CFC-
11 eq./kWh 

Acidification 

18. Acidification 
potential (SO2, NOx, 
HCl and NH3 
emissions) 

kg SO2 eq./kW
h 

Eutrophication 
19. Eutrophication 
potential (N, NOx, 
NH4

+, PO4
3−, etc.) 

kg PO4
3− eq./k

Wh 

Photochemical 
smog 

20. Photochemical 
smog creation 
potential (VOCs and 
NOx) 

kg C2H4 eq./k
Wh 

Land use & 
quality 

21. Land occupation 
(area occupied over 
time) 

m2 yr/kWh 

22. Terrestrial eco-
toxicity potential 

kg 
1.4 DCB‡ eq./k
Wh 

Social Provision of 23. Direct Person-

http://www.sciencedirect.com/science/article/pii/S0973082614000957#tf0005
http://www.sciencedirect.com/science/article/pii/S0973082614000957#tf0005
http://www.sciencedirect.com/science/article/pii/S0973082614000957#tf0005
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employment employment years/TWh 

24. Total employment 
(direct + indirect) 

Person-
years/TWh 

Human health 
impacts 

25. Worker injuries 
No. of 
injuries/TWh 

26. Human toxicity 
potential (excluding 
radiation) 

kg 
1.4 DCB‡ eq./k
Wh 

27. Total human 
health impacts from 
radiation (workers 
and population) 

DALY¥/kWh 

Large accident 
risk 

28. Fatalities due to 
large accidents 

No. of 
fatalities/PWh 

Energy 
security 

29. Amount of 
imported fossil fuel 
potentially avoided 

toe/kWh 

30. Diversity of fuel 
supply mix 

Score (0–1) 

31. Fuel storage 
capabilities (energy 
density) 

GJ/m3 

Nuclear 
proliferation 

32. Use of non-
enriched uranium in 
a reactor capable of 
online refueling; use 
of reprocessing; 
requirement for 
enriched uranium 

Score (0–3) 

Intergeneratio
nal equity 

33. Use of abiotic 
resources (elements) 

kg Sb eq./kWh 

34. Use of abiotic 
resources (fossil 
fuels) 

MJ/kWh 

35. Volume of 
radioactive waste to 
be stored 

m3/TWh 

36. Volume of liquid 
CO2 to be stored 

m3/TWh 

 ‡ 1.4-Dichlorobenzene.   

 ¥ Disability-adjusted life years. 

http://www.sciencedirect.com/science/article/pii/S0973082614000957#tf0005
http://www.sciencedirect.com/science/article/pii/S0973082614000957#tf0010
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 Table 9. Miljöbyggnad – performance levels of new construction buildings 

Issue Criterion BRONZE SILVER GOLD Explanation 

Energy 

Bought energy <SBC 
≤ 0.75 

*SBC 
≤ 0.65 *SBC 

SBC = 

Swedish 

Building 

Code 

Heating power 

requirement 

≤ 60 W/m2 

HA 

≤ 40 W/m2 

HA 

≤ 25 W/m2 

HA 

HA = 

Heated 

Area 

Solar heat load 
≤ 48 W/m2 

FA 

≤ 43 W/m2 

FA 

≤ 32 W/m2 

FA 

FA = Floor 

Area 

Fraction of 

energy carriers 

< 50% Cat 

4 

> 10% Cat 

1 or 

> 50% Cat 

2 and 

< 25% Cat 

4 

> 20% Cat 1 

or 

> 50% Cat 2 

and 

< 20% Cat 5 

Cat 1 = 

Renewable 

recurrent 

Cat 2 = Bio 

fuels 

Cat 4 = Else 

(fossil, 

nuclear) 

Indoor 

environment 

Noise 

protection 

≥Sound 

class C 

≥ 50% of 

the 

parameters 

Class B  

≥ Sound Class 

B. ≥ 80% of 

users satisfied  

Classes 

according 

Sw. 

Standard 

25268 

Radon content 
101-200 

Bq/m3 

51-100 

Bq/m3 
≤ 50 Bq/m3  

Ventilation 

rates 

≥7l/s, 

pers+ 0.35 l 

/m2 FA 

+ VAV in 

rooms with 

varying 

load 

+ VAV in all 

populated 

rooms. ≥ 80% 

of users 

satisfied 

VAV = 

Variable Air 

Volume 

N2O to indoor 

air (from 

traffic) 

>40 μg/m3 

or 

unknown 

≤ 40 

μg/m3 

≤ 20 μg/m3  

or > 250 m  

to road with  

> 1000 

veh./day 

Veh. = 

vehicles 

Moisture 

prevention 

Moisture 

proof 

design 

according 

to BBR 6:5 

Moisture 

proof 

design 

according 

to Bygga F 

+ A certified 

moisture 

expert 

BBR = 

Swedish 

Building 

Code Bygga 

F = specific 

method for 

moisture 
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proof 

design 

Thermal 

climate winter 
PPD ≤ 20% PPD ≤ 15% 

PPD ≤ 10% + 

≥80% of 

users satisfied 

PPD = 

Predicted 

Percentage 

Dissatisfied 

Thermal 

climate 

summer 

Same Same Same  

Daylight DF > 1.0% DF ≥ 1.2% 

DF ≥ 1.2% + 

≥ 80% of 

users satisfied 

DF = 

daylight 

factor 

Legionella 

≥ 60°C in 

HWS. 

Demand on 

hot water 

pipes 

+ SWI is 

applied. 

+ 

thermometers 

on all WWC-

loops 

HWS = Hot 

Water 

Store. 

SWI = 

Secure 

Water 

Installation 

(spec. 

Industry 

rules) 

WWC = 

Warm 

Water 

Circulation 

Materials 

and 

Chemicals 

Documentation 

of materials 

LB on 

building 

products 

+ LB is 

digital 

+ LB with 

amount and 

place for each 

prod. 

LB= Log 

Book with 

product 

type, name, 

producer, 

year and 

content of 

substances 

Absence of 

hazardous 

substances (in 

designated 

building parts) 

No 

information 

Some POS 

above 

content 

limits 

occur and 

are listed 

POS above 

content limits 

do not occur 

in LB 

POS = 

Phase Out 

Substances 

according 

to Swedish 

Chemicals 

Agency 
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Table 13. Description of buildings 

Building 

number 

(marking) 

B1 B2 B3 

Name of 

building 

Svärdsidan 1, Östberga 

Built in 1967 – 69 

Förvaltarvägen 4 

Built in 1952 - 53 

BRF Toppsockret 

Hökarängen 

Built in 1964 

Brief 

description 

24 apartments in each 

building 

Four stories and a 

basement (three houses 

sharing a substation for 

district heating) 

28 apartments in one of 

five point blocks. Seven 

stories and a basement 

(three houses sharing a 

substation for district 

heating) 

143 apartments in 17 

stairways 

Four to five stories 

(three houses sharing 

a substation for 

district heating) 

Heated area The whole area Atemp= 

3219 m2 apartments, 

covering 2485 m2 and a 

subsidiary usable area 

of 734 m2. 

The whole area Atemp= 

2184 m2 apartments, 

covering 1797 m2 and a 

subsidiary usable area 

of 387 m2. 

The whole area Atemp= 

14700 m2 apartments, 

covering 10900 m2 

and a subsidiary 

usable area of 3800 

m2. 

Description 

of building 

construction 

Wall construction: 15 

cm concrete + 15 cm 

lightweight concrete 

with rendering; U-value 

is about 0.75 W/m2,K. 

TwoDual-pane window, 

U-value is about 2.7 

W/m2,K in the stair-

case, Single-pane 

window; U-value is 

about 5 W/m2,K in the 

gateway. 

Wall construction: 25 

cm lightweight concrete 

with rendering; U-value 

is about 0.7 W/m2,K. 

The attic was originally 

insulated with 5 cm 

coke and cinder with a 

U-value of 0.6 W/m2,K. 

 

Wall construction: 25 

cm lightweight 

concrete with 

rendering. , U-value 

about is 0.7 W/m2,K. 

Three glass windows, 

U-value is about 2.0 

W/m2,K. 

Glazed balconies. 

 

Building 

services 

 

Substation for district 

heating serving three 

houses.  

Balanced ventilation 

with supply air and 

exhaust air driven by 

electrical ventilators. 

 

Substation for district 

heating serving in one 

of the buildings.  

Exhaust air ventilation 

driven by electrical 

ventilators. 

 

Substation for district 

heating serving in one 

of the buildings.  

Exhaust air 

ventilation driven by 

electrical ventilators 

with air intake 

through gap air 

ventilators in the 

window frames.  

    



APPENDIX 1 | 93 

Table 14. The initial matrix describing the problem 
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1 B1 Thermal insulation added in the attic. 

Additional insulation is 300 mm loose-

fill insulation; the resulting thermal 

transmittance after adding this 

insulation will be 0.2 W/m2,K. Cost 

will reach 300 SEK/m2. 

-17.40 -0.04 90,000 7 

2 B2 -33.00 -0.08 150,000 6 

3 B3 -229.10 -0.75 1,215,000 7 

4 B1 Thermal insulation added to facades. 

The example covers 150 mm of thermal 

insulation assembled on the walls, 

which changes thermal transmittance 

(U value) from 0.75 to 0.3 W/m2, K. 

Also, the tightness of the building 

envelope has been improved from 2.0 

to 1.5 l/s,m2 at a surrounding area of 

50 Pa. 

-78.50 -0.20 2,450,000 39 

5 B2 -79.80 -0.02 1,750,000 28 

6 B3 -202.30 -0.75 7,437,500 46 

7 B1 New windows and doors. Change to 

new windows and doors has been 

assumed to improve the U-value of 

windows from 2.7 to 1.0 W/m2, K and 

that of the gateway parts of the 

buildings from 4.0 to 2.0 W/m2, K. The 

tightness of the building envelope has 

been improved from 2.0 till 1.0 l/s,m2 

at 50 Pa of pressure difference. 

-80.50 -0.20 1,600,000 25 

8 B2 -95.70 -0.20 1,625,000 22 

9 B3 -453.80 -1.70 9,900,000 27 

10 B1 Tightening around windows, which is 

assumed to improve the tightness of 

the windows from 2.0 to 1.0 l/s,m2 at 

50 Pa of pressure difference. Cost = 

500 SEK/window. 

-14.10 0.00 82,000 7 

11 B2 -19.30 0.00 70,500 5 

12 B3 -85.70 -0.20 357,000 5 

13 B1 Heat recovery from ventilation air, 

using plate heat exchangers with 60 

-64.60 10.50 650,000 17 
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14 B2 percent efficiency. When using 

balanced ventilation with heat 

recovery, inlet air to living rooms and a 

sleeping room can be supplied with a 

low risk of problems with draught, 

because heat from exhaust air is 

utilized. A drawback is the relatively 

high expense of installing such a 

system, which is supposed to provide 

efficiency of 60 percent. 

-76.70 5.30 350,000 8 

15 B3 -406.30 70.30 1,800,000 9 

16 B1 Heat recovery from ventilation air, 

using regenerative heat exchangers 

with 80 percent efficiency. The 

installation of a system with 

regenerative heat exchangers is 

supposed to provide efficiency of 80 

percent. 

-86.60 10.50 600,000 11 

17 B2 -102.30 5.30 350,000 5 

18 B3 -548.00 69.80 1,800,000 5 

19 B1 Heat recovery using a heat pump 

taking heat from exhaust air. A heat 

pump taking heat from exhaust air can 

often be installed in apartment 

buildings at a reasonable cost. This 

kind of equipment can give a 

coefficient of performance (COP) of 2.5 

reckoned as annual efficiency. COP 

indicates the ratio between the heat 

produced and the amount of electric 

energy consumed for driving a 

compressor and pumps for circulation.  

-165.70 65.60 1,500,000 28 

20 B2 -201.90 80.60 1,450,000 23 

21 B3 -1 169.40 446.20 7,150,000 18 

22 B1 Adjustment of a heating system and 

valves in thermostats. The cost of 

adjusting the heating system is 

supposed to give savings because the 

average temperature in the building 

can go down with 1 0C. Cost may be at 

about 1500 SEK per apartment. 

-27.60 -0.20 42,000 2 

23 B2 -33.80 -0.20 36,000 2 

24 B3 -138.60 -1.40 215,000 2 

25 B1 Installation of equipment for 

individual metering for hot tap water. 

Individual metering for hot tap water 

is supposed to give savings in the 

realm of 20 percent, which means 20–

25 KWh/m2. The cost of installation 

estimates about 4000 SEK per 

apartment, while the cost of the meter 

-12.40 0.00 112,000 11 

26 B2 -9.90 0.00 96,000 12 

27 B3 -73.50 0.00 572,000 10 
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makes about 400 SEK. The cost for 

reading meters is not included. 

28 B1 Installation of individual metering for 

heat. Installation costs of energy 

metering will be much higher than 

those of systems for temperature 

metering. Individual energy metering 

is supposed to give a general decrease 

in the indoor temperature of 1C. Cost 

may reach about 4000 SEK per 

apartment. 

-27.60 -0.20 112,000 5 

29 B2 -33.80 -0.20 96,000 4 

30 B3 -138.60 -1.40 572,000 5 

31 B1 Installation of solar collectors for hot 

tap water. A rule of thumb is that a 

solar collector can produce 200 – 400 

KWh pro m2 per year for hot tap water. 

The cost of a solar collector is about 

5000 SEK per m2, which also includes 

a control unit and a pump for 

circulation and accumulator tank. 

Solar collectors are supposed to be 

installed on the roofs of the buildings 

and to cover an area of about 3 m2 for 

each apartment. An accumulator tank 

for heat storage will be installed in the 

basement. 

-15.30 2.20 154,000 16 

32 B2 -13.90 2.00 132,000 15 

33 B3 -102.90 14.70 786,500 12 

34 B1 Installation of water taps giving lower 

water flow than usual. By using energy 

effective water taps, it is possible to 

save 20 – 40 percent of hot tap water 

and the same amount of cold tap 

water.  

-15.30 0.00 227,000 19 

35 B2 -13.90 0.00 195,000 18 

36 B3 -102.90 0.00 1,158,000 14 
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       Table 15. The initial matrix of the described problem  

Alternative Criteria 

 

x1 x2 x3 x4 

Optimization direction 

min Min min min 

q 0.06 0.23 0.24 0.47 

A1 -17.40 -0.04 90,000.00 7.00 

A2 -33.00 -0.08 150,000.00 6.00 

A3 -229.10 -0.75 1,215,000.00 7.00 

A4 -78.50 -0.20 2,450,000.00 39.00 

A5 -79.80 -0.02 1,750,000.00 28.00 

A6 -202.30 -0.75 7,437,500.00 46.00 

A7 -80.50 -0.20 1,600,000.00 25.00 

A8 -95.70 -0.20 1,625,000.00 22.00 

A9 -453.80 -1.70 9,900,000.00 27.00 

A10 -14.10 0.00 82,000.00 7.00 

A11 -19.30 0.00 70,500.00 5.00 

A12 -85.70 -0.20 357,000.00 5.00 

A13 -64.60 10.50 650,000.00 17.00 

A14 -76.70 5.30 350,000.00 8.00 

A15 -406.30 70.30 1,800,000.00 9.00 

A16 -86.60 10.50 600,000.00 11.00 

A17 -102.30 5.30 350,000.00 5.00 

A18 -548.00 69.80 1,800,000.00 5.00 

A19 -165.70 65.60 1,500,000.00 28.00 

A20 -201.90 80.60 1,450,000.00 23.00 

A21 -1 169.40 446.20 7,150,000.00 18.00 

A22 -27.60 -0.20 42,000.00 2.00 

A23 -33.80 -0.20 36,000.00 2.00 

A24 -138.60 -1.40 215,000.00 2.00 

A25 -12.40 0.00 112,000.00 11.00 

A26 -9.90 0.00 96,000.00 12.00 
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A27 -73.50 0.00 572,000.00 10.00 

A28 -27.60 -0.20 112,000.00 5.00 

A29 -33.80 -0.20 96,000.00 4.00 

A30 -138.60 -1.40 572,000.00 5.00 

A31 -15.30 2.20 154,000.00 16.00 

A32 -13.90 2.00 132,000.00 15.00 

A33 -102.90 14.70 786,500.00 12.00 

A34 -15.30 0.00 227,000.00 19.00 

A35 -13.90 0.00 195,000.00 18.00 

A36 -102.90 0.00 1,158,000.00 14.00 

A37 0.00 -3.90 56,000.00 12.00 

A38 0.00 -3.60 44,000.00 11.00 

A39 0.00 -26.50 184,000.00 6.00 

 

       Table 16. Normalized decision-making matrix (SAW and MEW methods) 

Alternative Criteria 

x1 x2 x3 x4 

Optimization direction 

min min min min 

A1 0.0149 0.0015 0.4000 0.2857 

A2 0.0282 0.0030 0.2400 0.3333 

A3 0.1959 0.0283 0.0296 0.2857 

A4 0.0671 0.0075 0.0147 0.0513 

A5 0.0682 0.0008 0.0206 0.0714 

A6 0.1730 0.0283 0.0048 0.0435 

A7 0.0688 0.0075 0.0225 0.0800 

A8 0.0818 0.0075 0.0222 0.0909 

A9 0.3881 0.0642 0.0036 0.0741 

A10 0.0121 0.0000 0.4390 0.2857 

A11 0.0165 0.0000 0.5106 0.4000 

A12 0.0733 0.0075 0.1008 0.4000 

A13 0.0552 0.4173 0.0554 0.1176 

A14 0.0656 0.4545 0.1029 0.2500 
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A15 0.3474 0.2149 0.0200 0.2222 

A16 0.0741 0.4173 0.0600 0.1818 

A17 0.0875 0.4545 0.1029 0.4000 

A18 0.4686 0.2158 0.0200 0.4000 

A19 0.1417 0.2234 0.0240 0.0714 

A20 0.1727 0.1984 0.0248 0.0870 

A21 1.0000 0.0531 0.0050 0.1111 

A22 0.0236 0.0075 0.8571 1.0000 

A23 0.0289 0.0075 1.0000 1.0000 

A24 0.1185 0.0528 0.1674 1.0000 

A25 0.0106 0.0000 0.3214 0.1818 

A26 0.0085 0.0000 0.3750 0.1667 

A27 0.0629 0.0000 0.0629 0.2000 

A28 0.0236 0.0075 0.3214 0.4000 

A29 0.0289 0.0075 0.3750 0.5000 

A30 0.1185 0.0528 0.0629 0.4000 

A31 0.0131 0.4801 0.2338 0.1250 

A32 0.0119 0.4818 0.2727 0.1333 

A33 0.0880 0.3914 0.0458 0.1667 

A34 0.0131 0.0000 0.1586 0.1053 

A35 0.0119 0.0000 0.1846 0.1111 

A36 0.0880 0.0000 0.0311 0.1429 

A37 0.0000 0.1472 0.6429 0.1667 

A38 0.0000 0.1358 0.8182 0.1818 

A39 0.0000 1.0000 0.1957 0.3333 
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Table 17. Weighted-normalized decision-making matrix and optimal results of building 1 (B1) 

Name of action Weighted-normalized matrix of SAW 

method 

Weighted-normalized matrix of MEW 

method 

Weighted-normalized matrix of 

COPRAS method 

 

 

SAW MEW 

COP-

RAS x1 x2 x3 x4 x1 x2 x3 x4 x1 x2 x3 x4 

Attic 

insulation A1 0.0016 0.0004 0.0748 0.1343 0.6375 0.2159 0.8425 0.5550 0.0004 0.0035 0.0004 0.0063 0.2110 0.0643 0.0335 

Facade 

insulation A4 0.0072 0.0018 0.0027 0.0241 0.7490 0.3156 0.4542 0.2476 0.0017 0.0035 0.0097 0.0350 0.0358 0.0266 0.0087 

Windows 

and doors A7 0.0074 0.0008 0.0024 0.0086 0.7510 0.3156 0.4919 0.3051 0.0017 0.0035 0.0063 0.0224 0.0191 0.0356 0.0122 

Tightening of 

windows and 

doors A10 0.0013 0.0000 0.0470 0.0306 0.6233 0.0000 0.8573 0.5550 0.0003 0.0035 0.0003 0.0063 0.0788 0.0000 0.0336 

Recovery 

60% A13 0.0059 0.0447 0.0059 0.0126 0.7335 0.8136 0.5821 0.3657 0.0014 0.0049 0.0026 0.0152 0.0691 0.1271 0.0162 

Recovery 

80% A16 0.0079 0.0447 0.0064 0.0195 0.7569 0.8136 0.5909 0.4488 0.0019 0.0049 0.0024 0.0099 0.0785 0.1633 0.0215 

Heat pump A19 0.0152 0.0239 0.0026 0.0076 0.8113 0.7021 0.4979 0.2893 0.0036 0.0122 0.0059 0.0251 0.0493 0.0820 0.0113 

Adjust heat 

system A22 0.0025 0.0008 0.0917 0.1070 0.6697 0.3156 0.9716 1.0000 0.0006 0.0035 0.0002 0.0018 0.2020 0.2054 0.0623 

Individual 

metering tap 

water A25 0.0011 0.0000 0.0344 0.0195 0.6148 0.0000 0.8088 0.4488 0.0003 0.0035 0.0004 0.0099 0.0550 0.0000 0.0246 

Individual 

metering A28 0.0025 0.0008 0.0344 0.0428 0.6697 0.3156 0.8088 0.6501 0.0006 0.0035 0.0004 0.0045 0.0805 0.1111 0.0406 
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heat 

Solar 

collectors A31 0.0014 0.0514 0.0250 0.0134 0.6288 0.8410 0.7620 0.3763 0.0003 0.0038 0.0006 0.0144 0.0912 0.1516 0.0183 

Water taps A34 0.0014 0.0000 0.0170 0.0113 0.6288 0.0000 0.7087 0.3471 0.0003 0.0035 0.0009 0.0170 0.0296 0.0000 0.0160 
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Table 18. Weighted-normalized decision-making matrix and optimal results of building 2 (B2) 

Name of action Weighted-normalized matrix 

of SAW method 

Weighted-normalized matrix of 

MEW method 

Weighted-normalized matrix of 

COPRAS method 

 

 

SAW MEW 

COP-

RAS x1 x2 x3 x4 x1 x2 x3 x4 x1 x2 x3 x4 

Attic 

insulation A2 0.0030 0.0007 0.0449 0.1567 0.6827 0.2542 0.7658 0.5967 0.0007 0.0035 0.0006 0.0054 0.2053 0.0793 0.0362 

Facade 

insulation A5 0.0073 0.0002 0.0038 0.0336 0.7503 0.1833 0.4837 0.2893 0.0017 0.0035 0.0069 0.0251 0.0449 0.0192 0.0112 

Windows 

and doors A8 0.0088 0.0008 0.0024 0.0097 0.7650 0.3156 0.4905 0.3240 0.0021 0.0035 0.0064 0.0197 0.0217 0.0384 0.0134 

Tightening 

of 

windows 

and doors A11 0.0018 0.0000 0.0546 0.0428 0.6446 0.0000 0.8819 0.6501 0.0004 0.0035 0.0003 0.0045 0.0992 0.0000 0.0411 

Recovery 

60% A14 0.0070 0.0486 0.0110 0.0268 0.7471 0.8302 0.6536 0.5212 0.0017 0.0042 0.0014 0.0072 0.0934 0.2113 0.0280 

Recovery 

80% A17 0.0094 0.0486 0.0110 0.0428 0.7705 0.8302 0.6536 0.6501 0.0022 0.0042 0.0014 0.0045 0.1118 0.2718 0.0355 

Heat 

pump A20 0.0185 0.0212 0.0027 0.0093 0.8287 0.6826 0.5010 0.3173 0.0043 0.0142 0.0057 0.0206 0.0517 0.0899 0.0126 

Adjust 

heat 

system A23 0.0031 0.0008 0.1070 0.1070 0.6844 0.3156 1.0000 1.0000 0.0007 0.0035 0.0001 0.0018 0.2179 0.2160 0.0627 

Individual A26 0.0009 0.0000 0.0401 0.0178 0.6002 0.0000 0.8324 0.4308 0.0002 0.0035 0.0004 0.0108 0.0589 0.0000 0.0232 
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metering 

tap water 

Individual 

metering 

heat A29 0.0031 0.0008 0.0401 0.0535 0.6844 0.3156 0.8324 0.7220 0.0007 0.0035 0.0004 0.0036 0.0975 0.1298 0.0458 

Solar 

collectors A32 0.0013 0.0516 0.0292 0.0143 0.6223 0.8417 0.7843 0.3879 0.0003 0.0038 0.0005 0.0135 0.0963 0.1594 0.0193 

Water taps A35 0.0013 0.0000 0.0198 0.0119 0.6223 0.0000 0.7291 0.3560 0.0003 0.0035 0.0008 0.0161 0.0329 0.0000 0.0168 
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Table 19. Weighted-normalized decision-making matrix and optimal results of building 3 (B3)  

Name of action Weighted-normalized matrix 

of SAW method 

Weighted-normalized matrix of 

MEW method 

Weighted-normalized matrix of 

COPRAS method 

 

 

SAW MEW 

COP-

RAS x1 x2 x3 x4 x1 x2 x3 x4 x1 x2 x3 x4 

Attic 

insulation A3 0.0210 0.0067 0.0055 0.1343 0.8399 0.4312 0.5179 0.5550 0.0049 0.0034 0.0048 0.0063 0.1675 0.1041 0.0281 

Facade 

insulation A6 0.0185 0.0067 0.0009 0.0204 0.8288 0.4312 0.3690 0.2291 0.0044 0.0034 0.0295 0.0413 0.0465 0.0302 0.0089 

Windows 

and doors A9 0.0415 0.0069 0.0004 0.0079 0.9037 0.5230 0.3498 0.2943 0.0098 0.0033 0.0393 0.0242 0.0567 0.0487 0.0148 

Tighte- 

ning of 

windows 

and doors A12 0.0078 0.0008 0.0108 0.0428 0.7561 0.3156 0.6511 0.6501 0.0018 0.0035 0.0014 0.0045 0.0622 0.1010 0.0377 

Recovery 

60% A15 0.0372 0.0230 0.0021 0.0238 0.8930 0.6957 0.4812 0.4932 0.0087 0.0129 0.0071 0.0081 0.0861 0.1474 0.0207 

Recovery 

80% A18 0.0501 0.0231 0.0021 0.0428 0.9221 0.6964 0.4812 0.6501 0.0118 0.0128 0.0071 0.0045 0.1182 0.2009 0.0256 

Heat 

pump A21 0.1070 0.0057 0.0005 0.0119 1.0000 0.0000 0.0000 0.0000 0.0252 0.0629 0.0283 0.0161 0.1251 0.0000 0.0283 

Adjust 

heat 

system A24 0.0127 0.0057 0.0179 0.1070 0.7960 0.4996 0.7159 1.0000 0.0030 0.0033 0.0009 0.0018 0.1433 0.2847 0.0593 
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Individual 

metering 

tap water A27 0.0067 0.0000 0.0067 0.0214 0.7437 0.0000 0.5962 0.4693 0.0016 0.0035 0.0023 

0.009

0 0.0349 0.0000 0.0244 

Individual 

metering 

heat A30 0.0127 0.0057 0.0067 0.0428 0.7960 0.4996 0.5962 0.6501 0.0030 0.0033 0.0023 0.0045 0.0679 0.1541 0.0364 

Solar 

collectors A33 0.0094 0.0419 0.0049 0.0178 0.7710 0.8014 0.5617 0.4308 0.0022 0.0055 0.0031 0.0108 0.0740 0.1495 0.0196 

Water taps A36 0.0094 0.0000 0.0033 0.0153 0.7710 0.0000 0.5225 0.4007 0.0022 0.0035 0.0046 0.0126 0.0280 0.0000 0.0185 
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Table 21. Initial decision-making matrix  

Alternatives 

x1
* x2

* x3
* x4

* x5
* x6

* x7
* x8

* x9
* x10

* x11
* x12

* 

min min min min max min max min min max max max 

Weights 

w1 w2 w3 w4 w5 w6 w7 w8 w9 w10 w11 w12 

0.14 0.1 0.09 0.01 0.12 0.03 0.12 0.02 0.25 0.08 0.02 0.02 

A1  0.72 37 43 24 52 59 74 33 15 1.2 6 7 

A2  0.64 22 32 23 83 43 80 18 10 1.2 8 8 

A3  0.62 22 32 22 90 42 82 20 8 1.2 8 8 

A4  0.79 50 46 34 40 106 62 41 17 1.1 6 5 

A5  0.77 51 46 30 41 112 63 45 19 1.2 5 6 

A6  0.72 39 42 25 64 63 78 30 15 1.2 7 7 

A0 0.1 0.1 0.1 0.1 100 0.1 100 0.1 0.1 1.5 10 10 

AG 0.65 25 32 25 80 50 80 20 10 1.2 8 8 

AS 0.75 40 43 25 50 100 70 40 15 1.2 6 6 

AB 0.8 60 48 50 50 200 60 50 20 1 5 5 
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Table 22. Normalized decision-making matrix  

Altern

atives 
x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 x12 

A1  0.0613 0.0026 0.0023 0.0040 0.0800 0.0017 0.0988 0.0029 0.0062 0.1000 0.0870 0.1000 

⁞ 

A6  0.0613 0.0025 0.0023 0.0039 0.0985 0.0016 0.1041 0.0032 0.0062 0.1000 0.1014 0.1000 

A0 0.4417 0.9742 0.9777 0.9677 0.1538 0.9869 0.1335 0.9699 0.9358 0.1250 0.1449 0.1429 

AG 0.0680 0.0039 0.0031 0.0039 0.1231 0.0020 0.1068 0.0048 0.0094 0.1000 0.1159 0.1143 

AS 0.0589 0.0024 0.0023 0.0039 0.0769 0.0010 0.0935 0.0024 0.0062 0.1000 0.0870 0.0857 

AB 0.0552 0.0016 0.0020 0.0019 0.0769 0.0005 0.0801 0.0019 0.0047 0.0833 0.0725 0.0714 

 

Table 23. Normalized and weighted decision-making matrix with solution results 

Alterna

tives 
x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 x12 Si Ki 

A1 0.0086 0.0003 0.0002 0.0000 0.0096 0.0001 0.0119 0.0001 0.0016 0.0080 0.0017 0.0020 0.0440 0.0745 

⁞ 

A6 0.0086 0.0002 0.0002 0.0000 0.0118 0.0000 0.0125 0.0001 0.0016 0.0080 0.0020 0.0020 0.0471 0.0798 

A0 0.0618 0.0974 0.0880 0.0097 0.0185 0.0296 0.0160 0.0194 0.2339 0.0100 0.0029 0.0029 0.5901 1.0000 

AG 0.0095 0.0004 0.0003 0.0000 0.0148 0.0001 0.0128 0.0001 0.0023 0.0080 0.0023 0.0023 0.0529 0.0897 

AS 0.0082 0.0002 0.0002 0.0000 0.0092 0.0000 0.0112 0.0000 0.0016 0.0080 0.0017 0.0017 0.0423 0.0716 

AB 0.0077 0.0002 0.0002 0.0000 0.0092 0.0000 0.0096 0.0000 0.0012 0.0067 0.0014 0.0014 0.0377 0.0639 

 

Table 24. Saaty, Original and integrated weights of all 12 criteria 

 x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 x12 Σ 

Original 0.10 0.09 0.09 0.06 0.09 0.07 0.09 0.07 0.11 0.09 0.07 0.07 1 

Saaty 0.13 0.10 0.10 0.02 0.12 0.04 0.12 0.03 0.21 0.08 0.02 0.03 1 

Integrated 0.14 0.1 0.09 0.01 0.12 0.03 0.12 0.02 0.25 0.08 0.02 0.02 1 
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