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Abstract 

Abstract 

Rapid decarbonization of building stock is essential for the energy transition 

required to mitigate climate change and limit the global temperature rise below 

1.5 °C. The decision-making for the adoption of energy efficiency measures 

(EEMs) is often complex and involves lasting consequences and risks. The 

strategy to direct and support the decision makers can significantly increase the 

adoption rate of EEMs in buildings. This Ph.D. project focuses on facilitating 

sustainability improvement in buildings by supporting the decision makers who 

are accountable for the consequences of adopting the EEMs. Energy efficiency 

improvement is decided and managed differently in various types of buildings 

and contexts and encounters different challenges and opportunities. Accordingly, 

it is required to understand the needs to select adequate strategies and to devise 

effective supporting interventions for energy efficiency improvement.  

The owners of single-family houses are often the occupants who are in charge of 

the most decisions to improve energy efficiency in their dwellings. The situation 

is rather different in multi-family buildings and academic buildings in which 

organizational management adds more complexity and the decisions affect 

various stakeholders. The studies in this project are based on qualitative and 

quantitative data collected from single-family houses, multi-family buildings, and 

university buildings in northern Sweden. Surveys were used to elicit the decision 

makers' perceptions of different types of buildings. Moreover, sensor data from 

university buildings were used in the case studies to develop informative metrics 

for space use efficiency and to analyze the effect of sensor positioning on 

monitored data. 

The initial work involved understanding the opportunities and challenges of 

improving energy efficiency in buildings and the tradeoffs between the perceived 

benefits and barriers. This part of the thesis provided the foundation and 

inspiration for the rest of the project, including investigating how to bundle 

several measures and use information and communication technologies (ICT) for 

building sustainability. The findings show lack of information and evidence that 

could justify the beneficial outcomes of EEMs is a major barrier for effective 

decision-making. Clear information on potential improvements allows sharing 

the responsibilities among different stakeholders and increases the management 

capacity to handle projects and adopt EEMs. Using feedback tools (for example, 

space use and/or energy use visualizations) might be an effective strategy to 

influence decision makers. 

Various studies incorporated in this multidisciplinary Ph.D. thesis develop and 

investigate strategies to support decision makers to improve energy efficiency in 
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Abstract 

buildings. The findings provide insights to policymakers and businesses to devise 

intervention strategies for energy efficiency in buildings. 
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Sammanfattning 

Sammanfattning 

En snabba minskning av koldioxidutsläppen från bebyggelsen är avgörande i den 

energiomställning som krävs för att minska takten på klimatförändringen och 

begränsa den globala temperaturökningen till 1,5° C. De beslut som behöver tas 

för att införa energieffektivitetsåtgärder (EEM) är till sin natur ofta komplicerade 

och förknippade med långtgående konsekvenser och risker. Strategier för att 

styra och stödja beslutsfattarna kan avsevärt öka införandet av EEM i byggnader. 

Denna doktorsavhandling är fokuserad på att främja förbättring av hållbarhet i 

bebyggelsen genom att stödja beslutsfattare som är ansvariga för de 

konsekvenserna som är förknippade med införandet av 

EEM.  Energieffektivisering beslutas och hanteras på olika sätt för olika typer av 

byggnader, i olika sammanhang, vilket i sin tur medför olika utmaningar och 

möjligheter. Följaktligen är det nödvändigt att förstå betydelsen av att välja 

lämpliga strategier och att utforma effektiva stödåtgärder för att uppnå ökad 

energieffektivitet. 

Vanligen bebos småhus av ägaren, vilken samtidigt ofta har ansvar för att fatta 

nödvändiga beslut för att förbättra energieffektiviteten för bostaden. Situationen 

är ganska annorlunda för flerfamiljshus och offentliga byggnader, som 

universitetsbyggnader, där organisatoriska strukturer innebär ökad komplexitet 

och de beslut som fattas påverkar olika intressenter. De presenterade studierna 

baseras på kvalitativa och kvantitativa data som samlats in från enfamiljshus, 

flerfamiljshus och universitetsbyggnader i norra Sverige. De undersökningar som 

genomförts har utformats för att identifiera beslutsfattares uppfattningar för 

olika typer av byggnader. Dessutom har sensordata från universitetsbyggnader 

använts olika i fallstudier för att utveckla illustrative nyckeltal för 

lokalanvändningseffektivitet och för att analysera hur sensorpositionering kan 

påverka insamling av mätdata. 

Den inledande delen av arbetet innefattade att förstå möjligheterna och 

utmaningarna som följer av att förbättra energieffektiviteten i byggnader, samt 

skillnaderna mellan de upplevda fördelarna och hindren. Den delen av arbete gav 

grunden och inspiration för resten av projektet, vilket inkluderade att undersöka 

hur flera åtgärder kan förenas och användningen av informations- och 

kommunikationsteknik (IKT) för hållbart byggande. Resultaten visar att brist på 

information och evidens för de positiva resultaten av EEM kan vara ett hinder för 

att motivera beslutsfattande. Tydlig information om potentiella förbättringar kan 

möjliggöra att ansvarsområden delas mellan olika intressenter och kapaciteten 

att genomföra projekt och införa EEM kan förbättras. Att använda metoder att 

återkoppling, med exempelvis visualisering av lokalanvändning och/eller 
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energianvändning, kan vara en del i en effektiv strategi för att påverka 

beslutsfattare. 

Olika studier är införlivade i detta tvärvetenskapliga avhandlingsarbete för att 

utveckla och undersöka strategier som kan vara till stöd till beslutsfattare att 

förbättra energieffektiviteten i byggnader. Resultaten delger insikter till 

företrädare för myndigheter och näringslivet till att utveckla och utforma 

strategier för energieffektivitet i bebyggelsen. 
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Preface 

Preface 

The building sector is one of the largest energy consumers and plays a key role in 

mitigating the ongoing climate change and its environmental consequences. With 

the increasing attention on the need to reduce anthropogenic greenhouse gas 

emissions, leveraging the energy efficiency potential of existing buildings is 

crucial to achieving the ambitious emission targets. This Ph.D. thesis presents the 

research for supporting the decisions to improve energy efficiency in existing 

residential and academic (institutional) buildings. The project was conducted in 

the Department of Applied Physics and Electronics at Umeå University. This 

research environment is characterized by its variety of technical disciplines as 

well as collaboration with researchers in non-technical fields such as those in 

psychology and business research areas. The multidisciplinary studies included 

in the thesis combine various insights from behavioral science, social marketing, 

public policy, energy technology, facility management, and digital innovation. 

Besides, there are different research methods used in these studies, including 

conceptual modeling, qualitative and quantitative surveys, case studies, and data 

analytics. All studies are commonly directed to support the decision makers to 

adopt energy efficiency measures and improve demand-side energy 

management. The thesis’s ultimate goal is to contribute to the global efforts to 

tackle climate change by developing strategies to reduce energy demand and 

promote sustainability in buildings. 

The research scope in the thesis is framed by two projects fund by European 

Union projects that financially supported the Ph.D. work. The first project was a 

part of the Botnia-Atlantica project “Renovation Centre”. The project was funded 

by the European Regional Development Fund Grant No. 303-5806-2015. The 

project aimed to establish a knowledge center facilitating Nordic building 

professionals’ networking and included researchers from Sweden, Finland, and 

Norway. The second project, named RUGGEDISED, received funding from the 

European Union’s Horizon 2020 research and innovation program under grant 

agreement No. 731198. This project included partners from six European 

countries, and one of the main objectives was to improve energy management 

using ICT tools. These projects determined the research settings such as methods 

and the type of building investigated in the Ph.D. studies. The projects exerted a 

practical approach to the research activities by highlighting real-life problems. 

The thesis includes seven articles, of which three are related to the first project, 

and the rest of the articles were framed within the second project’s scope.  
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Introduction 

1 Introduction 

1.1 Importance of energy efficiency for the sustainability of 

buildings 

Global temperature rise would incur extensive economic costs and other non-

compensable lasting damages to humans and other living species [1]. The 

accelerated impacts of climate change would have severe consequences on food 

and water security, sea-level rise, and extreme weather events [1,2]. Countries in 

high northern latitudes such as Sweden might specifically be impacted by more 

heavy rainfalls, which could be damaging to the infrastructures [1]. Restricting 

the dangerous thresholds of climate change requires avoiding reaching the 

carbon budget related to 1.5 °C or at least 2 °C rise in global average temperature 

while the risk of crossing these targets seems imminent with the current trends 

[2].  

The Paris agreement (COP2015) is an example of the efforts to integrate various 

countries in a global plan and strengthen international resolution towards 

reaching climate targets [3]. This agreement aligns with United Nations’ (UN) 

resolution in 2015, “Transforming our world: the 2030 Agenda for Sustainable 

Development” [4]. The UN sustainable development agenda introduced 17 

distinctive global goals, including Climate Action being recognized as goal 13. 

These goals are set to transform the world into a sustainable and resilient path 

and to promote prosperity while protecting the planet. The requirements and 

effects of many of these goals are interconnected. The scope of this thesis is 

supporting sustainability decisions in buildings which, in addition to the Climate 

Action goal, aligns with several of UN goals, specifically goals 7 and 11, namely, 

Affordable and Clean Energy, and Sustainable Cities and Communities. 

Sustainability can be broadly defined as “meeting the needs of the present 

without compromising the ability of future generations to meet their own needs” 

[5]. There are different interpretations of sustainability depending on the 

research field and context. Sustainability has different dimensions, such as 
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economic, social, and environmental dimensions [6]. Environmental 

sustainability is commonly assessed by the carbon footprint concept [7]. This 

thesis is contextualized within the area of environmental sustainability, with the 

focus being centered on reducing GHG emissions in buildings by energy 

efficiency improvement. The environmental impact of buildings originates from 

different phases of buildings’ life-cycle such as manufacturing, occupancy, and 

end of life [8]. The operational energy use during the occupancy phase of 

residential buildings in mild climates is around 65%-75% of buildings’ life cycle 

energy use, while these shares may significantly increase in other climates [9]. 

Currently, the carbon footprint of the occupancy phase of buildings is dominant 

compared to other phases, which could be the reason that sustainability in 

buildings is commonly entangled with operational energy use reduction [10–12]. 

The majority of studies and analyses in this thesis are inclined towards energy 

efficiency improvement in existing buildings, although the part of the thesis 

addressing space use efficiency could have a wider scope. Besides the effect on 

the operational energy use, space use efficiency prevents unnecessary new real 

estate developments and contributes to resource efficiency in the early phases of 

the building lifecycle, which is an important aspect of building sustainability [8]. 

Following the European energy policies such as Energy Performance of Buildings 

Directive (EPBD) [13] and Energy Efficiency Directive (EED) [14], the Swedish 

energy policies are devised to promote ecological sustainability. One of the energy 

targets was to reduce energy use by 20% by the year 2020 compared to 2008 

through energy efficiency, which was reached in 2018 [15]. Sweden is considered 

a leader in energy transition partly due to its low carbon-intensive economy, 

which is the second-lowest among IEA members [16]. In the next step, the 

Swedish energy system is on track to reach the goal of 50% more efficient energy 

use by 2030 compared to 2005 [16]. 

1.2 Potential and challenges of improving energy efficiency 

in buildings 

Buildings are meant to provide a safe, comfortable and healthy environment to 

conduct activities, and energy is essential for the buildings to provide their 

intended services [17,18]. Building sector is a major energy consumer accounting 

for 30% of global final energy use [19] and is responsible for a quarter of GHG 

emissions [20]. These shares are even larger for the European building stock, 

which consumes 40% of final energy and emits 36% of GHG emissions. The 

significant environmental impacts of existing buildings cause their energy 

efficiency improvement to play an important role in the efforts to mitigate climate 

change. The energy use of the building sector in Sweden, including residential 

and non-residential buildings (such as commercial and public buildings), is about 
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131 TWh, corresponding to about 35% of total final energy use in Sweden [21]. 

This high share indicates the opportunities for energy efficiency improvement 

have high potential to reduce the overall energy use and the corresponding GHG 

emissions. 

Existing residential buildings can specifically play an important role in achieving 

climate goals [22]. In Sweden, the housing stock had rapid growth from 1950 to 

1980 [23]. About half of the residential dwellings in Sweden were built during 

this period which, partly due to their age, have a large potential for energy 

efficiency improvements [23]. Buildings’ heated area has gradually increased 

since 1983, and the current trend shows further increase in future due to reasons 

such as population growth (see Figure 1). However, due to the long lifespan of 

buildings that are sometimes considered 100 years, most existing buildings would 

be used in the coming decades [9]. This signifies the importance to sustainably 

improve Sweden’s existing buildings by relevant measures such as those reducing 

energy use and improving energy management. 

 

Figure 1. Heated area in dwellings and non-residential premises from 1983_Adopted from [21] 

There are several terms to describe the implementation of changes to buildings 

during their operation phases, such as refurbishment, retrofit, and renovation. 

Refurbishment refers to the actions to restore a building to its original state 

and/or performance, while retrofit includes the actions that improve a building 

beyond its original state and/or performance [24]. Thus, a building improvement 

project that includes the adoption of energy efficiency measures can be a retrofit. 

The term renovation is also commonly used in the literature and legislative 

documents such as EPBD [13]. Accordingly, in this thesis, the term energy 

renovation (ER) is used for home improvement projects with one or several 

energy efficiency measures (EEM) that lead to energy saving. However, EEMs can 
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also be adopted as standalone measures while the term ER would no longer be 

applicable.  

Renovation of the aged building stock is more advantageous than their 

demolition and constitutes major benefits from social, economic, and 

environmental aspects [25]. The measures related to the improvement of thermal 

insulation of building envelope such as roof, wall, windows along heating systems 

are conventionally common for energy efficiency improvement in buildings [26]. 

Thus, in this thesis, these EEMs are referred to as conventional measures. In 

addition to conventional measures, the advancements in information and 

communication technologies (ICT) have provided opportunities for sustainability 

improvement in buildings. ICT can be incorporated into building systems to 

improve their performance and contribute to improving energy efficiency in 

buildings. Examples of such applications are demand-controlled energy systems 

and space use management. Demand control can improve building performance 

in terms of the quality of indoor environment (IE) and energy efficiency with new 

methods using occupancy and IE information [18,27]. ICT can be used for space 

use management as an information tool that allows making more informed 

decisions for improving sustainability and energy efficiency in buildings [28,29]. 

Despite the numerous potential benefits, the expectations on energy efficiency 

improvements in buildings have not been fulfilled [30]. Policy measures and 

incentive instruments have sufficiently increased the energy efficiency of 

buildings [30,31]. One probable reason is the lack of adequate understanding of 

the dynamics of decision-making processes [26]. The early research on energy 

efficiency improvement has been relatively focused on traditional economics 

using indicators such as discount rates and payback periods [18,32]. The policy 

design requires an in-depth understanding of decision-making processes by 

viewing them through the lens of disciplines such as social and behavioral science 

to incorporate non-economic factors [32]. A review of ER decisions states that the 

“research on understanding the decisions is still in its infancy”, and the 

“researchers require to obtain a deeper understanding of decision-making 

processes” [26].  

Energy efficiency improvement in buildings is known for the complexity of the 

process and uncertainty of the outcomes [33]. The decision-making for the 

adoption of measures that improve energy efficiency (henceforth energy 

efficiency measures) involves competing interests and priorities, socio-behavioral 

issues, and financial constraints [34–36]. Thus, the decision makers need to be 

supported by effective interventions that resolve their doubts and facilitate their 

decisions. Decision support interventions in this thesis might refer to a policy, 

regulation, strategy, activity, or tool that can positively influence the decisions to 

improve energy efficiency [32]. 
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In the context of this thesis, decision makers are either responsible for decisions 

or can influence them. The motivations of decision makers are based on the 

perceived outcomes resulted from the adoption of EEMs [35]. The outcomes are 

mainly the benefits that are conducive and the barriers that are deterrents for the 

adoption [37]. The expectations of the outcomes depend on the type of building 

which partly determines the decision-making process and who the decision 

makers are. The overall impact on energy efficiency is likely to increase as more 

effective measures are adopted. Moreover, the measures have a higher chance of 

being economical if they are adopted together as a package [38,39]. Thus, it is 

important to bundle the measures together to reach further improvements in 

energy efficiency in buildings. Moreover, the adoption of ICT for buildings’ 

sustainability can be accelerated with developing new applications as multiple 

applications can justify the investment cost and increase the effects on energy 

efficiency. Such ICT applications are often enabled by sensors while their 

adequate use, such as their positioning, is crucial to achieve the desired results in 

the intended applications. 

1.3 Knowledge gap 

The decisions to invest in energy efficiency and adoption of EEMs are complex, 

with uncertain procedures and outcomes which need to be made in limited time 

frames [24]. Thus, decision support interventions can play a critical role in 

facilitating energy efficiency improvement [24]. The decision support 

interventions should be based on the opportunities and challenges of energy 

efficiency improvement [40,41]. Identifying and understanding these 

opportunities and challenges is crucial to devise effective decision support 

interventions.  

Current policy schemes often do not consider the heterogeneity of decision 

makers and the differences in their contexts which shape their views, needs, and 

priorities [32,35]. Due to the diversity of decision makers and the contexts of 

decision-making, even in similar types of buildings, the supportive strategies 

should be tailored to increase their effectiveness [32]. The decision-makers based 

on the context of adoption have different motivations [42], however, the 

influences of contexts on the collective perceptions of benefits and barriers are 

not adequately studied. This should also be considered for the diversity in the 

contexts of adoption that may facilitate the adoption of different EEMs. 

Understanding and comparing the facilitating contexts of adoption for different 

EEMs allow devising supportive interventions to bundle them together to 

improve building energy efficiency further [43,44]. 

The vast interest in the practical use of ICT among facility managers is evident, 

while the variety of possible system configurations might cause difficulty for the 
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choice of an adequate system [45]. ICT tools may be used as supportive tools for 

implementation decisions while the decision-making process for their adoption 

is similar to other EEMs that need to be supported [46]. Due to the lack of 

understanding of the requirements for integrating ICT with management 

procedures and their outcomes, many implemented projects related to these tools 

are perceived as unsuccessful [47]. Leveraging the potentials of ICT technologies 

for sustainability in buildings requires further understanding of their impacts and 

developing guidelines for the professionals and practitioners on collecting data 

from sensors and their visualization [46,48]. Moreover, showcasing the 

functionality and the benefits of these systems by demonstrative projects may 

address the general skepticism and reduces the uncertainties surrounding such 

innovations.  

ICT can provide a realistic view of various aspects of user experience, which can 

be used to support decisions that improve building sustainability, such as energy 

efficiency. Space use management is not possible without adequate information 

on space use, while inaccuracies of the traditional method of manual information 

gathering challenge the validity of space use measurements in large surveys 

[49,50]. Such shortcomings can be addressed by ICT while its developments and 

diffusion in buildings have provided new opportunities for space use 

management [28,51].  

Data-driven applications enabled by ICT in buildings offer many improvements 

for operational efficiency in buildings. However, the reliability of data is crucial 

to unlocking the potentials. Despite the extensive research on sensors used in ICT 

on the technological level [52], the research on the effects of installation practices 

on sensor performance is underdeveloped. The adoption of ICT in buildings has 

gained a fast pace [53], while sub-optimal sensor positioning has significant 

negative effects on data reliability [54,55]. Thus, the knowledge gap in the effects 

of sensor positioning is described as “an urgent and challenging task requiring 

further research” [55]. 

1.4 Scope and Purpose 

Sustainability decisions, including those related to energy efficiency in buildings, 

are often complex since they involve large investments and impact the wellbeing 

of building users. The stakeholders involved in the decisions to adopt the 

solutions for energy efficiency improvement (i.e., EEMs) need supports that 

facilitate the decision-making process [24]. Relevant policies can provide these 

supports, for example, by the information that reduces the uncertainty of 

outcomes resulting from the adoption of EEMs. 
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The overarching purpose of this thesis is to investigate the strategies to support 

sustainability and the adoption of measures leading to better conservation and 

management of energy use. Different studies in this thesis cover single-family 

houses, multi-family buildings, and academic buildings. Due to the variations in 

the processes of technology adoption decisions in different buildings, the support 

strategy should be investigated for the specific types of buildings. However, some 

findings might be applicable to multiple types of buildings due to their 

similarities. The studies included in the thesis are based on four research 

questions (RQ) including: 

RQ1. What are the opportunities and challenges for adopting energy 

efficiency measures in buildings? 

RQ2. What factors facilitate the bundling of energy efficiency measures in 

residential buildings?  

RQ3. How can ICT contribute to energy and space use efficiency in academic 

buildings? 

RQ4. How are ICT data affected by sensor positioning in academic buildings? 

The common theme within these various research questions is decision-making 

support to improve energy efficiency by relevant measures and technologies. This 

thesis is an effort to understand how to leverage the opportunities and overcome 

the challenges of improving energy efficiency in buildings. The subjects and cases 

of studies are from the northern region of Sweden, however, most of the findings 

are applicable to other regions, specifically northern Europe, which has 

similarities in climate and socio-political conditions. 

1.5 Research flow and thesis outline 

The first three papers investigated the stakeholders’ perspectives in 3 types of 

buildings, including single-family houses, multi-family buildings, and academic 

buildings. Figure 2 presents the research flow and how different research 

questions and papers are grounded within the scope of this thesis. RQ1 is 

addressed in Paper I, Paper II, and Paper III for three types of buildings. This 

research question is the basis for the rest of the thesis, and the findings and the 

developed approaches in the papers related to RQ1 motivate the rest of the 

studies. This research question has a relatively broader scope to investigate the 

adoption decision making from a general perspective. The work conducted in 

paper III raised the problem that it may be inadequate to investigate ER without 

considering the comprising EEMs leading to RQ2 and paper IV.  
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Addressing RQ1 by Paper I and Paper II led to realize RQ3 and the need to 

investigate the applications of ICT in academic buildings by Paper V and Paper 

VI. Paper VI was carried out based on the findings in Paper II, which showed the 

lack of information on different aspects of building performance is a major barrier 

to effective decision-making. This problem is highlighted in university buildings 

with multiple stakeholders involved in decisions and discrepancies between 

building users, building operators, and decision makers. The papers 

corresponding to RQ3 inspired RQ4 to examine the effects of sensor positioning 

on occupancy and environmental monitoring, which can significantly affect the 

intended ICT applications. The research questions are grounded differently in 

relation to their previous papers. Some of them can be tracked directly to the 

results of their previous studies (e.g., RQ3 is raised by the results of Paper II), 

while others are inspired by the previous studies (e.g., RQ2 in relation to Paper 

III). 

 

Figure 2. Overview of the research flow 
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The complexity and multi-dimensionality of the problem of energy efficiency 

improvement in buildings pose the need for a multidisciplinary approach and the 

use of various research methods shown in Figure 3. Qualitative methods are 

suitable for exploratory analyses and to clarify the potentials and paths in the 

initial research stages. This approach was used to investigate the drivers and 

barriers of energy efficiency improvement in multi-family and academic 

buildings. The qualitative studies on multi-family residential buildings and 

academic buildings in Paper I and Paper II were followed by a review study and 

two case studies related to ICT and building digitalization which were inferred to 

have potentials for energy use reduction. The quantitative data of the 

questionnaire survey was the basis for two studies on the perceptions of single-

family homeowners on energy efficiency improvement. 

 The studies in this thesis can be categorized by the types of investigated 

buildings, including single-family houses, multi-family buildings, and academic 

buildings. As shown in Figure 3, the main study subjects for most of the papers 

were the buildings’ decision makers. 

 

Figure 3. The schematic of various cases and methods used in different studies of this thesis  

The contributions of this thesis can be categorized into two parts: 1) 

understanding the challenges and opportunities of improving energy efficiency in 

buildings and, 2) understanding the opportunities that ICT and building 

digitalization provide for improving energy efficiency in buildings. The former 

part of contributions is based on the qualitative data related to academic and 
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multi-family residential buildings and the quantitative data of single-family 

residential buildings. The second part of contributions related to ICT mostly 

covered building monitoring applications, including demand-controlled energy 

systems and space use efficiency. The main audiences of the findings of this thesis 

are the policy-makers who can support the decision makers to adopt measures 

for energy efficiency improvement. Addressing the research questions in this 

thesis leads to discussions on important subjects such as: 

• The differences between decision-makings of technology adoption to 

improve energy efficiency in various types of buildings. 

• The issue of discrepancy between the building users and decision makers in 

some buildings which obstructs the required information for decision-

making. 

• The role that the emerging ICT technologies can play in improving 

sustainability and energy efficiency in buildings. 

Following this introductory chapter, chapter 2 presents the review of the 

literature and maps the research front about supporting energy efficiency 

decisions in buildings. Chapter 3 describes the methods and materials. Chapter 4 

summarizes the results of each of the seven papers included in this thesis and 

discusses their contributions to the research questions. Chapter 5 presents 

general conclusions in relation to the aim of this thesis. Chapter 6 presents the 

suggestions for future research based on the findings of this thesis. 
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2 Literature review 

2.1 Decision-making for the adoption of energy efficiency 

measures in existing buildings 

The research on the adoption of energy efficiency measures in buildings has 

significantly increased in recent years [26]. The decisions on adopting EEMs in 

buildings involve evaluating multiple criteria such as energy use, IE quality, 

investment and operational costs, security, sustainability, and social factors [24]. 

The general process of decision-making could be a complex set of different stages 

such as identification of the issue, considering possible options, making 

judgments, and combing different information and values to make decisions [56]. 

The complexity of decision-making is exacerbated as the number of options, 

stakeholders, and potential tradeoffs increases [57]. Many problems related to 

energy systems require multidisciplinary perspectives due to the sociotechnical 

nature of energy systems involving technologies, people, institutions, 

organizations, and interlinked drives and demands. Identifying the potentials for 

improvement in an energy system requires understanding the dynamics between 

different parts of that system. 

 Individual decision-making has received relatively more attention in research as 

compared to decision-making in groups [58]. Nevertheless, according to [59], 

many decisions are affected by the element of group, and the decisions might be 

affected by the sense of group membership. The group element is more influential 

when the decisions require a deeper level of insight for problem-solving [59]. For 

example, the homeowners’ decisions to invest in energy efficiency are likely to be 

made together with other members of the household. The group decisions are 

more likely to be self-interested thus can be associated with a higher level of 

rationality [59]. Empirical research suggests the group decisions improve the 

overall quality of decision-making by including more views and knowledge 

despite the risks incurred by various biases [60]. Some examples of biases related 

to group decisions are myopic loss aversion, group think, and egocentrism. 

Myopic loss aversion is the temporary loss of sight of the big picture and making 
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decisions that are not beneficial in the long term [60]. Group think is the decision 

makers' avoidance of independent critical thinking with the aim of concurrence 

among the group and to support the decisions made by the perceived leaders of 

the group [61]. Egocentrism is the decision makers’ overestimation of the 

consensus level on their views and opinions [62]. 

It is crucial to use appropriate decision models to understand sustainability 

decisions and to influence them [32]. Decision-making for energy use reduction 

is modeled within different disciplines such as conventional and behavioral 

economics, technology diffusion, social psychology, and sociology [32]. 

Understanding and intervening in the interactions of humans with energy 

systems requires an integrated knowledge and insight from multiple disciplines 

[63]. Energy social science is an approach for understanding the interactions with 

energy systems to be able to intervene effectively [63]. In this approach, humans 

play a central role in directing the improvements in energy systems [64]. There 

have been several efforts to use well-known behavioral models such as the Theory 

of Planned Behavior and Norm-Activation model [26,35]. However, these 

theories might have deficiencies for major investment decisions due to over-

simplification and relative inattention to decision outcomes (benefits and 

barriers), despite their functionality in describing the “curtailment” behaviors 

[35,65].  

Research shows the irrationality of human decisions due to reasons such as 

bounded rationality, in which the decision makers use rules to reduce cognitive 

or computational requirements for processing information [66]. An example is 

searching for information until a target or threshold is reached and then ignoring 

the other alternatives. The irrationality of decisions signifies the importance of 

behavioral theories for understanding human decisions [59,66]. However, the 

assumption of rationality is useful when decisions involve “deeper level of insight 

and analytical problem-solving and coordination” [59], which is applicable to 

energy efficiency investments in buildings. The rational actor assumption 

facilitates the understanding of major investment decisions as the decision 

makers have relatively more focus on decision outcomes [35]. 

The rational actor assumption is often used in utility-based decision models, 

while the sources other than economic benefit can also be incorporated for utility-

maximization [67]. A schematic representation focused on how the perceived 

outcomes may lead to or prevent a decision is shown in Figure 4, which has its 

origin in a social marketing concept [68]. The outcomes include the benefits of 

adoption, which can motivate the decision makers, and the barriers of adoption, 

which demotivate them [68]. Renovation decisions are driven by an alliance of 

several motives [69]. The perceived benefits of EEMs are required to outweigh 

the barriers (such as cost) in order to lead to adoption [37]. The approach from 
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social marketing presented in Figure 4 presents this view by depicting the 

probable relations between the benefits and barriers of ER. 

Figure 4 shows the tradeoffs between various benefits and barriers that may 

result in adopting or preventing decisions such as those related to sustainability 

measures. Increasing the benefits and decreasing the barriers to an EEM would 

increase the adoption rate [70]. The benefits and barriers are often different, even 

for seemingly similar measures [71]. Moreover, the potential adopters of a 

sustainability measure (e.g., the implementation of ER) may perceive different 

benefits and barriers for it [37]. 

 

Figure 4. A conceptual representation of the tradeoff between the benefits and barriers in social 

marketing campaigns, adopted from [68] (Fig. 4A: when the adoption of a measure is prevented, 

Fig. 4B: when a measure is adopted) 

Decisions to adopt EEMs and ER are driven by benefits and hindered by barriers 

[26]. The benefits and barriers of ER in residential buildings are generally in 

economic and non-economic categories. Some examples of the economic and 

non-economic benefits and barriers of ER investigated in this thesis for single-

family houses are presented in the following.  

As mentioned by [69,72], economic-related benefits of ER in single-family houses 

could be energy cost reduction and increase in property value. Non-economic 

benefits of ER mentioned by [69,73,74] are IE improvement, minimizing 

maintenance, preserving environment, aesthetics improvement, adopting 

modern systems, and extending space. Some economic barriers mentioned by 

[69,75,76] are high investment cost, uncertainties of the cost, difficulty of getting 

low-interest loans, low cost-effectiveness. Examples of non-economic barriers 

mentioned by [69,75,77] are time consumption, complication of the process, 
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inconveniences to routine life, and difficulty of finding reliable information 

sources. 

In order to distinguish different groups of adopters (decision makers), it is 

important to understand different contexts of adoption. An adoption context 

consists of a combination of different influential factors, which can be generally 

categorized as “human-related” factors and “house-related” factors. Several 

studies applied such factors to predict the homeowners’ decisions to adopt EEMs 

[36,78]. The research has not noticed the importance of the link between the 

influential factors (context of adoption) and the benefits and barriers 

(consequences) of improving energy efficiency. It is likely that the influential 

factors primarily affect the perceptions of decision makers on the benefits and 

barriers of energy efficiency improvements. Subsequently, the decision makers 

adopt the measures based on the tradeoff between the perceived benefits and 

barriers. This approach is partly verified by [42], implying the adopters, based on 

the context of adoption, have different motivations. 

2.2 Decision support strategies in various types of buildings 

The problems related to energy efficiency improvement in buildings are usually 

wicked [33]. In the academic literature, wicked problems are known for their 

resistance to resolution due to being unstructured, incomplete, contradictory, or 

ever-changing [33]. The complexity of decisions on energy efficiency 

improvements is partly due to the multiple involved stakeholders and actors with 

often competitive objectives [24]. Depending on the type of building and its 

management, the decision makers could be the users, maintenance and operation 

team, organizational teams, etc. [24]. Moreover, due to the emerging solutions 

and technological advancements in the building industry, the decision 

alternatives are continuously increasing [24]. Some of the interventions and 

solutions to improve energy efficiency are designed for specific types of buildings 

and may not be adaptable to other types. Decision support interventions and tools 

should be adapted to the needs of the decision makers, which differ in various 

types of buildings. 

Owners of single-family houses are the building users who are relatively free to 

make investment decisions. The adoption of measures for energy efficiency 

improvement in existing single-family houses usually cannot be forced upon by 

regulations. Energy efficiency improvement in the existing single-family houses 

depends mainly on the house owners’ perspectives towards the measures. Thus, 

the house owners are the main actors who should be focused on the efforts to 

improve energy efficiency in single-family houses [42]. 
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The managements of multi-family buildings in Sweden are different based on 

their type of ownership. The type of ownership affects the decision-making 

process for the adoption of sustainability measures. The ownership of multi-

family buildings in Sweden is mainly within the three categories of 1) tenant-

ownership (henceforth co-operative housing association), 2) private, and 3) 

municipality-owned buildings. Approximately 40% of apartments in multi-family 

buildings belong to municipal housing companies, while private companies and 

co-operative housing associations have an almost equal share of the rest of them. 

The municipal and private housing companies rent their apartment to tenants. 

The co-operative housing associations are similar to condominiums [79], and an 

executive board selected among the apartment owners is usually in charge of 

decision-making. The costs related to maintenance are often financed by the 

monthly fee paid by apartment owners, which can be varied based on the amounts 

of loans. The monthly fee is also intended to cover a variety of services such as 

heating, facility electricity, interest for loans, cleaning, etc. 

Buildings play an important role in the universities’ growth, profitability, 

productivity, financial sustainability, and competitive advantage [80]. Buildings 

incur the highest cost for the universities after the staff salary, whether for 

acquisition, construction, maintenance, and operation [81]. Academic buildings 

are relatively energy-intensive and require to adapt to various academic activities. 

The decision-making process to adopt sustainability measures in academic 

buildings depends on the building's management which differs in the universities 

in different countries. For example, in the UK, the universities can own the 

buildings, while in some other countries, such as Hungary, universities cannot 

own their real estate [82]. An intermediary management model is often used in 

Sweden, where a public organization named Akademiska Hus owns the campus 

buildings which the universities rent.  

Similar to other organizations, universities are collectives of people with 

competing interests and priorities that make the decision-making similar to a 

political process [83]. Decision-making becomes more politicized as the number 

of actors increases, and consequently, the process becomes more complex [83]. 

The building sustainability management in academic buildings overlaps with the 

field of Corporate Real Estate Management (CREM) [84]. CREM aims to optimize 

physical assets or corporate real estate to improve the delivery of organizational 

objectives [85]. Examples of strategies followed by CREM are improving 

environmental sustainability, energy efficiency, user experience, and reducing 

costs by reducing m2-footprint or reallocation of redundant spaces to activities 

that required more space [84].  

Space use management efforts to improve the efficiency of use in spaces such as 

lecture halls and laboratories, which are limited resources in academic buildings. 
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The efforts to improve space use efficiency should increase the usage time while 

ensuring the available space for the intended activities [51,86]. Such efforts can 

decrease the energy use, cost related to operation and maintenance and also 

prevent new building developments. There are also other case-dependent 

benefits for space use management. For example, in Sweden, closing down 

redundant lecture halls in universities may lead to energy savings and also may 

reduce the rent for universities. Moreover, the building owners (Akademiska hus) 

can lease such lecture halls to other interested organizations [87].  

The success of adopted measures in delivering the desired outcomes depends on 

the acceptance and adaption of building users. Some EEMs may involve 

restrictions of freedom to act [88]. Adequate communication of these restrictions 

is crucial for the users to be adapted to the solution, especially in an organization 

that is the topic of Transactional Analysis [88]. Accordingly, the building users 

should be provided with the opportunity to express their views on the changes 

and procedures to increase the chance of acceptance of energy efficiency 

solutions. 

2.3 Energy efficiency improvement in buildings by ICT 

The development of ICT has taken various directions, such as Internet of Things 

(IoT) which is often referred to the applications in which a large amount of data 

are collected from sensors and may be communicated and processed by various 

systems [89]. There are some improved features in technological components 

related to connectivity and software that may be attributed to IoT to distinguish 

it from ICT [90]. However, the overlap between ICT and IoT technologies can be 

observed when evaluating their attributed patents and applications [90]. In this 

thesis, the term ICT is chosen over IoT as it allows a more general perspective on 

the technological components and their applications. 

ICT is a type of tool that is often used in discussions that involved both 

sustainability and smart [91]. Despite the higher relevance of ICT with smart 

aspect, it has been demonstrated that becoming smart provides many 

opportunities for sustainability [91]. In the smart sustainable cities approach, 

sustainability is a goal, and ICT is a tool to achieve that goal. ICT tools enable 

human-in-the-loop approach, which can potentially reduce energy use and 

improve IE in buildings [92]. This approach is enabled by real-time information 

of the occupants and buildings IE to reduce the gap between building design 

intent and real operational outcome [18]. 

Providing persuasive information for the adoption of measures and providing 

feedback after the adoption has been salient supportive policies for energy 
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efficiency improvement [93]. In buildings with organizational management 

styles, energy audits and surveys may initiate sustainability decisions during the 

buildings’ operational phase [24]. Usually, the building professionals assess the 

solutions based on the subjective preferences of building owners on benefits and 

barriers such as costs, energy efficiency, aesthetics, etc. [24]. ICT can assist 

decision makers’ efforts to reduce energy use in buildings by providing 

information. 

The use of ICT as an information tool to support decision-making can be 

explained with different levels from an Information Management perspective  

[94]. Accordingly, the information system is set with adequate technological 

components that provide information about an organizational process to benefit 

the intended organizational strategy [94]. The investment in ICT tools in 

buildings is initiated by the question of how they add value to the processes 

organized in the building [46]. The values to achieve by ICT tools (smart tools) in 

university buildings from CREAM perspective can be categorized into four [80], 

including:  

 Profitability through financial goals such as decreasing costs. 

 Sustainable development though physical goals such as reducing 

footprint. 

 Productivity through functional goals such as supporting user activities. 

 Competitive advantage through strategic goals such as stimulating 

collaboration. 

Despite the potential benefits that can be achieved by ICT tools, measuring the 

level of achievement of these benefits is often challenging, which makes system 

evaluation and implementation decisions difficult [80]. The potential of ICT tools 

to support sustainability decision-making seems to be immense despite the 

ambiguity of how the information could be or should be used [46]. 

 Sensors for ICT applications 

Many applications of ICT in buildings are based on occupancy and/or IE 

monitoring, such as space use management [95], and demand-controlled energy 

systems [27]. Sensors are important technological components of ICT systems 

that enable monitoring occupancy and IE parameters in buildings [92]. The 

applications of occupancy and IE monitoring in buildings are continuously 

developing, and the trend shows sensing systems are likely to become a part of 

building codes [96]. 

The occupancy information can be described by three dimensions of the 

resolution, namely occupancy, spatial and temporal dimensions of resolution 



 

18 

Literature review 

[97]. The occupancy dimension of resolution consists of 4 levels. Level 1 is about 

inferring whether there is at least one person present in the space. Level 2 is 

frequency level and is related to how many occupants are present in the space. 

Level 3 is named identity and refers to who the present occupants are. Level 4 is 

the activity level which is about what the occupants are engaged with. The spatial 

dimension of resolution is about how specifically the occupants can be located 

and includes a range from building level to a specific part of a room. The temporal 

dimension of resolution is about how frequently the occupancy information is 

updated, which can be within seconds or much longer periods, such as every 

several days. 

Resolution of occupancy detection is limited by the sensor technologies and their 

installation setups. The installation setups related to resolution can be set based 

on the requirements of the application and affect the costs and accuracy of 

occupancy detection. For example, decreasing time-delay (temporal resolution) 

without extra investment in system improvement may obstruct data 

communication and data storage [53]. Such investments might be unjustified in 

some applications due to the redundancy of higher resolution. For example, a 

study on space use monitoring of meeting rooms suggests that 30 minutes time-

delay is sufficient despite the data were available every 5 minutes [98]. Along with 

resolution, accuracy of occupancy detection is an important feature for evaluating 

the quality of occupancy information and occupancy detection systems [99]. 

Accuracy of occupancy detection is often calculated by comparing the monitored 

data with the data that is considered to be reliable, so-called ground truth data. 

Manual survey data by the occupants or other observers can provide ground truth 

validation for occupancy information [100]. 

Accuracy can be calculated for presence and absence periods or the combination 

of all periods [101]. The accuracy of presence detection is the ratio of correct 

detections during the occupied periods to all the presence detections. The 

accuracy of absence detection is the ratio of correct detection during the periods 

without present occupants to the entire detections of absence. In this thesis, 

overall accuracy is used to denote the average accuracy, which is the combination 

of presence and absence detections. Every application of occupancy detection has 

a higher or lower focus on one of these aspects of occupancy. For example, for the 

energy systems controlled based on occupancy, incorrect absence detection or 

false negative error reduces occupants’ comfort when, e.g., lighting or ventilation 

are switched off when needed. On the other hand, incorrect presence detection or 

false positive error causes energy services to be provided when they are not 

required, which increases energy use [102]. 

PIR sensors offer advantages compared to other occupancy detection sensors 

such as simplicity, low cost, low power consumption, and no need for 
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maintenance, making them an adequate choice for occupancy detection in many 

applications [103,104]. Various parameters can affect the PIR sensor’s accuracy, 

including sensor characteristics, space characteristics, sensor positioning, time-

delay, occupants’ physical characteristics, and their typical activities in a space 

[54,102,103]. 

IE quality in buildings consists of aspects such as thermal comfort, visual 

comfort, and indoor air quality [48]. Monitoring IE is enabled by measuring 

parameters such as air temperature, relative humidity (RH), CO2 concentration, 

and illuminance. Thermal comfort is the result of interplays between the 

occupants' characteristics and IE parameters such as humidity and air 

temperature, which can be measured by models such as predicted mean vote 

[105,106]. CO2 concentration is an important measure for the quality indoor air, 

which is often tried to be kept below 1000 parts per million (ppm) [107]. High 

levels of CO2 concentration affects human negatively by problems such as fatigue, 

dizziness, and low work productivity [107]. Light sensors can provide insight into 

visual comfort by measuring illuminance, which is the flux of visible light energy 

to a surface area in lux unit. Work plane illuminance is recommended to be at 

least 500 lux in offices to maintain adequate visual comfort [108]. 

One strategy to reduce the cost of occupancy and IE monitoring is to incorporate 

multiple sensors within one device [109,110]. This strategy can significantly 

reduce the sensor price, installation cost, size, and power use [109,110]. The 

increase in the use of multi-sensor devices can be tracked in recent studies related 

to buildings [98,111]. However, the use of multi-sensor devices increases the risk 

of data unreliability as suitable positioning might be conflicting between different 

sensors. 
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3 Methodology 

This thesis adopts a pragmatic approach in addressing the research questions and 

does not establish any theory or hypothesis as a priori basis. The presented 

theories are used to locate and embed the thesis within the relevant research 

front. This thesis used a combination of different qualitative and quantitative 

methods presented in Table 1. Using a multi-method approach enriches this 

thesis by increasing the chance of revealing different aspects of the questing 

research objective. The multi-method approach in this thesis combines 

qualitative depth and quantitative evidence. 

The advantage of using a multi-method approach in research is also mentioned 

by [112], defining methodological fit as internal consistency of research. An 

adequate choice of methodology can achieve methodological fit with regard to the 

state of theory development. A mature research area is better to be tested by 

quantitative data, while a nascent research area is adequate to be tested 

exploratively by qualitative methods. A multi-method approach is preferable for 

the theories and research areas in their intermediate development state which is 

applicable to the subject of this thesis. Different methodologies complement each 

other and improve the possibility of recognizing the blind spots. In this thesis, the 

individual research question of RQ1 is addressed by Paper I and Paper II, which 

are based on qualitative analysis, and also by Paper III, which employed a 

quantitative method. 
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Table 1. Research data and methods 

Research 
questions 

Papers Case Methods 
Primary data 

sources 

RQ1 

Paper 
I 

Multi-family buildings 
around Umeå 

Interview 
Interview 
transcripts 

Paper 
II 

Umeå university Interview 
Interview 
transcripts 

Paper 
III 

Single-family houses in 
northern Sweden 

Questionnaire 
survey 

Survey data 

RQ2 
Paper 
IV 

Single-family houses in 
northern Sweden 

Questionnaire 
survey 

Survey data 

RQ3 

Paper 
V 

Commercial and 
institutional buildings 

Literature review 
Information 
from 
publications 

Paper 
VI 

Lecture halls at Umeå 
University  

 Case study 
 Data analysis 

In-situ sensor 
data 

RQ4 
Paper 
VII 

Offices at Umeå 
University 

 Case study 
 Data analysis 

In-situ sensor 
data 

3.1 Qualitative analyses of interviews 

Interview is exchange of information in structured, semi-structured, or 

unstructured format to elicit opinions of a person(s) [113]. The use of this method 

allowed exploring the opinionated parts of the complex problem of supporting 

the decisions for energy efficiency improvement. The risks with this method stem 

from a range of biases that can negatively affect the reliability of qualitative data 

and their analysis. Examples are cultural noise and confirmation bias. Cultural 

noise is about the tendency of interviewees to give socially acceptable responses 

instead of their true opinions. Confirmation bias happens when an interviewer 

searches for or interprets the information to confirm their own previous 

information or beliefs (Mukherjee et al. 2018). 

The qualitative analysis in Paper I was based on 5 semi-structured interviews with 

the decision makers and actors of multi-family buildings. The interviewees were 

management representatives of multi-family buildings with different kinds of 

ownership and a municipality energy adviser. The interviews were conducted 

between December 2016 and January 2017. The interviews, which lasted 60 to 90 

minutes, were recorded and transcribed. The interviews contained open-ended 

questions on the opportunities and challenges of sustainability measures, 

particularly energy-efficient renovation in multi-family buildings. 

The qualitative analysis in Paper II was based on online semi-structured 

interviews with 7 employees in different management levels at Umeå University. 

The open-ended questions were formulated differently based on the interviewees’ 

roles and responsibilities. The questions asked from the teachers included more 
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user perspectives, while the interviewees with management responsibilities, such 

as heads of departments, were asked more questions about policy requirements. 

3.2 Quantitative analysis of questionnaire survey 

Questionnaires are cost-effective tools to collect information about a relatively 

large subset of a particular human target population to create insight into that 

population [114]. The quantitative data used in Paper III and Paper IV were 

collected from a mail-in questionnaire survey of single-family house owners in 

the northern region of Sweden. The questionnaire was formulated in four sections 

containing the questions in various dichotomous, multiple-choice, and Likert 

scale formats (see Appendix A). The first section contained the questions on 

“personal” factors, such as the demographic background of the respondents. The 

second section contained the questions about house attributes and the 

respondents’ interactions with their houses. The third section included questions 

on the respondents’ knowledge and attitudes towards different aspects of energy 

renovation. The fourth section had questions on different sources of information 

which was not used for the analysis in this thesis. The final version of the 

questionnaire was pilot-tested by eight homeowners and one expert outside the 

project, who was a municipality energy advisor, to ensure the validity of the 

content. The test panel was asked to respond to the questionnaire and provide 

their comments and feedback, which led to some modifications that improved the 

clarity of a few questions. 

The questions about the respondents’ attitudes and opinions were asked on a 5-

point Likert scale. For example, to understand the homeowners’ perception about 

the importance of energy cost reduction in renovation, the formulated question 

was, “How important is it for you to reduce your energy cost if you conduct a 

major renovation in your house?” For the analysis, the 5-point responses related 

to homeowners’ attitude to reduce energy cost were reclassified into three by 

grouping the options 4–5 as “important” and options 1–2 as “not important,” 

while option 3 was the neutral option as “neither-nor.” The same procedure was 

used to analyze other questions on the perceptions and attitudes of homeowners.  

The analyses in Paper III and Paper IV were based on grouping the homeowners 

by using the important “personal” and “house-related” factors identified by other 

researchers to influence ER. The “personal” factors include gender, age, income, 

marital status, education, occupation, and the number of children in the 

household. The “house-related” factors include size, age, house ownership, tenure 

period, intention to sell the property, and respondents’ previous experience to 

adopt EEMs. As understanding ER might be difficult for the respondents, there 

were separate questions formulated about the intention to implement major 

renovation and the interest to adopt various conventional EEMs. The 
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homeowners interested in implementing major renovations and adopting at least 

one EEM were considered to intend to implement ER. The EEMs included in the 

analysis were identified from the literature related to single-family houses [115–

117]. The investigated EEMs included changing the windows, improving attic 

insulation, improving façade insulation, installing ventilation systems with heat 

recovery, installing solar photovoltaics (PV), and changing the heating system to 

ground-source or air-source heat pumps. 

The questionnaires were mailed to 1550 house owners in spring 2017. The 

addresses were randomly selected from 7 municipalities in the two counties of 

Västerbotten and Norrbotten, in northern Sweden. The addresses were received 

from a public organization, Statens Personadressregister (SPAR), with multiple 

criteria to ensure they belong to single-family house owners who reside in their 

houses. The criteria include: (i) the person is currently registered in the 

municipality, (ii) the person is above 18 years old, and (iii) the house address is 

within the municipality. The respondents were ensured that their response would 

not reveal their identity. The questionnaires did not have any tracking number to 

increase the respondents’ trust in anonymity. The response rate after one 

reminder was 29%. Postal surveys often associate with the risk of non-response 

bias [118]. Non-response bias shows the extent to which the respondents are 

representative of the population. Since a large percentage of the sample did not 

respond to the survey, there may be a non-response bias in the final sample. Due 

to the anonymity of respondents, it was not possible to survey the non-

respondents, which is a limitation of this study. However, some of the 

demographic parameters of the survey respondents, such as education and 

income, show similarity with other surveys of single-family houses-owners in the 

region and also with national data.  

In the first step for the data analysis in both Paper III and Paper IV, the responses 

were analyzed descriptively. In Paper III, the benefits and barriers of ER were 

ranked based on homeowners’ perceptions of their importance. Similarly, the 

EEMs were ranked based on the homeowners’ interest in their adoption in Paper 

IV. Data analysis in Paper III was designed to investigate ER implementation 

based on the social marketing approach presented in Figure 4 and consisted of 

two steps to apply different statistical tests relevant to the type of variables. Chi-

square test of comparison was conducted to find the factors that have a significant 

influence on the implementation of ER. When the chi-square test disclosed a 

significant relation, the analysis followed up by conducting post-hoc analysis, 

which provides further details on the relation between two variables. Post-hoc 

analysis of chi-square results revealed which groups encompass the significance. 

In this paper, the groups that were significantly more likely to implement ER were 

considered as motivated (Figure 4.B). The groups who were significantly less 

likely to implement ER were considered unmotivated (Figure 4.A). The final step 
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included analyzing the Likert-scale responses meant to reflect the perceptions of 

homeowners on the benefits and barriers of ER. The non-parametric test of 

“Mann–Whitney U” was used to investigate whether or not the differences in 

perceptions of motivated and unmotivated groups on benefits and barriers of ER 

were significant. The two-step analysis allows to eliminate the groups that are not 

significant, and it facilitates the evaluation of the difference in the perceptions of 

motivated and unmotivated groups. 

The knowledge of ER investigated in Paper IV consisted of several aspects, 

including knowledge on costs, services offered by contractors, products and 

materials, energy efficiency improvement, available financial incentives, and the 

effect of renovation on the houses’ market value. The respondents expressed their 

perceived knowledge on each of these six aspects on 5-point Likert scale (1 = no 

knowledge, 5 = in-depth knowledge). The responses to the knowledge aspects 

were averaged to create a single variable, “knowledge of renovation”. The concern 

regarding the reliability of combining different parameters was addressed by the 

internal reliability test of Cronbach’s alpha for these 6 aspects, which showed 

α=0.896. 

The homeowners’ interests in the adoption of each EEM were investigated by 

asking the question, “How interested are you to adopt these measures if you 

undertake a renovation in your house?”. The question was formatted to get the 

responses related to various EEMs on a 5-point Likert scale. The focus of the 

analysis was on the group interested in adopting EEMs. Accordingly, the 

responses to this question were categorized into two groups. Those who chose 

options 1–3 were categorized as “not interested/neither-nor” and those who 

chose options 4–5 were categorized as “interested.” This binary classification 

increases the number of counts in cross-tabulation, enhancing the reliability of 

the statistical analysis of chi-square tests [119,120]. Figure 5 presents various 

personal factors, house-related factors, and the EEMs investigated in Paper IV. 

Chi-square test was used for data analysis in both Paper III and Paper IV, which 

examines whether the observed distribution is due to chance and fits the expected 

frequencies [121]. The association between the variables is inferred when there is 

a significant difference between observed and expected frequencies. Otherwise, 

the tested variables can be inferred to be independent of each other. The 

contingency table required for chi-square test consists of R number of rows and 

C number of columns, which R and C represent the “levels” of the two tested 

variables. The chi-square test was followed up by post-hoc analysis, which 

provided further explanations on the significant relations between the variables. 

The significance of the relation between two variables is tested by chi-square, 

while the post-hoc analysis uses adjusted residuals to indicate where the 

significances are embedded in the contingency table [119,122]. The adjusted 
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residuals of chi-square test can reveal which groups in the related variables 

contribute to the significance of a relation (found by chi-square test). The 

adjusted residuals higher than 1.96 and lower than −1.96 are significant with p ≤ 

0.05. The analysis methods for chi-square test and post-hoc analysis were carried 

out using the statistical package of SPSS. 

 

Figure 5. Schematic representation of the role of context on the adoption of energy efficiency 

measures (adopted from Paper IV). 

3.3 Review of the literature 

The review of the literature on demand-controlled (occupant-centric) energy 

systems aimed to improve the understanding of their technical enablers, 

especially occupancy sensing systems, and the potential benefits of these systems. 

Over 40 empirical studies on ICT tools and their applications in buildings were 

reviewed, in which 9 had empirical results on energy saving potentials. The 

analysis evaluated the information on sensing systems, occupancy modeling, and 

contexts of case studies to allow comparing the studies. 

3.4 Case studies of ICT tools 

In-situ data collected from sensors were used in Paper VI and Paper VII. Such 

data monitors the occupants in their natural environment without causing much 

disturbance, which may alter their behavior, known as Hawthrone effect [100]. 

The multi-sensor devices used in these studies had various built-in sensors, 
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including PIR, temperature, humidity, illuminance, and CO2 concentration. The 

sensors were battery-powered and transmitted data wirelessly, allowing them to 

be freely installed on the desirable positions by double-sided adhesive tapes. 

Although the high temporal resolution is preferable for any application [97], the 

frequency of data logging was restricted to 10 minutes due to the sensors' battery 

life and data storage capacity.  

The data were transmitted in 10-min intervals based on the sensor settings, which 

was consistent with other studies related to building monitoring systems [123–

125]. The wireless data transmission was based on LoRa (Long Range), a low-

power wide-area network technology that gained fast-paced growth in IoT 

applications [126]. The data of all sensors could be easily accessed in a 

middleware database platform via the internet. The initial data processing stage 

was performed to correct some of the errors in the collected data. Such errors 

might originate from the differences in sensors’ configurations, offsets, and 

sampling frequencies which demanded data to be aligned and merged in a 

consistent format. In addition, this stage identified the missing data which were 

resulted from the interruptions in wireless communication. 

The objective of using ICT tools in Paper VI was to improve operational efficiency 

by enhancing space use management based on the occupancy data collected from 

sensors (Figure 6). 71 sensor devices were installed in 8 lecture halls at Umeå 

University to cover the entire seated and activity areas. The investigated lecture 

halls were a small portion of a broad portfolio of lecture halls at Umeå University. 

They were not representative of the lecture halls in other parts of the campus; 

however, the approach and method can be applied to other lecture halls that have 

similar spatial features. The contract for the investigated lecture halls allowed 

them to be booked by the staff from any department at the university for various 

activities. Their affiliated departments would be invoiced by the facility manager 

(Akademiska Hus) based on the booking information. 

 
Figure 6. A schematic of the stages in IoT-enabled space use management (adopted from Paper VI). 

In addition to sensor data, the lecture halls’ booking data were used in Paper VI. 

The room-booking system at Umeå University allows the employees, including 

teachers and researchers (henceforth staff) of the university, to book the lecture 
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halls for different events. This thesis refers to event as the academic events that 

may be organized in the lecture halls, such as course lectures, presentations, 

meetings, etc. The booking system is based on a centralized, coordinated 

timetable that allows finding lecture halls and scheduling the events. The system 

has a user-friendly interface and presents the features of lecture halls, such as 

capacity (number of occupants that the lecture hall can accommodate) and 

available equipment. The use of electricity for lighting and plug loads in the 

lecture halls was measured using additional sensors. 

The main challenge addressed in Paper VI was to transform a large amount of 

data from smart tools into useful information. As shown in Figure 7, four space 

use indicators were developed to visualize the data from the lecture halls’ booking 

system and a network of PIR sensors to quantify space use. The indicators are 

briefly described in the following: 

Proportion of usage statuses (PUS) is the percentage of time, related to four 

statuses, “booked-occupied”, “booked-unoccupied”, “not booked-occupied”, “not 

booked-unoccupied”. This indicator shows how the lecture halls are used and 

allows interventions to increase the proportion of beneficial statuses and decrease 

the wasteful ones.  

Probability of concurrent usage (PCU) is the probability of simultaneous 

use of a certain number of lecture halls. This indicator is inspired by a concept for 

investigating the hoteling potential in office environment [28]. PCU indicates the 

proportion of available time that space shortage occurs if one or several lecture 

halls are avoided (closed down or reallocated to other activities). The analysis for 

this indicator is performed for the typical time slots of lectures in academic 

environments in Sweden, including: “8:00-10:00”, “10:00-12:00”, “13:00-

15:00”, and “15:00-17:00”.  

Planned occupancy rate (POR) is an indicator for occupancy density by 

calculating the ratio of the highest potential number of occupants (students 

registered in a course) to the capacity of lecture halls. This indicator shows the 

maximum number of students that might potentially attend the lectures, 

however, the real occupancy rate is often lower as some students would skip some 

lectures. 

Maximum possible occupancy rate (MPOR) is an indicator for occupancy 

density by the binary outputs of PIR sensors which show only presence or 

absence. MPOR is the maximum potential number of occupants in the occupied 

portion of the room in relation to the room capacity (MPOR). MPOR indicates 

the maximum number of occupants that might be present in a lecture hall. The 
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investigation of the correlation of MPOR with the actual number of occupants is 

presented in Chapter 4. 

 

Figure 7. Space use indicators for space use measurement (adopted from Paper VI) 

In this thesis, lecture hall refers to rooms for lectures, irrespective of their size. 

The size of lecture halls is presented by their capacity instead of dimension 

ranging between 20 and 130 persons. As presented in Table 2, the lecture halls 

with different size are divided into three size categories. There were three lecture 

halls with capacities lower than 35 persons categorized as “small” and three 

lecture halls with capacities between 35 and 70 persons categorized as “medium”. 

The two “large” lecture halls had 130-person capacity. The lecture halls had 

typical teaching and presentation equipment such as whiteboards and projectors. 

Table 2. Lecture halls’ categorization based on their capacity (adopted from Paper VI) 

 

The analysis in Paper VII was based on the case study of 3 single-occupant offices 

in which multi-sensors devices were installed in different positions. The positions 

were chosen to include various levels of exposure to windows and different 

distances to the seated area. The multi-sensors devices allowed monitoring 

occupancy and IE parameters during two weeks of data collection in September 

and October 2019. The multi-sensors devices shown in Figure 8 are named based 
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on their positions in relation to the window and/or the seated occupant. They 

were installed in six different positions, including: 

 Desk 

 Window-Backward-Near (WBN)  

 Window-Faced-Near (WFN) 

 Window-Faced-Far (WFF) 

 Ceiling Near (CN) 

 Ceiling Far (CF) 

 

Figure 8. Schematic layout of one of the offices and the positioning of sensors _ “h” stands for the 

height that the sensor installed (Adopted from Paper VII) 

The office occupants annotated the time they entered and left the offices on 

tabulated paper sheets provided to them. This information was then entered in 

timetables to be used as ground truth data to evaluate the reliability of occupancy 

information obtained from the sensors. The low reliability of manual occupancy 

information is a common problem in long-term or large-scale experiments as 

relying on the concentration of the person providing the occupancy information 

is susceptible to faults [127]. However, the ground truth information was 

improved using the sensor data. 
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The reliability of PIR data was investigated by contrasting them with ground truth 

data. One strategy to improve the accuracy of occupancy information is to infer 

occupancy by combining data from multiple sensors, referred to as sensor fusion.  

The potential improvement in detection accuracy by sensor fusion was 

investigated by analyzing the datasets of various pairs of PIR sensors. The choice 

between OR and AND fusion rules can be based on the relative importance of 

absence or presence detection for the intended application. Data fusion with AND 

infers presence when both sensors detect presence, while OR infers presence if at 

least one sensor detects presence. IE measurements including temperature, RH, 

and CO2 concentration were also investigated by presenting the average hourly 

time series of sensors in different positions. 
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4 Results and discussion 

This section presents the main findings of the appended papers with a 

combination of results from various methods to address the research questions. 

The results are divided into four subsections corresponding to the research 

questions addressed in this thesis. Section 4.1 addresses RQ1, presenting the 

results of Paper I, Paper II, Paper III which are based on qualitative analysis 

related to decision makers of multi-family buildings and academic buildings, and 

quantitative analysis related to owners of single-family houses. Section 4.2 

addresses RQ2 and presents the results of Paper IV that investigated the 

facilitating contexts of adoption to bundle multiple EEMs within renovation 

packages. Section 4.3 presents the analyses from Paper V, and Paper VI that 

investigates the use of ICT tools for sustainability improvements in non-

residential buildings to address RQ3. Section 4.4 addresses RQ4 and presents the 

analysis of Paper VII related to the effects of sensor positioning on the monitored 

data. 

4.1 Challenges and opportunities of energy efficiency in 

different types of buildings (Paper I, Paper II, and Paper 

III) 

The perceptions of decision makers in different organizations responsible for the 

management of multi-family residential buildings were investigated qualitatively 

in Paper I. Similarly, the qualitative analysis of the perceptions of stakeholders in 

different levels of management in academic buildings was the objective of Paper 

II. The aims of these two qualitative studies were to identify the opportunities and 

challenges of sustainability and energy efficiency improvement in their respective 

type of buildings. The management in multi-family buildings is mainly dependent 

on the type of ownership, which are often private, municipality-owned, and 

tenant-owned (co-operative housing association). The interviewed stakeholders 

related to academic buildings were teachers, department heads, and management 

staff in property office. Section 4.1.1 presents the findings related to the 

challenges of adopting sustainability measures from both of these two papers, 
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and section 4.1.2 presents the findings related to the opportunities of adopting 

sustainability measures. The analysis in Paper III investigates the effects of 

tradeoffs between different benefits and barriers on homeowners’ decisions to 

implement ER in single-family houses presented in section 4.1.3.  

 Challenges of improving energy efficiency (Paper I and 

Paper II) 

4.1.1.1 Perspectives on organizational and management challenges 

The interviewees in management roles related to multi-family buildings 

highlighted several interesting points on sustainability decision-making. In an 

interview with the CEO of a relatively small municipality company, he mentioned 

the problem of management capacity and the lack of awareness. Accordingly, 

companies are involved with different day-to-day issues, and energy efficiency is 

not considered a big concern as compared to other problems related to the 

management of buildings. The representative of the relatively larger municipality 

housing company stated that clear direction and strategies for energy efficiency 

from top management are very important.  

The representative of the private housing company mentioned the difficulty of 

implementing energy efficiency improvements in large buildings with many 

tenants. He believed it is easy to convince a small number of tenants to allow 

improving energy efficiency while many tenants (he exemplified ten tenants) 

make it difficult to take a unanimous decision. This problem was also mentioned 

by the representative of the co-operative housing association while he highlighted 

the importance of regulations to take up actions for energy efficiency. “… every 

time something else (other than routine) is to be done, we have to talk to everyone 

(apartment owners) on what we are planning to do, and it is a lot of work, and I 

do not want to argue …. I do not have that time, and we do not have any person 

who is getting paid to do all these. Give me a regulation we can do it … because 

(then) it is easier to convince everyone.” 

Due to the differences in organizational management, the challenges of decision-

making on sustainability measures are quite different for academic buildings 

compared to multi-family buildings. Implementation of such measures may 

cause changes in organizational processes and need to be reflected in the 

behaviors of the members of the organization to be effective. According to a 

teacher interviewed in our study, it is challenging to communicate the required 

behavioral changes to the staff. If the staff does not follow the recommendations 

of the head of the department, there is not much that can be done. 
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Comparing the responses of 3 heads of departments interviewed in our study 

showed they were not agreed on their responsibilities related to taking actions 

and initiatives towards a more sustainable campus. According to two heads of 

departments, Akademiska Hus and university’s top management are mainly 

responsible for reducing carbon footprint as they have the resources and power”. 

The other head of department believed the department management has the 

main responsibility due to the possibility of controlling the cash flow within 

departments. The interviewee from the property office believed the responsibility 

lies with everyone and the top management. She elaborated a clear target from 

the top management on reducing the carbon footprint along with the employees 

who take the responsibility would lead to the desired changes. 

4.1.1.2 Economic challenges 

According to the CEO of the relatively small municipality housing company, the 

low energy price causes the return on investment for many EEMs to be low. “… 

the technical measures (to achieve a significant reduction in energy use) are all 

there … but you cannot see the return on investment. It is always the money. If 

the energy is cheap, you cannot see the return on your investment.” This problem 

was also mentioned by the representative of the private housing company. The 

energy cost saving was perceived as negligible by the representative of the co-

operative housing association. “I have not analyzed it (energy cost) … . I think 

compared to the hassles on doing all these things and to what we can actually earn 

… I do not know … but feel for each individual flat it is kind of minor things 

(savings)”. The representative of the relatively larger municipality housing 

company stated that investing in energy efficiency may cause an increase in rent 

which leads to dissatisfaction among the tenants.  

The municipality energy adviser mentioned the economic problems as major 

barriers that inhibit the implementation of ER. According to him, subsidies would 

be beneficial to motivate more homeowners to take action, while it is important 

to provide adequate information on the available financial supports and other 

aspects to facilitate the homeowners’ decision-making. Small housing companies 

do not have the resources to invest in innovative and risky technologies, and the 

larger companies are the best fit for set examples of using such technologies.  

Low energy cost was stated to be a barrier to sustainability measures in academic 

buildings. The representative of the university property office mentioned the 

rental cost is only about 10% of the departmental budget, and the share of energy 

constitutes a small part of it. 

4.1.1.3 Challenge of finding reliable information sources 

The representative of the co-operative housing association mentioned the 

problem of lack of reliable information on potential cost savings of energy 
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efficiency solutions. “… you really do not know what it really cost when investing 

in new technology. I think it would be really nice to see that … ok, it is only half a 

million and not two million (as initially thought) … .”. The uncertainty of potential 

cost savings was also indicated by the municipality energy advisor as a problem 

that inhibits the homeowners’ decision-making. According to him, the 

homeowners may broadly estimate the costs of different EEMs, however, the 

uncertainties of such estimations are significant.  

 Opportunities of improving energy efficiency (Paper I and 

Paper II) 

4.1.2.1 Drivers for energy efficiency investments 

The representative of the private housing company mentioned the main 

motivation for them to invest in energy efficiency is to have an adequate image 

for their company by maintaining an acceptable quality and energy efficiency 

level for their buildings. He mentioned the awareness about environmental issues 

and climate change is increasing. Despite the lack of profitability of many energy 

efficiency measures, it is important for the company to foster the positive attitude 

of clients towards environmental sustainability. 

The interview results suggested improving IE is an important aspect of investing 

in energy efficiency. The representative of the co-operative housing association 

mentioned an example of a case where the motivation for installing new windows 

in their building was to prevent outside noise. “…we did not discuss energy when 

we renovated. Anyways, the windows are new, so in a way, it is more energy 

efficient now.” 

According to a representative of the property office, the departments' 

management would take action to reduce carbon footprint if there is a directive 

from the top management. Accordingly, a continuous reminder of the university’s 

sustainability goals by appropriate means of communication can drive different 

organizational units at the university to devise relevant initiatives.  

4.1.2.2 The benefits of building monitoring  

Adequate building maintenance and fault detection is mentioned by the CEO of 

the small municipality housing company to play an important role in the 

effectiveness of EEMs to save energy. “We need to monitor it … doesn’t matter 

what kind of project it is …. It (cost) will go up …. If there is a complaint from an 

occupant about cold draft … then the caretaker may not have time to look into 

detail about the problem then he may increase the (temperature) setting by a few 

degrees, and then it doesn’t matter what we did (adoption of energy efficiency 
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measures).” Accordingly, using sensing systems and ICT tools can play an 

important role in fault detection and diagnosis.  

All interviewed heads of departments in the university study in Paper III 

mentioned the lack of information on energy use is a major reason that inhibits 

the energy efficiency measures at the departmental level. Without such 

information, it is not possible to set targets for energy efficiency. Considering that 

there is no specific budget for such measures without tangible incentives, the 

departmental management prefers to spend the resources on research and 

education. According to one of the interviewees: “We do not see the history, we 

do not know the present, and we cannot have a vision for future in terms of energy 

use or carbon footprint …. It is important to have numbers.” 

The heads of departments had a positive attitude towards the use of ICT 

compared to conventional ER that improves building envelope as an interviewee 

stated: “… big challenge is not the envelope but the control systems by use of 

ICTs”. The interviewees from the property office were also supporting the use of 

ICT, especially to monitor the occupants and space use for the investment 

decisions.  

 Tradeoffs between the benefits and barriers of EEMs (Paper 

III) 

Paper III investigated the tradeoffs between the perceived benefits and barriers 

of ER in single-family houses. The first step of the analysis was to distinguish the 

groups of homeowners who were motivated and unmotivated to implement ER. 

Some factors did not have significant relations with the homeowners’ intention 

to implement ER, including gender and marital status of homeowners and size 

and ownership of houses. The rest of the investigated factors were found to have 

significant relations with the homeowners’ motivation to implement ER, which 

are presented in Table 3. 

After finding the significant groups of homeowners, the next analysis showed how 

the influential factors on implementation of ER affect the homeowners’ 

perceptions of the benefits and barriers of ER. The analysis could provide 

reasoning for the difference in the motivation of homeowners to implement ER 

by showing the tradeoffs between the perceived benefits and barriers. Table 3 

presents the results of analyses that examined the differences of the perceptions 

of motivated and unmotivated groups on the benefits and barriers of ER. The 

results show how the tradeoffs between the perceived benefits and barriers can 

facilitate or impede ER decisions. The cells in the table are related to each analysis 

and were highlighted when the results are significant. The elaboration of tradeoffs 

between the benefits and barriers for some of the influential factors follows next.   
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Examining the age of homeowners showed the age group 18-45 years were 

significantly more likely to implement ER as compared to other age groups thus 

were inferred to be motivated. On the other hand, those above 65 years old were 

found unmotivated to implement ER. Assessing the group of homeowners with 

at least one child in their household showed they are more likely to be in the 18-

45 years age group. On the other hand, those without children were more likely 

to belong to the age group above 65. Thus, as expected, those with children in 

their household were found significantly more likely to implement ER, and those 

without children in their household were found significantly less likely to 

implement ER. 

The analysis showed the motivated age group who were 18-45 years old perceived 

several benefits significantly more important than the unmotivated age group 

who were above 65 years old. These benefits include improving IE, improving 

aesthetics, and extending living space. The barrier that was perceived 

significantly different between these groups was the difficulty of finding reliable 

information sources. These results resemble those of the analysis on children in 

the household as about 70% of homeowners with children in the household 

belong to the 18-45 years age group. Children change the construct of the 

household and create new needs and limitations. This context affects the 

perceptions of homeowners on different benefits and barriers and subsequently 

influences their decision to implement ER. For example, the sensitivity of 

children's health to air quality could affect the homeowners’ perceptions of the 

importance of improving IE as one benefit of ER. 

Analyzing household annual income showed two low- and high-income groups to 

be unmotivated to implement ER. These two groups were those with an annual 

household income lower than 350000 SEK and those with an income higher than 

900000 SEK. On the other hand, the middle-income group with an income 

between 500000 SEK to 750000 SEK were found to be motivated to implement 

ER. 

The comparison of perceptions of the middle-income group, which was 

motivated, and the low-income group, which was unmotivated to implement ER, 

showed a significant difference in the benefits of improving aesthetics and 

extending living space. The comparison of their perceptions on barriers showed 

that low-income homeowners are more likely to perceive getting a low-interest 

loan as more difficult than middle-income homeowners. Another income group 

that was relatively unmotivated to implement ER was those with higher 

household annual income levels (above 900000 SEK). The analysis of perceived 

benefits showed this group perceives energy cost reduction as significantly less 

important than the middle-income group. This group perceives the barriers of 

getting a low-interest loan and finding reliable information sources as less severe 
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than the middle-income group, despite being unmotivated. Based on these 

findings, the high-income group is significantly less motivated to implement ER 

as they do not perceive many benefits, despite facing fewer barriers. One reason 

might be that they already live in houses of relatively higher quality than other 

income groups.  

The analysis on the homeowners’ recent experience with the adoption of EEMs 

showed those with such an experience in the last three years were more likely to 

implement ER than the others. This group was found to perceive IE improvement 

as a significantly more important benefit than the rest of the homeowners. 

Inconvenience to routine life was found to be a significantly less severe barrier for 

those who had such experience as compared to the rest of the homeowners. This 

showed the homeowners with previous experience of adopting EEMs could better 

deal with the inconveniences of the implementation process and might have 

learned to adapt their routine life with the ER implementation process. This 

finding is in line with the foot-in-the-door concept, which infers the compliance 

with a large project would be higher if they have already implemented a smaller 

project [128].  

The homeowners in houses that were built within less than 25 years were found 

unmotivated, and those in houses built within 40 and 55 years were inferred as 

motivated group to implement ER. The analysis on the age of houses revealed a 

significant difference between the perceptions of motivated and unmotivated 

groups on the benefit of adopting modern systems and the barrier of complication 

of ER process. Those who lived in the houses built between 41 and 55 years ago 

perceive the benefit of adopting modern systems significantly more important 

than those whose houses were built less than 25 years ago.  It was significantly 

more important for those who lived in older houses to modernize their houses. In 

addition, the unmotivated group had a significantly stronger perception of the 

complication of the process of implementing ER. 
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4.2 Understanding the facilitating context of adoption to 

bundle EEMs (Paper IV) 

Paper IV addressed RQ2 to understand the facilitating contexts for adopting 

various EEMs and how they could be bundled together within renovation 

packages. This is important as the adoption of several EEMs together increases 

the energy-saving potential of an ER.  

The results of the analyses for “personal” and “house-related” factors, and “indoor 

environmental problems” are presented in Table 4, Table 5, and Table 6, 

respectively. The results show the context that facilitates the adoption of every 

EEM differs from the other EEMs. The individual EEMs are influenced differently 

by a diverse set of “personal” and “house-related” factors. Some influential factors 

such as the homeowners’ perception of the need to reduce energy use (electricity 

and heat use), age of the house, and existing IE problems can provide a context 

leading to an interest in adopting multiple EEMs. The EEMs in the thermal 

envelope category are more likely to be influenced by similar factors (context). 

This provides an opportunity for improving façade insulation, which is an EEM 

that received relatively less interest from homeowners. For example, the contexts 

conducive to replacing windows can be leveraged to improve façade insulation by 

presenting a package in which these measures are bundled together. 

It was also found that some EEMs are more likely to be influence by “house-

related” factors , such as installing ventilation with heat recovery. On the other 

hand, a few EEMs such as installing heat pumps are more affected by “personal” 

factors. The homeowners’ perceptions of energy use and their perception of their 

renovation knowledge were generally found more influential on their interest 

compared to demographic factors. 

The results presented in Table 6 show various IE problems can lead to the 

adoption of EEMs, including cold surfaces, cold air draft, stuffiness, mold, and 

noise from outside. However, a few IE problems, including insufficient daylight 

and unsuitable temperature, did not significantly affect any of the investigated 

EEMs. A large percentage of respondents (46%) had at least one of the questioned 

IE problems in their houses, and 70% in that group were interested in adopting 

at least one EEM. Improving occupants’ comfort and wellbeing should be given 

more attention in policymaking to leverage the influence of IE problems to adopt 

more EEMs. 

The results of the analyzes in Paper IV might be used by actors who have a notable 

influence on Swedish homeowners’ adoption decisions, such as installers and 

material suppliers [116]. Ultimately, the integration of policies with 

sociotechnical aspects of energy efficiency should activate the commercial sector 
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towards business development and increase the propagation of energy efficiency 

technologies [88]. The findings enable targeted marketing strategies based on the 

contexts of adoption for different potential groups.   

Table 4. Influence of “personal” factors on homeowners’ interest in adopting EEMs (adopted from 

Paper II). 

 

Table 5. Influence of “house-related” factors on homeowners’ interest in adopting EEMs (adopted 

from Paper II). 

 

Table 6. Influence of indoor environmental problems on the interest to adopt EEMs, (adopted from 

Paper II). 
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4.3 ICT applications for sustainability in buildings (Paper V 

and Paper VI) 

 Demand control for energy systems 

Paper V and Paper VI aimed to address RQ3 to investigate applications of ICT for 

sustainability and energy efficiency improvement. Paper V was a review study on 

demand-controlled (occupancy-based control) energy systems, and Paper VI was 

an empirical study on space use efficiency.  

The analysis in Paper V involved evaluating several research studies conducted in 

the last two decades to understand the potentials of demand-controlled energy 

systems and the enabling technologies and methods. The results showed PIR 

sensors are commonly used sensors for the occupancy detection required for such 

a control strategy. However, the use of the network of implicit sensors such as IE 

sensors has been developing in recent years. The reported energy saving 

potentials for demand-controlled energy systems were highly variable, ranging 

between 10% and 64%. The energy-saving potential depends on several factors 

such as quality of occupancy detection (accuracy and resolution), occupancy 

modeling method, climate, occupancy pattern (intensity of occupancy), quality of 

buildings, and baseline control. Various possibilities for the combination of these 

factors cause the adoption of demand-controlled energy systems to be more 

effective in some contexts than others. 

The data from sensing systems used for demand-controlled energy systems can 

also be used in other applications. Many applications that lead to sustainability 

improvement are facilitated by such sensor data, such as demand response [129], 

behavior change campaigns [130], and space use efficiency [51]. Multiple 

applications of sensors and data infrastructure increase their cost-efficiency and 

their chance of being adopted. Thus, it is important to understand the functional 

requirements of such applications of the monitored data to integrate them.  

 Space use management 

The focus of Paper VI was on space use efficiency in lecture halls in academic 

buildings using ICT. The applicability of four space use indicators in 8 case study 

lecture halls was demonstrated in Paper VI. Two of these indicators are selected 

to be presented in the following sections, each related to one aspect of space use 

which are usage time and occupancy density. 

Probability of concurrent usage (PCU) is an indicator showing the proportion of 

the time that a certain number of lecture halls were booked concurrently in a 

given period. The analysis of PCU for eight lecture halls is shown in Figure 9. 

Accordingly, there was only 1% of the available time when all the eight lecture 
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halls were booked at the same time, which was during the “10:00-12:00” time 

slot. The time slot “15:00–17:00” was relatively underused, as more than five 

lecture halls were never booked at the same time during that time slot. This 

indicates the viability of closing down at least one lecture hall by transferring the 

bookings to other time slots, such as “15:00–17:00”. Henceforth, in this thesis, 

closing down lecture halls or transforming them to be utilized for other activities 

is referred to as avoiding lecture halls. 

As the lecture halls have different sizes, there is a need to apply the same analysis 

on each size category to determine which one of the eight lecture halls should be 

avoided. 

In the scenario when one of the lecture halls is avoided, there are few short 

periods when all the lecture halls are needed simultaneously. The staff would 

have several solutions to find lecture halls during such periods when all the 

lecture halls are booked simultaneously. The possibility for such solutions are 

needed to be investigated while some examples are: 

 Booking a lecture hall of the same size on the same day in a different 

time slot.  

 Booking a lecture hall of a different size on the same day and the same 

time slot. 

 

Figure 9. The probability distribution of concurrent usage of the investigated lecture halls (adopted 

from Paper VI). 



 

45 

Results and discussion 

Maximum possible occupancy rate (MPOR) enables using the binary output of 

PIR sensor to estimate occupancy density. In order to have ideal data for the 

calculation of MPOR, the PIR sensors should be installed evenly without any 

overlap. The difficulty of such an accurate sensor installation imposes uncertainty 

in the results of this indicator. To address the uncertainty, a brief trial was 

conducted to examine the reliability of MPOR in describing the occupant density 

in the lecture halls. A low-resolution thermal imaging sensor was used to count 

the occupants during a one-day test in lecture hall S1. It was found that the 

occupancy rate calculated by counting the occupants and MPOR were correlated 

with p<0.01 and r=0.65.  

The results of MPOR indicator for the two statuses of “booked-occupied” and “not 

booked-occupied” showed significantly lower occupancy density when the lecture 

halls were not booked. This indicator seems to be independent of the size of the 

lecture halls. As shown in Figure 10, MPOR ranged from 55% to 75% and averaged 

67% during the “booked-occupied” status. The values dropped during the “not 

booked-occupied” status ranging between 15% and 28%, with an average of 22%.  

The results of MPOR analysis confirm the assumption that the lecture halls are 

used inefficiently by a fewer number of occupants during the periods when they 

are not booked. The low space use efficiency and potential energy waste during 

the “not booked-occupied” status require to be addressed by relevant 

interventions. A broader inference from these results is that the utilization of 

space for activities other than what they are intended might be inefficient. 

Comparing MPOR between different lecture halls might be less reliable than 

between different statuses for an individual lecture hall due to differences in 

sensor density and installation limitations. MPOR may be more useful for 

comparing occupancy density during different statuses in an individual lecture 

hall. The reason is that the unreliability caused by sensor installation would 

equally affect the result of the indicator during different statuses. Multiple PIR 

sensors required for the calculation of MPOR can potentially provide further 

information on the distribution of occupants in space. However, in order to use 

MPOR for more sensitive applications such as demand-controlled ventilation, 

there is need for installation standards such as how to set sensor density.  
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Figure 10. Average MPOR in the occupied periods of the lecture halls (adopted from Paper VI). 

4.4 Effects of sensor positioning on ICT applications (Paper 

VII) 

Paper VII studied the effect of sensor positioning on data monitoring in single-

occupant offices. Figure 11 shows presence, absence, and overall accuracy of PIR 

sensors placed in different positions in the studied offices. The calculation of 

overall accuracy uses the data related to both occupied and unoccupied periods 

ranging between 87% and 95%. The accuracy of presence detection was 

significantly lower than absence detection, with an average of 97% compared to 

68% for presence and absence detection, respectively. The presence detection for 

WFF sensor was as low as 51%. This sensor faced the window and could be 

affected by the sun radiation, and also had the furthest distance to the seated area. 

The results show the accuracy of presence detection decreases by 13% for every 1 

m of further distance, although a 5 m range of detection is recommended by the 

sensor developer. The most accurate occupancy detection was related to the 

sensor positioned under the desk (Desk position) despite its limited field of view 

(FOV). 

 
Figure 11. Accuracy of occupancy detection by different PIR sensors in different positions (adopted 

from paper VII) 
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The sensor fusion analysis showed a fusion based on OR instead of AND puts the 

priority to enhance presence detection instead of absence detection. The use of 

OR logical operator for fusing data resulted in an increase in overall accuracy 

since the slight decrease in accuracy of absence detection was compensated by 

the significant increase in accuracy of presence detection. The fusion of Desk and 

CF sensors resulted in the most accurate overall occupancy detection with 96.4% 

accuracy. The results of accuracy for the pairwise fusion of sensors in various 

positions are presented in Figure 12. Presence detection by fusion of Desk and CF 

sensors significantly improved their accuracy from 83% and 60% when detected 

individually to 91.2% when they were fused (Figure 11). The features of these 

sensors allow them to complement each other by compensating for their 

limitations on detecting specific motions. For example, the Desk sensor can better 

detect the motions of a seated occupant’s lower body, while the CF sensor has a 

wider FOV to detect when the occupant is not seated or even the motions of a 

seated occupants’ upper body. This indicates the importance of positioning 

sensors at different distances and in different directions to the occupants when 

data from multiple PIR sensors are intended to be fused. 

 
Figure 12. Accuracy of presence detection by pairwise fusion of PIR sensors (Adopted from Paper 

VII) 

CO2 sensors can be used for the evaluation of indoor air quality and occupancy 

detection. A correlation analysis was conducted to investigate how the 
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measurements from different CO2 sensors are related to occupancy. The highest 

correlation between CO2 concentration and occupancy was related to CN sensor 

positioned on the overhead study lamp. Thus, positioning CO2 sensor in an 

elevated position near the occupants can improve occupancy detection. However, 

CO2 sensors might better fit for fusion with a PIR sensor than being individually 

used for occupancy detection. The reason is that the potential delays in sensor 

reaction to the changes in CO2 level may cause negative impacts on energy and 

comfort performance when control systems for HVAC are solely based on this 

sensor [55]. As shown in Figure 13, CN sensor have an almost similar 

measurement pattern to other sensors, which is quite unexpected. The negligible 

differences between CO2 concentration in different positions imply sensor 

positioning is unimportant for monitoring the indoor air quality unless being 

directly exposed to the airflow of the ventilation system (e.g., WFN position). 

 

Figure 13. Times series of CO2 sensors in various positionings 

The findings of Paper VII establish a new outlook for the research area of building 

monitoring by suggesting that the sensor technologies are used can affect their 

usability to support sustainability in buildings. It is crucial to consider the typical 

occupant activities when positioning the PIR sensors in an indoor space. In our 

case study offices, positioning the PIR sensors under the office desk could result 

in a relatively accurate occupancy detection, especially when the sensors were 

fused with other PIR sensors that had wider FOV. However, the positioning of 

PIR sensors that are incorporated in multi-sensor devices under the desk may not 

suit the other IE sensors such as temperature sensors. In such situations, the use 

of multi-senor devices may constrain the optimum positioning of some IE 
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sensors. It might be possible to use multi-sensor devices while being aware of the 

effects of such a positioning on the measurements of different parameters.  

4.5 General remarks 

The overall objective of the thesis was to support and facilitate the decision-

making for the adoption of sustainability measures. Paper I and Paper II 

investigated the opportunities and challenges to adopting sustainability measures 

in academic buildings and multi-family residential buildings exploratively by 

using qualitative data. Management and organizational procedures were found to 

be highly influential in decisions related to the adoption of sustainability 

measures. Thus, restructuring the organizations and promoting the management 

styles that facilitate sustainability and involve the organiztains’ members in the 

sustainability goals can increase the adoption rate of sustainability measures 

[131]. Incorporating management models such as transaction analysis enables 

developing leadership that is attentive to ideas and objections while daring to 

implement measures despite the skeptics within the organization [88]. ICT can 

play an important role in reorganizing sustainability management by distributing 

the management burden to individuals at different management levels. Building 

information such as space and energy use data involves different stakeholders in 

sustainability and energy efficiency goals since it enables them to take their 

initiatives and evaluate the results. 

The analysis in Paper III on the perceived benefits and barriers of ER showed the 

homeowners are less likely to implement ER for reasons related to economic 

benefits. However, economic barriers, particularly finding a low-interest loan, is 

a determinative barrier for several unmotivated groups of homeowners. Despite 

being widely accepted among homeowners, the benefits such as energy cost 

reduction and increase in property value are mostly similarly perceived between 

the motivated and unmotivated groups. Accordingly, the homeowners are less 

likely to base their decisions on them but instead consider them to be added 

(secondary) benefits. The results show that benefits such as improvement in IE 

and aesthetics along with extending living space are more likely to motivate 

several groups of homeowners. An important barrier for ER implementation is 

the difficulty of finding reliable information sources related to measures. Despite 

many efforts to address the problem [132,133], this barrier still plays a significant 

role in impeding the homeowners’ decision-making to invest in ER. 

The results showed that economic motives have relatively less influence on the 

homeowners’ decisions to implement ER. The scalability of energy efficiency 

solutions might be increased by widening the definition of cost and profit to 

integrate various benefits and barriers to facilitate the evaluation of measures 

[18]. Presenting the non-economic benefits such as wellbeing and productivity in 
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a way to be comparable with the economic indicators might increase the 

scalability of energy efficiency solutions. The impact of ER on the energy use of 

buildings depends on the type and number of incorporated EEMs. Usually, a 

higher number of EEMs being adopted in ER increases the energy efficiency effect 

and causes the measures to be more economical [38,39]. It is important to 

encourage bundling multiple EEMs together by providing relevant incentives. 

The results can be used to formulate suitable policies for each of the EEMs or a 

combination of EEMs in a renovation package. For example, the EEMs in the 

thermal envelope category are found to have similar influential factors and might 

be fit to be adopted together. This allows increasing the chance of a less common 

measure such as façade insulation to be adopted together with a more common 

measure such as window replacement. 

Demand-controlled energy systems offer significant potential for energy saving 

and IE improvement. These systems are integral parts of the human-in-the-loop 

concept, which can be enabled by ICT tools such as sensors and building 

interfaces that provide real-time information of occupancy, IE parameters, and 

occupants feedbacks [92]. The interoperability of various ICT applications, which 

involves their integration and coordination, increases their functionality [18]. 

Interoperability requires adjusting the interactions between the building systems, 

the internal building operations, and external energy and service providers [134]. 

IoT potentials, such as high connectivity and the possibility of handling lots of 

data, can be leveraged to facilitate interoperability by integrating the sensors and 

actuators in a digital environment [18]. 

Developing detection systems with low-cost PIR sensors to be part of an IoT 

environment shows promising results for space use efficiency. The innovative 

instrumentation of sensors used in Paper VI offers scalability potential to expand 

the system by deploying new sensor nodes, which is an important aspect of such 

systems [135]. Moreover, the relatively low cost of PIR sensors and the availability 

of booking systems in many institutional buildings facilitate the feasibility and 

scalability of the proposed solution. The visualization of space use data by 

adequate indicators enables devising effective interventions to increase usage 

time and occupancy density in various institutional buildings. Such interventions 

can significantly contribute to sustainability improvement in the forms of 

resource and energy efficiency. The information from the indicators allows 

prioritizing and selecting strategies and interventions for the efficient use of 

existing space and informing the need for additional space. 
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5 Conclusions 

The technological advancements and the variety of available solutions have raised 

the uncertainty of decisions and the complexity of choosing the solutions. This 

thesis shows how the ideas to support sustainability decisions in buildings can be 

put into practice. Inadequate awareness about the effects of measures on energy 

and resource efficiency can be a reason for inaction. Supporting the decision 

makers to invest in energy efficiency and adopt the measures is crucial to 

accelerating the building sector's decarbonization.  Supporting the decision 

makers could be in various forms, such as large-scale policy interventions or 

guidelines for using a new tool for a specific application. The diversity of cases 

studied in this thesis enable comparing different buildings and applying the 

findings from one building type in a particular context to another kind in other 

contexts.  

Addressing RQ1 improved the understanding of opportunities and challenges of 

sustainability measures from the decision makers and stakeholders’ perspectives. 

The investigated decision makers were related to 3 building types, including 

single-family houses, multi-family buildings, and academic buildings. The 

implementation of measures is mainly due to the tradeoffs and interplays 

between various benefits and barriers. There are some similar challenges in 

different buildings for implementing sustainability measures, such as economic 

barriers and uncertain decision outcomes. However, there are also distinct 

differences between the challenges in different buildings due to their different 

organizational and management procedures thus, they require specific 

supportive interventions. Actions such as devising sustainability roadmaps, 

forming organizational units for coordinating sustainability measures, and using 

ICT tools can play essential roles in facilitating decision-making if tailored to the 

context, such as the organizational procedures.  

The aim related to RQ2 was to facilitate bundling EEMs together within ER 

packages by understanding their facilitating contexts of adoption. The use of 

quantitative data from the survey of single-family homeowners allowed to 
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comparatively analyze various EEMs. The context of adoption has a significant 

influence on the homeowners’ perceptions of benefits and barriers of EEMs, thus 

it is important for their adoption decisions. A similar facilitating adoption context 

should be leveraged to bundle multiple EEMs. The results show that investigating 

ER as a single measure makes it difficult to disentangle the results of various 

combinations of EEMs incorporated in ERs. Adopting EEMs might directly or 

indirectly improve the IE of houses, motivating the homeowners who were 

dealing with IE problems to adopt one or several EEMs. Effective policy 

instruments should associate energy efficiency with improvements in IE and 

other benefits with a high level of interest from the homeowners.  

With regard to RQ3, the aim was to improve the understanding of the 

applications of ICT tools for sustainability measures (Paper V and Paper VI). 

Several papers on demand-controlled energy systems were reviewed. The results 

showed, depending on the contexts, it is possible to save more than 50% of energy 

use by replacing the conventional control of energy systems with occupancy-

based control. There are plenty of possible system configurations for occupancy 

detection, and modeling can be used for such a control strategy. ICT tools in a 

digitalized building provide an opportunity for multiple applications and 

facilitate the adoption of several EEMs. Using ICT tools, such as the occupancy 

detection system in multiple potential applications, allows justifying the 

implementation costs. The process model for implementing smart tools that 

support sustainability decisions is presented in Paper VI for improving space use 

efficiency. The use of ICT tools for building monitoring is specifically important 

in large commercial and institutional buildings as it might be difficult to 

characterize the experience of building users. Thus, ICT tools can assist the 

decision makers in understanding the users’ experience. An important step for 

the applicability of ICT tools for decision support is to present and visualize data 

to generate information about the potential improvements. Developing standard 

indicators based on the specific type of spaces and system configurations allows 

the scalability of ICT solutions for every application. Innovative sensor setups and 

adequate space use indicators allow prioritizing and selecting relevant 

interventions to improve space use efficiency without investing in complex 

sensors. 

The aim related to RQ4 was to understand the variability of occupancy and IE 

measurements with regard to different sensor positionings in single-occupant 

offices (Paper VII). ICT tools provide new opportunities to support strategic 

planning and decisions for the energy transition in the building sector. However, 

it is crucial to carefully install and position the sensors to reliably monitor 

occupancy and IE parameters. Sensors used for different ICT applications in 

buildings should be positioned in a way to avoid undermining the effectiveness of 

sustainability decisions. 
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6 Future research 

The work in this thesis covered several different domains for supporting decisions 

for energy efficiency improvement in various types of buildings. There are several 

suggestions for future research on the gaps that were identified during various 

stages of the work. The supportive interventions proposed for one type of building 

might be relevant to others at some level, but they need to be further developed 

and tested for various decision contexts. Residential buildings are a relatively 

large sector and offer a larger potential for energy efficiency. The interventions 

that support the decision makers in this sector can have a wider overall impact on 

society and the global environment. It is crucial to use the experiences and lessons 

learned in the other sectors for improvements in the residential building sector. 

The diffusion of ICT applications such as energy-use feedback and demand 

control of energy systems should be accelerated in residential buildings by using 

a multi-disciplinary approach to investigate their challenges and opportunities. 

The perceived benefits and barriers of energy efficiency solutions enable 

understanding the causal relations on how the context can affect the decision-

making for the adoption. Future research should link the context (influential 

factors) and the perceived benefits and barriers of different EEMs to influence 

their adoption effectively. The challenge is to understand the order and the rank 

of the importance of various benefits and barriers to weigh their relative influence 

on decision-making. One strategy could be to investigate the importance of 

benefits and barriers by Multi-criteria Decision Analysis. This method is helpful 

for formulating a decision and testing its robustness by exploring the balance 

between the pros and cons of a decision and its alternatives [56]. The diversity of 

buildings with different characteristics and in different contexts causes difficulty 

for designing policy interventions such as those related to providing information 

[32,35]. As one size may not fit all, the policies should be designed to reach the 

decision makers with tailor-made information to be able to motivate them 

effectively. Future research should further develop the understanding of the 

differences between the decision makers in different settings and contexts. 
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The targets for a low carbon future require taking advantage of any opportunity 

to reduce GHG emissions, even beyond the policies and regulations [136]. Public 

engagement by the active participation of individuals in behavioral and lifestyle 

changes requires positive and inclusive communication of the climate issue to 

achieve social acceptance. Research has shown the complexities of decision-

making and the importance of attitudes and values in various contexts [32,65], 

which might be understood through the lens of disciplines such as socio-

behavioral science. Such understanding can contribute to developing effective 

communication methods that enable further public engagement.  

There is a clear trend of increasing the adoption of ICT tools in buildings. Building 

digitalization and the accessibility of data in an IoT environment provides 

numerous opportunities to instrumentalize the data for sustainability measures. 

However, developing practical and scalable frameworks for data interoperability 

requires studying the effects of different aspects of data quality on their 

associated applications. Such understanding can lead to developing shared tools 

that operate based on common data standards and support third-party products 

and innovations. The ICT tools can provide in-depth information to the decision 

makers about different aspects of buildings, especially the users’ experiences of 

the IE. Incorporating the users’ feedback within the input data is crucial for 

practical user-centered tools and requires developing effective interfaces that 

allow adequate user interactions [48]. Moreover, it is important that future 

research consider the interactions of different stakeholders with ICT tools and 

include their perspectives in the design process. 

The possibility to combine data-driven techniques with the building performance 

simulation tools is an emerging field to enhance building modeling and evaluate 

emerging applications such as demand-controlled energy systems [137]. The 

data-driven modeling techniques can enhance building modeling in terms of 

accuracy and computational requirements. The outcomes of such solutions with 

regard to different configurations and contextual factors are still uncertain. The 

models built by combining the simulation and data-driven tools should be 

verified by careful case studies. The recognition of the data-driven modeling as 

an important functional tool requires directing the research front towards open 

data sampling and sharing the computational tools such as data processing 

scripts to enable the replicability of research findings by other researchers. 

Moreover, future studies could combine the occupants’ survey data with data 

collected from ICT tools. Integration of these research methods can improve the 

confidence on the inferences by validation of the results. 
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While various sensors and communication technologies related to data-driven 

applications in buildings continuously develop, it is important to innovate new 

techniques to improve the usability of the technologies. An example of such 

techniques is the use of MPOR indicator in Paper VI, which was enabled by 

innovative instrumentation of PIR sensors and allowed measuring occupant 

density with only the binary data of presence/absence. Moreover, it is crucial to 

investigate the outcomes of measures such as demand control and space use 

management by case studies. Identifying the factors and configurations that 

alleviate or exacerbate the desirable outcomes allows developing tools that can 

estimate the potential outcomes for any system in every context.  

Besides the positive impact of ICT tools on building operation, it is important to 

investigate the cost and environmental impact of ICT tools and their applications 

from a lifecycle perspective. Such an approach ensures the effectiveness of ICT 

tools and the efficiency of their services during their lifespan. The diffusion of ICT 

tools for sustainability measures in the building sector requires an active 

commercial sector specialized in different applications of these tools [88]. Future 

studies on new business models that enable the development of ICT tools and 

their applications can activate the commercial sector to accelerate using these 

tools in various built environments. Such studies can contribute to multiple 

aspects of sustainability including, sustainable economy and social and 

environmental sustainability. The policies should support the development of 

data-driven applications and promote the business models adapted for ICT tools 

that can lead to sustainability in buildings. 
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