
 

 

 

A DECISION-MAKING 

FRAMEWORK FOR 

ENHANCING CLIENT WELL-

BEING  

When designing windows and blinds 

 

 

 

 

 
 

Elaheh Jalilzadehazhari 

 

 

 

 

 

 

 

 

 

Department of Forestry and Wood Technology 

Linnaeus University 

Växjö 2019 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



i 

 

Abstract 

The current state of window and blind design moves beyond evaluating a single 

function, such as energy consumption, to include a human perspective in 

architectural design approach to create value. A current thought among 

architects and design professionals is that the highest value outcomes can be 

obtained when any architectural design contributes to enhanced well-being. 

Previous studies show that an individual’s well-being is determined by five 

main life domain factors: health, economy, personality, demographic variables 

and behavior variables. However, the life domain factors health and economy 

show stronger and more positive correlations to well-being. At this point, value 

creation within architectural design context, including window and blind 

design, can be seen as an attempt to enhance well-being by improving health 

and providing economic benefits for clients. Clients can represent i) owners who 

own a built asset, ii) investors who commit capital and expect to obtain financial 

return, or iii) occupants who live or work in the building every day. In the 

context of owner-occupied buildings, the value creation process is mainly seen 

as an attempt to enhance well-being for one entity by improving health and 

providing economic benefits. When considering investment properties or assets 

held for sale, the value creation process is mainly translated into an attempt to 

enhance well-being for several entities by improving health for occupants and 

providing economic benefits for owners and/or investors.     

Selecting a window and blind design to enhance client well-being remains a 

challenging task due to three main difficulties. The first difficulty relates to the 

contradictory effects of windows and blinds on visual and thermal comfort, 

energy consumption and life cycle cost. The second difficulty is the availability 

of a variety of window and blind designs in different sizes, positions and forms, 

making the selection of windows and blinds an intricate decision challenge for 

architects and designers. The third difficulty involves decisions about the 

selection of windows and blinds that should include all criteria and their 

interactions simultaneously.  

To resolve the abovementioned difficulties, this research applied the 

analytical hierarchy process (AHP) as a multi-criteria decision-making method 

to select a window and blind design based on a trade-off between visual 

comfort, thermal comfort, energy consumption and life cycle cost. The analyses 

of results show the capability of AHP in resolving difficulties, however its 

application is mainly limited to a small number of designs. To overcome this 

limitation, a decision-making framework was developed based on integration 

between non-dominated sorting genetic algorithm-II (NSGA-II) as an 

optimization algorithm and AHP. The strength and limitations of the decision-

making framework were later tested by employing it in window and blind 
design practice. To investigate further benefits from the implementation of the 
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framework, it was expanded by evaluating additional building envelopes, i.e. 

windows as well as external walls, roof and floor constructions, which made it 

possible to select a trade-off construction solution. The analyses of results show 

the framework’s ability to resolve difficulties and locate a trade-off design in a 

relatively short period of time. However, the decision-making framework only 

allows the analysis of the objective criteria for evaluating visual comfort, 

thermal comfort, energy consumption and life cycle cost. This is because it is 

necessary to rely on the creativity of the architects and designers when 

designing windows and blinds in order to consider subjective issues. 

The decision-making framework can be used either by design teams or 

customer service experts in window manufacturing companies. A literature 

study was therefore conducted to extend the technology acceptance model and 

thereby investigate the determinants of framework user acceptance of the 

decision-making framework. The results showed that organizational, 

individual, technological and environmental characteristics were the most 

influential external variables when investigating determinants of framework 

user acceptance of the framework. Organizational characteristics included top 

management support, training, organizational culture, and organizational size, 

while individual characteristics included the users’ previous knowledge and 

experience. Technological characteristics embraced information quality and 

system quality, meanwhile environmental characteristics comprised fulfillment 

of regulations and competitiveness.  

 

 

Keywords: Value creation, Well-being, Multi-criteria decision-making, 

Analytical hierarchy process, Non-dominated sorting genetic algorithm-II, 

Technology acceptance model 
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Sammanfattning 

Utformningen av fönster och solskydd omfattar idag mer än att utvärdera en 

enda egenskap såsom energiförbrukning. Istället är fokus på helheten med det 

mänskliga perspektivet i design med syftet att skapa värde. De högsta värdena 

kan uppnås när en arkitektonisk design bidrar till att förbättra välbefinnandet 

hos människan. Välbefinnandet kontrolleras av de fem huvudsakliga faktorerna 

hälsa, ekonomi, personlighet, demografi och beteendevariabler. Bland 

faktorerna visar hälsa och ekonomi starkast och mest positivkorrelation med 

välbefinnande. En design kan skapa värde när det ökar kunders välbefinnande 

genom att förbättra hälsan och stärka ekonomin. Kunderna representerar bland 

annat ägare som äger en byggnad, investerare som satsar kapital och förväntar 

sig att få ekonomisk avkastning och boende som bor eller arbetar i byggnaden 

varje dag. Att skapa värde i samband med privata fastigheter kan ses främst som 

ett försök att öka välbefinnandet för vissa intressenter genom att förbättra hälsan 

och stärka ekonomin. Att skapa värde när man bygger fastigheter för uthyrning 

eller försäljning kan ses främst som ett försök att öka välbefinnandet genom att 

förbättra hälsan för boende och stärka ekonomin för ägare eller investerare.  

Att välja ett fönster och ett solskydd för att förbättra kundernas välbefinnande 

förblir en utmanande uppgift på grund av tre huvudsakliga svårigheter. Den 

första svårigheten avser de motsägelsefulla effekterna av fönster och solskydd 

på visuell och termisk komfort, energiförbrukningen och livscykelkostnaderna. 

Den andra svårigheten handlar om tillgången på ett stort antal olika fönster- och 

solskyddsdesign i olika storlekar, placeringar och former, vilket leder till att 

valet av fönster och solskydd blir till ett komplicerat problem. Den tredje 

svårigheten innebär beslut om val av fönster och solskydd som borde fokusera 

på alla kriterier (relaterade till den visuella och termiska komforten, 

energiförbrukningen och livscykelkostnaderna) och deras interaktioner 

samtidigt. 

För att lösa de ovannämnda svårigheterna användes den Analytical Hierarchy 

Process (AHP) metoden för att välja fönster och solskyddsdesign baserad på 

avvägning mellan visuell komfort, termisk komfort, energiförbrukningen och 

livscykelkostnaderna. Resultaten påvisar AHP metodens förmåga att lösa 

svårigheter men dess tillämpning är huvudsakligen begränsad inom ett litet antal 

designalternativ. För att övervinna denna begränsning utvecklades ett ramverk 

för beslutsstöd baserat på en integration mellan Non-dominated sorting genetic 

algorithm-II (NSGA-II) som en optimeringsalgoritm och AHP. Styrkan och 

begränsningarna angående användningen av ramverket testades senare genom 

att användning i designprocessen. För att undersöka möjligheter med ramverket 

utvidgades användningen genom att använda det för att utvärdera andra detaljer 

på klimatskärmen d.v.s. fönster såväl som ytterväggar, tak- och 

golvkonstruktioner. Resultaten visar ramverkets förmåga att lösa svårigheter 

och hitta lämplig designalternativ. Emellertid tillåter ramverket endast analys 
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av objektiva kriterier för visuell komfort, termisk komfort, energiförbrukning 

och livscykelkostnader. Att ta hänsyn till subjektiva frågor beror därför på 

arkitekternas kreativitet när de utformar fönster och solskydd. 

Det Beslutsstödjande ramverket kan användas av designteam eller av 

kundstöd hos ett företag som tillverkar fönster. En litteraturstudie genomfördes 

för att utvidga en Technology Acceptance Modell (TAM) och därmed 

undersöka om designteam eller kundstöd har viljan att använda ramverket i 

praktiken. Resultaten visade att organisatoriska, individuella, tekniska och 

miljömässiga egenskaper var de mest inflytelserika externa variablerna vid 

undersökning av användarnas acceptans av ramverket. Organisatoriska 

egenskaper inkluderade ledningens stöd, utbildning, organisationskultur och 

organisationsstorlek, medan individuella egenskaper innehöll användarnas 

tidigare kunskaper och erfarenheter. Teknologiska egenskaper omfattade 

informationskvalitet och systemkvalitet, samtidigt som miljökarakteristik 

omfattade uppfyllande av regler och konkurrenskraft. 

 

Nyckelord: Värdskap, Välbefinnandet, Multikriterieanalys vid beslutsfattning, 

Analytical hierarchy process, Non-dominated sorting genetic algorithm-II, 

Technology acceptance model 
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Introduction 

A brief history of window design in Sweden 

Window design in Sweden has greatly evolved over the past centuries. Up until 

the mid-19th century, architects and carpenters put their own character into and 

were heavily involved in the aesthetic aspects of the window design, particularly 

wooden windows (Antell & Lisinki, 1988). The accessibility of wood materials 

has historically had a profound influence on the popularity of wooden windows 

in Sweden. During the earlier period of the Neoclassism era in the 18th century, 

wooden windows with transoms were commonly featured on facades, while T-

shaped windows were most prevalent throughout the latter part of the era (Antell 

& Lisinki, 1988) (Figure 1). Windows characteristic of the 1890s have mullions 

and transoms. The two upper panes were almost square, while the ones below 

the transom were larger and rectangular (Antell & Lisinki, 1988). The transom 

was needed to enable the slender casements made of heartwood to support the 

large panes of glass. The windows were single glazed and opened outwards. 

During the cold winter season, the windows were supplemented internally with 

loose inner casements that opened inwards and had to be sealed by means of 

adhesive strips (Antell & Lisinki, 1988). Window frames were painted with an 

oil paint in a darker color, such as brown or gray-green (Stenbacka & Stenbacka, 

2010).   

 
Figure 1 Schematic illustration of a window during the Neoclassism era (produced by 

author) 
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During the Art Nouveau period from 1900 to 1910, windows were divided into 

two or three vertical casements (Antell & Lisinki, 1988) (Figure 2). A horizontal 

transom, arched or straight with small glazing bars, was also considered when 

designing windows (Figure 2). The glazing bars had no structural function and 

were merely used for aesthetic purposes (Antell & Lisinki, 1988). The inward-

opening, coupled casement became more common from this point onwards. 

With this new structure, the frames became more robust. Window frames were 

painted in slightly stronger colors, such as green or venetian red (Stenbacka & 

Stenbacka, 2010).   

 

 
Figure 2 Schematic illustration of a window during the Art Nouveau era (produced by 

author) 

During the classism period of the 1920s, windows were of a similar design, 

inspired by antiquity and the classic ideal. Windows normally had two 

casements separated by a mullion. Glazing bars were still common, and 

windows were divided by having three window panes in each casement (Antell 

& Lisinki, 1988). Window frames were painted white or gray, but gray-green, 

blue-gray and brown were also used (Stenbacka & Stenbacka, 2010). Over the 

course of the functionalist era of the 1930s, window design in Sweden became 

simplified (Bedoire, 2015). Windows in this period had a centered mullion with 

no glazing bars (Antell & Lisinki, 1988) (Figure 3). Window frames were 

painted white or the same color as the facade, but sometimes they were painted 

a different color, like dull gray-green. Simplicity in window design was pursued 

during the Swedish welfare state period [Folkhemsbygget], which lasted from 

approximately 1940 to 1960 (Bedoire, 2015). Windows had symmetrical and 

uniform shapes with no glazing bars. Window frames were mostly painted 

white. During the “Million Program” [Miljonprogrammet] from 1960 to 1975, 

windows were frequently square and positioned in a horizontal strip along the 

facade (Bedoire, 2015). In addition, a separate narrow ventilation frame was 

introduced in this period so that the room could be aired (Bülow-Hübe, 2007).  
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Figure 3 Schematic illustration of a window during the Functionalism era (produced by 

author) 

The oil crisis of 1973 was a driving force in the establishment of energy 

efficiency codes in Sweden, shifting the focus from the appearance of the 

windows to their energy performance (Bülow-Hübe, 2007). New codes known 

as SBN 75 were set, which only allowed the installation of windows with 

maximum 15% of wall area and u-value of 2 (W/m². K) (Bülow-Hübe, 2007). 

Further changes in energy codes in 1988, known as NR1 BFS 1988:18, had laid 

down requirements for whole building performance rather than the performance 

of building envelopes (B. National board of housing building and planning, 

1988). This meant that windows with larger U-value than 2 (W/m². K) could be 

used in construction if the average U-value of all envelopes did not exceed a 

permitted value. The BFS codes were modified a number of times due to 

changes in national and international regulations. BFS 2011: 6 with 

amendments through 2018: 4 (BBR 26) is the applicable energy code at the time 

that this research was conducted in 2019 (Martinsson, 2018; National board of 

housing building and planning, 2018b). 

 

Current state of window design in Sweden 

The current state of window design, especially in Sweden, moves beyond 

evaluating a single function, such as energy consumption, to include a human 

perspective in architectural design approach1  to create value (Attaianese & 

Duca, 2012; Kopec, 2017; Petermans & Pohlmeyer, 2014). To advance toward 

any such approach, there is a need to answer two fundamental questions: “What 

is value?” and “Whose value?”. Although, it is difficult to give a precise answer 

to these questions, one should specify the context (Warren, McGraw, & Van 

Boven, 2011) and time perspective (Emmitt, Christoffersen, & Sander, 2005; 

Thyssen, Emmitt, Bonke, & Christoffersen, 2008) when defining value because 

                                                        
1 Architectural design is defined as “design of a building as embedded in tangible medium of expression, 

including a building, architectural plan and drawings. The work includes overall form as well as the 
arrangement and composition of spaces and elements in the design, …” (Sido, 2006: p259). 
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the definition of value and its perception changes over time (Emmitt et al., 2005; 

Thyssen et al., 2008). In the following, an attempt was made to answer the 

questions above by tracing the changes in the definition of value in an 

architectural design context2.  

 

What is value? 

The earliest attempt to define value in an architectural design context dates back 

to 27 BC (Levy, 2009), when ancient Roman architect Marcos Vitruvius Pollio 

discussed three basic values of architecture, namely use, experience and future 

(Hendriks, Janssen, van den Dobbelsteen, & Xing, 2004). Use refers to the 

functionality and utility of a building, experience relates to the aesthetic aspects 

of a building, and future concentrates on a building’s stability since a building 

should last (Hendriks et al., 2004). Later, Leon Battista Alberti, an architect 

during the Italian Renaissance, contributed to Vitruvius’s value discussion, 

stating that architectural design is only valuable when it serves human needs, 

convenience and pleasure (De Zurko, 1957). The definition of value within 

architectural design and its perception has changed over the past centuries to 

acknowledge novel needs. During the development of the Gothic style in the 

12th and 13th centuries, architects put great effort into generating and exhibiting 

aesthetic values when designing buildings (Bony, 1983). At the end of 18th 

century, the Gothic style (known as the Gothic Revival period) served as a 

vehicle to represent Christian values (den Hartog, 2014; Henry, 1993, p.35). 

Use values in terms of functionality and utility were readopted through the 

modernist architecture that emerged in the late 19th century (Schumacher, 

2011). The modernist architecture adhered to Louis Sullivan’s famous phrase 

“Form Follows Function” (Greene, 2017). However, modernism was later 

criticized as bringing rigid consistency and austere formality into the 

architectural design (Wertheimer, 2004, p.154), which sanctioned the birth of 

postmodern architecture (Ferraris & Segre, 1988). Postmodern architecture 

                                                        
2 The definition of value in an architectural design context differs from its definition within construction. 

The definition within the construction process is grounded on Aristotle’s interpretation, who regarded it 

as a commodity’s utility and provided a distinction between “value in use” and “value in exchange” 
(Jaffe & Lusht, 2003). “Value in use” referred to the satisfaction acquired when using a commodity, 

while “value in exchange” was the amount of services or goods to be exchanged for the commodity 

(Jaffe & Lusht, 2003). Aristotle’s distinction provided the main cornerstones of modern value theories: 
labor theory of value, the marginal theory of value, the Sraffian theory of value (K. S. Taylor, 2001), etc. 

Within the construction process, the definition of “value in use” is close to the definition of “benefits” 

(Urizar, 2012) or definition of “quality”(Aliakbarlou, Wilkinson, & Costello, 2017), which is best 
understood as something advantageous and good, therby it can be long-lived (Urizar, 2012). In contrast, 

“value in exchange” is known as bare “value”, which is based on gains that are short-lived and have 

intrinsic worth (Urizar, 2012). The value for money theory was widely used in construction to investigate 
whether a construction project delivered predetermined benefits for resources used. Following the value 

for money theory, benefits delivered refers to both economic and subjective benefits, while resources 

used refers to the money for raw material resources, human resources, technical resources, etc.   
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attempted to put cultural and social values in focus and used symbolism to 

emphasize the context of cultural identity (Mankus, 2014). Postmodernism can 

be considered a reaction to modernism. It included symbolic components 

beyond the bare necessities, while modernism was characterized by lack of 

ornamentation and bare functional necessities (Lynn, 2010).  

A current thought among architects and design professionals is that the 

highest value outcomes can be obtained when any architectural design 

contributes to enhanced well-being3 (Loftness, Hakkinen, Adan, & Nevalainen, 

2007; Rassia & Pardalos, 2012). Well-being has traditionally been studied 

within two overlapping yet distinct traditions: the Eudaimonic tradition, which 

relies on realization of human potential and tries to realise the true nature of a 

human (Ryan & Deci, 2001), and the Hedonistic tradition, which concentrates 

on human pleasure and happiness (Ryan & Deci, 2001). From a Eudaimonic 

perspective, an architectural design should bring about long-term benefits that 

help a person to strive for higher goals and excellence (Stevens, Petermans, & 

Vanrie, 2019). But, from a Hedonic perspective, an architectural design should 

focus on short-term benefits that contribute to momentary pleasure and fleeting 

emotions (Stevens et al., 2019). One of the contemporary approachs 4  in 

studying well-being is subjective well-being (Diener, 1984), which comprises 

two main components: core affect and cognitive interpretation (Robert A 

Cummins, 2010; Kryza-Lacombe, 2016). Core affect refers to generation of 

pleasant and unpleasant feelings (Russell, 2003), while cognitive interpretation 

refers to the ability of individuals to memorize, concentrate, reason, plan and 

solve tasks5 (Zhang & Dear, 2016). According to Diener (1984), an individual’s 

                                                        
3 Analysis of previous studies regarding well-being shows the existence of a wide variety of definitions 

attributed to the term well-being (R. A. Cummins, 1997a, 2014a), such as quality of life (SWB: Cini, 
Kruger, & Ellis, 2013), happiness (Seidlitz & Diener, 1993), and positive feeling about the self (Chang 

& Nayga, 2010; Veenhoven, 2010). In the absence of a definition for well-being, Singh (2016) suggests 
the application of three strategies: “i) To decide on a personally satisfying set of terms, where each one 

is defined according to a specified rationale based on the literature. This may be informed by previous 

scholarly opinion and the known content of specific measurement scales. ii) To phrase (as author) or 
rephrase (as reader) the terminology in question, using the rules established under (i). And iii) in 

circumstances where a metric cannot be clearly specified, to use some generic term such as ‘subjective 

life quality’ if the metric is derived from subjective variables, or ‘well-being’ if it is a mixture of objective 
and subjective”. This study is therefore grounded on Diener (1984) explanation of well-being. This 

decision was made since Diener (1984) work in the field of well-being was highly appreciated by other 

studies (Singh, 2016).  
4 Design for well-being is the other approach that has recently become a topic of discussion among 

designers, social scientists, and philosophers (Brey, 2015). Four main scientific studies have been used 

when implementing the design for well-being approach: emotional design, capability approaches to 
design, positive psychology, and life-based design (Brey, 2015). The design for well-being approach is 

still young and not much work has been done as yet to apply it in an architectural design context (Brey, 

2015; Friedman, Kahn, & Borning, 2002).  
5 Studies by Diener (1984) and Diener, Suh, Lucas, and Smith (1999) considered pleasant and unpleasant 

feelings as two separate components. Accordingly, Diener (1984) proposed three main components for 

subjective well-being, i.e. pleasant feelings, unpleasant feelings and cognitive interpretations. However, 
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subjective well-being is determined by five main life domain factors: health, 

economy, personality, demographic variables6 and behavior7 variables. Here, 

health refers to a state of complete mental, social and physical health (Diener, 

1984). The life domain factors health and economy show stronger and more 

positive correlations8 to well-being (Diener, 1984). Based on this last statement, 

it follows that an architectural design can enhance well-being when it 

contributes to improved health and is mindful of economy. Comparably, Kopec 

(2017) noted that, while prioritizing health is an important issue in the 

architectural design process, it is similarly important to have a balance between 

health and economy to enhance well-being. At this point, value creation9 in the 

architectural design context, including selection of a window design, is seen as 

an attempt to enhance well-being by improving health 10  and providing 

economic benefits. However, further questions may rise about stakeholders of 

the value creation process, making it necessary to answer the second question, 

“Whose value?”. 

 

Whose value? 

A careful answer to the second question, “Whose value”, relies on specifying 

which stakeholders11 are involved in different phases of the architectural design 

process, especially those who participate in decision-making when selecting a 

window design as well as those affected by those decisions. The architectural 

design process comprises five main phases: schematic design, design 

development, construction drawings and construction documents, bidding and 

contract negotiation, and finally construction administration (AIA, 2014). 

Decisions for selecting a window design are mainly made during the first three 

phases of the architectural design process (Smith, 2012), which involve back-

and-forth deliberations between stakeholders (Bennett, 2007). The main 

objectives of the schematic design phase are to develop a feasible concept based 

                                                        
Robert A Cummins (2010) concurred with Russell (2003) that pleasant and unpleasant feelings are both 
emotional reactions.  
6 Demographic variables include age, gender, race, employment, education and marital status (Diener, 

1984). 
7 Behavior variables include social contact and physical activities (Diener, 1984). 
8 This correlation remains even when other life domain factors are controlled (Diener, 1984). 
9 Emmitt et al. (2005) concentrated on the construction process rather than architectural design and 
classified the value creation process into three categories: value design, transformation from value design 

to value delivery, and value delivery. The first category comprised evaluation of client needs and 

development of conceptual designs (Emmitt et al., 2005); it mainly complied with architectural design 
process. The second category included bidding and signing of contracts, while the third category referred 

to construction, control and facility, and operational and management activities (Emmitt et al., 2005).  
10 The effect of window design on health is explained in Appendix 1. 
11 The word “stakeholder” is defined as individuals or groups/ organizations who contribute to a 

building project and have some aspect of ownership or right in it (Molwus, 2014). Stakeholders will 

incur losses or benefits as a result of their involvement in the project either through the project or 
through the outcomes of the project (Molwus, 2014). 
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on client expectations, specify design alternatives and estimate construction 

costs (AIA, 2014; Smith, 2012). In this phase, architects work closely with 

clients to identify potential problems when selecting a window design and 

provide solutions to meet client expectations (Sabo, 2008; Smith, 2012). In the 

course of resolving problems, architects provide multiple design alternatives 

that clients may or may not accept (AIA, 2014; Smith, 2012).  

The design development phase begins when the client approves the schematic 

design, however these two phases may overlap when there is a need to modify 

the design (Sabo, 2008). The design development phase is meant to develop the 

approved schematic design into a more comprehensive set of drawings and 

sometimes illustrations (Sabo, 2008). During the second phase, architects should 

work with several engineers and consultants to prepare all necessary drawings 

and obtain the client’s approval (Sabo, 2008; Smith, 2012). Many details, 

including details regarding window design, can be changed during the design 

development phase to address conflicts that occur between the multiple 

architectural, mechanical, structural and electrical components (Sabo, 2008). 

Architects should update and revise the cost estimates based on changes and 

present it to the client (Sabo, 2008; Smith, 2012).   

During the construction drawings and construction documents phase, 

architects, engineers and consultants coordinate all drawings to ensure that all 

architectural, mechanical, structural and electrical components fit together in an 

economical and logical manner (Sabo, 2008). Although it is possible for a 

design, including window design, to undergo a significant change during the 

construction drawings and construction documents phase, it requires too much 

effort and time to be performed. The changes may arise when i) county officials 

reject some aspects of the design, ii) costs have been underestimated, iii) there 

is a lack of funding, and iv) the client reconsiders some design aspects (Sabo, 

2008). Later, architects should assist clients in preparing for the fourth phase: 

bidding and contract negotiation.  

Evaluating the first three phases of the architectural design reveals that 

architects, engineers, consultants and clients are the main stakeholders 

participating in decision-making when selecting a window design and also are 

affected by those decisions. Comparably, Aapaoja and Haapasalo (2014) 

specified architects, engineers, consultants and clients as the main stakeholders 

who have the definite power and legitimacy to contribute to architectural design 

decisions. Architects, engineers and consultants are mainly known as the design 

team (AIA, 2014) or delivery team (Emmitt et al., 2005). Although, both design 

team and clients have their own values12 (Emmitt et al., 2005), attempts to 

                                                        
12 Emmitt et al. (2005) focused on the construction process and defined the design team’s value as 

internal value, which represented the way architects, engineers and consultants as members of a design 
team work together to develop the client’s value (Emmitt et al., 2005). But, they described the client’s 

value as an external value that was the end goal of an architectural design process. External value was 

divided into process value and product value (Emmitt et al., 2005). Process value referred to providing 
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enhance well-being by improving health and providing economic benefits create 

value for clients (Kopec, 2017).  

Clients are those who perform or allow the performance of building, 

construction, demolition or other site works (National board of housing building 

and planning, 2019). A client can be an individual or a company, housing 

association, municipality or another authority (National board of housing 

building and planning, 2019). Furthermore, clients can represent i) owners who 

own a built asset, ii) investors who commit capital and expect to obtain financial 

return, or iii) occupants who live or work in the building every day (Emmitt et 

al., 2005; Ryd, 2004). In the context of owner-occupied buildings (either 

residential or office buildings), clients represent mainly one entity who 

participates in decision-making when selecting a window design. At this point, 

the value creation process is seen as an attempt to enhance well-being for one 

entity by improving health and providing economic benefits. When considering 

investment properties 13  or assets held for sale 14  (either residential or office 

buildings), owners, investors and occupants are mainly considered separate 

entities (Petermans & Pohlmeyer, 2014). The selection of a window design for 

investment properties or assets held for sale was often the result of collaboration 

between the design team, owners and/or investors (Stevens, 2014). Although 

occupants are not usually involved in design decisions for any such property, 

they benefit from enhanced well-being by improving health, while owners and 

investors are likely to have lower cost. Hence, the value creation process is 

translated into an attempt to enhance well-being for several entities by 

improving health for occupants and providing economic benefits for owners 

and/or investors.     

Problem area  

Selecting a window design to enhance client well-being and meet their various 

expectations remains a challenging task due to three main difficulties. The first 

difficulty relates to the conflicting effects of windows on health and economy. 

For instance, added knowledge regarding the benefits of daylight and its role in 

improving health can become a strong case for having an enlarged window area 

to increase daylight penetration and improve visual comfort (Mangkuto, 

                                                        
the client the best experience during construction, and included soft value, hard value and actual value 

(Emmitt et al., 2005). Soft value referred to conflict solving, ethics and communication between the 

design team and the client, while hard value referred to accuracy in relation to time, cost estimates and 
safety (Emmitt et al., 2005). Actual value came from the construction process, for instance when children 

learned about safety during the construction of a kindergarten (Emmitt et al., 2005). For Emmitt et al. 

(2005), product value was mainly derived from Vitruvius’s values. 
13 Investment property is land or a building held for capital appreciation or to earn rentals or both (IAS 

40, 2019).  
14 Assets held for sale are long-lived assets (including properties) that are produced (constructed) to be 
sold (IFRS 5, 2019).  
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Rohmah, & Asri, 2016). However, larger windows increase the risk of 

overheating and glare (Al horr et al., 2016; E. S. Lee & Tavil, 2007; L. Taylor, 

Watkins, Marshall, Dascombe, & Foster, 2014). At this point, having blinds can 

largely help to control solar gain through windows and reduce overheating and 

glare (Avasoo, 2007; E. S. Lee & Tavil, 2007). Controlling overheating 

improves occupants’ health (Mostavi, Asadi, & Boussaa, 2017) and 

consequently boosts their ability to perform cognitive interpretation (Zhang & 

Dear, 2016). Results presented by Zhang and Dear (2016) show that a cooling 

set point of 22°C promoted cognitive performance slightly among university 

students, while a cooling set point of 24°C caused a decline in cognitive 

performance. Furthermore, results confirmed that complex cognitive tasks are 

more likely to be sensitive to changes in the cooling set point than simpler tasks 

(Zhang & Dear, 2016). In a similar way, controlling glare contributes to better 

ability to perform cognitive interpretation (Rodriguez, Yamín Garretón, & 

Pattini, 2016). However, larger windows together with blinds increase the life 

cycle cost by increasing energy consumption, investment (O'Brien, Kapsis, & 

Athienitis, 2013) and maintenance costs (Nikoofard, Ugursal, & Beausoleil-

Morrison, 2014). In the case of the owner-occupied properties, although clients 

are mainly considered as a single entity, increased life cycle cost has a negative 

impact on their well-being (Welsch & Biermann, 2014) since it can deteriorate 

the individual’s economy (Jorgenson, Alekseyko, & Giedraitis, 2014). In the 

context of investment properties or assets held for sale, when improving health 

results in a notable increase in life cycle cost, it may put owners and investors 

in a situation where they follow the immediate economic benefits rather than the 

long-term health benefits for occupants (visual and thermal comfort).   

The second difficulty relates to the availability of a variety of window and 

blind designs in different sizes, positions and forms, and with distinct 

specifications that makes the selection of a window and blind design an intricate 

problem for design teams and clients. The third difficulty involves including all 

criteria and their interactions simultaneously when selecting windows and 

blinds (Zemella, De March, Borrotti, & Poli, 2011). Accordingly, decisions 

based on a single criterion are not recommended (Monghasemi, Nikoo, Fasaee, 

& Adamowski, 2015; Zemella et al., 2011). The abovementioned difficulties 

make the selection of a window and blind design a rather complicated 

multidimensional decision problem.  

Attempts to resolve any such multidimensional decision problem start by 

increasing information gain through further deliberations (Elwyn & Miron‐

Shatz, 2010) during the first three phases of the architectural design process. 

Additional deliberations between the design team, client and customer service 

experts of a manufacturing company can provide profound information when 

selecting a window and blind design because the customer service experts have 



10 

 

extensive knowledge about the availability of a variety of windows and blinds15 

and their specifications (personal interview at Elitfönster, 2019). Currently in 

Sweden, the customer service experts are often not involved in decisions when 

selecting a window and blind design (personal interview at Elitfönster, 2019). 

Lack of deliberations with customer service experts can confine the design team 

and client to a limited number of window and blind designs. Consequently, lack 

of deliberations decreases the likelihood of selecting a suitable design that 

resolves difficulties in order to enhance client well-being.  

Aim and objective  

This research attempts to address the difficulties discussed previously and aims 

to create value for clients by enhancing their well-being16 by improving health 

and providing economic benefits when selecting a window and blind design. 

However, to approach this aim, there is a need for a decision-making framework 

that bridges the deliberation gap between design team, client, and customer 

service experts in order to resolve difficulties when selecting a window and 

blind design. The decision-making framework can be used by either the design 

team or customer service experts in a window manufacturing company. Any 

such framework enables the manufacturing company to play an influential and 

active role in design decisions to enhance client well-being, rather than acting 

only as a supplier17. Hence, the objective of this research is: 

 

To develop a decision-making framework in order to resolve difficulties in 

selecting a window and blind design, thereby creating value for clients by 

enhancing their well-being.  

Research questions  

1- How can difficulties when selecting a window and blind design be resolved? 

 

2- How can one overcome limitations of the application of a multi-criteria 

decision-making method when selecting windows and blinds? 

 

                                                        
15 Analyzing a wide variety of windows and blinds is essential when selecting a suitable design for 

improving visual comfort, thermal comfort, energy consumption, and life cycle cost. For instance, 

glazing systems with an identical energy performance (U-value) can yet have different visual 
transmittance, whereby they will have a distinct effect on visual comfort, thermal comfort, energy 

consumption, and life cycle cost. 
16 This study makes no claim that it thoroughly enhances an individual’s well-being. It instead attempts to 

contribute to enhanced well-being. As Seligman (2012, p.24) says “no one element defines well-being, but 

each contributes to it”.   
17 More details about the role of window and blind manufacturing companies in the construction supply 
chain in Sweden can be found in Nordstrand (2008). 
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3- What are the main determinants of user acceptance of a decision-making 

framework? 

Limitations 

The limitations of this study are defined as follows: 

 

1- Since this research concentrates on window and blind design in Sweden, 

analyses and simulations were performed from a Swedish standard perspective. 

Furthermore, all simulations were accomplished using Swedish climate data, as 

simulation models should mimic the real environment to produce accurate 

results. For instance, the properties of used materials, heating, ventilation and 

air conditioning (HVAC) systems and other attributes of buildings are based on 

common construction practices in Sweden.  

 

2- In performing this research, the acoustic performance of windows was not 

analyzed. Acoustic performance is highly dependent on the structure of a 

window (including its mass, cavity gap width, airtightness and acoustical 

insulation around the cavity space) and is affected by the window production 

and manufacturing process (Muneer et.al, 2000). But, the window and blind 

design deals with products that are already available on the Swedish market.    

 

3- The correlation between indoor air quality and operability of windows was 

not studied because air quality should be analyzed together with ventilation 

systems (Al horr et al., 2016), which requires good understanding of different 

components of the ventilation system. Furthermore, it requires an in-depth study 

considering the performance of various ventilation systems available on the 

Swedish market.   

 

4- In this study, the correlation between the nature view (quality of view)18 

through windows and well-being has not been studied. This decision was made 

due to difficulties in assessing whether a window provides a nature view. 

Providing a nature view depends strongly on building location and urban design.  

                                                        
18 The correlation between nature views and well-being has been studied using the stress recovery theory 

(Ulrich et al., 1991) and attention restoration theory (Kaplan, 1995). According to the stress recovery 
theory, since humans evolved over a long period of time, people are physiologically adapted to nature 

(Ulrich et al., 1991). For instance, exposure to a nature view has a direct effect on levels of cortisol, also 

known as the stress hormone, in urine and blood (Ulrich et al., 1991). Attention restoration theory studies 
the correlation between nature views and health (a life domain factor) in terms of mental fatigue and 

information processing (Kaplan, 1995). According to this theory, nature views have less complexity than 

urban or artificial views. An increase in complexity obliges people to pay more involuntary and/or 
voluntary attention to their environment, which requires a good deal of effort and can cause mental 

fatigue (Kaplan, 1995). Having a nature view decreases mental fatigue (Kaplan, 1995),  improves ability 

to perform cognitive interpretation, and is associated with enhanced well-being.   
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5- Only energy demand for electric lighting, heating, cooling (to a certain 

temperature) and artificial ventilation has been calculated. Energy demand was 

not converted to primary energy, as this requires several assumptions regarding 

the supply system. For instance, a supply system can be a district heating and 

cooling system, onsite heat pump, solar panel and photovoltaic or fossil fuel 

boiler. Converting the energy demand to primary energy requires further 

evaluations regarding the efficiency of the supply system, which is beyond the 

aim of this research. 

 

6- No life cycle assessment was performed to evaluate the effect of various 

window and blind designs on the environmental sustainability of buildings. Any 

such assessment puts focus on different components of a completed building 

and evaluates its whole life cycle by including i) the assessment of raw material 

supply and production of construction products, ii) the analyses of construction 

and operation stages, and iii) the assessment of demolition stages, when 

materials will be recycled or disposed. Performing a life cycle assessment was 

outside of the aim of this research. 
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Methodology  

Research design  

This research is based on five original papers, following a logical sequence to 

advance toward value creation for clients by enhancing their well-being when 

selecting a window and blind design. The research started by conducting a 

literature study to gain new and deeper understanding of theory-based 

formulation of value, which helps to determine the value creation process within 

the architectural design context. In this research, the value creation process is 

seen as an attempt to enhance client well-being by improving health and 

providing economic benefits. The literature study was further used to specify 

the problem area and thereby delineate the research questions. Accordingly, 

three research questions were developed. Research question one, addressed in 

Paper I, concentrated on resolving difficulties when selecting a window and 

blind design. For this purpose, a multi-criteria decision-making (MCDM) 

method was used in Paper I that allowed the selection of a trade-off window and 

blind design to resolve difficulties. Application of a MCDM method involves 

evalating and prioritizing different preferences in the design process. The trade-

off design represented a design that improved visual and thermal comfort, 

thereby contributing to improved health. In addition, the relatively lower energy 

consumption and life cycle cost of the trade-off design provided economic 

benefits. Although the results obtained from Paper I showed the MCDM 

method’s capability to resolve difficulties, the method was only applicable 

within a limited number of window and blind designs. An attempt to overcome 

this limitation was made while answering the second research question and 

addressed in Paper II, Paper III and Paper IV. A decision-making framework, 

based on an integration between an optimization algorithm and the MCDM 

method, was developed in Paper II. The framework was then validated in Paper 

III. To investigate further benefits from the implementation of the framework, 
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it was extended and applied on a BIM19 model in Paper IV. This decision was 

made since both large and medium-sized construction companies in Sweden use 

BIM in the construction process. The decision-making framework was extended 

by evaluating additional building envelopes, namely windows as well as 

external walls, roof and floor constructions, which made it possible to select a 

trade-off construction solution. In addition, Paper IV discussed whether or not 

changing the prioritization of different preferences when applying a MCDM 

method affects final results. 

As previously mentioned, the decision-making framework can be used by 

either the design team or customer service experts in a window manufacturing 

company. However, benefits expected from implementing the framework could 

not be realized unless framework users accept its use in practice (Saadé & Kira, 

2007). The third research question, which concentrated on utilization of the 

framework, was addressed in Paper V. This paper investigated the determinants 

of framework-user acceptance of the framework, which affects their actual use. 

Finally, a conclusion was provided based on results obtained from the papers. 

Figure 4 presents the procedure applied in this research and coherence of papers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                        
19 BIM stands for Building Information Modeling. 
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Figure 4 The procedure applied in this research and the coherence of papers 
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be resolved?
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n The decision-making framework can resolve difficulties when 

selecting a window and blind design, thereby enabling value 
creation by enhancing client well-being by improving their health 
and providing economic benefits.
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Resolving difficulties 

Resolving difficulties enables value creation by enhancing client well-being by 

improving health and providing economic benefits. An attempt to resolve 

difficulties was made, while answering the first research question (page 10) and 

addressed in Paper I. 

 

Multi-criteria decision-making  

Paper I employs a MCDM method to resolve difficulties by selecting a trade-

off design, thereby enhancing client well-being when selecting a window and 

blind design. A MCDM method 20  includes different sub-methods (Si, 

Marjanovic-Halburd, Nasiri, & Bell, 2016). The Analytical Hierarchy Process 

(AHP) is a widely utilized MCDM method due to its flexibility and simplicity 

(Jato-Espino, Castillo-Lopez, Rodriguez-Hernandez, & Canteras-Jordana, 

2014). AHP was applied to resolve difficulties in different disciplines, such as 

indoor environment quality (Lai & Yik, 2009), passive design (Chong & 

Shyang, 2014), sustainability (Alwaer & Clements-Croome, 2010; Bhatt, 

Macwan, Bhatt, & Patel, 2010; Chandratilake & Dias, 2013; Markelj, Kitek 

Kuzman, Grošelj, & Zbašnik-Senegačnik, 2014; Wong & Li, 2008), and 

daylight performance (Arpacioglu & Ersoy, 2013).  

The AHP was applied in Paper I to test whether or not it helps to resolve the 

difficulties in selecting a window and blind design. Application of the AHP 

helps to select a trade-off window and blind design. Any such trade-off design 

should ensure suitable visual and thermal conditions to improve health. It should 

also have a relatively small energy consumption and life cycle cost to provide 

economic benefits. The application process in Paper I follows four main steps, 

presented by Podgórski (2015): 

 

1. Breaking down the multi-criteria decision-making problem into several 

stages, including the goal, the objectives of AHP and their respective criteria. 

This process creates a hierarchy model (Figure 5). In this research, the goal of 

AHP is to select a trade-off window and blind design. The objectives of the 

AHP include visual comfort, thermal comfort, energy consumption and life 

cycle cost (Figure 5). Criteria (C) refer to the metrics that help to quantify and 

evaluate the objectives. In this research, the main criteria for evaluating visual 

comfort comprise amount of daylight, glare and uniformity, while the main 

criteria for thermal comfort are Fanger metrics. Moreover, the main criteria for 

analyzing the energy consumption and life cycle cost include total energy 

                                                        
20 A MCDM method is one of the main methods for operating a model-driven decision support system 

in practice. The model-driven decision support system is a sub-discipline of the decision support 

system. A more detailed explanation of the decision support system and its taxonomies can be found in 
Appendix 3. 
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consumption and present value. Solutions in figure 5 represent window and 

blind design solutions or alternatives from which a trade-off design is selected.  

 

 
Figure 5 Illustration of AHP hierarchy model (Jalilzadehazhari, Johansson, Johansson, & 

Mahapatra, 2017) 

 

2. Performing pairwise comparisons among the objectives of AHP and later 

among their respective criteria. The pairwise comparisons should be conducted 

following the numerical ratings presented in Table 1. 

 
Table 1 Pairwise numerical rating 

 (Saaty, 2008) 

AHP, Relative 
importance  

 Numeric 
rating 

Equal importance Two factors contribute equally to the objective 1 

Somewhat more 

important 

Experience and judgment slightly favor one over the 

other 

3 

Much more important  Experience and judgment strongly favor one over the 

other 

5 

Very much more 

important  

Experience and judgment very strongly favor one over 

the other. Its importance is demonstrated in practice 

7 

Absolutely more 

important 

The evidence favoring one over the other is of the 

highest possible validity 

9 

Intermediate values  When compromise is needed 2,4,6,8 

 

 

This process generates a comparison matrix. Matrix A shows the developed 

comparison matrix among criteria.  
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A= 

 Criterion 1 Criterion 2 Criterion 3 Criterion 4 

Criterion 1 

[
 
 
 

  1                  𝑎1,2                    …              𝑎1,n   

 1/𝑎1,2                  1                    …              𝑎2,n   

…               …                  1            …   
1/𝑎1,n               𝑎n,2                  …             1   ]

 
 
 

 
Criterion 2 

Criterion 3 

Criterion 4 

   

 

Where 𝒂𝒊,𝒋 means that criteria i being compared to criteria j. On the diagonal of 

the matrix, 𝒂𝒊,𝒋  is equal to 1 since i = j. When the comparison matrix is 

developed, the weight of each criterion should be calculated by: 

 

 Calculating the sum of each column in the matrix (∑𝒂𝒋). 

 Dividing each 𝒂𝒊,𝒋 in column j by the calculated ∑𝒂𝒋 in the previous step 

(normalization of the matrix). 

 Obtaining the average of each row in the normalized matrix (𝒂′𝒊 ). 𝒂′𝒊 
represents the weight of a criterion in row i.  

 

3. Evaluating the performance of the solutions with respect to each criterion 

and obtaining the weight vector for the solutions. For this reason, a comparison 

matrix should also be developed by comparing the solutions in relation to each 

criterion (Matrix B). The weight calculation process is similar to step 2. 

 
 

 
 

B= 

 Solution 1 Solution 2 Solution 3 Solution 4 

Solution 1 

[
 
 
 

  1                         𝑎1,2                     …                  𝑎1,n 

 1/𝑎1,2                      1                   …                 𝑎2,n 

…                      …                1             … 
1/𝑎1,n                    𝑎n,2                …               1 ]

 
 
 

 
Solution 2 

Solution 3 

Solution 4 

 

 
4. Determining the global weight vector for each solution and ranking them to 

achieve a trade-off solution. The solution with the highest global weight is 

known as the trade-off solution. The global weight is the sum of the products of 

the weight of a given solution and weights of the criteria. For instance, if 𝑾𝒔,𝟏 is 

the weight of the first solution and 𝑾𝒄,𝒊 is the weight of the criteria i, then the 

global weight of the first solution is as equation 1: 

 

 

Global weight of solution 1 (𝐺𝑊1) = ∑Ws,1 × Wc,i

i=n

i=1

 

 

Eq. 1 

 

 

Pairwise comparisons should be performed based on client preferences as 
decision-makers by eliciting qualitative data (Triantaphyllou & Mann, 1995). 
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However, qualitative data cannot be considered as absolute data. Hence, clients 

are asked to use Table 1 and express their preferences by determining the 

relative importance of visual comfort, thermal comfort, energy consumption, 

life cycle cost as objectives of AHP and their relative criteria. Since pairwise 

comparisons are based on qualitative data that are crucial in the decision-

making process, their consistency in comparison matrixes should be tested. For 

this reason, a consistency ratio (CR) can be calculated for each matrix following 

equation 2. According to Ordouei, Elkamel, Dusseault, and Alhajri (2015), CR 

should be smaller than 0.1 and 0.08 for matrices with n > 3 and n = 3 

respectively.  

 

CR =
λmax − n

(n − 1) × RI
 Eq. 2 

 

Where; 

λ𝑚𝑎𝑥 is the maximum eigenvalue of the developed matrices in step 2; 

n is the number of elements in the developed matrices; 

 

RI or the random consistency index in eq. 2 is a reciprocal matrix (Hotman, 

2005). The average RI of sample size n = 10 is shown in Table 2.  

 
Table 2 Random consistency index (RI) 

n  1 2 3 4 5 6 7 8 9 10 

RI  0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49 

 

 

In addition, the sensitivity of the results obtained by AHP should be studied. 

According to Leonelli (2012), since global weights are obtained by performing 

qualitative pairwise comparison, it is necessary to control the sensitivity of the 

results. Performing this kind of analysis helps to make an informed decision 

(Leonelli, 2012). A sensitivity test evaluates the variation of global weights with 

respect to change in criteria weight (criteria weight can be changed by changing 

the pairwise comparisons). In this process, the global weight of a window and 

blind design solution is expressed as a linear function of the criteria weight 

(Leonelli, 2012). The linear function can be developed using equation 3. 

 

(GWi) =  
GWi

′′ − GWi
′

Wc,j
" − Wc,j

′
 × (Wc,j − Wc,j

′ ) + (GWi
′) Eq.3 

 

 

Where 

𝐺𝑊𝑖 is the global weight of ith solution when the weight of jth criteria is 𝑊𝑐,𝑗 
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𝐺𝑊𝑖
′  is the global weight of ith solution when the weight of jth criteria is 

changed to 𝑊𝑐,𝑗
′  

𝐺𝑊𝑖
′′  is the global weight of ith solution when the weight of jth criteria is 

changed to 𝑊𝑐,𝑗
"  

 

𝐺𝑊𝑖 and 𝑊𝑐,𝑖 are obtained following four steps, described before. 𝑊𝑐,𝑗
′  can be 

calculated by changing the pairwise comparisons in matrix A. Later, 𝐺𝑊𝑖
′ 

should be obtained based on 𝑊𝑐,𝑗
′  and using equation 3. In using equation 3, only 

two iterations are required to develop linear function between global weight and 

criteria weight (Leonelli, 2012). However, the accuracy of the linear function 

can be tested by calculating 𝑊𝑐,𝑗
"  and 𝐺𝑊𝑖

′′ and testing whether or not it lies on 

the linear function.  

Application of AHP in Paper I started by analyzing the performance of 

commonly used interior blinds in an office room located in Gothenburg, 

Sweden. The blinds included roller blinds, double pleated blinds and two types 

of venetian blinds with louver slats at 0° and 45°. The height of the blinds was 

changed from 10% to 100% of the window’s height and increased in 10% 

increments. This decision was made to determine whether a small blind has a 

positive effect on cutting the investment cost. Figure 6 shows a schematic 

illustration of the blinds and window heights studied.  

 

 

 
Figure 6 Studied window blinds (Jalilzadehazhari et al., 2017) 

 

Four blinds and ten heights created forty different possible combinations. The 

performance of each blind in relation to visual comfort was studied using the 

Rhinocore tool (Rhino3d, 2016) and the Diva for Rhino plugin. Rhinocore is 

used to develop 3D models for further analyses (Rhino3d, 2016), while Diva 

for Rhino makes possible a series of visual comfort evaluations (Diva4Rhino, 

2016). In Paper I, the data gathering process was started by developing a 3D 

model of the office room in Rhinocore. The 3D model was later followed by 
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defining the reflectance of interior surfaces, i.e. walls, ceiling and floor, as 60%, 

80% and 20% respectively. The values follow the Swedish standard 

recommended reflectance for walls, ceiling and floor (Månsson, 2003). The 

office room was also equipped with an Elit Orginal window. Elit Orginal 

consists of three sheets of 4 mm thick glass with two air gaps between 

(Elitfonster, 2016). The interior gap is filled with 10% air and 90% argon, while 

the exterior one is filled with air only (Elitfonster, 2016). The interior sheet is 

laminated with low e-coating, while the middle and exterior sheets are clear 

without coating (Elitfonster, 2016). Elit Orginal has a wooden frame with 

external aluminum cladding with U-value of 1.1 (W/K.m2) (Elitfonster, 2016). 

The aforementioned forty blinds were later modeled in Rhinocore as separated 

3D layers. During the simulations, only one layer was activated at a time while 

the rest were turned off. This process helped to evaluate the performance of all 

forty blinds while only one 3D model was developed for the office room. Later, 

Diva for Rhinocore was employed to analyze the performance of the blinds by 

calculating mean daylight autonomy (DA), discomfort glare probability (DGP) 

and uniformity (U). 

The energy performance of each blind was studied using IDA ICE, a dynamic 

simulation tool that is widely used to study the energy and thermal performance 

of a room and/or building. The physical models of IDA ICE are adapted to local 

requirements in Sweden, including climate data, standards and material data 

(IDA ICE, 2016). A 3D model of the room was also developed. The dimensions 

and specifications of each blind were defined and saved separately, which meant 

that forty IDA ICE simulation files, each representing one single blind, were 

generated. The heating, ventilation and air conditioning (HVAC), occupancy 

and thermal characteristics of the office room were similar in all forty IDA ICE 

simulation files. The detailed dynamic blind timetable (timetable for dynamic 

control of blinds produced by Diva for Rhinocore, was used to set a similar 

blind control in IDA ICE. The energy consumption of all forty blinds comprised 

the annual electricity demand for lighting, and annual energy needs for heating 

and cooling. 

In terms of thermal comfort evaluation, operative temperature and predicted 

percentage of dissatisfaction (PPD), as two widely used metrics (Linden, 

Loomans, & Hensen, 2008), were obtained for all forty blinds using IDA ICE.  

The life cycle cost evaluation for each blind was determined by calculating 

the present value per 1 (m²) of the room area in Excel. Equation 4 shows the 

mathematical formulation of present value (K(n)). The life cycle cost analysis 

includes: i) the initial investment cost of the blind, which was obtained from a 

company catalog in Sweden and calculated based on the size of each blind; ii) 

the cost of energy used during the life span of the blind, which was determined 

according to the presented results for annual district heating, cooling and 

electricity for lighting by the IDA ICE; and iii) the annual maintenance cost, 
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which was collected from a company in Sweden and assumed to be the same 

for all design alternatives.  

 

𝐾(𝑛) = ∑(𝐷𝑡 + 𝑈𝑡) ∗
1

(1 + 𝑟)𝑡 + 𝐼0

𝑛

𝑡=0

 

 

𝐷𝑡 = 𝐸 ∗ 𝛼(1 + 𝛽)𝑡 

 

Eq. 4 

 

 

 

Where; 

𝐾(𝑛) is present value during lifespan of n year; 

𝑈𝑡 is annual maintenance cost; 

𝐷𝑡 is annual energy consumption cost; 

r: is interest rate; 

t: is lifespan of n years; 

E is annual energy consumption (kWh/m²); 

𝛼 is energy price per kwh/m²;  

𝛽 is inflation in energy price (%); and 

𝐼0 is the investment cost.  

 

Later, a hierarchy model was developed to select a trade-off blind design using 

AHP (figure 7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7 Developed hierarchy model for analyzing 40 window blinds (Jalilzadehazhari et 

al., 2017) 

 

The pairwise comparisons between visual comfort, thermal comfort and energy 

consumption, and life cycle cost were performed based on results presented by 

Kats, Alevantis, Mills, and Perlman (2003). According to them, improving 
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visual comfort and thermal comfort presents approximately seven times more 

economic benefit than energy consumption. Comparisons between visual 

comfort and thermal comfort follow the results presented by Frontczak, 

Andersen, and Wargocki (2012). They analyzed occupants’ satisfaction with 

the overall indoor environment in correlation with their satisfaction with visual 

comfort, thermal comfort, air quality and acoustics. The correlation was studied 

by obtaining Spearman’s correlation coefficient. Comparing the coefficient 

values shows that visual comfort has slightly more effect than thermal comfort 

on occupant satisfaction with the overall indoor environment. Matrix C shows 

the pairwise comparisons performed among visual, thermal, energy 

consumption and life cycle cost.  

 

 
 
 

 
C= 

 Visual Thermal Energy Life cycle Weight 
 comfort comfort consumption cost  

Visual comfort 

[

  1                 2                   7                   7   
 1/2                 1                  7                  7   
1/7               1/7              1              1   
1/7               1/7              1              1   

] 

0.52 
Thermal comfort 0.36 

Energy consumption 0.06 

Life cycle cost 0.06 

 

 

Pairwise comparisons among visual comfort criteria were also performed by 

conducting the literature study. According to Chung and Ng (2016), the amount 

of light is more important than glare to a small degree. Furthermore, it is slightly 

more important than daylight uniformity (Chung & Ng, 2016). Matrix D 

presents the applied comparisons between visual comfort criteria. 

 

 
 

 
D= 

 Amount of light  Glare Uniformity  Weight  

Amount of light  

[

    1                     2                  3   
    1/2                    1                  2   
   1/3                1/2               1   

] 
0.54 

Glare  0.3 

Uniformity 0.16 

  
 

However, since operative temperature and PPD evaluate the thermal conditions 

in relation to occupants’ satisfaction (Linden et al., 2008), when developing the 

comparison matrix for thermal comfort criteria it was assumed that operative 

temperature has equal importance in relation to PPD (Matrix E). 

 

 
 

E= 

 Operative temperature PPD Weight  

Operative temperature [
          1                                1  
          1                                1  

] 0.5 
PPD 0.5 
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The pairwise comparisons between energy performance criteria were 

accomplished by comparing the average demands for district heating, district 

cooling and the electricity demand for lighting (between forty blinds). The 

average district heating and cooling demands were 82.2 kWh/ (m² year) and 

26 kWh/ (m² year) respectively. The electricity demand for lighting was 

11.6 kWh/ (m² year) for each blind configuration. Matrix F shows the pairwise 

comparisons between heating, cooling and electricity for lighting demands. 

Considering life cycle cost, no pairwise comparisons were performed, since 

present value was the only metric that was calculated for evaluating the life 

cycle cost performance of the blinds. 

 

 
 

 
 

F= 

 Heating demand  Cooling demand Electricity for 

lighting 

Weight  

Heating demand  

[

     1                                3                          6   
     1/3                                1                          2   
    1/6                            1/2                       1   

] 
0.67 

Cooling demand  0.22 

Electricity for lighting 0.122 

 

 

Application of AHP was performed using the MakeitRational program 

(MakeitRational, 2016) due to its simplicity. MakeitRational is an online 

program designed for implementing the AHP method. The eligibility of this 

program has been discussed and found appropriate by other studies (Ishizaka & 

Nemery, 2013; Sabharwall, Kim, McKellar, Anderson, & Patterson, 2011).  

 

Framework development 

The decision-making framework was developed in Paper II based on integration 

between an optimization algorithm and AHP. One of the main limitations with 

AHP is the feasibility of analyzing multiple designs (Mosavi, 2010). This means 

that the AHP method is applicable within a limited number of designs when 

selecting a trade-off window and blind design. The integration helps to manage 

AHP’s limitation in analyzing a multiple window and blind design. A literature 

review was conducted in Paper II to not only develop a decision-making 

framework but also to determine an operating package. Any such package 

allows a decision-making framework to be automated. The search for relevant 

studies was performed using the Scopus database. The initial search terms are 

shown in Table 3. 
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Table 3 Search term in Scopus 

Database Search term Studies 

found 

Eligible after 

pre-selection 

Scopus  (visual comfort OR light quality OR thermal comfort OR 
energy consumption OR life cycle cost) AND (window 

OR blind OR shading) 

131 33 

Scopus (visual comfort OR light quality OR thermal comfort OR 
energy consumption OR life cycle cost) AND (window 

OR blind OR shading) AND (optimization) 

94 60 

Scopus (visual comfort OR light quality OR thermal comfort OR 

energy consumption OR life cycle cost) AND (window 
OR blind OR shading) AND (decision-making) 

62 12 

 

 

Each search term was later limited to find only English language studies 

published between 2001 and 2017. Furthermore, the subject areas were limited 

to engineering, energy, environmental science, economics, econometrics and 

finance, computer science and mathematics. 32 keywords and phrases were 

excluded from the query, including Roofs, Skylight, Solar Power Generation, 

Solar Radiation, Photovoltaic Effects, Photovoltaic System, Carbon Emission, 

Climate Change, Roof, Semi-transparent Photovoltaic, Renewable Energy 

Resources, Atmospheric Temperature, Atrium, CO Mitigation 2, Carbon Credit, 

Carbon Dioxide, Carbon Emissions, Ecosystems, Physiology, Scan-to-BIM, 3-

D Printing, 3D Printers, 3D Printing, Age Estimation, Age-Related Macular 

Degeneration (AMD), Age-related Macular Degeneration, Ageing Population, 

Air Conditioning, Air Leakage, Animal, Animals, Animalia. Later, each query 

was combined once with “optimization” and then with “decision-making”. In 

total, 287 studies were found. The abstracts of the studies were analyzed, and 

the relevant 105 studies were chosen for further analyses. Furthermore, 

additional studies, cited as reference within the 105 studies, were specified and 

read in order to gain in-depth knowledge.  

The decision-making framework was developed following three main steps 

presented by (Mosavi, 2010): pre-processing, optimization and post-processing 

phases. The pre-processing phase refers to i) specification of window and blind 

design variables and ii) determination of criteria for evaluating visual comfort, 

thermal comfort, energy consumption and life cycle cost. The optimization 

phase concentrates on i) selection of an optimization algorithm and ii) 

formulation of the optimization problem. The post-processing phase refers to 

selection of a trade-off design using an MCDM method (AHP in this research). 

The results obtained from the pre-processing, optimization and post-processing 

phases were later synthesized to develop the decision-making framework. 

Figure 8 shows the procedure applied in developing a decision-making 

framework. 
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Specifying an operating package 

 

 

 

 

 

 

Developing the decision-making framework by integrating an optimization algorithm with an 

MCDM method 

Pre- processing 

 Specifying window and 

blind design variables 
and main criteria 

Optimization 

 Selecting an optimization 

algorithm 

 Formulating an optimization 

problem 

Post- processing 

 Selecting an MCDM 

method 

  

 
 

 

Developing the framework 

Figure 8 The procedure applied in developing a decision-making framework 

(Jalilzadehazhari, Johansson, Johansson, & Mahapatra, 2018) 

 

Framework validation  

The decision-making framework was later validated in Paper III. This paper 

applied the decision-making framework to select a trade-off window and blind 

design for an office room, thereby evaluating the strength of the framework in 

resolving the difficulties. Figure 9 illustrates the plan and section layout of the 

office room. 

 

 
Figure 9 Plan and section layout of the office room (Jalilzadehazhari, Johansson, & 

Mahapatra, 2018) 

 

The first step in applying the framework was to perform the pre-processing 
phase, which started by modeling the office room and specifying six types of 
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window and four types of blind: an internal venetian blind, an internal roller 

curtain, an external venetian blind and an external overhang panel. The blinds 

were selected since they are the most prevalent blinds installed in office rooms 

in Sweden. Table 4 and Table 5 present the various properties of the windows 

and blinds investigated.  

 

Table 4 Various properties of the windows 
Window  Properties 

3-pane window type 1 

(Elitfonster, 2016) 

 

U-value = 1.2 (W/m². K) 

VT* = 72% 

SHGC** = 50% 

3-pane window Type 2 

(Elitfonster, 2016) 

 

U-value = 1.1 (W/m². K) 

VT* = 70% 

SHGC** = 49% 

3-pane window Type 3  

(Elitfonster, 2016) 

 

U-value = 1 (W/m². K) 

VT* = 66% 

SHGC** = 48% 

3-pane window Type 4  

(Elitfonster, 2016) 

 

U-value = 0.9 (W/m². K) 

VT*= 65% 

SHGC** = 45% 

3-pane window Type 5 

(Elitfonster, 2016) 

 

U-value = 0.8 (W/m². K) 

VT* = 63% 

SHGC** = 43% 

Electrochromic window type 6 

(Sbar, Podbelski, Yang, & Pease, 2012) 

U-value = 1.3 (W/m². K) 

VT* = 62% clear 

SHGC** = 0.47% clear 

VT* = 21% intermediate 

SHGC** = 17% intermediate 

VT* = 2% fully tinted 

SHGC** = 9% fully tinted 

 

 

Table 5 Various properties of the blinds 

Blinds Properties   

 

Internal venetian blind (Elitfonster, 2016) 

 Visible transmittance of louvres 

 Louvre thickness 

 Louvre width  

 Blind-to-glass distance 

 

0% 

0.001 (m) 

0.02 (m) 

0.1 (m) 
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Internal roller curtain (Elitfonster, 2016) 

 Visible transmittance* 

 Curtain conductivity 

 Openness of the curtain 

 Blind-to-glass distance 

 

* Fabric treated as an opaque material 

 

0%  

0.1  

3% 

0.1 (m) 

 

External venetian blind (Warema, 2018) 

 Visible transmittance of louvres 

 Louvre thickness 

 Louvre width 

 Blind-to-glass distance  

 

 

0% 

0.001 (m) 

0.080 (m) 

0.1 (m) 

 

External overhang panel (Warema, 2018) 

 Visible transmittance* 

 Panel installation height above window 

 Panel-to-glass distance in fully closed condition 

 Left and right extensions from window 

 

* Fabric treated as an opaque material 

 

0% 

0.265 (m) 

0.090 (m) 

0.1 (m) 

 

Visual comfort evaluations were performed by obtaining amount of daylight, 

glare and uniformity. For this purpose, two reference points, each positioned at 

the middle of the lighting zones, were also defined (Figure 10). Reference point 

P1 was closer to the window on the south facade and shows the occupant’s 

position in the office room, while reference point P2 was closer to the back of 

the room. It was assumed that office tasks were performed with an illuminance 

threshold of 500 lx, in compliance with SS-EN 12464-1:2011 (Swedish 

Standard Institute, 2011). An automatic control system based on a maximum 

permissible daylight glare index of 22 was also defined for controlling the blinds 

and tinting the electrochromic window (E. S. T. Lee, Aslihan, 2007). 
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Figure 10 The position of lighting zones and two reference points (Jalilzadehazhari, 

Johansson, & Mahapatra, 2018) 

 

Three evaluation metrics were calculated for this purpose, including i) the 

number of hours when daylight illuminance exceeded 500 lx at P1 (𝐻(𝑖𝑙𝑙>500)), 

ii) the number of hours when the daylight glare index exceeded 22 at P1 

(𝐻(𝐷𝐺𝐼>22)) and daylight uniformity (U). Since EnergyPlus (8.8.0) is incapable 

of calculating daylight uniformity, it was calculated using Equation 5 (Ochoa, 

Aries, van Loenen, & Hensen, 2012). According to Ochoa et al. (2012), a U 

equal to or less than 3.5 is capable of providing a comfortable visual 

environment in an office room.  

 

U= 
average yearly daylight illuminance at P1

average yearly daylight illuminance at P2
 

 

Eq. 5 

 

 

Thermal comfort evaluations included calculation of the predicted mean vote 

(PMV) metric using EnergyPlus. A PMV within the -0.5 to +0.5 range 

represents a comfortable thermal environment (Pourshaghaghy & Omidvari, 

2012). Energy consumption evaluations included calculation of the total energy 

consumption, which comprised the energy needed for space heating and cooling 

as well as the electricity needed for the lighting and ventilation systems. With 

respect to life cycle cost, present value was determined using EnergyPlus 

(Equation 9, page 26).  

EnergyPlus automatically estimates the total investment cost based on the 

unit price of the windows and blinds, multiplied by the total window area. When 

calculating K(n), an interest rate of 3%, an inflation rate of 1% and a lifespan of 

30 years were used. The energy price for heating and cooling was 0.74 

(SEK21/kWh), but 1.38 (SEK/kWh) for electricity, which corresponds to the 

price of energy in Sweden in 2016 (Gustafsson et al., 2017). Table 6 shows the 

investment cost per unit for the window types and blinds. It was assumed that 

windows and blinds require no maintenance in their 30-year lifespan. 

                                                        
21 SEK: Swedish kronor 
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Table 6 Cost per unit for windows and blinds 

Design variables  Investment cost (SEK/m2) 

Windows  

Type 1 (Elitfonster, 2016) 

Type 2 (Elitfonster, 2016) 

Type 3 (Elitfonster, 2016) 

Type 4 (Elitfonster, 2016) 

Type 5 (Elitfonster, 2016) 

Type 6 (SageGlass, 2018) 

 

2870  

3310 

4000 

4430 

4770 

25000 

Internal venetian blind (Elitfonster, 

2016) 

845 

Internal roller curtain (Elitfonster, 2016) 1305 

External venetian blind (Warema, 2018) 4500 

External overhang panel (Warema, 2018) 11800 

 

The EnergyPlus was then coupled to modeFRONTIER by writing a script file 

using a DOSBatch node in modeFRONTIER. A DOSBatch file makes it 

possible to run EnergyPlus via modeFRONTIER. Later, window and blind 

design variables were specified, and their upper and lower boundaries were 

codified to perform an optimization. The upper and lower boundaries of the 

window size, position and form were defined by modifying the coordinate 

points of windows in relation to external wall coordinate points in 

modeFRONTIER. The process of codifying the window size, position and form 

was explained using a 3D layout of the office room, with windows on both the 

south and the west facade (Figure 11). The window on the south facade was 

specified by coordinate points a, b, c and d, while the external wall was indicated 

by coordinate points A, B, C and D. However, the window on the west facade 

was determined by coordinate points e, f, g and h and installed in the west 

facade, with coordinate points C, D, E and F. Table 7 presents the window and 

blind design variables and their lower and upper boundaries. 

 
Figure 11 A 3D layout of an office room (Jalilzadehazhari, Johansson, & Mahapatra, 2018) 
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Table 7 Window and blind design variables 

Window and blind design variables Lower boundary Upper 

boundary 

Interval  

Size, position and form of window on south 

facade 

Xa = X𝑏 

Xc = X𝑑 

𝑍𝑎 = Z𝑑 

𝑍𝑏 = Z𝑐 

Size, position and form of window on west 

facade 

 

XA − 0.5 (m) 

XD + 0.05 (m) 

𝑍𝐷 + 0.05 (m) 

𝑍𝐶 − 0.5 (m) 

 

X𝐴 − 0.05 (m) 

XD + 0.5 (m) 

Z𝐷 + 0.5 (m) 

Z𝐶 − 0.05 (m) 

 

0.05 (m) 

0.05 (m) 

0.05 (m) 

0.05 (m) 

Y𝑒 = 𝑌𝑓 

𝑌𝑔 = 𝑌ℎ 

𝑍𝑒 = Zℎ 

𝑍𝑓 = Z𝑔 

 

Y𝐷 + 0.05 (m) 

𝑌𝐸 − 0.5 (m) 

𝑍𝐷 + 0.05 (m) 

𝑍𝐶 − 0.5 (m) 

Y𝐷 + 0.5 (m) 

𝑌𝐸 − 0.05 (m) 

Z𝐷 + 0.5 (m) 

Z𝐶 − 0.05 (m) 

0.05 (m) 

0.05 (m) 

0.05 (m) 

0.05 (m) 

Window type 

 

1 6 1 

Internal venetian blind    

Slope angle of louvres 10º 90º 10º 

Visible reflectance of louvres 20% 80% 20% 

 

Internal roller curtain 

   

Visible reflectance of curtain 10% 70% 20% 

 

External venetian blind 

   

Slope angle of louvres 10º 90º 10º 

Visible reflectance of louvres 20% 80% 20% 

 

External overhang blind 

   

Panel’s width as a fraction of the 

window height 

0.5 1 0.1 

Tilt of the panel 10º 90º 10º 

 

The optimization process was started by specifying optimization objectives and 

constraints, thereby developing an optimization problem. According to 

Carlucci, Cattarin, Causone, and Pagliano (2015b), optimization objectives are 

the metrics used for evaluating visual comfort, thermal comfort, energy 

consumption and life cycle cost. The mathematical formulation of the 

optimization problem was shown in equation 6. The U ≤ 3.5 and PMV within 

the -0.5 to +0.5 range were selected as optimization constraints, ensuring the 

minimum required U and PMV in the office room.  
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U minimize 𝐹1(x)≔[𝐻(𝐷𝐺𝐼>22), 𝐸(𝑡), 𝐾(𝑛)] 

and 

maximize 𝐹2(x)≔[𝐻(𝑖𝑙𝑙>500)] 

 

Subject to: 

𝑈 ≤ 3.5 

−0.5 ≤ 𝑃𝑀𝑉 ≤ 0.5 

Eq. 6 

 

 

 

Where: 

𝐻(𝑖𝑙𝑙>500) refers to the number of hours when daylight illuminance exceeded 

500 lx at P1;  

𝐻(𝐷𝐺𝐼>22) represents the number of hours when daylight glare index exceeded 

22 at P1; 

𝐸(𝑡) refers to the total energy need for space heating, cooling and electricity for 

lighting and artificial ventilation;  

𝐾(𝑛) represents the present value of various window and blind designs; 

𝑈 ≤ 3.5 represents a daylight uniformity equal to or less than 3.5, and; 

−0.5 ≤ PMV ≤ 0.5 refers to PMV within the -0.5 to +0.5 range. 

 

 

Later, the NSGA-II algorithm was selected to run an optimization due to its low 

computational complexity (Manzan & Padovan, 2015). In using NSGA-II, 

features such as the population size, number of generations and mutation and 

crossover probabilities should be specified. Earlier studies that used algorithms 

to optimize building envelopes and systems considered a maximum population 

size of 1000 and a generation number of 2000, but the mutation and crossover 

probabilities varied between 0 and 0.4 and between 0.5 and 1 respectively 

(Carlucci et al., 2015b). The following settings were defined in this study for 

consistency with the abovementioned features: population size = 100, 

generation number = 200, mutation = 0.035 and crossover probability = 0.9. 

The combination of 100 populations with 200 generations permitted execution 

of 20,000 simulations in EnergyPlus. When NSGA-II was terminated, the 

results of 20,000 simulations were presented in modeFRONTIER.  

The post-processing phase started by applying AHP and selecting a trade-off 

window and blind design. Figure 12 shows a hierarchy model, developed in 

Paper III.  
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Figure 12 The hierarchy model developed for the AHP (Jalilzadehazhari, Johansson, & 

Mahapatra, 2018) 

 

Matrix G and H shows the pairwise comparisons performed between objectives 

of AHP and among visual comfort criteria. The pairwise comparisons were 

made following results provided by Kats et al. (2003) and Chung and Ng (2016). 

In addition, the consistency ratio (CR) was calculated for both matrix G and H, 

following Equation 2 (page 19). The CR, calculated for matrix G and H, were 

0.033 and 0.1 respectively, which shows the consistency of applied pairwise 

comparisons in developing these matrices. 

 
 

 

 
G= 

 Visual Thermal Energy Life cycle Weight 

 comfort comfort consumption cost  

Visual comfort 

[

  1                 2                   7                   7   
 1/2                 1                  7                  7   
1/7               1/7              1              1   
1/7               1/7              1              1   

] 

0.52 
Thermal comfort 0.36 

Energy consumption 0.06 

Life cycle cost 0.06 

 

 

 
 

 
H= 

 Amount of light  Glare Uniformity  Weight  

Amount of light  

[

    1                     2                  3   
    1/2                    1                  2   
   1/3                1/2               1   

] 
0.54 

Glare  0.3 

Uniformity 0.16 

 

No further comparison matrix was developed in respect of thermal comfort, 

energy consumption and life cycle cost, as PMV, 𝐸(𝑡) and 𝐾(𝑛) were the only 

evaluation metrics. The final weights of the criteria were the product of the 

weight of the objectives and the weight of their respective criteria (Table 8). 

The final weight of all criteria was then imported to modeFRONTIER to rank 
the optimization results and select a trade-off window and blind design. 
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Table 8 Final weight of the criteria 

Criteria Final weight 

Hill>500 0.52 × 0.54 = 0.28 

HDGI>22 0.52 × 0.3 = 0.156 

U 0.52 × 0.16 = 0.08 

PMV 0.36 

E(t) 0.06 

K(n) 0.06 

 

Extending the application of the framework 

The application of the decision-making framework was extended in Paper IV 

by evaluating additional building envelopes: windows as well as external wall, 

roof and floor constructions. The framework was later applied to a BIM model 

of an office building in Gothenburg, Sweden. Table 9 shows the characteristics 

of the office building. The BIM model was generated in Revit Autodesk, version 

2016. This decision was made, since both large and medium-sized construction 

companies in Sweden use BIM in the construction process by means of Revit 

Autodesk.  

 
Table 9 Different characteristics of the office building 

Ventilation fan efficiency 60% 

Heat recovery system efficiency 76% 

Indoor temperature 18ºC to 22ºC 

Air tightness (Flodberg, 2012) 

Occupancy activity 

Clothing resistance  

Artificial lighting  

Occupancy schedule 

Reflectance of interior surfaces (Månsson, 

2003) 

0.1 (ach) at a differential pressure of ± 50 (Pa) 

1.2 (met) 

0.5 (clo) in summer and 1 (clo) in winter 

Fluorescent electrical lighting with 9.9 (W/m²) 

07:00 to 18:00 on working days only 

Walls 60% 

Ceiling 80% 

Floor 20% 

 

Later, the BIM model was saved as a Green Building XML (gbxml) file. A 

gbxml file allows the transfer of building data among several architectural and 

engineering tools (Revit, 2017). The gbxml file was then converted to an 

EnergyPlus Input Data File (idf) using the Design Builder simulation tool, 

version 5.0.3.007. Design Builder uses Energy Plus as a simulation engine to 

evaluate indoor comfort, energy demand, and life cycle costs (Design Builder, 

2017). The pre-processing phase then started by specifying three different 

window types and five different external wall, roof and floor constructions 

(Table 10).  
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Table 10 Various building envelopes considered when using the incorporation 

Building envelopes U-value 

(W/K.m²) 

Investment costs 

(SEK¹/m²) 

Lifespan Description 

Windows4  

Type 1 

 

Type 2 

 

Type 3 

 

0.9 

 

0.8 

 

0.7 

 

 

4665 

 

5830 

 

6020 

 

30 

 

30 

 

30 

 

VT² = 65%, 

SHGC³ = 45% 

VT² = 63%, 

SHGC³ = 43% 

VT² = 60%, 

SHGC³ = 41% 

External walls5 

Type 1 

Type 2 

Type 3 

Type 4 

Type 5 

 

0.18 

0.14 

0.12 

0.1 

0.09 

 

 

1403.6 

1433 

1505.7 

1530 

1599 

 

30 

30 

30 

30 

30 

 

Ground floor5 

Type 1 

Type 2 

Type 3 

Type 4 

Type 5 

 

0.15 

0.12 

0.1 

0.09 

0.08 

 

 

589.5 

711.4 

758 

880 

956 

 

30 

30 

30 

30 

30 

 

External roof 5 

Type 1 

Type 2 

Type 3 

Type 4 

Type 5 

 

0.13 

0.12 

0.1 

0.09 

0.08 

 

389 

411 

426.2 

445.4 

463.4 

 

30 

30 

30 

30 

30 

 

1SEK: Swedish kronor 
2VT: visual transmittance 
3SHGC: solar heat gain coefficient 
4Data were collected from Elitfonster (2016) 
5Data were collected from Wikells construction calculations (2012) 

 

Visual comfort evaluations were performed by obtaining i) the number of hours 

when daylight illuminance at reference points exceeded 500 (lx), and ii) the 

number of hours when the daylight glare index at reference points exceeded 22. 

Reference points were positioned in the spaces with large glazed areas on the 
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second and third floors and oriented towards the east and the west (Figures 13–

15). This decision was made because solar radiation, penetrating to interiors 

from the east and west, can cause glare (Al-Sallal, 2016). The degree of 

discomforting glare is intensified during the winter when solar elevation in low 

in Sweden (Bülow-Hübe, 2007). Thermal comfort and energy demands were 

evaluated by obtaining the predicted percentage of dissatisfied (PPD) and total 

energy demand (E(t)), respectively. E(t) included the energy needed for covering 

space heating and electricity needs for lighting, as well as for the ventilation 

system. A life cycle cost evaluation was performed by calculating the present 

value (K(n)) of the costs. K(n) considers the investment, operation, and 

maintenance costs during the lifetime a building. The investment costs included 

only material costs used in the construction of the building envelope. An 

inflation rate of 1%, a discount rate of 3%, and a lifetime of 30 years were also 

considered. Since the lifespan of the building envelope was 30 years, no 

maintenance costs were included in the calculation of K(n).  

The optimization process was started by coupling EnergyPlus and 

modeFRONTIER by writing a DOSBatch file in modeFRONTIER. Later, an 

optimization problem was developed following equation 7. A PPD < 10 was 

considered as optimization constraint to ensure comfortable thermal conditions 

in the office room.  

 
U minimize 𝐹1(x)≔[𝐻(𝐷𝐺𝐼>22), 𝐸(𝑡), 𝐾(𝑛)] 

and 

maximize 𝐹2(x)≔[𝐻(𝑖𝑙𝑙>500)] 

Subject to: 

𝑃𝑃𝐷 < 10 

Eq. 7 

 

Where: 

𝐻(𝑖𝑙𝑙>500) refers to the number of hours when daylight illuminance exceeded 

500 lx at P1;  

𝐻(𝐷𝐺𝐼>22) represents the number of hours when daylight glare index exceeded 

22 at P1; 

𝐸(𝑡) refers to the total energy need for space heating, cooling and electricity for 

lighting and artificial ventilation;  

𝐾(𝑛) represents the present value of various window and blind designs; 

𝑃𝑃𝐷 < 10 is the predicted percentage of dissatisfied smaller than 10, which 

was considered as an optimization constraint.  

 

The optimization process was performed using Design of Experiment (DOE) in 

modeFRONTIER. In Paper IV, the optimization variables comprised all types 

of building envelopes presented in Table 10. Executing optimization by means 

of DOE enabled the evaluation of the performance of 375 construction 

solutions, generated based on a combination of 3 types of windows and 5 types 

of external roofs, ground floors, and external wall constructions.  
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Figure 13 First floor plan (Jalilzadehazhari, Vadiee, & Johansson, 2019a) 
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Figure 14 Second floor plan (Jalilzadehazhari, Vadiee, et al., 2019a) 
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Figure 15 Third floor plan (Jalilzadehazhari, Vadiee, et al., 2019a) 
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The post-processing phase began by applying AHP for selecting a trade-off 

construction solution. Figure 16 presents a hierarchy model, developed in Paper 

IV.  

 
Figure 16 The hierarchy model developed in Paper IV (Jalilzadehazhari, Vadiee, et al., 

2019a) 

Two scenarios were specified when selecting a trade-off construction solution 

for the office building. The first scenario emphasized the importance of visual 

and thermal comfort in the building design process, whereas the second scenario 

stressed a further decrease in life cycle costs.  

 

First scenario 

Pairwise comparisons in the first scenario followed the results presented by Kats 

et al. (2003), as improving visual and thermal comfort presented seven times 

more economical benefit than reducing energy demand and costs. In addition, 

visual comfort was slightly more important than thermal comfort. This decision 

was made since visual comfort had slightly more effect on the occupants’ 

satisfaction with the overall indoor environment than did thermal comfort 

(Frontczak et al., 2012). Matrix I shows the pairwise comparisons performed 

between the objectives of AHP in Figure 16. The CR obtained for matrix I was 

about 0.033, which shows the consistency of the pairwise comparisons 

performed. 

 
 

 

 
I= 

 Visual Thermal Energy Life cycle Weight 

 comfort comfort consumption cost  

Visual comfort 

[

  1                 2                   7                   7   
 1/2                 1                  7                  7   
1/7               1/7              1              1   
1/7               1/7              1              1   

] 

0.52 
Thermal comfort 0.36 

Energy consumption 0.06 

Life cycle cost 0.06 

CriteriaObjectivesGoal of AHP 

Selecting a trade-off 
construction solution

Visual comfort

Hillu

HDGI

Thermal 
comfort

PPD

Energy 
comsumption

Et

Life cycle costs Kn
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Matrix J shows the pairwise comparisons performed among visual comfort 

criteria. Thermal comfort, energy demand, and life cycle costs were studied 

using a single evaluation metric. Thus, no comparison matrix was generated 

between their criteria.  

 
 
J= 

 Amount of light glare  Weight  
Amount of light 

[
          1                          2  

          1/2                           1  
] 

0.667 

Glare 0.333 

 

 
Second scenario 

Pairwise comparisons in the second scenario were performed based on the 

shared opinions of an interest group. The interest group included owners and 

design specialists in the construction sector: architects, energy experts, project 

managers, researchers, and academic professors who had close connections 

with both academia and construction companies in Sweden. The group 

attributed equal importance to visual comfort, thermal comfort, and energy 

demand. This decision followed the Energy Performance of Buildings Directive 

requirements for simultaneous improvements in energy efficiency and indoor 

comfort in the building sector. However, the group ascribed the highest 

importance to life cycle costs, since making decisions based on the life cycle 

costs of various construction solutions is prevalent in Sweden. Matrix K shows 

the comparison matrix generated between the objectives of AHP in Figure 16. 

The CR obtained for matrix K was about 0.0001, which shows the consistency 

of the pairwise comparisons performed. Pairwise comparisons performed 

among the visual comfort criteria were similar to the pairwise comparisons in 

the first scenario.  

 
 

 
 

I= 

 Visual Thermal Energy Life cycle Weight 

 comfort comfort consumption cost  
Visual comfort 

[

  1                1                  1                   1/3   
 1                1                  1                  1/3   
 1                1              1              1/3   
 3                3              3              1   

] 

0.167 

Thermal comfort 0.167 

Energy consumption 0.167 

Life cycle cost 0.499 
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Determinant of framework user acceptance 

The decision-making framework can be used by either the design team or 

customer service experts in window manufacturing companies to enhance client 

well-being. A literature study was therefore conducted in Paper V to extend the 

technology acceptance model (TAM) and thereby investigate the determinants 

of framework user acceptance of the decision-making framework. TAM makes 

it possible to trace the influence of external variables on cognitive beliefs, and 

thereby their effects on user intention and actual system use (Venkatesh, Morris, 

Davis, & Davis, 2003). Figure 17 shows the TAM with corresponding elements. 

 

 

 

Figure 17 The TAM, proposed by Venkatesh and Davis (1996) 

 

 

The search for relevant literature was performed using the Scopus database. The 

search keywords included “technology acceptance model”, “manufacturing”, 

“architecture”, “construction”, “ICT” and “computer-based system”. The 

subject area was limited to “business, management and accounting”, 

“engineering”, “computer science”, “decision science”, “energy”, 

“mathematics”, “economics, econometrics and finance”, “environmental 

science” and “social sciences”. Each search term was limited to English 

language literature published between 2000 and 2019. The primary search 

resulted in 146 articles. The abstract of found literature was read and the eligible 

49 articles were selected for further review. In addition, relevant literature cited 

by 49 eligible articles was reviewed to gain in-depth knowledge.  
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Validity and reliability  

Validity and reliability are two major and complex terms in considering the 

credibility of research. There are three major types of validity in research: 

internal validity, external validity and construct validity (Creswell, 2013). 

Internal validity refers to whether the measures taken comply with what the 

study claims to measure. It also controls whether the researcher draws correct 

results from the gathered data. A concern may be raised in relation to the 

accuracy of simulation tools used in this research. Achieving this kind of 

validity is difficult because unexpected errors can occur due to a mistake in 

programming or a bug (Axelrod & Rennard, 2005).  

In order to control whether correct results were obtained from the simulation 

tools, a literature review was conducted as part of Paper I to ensure the eligibility 

of the tools. In Paper II, a literature study was conducted to develop a decision-

making framework and specify an operating package. Thus, no analyses were 

performed for studying internal validity. But, the literature study in Paper II was 

used as a tool to corroborate the eligibility of the operating package. Paper III 

and Paper IV applied the decision-making framework using the operating 

package. No further investigation was carried out for studying internal validity. 

As regards Paper V, no analyses were performed for studying internal validity 

since this paper extended the TAM by conducting a literature study. 

External validity discusses whether the achieved results are generalizable 

(Creswell, 2013). Increasing generalizability in this research is a difficult task 

since all simulations were performed following Swedish standard perspective. 

Furthermore, the properties of used materials, heating, ventilation and air 

conditioning (HVAC) system and other building attributes were based on 

common construction practices in Sweden. However, all models developed in 

simulation tools and results have been saved for further control.  

Construct validity confirms that data collection is based on a logical process 

that maintains consistency, from the research question to the conclusions 

(Creswell, 2013). However, there is no single solution that provides a complete 

representation for construct validity (Creswell, 2013). Considering this 

limitation, the procedure for conducting this study is described clearly. This 

process may help the reader to understand what was done and to evaluate the 

quality of the study.  

The test for reliability verifies the consistency of a measure (Heale & 

Twycross, 2015). One of the attributes of the reliability is stability, which tests 

whether the same results are obtained by repeating the measure (Heale & 

Twycross, 2015). For this reason, the process of conducting this study is 

described in detail to allow the reader to follow the process and repeat the 

simulations and analyses to control the reliability of the study.  
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Results 

Resolving difficulties 

Difficulties were resolved while answering the first research question (page 10) 

and addressed in Paper I. 

 

Multi-criteria decision-making  

The results obtained in Paper I showed that the venetian blind with slat of 0 

drawn 100% (VB slat 0, 100%) was the trade-off blind design (Figure 18) 

because it ensured suitable visual and thermal conditions for improving 

occupants’ health and represented a design with relatively lower energy 

consumption and life cycle cost, thereby providing economic benefits. 

Furthermore, the obtained results showed that the venetian blind with slats at 0° 

and drawn 100% (VB slat 0°, 100%), roller blind drawn 100% (R, 100%) and 

double pleated blind drawn 100% (DP, 100%) had significantly higher global 

weight. This occurred due to their performance in improving visual comfort 

when compared to other blinds. But, the variance in the global weights of other 

blinds is very small due to similarity of their performance (Figure 18). 

Furthermore, AHP makes it possible to accomplish sensitivity analyses. The 

sensitivity analysis shows how changing the prioritizations affects the results. 

But, one of the main restrictions in using AHP was the feasibility of analyzing 

a limited number of window or blind designs (for instance, forty blinds were 

analyzed and compared in Paper I).  
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Figure 18 The global weight of each window blind (Jalilzadehazhari et al., 2017) 

 

Framework development 

The decision-making framework was developed in Paper II by integrating the 

non-dominated sorting genetic algorithm II and AHP (Figure 19). The 

integration was automated using EnergyPlus and modeFRONTIER as an 

operating package. The framework was applied following three main steps. Step 

one, which was implementation of the pre-processing phase, began by 

developing an initial model of a building or a room in EnergyPlus and providing 

data regarding the model’s location, geometry, occupancy schedule, control 

system and heating, cooling and ventilation systems. In addition, material 

specifications of envelopes including walls, floor, ceiling, windows and blinds 

were needed to execute simulations in EnergyPlus. Detailed information was 

also needed for calculating the main criteria of visual comfort, thermal comfort, 

energy consumption and life cycle cost.  

Step two, which was implementation of the optimization phase, started by 

determining and codifying window and blind design variables in 

modeFRONTIER. Codification referred to the specification of lower and upper 

boundaries of design variables. Later, features such as population size, number 

of generations, mutation and crossover probabilities were set to run an 

optimization using NSGA-II. The NSGA-II algorithm changes the value of 

design variables to generate new populations of window and blind designs and 

iterates the simulation process. The optimization process was terminated when 

the maximum number of populations was achieved.  

Step three, which was implementation of the post-processing phase, began 

by applying AHP in modeFRONTIER. For this purpose, pairwise comparisons 
were performed among visual comfort, thermal comfort, energy consumption, 
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life cycle cost and among their respective criteria. Later, modeFRONTIER 

calculated the global weight of the optimization results and presented a design 

with largest global weight as a trade-off design. Figure 19 presents different 

steps required when using the decision-making framework.  

 

 
Figure 19 The decision-making framework (Jalilzadehazhari, Johansson, Johansson, et al., 

2018) 
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Framework validation 

The results obtained in Paper III showed that a combination of an external 

venetian blind and window type 1 was the best window and blind design based 

on the trade-off between visual comfort, thermal comfort, energy consumption 

and life cycle cost. Table 11 shows the coordination of the windows and also 

presents external blind specifications as installed in the trade-off design. The 

window on the south facade had an area of 5.3 m2, corresponding to a window-

to-wall ratio of 75%, while the window on the west façade had an area of 7.8 

m2, corresponding to window-to-wall ratio of 68%. Both windows were 

rectangular in form and were almost positioned in the middle of the walls. The 

slope angle of the louvres was 60º, while the visible reflectance of the louvres 

was 80%, representing a white external venetian blind.  

 
Table 11 Window and external venetian blind specifications in a trade-off design 

Design variables   

Window type 

 

1 

Window on south facade 33  

𝑋𝑎= 𝑋𝑏 𝑋𝐴 - 0.25 

𝑋𝑐= 𝑋𝑑 𝑋𝐷 + 0.40 

𝑍𝑎= 𝑍𝑑 𝑍𝐷 + 0.50 

𝑍𝑏= 𝑍𝑐 𝑍𝐶  - 0.05 

 

Window on west facade   

𝑌𝑒= 𝑌𝑓 𝑌𝐷 + 0.05 

𝑌𝑔= 𝑌ℎ 𝑌𝐸 - 0.10 

𝑍𝑒= 𝑍ℎ 𝑍𝐷+ 0.50 

𝑍𝑓= 𝑍𝑔 𝑍𝐶  - 0.05 

 

Slope angle of louvres 60 

Visible reflectance of louvres 80% 

 

The trade-off design was selected due to its positive impact in terms of visual 

and thermal comfort that contributed to improved health. In addition, the total 

energy consumption of the trade-off design was smaller than in 44% of the 

designs, while its life cycle cost was smaller than in 66% of the designs. A 

relatively lower energy consumption and life cycle cost provided economic 

benefits. Altogether, the strength of the decision-making framework in 

resolving difficulties enabled value creation through by improving health and 

providing economic benefits. 
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Extending the application of the framework 

The analyses of results in Paper IV show that trade-off construction solutions 

differ in external wall, ground floor and roof constructions (Table 12). The first 

trade-off construction solution included window type 1. This occurred due to 

the ability of window type 1 to provide greater Hillu>500 into the interior, 

thereby satisfying visual comfort as the most important objective in the first 

scenario. The second trade-off construction solution also contained window 

type 1. Although window type 1 had the greatest U-value, its investment costs 

were 25% and 29% lower than the windows of type 2 and 3, respectively. 

Accordingly, window type 1 in the second trade-off construction solution, 

where life cycle costs were the most important objective, contributed to smaller 

investment costs, thereby reducing the K(n).  

 
Table 12 Trade-off construction solutions 

Scenarios First scenario 

Visual comfort is the most important 

objective when applying AHP 

Second scenario 

Life cycle cost is the most important 

objectives when applying AHP 

 First trade-off design alternative Second trade-off design alternative 

Window  

Ground floor 

Roof 

1 

5 

5 

1 

1 

3 

External wall 5 2 

PPD 

E(t) 

6.2% 

62.5 kWh/m2 

6.5% 

64.7 kWh/m2 

K(n) 8.5 MSEK 8 MSEK 

Total investment 5.75 MSEK 5.2 MSEK 

 

PPD in both scenarios was smaller than 10, yet the thermal comfort condition 

was slightly better in the first trade-off construction solution. This was because 

the combination of ground floor 5, roof type 5, and external wall type 5 in the 

first trade-off construction solution improved the operative temperature. In 

addition, the abovementioned combination reduced heat loss via transmission 

and thereby enhanced the energy performance of the building. At this point, the 

external walls played the most significant role in reducing E(t) since they made 

up the greatest share among other building envelopes. The ground floor and roof 

constructions were of an identical area. However, the temperature difference 

between the inside and outside of the roof was larger than the temperature 

difference between the inside and the outside of the ground floor. Therefore, 

roof type 5 in the first trade-off construction solution was more efficient than 
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ground floor type 5 in terms of reducing E(t). Comparably, external wall type 2 

and ground floor type 3 in the second trade-off construction solution improved 

the energy performance of the building moderately.  

With respect to the life cycle costs, the second trade-off construction solution 

had the smallest K(n) among the investigated design alternatives, while about 

12% of them (44 of 375) had a K(n) smaller than the first trade-off design. 

Although the inclusion of ground floor type 5 coupled with roof type 5 and 

external wall type 5 in the construction of the first trade-off construction 

solution reduced the E(t), it was incapable of compensating for the high 

investment costs of these building envelopes.  

 

Determinant of design team acceptance 

The decision-making framework can to be used by either a design team or 

costumer service experts in window manufacturing companies. Paper V 

investigated the determinants of framework user acceptance of the decision-

making framework, which affects their actual use. A literature study conducted 

in Paper V showed that organizational, individual, technological and 

environmental characteristics were the most influential external variables when 

investigating determinants of framework user acceptance of the framework 

(Figure 20). Organizational characteristics included top management support, 

training, organizational culture, and organizational size, while individual 

characteristics included users’ previous knowledge and experience. 

Technological characteristics were made up of information quality and system 

quality, while environmental characteristics comprised fulfillment of 

regulations and competitiveness.  
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Figure 20 The extended TAM (Jalilzadehazhari, Johansson, & Johansson, 2019) 

 

The extended TAM had some inherent limitations. To use the extended TAM, 

a questionnaire research method should be used to gather and analyze 

framework user acceptance of the decision-making framework. However, 

framework users in the manufacturing company may have differing 

understanding of the questions. To overcome the abovementioned limitation, 

the questionnaire should include framework users’ possible variations of 

understanding. In addition, framework users in the manufacturing company 

may have different perceptions in different timeframes. In this context, 

conducting longitudinal studies may help to capture variations in user 

perception.  
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Actual implementation of the 

framework 

A collaboration between a window manufacturing company and a construction 

company was formed in 2019 to further analyze the strengths and limitations 

when the decision-making framework was applied in actual design practice. A 

meeting was set up with a design team and product experts to introduce the 

decision-making framework and discuss its benefits and limitations in creating 

value for clients. The design team included the head architect, energy expert 

and technical head manager, who represented the construction company. In 

addition, product experts included the head of the research and development 

division (R&D) at the window manufacturing company and the PhD candidate 

who developed the decision-making framework. 

The architect stated her main concern about the impact of the framework 

application on facade design, while the energy expert focused mainly on the 

framework’s capability in quantifying the primary energy consumption. The 

framework was applied on a detached house to further analyze whether or not 

it can create value for clients while also satisfying the architect and the energy 

expert in terms of facade design and primary energy calculations. Information 

regarding detached house geometry, occupancy schedule and material 

specifications of envelopes was provided by the construction company. The 

detached house had a total area of 172m2, divided over two floors (Figure 21 

and 22) and was assumed to be located in the third climate zone in Sweden. 

The decision-making framework was used to select trade-off window and 

blind designs to improve visual and thermal comfort and reduce total energy 

consumption and life cycle cost, thereby enhancing client health and providing 

economic benefits. The total energy consumption comprised the energy need 

for space heating, cooling, domestic hot water and electricity for operating 

ventilation system. The heating, cooling and ventilation systems was an exhaust 

air heat pump system. 
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Figure 21 First floor of the detached house (Myresjöhus, 2019) 

Vardagsrum = Living room 

Matplats = Dining room 

Kök = Kitchen 

Groventré/Tvätt = Mudroom/laundry 

WC/D = Bathroom 

Entré = Entryway 

 
Figure 22 Second floor of the detached house (Myresjöhus, 2019) 

Klk = Closet 

Sovrum = Bedroom 

Öppet upp = Open up 
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Visual comfort evaluations included calculation of H(ill>500) and H(DGI>22) at the 

reference point (P1) on first floor (figure 21), while the thermal comfort, energy 

consumption and life cycle cost evaluations comprised calculation of PPD, E(t) 

and K(n). An inflation rate of 1%, a discount rate of 3%, and a lifetime of 30 

years were also considered. Since the lifespan of the building envelope was 30 

years, no maintenance costs were included in the calculation of K(n). Table 13 

shows different characteristics of the detached house. 

 

Table 13 Different characteristics of the detached house 

Ventilation fan efficiency  70% 

Heat recovery system efficiency 76% 

Indoor temperature 18ºC to 22ºC 

Air tightness  

Occupancy activity 

Clothing resistance  

Artificial lighting  

Occupancy schedule 

 

Domestic hot water consumption 

Air flow rate 

Reflectance of interior surfaces (Månsson, 

2003) 

 

U-Value 

External walls 

Pitched roof 

Ground floor 

Windows 

0.1 (ach) at a differential pressure of ± 50 (Pa) 

1.2 (met) 

0.5 (clo) in summer and 1 (clo) in winter 

Fluorescent electrical lighting with 9.9 (W/m²) 

16:00 to 08:00 on working days only and 

whole day on weekends 

 

0.35 (l/m2.s) 

Walls 60% 

Ceiling 80% 

Floor 20% 

 

0.164 (W/K.m2) 

0.131 (W/K.m2) 

0.100 (W/K.m2) 

1.300 (W/K.m2) 

 

The first step in applying the framework was to perform the pre-processing 

phase, which started by modeling the detached house and specifying six types 

of windows. Three EnergyPlus files were generated. The first EnergyPlus file 

included windows without any blind, while the second and third EnergyPlus 

files comprised windows with internal venetian blind and internal roller curtain 

respectively. Table 14 and Table 15 present the various properties of the 

windows and blinds investigated.  
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Table 14 Various properties of the windows 

Window  Properties Price 

3-pane window type 1 

(Elitfonster, 2016) 

 

U-value = 1.3 (W/m². K) 

VT* = 74% 

SHGC** = 52% 

2760 

3-pane window type 1 

(Elitfonster, 2016) 

 

U-value = 1.2 (W/m². K) 

VT* = 72% 

SHGC** = 50% 

2870  

3-pane window Type 2 

(Elitfonster, 2016) 

 

U-value = 1.1 (W/m². K) 

VT* = 70% 

SHGC** = 49% 

3310 

3-pane window Type 3  

(Elitfonster, 2016) 

 

U-value = 1 (W/m². K) 

VT* = 66% 

SHGC** = 48% 

4000 

3-pane window Type 4  

(Elitfonster, 2016) 

 

U-value = 0.9 (W/m². K) 

VT*= 65% 

SHGC** = 45% 

4430 

3-pane window Type 5 

(Elitfonster, 2016) 

 

U-value = 0.8 (W/m². K) 

VT* = 63% 

SHGC** = 43% 

4770 

 

Table 15 Various properties of the blinds 

Blinds Properties   

 

Internal venetian blind (Elitfonster, 2016) 

 Visible transmittance of louvres 

 Louvre thickness 

 Louvre width  

 Blind-to-glass distance 

 Price  

 

0% 

0.001 (m) 

0.02 (m) 

0.1 (m) 

854 (SEK/m2) 

 

 

Internal roller curtain (Elitfonster, 2016) 

 Visible transmittance* 

 Curtain conductivity 

 Openness of the curtain 

 Blind-to-glass distance 

 Price  

 

* Fabric treated as an opaque material 

 

0%  

0.1  

3% 

0.1 (m) 

1305 (SEK/m2) 

 

 

The EnergyPlus was then coupled to modeFRONTIER by writing a script file 

using a DOSBatch node in modeFRONTIER. Later, window design variables 

were specified, and their upper and lower boundaries were codified to perform 

an optimization. Similar to paper III, the upper and lower boundaries of the 
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window size, position and form were defined by modifying the coordinate 

points of windows in relation to external wall coordinate points in 

modeFRONTIER. Figure 23 shows a schematic illustration of a room with a 

window on south facade and Table 16 presents window design variables and 

their upper and lower boundaries.  

 
Figure 23 Schematic illustration of a window and external wall coordinate points 

Table 16 Window design variables 

Window and blind 

design variables 

Lower boundary Upper boundary Interval  

Xa = X𝑏 

Xc = X𝑑 

𝑍𝑎 = Z𝑑 

𝑍𝑏 = Z𝑐 

 

((XA − XB)/2) + 0.2 (m) 

XD + 0.1 (m) 

𝑍𝐷 + 0.1 (m) 

𝑍𝐶 − 0.5 (m) 

X𝐴 − 0.1 (m) 

((XA − XB)/2) − 0.2 (m) 

Z𝐷 + 0.7 (m) 

Z𝐶 − 0.1 (m) 

0.1 (m) 

0.1 (m) 

0.1 (m) 

0.1 (m) 

Window type (1 to 4) 

Window type (5 to 12) 

1 

1 

6 

6 

1 

1 

 

The applied codifications allow the window size, position and form to be 

changed simultaneously, while also allowing the window to remain rectangular. 

In addition, any such codification changes all windows’ height from floor and 

ceiling in a homogeneous manner. Accordingly, it has a minor impact on facade 

design (Figure 24). No codifications were applied to the staircase and kitchen 

windows due to existence of staircase structure and kitchen cabinets (Figure 

21). The width of the bathroom’s window on the second floor was similar to the 

width of the main door. No codifications were applied to the bathroom’s 

window, because any change in its width might impact the facade design. 

Furthermore, two separate codifications were set to change the type of windows. 

This decision was made to determine designs, which have larger H(ill>500) at 

the reference point P1 with lower E(t) and K(n). 
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Figure 24 An approximate illustration of the window heights from the floor and ceiling 

(Myresjöhus, 2019) 

The optimization process started by determining optimization objectives and 

developing an optimization problem. The optimization objectives included 

H(ill>500), H(DGI>22), E(t)  and  K(n) . In addition, a PPD < 10 and a E(t) < 55 

(kWh/m2) were considered as optimization constraints. A PPD < 10 ensures 

comfortable thermal conditions in the detached house, while a E(t) < 55 

(kWh/m2) satisfies construction company’s terms. Equation 8 shows the 

optimization problem developed.  

 
U minimize 𝐹1(x)≔[𝐻(𝐷𝐺𝐼>22), 𝐾(𝑛)] 

and 

maximize 𝐹2(x)≔[𝐻(𝑖𝑙𝑙>500)] 

Subject to: 

𝑃𝑃𝐷 < 10 

 𝐸(𝑡) < 55 

Eq. 8 

 

 

Where: 

𝐻(𝑖𝑙𝑙>500) refers to the number of hours when daylight illuminance exceeded 

500 lx at P1;  

𝐻(𝐷𝐺𝐼>22) represents the number of hours when daylight glare index exceeded 

22 at P1; 

𝐸(𝑡) < 55 refers to the total energy need for space heating, cooling, domestic hot 

water and electricity for artificial ventilation;  

𝐾(𝑛) represents the present value of various window and blind designs; 

𝑃𝑃𝐷 < 10 refers to predicted percentage dissatisfied smaller than 10. 

 

The following settings were defined in using NSGA-II: population size = 20, 

generation number = 100, mutation = 0.035 and crossover probability = 0.9. 
The combination of 100 populations with 200 generations permitted execution 
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of 2,000 simulations in EnergyPlus. When NSGA-II was terminated, the results 

of 2,000 simulations were presented in modeFRONTIER.  

The post-processing phase started by applying AHP and selecting a trade-off 

window and blind design. Figure 25 shows an illustration of a hierarchy model, 

developed.  

 

 
Figure 25 An illustration of the developed hierarchy model (Jalilzadehazhari & Johansson, 

2019) 

Matrix L and matrix M show the pairwise comparisons among the objectives of 

AHP and visual comfort criteria respectively. Thermal comfort, energy demand, 

and life cycle costs were studied using a single evaluation metric. Thus, no 

comparison matrix was generated between their criteria. 

 
 

 

 
L= 

 Visual Thermal Energy Life cycle Weight 

 comfort comfort consumption cost  

Visual comfort 

[

  1                 2                   7                   7   
 1/2                 1                  7                  7   
1/7               1/7              1              1   
1/7               1/7              1              1   

] 

0.52 
Thermal comfort 0.36 

Energy consumption 0.06 

Life cycle cost 0.06 

 

 
 
M= 

 Amount of light glare  Weight  
Amount of light 

[
          1                          2  

          1/2                           1  
] 

0.667 

Glare 0.333 

 
 

Table 17 shows the variation in H(ill>500), H(DGI>22), PPD, E(t) and K(n) among 

the 2000 designs. Only 0.25% of the designs (5 designs from 2000 designs) 

provided a better visual comfort and thermal comfort, with lower energy 

consumption and life-cycle cost when compared with the initial design.  
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Table 17 Variations in  H(ill>500) , H(DGI>22) , PPD, E(t) and K(n) among 2000 designs  

 Min Max 

H(ill>500) 

H(DGI>22) 

PPD 

E(t) 
K(n) 

2475 (hr) 

53 (hr) 

6.4 

52.1 (kWh/m2) 

346821 (SEK) 

4316 (hr) 

2382 (hr) 

7.8 

65 (kWh/m2) 

562487 (SEK) 

 

Table 18 presents the performance of each design with respect to visual comfort, 

thermal comfort, energy consumption and life-cycle cost. Neither of the five 

designs had a blind.  

 
Table 18 The performance of the designs with respect to visual and thermal comfort, energy 

consumption and life-cycle cost 

 𝐇(𝐢𝐥𝐥>𝟓𝟎𝟎) 

(hr) 

𝐇(𝐃𝐆𝐈>𝟐𝟐) 

(hr) 

PPD 𝐄(𝐭) 

(kWh/m2) 

𝐊(𝐧) 

(SEK) 
Design 1 

Design 2 

Design 3 
Design 4 

Design 5 

Initial design 

3135 

3226 

3217 
2988 

3042 

2758 

162 

168 

171 
153 

166 

134 

6.5 

7 

6.9 
7 

6.8 

6.8 

52.4 

53 

52.6 
52.1 

52.5 

55 

432003 

456309 

450170 
447103 

449693 

360722 

 

In addition, table 19 presents the type of windows in each design. 

 
Table 19 Type of windows in each design 

 Window type (1 to 4) Window type (5 to 12) 

Design 1 

Design 2 
Design 3 

Design 4 

Design 5 
Initial design 

2 

4 
4 

5 

4 
1 

6 

6 
6 

6 

6 
1 

 

The analyses of results showed that design 2 was the trade-off design, since it 

provides greater H(ill>500)  when compared with other designs. The National 

board of housing building and planning (2018a) was used to calculate the 

primary energy demand, thereby satisfying the energy expert’s terms. 

According to the National board of housing building and planning (2018a) the 

primary energy demand of buildings can be calculated following equation 9. 

 

𝐸𝑃 =

∑ (
𝐸𝑢𝑝𝑝𝑣,𝑖

𝐹𝑔𝑒𝑜
) + 𝐸𝑘𝑦𝑙,𝑖 + 𝐸𝑡𝑣𝑣,𝑖 + 𝐸𝑓,𝑖

6

𝑖=1

𝐴𝑡𝑒𝑚𝑝
 

Eq. 9 
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Where: 

EP refers to the primary energy demand; 

Euppv,i refers to the energy need for supporting heating demand; 

Fgeo is the geographical factor; 

Ekyl,i refers to the energy need for supporting heating demand; 

Etvv,i refers to the energy need for supporting cooling demand; 

Ef,i refers to the electricity need for operating a ventilation system demand; 

Atemp refers to the total heated area. 

 

The geographical factor in the Kronoberg province in Sweden is equal to 1. 

Accordingly, the total primary energy demand of the design 2 was about 84.8 

(kWh/m2). Figure 26 and figure 27 show how changes in windows’ sizes, 

positions and forms affect façade design. 

 

 

 
Figure 26 South, north, east and west facades of initial design and design 1 and 2 
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Figure 27 South, north, east and west facades of design 3, 4 and 5 
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Conclusion  

The aim of this research was to create value for clients by enhancing their well-

being by improving health and providing economic benefits when selecting a 

window and blind design. However, selecting a window and blind design to 

enhance client well-being remains a challenging task due to three main 

difficulties: i) windows and blinds have contradictory effects on visual comfort, 

thermal comfort, energy consumption and life cycle cost, ii) multiple window 

and blind designs in different sizes, positions and forms, are available, which 

makes the selection of windows and blinds an intricate decision challenge, and 

iii) decisions on the selection of windows and blinds should include all criteria 

and their interactions simultaneously.  

A decision-making framework was developed to resolve the abovementioned 

difficulties when selecting a window and blind design. The strengths and 

limitations of the decision-making framework were later tested by employing it 

in window and blind design practice. This research found the decision-making 

framework a beneficial way of selecting a trade-off design through intelligent 

use of modeling and simulation in exploring big data in the built environment, 

energy, and cost sectors. The current increase in processing and computation 

power allows building professionals to not only use the framework to analyze a 

large variety of designs through an automated procedure in a relatively short 

period of time, but also specify how the trade-off design is affected through 

changes in pairwise matrices. The benefits of the decision-making framework 

can be achieved when designing new buildings or retrofitting existing ones. 

However, the results obtained are strongly dependent on pairwise comparisons 

performed between objectives of AHP and their respective criteria. 

Furthermore, the benefits of using the decision-making framework is limited to 

the evaluation of the objective criteria of visual comfort, thermal comfort, 

energy demand, and life cycle costs. Subjective values related to the design 

process still rely on the creativity of architects and building 

engineers. However, application of the decision-making framework requires 
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knowledge and competence in the fields of built environment, energy, economy, 

simulation, computation and optimization. Accordingly, it can be perceived as 

a complicated way of resolving difficulties.  
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Further possibilities in using the 

framework 

Application of the framework makes it possible to analyze various glazing 

systems based on a combination of multiple glass sheets and air gaps with 

different thicknesses and well as visual and thermal specifications. Any such 

application helps to develop new windows with distinguished visual and 

thermal specifications and incurred expenses. Developing new windows can 

indeed satisfy market demands. In addition, it increases the competence of the 

window manufacturing companies to align with climate change mitigation and 

adaptation within the construction sector. Currently, the window manufacturing 

company that participated in this research uses optimization to i) generate new 

windows based on a combination of multiple glass sheets and air gaps and ii) 

analyze the visual and thermal performance of the windows using an 

optimization tool. 
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Criticism of the decision-making 

framework 

The decision-making framework was developed based on an integration 

between NSGA-II and AHP. Although, the application of the framework helps 

to resolve difficulties in selecting a window and blind design, it has some 

limitations. These include the following. 

 

 The number of pairwise comparisons can be large, which makes 

application of the framework a lengthy task. 

 Performing pairwise comparisons can be a difficult and confusing task 

since decision-makers are asked to express their preferences by 

determining the relative importance of the AHP objectives and their 

corresponding criteria. Uncertainty when performing the pairwise 

comparisons can significantly affect the final results. In addition, 

decision-makers’ capacity and knowledge have profound effect on the 

accuracy of pairwise comparisons and the final results. 

 The accuracy of the decision-making method can vary greatly when 

evaluating subjective values. 

 AHP use was previously criticized for rank reversal phenomenon, 

which refers to a change in the ranking of design alternatives when an 

alternative is excluded or a new alternative is added. According to 

Wang and Elhag (2006), priorities should be kept unchanged to avoid 

rank reversal phenomenon. 

 If the consistency ratio does not satisfy the requirements, decision-

makers will be asked to reconsider their preferences.  

 Currently, application of the framework requires use of the 

modeFRONTIER platform, which may be considered an expensive 

tool for resolving difficulties.  
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Future work 

Future work in this research will include: 

 

 Analysis of different future climate scenarios and how they affect a 

trade-off design. Three weather data files have been already generated 

and used in a study by Jalilzadehazhari, Vadiee, and Johansson 

(2019b). 

 Analysis of different structure materials and their effect on carbon 

emissions by integrating the decision-making framework with a life 

cycle assessment approach. 

 An attempt to apply the extended TAM to investigate determinants of 

user acceptance of the decision-making framework in either a window 

manufacturing company or a construction company in Sweden. 

 An attempt to promote application of the decision-making framework 

in the construction industry. 
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Appendix 1  

Window design that enhances occupants’ well-being by improving their health 

is salutogenic design, a term which was coined by Aaron Antonovsky (Kopec, 

2017). The aim of the salutogenic design is to create indoor environments that 

actually boosts occupants’ mental, social and physical health (Kopec, 2017).  

Existing studies in the context of window design concentrate mainly on 

salutogenic design and provided insight regarding the benefits of daylight for 

occupants’ health (Krieger & Higgins, 2002; Mangkuto et al., 2016; C. E. 

Ochoa, M. B. Aries, E. J. van Loenen, & J. L. Hensen, 2012). Providing daylight 

can contribute to the generation of pleasant feelings such as happiness, 

calmness, safety (Boyce, Hunter, & Howlett, 2003; Yacan, 2014) and vitality 

(Smolders, 2013). This process can be explained by exploring the effect of 

daylight on production of serotonin and melatonin hormones. Serotonin is most 

known for its effect on feelings, stress and depression (Azmitia, 2009), as lower 

levels of serotonin are thought to contribute to the development of depression 

and feelings of sadness. Exposure to daylight stimulates the photoreceptors in 

the retina, the innermost layer of the eye (Vickers, Nair, Wheeldon, Peate, & 

Migliozzi, 2017). The stimulated receptors send their signals to the brain, which 

contributes to serotonin production. Azmitia (2009) found that blood serotonin 

level increased after repeated exposure to daylight.  

Melatonin affects circadian cycles. Circadian cycles refer to the neurological 

response to presence and absence of daylight that synchronizes and regulates 

the internal clock to twenty-four hours (Araji, 2008). Similar to serotonin 

production, when stimulated photoreceptors send their signals to the brain, 

contributing to the production of melatonin. Melatonin affects sleep quality and 

feelings (Aries, Aarts, & van Hoof, 2015). The effect of daylight on sleep 

quality and generation of feelings is used as a treatment for seasonal affective 

disorder, known as winter depression (Araji, 2008). However, exposure to 

daylight provides further benefits related to visual comfort and health, such as 
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preventing from vision and myopia, and eye strain and headache22 (Aries et al., 

2015). As mentioned previously, improving health, as a life domain factor, 

contributes to a higher ability to perform cognitive interpretations and boosts 

coping mechanisms, thereby enhancing well-being (Diener, 1984; Reinhardt, 

Boerner, & Horowitz, 2009).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                        
22 Further details regarding daylight’s effect on visual comfort, including vision and myopia as well as 
eye strain and headache can be found in Appendix 2. 
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Appendix 2 

Vision and myopia: Human vision is regulated by cone and/or rod 

photoreceptors (Aries et al., 2015). Human vision under an adequate amount of 

light is controlled by cone photoreceptors (Aries et al., 2015). Darkness vision 

is regulated by rod photoreceptors and vision in dim light is controlled by both 

cone and rod photoreceptors (Aries et al., 2015). Light falling in the eyes 

stimulates the optic nerves and triggers the visual cortex in the brain. Transition 

from engagement solely of rod to engagement of cone photoreceptors is directly 

influenced by the amount of light. According to Aries et al. (2015), the 

performance of human vision is generally better in daylight. Furthermore, 

improving vision can reduce depression (Aries et al., 2015) and boost cognitive 

performance. The connection in which the visual environment affects 

individuals’ vision is defined as visual comfort (European standard EN 12665). 

Visual comfort has mainly been analyzed by studying the relationship between 

individual needs and light environment (Carlucci, Causone, De Rosa, & 

Pagliano, 2015a).  

Eye strain and headache: Eye strain refers to fatigue of the eyes and is often 

accompanied by headaches (Aries et al., 2015). Eye strain occurs due to the 

tightness of ciliary muscles, which changes the shape of the lens in the eye 

(Aries et al., 2015). According to Aries et al. (2015), eye strain is strongly 

related to the spectrum of light. Because daylight provides the best light 

spectrum, it can significantly reduce the risk of eye strain (Aries et al., 2015). 

Eye strain can cause difficulties in learning and information processing, which 

diminishes cognitive interpretation (Edwards & Torcellini, 2002). Furthermore, 

it leads to higher levels of stress and anxiety (Edwards & Torcellini, 2002). 

According to Boyce et al. (2003), repeated experience of eye strain and 

headache can generate unpleasant feelings. 
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Appendix 3 

By definition, a decision support system is an interactive computer-based 

system enabling decision-makers to search, retrieve and use relevant data, 

knowledge, documents, and models to solve problems and make more educated 

decisions (Power, 2002). The decision-making process involves evaluation of 

multiple and complex alternatives for selecting one alternative to be the decision 

(Burstein & Holsapple, 2008). A decision support system is a beneficial tool in 

supporting the evaluation of alternatives, helping an individual to specify their 

implications in a systematic manner (Burstein & Holsapple, 2008). Power 

(2002) discussed about five main taxonomies of decision support systems that 

can be used depending on the decision tasks: model-driven decision support 

system, data-driven decision support system, knowledge-driven decision 

support system, document-driven decision support system, and communication-

driven decision support system. The word “driven” refers to a component or 

tool that provides the main functionality in the decision support system (Power, 

2002).  

The model-driven decision support system emphasizes creation and 

manipulation of a model, which should be built according to a decision problem 

(Niu, Lu, & Zhang, 2009). Application of the model-driven decision support 

system can provide several benefits. For instance, it i) extends decision-makers’ 

ability to analyze large-scale data and make a more informed decision that 

would otherwise require substantial time and effort; ii) helps decision-makers 

to confirm assumptions and generate new facts, thereby improving the 

reliability of decisions; and iii) increases the productivity of an organization 

since it helps the organization to effectively meet the needs of a specific 

customer segment (Power, 2002).   

The data-driven decision support system focuses on access and analysis of a 

large amount of data. Data-driven decision support system is mainly based on 

operating a data-warehousing system and manipulating the data found 
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(Mattiussi, Rosano, & Simeoni, 2014). Servers and webs are common enabling 

technologies for such decision support systems.  

The knowledge-driven decision support system is mainly developed to be 

used in a particular domain. It includes specialized problem-solving systems to 

help decision-makers in analyzing certain knowledge and solving problems. A 

knowledge-driven decision support system supports decision-making by sifting 

through large amount of data and providing recommendations or suggestions. 

Servers and the web are the main enabling technologies for building and 

implementing a knowledge-driven decision support system. Technologies used 

in medical and healthcare services are some examples of knowledge-driven 

decision support systems, which are designed to provide recommendations to 

experts based on evaluation of certain knowledge. 

The document-driven decision support system has a focus on management 

and retrieval of different unstructured documents. Video, oral and written 

documents are considered three main categories of documents. A search engine 

is a common enabling technology associated with a document-driven decision 

support system (Power, 2002). 

 The communication-driven decision support system enables communication 

and supports collaboration among several groups. In addition, any such decision 

support system facilitates information sharing and supports group decision tasks 

(Power, 2002). Two-way interactive video, chats and email systems are some 

examples of enabling technologies associated with a document-driven decision 

support system (Power, 2002). 

 


