
 

 

  

  

Energy Renovation of the Walloon Residential Building Stock: 

Determinants and Integrated Approaches 

 

A thesis submitted in partial fulfillment of the requirements  
for the degree of Doctor of Philosophy (Ph.D.) in Engineering Science 

 

by 

Guirec RUELLAN 

DOCTORAL COLLEGE IN ARCHITECTURE, ENGINEERING AND GEOLOGY 

MARCH 2026 

 

Supervisor:  Prof. Dr. Shady ATTIA (University of Liège) 

Jury members: Prof. Dr. Mario COOLS (University of Liège) 

Dr. Stéphane MONFILS (University of Liège) 

Prof. Dr. Sofie PELSMAKERS (Tampere University) 

Prof. Dr. Sigrid REITER (University of Liège) 

Prof. Dr. Griet VERBEECK (Hasselt University) 

  
 



  



 

 

 

 

 

 

 

 

 

 

« A supposer que mon action et ma pensée aient laissé à mes enfants quelques témoignage 

vivant du désir qui m’habitait, quel parfum respirais-je quand mon existence ne soutiendra plus une 
œuvre à édifier et pour tout dire un amour à chérir ? » 

Ruellan Marc (2001). La Folie Perdue 

 

 

 

This thesis is dedicated to my father. May it inspire a future to love.  



  



Acknowledgments 
 

I would like to express my sincere gratitude to my supervisor, Professor Shady Attia, who deserves 
much of the credit for the completion of this work, through his advice and encouragement. This 

decade-long journey together would not have been the same without your knowledge and expertise. 

I would also like to thank the members of my doctoral committee—Professor Sigrid Reiter, Dr. Gilles 
Tihon, and Professor Griet Verbeeck—who have regularly advised and guided me over the years, 

actively contributing to the richness of this work. 

I am also grateful to the members of the jury for the time they devoted to evaluating this work and 
for their interest in this research. Their careful reading and comments are a valuable recognition of 

this work. 

The four articles that form the core of this thesis would not have been possible without my four co-
authors. Each of them contributed in their own way to the development and evolution of this work, 

and for that I am grateful to them. 

My thanks also go to the University of Liège and the Urban & Environmental Engineering department, 
which made this project possible through my appointment as an assistant. While the status of part-
time research assistant presents a unique challenge in terms of research schedule and scientific 
output, it also provides undeniable and invaluable freedom in research. 

I would like to thank my colleagues and former peers at SBD Lab, and more generally all my 
colleagues—assistants, researchers, and professors—at the Faculty of Applied Sciences and the 

Faculty of Architecture with whom I have been able to discuss the subject of my thesis over the years. 
I would not dare to draw up a list that would be both too long and incomplete, a sign of the positive 
competitive environment in which I have been fortunate enough to work during this period. 

Even though most of them will not read this work, I cannot conclude these acknowledgments 
without a thought for those who participated in the surveys, interviews, and fieldwork, without 

whom this research could not have been completed. 

I would like to conclude these acknowledgments with a thought for all my friends and loved ones for 
their support, their conversations, and their understanding throughout this doctoral adventure. 

Although I often preferred not to discuss the subject outside of a professional setting, I am immensely 

fortunate to be supported by understanding and inspiring people. 

Thank you to my mother, Brigitte Ruellan, to whom I owe so much and who I hope will be proud to 
see me complete this long journey. 

Thanks to my wife, Elisa Quittelier, whose love accompanies me day after day and, I hope, for many 
more years to come in our future adventures. 

 

 



 

Energy Renovation of the Walloon Residential Building Stock: Determinants and Integrated Approaches 

Table of Contents 
6 

Table of Contents 

 

Acknowledgments 5 

Table of Contents 6 

Table of Figures 8 

Table of Tables 8 

Summary 10 

Abbreviations and nomenclature 12 

1. Introduction 14 

1.1. Context 14 
1.1.1. Climate and energy 14 
1.1.2. Issues of housing energy renovation 16 
1.1.3. Sustainable renovation 19 
1.1.4. Energy renovation governance 22 
1.1.5. Barriers to energy renovation 24 
1.1.6. Energy models of building stock 27 
1.1.7. Energy renovation from the occupant's perspective 28 
1.1.8. Futures challenges 28 

1.2. Problem statement 30 
1.2.1. Knowledge gap 30 
1.2.2. Goal 30 
1.2.3. Main research question 31 
1.2.4. Sub-research questions 31 
1.2.5. Audience 31 
1.2.6. Scientific contribution 32 

1.3. Paper based thesis 33 

2. Research Framework 34 

2.1. Thesis outline 34 

2.2. Variables, dataset and operationalization 37 
2.2.1. Technical and socio-economic variables 37 
2.2.2. Dataset selection 37 
2.2.3. Statistical method 38 
2.2.4. Qualitative case study 39 

2.3. Synthesis of methodological approach 40 
2.3.1. Introduction 40 
2.3.2. Part I - Chapter 3.1 42 



 

Energy Renovation of the Walloon Residential Building Stock: Determinants and Integrated Approaches 

Table of Contents 
7 

2.3.3. Part I - Chapter 3.2 42 
2.3.4. Part II – Chapter 3.3 44 
2.3.5. Part II - Chapter 3.4 44 
2.3.6. Table Mapping 46 

2.4. Critical reflection 47 

2.5. Research ethics 48 

3. Journal and conference publications 49 

Part I - Chapter 3.1 Journal Paper: Analysis of the Determining Factors for the 
Renovation of the Walloon Residential Building Stock 50 

Part I - Chapter 3.2 Journal Paper: Clustering of Archetypal Building-Inhabitant 
Pairs to Improve Energy Efficiency: The Case of the Walloon Region in Belgium 71 

Part II - Chapter 3.3 Conference Paper: Integrating Statistical Data and 
Thermographic Survey for Assessing Energy Renovation Policies: A Review 88 

Part II - Chapter 3.4 Journal Paper: Linking Building Conditions and Household 
Realities for Neighborhood-Scale Residential Energy Renovation 100 

4. Discussion 134 

4.1. Revisiting research sub-questions 134 

4.2. Core synthesis 141 
4.2.1. Determinants and integrated approaches 141 
4.2.2. Needs-Capabilities-Willingness 142 
4.2.3. Integrated interpretation 143 

4.3. Thesis contribution 144 
4.3.1. Scientific contribution 144 
4.3.2. Methodological contribution 144 
4.3.3. Policy implications 145 

4.4. Limitations 146 

4.5. Suggestions for future work 147 

5. Conclusion 148 

References 150 
 



 

Energy Renovation of the Walloon Residential Building Stock: Determinants and Integrated Approaches 

Table of Figures 
8 

Table of Figures 

Figure 1-1 Yearly worldwide emissions from fossil fuel combustion and industrial processes 

(Source: Friedlingstein et al., 2025) and atmospheric CO2 growth rate (Source: Lan et al., 2025) 15 
Figure 1-2 Timeline of key events and regulations related to energy and sustainability in buildings, 

worldwide (center), in the EU (bottom) and in the Walloon Region (top) 15 
Figure 1-3. Total Final energy consumption by sector in Belgium, 2023 (Source: IEA, 2024) 16 
Figure 1-4. Evolution of residential total final consumption in Petajoules by source in Belgium 

between 1971 and 2023 (Source: IEA, 2024) 17 
Figure 1-5. Classification of Energy Efficient interventions on buildings 17 
Figure 1-6 Multiple Benefits of Energy Efficient Renovation (Source: Campbell et al., 2014) 19 
Figure 1-7. Trends in the building permits rate for new construction and renovation compared to 

the whole stock in Belgium by year (Source: Statbel, 2025) 24 
Figure 2-1. Thesis Outline 35 
Figure 2-2. General Study Conceptual Framework 41 
Figure 2-3. Thesis table mapping 46 
Figure 4-1 Distribution and specific characteristics of the (A) six and (B) ten  housing/occupant  

clusters identified in the Walloon Region 135 
Figure 4-2 Diagram of a trivariant Needs/Capabilities/Will  approach 143 
 

Table of Tables 

Table 1-1 Levels of governance and public policy tools of energy renovation issues 23 
Table 1-2 Belgian and Walloon bottom-up built stock models 28 
Table 2-1. Summary table of dataset used in chapter 3.1 and 3.2. 38 
Table 4-1 Summary of recommendations tailored to the ten-representative housing/resident 

clusters in the Walloon Region. 141 
 

  



 

Energy Renovation of the Walloon Residential Building Stock: Determinants and Integrated Approaches 

Table of Tables 
9 

  



 

Energy Renovation of the Walloon Residential Building Stock: Determinants and Integrated Approaches 

Summary 
10 

Summary 

Accelerating the energy renovation of existing residential buildings is essential to achieving 

Europe's long-term climate goals. This renovation is even more important to ensure a certain 

degree of energy independence for the continent. As a result, several actions have been taken by 

EU public authorities, but without significantly accelerating the rate of renovation. This doctoral 

thesis fits into this context. It examines the dynamics of renovation in Wallonia's residential 

building stock through a multidimensional approach that integrates the technical characteristics 

of buildings and the socio-economic profiles of occupants to recommend more targeted and 

effective actions in favor of energy renovation. 

Chapter 3.1 characterizes Wallonia's residential housing stock through an analysis of the 

correlations between the technical attributes of dwellings and the socio-economic data of their 

occupants. Using comprehensive databases on buildings and inhabitants, statistical analyses 

identify the main determinants of energy performance and highlight the importance of 

considering socio-economic categories such as low-income households and property ownership. 

The study focuses on targeted renovation strategies for specific types of buildings, particularly 

semi-detached houses, where unfavorable technical and socio-economic factors converge.  

Chapter 3.2 builds on these foundations by grouping together archetypal "building-occupant" 

pairs to shed light on energy renovation strategies. Using ordinal logistic analysis and beta 

regression followed by clustering using the K-means method, the study identifies representative 

typologies that reflect the diversity of Wallonia's housing stock. Among the main conclusions are 

the presence of low-energy-performance houses occupied by low-income households (more than 

17% of the housing stock) and, unexpectedly, low-performance houses occupied by high-income 

households (more than 11%). These typologies provide actionable information for policymakers 

to implement targeted and scaled interventions and demonstrate the value of integrating 

heterogeneous datasets.  

Chapter 3.3 is based on a review of the literature on InfraRed Thermography (IRT) analyzed 

considering the general objectives of the thesis. This literature review highlights the advantages 

and disadvantages of IRT for analyzing the energy performance of buildings, and for quickly and 

inexpensively estimating the energy losses of a large group of buildings. The study highlights the 

potential of this technique, not only to improve knowledge of the energy performance of homes, 

but also to contextualize this performance in relation to the behavior of the occupants. 

Chapter 3.4 presents a case study using mixed methods in a historic neighborhood of Liège, 

combining household surveys, IRT, and participatory focus groups. This chapter examines how the 

technical conditions of buildings and the socioeconomic characteristics of occupants jointly 

influence renovation decisions. The results reveal that socio-economic factors, including income, 

occupancy status, and energy culture, often outweigh technical considerations. Thermography is 

effective in identifying hidden heat losses and raising occupant awareness, but information alone 

is not enough; ongoing education and personalized engagement are essential to influence 

renovation choices. The study also highlights the specific challenges associated with renting and 

co-ownership, underscoring the importance of policies tailored to the local context.  
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In general, this thesis provides details on the statistical relationship between technical data 

on housing and socio-economic data on occupants. Two sets of housing/inhabitant clusters 

representative of the Walloon region have been constructed. The distribution of these clusters 

across the Walloon territory also makes it possible to provide recommendations tailored to 

specific areas. IRT also contributes to improving knowledge of building stock. All this data provides 

a better understanding of renovation behavior and market inertia. Based on these results, several 

recommendations can be made to the various levels of government. Overall, this thesis provides 

a set of recommendations to guide energy renovation policies in Wallonia. By combining statistical 

modeling and participatory field research, it offers both scientific knowledge and practical 

recommendations for improving the efficiency, fairness, and context sensitivity of residential 

energy renovation initiatives. The combined study of the technical characteristics of housing and 

the socioeconomic levels of residents demonstrates its value, even if a third, more specifically 

behavioral axis is gradually emerging. 
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Abbreviations and nomenclature1 

   

BFS Belgian Federal State  

CESE 
Conseil Economique, Social et Environnemental 

(Economic, Social, and Environmental Council of the WR) 

 

CO2 Carbon dioxide  

CoDT Code du Développement Territorial (Territorial Development Code)  

CREG 
Commission de Régulation de l'Electricité et du Gaz  

(Electricity and Gas Regulatory Commission) 

 

CWaPE Commission Wallonne Pour l'Énergie (Walloon Energy Commission)  

DER Deep Energy Renovation  

DG TLPE 
Direction Général Territoire, Logement, Patrimoine et Environnement  

(Walloon Administration for Land, Housing, Heritage and the Environment) 

 

EC European Commission  

EED Energy Efficiency Directive  

EN European Norms  

EPBD Energy Performance of Buildings Directive  

EPC Energy Performance Certificate  

ER Energy Renovation  

ERDF European Regional Development Fund  

ESG Environmental, Social and Governance  

ETS Emission Trading System  

EU European Union  

GCU Guide Communal d’Urbanisme (Municipal Urban Planning Guide)  

GDPR General Data Protection Regulation  

GHG GreenHouse Gas  

GRD Gestionnaire de Réseaux de Distribution (Distribution Network Manager)  

GRU Guide Régional d’Urbanisme (Regional Urban Planning Guide)  

IEA Internation Energy Agency  

ILR Isometric Log Ratio  

IPCC Intergovernmental Panel on Climate Change  

IRT InfraRed Thermography  

IWEPS 
Institut Wallon de l’Evaluation, de la Prospective et de la Statistique 

(Walloon Institute of Evaluation, Foresight and Statistics) 

 

LCA Life Cycle Assessment  

LCC Life Cycle Cost  

MLR Multiple Linear Regression  

nZEB nearly Zero Energy Building  

PACE Plan Air-Climat-Energie (Air-Climate-Energy Plan)  

PCA Principal Component Analysis  

PEB Performance Energétique des Bâtiments (Walloon EPC)  

PFEC Plan Fédéral Energie et Climat (Federal Energy and Climate Plan)  

PNEC Plan National Energie Climat (National Energy and Climate Plan)  

RED Renewable Energy Directive  

SCF Social Climate Fund  

SDC Stratégie de Développement Communal (Municipal Development Strategy)  

SPF Service Publique Fédéral (Belgian Federal Public Service)  

STATBEL Belgian Statistical Office  

SWL Société Wallonne du Logement (Walloon Housing Society)  

SWRLT Stratégie Wallonne de Rénovation énergétique à Long Terme   

 

1 Acronyms that have entered everyday language in Belgium (e.g., names of institutions or laws) are 

retained in French in the text. 
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(Walloon Long-Term Energy Renovation Strategy) 

UN United Nations  

UNFCC United Nations Framework Convention on Climate Change  

VAT Value-Added Taxes  

VIF Variance Influence Factor  

WCED World Commission on Environment and Development  

WR Walloon Region  
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1. Introduction 

The introduction summarizes the key insights from the literature that help contextualize the 

thesis. It covers everything from early discussions on energy conservation to the latest 

developments in sustainable and sufficient renovation. These elements help establish the general 

conceptual framework but also identify research gaps that will help define the research questions. 

1.1. Context 

This recontextualization draws in part on elements set out in three reports and publications: 

Ruellan, G. (2016). La rénovation du bâti résidentiel en Belgique. ULiège. 

http://orbi.ulg.ac.be/handle/2268/202946(Ruellan, 2016b) 

Ruellan, G. (2016). Interviews sur la rénovation du stock bâti en Belgique. ULiège. 

https://orbi.uliege.be/handle/2268/203194(Ruellan, 2016a) 

Ruellan, G., & Attia, S. (2016). Les problématiques de la rénovation du stock bâti dans la ville de 

demain : Résultats d’une étude initiale en Belgique. Academic Journal of Civil Engineering, 34(1), 

348-355. https://doi.org/10.26168/ajce.34.1.43(Ruellan & Attia, 2016) 

1.1.1. Climate and energy 

In 1972, the Meadows report (Meadows et al., 1972) warned of the physical limits of the planet, 

which could not sustain indefinite economic growth. Fifteen years later, the Bruntland Report 

(World Commission on Environment and Development (WCED), 1987) introduced the idea of 

Sustainable Development as a way of reconciling environmental protection, human needs, and 

economic development. To summarize the state of scientific knowledge on climate issues, the 

International Panel on Climate Change (IPCC) was created in 1988 and published its first report in 

1990 (IPCC, 1992). Based on this report, the United Nations Framework Convention on Climate 

Change (UNFCCC) was adopted by most of the world's countries at the Earth Summit in Rio in 1992 

(UNFCCC, 1992). Those countries recognize three major principles: (i) the precautionary principle, 

(ii) the principle of common but differentiated responsibilities, and (iii) the principle of the right to 

development. These commitments by the signatory states were gradually supplemented, mainly 

by the Kyoto Protocol (Kyoto Protocol, 1997) and the Paris Agreement (Paris Agreement, 2015). At 

the same time, companies and financial institutions are encouraged to fully integrate 

Environmental, Social, and Governance (ESG) criteria with the publication of the report “Who 

Cares Wins” (UN, The Global Compact, 2004). 

Despite this apparent consensus on the need for action, the IPCC's sixth assessment report 

(IPCC, 2023) highlighted a pressing reality. The Global Carbon Project has been reporting data on 

CO2 emissions since 1959 (Friedlingstein et al., 2025). World emissions from fossil fuel combustion 

and industrial processes continue to rise every year (Erreur ! Source du renvoi introuvable.). 

These emissions accumulate in the atmosphere, among other places, as indicated by the 

atmospheric CO2 growth rate estimated directly from atmospheric CO2 concentration 

measurements. As a result, the global climate is changing permanently. The goal of limiting the 

http://orbi.ulg.ac.be/handle/2268/202946
https://orbi.uliege.be/handle/2268/203194
https://doi.org/10.26168/ajce.34.1.43
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average temperature increase to 1.5°C, set at the Paris COP, now seems outdated. Only a profound 

transformation of all aspects of our societies could guarantee that we remain below 2°C. 

 

Figure 1-1 Yearly worldwide emissions from fossil fuel combustion and industrial processes (Source: 

Friedlingstein et al., 2025) and atmospheric CO2 growth rate (Source: Lan et al., 2025) 

Recent events (Figure 1-2) also remind us that energy consumption is not solely an 

environmental concern. The 1973 oil crisis (Schumacher, 1985), which led to the first energy-

saving measures, was already the result of the Yom Kippur War between Egypt and Israel. The 

second oil shock in the late 1970s was caused by the Iranian revolution and the Iran-Iraq war 

(Vázquez-Fariñas, 2023). The war in Ukraine and the sanctions against Russia imposed in 2022 

reminded European countries of the central importance of energy issues in geopolitical balances 

(Borowski, 2022). At the time of writing this introduction, the US interventions in Venezuela—the 

world's largest oil reserve (OPEC, 2025)—and in Iran—world's third largest oil and second largest 

gas reserve— seems to herald a new era in international relations. Europe, which is heavily 

dependent on energy imports (De Rosa et al., 2022), finds itself constrained in its diplomatic 

decisions. Reducing fossil fuel consumption through energy efficiency and the promotion of 

renewable energies is essential to mitigate geopolitical risk (Carfora et al., 2022; Man et al., 2024; 

Osička & Černoch, 2022; Proedrou, 2023; Zhang & Usman, 2025). 

 

Figure 1-2 Timeline of key events and regulations related to energy and sustainability in buildings, worldwide 

(center), in the EU (bottom) and in the Walloon Region (top) 

To achieve this, even before the ratification of the UNFCCC, the members of the European 

Union (EU) positioned themselves as pioneers in the field of sustainable development and energy 

transition. Most recently (Figure 1-2), the European Green Deal (The European Green Deal, 2019) 
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calls for a reduction in emissions from European countries of at least 55% by 2030, and climate 

neutrality by 2050. This climate neutrality means achieving net zero GHG emissions. These 

objectives  have been transposed into the Climate Law (European Climate Law, 2021). The 

REPowerEU plan (REPowerEU Plan, 2022)  was launched in 2022 to respond to the energy and 

geopolitical challenges of the war in Ukraine. These various plans are being transposed 

consecutively at the member state level. Thus, in 2025, the Belgian state and its three regions 

committed to a new Belgian National Energy and Climate Plan (PNEC) (PNEC (Recast), 2025), 

which outlines the transition to a sustainable energy system through five dimensions: 

decarbonization; energy efficiency; security of supply; the internal market; and research, 

innovation, and competitiveness. 

1.1.2. Issues of housing energy renovation 

Belgium is 88.9% dependent on imports for its energy consumption (IEA, 2024). Looking at 

Belgium's final energy consumption (Figure 1-3), it is easy to identify the sectors that need to be 

targeted to reduce energy consumption. As in most countries, three sectors account for most of 

the energy consumption: industry, transport, and residential. For the residential sector, as well as 

for the commerce and public services sector, consumption is mainly due to the need to heat 

buildings. 

 

Figure 1-3. Total Final energy consumption by sector in Belgium, 2023 (Source: IEA, 2024) 

More specifically, residential energy consumption is broken down as follows (SPF Economie, 

2025): 

• 70.9% for space heating. 

• 14.9% for water heating. 

• 11.9% for lighting and electrical appliances. 

• 1.9% for cooking. 

• 0.2% for cooling. 

• 0.3% for other uses. 

Space heating alone therefore accounts for a significant share of Belgium's energy 

consumption. In addition, the residential sector remains carbon intensive. Data released by the 

International Energy Agency (IEA) since 1971 shows that Natural gas (43%) and fuel oil (27%) are 

the two main sources of final energy (Figure 1-4). Although we can welcome the reduction in 

overall energy consumption due to improved housing efficiency and its gradual decarbonization, 

there is still a long way to go.  
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Figure 1-4. Evolution of residential total final consumption in Petajoules by source in Belgium between 1971 

and 2023 (Source: IEA, 2024) 

It turns out that the residential sector is a considerable source of potential savings. Not only 

do many techniques exist for achieving low-energy or even positive-energy buildings, but these 

techniques do not significantly impact usage (Cornet et al., 2013), unlike other sectors that may 

seem much more complicated to decarbonize without fundamental change. It is estimated that 

half of Belgium's primary energy saving potential lies in buildings (Verhoeven, 2009).  

Kees Duijvestein's team at TU Delft identified three areas to design sustainable buildings in 

1979 under the term Trias Energetica. These principles were popularized in 1996 (Lysen, 1996), in 

order of importance: 

1. The priority is to increase the energy efficiency of the building and reduce its energy needs. 

2. The second step is to use renewable energy sources where possible and necessary. 

3. Finally, for the remaining uses that cannot be decarbonized, their efficiency must be 

improved. 

The technical possibilities for improving the energy efficiency of housing are summarized in 

Figure 1-5.  

 

Figure 1-5. Classification of Energy Efficient interventions on buildings 
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Building energy regulations (Energy Performance of Buildings Directive, 2002; Energy 

Performance of Buildings Directive (Recast), 2010; Energy Performance of Buildings Directive 

(Recast), 2018; Energy Performance of Buildings Directive (Recast), 2024) have become 

increasingly stringent to meet climate targets. These directives have been transposed into local 

regulations through Energy Performance Certificates (EPCs), such as the Performance Energétique 

des Bâtiments (PEB) in Belgium, which is also regularly updated (PEB, 2014). New buildings have 

become low-energy, passive (Dequaire, 2012), nearly Zero Energy Buildings (nZEB) (Szalay & Zöld, 

2014). Despite this, Belgium's energy intensity for its residential sector in 2024 remains at 

737.79GJ/m², far ahead of its neighbors: Germany (616.92 GJ/m²), France (508.45 GJ/m²), the 

United Kingdom (478.13 GJ/m²), and the Netherlands (326.12 GJ/m²) (IEA, 2024). This energy 

intensity, although gradually declining, remains excessive in relation to the targets set. Three 

reasons are identified in the literature to explain this overconsumption of Belgium's building stock 

(Mlecnik et al., 2010; Verhoeven, 2009): 

• Particularly old buildings. 70.5% of buildings were constructed before 1981 (Statbel, 

2025). 

• A high proportion of single-family homes. Terraced, semi-detached, and detached houses 

account for 66% of dwellings and 78% of buildings in Belgium (Statbel, 2025). 

• And lower uptake of energy efficiency improvements. 67.5% of Belgian households report 

living in a building that has not undergone any energy efficiency improvements in the last 

five years (Statbel, 2025). 

Belgium must therefore succeed in implementing a major energy renovation of its housing 

stock (Hens et al., 2001). Various terms are used in the literature to refer to work carried out on 

existing buildings: change, adaptation, renovation, restoration, modification, reconstruction, re-

commissioning, modernization, adjustment, etc. (Thuvander et al., 2012). In the rest of this text, 

we will follow Thuvander et al.'s choice to use the term renovation, which “includes middle range 

to major interventions.” More specifically, we will use the term Energy Renovation (ER) for any 

renovation work aimed at improving the energy performance of the building, and Deep Energy 

Renovation (DER) for any combination of at least five interventions (Gepts et al., 2025b).  

However, a growing body of scientific research points out that this energy-efficiency-centered 

approach must necessarily be complemented by a consideration of what constitutes sufficient use 

(Verbeeck & Bosserez, 2021). Thus, energy efficiency—generally measured in kWh/m² per year—

says nothing about actual consumption, which depends largely on floor area. By focusing on 

energy efficiency, no questions are raised about the suitability of housing for its intended use, and 

about the adequacy of its floor area relative to the number of occupants. Conversely, it is possible 

to significantly reduce a household’s energy consumption and carbon footprint by reducing living 

space to what is necessary (Sula et al., 2025). Furthermore, the very concept of energy efficiency 

does not question the need for the service or the reality of its use (Verbeeck & Bosserez, 2021). In 

WR, research from the Slowheat project (Moeseke et al., 2024) illustrates the potential to halve 

energy consumption by prioritizing the heating of the human body. As Shove points out, the blind 

pursuit of energy efficiency can become problematic in that it supports energy-intensive lifestyles 

that are disconnected—or “purified”—from social realities (Shove, 2018). Energy policies as they 

are currently designed do not promote a radical reduction in our carbon footprint. On the contrary, 
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they can become counterproductive to the point of contributing to increased energy consumption 

(Adua et al., 2021), in a manner similar to the Jevons paradox (Jevons, 1865), which is widely 

documented and referred to as the “rebound effect.” 

Based on these considerations, and drawing inspiration from the principles of the Trias 

Energetica, Verbeeck and Bosserez propose three new principles (Verbeeck & Bosserez, 2021): 

1. Reduce energy consumption to what is necessary, particularly in terms of living space. 

2. Use energy dynamically, where it is needed. 

3. Promote passive design and practices rather than active systems. 

Usage—and therefore the user—must once again take center stage in a discourse that has been 

dominated for too long by a technocratic approach. And the approach to energy renovation must 

not be limited to energy efficiency alone. 

1.1.3. Sustainable renovation 

The benefits of energy renovation policies for housing are not limited to reducing energy 

consumption (Thuvander et al., 2012). Identifying the various impacts of improving housing 

energy efficiency reveals its multiple benefits (Figure 1-6) (Campbell et al., 2014; Ferreira & 

Almeida, 2015; Liao et al., 2023; Sharmina et al., 2009). 

 

Figure 1-6 Multiple Benefits of Energy Efficient Renovation (Source: Campbell et al., 2014) 

Energy savings. There is consensus on the energy savings generated by energy-efficient 

renovations (Ekström et al., 2018; Gendebien et al., 2015; Tuominen et al., 2012). Most research on 

energy-efficient renovations is based on this objective (Abdul Hamid et al., 2018; Jensen et al., 
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2018). However, results can vary greatly depending on the technical and behavioral assumptions 

adopted. 

GHG emissions. Reduced consumption directly translates into reduced GHG emissions (Hens et 

al., 2001; Maia et al., 2023). Replacing the heating system can already reduce CO2 emissions by 92% 

(Montero et al., 2022). Depending on the national energy mix, a passive standard DER can lead to 

a reduction in emissions equivalent to 7 tons of CO2 (Mlecnik, 2013). 

Resources management. The life cycle assessment (LCA) of energy renovation projects highlights 

a reduction in environmental impact (Verellen & Allacker, 2022) proportional to the energy 

ambition (Van de moortel et al., 2022). Among other things, increased energy efficiency reduces 

the extraction of non-renewable energy resources. But energy renovation also requires fewer 

resources than new construction and reduces waste production (Ferreira & Almeida, 2015; Trachte 

et al., 2014). It can even be considered that renovation contributes to extending the life of a home 

and therefore reducing its environmental footprint. Furthermore, promoting energy renovation 

also reduces urban sprawl (Attia & Mlecnik, 2012; Dubois & Allacker, 2015). However, progress still 

needs to be made to encourage the implementation of circular practices (Sáez-de-Guinoa et al., 

2022). 

Local air pollution. Heating methods based on combustion (coal, gas, fuel, wood) can cause 

significant local air pollution (McDuffie et al., 2021; Stanojević et al., 2024). 72,000 deaths can be 

attributed annually to the emission of PM2.5 particles from residential heating (Paisi et al., 2024). 

Energy-efficient renovation and changing heating methods can radically reduce this pollution 

(Abdul Hamid et al., 2018; Tan et al., 2023). These gains translate into improved health for all 

residents of the cities concerned (Tan et al., 2023). Wood heating, often touted as a sustainable 

alternative to fossil fuels, thus has a significant impact on local air quality, which must be taken 

into account in public policy (Marin et al., 2022). 

Health and well-being. Energy renovation directly contributes to improving the comfort, physical 

health, and mental health of occupants (Deurinck et al., 2012; Dimitroulopoulou et al., 2023; 

Middlemiss et al., 2023; Mlecnik et al., 2010; Singh et al., 2016; Tan et al., 2023). This improvement 

indirectly reduces government healthcare spending (Rosenow et al., 2014) and can lead to 

increased productivity for all activities carried out in the building (Dimitroulopoulou et al., 2023).  

Poverty alleviation. Energy renovation reduces the risk of energy poverty (Barrella et al., 2023; 

Müller et al., 2024; Van de moortel & Allacker, 2023), provided that the needs of occupants are 

considered (Papantonis et al., 2022) and that they are made aware of the new uses of the building 

(Middlemiss et al., 2023). 

Disposable income. Depending on the technical options, cost-optimum research on Life Cycle 

Cost (LCC) studies shows that investments can theoretically be recouped over the lifetime of the 

works (Allacker & De Troyer, 2013; Ferreira et al., 2016; Maia et al., 2023; Verbeeck & Hens, 2005). 

This profitability would then translate into an increase in disposable income for households 

(Middlemiss et al., 2023). However, these analyses are based on numerous assumptions that may 

call into question the profitability of the project (Ekström et al., 2018; Galvin, 2024) and are 
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particularly dependent on the availability and level of subsidies (Laes et al., 2018; Mikulić et al., 

2016). 

Employment. Energy renovation work can lead to the creation of thousands of jobs that are 

difficult to relocate, particularly in the construction sector (Mikulić et al., 2016; Mlecnik et al., 2010; 

Pikas et al., 2015; Rosenow et al., 2014). It is estimated that an investment of €1 million per year 

contributes to the creation of around 20 direct jobs (Janssen & Staniaszek, 2012; Pikas et al., 2015), 

not counting indirect and induced jobs. All these jobs also help reduce government spending on 

unemployment, although these figures should be treated with caution (Rosenow et al., 2014). 

Public budget. Public finances benefit directly from an increase in energy renovation through 

lower energy consumption in the public sector (Fahlstedt et al., 2024), lower emissions trading 

costs (Mlecnik, 2013), a reduction in energy subsidies (Sgaravatti et al., 2021), and an increase in 

tax revenues (Mikulić et al., 2016; Pikas et al., 2015; Rosenow et al., 2014; Ruggieri et al., 2023). 

Energy renovation work can thus lead to a significant increase in GDP (Slabe-Erker et al., 2022). 

Energy security. Energy renovation of the building stock helps to limit the country's energy 

dependence and increase the security of its supply (Gusbin, 2015; Man et al., 2024; Mikulić et al., 

2016). This energy security also means that households and public authorities are less exposed to 

energy price fluctuations (Sgaravatti et al., 2021). 

Asset value. While the introduction of mandatory EPCs in 2008 had no impact on housing prices 

in Flanders, the introduction of the EPC label in 2019 for the most energy-efficient homes did have 

an effect (Damen & van Kempen, 2025). This trend is likely to increase with the future introduction 

of performance requirements for purchases. Energy renovation also contributes to the long-term 

preservation of the technical qualities and value of the building (Ferreira & Almeida, 2015; Mlecnik 

et al., 2010). Energy renovation also helps to maintain the use value of existing assets (Trachte & 

Stiernon, 2024). 

All these benefits together define the contours of Sustainable Building Renovation (SBR) 

(Jensen et al., 2018; Thuvander et al., 2012). All these benefits should be observed at a wide range 

of scales, from the individual to the entire country. This raises the question of whether we should 

consider and optimize renovation scenarios at scales other than that of the individual building. It 

is also worthwhile to combine considerations regarding housing energy efficiency with other 

aspects related to housing location, such as the use of different modes of transportation or the 

local production of carbon-free energy (Nematchoua et al., 2021). The case of district heating 

networks is a good example of the need to consider housing energy efficiency and consumption 

within a broader context (Lidberg et al., 2018). This shift in perspective can lead to solutions that 

address needs beyond mere energy efficiency, such as roof extensions (Amer & Attia, 2019). 

Given this diversity of strengths and solutions, it is impossible to propose a single, one-size-

fits-all solution. The policy framework must successfully balance the promotion of more 

sustainable housing while allowing for the necessary flexibility to avoid becoming locked into 

suboptimal solutions. 
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1.1.4. Energy renovation governance 

To support this housing (r)evolution, the various levels of government have several 

instruments at their disposal. Lascoumes and Le Galès identify four types of public policy 

instruments: (i) legislative and regulatory, (ii) economic and fiscal, (iii) conventional and incentive-

based, and (iv) informational (Lascoumes & Le Galès, 2004). To these four types of instruments, we 

will add a fifth category—strategic and plan—to organize and coordinate them. 

United Nations (UN). The United Nations does not have the traditional instruments of public 

action at its disposal. Nevertheless, the UNFCCC (UNFCCC, 1992) can be considered as the 

common strategic framework to which all ratifying states subscribe, while the IPCC reports (IPCC, 

2023) constitute its scientific basis. 

European Union (EU). As already mentioned (Figure 1-2), the European Union has responded to 

the UNFCCC through several strategies, the most recent of which are the Green Deal (The European 

Green Deal, 2019) and REPowerEU (REPowerEU Plan, 2022). However, the EU has the tools to 

implement these strategies. Several regulations govern climate policy (European Climate Law, 

2021), energy policy (Energy Efficiency Directive (EED) (Recast), 2023; Renewable Energy Directive 

(RED III) (Recast), 2023) and building policy (Energy Performance of Buildings Directive (Recast), 

2024). Various financial tools are available to support these regulations: carbon taxes (ETS 2, 2023), 

Social Climate Fund (SCF, 2023), European Regional Development Fund (ERDF, 1999), etc. While 

conventional and incentive-based involvement remains anecdotal given the way the EU operates, 

the informational aspect is mainly based on the publication of reports and the creation of ad hoc 

web pages. 

Belgian Federal State (BFS). Belgium has responded to European objectives through its National 

Energy and Climate Plan (PNEC (Recast), 2025), which itself consists of the BFS's Federal Energy 

and Climate Plan (PFEC) and the energy and climate plans of the three regions. The BFS has few 

tools at its disposal to intervene in energy, land use planning, and housing issues, which are largely 

regionalized. Tax breaks and subsidies have been gradually phased out. Nevertheless, the BFS 

retains control over Value-Added Tax (VAT), which has been set at 6% since 2016 for renovation 

work and since 2025 for demolition/reconstruction.  

Walloon Region (WR). The Air Climate Energy Plan (PACE 2030, 2023) defines the WR's objectives 

as part of the PNEC. It has been broken down into various sectoral strategies, including the Long-

Term Renovation Strategy (SWRLT) (DG TLPE, 2020). In addition, numerous regulations govern 

energy and land use planning at this level, such as the Walloon EPC (PEB, 2014) already 

mentioned, or the Territorial Development Code (CoDT (Recast), 2026), which defines, among 

other things, rules for establishing Building Permits . The WR also has numerous financial tools at 

its disposal to tax (property tax, income tax, real estate withholding tax, registration fees, etc.) or, 

conversely, subsidize (bonuses, tax reductions, zero-interest loans, etc.) its energy and urban 

planning actions. In addition, most of the European FSC contributes to the Social Climate Plan 

(PSC) of the various regions to finance the energy transition. From an informational point of view, 

several guides and websites provide a wealth of information on energy renovation and related 

subsidies. 
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Province. The provinces have little power over energy and urban planning issues. The Climate 

Plan is mainly focused on supporting municipalities. 

Intermunicipal. The intermunicipal level corresponds to the union of several cities for the joint 

management of certain areas of responsibility. 

Cities. Cities have crucial urban planning powers for energy renovation policy. They can propose 

a Sustainable Energy and Climate Action Plan (PAEDC) with the help of the Walloon PolLEC 

program. Cities also produce a Municipal Urban Planning Guide (GCU) which defines the rules for 

the development and construction of public and private spaces. Cities have the power to issue 

building permits. They can coordinate incentive programs (renovation packages, group 

purchases, DIY buses, etc.). As the institution closest to citizens, it is also the most capable of 

communicating through guides, websites, and specific service desks. 

All these institutions have their own buildings that they must renovate. 

A few government and para-governmental agencies are of prime importance regarding energy 

and building policy. The Commission for the Regulation of Electricity and Gas (CREG) informs and 

regulates energy markets at the federal level, while the Walloon Energy Commission (CWaPE) 

transposes and ensures the application of these rules in the WR. The Walloon Center for 

Sustainable Housing Studies (CEHD) produces several reports on housing quality in the Walloon 

Region (Anfrie et al., 2021). The Walloon Economic, Social, and Environmental Council (CESE) has 

an energy advisory unit responsible for issuing opinions on energy policy. Distribution system 

operators (GRD) manage and bill for the use of energy networks. Energy helpdesks advise 

individuals and direct them to the appropriate assistance. The Walloon Housing Company (SWL) 

coordinates the development and management of public housing stock. 

Table 1-1 Levels of governance and public policy tools of energy renovation issues 

Level 
Strategic and 

planning 

Legislative and 

regulatory 

Economic and 

fiscal 

Conventional 

and incentive-

based 

Information and 

communication 

1. United 

Nations 

IPCC report 

UNFCCC 
    

2. European 

Union 

Green Deal 

REPowerEU 

 

Climate Law 

EPBD 

EED 

RED III 

ETS 2 

SCF 

ERDF 

 Online 

3. Belgium 

Federal 

State 

PNEC CREG 
VAT 

PSC 
Building ER  

4. Walloon 

region 

PACE 

SWRLT 

CESE 

PEB 

CoDT 

CWaPE 

Taxes 

Subsidies 

PSC 

Building ER 

SWL 

POLLEC 

Online 

Guides 

5. Province Plan Climat   Building ER  

6. Inter-

municipal 
  GRD 

Management 

delegation 
 

7. Cities PAEDC 
GCU 

Building Permit 

Taxes 

Subsidies 

Building ER 

Renovation train 

Online 

Guides 

Energy Offices 
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Many associations and businesses operate around these various levels of public authority. 

These agencies mainly provide information, sometimes as public service delegations, either to the 

public or through lobbying institutions.  

In Belgium, the regions are at the heart of renovation strategies, as they have both the 

legislative and economic levers to act on a large scale, while also being responsible for the 

practical implementation of generic European regulations. Strategic planning follows a Russian 

doll logic, with each plan integrating and detailing the strategy adopted at the higher level on a 

regional scale. Conversely, EU financing tools generally support lower levels of government, 

without directly affecting citizens. These different governance tools are summarized in Table 1-1.  

These energy renovation policies are constantly evolving, depending on the international 

situation and internal trade-offs. There has been an increase in performance ambitions and the 

integration of new sustainability objectives (C.-H. Baek & Park, 2012). While the EPBD and EPC 

were mainly focused on new buildings in 2015, the latest versions are more inclusive of renovated 

buildings. Local policies are also inspired by what works in neighboring countries. The 

Netherlands has become a benchmark for the industrialization of DER with its EnergieSprong 

model, which is spreading throughout Europe (Brown et al., 2019; Pellegrino, 2019). The 

introduction of the SWRLT reflects this shift in priorities and expectations. In 2017, the first SWRLT 

responded to the EED and aimed to gradually transform all existing buildings into nZEB by 2050. 

The new 2020 version, developed in response to the latest version of the EPBD, includes a 

decarbonization target and intermediate milestones in 2030 and 2040. Specific actions are 

mentioned, as well as strengthened governance and an update on the costs and profitability. 

1.1.5. Barriers to energy renovation 

Despite all the regulations, building renovation passports (Sesana & Salvalai, 2018), tax 

incentives (Dubois & Allacker, 2015; Villca-Pozo & Gonzales-Bustos, 2019), rental controls (Bertoldi, 

Economidou, et al., 2021), communication campaigns, One-Stop-shop (Bertoldi, Boza-Kiss, et al., 

2021; Biere-Arenas et al., 2021), and massification strategies (Brown et al., 2019; Pellegrino, 2019) 

implemented over the past 30 years, the rate of energy renovation is not progressing fast enough 

in Europe (Filippidou et al., 2017; Wilson et al., 2015). We do not have a reliable indicator for this 

specific work in Belgium or in WR. The use of building permits is only an imperfect indicator of 

energy renovation activity, as only 17% of renovation activities require one, and not all renovation 

activities are energy-related (Gepts et al., 2025a). However, the annual rate for construction and 

renovation remains stable (Figure 1-7).  

 
Figure 1-7. Trends in the building permits rate for new construction and renovation compared to the whole 

stock in Belgium by year (Source: Statbel, 2025) 
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The European Commission (EC) cites an annual ER rate of around 1% and a DER rate of 0.2% 

for the EU. According to Verhoeven, the annual energy renovation rate in Belgium is between 0.6% 

and 1% (Verhoeven, 2009). Gendebien cites an ER rate of 1.5% (Gendebien et al., 2015). Gepts et 

al. is more optimistic, calculating a DER rate of 4% for Belgian homeowners alone (Gepts et al., 

2025b). But even this latest estimate remains below the energy renovation needs estimated at 

between 3% and 5% in 2010 (Mlecnik et al., 2010). As for the demolition rate, which could help 

eliminate the least efficient and most unsanitary buildings, it is capped at 0.075% (Verhoeven, 

2009). 

Yet renovation techniques to achieve low-energy buildings do exist (Attia et al., 2022; 

Brambilla et al., 2018; CSTC, 2016; Ekström et al., 2018; Mlecnik et al., 2010; Van Craenendonck et 

al., 2016). Nevertheless, it can be complex to prioritize the multiple solutions available on the 

market, both for project managers (Abdul Hamid et al., 2018; Jensen et al., 2018; Pannier et al., 

2021) and for contractors (Itard et al., 2008; Mlecnik et al., 2010; Tuominen et al., 2012). This can 

be perceived as a risk for the project owner (Mainali et al., 2021; Wilson et al., 2015). The lack of 

information available to occupants is a significant obstacle. Owners need credible information on 

energy efficiency measures (Pannier et al., 2021; Sáez-de-Guinoa et al., 2022; Tuominen et al., 

2012; Wilson et al., 2015). However, the diversity of solutions is increasing as new constraints arise. 

Moving from energy efficiency to decarbonization requires rethinking the way we build, in a more 

circular way (Mainali et al., 2021). The trade-off between renovation and reconstruction must be 

made on an almost individual basis (Dubois & Allacker, 2015; Leichter & Piccardo, 2025; Lim, 2025). 

Buildings of heritage value also require a tailored approach (Trachte & Stiernon, 2024). This 

diversity of techniques specific to Wallonia's old and heterogeneous buildings makes it more 

difficult to industrialize ER solutions as advocated by the Energiesprong approach, despite 

advances in this area (Monfils & Hauglustaine, 2014). 

The main barrier to increasing the renovation rate is economic. Energy renovation work is 

costly, and the return on investment is long and uncertain (Dadzie et al., 2018), which discourages 

investors (Wilson et al., 2015). Today, the value of a property on the real estate market depends 

less on its performance than on its location (Mlecnik et al., 2010; Tuominen et al., 2012). In WR, 

major renovation work can lead to an increase in cadastral income, whereas it would be necessary 

to favor the most efficient housing (Sáez-de-Guinoa et al., 2022). Energy prices that do not 

incorporate negative externalities have a negative impact on the profitability of energy efficiency 

projects (Ruggieri et al., 2023; Tuominen et al., 2012). Conversely, the introduction of a carbon tax 

that would contribute to increasing these prices increases interest in EE (Laes et al., 2018; Mainali 

et al., 2021; Szymańska et al., 2022).  

Beyond this profitability, a large proportion of homeowners simply cannot afford to invest 

(Albrecht & Hamels, 2021; Itard et al., 2008; Liao et al., 2023). The introduction of subsidies can 

therefore unlock these projects and improve their profitability (Laes et al., 2018), provided that 

DERs are encouraged to reduce the risk of a lock-in to define effect (Dubois & Allacker, 2015) that 

would block the project in a sub-optimal situation. To avoid this situation, subsidies must be 

conditional on the preparation of an optimal roadmap through an energy audit or a Building 

Renovation Passport over several years (Barbosa & Almeida, 2025; Dubois & Allacker, 2015; Maia 

et al., 2023; Mainali et al., 2021; Sesana & Salvalai, 2018). Subsidies must also limit their uptake by 
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free-riders—households that would have renovated anyway and benefit from a windfall by 

specifically targeting households that cannot renovate without subsidies (Laes et al., 2018; 

Rosenow et al., 2014). These households must be specifically identified by public authorities to 

propose inclusive policies (Papantonis et al., 2022) and combat the non-take-up of existing aid 

(Middlemiss et al., 2023). A low-interest loan system can complement the range of financial 

measures (Mainali et al., 2021), if it does not limit the ambition of the projects (Dubois & Allacker, 

2015). Thus, the high rate of owner-occupiers and the instability of public aid over time in WR 

complicates the implementation of an Energiesprong-type model, which is financed by future 

energy savings, often via energy rents. 

When it comes to rentals, the main problem lies in the split incentive between landlords, who 

pay for the work, and tenants, who benefit from the energy improvements (Ástmarsson et al., 

2013; Bird & Hernández, 2012; Dixon et al., 2014; Itard et al., 2008; Melvin, 2018; Meyer & Maréchal, 

2016). This holder/leaver dilemma particularly affects households in fuel poverty and ethnic 

minorities (Papantonis et al., 2022; Van de moortel & Allacker, 2023) and cannot be resolved by a 

CO2 tax alone (Müller et al., 2024). A new financial model needs to be put in place to reconcile the 

interests of tenants and landlords (Papantonis et al., 2022; Van de moortel & Allacker, 2023). The 

rental market is also highly fragmented. Energiesprong's industrialized approach and economies 

of scale require large volumes that are difficult to achieve in WR due to the fragmentation of 

ownership. Only 15% of landlords own more than three rental properties, and only a few rental 

complexes are managed by professional real estate funds (Mlecnik et al., 2010).  

Political barriers are not limited to instability, which undermines investor confidence. Certain 

regulations directly constrain the technical possibilities for energy renovation, such as urban 

regulations, property boundary management, heritage protection, etc. A balance still needs to be 

struck between the perceived complexity of the decision-making and implementation process 

and the associated uncertainties on the one hand (Ruggieri et al., 2023; Wilson et al., 2015), and 

the necessary intervention of public authorities to regulate and guide construction practices on 

the other (Dubois & Allacker, 2015; Liao et al., 2023). This transformation must be accompanied by 

decompartmentalization and integration of issues. For example, the WR's EPC regulations are 

primarily designed around individual elements rather than overall performance, and public 

procurement is still largely based on price, technical specifications, and compartmentalization of 

lots, which complicates the implementation of an Energiesprong performance guarantee. 

Ultimately, the study of barriers to renovation shows us that improving energy performance is 

rarely the trigger for renovation. People renovate for (i) rational use of living area, (ii) quality 

improvement, (iii) comfort improvement, (iv) higher quality of life. The integration of energy 

renovation work is often the result of peer-to-peer communication that has convinced 

homeowners. This approach of integrating renovation work with maintenance and comfort work 

tends to increase its profitability (Mlecnik et al., 2010). Thus, several households have the means 

to carry out energy-efficient renovations but do not do so in the absence of extrinsic motivations 

(Albrecht & Hamels, 2021). Nevertheless, this attitude is changing, with energy renovation work 

becoming increasingly well perceived (Wilson et al., 2015), and young households renovating 

more than older ones (Gepts et al., 2025b). 
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These motivations have a direct effect on post-renovation energy performance. Indeed, if 

comfort is the main motivation, then the occupant will take advantage of the renovation to 

improve their comfort, thus inducing a rebound effect (Berkhout et al., 2000; De Sloover & 

Albrecht, 2011; Deurinck et al., 2011; Galvin, 2014; Galvin & Sunikka-Blank, 2016; Hens et al., 2010). 

The rebound effect mentioned earlier refers to an increase in the use of a tool that has been made 

more efficient: in our case, heating a home more intensely and evenly, while paying less attention 

to energy consumption. Conversely, occupants of less-efficient homes often adopt energy-saving 

behaviors to compensate, a phenomenon known as the prebound effect (Galvin & Sunikka-Blank, 

2016). This rebound/prebound effect is not so much a sign that energy efficiency, as currently 

conceived, has failed, but rather an illustration of its shortcomings (Shove, 2018).The EPBD 

calculation method thus overestimates energy savings by 6% (Deurinck et al., 2012). However, this 

overestimation is more significant for low-income households, which are most dependent on 

energy savings (Slabe-Erker et al., 2022). In any case, the actual performance of buildings remains 

difficult to predict, as it is largely dependent on the behavior of occupants (Liao et al., 2023). This 

highlights the need to involve them in the decision-making process from the outset to take their 

needs into account, and to raise their awareness of energy improvements and the use of the new 

building after the fact (Middlemiss et al., 2023). More specifically, while energy efficiency 

certification policies are still largely based on static behavior, taking dynamic behavior into 

account and encouraging it is also a promising approach (Sula et al., 2025). 

1.1.6. Energy models of building stock 

To estimate the effects of renovation strategies and account for the various barriers that have 

been identified over the years, numerous energy models of building stock have been developed. 

These models fall into top-down or bottom-up categories (Swan & Ugursal, 2009). Top-down 

models aggregate energy consumption data and then allocate it to individual households. They 

do not take individual usage into account. In contrast, bottom-up models extrapolate energy 

consumption from a representative sample of housing units, either through statistical analysis of 

energy bills and surveys (statistical techniques) or by simulating consumption based on the 

technical characteristics of the building stock (engineering techniques). Among these techniques, 

bottom-up statistical methods are best suited to account for user behavior and incorporate 

macroeconomic and socioeconomic effects. Furthermore, these models can adopt a 

representative approach based on aggregated technical characteristics of buildings, or a typical 

approach that uses typical buildings from the building stock (Cyx et al., 2011). These models are 

also characterized by the number of representative typologies they use to capture the complexity 

of the building stock. Over the past 20 years, numerous models have been developed in Belgium 

and Wallonia and are presented in the Table 1-2. 

However, there are significant discrepancies between the results of these models, which still 

have considerable room for improvement (Protopapadaki et al., 2014). But above all, they struggle 

to fully account for the impact of occupant behavior on energy consumption. In fact, research on 

energy renovation (Abdul Hamid et al., 2018)—tend to focus on technical and economic aspects. 

While many studies seek to link technical solutions to user needs and behaviors, a more 

comprehensive integration of these aspects would be desirable to target strategies (Jensen et al., 

2018). 
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Table 1-2 Belgian and Walloon bottom-up built stock models 

Study Area 
Dwellings  
typologies 

Techniques Approach 

(Hens et al., 2001) BFS 960 engineering representative 

(Verbeeck & Hens, 2005) BFS 5 engineering typical 

(Kints & De Herde, 2008) WR 8 statistical mixed 

(Mlecnik et al., 2010) BFS 11 statistical typical 

(Allacker et al., 2011) BFS 16 engineering representative 

(Cyx et al., 2011) BFS 25 engineering mixed 

(Hauglustaine & Monfils, 2013) WR 8 statistical typical 

(Mouton et al., 2013) WR 4 mixed typical 

(Gendebien et al., 2015) BFS 992 engineering representative 

(Leveau et al., 2018) WR 42 engineering mixed 

(Nishimwe & Reiter, 2021) WR 36 statistical representative 

(Coppens et al., 2022) WR 20 engineering representative 

 

1.1.7. Energy renovation from the occupant's perspective 

This state of the art clearly shows us how central occupants are to the energy renovation 

process. As initiators, occupancy status (Ástmarsson et al., 2013), income (Meyer et al., 2018), age 

(Gepts et al., 2025b), life events (BPIE, n.d.), knowledge (C. Baek & Park, 2012), etc. are all 

determining factors in acting (Ebrahimigharehbaghi et al., 2022). As a user, energy consumption is 

influenced by six factors (climate, building envelope, technical equipment, maintenance, 

occupant activities and habits, and indoor space quality), the last three of which depend largely 

on human choices (Attia, 2020; de Meester et al., 2013; Guerra-Santin et al., 2018; Lindén et al., 

2006; Mlecnik et al., 2010). 

This issue is all the more important given that the impact of residents’ lifestyles is 

proportionally greater in the most energy-efficient buildings (de Meester et al., 2013).Renovation 

should be considered a service process rather than a technical process (Thuvander et al., 2012). 

The integration of social factors makes it possible to both better target energy policies and refine 

estimates (Amin et al., 2024; Papantonis et al., 2022; Süsser et al., 2022).  

The question of energy-efficient renovation considering occupants’ priorities ultimately ties 

into the issue of sufficient energy renovation. Placing occupants at the center of the discussion 

allows us not only to better understand their capacity to undertake energy-saving measures but 

also to help them identify their actual needs. 

1.1.8. Futures challenges 

Given the time horizons envisaged for energy renovation, renovation strategies must be 

forward-looking to adapt resiliently to both expected and unexpected changes in the context. 

Older homes often have an average lifespan of more than 100 years (Andersen & Negendahl, 2023). 

In theory, LCA and LCC often consider a life expectancy of 100 years for the structure, 30 years for 

the skin, and between 15 and 30 years for services and space (Donatello et al., 2021). Around 90% 

of existing buildings will still be standing in 2050 (A Renovation Wave for Europe, 2020). Any major 

energy renovation must therefore be considered as a solution for this timeframe. 
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In the short term, the establishment of an expanded carbon market (ETS 2, 2023), 

accompanied by funds specifically dedicated to improving the energy efficiency of the sectors 

affected by this tax (FSC, PSC), represents both risk and opportunity. As has been pointed out, 

growing international uncertainty about energy prices and international cooperation also requires 

reducing energy and material dependence and increasing resilience to shocks. In the longer term, 

current renovation strategies must already consider the climate in 2050, or even 2100. Thus, while 

heating needs are expected to decrease by 8 to 13% by 2050, cooling needs could increase by 39% 

to 65% (Elnagar et al., 2023). Appropriate renovation strategies (Attia et al., 2021) would help 

mitigate this increase and its impact on comfort and health.   
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1.2. Problem statement 

1.2.1. Knowledge gap 

This overview leaves no doubt that the energy issue will be of paramount importance in the 

coming years for the future of humanity. Across Wallonia, the energy renovation of building stock 

is one of the main challenges for the coming years. Failure to achieve a significant improvement 

in the energy performance of housing will not simply mean falling short of the region's, the 

country’s, and the EU's own targets. It will have major consequences in the short and longer term 

for the environment, people, and the economy.  

Given current trends and without structural changes in the sector, the energy consumption of 

the building stock will be far from nZEB in 2050. GHG emissions will be much higher than expected, 

in the context of rapidly deteriorating climate conditions. Energy expenditure will become 

increasingly dependent on international geopolitics and uncertain hydrocarbon reserves. And the 

Belgian social and healthcare system will have to bear the costs associated with this deterioration 

of our environment, assuming it still has the means to do so. 

Nevertheless, renovation techniques exist to radically reduce the environmental impact of the 

building sector. This is a priority for many European governments, which have set out to 

implement policies promoting energy-efficient renovation. While energy renovation strategies 

have not yet fully borne fruit, the main problem identified lies in the gap that remains between the 

development of these strategies and their target audience, the occupants of the building. On the 

one hand, these strategies have not succeeded in significantly accelerating the transition. But the 

emphasis placed on energy efficiency obscures a necessary question about what is truly necessary 

and sufficient.  In addition, these strategies, which are geared towards 2050, must already take 

future needs into account. 

Involving occupants in the evaluation of energy policies is a first step toward energy efficiency 

tools that are more focused on actual needs. To improve the effectiveness of policy actions and 

take future needs into account, this thesis seeks to propose recommendations for improving the 

effectiveness of future renovation policies by combining information on the technical 

characteristics of housing with data on the socio-economic characteristics of residents.  

This issue gives rise to a multi-method and multi-scale methodology, which is outlined in Section 

2. Research Framework. This commitment to combine quantitative and qualitative data addresses 

not only accessibility issues but also a growing concern within the scientific community to 

diversify information sources and tools (Östlund et al., 2011). Changing the scale allows us to 

highlight additional findings (Srebric et al., 2015). Finally, a long-term research allows us to take a 

critical look at the results obtained over time (Kuebbing et al., 2018). 

1.2.2. Goal 

This knowledge gap is completed with a research goal. This underlying goal is to help to 

increase the rate of deep energy renovation in Belgium, to improve the comfort and well-being of 

residents, while reducing the environmental impact of the building sector, and contributing to the 

resilience and energy independence of the Belgian state.  
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1.2.3. Main research question 

To achieve the research goal, the thesis focuses on both the technical characteristics of 

housing and the socio-economic characteristics of residents to develop an appropriate model of 

the Walloon housing stock. This coupling of residents and housing should enable (i) a better 

understanding of renovation dynamics at the regional level and in the various municipalities, and 

(ii) the subsequent proposal of strategic recommendations for increasing the rate of deep energy 

renovation. The main research question of this Ph.D. research is formulated as follows: 

MRQ. To what extent can the joint analysis of technical characteristics of dwellings and socio-

economic characteristics of residents explain renovation dynamics and support strategies to 

accelerate deep energy renovation in the Walloon residential building stock? 

1.2.4. Sub-research questions 

This main research question can be subdivided into several specific questions, which will be 

studied in turn. These questions correspond to gaps in the research that have been successively 

identified and published. Four publications thus constitute the chapters of this thesis, whose 

research questions can be formulated as follows: 

RQ1. What statistically significant relationships exist between the technical characteristics of 

dwellings and the socio-economic characteristics of their occupants in the Walloon Region? 

(Chapter 3.1 and 3.4) 

RQ2. Which representative dwelling–occupant clusters can be identified in the Walloon residential 

building stock based on integrated technical and socio-economic data? (Chapter 3.2 and 3.4) 

RQ3. What are the patterns of geographical distribution of these characteristics across Wallonia? 

(Chapter 3.1 and 3.2) 

RQ4. To what extent can façade-based infrared thermography complement statistical datasets to 

improve the characterization of building performance and energy use at the neighborhood scale? 

(Chapter 3.3 and 3.4) 

RQ5. How do dwelling–occupant clusters contribute to explaining observed renovation behaviors 

and renovation inertia? (Chapter 3.4) 

RQ6. What differentiated renovation strategies and policy instruments can be derived from 

dwelling–occupant cluster analysis to effectively increase deep renovation rates? (Chapter 3.1, 3.2 

and 3.4) 

1.2.5. Audience 

This thesis is primarily intended for policymakers and public administrations involved in 

energy-efficient renovation. The findings and recommendations presented are intended to inform 

policy discussions. These insights can help improve the effectiveness of policies aimed at 

enhancing residential energy efficiency and reducing energy consumption in the residential 

sector. 

At the same time, this thesis also contributes to advancing scientific knowledge in the fields 

of renovation and energy efficiency. Each chapter provides insights into the composition of 

Wallonia’s building stock, energy efficiency dynamics, and renovation strategies. The 

development of this knowledge allows for the identification of new research avenues, which are 
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discussed at the end of the manuscript. This scientific contribution also lies in the various 

methodological tools employed, which can be utilized and further developed. The strengths and 

weaknesses of the different tools used have been highlighted in each article to enable their 

judicious and appropriate use in the future. The overall structure of the thesis, which combines 

quantitative and qualitative approaches, also enriches scientific literature. 

Residents of older housing in the Walloon region are also directly affected. They will find little 

directly actionable information in this manuscript. However, they are the primary target of energy 

renovation efforts. As noted in the introduction, the current building stock is unable to provide 

minimum guarantees of comfort and health in a world that must decarbonize. It is therefore 

crucial to propose solutions to make it more resilient, lest the environmental crisis be 

compounded by a social crisis. 

1.2.6. Scientific contribution 

The scientific contributions of the thesis can be summarized as follows: 

• This thesis contributes to the development of a new model of Wallonia’s housing stock, 

based on both technical data on housing and socioeconomic data on residents. The 

decision to incorporate socioeconomic data addresses the challenges identified in the 

current state of the art. 

• This building stock model was developed by leveraging existing, independent databases 

that were integrated using a methodology specifically designed for this purpose. Beyond 

the specific issue of energy-efficient renovation, the ability to analyze increasingly rich and 

diverse datasets represents a significant challenge in many fields of research. 

• To improve the quality of the results obtained, the thesis employs a multi-method, multi-

scale approach. Quantitative and qualitative tools are employed, and their results are 

compared to verifying their validity or identifying any contradictions that inform the 

discussion. Furthermore, shifting the scale from country-level analysis to local case 

studies via the regional model also makes it possible to identify both general trends and 

weak signals. 

• This thesis successfully develops a set of recommendations for the energy-efficient 

renovation of the building stock based on an analysis of the dynamics at play in the WR, 

considering technical and socioeconomic data. 
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1.3. Paper based thesis 

To address the research questions identified above and to provide the contributions 

mentioned earlier, this thesis draws on four previously published scientific articles, which form its 

core. 

Chapter 3.1, “Analysis of the Determining Factors for the Renovation of the Walloon Residential 

Building Stock” aims to verify whether it is possible to cross-reference technical and socio-

economic data from independent databases. Correlations between these data are established 

(RQ1), and an analysis of the results obtained provides a better understanding of the energy 

dynamics of the Walloon building stock based on these correlations (RQ3). Initial general 

recommendations can thus be formulated based on this initial statistical analysis (RQ6). 

Chapter 3.2, “Clustering of Archetypal Building-Inhabitant Pairs to Improve Energy Efficiency: 

The Case of the Walloon Region in Belgium” further develops this new model of the Walloon 

building stock based on technical and socio-economic data. The algorithms used improve its 

quality, and the clustering allows us to derive a set of representative typologies (RQ2). Principal 

Component Analysis of the distribution of these clusters across the region and within the various 

municipalities enables the identification of varied situations based on the urban fabric (RQ3). 

More targeted recommendations can be proposed, focusing not only on the different clusters but 

also on the different municipalities based on their composition (RQ6). 

Chapter 3.3, “Integrating Statistical Data and Thermography Survey for Assessing Energy 

Renovation Policies: A Review” discusses the use of a specific technique, IRT, to supplement and 

validate the results obtained in the two previous chapters. This chapter primarily serves as a 

transition between Part I: Statistical Analysis, developed in Chapters 3.1 and 3.2, and Part II: Case 

Study, explored in Chapter 3.4. This article also provides relevant information on the use of IRT to 

complement other sources of information on the energy dynamics of the Walloon building stock 

(RQ4). 

Chapter 3.4, “Linking Building Conditions and Household Realities for Neighborhood-Scale 

Residential Energy Renovation” complements, validates, and critiques the results previously 

obtained through a mixed-methods analysis of a residential neighborhood in the city of Liège 

using three qualitative tools whose results are triangulated: the survey, IRT, and the focus group. 

The results highlight the statistical relationships between technical and socio-economic data in 

this specific case study (RQ1). The study highlights the specific typologies of this neighborhood, 

which is not representative of the entire building stock (RQ2). The results of the IRT highlight the 

specific advantages and disadvantages of this technique in the context under study (RQ4). The 

responses to the survey and focus group also provide a better understanding of what explains 

renovation behaviors based on technical and socioeconomic data (RQ5). Ultimately, detailed 

recommendations are proposed to target specific typologies that were not particularly relevant at 

the regional level and to supplement the previous observations (RQ6). 
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2. Research Framework 

2.1. Thesis outline 

As previously announced, this doctoral thesis manuscript is divided into two parts that 

constitute the core of the results, as shown in Figure 2 1. Each part consists of two chapters. Each 

of these chapters is both independent and correlated with the thesis. Combined, these different 

studies enable a set of recommendations to be produced, based on quantitative and qualitative 

data, for all stakeholders in an energy renovation strategy. 
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Figure 2-1. Thesis Outline 

As a preamble, section 1. Introduction recalls the main contextual elements that constitute 

the framework within which the thesis is developed. The introduction focuses on the dynamics 

that influence the energy renovation market in Belgium, through a review of the scientific 
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literature and several interviews with experts in the field. This introduction identifies certain 

obstacles to increasing the renovation rate. It also highlights the principal areas of research that 

will be addressed later, and the importance of an approach that combines technical data on 

buildings with socio-economic data on residents. This step identifies certain research gaps that 

the thesis attempts to address. The state of the art was gradually supplemented as the thesis 

developed to respond to new questions.  

Section 2. Research Framework presents the general logic that guided the methodological 

development of the thesis. After specifying the research questions identified in the exploratory 

introduction, this Research Framework explains the general plan of the thesis and recalls the 

methodological principles that enabled its completion.  

Part I. is a statistical analysis of representative data from the WR. This part allows different 

existing databases to be cross-referenced to better understand the correlations that exist between 

the technical characteristics of housing and the socio-economic characteristics of the occupant. 

This part thus allows a new mixed model of the housing stock to be developed, based on this 

occupant/housing pairing. Chapter 3.1 draws on existing databases in the WR covering both the 

technical characteristics of housing and the socio-economic characteristics of residents. This 

chapter examines the links between these characteristics but also provides an initial overview of 

their distribution in the WR and their impact on the energy efficiency of the housing stock. Chapter 

3.2 is an extension of Chapter 3.1. Using more precise statistical tools, Chapter 3.2 proposes 

resident/housing clusters that are representative of the WR. These clusters have two roles: on the 

one hand, to better understand the obstacles and motivations for energy renovation, and on the 

other hand, to evaluate in more detail the dynamics of energy renovation at the city level.  

Part II. is based on a local case study. This case study validates the reasoning developed above 

and proposes energy renovation actions tailored to the resident/housing clusters. Chapter 3.3 

explores the potential of IRT for rapidly collecting mixed data. Based on a review of the literature, 

this article explores the potential advantages and disadvantages of IRT for mapping clusters more 

accurately. Chapter 3.4 applies IRT to the facades of houses in an old residential neighborhood, in 

combination with a survey of occupants and a focus group organized with stakeholders involved 

in this issue in the city. The results obtained are used to develop and refine the lessons learned in 

the previous chapters. 

Section 4. Discussion aims to provide meaning and coherence to the results obtained in the 

various articles. Each research question is addressed based on the findings of one or more articles. 

Furthermore, these results are contextualized considering the literature review conducted in the 

introductory section. The thesis’s specific contributions are highlighted, while also emphasizing 

the inherent limitations of the approach. Finally, several suggestions for future research directions 

will conclude the discussion. 

Finally, all the results obtained in the distinct parts are summarized in section 5. Conclusion. 

Based on the main research question of this study, we will demonstrate how this study contributes 

to an integrated approach to the renovation of the housing stock while paving the way for future 

issues.  
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2.2. Variables, dataset and operationalization 

2.2.1. Technical and socio-economic variables 

The thesis’s initial hypothesis is based on a joint analysis of housing-related technical 

variables and residents’ socioeconomic variables to understand the dynamics of energy-efficient 

renovation in the Walloon Region. Four variables were selected: 

Geometry: The layout of a dwelling (apartment, townhouse, semi-detached house, detached 

house) is a key factor in understanding the dynamics of renovation, as it directly influences both 

the compactness of the dwelling and the technical challenges (insulation from the inside) and 

operational challenges (insulation in a co-ownership situation). 

Energy efficiency: Since this thesis focuses on the current and future energy efficiency of 

Wallonia’s building stock, we believe it is important to have information on the energy 

performance of residential buildings. While most models of the building stock rely on typologies 

representative of different construction eras, we have chosen to directly use the energy labels 

(from A to G) and energy performance (in kWh/m²·year) derived from the EPC. This data has the 

advantage of not requiring an additional step to estimate energy performance. However, the EPC 

also has numerous limitations, which will be discussed later in this paper. 

Categories of income : The income category is used to represent a household’s financial capacity 

to undertake energy-efficiency renovations. It should be noted, however, that as income increases, 

so does the financial capacity to pay for energy. It was initially assumed that this income category 

might also influence the skill levels required to undertake a renovation project, although this 

assumption will be called into question during the discussion. 

Property title: Ownership status corresponds to the occupant’s legal capacity to undertake 

renovation work. For reasons already mentioned in the introduction, tenants lack the means to 

undertake major renovations. We therefore wanted to see how this limitation affects the quality 

of the occupied housing. It should also be noted that this variable partially compensates for the 

decision to focus on occupants rather than property owners. This choice is based on two reasons: 

on the one hand, it is much more complicated to find and cross-reference information on 

homeowners, and on the other hand, residents are both the first to be impacted by energy 

efficiency and the ones whose behavior can significantly affect energy consumption. 

Number of households: This additional variable was included in the very first study to account 

for the significant differences in the composition of the housing stock between small and large 

cities in the Walloon Region. 

2.2.2. Dataset selection 

The choice of variables in this thesis is intrinsically linked to the availability of databases 

providing information on their distribution across the various Walloon municipalities. Table 2-1 

shows the source of the data used and the date they were retrieved. It is important to note that 

most of these data are publicly available (Statbel, Iweps, Census) and meet the highest quality 

standards. Only the EPC data is proprietary, mainly due to personal data. 
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Table 2-1. Summary table of dataset used in chapter 3.1 and 3.2. 

Category name Data name Source 
Data year 

Ch. 01 Ch. 02 

Energy EPC label and consumption DG TLPE 2018 2020 

Geometry Type of building in housing STATBEL 2018 

Income Categories of income IWEPS 2016 

Ownership Property title Census 2011 

Households Number of households STATBEL 2018 

 

The retrieval date does not indicate the age of the entire dataset. For EPC data, the database 

thus includes certificates dating back to the start of data entry. This inconsistency in the 

production and retrieval dates of the databases is undoubtedly a limitation that will be discussed 

further in this paper. 

2.2.3. Statistical method 

Characterization (Ch. 3.1): Characterization involves analyzing the variability in the distributions 

of various characteristics studied independently of one another. It provides initial insights into 

their values and geographic distribution. 

Spearman Correlation (Ch. 3.1): Spearman's correlation coefficient is used to explain the linear 

relationship between two variables, based on their distribution across municipalities. This 

correlation helps determine whether there is a link between these variables. 

Muliple Linear Regression (MLR) (Ch. 3.1): MLR allows us to identify and quantify the 

relationship between the dependent variable—the one we are trying to understand—and all 

potential explanatory variables. 

Simulation (Ch. 3.1): Based on the results of the MLR, it is possible to simulate new values for the 

dependent variables based on changes in the independent variables. This simulation allows us to 

test how this preliminary model responds to different scenarios. 

Weighting (Ch. 3.2): To improve the quality of the statistical analysis, the weight of the various 

certificates is adjusted based on the representation of the certificates for a given building type in 

the municipality in question, compared to the actual distribution of that building type. This 

adjustment limits the overrepresentation of newer buildings, particularly apartments. 

Isometric Log Ratio Transformation(ILR) (Ch. 3.2): Traditional regression models cannot be 

applied to variables whose sum equals 1, as is the case with variables expressed as percentages. 

The ILR transformation allows regression models to be applied to the transformed variables, while 

retaining the option to reverse this transformation later to recover the original values without any 

loss of information. 

Beta Log regression (Ch. 3.2): Beta regression is a regression model specifically designed for 

variables whose values must not exceed 1 under any circumstances, as is the case with the variable 

representing the homeownership rate. 
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Ordinal logistic regression (Ch. 3.2): Ordinal logistic regression is a regression model specifically 

designed for variables with an ordered structure, such as different income categories. 

K-means clustering (Ch. 3.2): K-means is an unsupervised algorithm for partitioning a set of data 

points into several distinct clusters whose members share similar characteristics. In this study, this 

approach enables the identification of clusters of all EPCs based on the technical and 

socioeconomic characteristics previously assigned to them. 

Principal Component Analysis (PCA) (Ch. 3.2): PCA is a dimensionality reduction technique used 

to reduce the complexity of multidimensional datasets. In our case, the distribution of different 

clusters across municipalities can be simplified to highlight those municipalities with similar 

cluster distributions. 

2.2.4. Qualitative case study 

InfraRed Thermography (Ch. 3.4): IRT involves measuring the infrared emissions from an 

object. Infrared emissions depend on both the temperature of the object and the emissivity of the 

material. For most building materials (excluding glass and metals), emissivity is relatively 

constant, allowing for a comparison of material temperatures. On a building facade, this exterior 

surface temperature depends mainly on the balance between indoor and outdoor air 

temperatures and the thermal resistance of the facade, which allows for an initial estimate of the 

latter. 

Door-to-door survey (Ch. 3.4): The door-to-door survey involves distributing a pre-prepared 

questionnaire to gather information on households’ socioeconomic data, technical building data, 

and their attitudes toward energy and construction issues. Conducting the survey door-to-door 

allows for a more diverse range of respondents compared to an online survey. 

Focus group (Ch. 3.4): A focus group facilitates discussion among a group of people; in our 

case, stakeholders in energy renovation (scientists, government agencies, and civil society). The 

participants were divided into three groups and were asked to discuss issues related to energy 

poverty and potential solutions for two 40-minute sessions. The recorded discussions were then 

transcribed and summarized. 

Triangulation (Ch. 3.4): The triangulation described in Chapter 3.4 involves cross-referencing 

multiple complementary methods—in our case, IRT, surveys, and focus groups. This triangulation 

allows us to verify whether the results are consistent and to highlight redundant information or 

contradictions. Another advantage of triangulation is that it can partially compensate for the 

inherent limitations of one tool by using another tool that does not share those same limitations. 
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2.3. Synthesis of methodological approach 

The methodology used and the various tools employed are summarized in Figure 2-2. The 

thesis analyzes renovation dynamics in the WR in terms of the technical characteristics of housing 

and the socio-economic characteristics of residents. Chapters 3.1 and 3.2 use various statistical 

tools to study the distribution and correlations between these characteristics at the regional level. 

Chapters 3.3 and 3.4 use a mixed approach to study a specific case study. 

The methodologies used in each chapter are explained below but are discussed in greater 

detail in the chapter itself. The results of each chapter were used in the following chapters. The 

questions identified in the introduction led to the choice of characteristics studied in Chapters 3.1 

and 3.2. Statistical analyses in Chapter 3.1 were improved, developed, and continued in Chapter 

3.2. The model developed in Chapter 3.2 is integrated into the discussion in Chapter 3.3. Chapter 

3.3 presents the research questions for Chapter 3.4, which corrects and refines the general 

conclusions of Chapter 3.2. Each of these chapters provides part of the answer to the main 

research question. The results and lessons learned from these different chapters are brought 

together in this thesis to extract the essence. 

2.3.1.  Introduction 

The core of the thesis, summarized in the four chapters below, was preceded since 2015 by 

extensive research aimed at identifying the key issues affecting the energy renovation sector in 

Belgium. Two main approaches were employed to inform and develop this state-of-the-art 

analysis. First, a literature review on energy renovation issues was conducted, with particular 

attention given to research focusing, in order of priority, on the WR, Belgium, and Western Europe. 

This literature review led to the drafting of an initial report (Ruellan, 2016b) and a conference paper 

(Ruellan & Attia, 2016) on the state of renovation in Belgium. In parallel, several contacts were 

established with Belgian experts in the energy renovation sector from the scientific, political, and 

business communities to conduct semi-structured interviews on the challenges of energy 

renovation in Belgium. These interviews were also published (Ruellan, 2016a). The introduction 

written in this manuscript draws in part on this exploratory work, which was enriched and revised 

as this thesis progressed over the course of a decade. 

The analysis conducted at the time helped identify the initial research questions for Part I of 

this thesis, which will lead to the development of a mixed-methods model of the building stock 

that integrates technical and socioeconomic data.  
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Figure 2-2. General Study Conceptual Framework 
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2.3.2. Part I - Chapter 3.1  

The methodology used in Chapter 3.1 is based on statistical analysis of existing databases 

(Table 2 1). The first step in this chapter was to define the databases that are used, based on their 

relevance to energy efficiency and energy renovation issues on the one hand, and their availability 

at the same geographical scales on the other. Two data sets represent the technical data for 

housing: the PEB label–representing the energy efficiency of the building envelope–and the 

geometry– supplementing information on the compactness of the urban fabric. Two data sets 

represent the socio-economic data for occupants: income–reflecting the household's financial 

capacity to invest directly in energy-efficiency renovations–and title deed–affecting the 

occupant’s legal ability to make major changes to the building envelope. To comply with the 

General Data Protection Regulation (GDPR), energy performance certificates are anonymized (no 

names or exact locations).The various data sets are studied at the level of Walloon municipalities, 

with each of the 262 municipalities representing statistical individuals. Using existing databases 

helps speed up the time-consuming data collection phase, while ensuring data quality by 

leveraging known datasets whose limitations and weaknesses are well understood. 

The first phase of the analysis involves cleaning the collected data to ensure it aligns with the 

research objectives. Using R software, these different databases are characterized separately to 

better understand their distribution in the region. This distribution is compared with state-of-the-

art results to ensure consistency and identify initial differences. Spearman's correlation coefficient 

(Xiao et al., 2016) is calculated to study the joint evolution of these distinctive characteristics, two 

by two. Finally, MLR (Uyanık & Güler, 2013) is performed to estimate a dependent variable (average 

energy consumption) using various explanatory variables carefully selected according to the 

Variance Inflation Factor (VIF) (Akinwande et al., 2015). This selection allows us to retain only the 

variables that are truly relevant, while eliminating those that have the least impact. Calculating 

the Mahalanobis distance (Ghorbani, 2019) during MLR allows us to check for and analyze the 

presence of outliers. The Breusch-Pagan test (Astivia & Zumbo, 2019), the VIF, and the Shapiro-

Wilk test (González-Estrada et al., 2022) were used to test the validity of the hypotheses. The 

methodology developed has the advantage of being simple, robust, and easily adaptable to other 

datasets. 

The results obtained provide a better understanding of the correlations between technical and 

socio-economic data.  The study also makes use of the theoretical model obtained via MLR to carry 

out several simulation experiments on raw renovation scenarios to demonstrate their impact on 

the energy consumption of housing in the WR. This initial study demonstrates that it is possible to 

leverage databases from a variety of sources to better understand the energy dynamics of the 

housing stock in the WR. It also confirms the value of combining technical and socioeconomic data 

and offers several recommendations for renovation policies and future research. The objective of 

Chapter 3.2 is to strengthen and develop the model whose foundations have been laid. 

2.3.3. Part I - Chapter 3.2 

The methodology used in Chapter 3.2 continues to develop a model of housing stock based 

on cross-referencing technical data on housing with socio-economic data on residents, refining 

them during the process. Datasets used are the same as those in Chapter 3.1, except for an update 
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to the EPC dataset (Table 2 1). All statistical analysis is performed using R software. The core of 

statistical work consists of identifying and characterizing statistical units. These statistical units 

represent the distribution of the characteristics under study across an entire municipality—

“individual-cities”—or across a single dwelling—“individual-certificate”—depending on the stage 

in question. 

The first step in data processing is the collection and cleaning of datasets. To comply with the 

GDPR, energy performance certificates are anonymized (no names or exact locations).. The 

weighting step for “individual cities” allows us to verify and correct the number of energy 

performance certificates in each city by comparing the proportion of different types of housing in 

the EPC database with that in the “Type of building” database. This step already provides a better 

understanding of the actual energy performance of the Walloon housing stock. The data obtained 

in this way can be cross-referenced in a second step, using specific algorithms that are better 

suited to their mathematical characteristics. Applying an Isometric Log Ratio (ILR) (Egozcue et al., 

2003) transformation allows a regression model to be applied to categories whose sum is equal to 

1. like all the categories that express representation as percentages. The ILR transformation also 

has the advantage of being reversible, which ultimately allows us to recover results expressed as 

percentages. Ordinal logistic regression (Scott et al., 1997) allows model 1: explanatory variables 

to be sought for the hierarchical distribution of the Income category. This hierarchical distribution 

of income categories, ranging from the lowest to the highest, must be reflected in the results of 

our regression to ensure its quality. Furthermore, the ownership rate must necessarily remain 

between 0 and 100%. The use of a beta regression algorithm (Cribari-Neto & Zeileis, 2010) allows 

model 2: explanatory variables to be sought for the distribution of the ownership rate. A 

probability of income and ownership categories could then be deduced from the two regression 

models created, based on the geometry of the dwelling, the energy label, the province, and the 

size of the city. All this information is then available for all “individual-certificates”.  

To convert the probabilities of income and property into membership in a specific category, 

we conduct several random drawings weighted by these probabilities. These draws allow us to 

verify that they do not affect the overall distribution of the different categories and that they are 

consistent with their actual distribution. Resident/dwelling clusters representative of the Walloon 

housing stock can be calculated using an K-means clustering algorithm (Ikotun et al., 2023) of all 

“individual-certificates”. Among the various tests conducted, and in line with current best 

practices, the results are presented for both a six-cluster and a ten-cluster clustering. Increasing 

the number of clustering iterations up to 200 and varying the number of initial clusters from four 

to ten allows us to assess the quality of the clustering. The cluster results can then be adjusted by 

de-standardizing (ILR) the variables and re-weighing each certificate. The distribution trends of 

these different clusters in Walloon cities are then evaluated using PCA (Jolliffe & Cadima, 2016).  

The results demonstrate the potential for identifying a set of clusters that are representative 

of Wallonia’s housing stock and its residents. Among the clusters, it is possible to identify a few 

priority pairs in terms of renovation who require different strategic approaches. The PCA highlights 

municipalities with particularly specific distributions. The discussion highlights the insights this 

model provides into the energy dynamics of the building stock, while also emphasizing the need 
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to compare these results with field data. This comparison is the focus of Part II of the thesis 

(Chapters 3.3 and 3.4). 

2.3.4. Part II – Chapter 3.3 

The methodology in Chapter 3.3 is based on the cross-analysis of the results from Chapters 3.1 

and 3.2, on the one hand, and on the state of the art in the use of IRT to measure the thermal 

characteristics of buildings on the other hand.  

This state of the art focuses particularly on reviews of previously published literature. The 

following keywords are used: "building infrared thermography review." Articles that focus solely 

on defect detection, envelope degradation, structural analysis, and historical heritage are 

excluded. The ten articles selected are analyzed separately, then cross-referenced to identify 

recurring themes. This methodology provides an initial overview of the current state of the art 

regarding the use of IRT in energy audits. Given sufficient time, it would have been valuable to 

conduct a more quantitative assessment of the literature review to complement the qualitative 

analysis. 

The results obtained are then discussed in relation to the general objectives of the thesis and 

the results previously obtained in the statistical analysis in Chapters 3.1 and 3.2. This discussion 

results in a preliminary draft methodology for using IRT in a case study focusing on the joint study 

of the technical characteristics of housing and the socio-economic characteristics of the 

inhabitants. Chapter 03 thus sets the stage for the case study presented in Chapter 3.4. 

2.3.5. Part II - Chapter 3.4 

The methodology used in Chapter 3.4 is based on the triangulation of three complementary 

empirical tools: a non-representative survey of residents, IRT of building facades, and a focus 

group of local stakeholders. The approach is exploratory rather than predictive. The survey and 

thermography are conducted on the same case study—an old suburb of the city of Liège—while 

the stakeholders invited to the focus group all work in or near the city of Liège. The case study was 

chosen specifically for the assumed homogeneity of the technical characteristics of its building 

stock, as opposed to the assumed heterogeneity of its socio-economic characteristics. This aspect 

allows for a more detailed analysis of the impact of varying socio-economic characteristics on ER 

dynamics. The department of the City of Liège responsible for the SCEPA program was also 

consulted to determine whether they had any preferences or suggestions regarding the choice of 

case study. The purpose of this collaboration was to make the results more directly usable by the 

relevant authorities. 

Thermography is conducted systematically on all street-facing facades within the perimeter 

defined for the case study. This IRT is conducted during periods that are cold enough to highlight 

heat loss from the dwellings. To compensate for the thermal camera's short focal length, the 

images obtained are combined to produce a complete thermal footprint of 522 facades. These 

images are then analyzed to detect redundant thermal signals. Due to the low definition of 

camera, the image analysis is qualitative and focuses on the relative temperature contrasts 

between surfaces rather than on absolute temperatures. The door-to-door survey collected a 

wealth of information about the residents in the area: the socio-economic characteristics of the 
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household, the technical characteristics of the dwelling, energy consumption and comfort levels, 

the respondent's knowledge and behavior, any renovation work that has been carried out, and 

the occupants' motivations for renovating or not renovating.  The decision to conduct a door-to-

door survey is driven by the desire to reach a broader and more diverse audience, as well as by the 

opportunity to assist respondents with more technical questions. A pilot survey conducted with 

11 respondents helped refine the wording of the questions and the length of the questionnaire. 

The main survey collected responses from 67 respondents. Two of them responded twice, 

allowing the questionnaire to be validated through test-retest analysis. The focus group was 

organized as part of the UNIC CityLabs initiative to promote collaboration among public 

authorities, university researchers, and civil society actors. The focus group challenged scientists, 

elected officials, administrative staff, members of associations and businesses, and other housing 

experts on the issue of energy poverty and the policies to be adopted in response. The 25 

participants are divided into three mixed-ability groups to encourage balanced interactions during 

two consecutive sessions. All sessions were recorded, transcribed verbatim, and analyzed jointly 

to produce an anonymized summary. 

The use of triangulation (Donkoh & Mensah, 2023) made it possible to cross-reference the 

results of each tool and strengthen the robustness of the analysis. Conversely, the weaknesses 

inherent in each tool were mitigated. Equal weight is assigned to the analysis of each set of results, 

in accordance with the principles of triangulation. The decision to prioritize qualitative data rather 

than seeking to obtain enough responses to allow for quantitative analysis stems from the fact 

that this chapter serves as a complement to the previous analyses, which focused precisely on 

that quantitative aspect. Nevertheless, the low response rate to the survey and the poor quality of 

the thermal camera used remain issues that could benefit from further study. Furthermore, the 

choice of case study resulted in a wide range of socioeconomic profiles among residents, at the 

expense of diversity in building types. While the findings of the study are largely applicable to 

other contexts, they should be supplemented by additional studies of other sites with different 

characteristics. 

Special attention is paid to compliance with GDPR regulations during the collection and 

processing of personal data. All information that could identify survey respondents, facades, and 

focus group participants has been anonymized. In addition, survey participants received 

comprehensive information about the study’s objectives, the nature of the data collected, privacy 

protection measures, and their rights as participants before signing a consent form. The full survey 

dataset is available in the associated Harvard Dataverse dataset (Ruellan & Attia, 2025). 

The results obtained are analyzed in the discussion section of the article to understand the 

specific characteristics of the case study. More specifically, the IRT results are compared with the 

findings in Section 3.3 to highlight the strengths and limitations specific to this technique. Finally, 

these results are also analyzed considering the findings from Part I to draw broader conclusions 

regarding the challenges of ER in WR and the strategies needed to accelerate its implementation. 

  



 

Energy Renovation of the Walloon Residential Building Stock: Determinants and Integrated Approaches  

Research Framework 
46 

2.3.6. Table Mapping 

Figure 2.3 below synthetizes how the thesis manuscript relates the methodological tools 

developed earlier to the various research questions outlined in the introduction. 

 

 
Figure 2-3. Thesis table mapping 
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2.4. Critical reflection 

The first step in developing the methodology described above involved the decision to design 

a model of building stock that integrates socioeconomic data on residents alongside technical 

housing data. It was clear that socioeconomic data were central to understanding the dynamics of 

renovation across the Walloon building stock. However, there was a lack of joint analysis of these 

variables, which are often treated independently. Once the decision was made to analyze 

technical and socioeconomic data together, efficiency considerations led to the use of existing 

databases. Within the scope of this thesis, it seemed too time-consuming to conduct a survey with 

enough respondents to obtain a database representative of the distribution of socioeconomic and 

technical data. Once this initial decision was made, the various steps followed from an ongoing 

dialogue with statistical experts to propose iterative improvements to the statistical algorithms. 

The decision to rely on separate databases linked by regression algorithms logically results in 

a significant simplification of our housing stock model. The connections between technical and 

socioeconomic data are established solely through geographic proximity, rather than being 

derived directly from the same questionnaire. 

With more time, it would have been possible to conduct a survey of a sufficiently large sample 

to directly build a mixed-methods model of the housing stock without going through the 

correlation and regression stages. However, this approach allowed us to subsequently use a 

questionnaire to ask specific questions about knowledge and motivations, in addition to the data 

needed to build the model. 

At the conclusion of Part I, it was clear that the model of Wallonia’s built stock needed to be 

validated by comparing it with on-the-ground realities. Among the various options available, the 

approach of triangulating the survey, the IRT, and the focus group meets several requirements. It 

is important to note that this triangulation also aligns with scheduling constraints unrelated to the 

thesis. On the one hand, the laboratory had planned to acquire a professional thermal camera, 

which would have been of great assistance in conducting the IRT. Furthermore, the focus group 

was organized as part of a CityLab UNIC initiative. The survey itself had been under consideration 

for several years as a method for validating statistical data and analyzing individual renovation 

dynamics. 

The decision to use a triangulation of qualitative tools for the case study analysis has 

limitations regarding the representativeness of the data obtained (survey) or their quality (IRT) 

due to an inadequate thermal camera. Although triangulation ensures a certain level of quality 

and reproducibility, each tool independently has significant intrinsic limitations. 

The scope of the case study was a topic of discussion: how many buildings should we limit 

ourselves to obtain the maximum amount of information without unduly prolonging the IRT 

processing time? Taking this reasoning to the extreme, it would have been possible to study only 

a few buildings typical of the previously identified clusters, delving much deeper into their 

characteristics through advanced modeling. However, it seemed to us that this risked 

extrapolating results that were too dependent on a specific situation on a large scale.   
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2.5. Research ethics 

Personal data, as defined by the GDPR, is any data relating to an identifiable individual, 

whether directly or indirectly. The GDPR regulates the collection, use, storage and transfer of 

personal data within and outside the EU, as well as the information given to data subjects. The 

FAIR (findable, accessible, interoperable and reusable) principles mean that data must be as open 

as possible. However, personal data must be as close as necessary. Rather than stop collecting 

personal data, it is generally better to anonymize the data that will be published. If the person 

concerned by the data is no longer identifiable, it is no longer personal data. 

This thesis involves IR photographs. These are personal data insofar as the published images 

make it possible to identify an address, and therefore a person. This is why it was important to pay 

particular attention to data management and protection in this study. To limit these risks, all 

visible building numbers, street names and car plates were blurred. The priority in terms of data 

protection is not to disseminate any personal information either directly or indirectly. Our study 

aims to cross-reference socio-economic data with technical data. It should be noted that socio-

economic data is particularly sensitive and cannot under any circumstances be disseminated 

without being anonymized. Disseminating a photograph of the facade may enable a location to 

be identified. No link is communicated between images of facades and the socio-economic data 

of residents. 

Informed consent is the very first step in any survey. The respondents were informed about 

the use of the data collected. Under no circumstances must this data be used for anything other 

than its stated purpose. In our case, respondents were informed that their answers were used to 

gain a better understanding of energy consumption and renovation. The respondents were 

informed of all the measures taken to limit the risk of personal data leaks. They were informed of 

the personal data that will be used. They were informed of how this information will be processed 

and how any risk of identification of the questionnaire will be avoided. The respondents were 

informed of the data management policy and the possibility of contacting the study manager if 

they wish to consult their data, find out how it is used or request that it be deleted. Finally, 

respondents were informed of the possibility of contacting the University of Liège Ethics 

Committee if they wish to make a complaint. Following this communication, the respondents 

dated and signed a form containing all the above information. This form was attached to and kept 

with the questionnaire. Any questionnaire not accompanied by a signed consent form was 

destroyed immediately to prevent any leakage of personal data. 

Survey data is collected on paper forms filled in by the scientists in charge of the study. These 

paper forms will be digitized directly for the purposes of processing the study. The paper forms 

will be kept at the university, in the SBD Lab, in a dedicated box kept in a secure room and will be 

destroyed 5 years after the completion of Mr Guirec Ruellan's thesis. All the digitized data will be 

stored in a digital file on the university's own servers, managed by the Dox system. This data will 

also be deleted 5 years after the completion of Mr Guirec Ruellan's thesis. 

  



 

Energy Renovation of the Walloon Residential Building Stock: Determinants and Integrated Approaches  

Journal and conference publications 
49 

3. Journal and conference publications 

As outlined in Section 2. Methodology, this Section 3 consists of four chapters, each of which 

is a journal article or conference paper written during this thesis. Each chapter can therefore be 

read independently of the other three, but together they form a coherent body of work that 

progressively develops a reflection on the dynamics of energy renovation in WR, on the links 

between the technical characteristics of the building and the socioeconomic characteristics of the 

residents, and on how these characteristics can enrich a discussion of strategies for increasing the 

rate of energy renovation.   
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Part I - Chapter 3.1 

Journal Paper: Analysis of the Determining Factors for the 

Renovation of the Walloon Residential Building Stock 

RQ1. What statistically significant relationships exist between the technical characteristics of 

dwellings and the socio-economic characteristics of their occupants in the Walloon Region?  

RQ3. What are the patterns of geographical distribution of these characteristics across Wallonia?  

RQ6. What differentiated renovation strategies and policy instruments can be derived from 

dwelling–occupant cluster analysis to effectively increase deep renovation rates? 

As a primary step in this research, this first journal paper serves to validate the thesis’s initial 

working hypotheses regarding the methodological feasibility and scientific value of linking 

technical building data with socio-economic inhabitant data. Following an initial review of the 

literature and several interviews with industry experts, the plan is to study the effectiveness of 

energy renovation strategies based on the technical characteristics of housing units and the 

socioeconomic characteristics of residents. After compiling various existing databases selected for 

their relevance to the research questions, these were carefully prepared and cleaned. The 

distribution of the observed data is examined individually. Correlations between the different 

variables are calculated. Finally, a theoretical model of the energy efficiency of Walloon housing is 

proposed based on an MLR. 

The results obtained confirm the possibility of cross-referencing existing databases covering 

different statistical populations to propose a theoretical model. The results also provide a better 

understanding of the energy dynamics of the Walloon building stock.  

The article’s discussion encourages further development of this Regional Statistical Analysis to 

enhance the accuracy and potential of the mixed theoretical model thus constructed. It appears 

necessary to develop renovation strategies that focus on both housing conditions and the 

socioeconomic characteristics of residents.  

Role of Ph.D. candidate: First author 

Journal: Sustainability 

Journal metrics (Scopus): Scopus coverage years: from 2009 to Present, Publisher: 

Multidisciplinary Digital Publishing Institute (MDPI), ISSN: 2071-1050, CiteScore 2024: 7.7, SJR 

2024: 0;688, SNIP 2024: 1.113 

Citation: Google Scholar : 14 - PlumX: 10 

Reference: Ruellan, G., Cools, M., & Attia, S. (2021). Analysis of the Determining Factors for the 

Renovation of the Walloon Residential Building Stock. Sustainability, 13(4), Article 4. 

https://doi.org/10.3390/su13042221(Ruellan et al., 2021) 

https://www.scopus.com/sourceid/21100240100
https://doi.org/10.3390/su13042221
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Part I - Chapter 3.2 

Journal Paper: Clustering of Archetypal Building-Inhabitant Pairs 

to Improve Energy Efficiency: The Case of the Walloon Region in 

Belgium 

RQ2. Which representative dwelling–occupant clusters can be identified in the Walloon residential 

building stock based on integrated technical and socio-economic data?  

RQ3. What are the patterns of geographical distribution of these characteristics across Wallonia?  

RQ6. What differentiated renovation strategies and policy instruments can be derived from 

dwelling–occupant cluster analysis to effectively increase deep renovation rates? 

This second journal paper represents the culmination of the development of a mixed-methods 

model of Wallonia’s building stock, based on the clustering of technical building data and 

socioeconomic data on residents, based on the findings of Chapter 01 and the state of the art. 

To achieve this, the statistical analysis is enhanced by adding weighting steps, applying ILR 

transformation, and utilizing ordinal logistic regression and beta regression algorithms. This 

statistical analysis allows us to estimate the probability of a specific income category and property 

type for each energy certificate. The resulting model is simplified using k-means clustering to 

identify two sets of six and ten clusters. A PCA completes the analysis to better examine the 

distribution of these clusters across the provinces and municipalities of Wallonia. 

Two clusters stand out from the analysis: a low-efficiency cluster consisting of low-income 

households and a low-efficiency cluster consisting of high-income households. These clusters 

require different approaches to promote energy-efficient renovation. The study also highlights the 

significant differences in the geographical distribution of these clusters. 

At the conclusion of Part I, it seems necessary to compare the theoretical results of the Regional 

Statistical Analysis with field research on the actual correlations between technical and 

socioeconomic characteristics. This comparison could be supplemented by a study of the 

strategies to be implemented to specifically target the clusters identified as priorities. 

Role of Ph.D. candidate: First author 

Journal: Energy & Buildings 

Journal metrics (Scopus): Scopus coverage years: 1970, from 1977 to 1979, from 1981 to Present, 

Publisher: Elsevier, ISSN: 0378-7788, CiteScore 2024: 12.6, SJR 2024: 1.631, SNIP 2024: 1.830 

Citation: Google Scholar: 3 - PlumX: 1 

Reference: Ruellan, G., Attia, S., & Haesbroeck, G. (2025). Clustering of archetypal building-

inhabitant pairs to improve energy efficiency : The case of the Walloon region in Belgium. Energy 

and Buildings, 335, 115549. https://doi.org/10.1016/j.enbuild.2025.115549 (Ruellan et al., 2025) 

https://www.scopus.com/sourceid/29359
https://doi.org/10.1016/j.enbuild.2025.115549.
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Part II - Chapter 3.3 

Conference Paper: Integrating Statistical Data and Thermographic 

Survey for Assessing Energy Renovation Policies: A Review 

RQ4. To what extent can façade-based infrared thermography complement statistical datasets to 

improve the characterization of building performance and energy use at the neighborhood scale?  

This conference paper presents a discussion of the state of the art in IRT for energy audits and the 

potential of this technique to validate and supplement the statistical data analyzed in Chapters 

3.1 and 3.2. 

The methodology employed is based primarily on a condensed review of scientific review articles 

and state-of-the-art literature using the following keywords: "building infrared thermography 

review," with irrelevant results removed to retain only those directly relevant to our specific topic. 

The results of this review are compared with the findings presented in Chapters 3.1 and 3.2. The 

discussion highlights the value of IRT for energy mapping and auditing while identifying clear 

limitations, particularly regarding accuracy, which necessitate combining it with other data 

sources. 

This conference paper serves as the bridge between the presentation of the results in Part I and 

the methodological analysis in Part II, which concludes in Chapter 3.4. 

  

Role of Ph.D. candidate : First author 

Conference name, organizers, and location: European Network for Housing Research (ENHR) 

annual conference 2024, ENHR, Delft (The Netherlands) 

Citation : Google Scholar: 0 

Reference: Ruellan, G., & Attia, S. (2024). Integrating statistical data and thermographic survey for 

assessing energy renovation policies : A review. ENHR Conference 2024. 

https://orbi.uliege.be/handle/2268/323326(Ruellan & Attia, 2024) 

https://orbi.uliege.be/handle/2268/323326
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Part II - Chapter 3.4 

Journal Paper: Linking Building Conditions and Household 

Realities for Neighborhood-Scale Residential Energy Renovation 

RQ1. What statistically significant relationships exist between the technical characteristics of 

dwellings and the socio-economic characteristics of their occupants in the Walloon Region?  

RQ2. Which representative dwelling–occupant clusters can be identified in the Walloon residential 

building stock based on integrated technical and socio-economic data?  

RQ4. To what extent can façade-based infrared thermography complement statistical datasets to 

improve the characterization of building performance and energy use at the neighborhood scale?  

RQ5. How do dwelling–occupant clusters contribute to explaining observed renovation behaviors 

and renovation inertia?  

RQ6. What differentiated renovation strategies and policy instruments can be derived from 

dwelling–occupant cluster analysis to effectively increase deep renovation rates?  

This journal paper compares the theoretical results previously obtained in Chapters 3.1 and 3.2 

with on-site experiment. Its objective is to consolidate the results previously obtained, but also to 

use them to produce a set of recommendations that can be utilized by the various stakeholders. 

The methodology employed draws heavily on the discussion presented in Chapter 3.3. The journal 

paper relies on three qualitative tools which results are triangulated: IRT, door-to-door survey, and 

focus group. 

The results highlight the poor energy performance of the built stock. This performance is widely 

accepted and normalized, particularly among low-income households in a situation of energy 

poverty. Current energy renovation policies have not succeeded in radically improving this 

performance. And there appears to be an increase in inequalities based on the level of knowledge 

on the subject. 

Beyond its intrinsic value, this article represents the culmination of a discussion on the Local Case 

Study initiated in Chapter 3.3. It also complements the thesis’s overall analysis of the determinants 

of energy renovation and the recommendations that can be made to improve the situation.  

Role of Ph.D. candidate : First author 

Journal: Sustainability 

Journal metrics (Scopus): Scopus coverage years: from 2009 to Present, Publisher: 

Multidisciplinary Digital Publishing Institute (MDPI), ISSN: 2071-1050, CiteScore 2024: 7.7, SJR 

2024: 0;688, SNIP 2024: 1.113 

Citation: Google Scholar: 0 - PlumX: 0 

Reference: Ruellan, G., Lalé, V., & Attia, S. (2026). Linking Building Conditions and Household 

Realities for Neighborhood-Scale Residential Energy Renovation. Sustainability, 18(3). 
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4. Discussion 

This thesis demonstrates that energy renovation dynamics in the Walloon residential building 

stock cannot be explained by technical factors alone. The results show that renovation outcomes 

emerge from the interaction between building characteristics, socio-economic conditions, and 

behavioral mechanisms. By combining statistical analysis, clustering, and field observations, this 

work provides an integrated understanding of renovation inertia and identifies leverage points for 

accelerating deep renovation. 

4.1. Revisiting research sub-questions 

RQ1. What statistically significant relationships exist between the technical characteristics of 

dwellings and the socio-economic characteristics of their occupants in the Walloon Region? 

(Chapters 3.1 and 3.4) 

The Spearman correlations calculated between technical data on housing (energy 

performance certificate and geometry) and socio-economic data on residents (income and 

ownership) provide a better understanding of the dynamics underlying the improvement in the 

energy efficiency of housing.  

• In line with the literature review, apartments are more efficient, while three-sided houses 

are less efficient. This can be explained by the compactness of the distinct types of housing 

and the specific difficulties of three-sided houses. 

• Contrary to what the literature review on the tenant/landlord dilemma suggests, a 1% 

increase in the ownership rate is accompanied by a 2.35 kWh/m².year decrease in energy 

efficiency. This could be explained by the greater compactness of rented properties (more 

apartments) and by the more recent construction of these properties, implying 

compliance with minimum energy efficiency standards. 

• Less affluent households also occupy less efficient housing. However, this correlation is 

not linear and is not significant for middle and high incomes. 

Cramer's V calculation for a contingency table combining technical characteristics of the 

dwelling (geometry and energy renovation) and socio-economic characteristics of the occupant 

(income level and ownership) gives a result of 0.56. Considering literature, such a result confirms 

a strong association between the technical and socio-economic criteria studied in this sample. 

RQ2. Which representative dwelling–occupant clusters can be identified in the Walloon residential 

building stock based on integrated technical and socio-economic data? (Chapter 3.2 and 3.4) 

The set of six clusters is primarily characterized by the thermal performance of the dwellings, 

income, and title to property. These characteristics are therefore the most relevant factors for 

analyzing the housing stock. The ten-cluster analysis further integrates housing geometry in 

addition to the characteristics mentioned above. 
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Whether clustering into six or ten clusters, there are always two clusters that are particularly 

interesting to target to improve the energy efficiency of the building stock (Figure 4-1): 

1. “Low performance – Low income – owner” (3/6 and 1/10). This cluster accounts for 17% 

and 16% of all clusters, respectively. This cluster could also correspond to households in 

fuel poverty.  

2. “Low performance – high income – owner” (5/6 and 6/10). This cluster accounts for 12% 

and 11% of all clusters, respectively. The obstacles to energy renovation in this cluster may 

be multiple, going beyond the strict financial framework. 

Apart from cluster 10/10, which accounts for 2% of clusters, the two clusters mentioned above 

clearly include a large majority of low energy performance homes. These clusters require the 

implementation of diametrically opposed strategies. The heterogeneous distribution of these two 

clusters across Wallonia is discussed in more detail in the response to RQ3. It should also be noted 

that the least efficient clusters are also predominantly owner-occupied. 

The case study in Chapter 3.4 is not representative of the entire Walloon building stock, 

particularly because this case study consists almost exclusively of terraced houses and 

apartments. Therefore, some clusters in Chapter 02 are logically almost absent from Chapter 3.4. 

However, the survey results reveal three main clusters that overlap with the observations in 

Chapter 3.2: 

“High performance – High income – house – owner” These individuals could be included in 

clusters 4/6 and 3/10. 

Figure 4-1 Distribution and specific characteristics of 

the (A) six and (B) ten  housing/occupant  clusters 

identified in the Walloon Region 
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“Low performance – Low income – house – owner” These individuals could be included in 

clusters 3/6 and 1/10. 

“Low performance – Low income – apartment – renter” These individuals could be included in 

clusters 1/6 and 8/10 or 10/10. 

Chapter 3.4 thus confirms the relevance of analyzing energy renovation dynamics through the 

lens of housing technical data and resident socioeconomic data, as proposed by the clustering in 

Chapter 3.2. 

RQ3. What are the patterns of geographical distribution of these characteristics across Wallonia? 

(Chapters 3.1 and 3.2) 

The results highlight the heterogeneity of the distribution of the technical characteristics of 

the housing stock and the socio-economic characteristics of the inhabitants across Wallonia. This 

heterogeneity can be interpreted through (1) the industrialization of the region, (2) its 

suburbanization, and then its gradual deindustrialization in favor of (3) new centers of activity. The 

results identify four types of housing that are widely represented in the WR: 

1. Formerly urbanized cities had many low-energy-efficiency terraced houses occupied by 

low-income households. These dwellings seem to correspond to the old workers' houses 

that are widely represented in the Sambre and Meuse valley. 

2. Small towns and villages have many detached houses occupied by high-income owners. 

This type seems to correspond to the development of numerous housing estates on the 

outskirts, increasingly distant from the major urban centers. 

3. Large cities have a higher concentration of apartments, which are more compact and/or 

newer, and therefore more efficient. This concentration reflects both the higher density of 

large cities and the densification dynamics still at work today around the region's 

economic centers. 

4. Dynamic towns on the outskirts of Brussels and Luxembourg. These towns are 

characterized by a recent and more efficient building stock, including a significant 

proportion of apartments, occupied by a population with higher incomes. 

However, this analysis can be supplemented by additional observations. 

• The city of Liège has an extremely specific composition. This is probably due to its 

historical and industrial heritage, but also to its size and economy, as well as the presence 

of the university. This is reflected in the high number of apartments and tenants. 

• The city of Ottignies-Louvain-la-Neuve is another unique agglomeration in the WR, due to 

the relocation of the University of Louvain, which contributed to the creation of a new city 

from scratch in the 1960s. As a result, the proportion of apartments is remarkably high, 

and the considerable number of students has a significant impact on household taxable 

income.  

• Several towns are characterized by a remarkably high density of the two priority clusters 

identified in RQ2: the low energy performance cluster occupied by low-income owner-

occupied households and the low energy performance cluster occupied by high-income 

owner-occupied households. These municipalities, scattered across the WR, seem to be 
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isolated from both past industrial dynamics and current peri-urbanization. However, the 

chronic inefficiency of their building stock should be put into perspective in view of their 

low density. 

All these observations highlight the need for an ER strategy that considers the heterogeneity 

of this distribution to better target the actions to be implemented. These observations specific to 

the WR could be transposed to other territories, for which renovation strategies must be adapted 

to their specific characteristics. 

While we know that recent buildings—and apartments in particular—are overrepresented in 

EPC certificates, we can correct for this overrepresentation to derive a weighted average efficiency 

for the building stock (409 kWh/m².y), which is logically lower than the average efficiency of the 

certificates (386 kWh/m².y). Nevertheless, this correction remains minor given the well-

documented inaccuracies in the EPC. 

RQ4. To what extent can façade-based infrared thermography (IRT) complement statistical datasets 

to improve the characterization of building performance and energy use at the neighborhood scale? 

(Chapter 3.3 et 3.4) 

IRT applied to the building’s exterior envelope allows for the analysis of temperature 

variations in the various visible elements. At a constant outside temperature, IRT depends on the 

relative thermal performance of the distinct parts of the building and its use by its occupants. This 

combined importance of technical and usage characteristics led us to question the use of this 

technique to better understand the previously identified occupant/building pairs. An analysis of 

the state of the art highlights the advantages of this technique in assessing the technical 

characteristics and energy performance of the building stock. IRT can thus provide relevant 

information on housing performance in the context of an energy audit, especially since the results 

depend on actual rather than assumed usage. Furthermore, the speed and relatively low cost of 

taking images make it possible to take multiple images to reduce the uncertainties inherent in the 

measurement method.  

The implementation of an IRT survey of street facades thus makes it possible to better 

characterize the energy performance of the building stock studied in comparison with the aerial 

thermography previously used in the sector. Facade thermography has the advantage of allowing 

the energy losses of distinct levels of a building to be distinguished, which is an undeniable asset 

for distinguishing between several dwellings, or thermal zoning within a dwelling. Generic 

occupant behaviors have also been identified (unoccupied spaces, thermal zoning, 

overventilation). Although it can be difficult to tell the difference between an unheated building 

and a very well-insulated one, there are clues that help us distinguish between them, such as the 

presence of slight thermal bridges along the window frames. Although this could not be tested 

during the case study, IRT could also complement the arsenal of awareness-raising tools by 

allowing residents to better identify with the more familiar image observed. 

However the results reveal the current limitations of IRT. The quality of the results obtained 

depends largely on the quality of the equipment used and the rigor of the protocol implemented. 

While IRT succeeds in revealing the most striking behaviors, it fails to reveal more subtle 
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differences. Finally, thermography of street-facing facades is undeniably more interesting than 

thermography of roofs, but it still only represents a single heat-loss wall of the building envelope 

and is not representative of the performance of the whole building. 

Large-scale IRT readings of facades appear to be promising tools for giving public authorities 

a better understanding of energy losses in their territories, within reasonable timeframes and at 

reasonable costs, while providing customized awareness-raising material. Drone thermography 

could be the synthesis of the best that is technically available, but it raises inevitable safety and 

legal considerations. Finally, large-scale analysis of the building stock by IRT would greatly benefit 

from the development of automated analysis tools by Large Visual Models. 

RQ5. How do dwelling–occupant clusters contribute to explaining observed renovation behaviors 

and renovation inertia? (Chapter 3.4) 

“Low performance – Low income – owner” The first obstacle to energy renovation in this cluster 

is financial, as households have no funds to invest in renovation work. Furthermore, there is a 

marked dichotomy in this cluster between households that have developed knowledge about 

energy in buildings and other households that seem much less informed. Only comprehensive 

support (financial, administrative, technical, educational) seems capable of really encouraging 

renovation. 

“Low performance – High income – homeowner” The primary motivation for renovation is the 

purchase of the home. If owners have lived in their homes for a long time and are satisfied with 

the level of comfort, they see little point in putting up with the inconvenience of renovation work.  

“Low performance – Low income – apartment – renter” While the issue of rentals tended to be 

downplayed during clustering, the case study in the city of Liège highlighted the extent to which 

this population was exposed to energy-related poor housing conditions.  

Although the clusters identified above are the first line of renovation, clusters with average 

performance are also a target for energy renovation. There is even a double challenge for these 

clusters, which should be renovated by 2030: (i) how to prevent the least efficient homes from 

falling into this category and switching directly to highly efficient homes, and (ii) how to encourage 

the renovation of moderately efficient homes, which have probably already carried out the most 

cost-effective work (roof insulation, boiler replacement, window replacement), at the risk of falling 

into the lock-in effect? 

The results highlight three mechanisms to explain the shift in behavior towards energy 

efficiency in buildings: adaptive masking mechanisms, constrained renovation agency, and 

energy awareness stratification. 

1. Adaptive Masking Mechanism. The parallel use of infrared thermography and surveys 

highlights that building envelopes remain largely inefficient. However, this inefficiency is 

partially offset by a set of adaptive behaviors: reducing heating levels and spatial thermal 

zoning. These behaviors tend to mask and normalize the need for renovation, both for 

residents and authorities. The key distinction lies in the difference between changes that 

occupants choose to make and those they are forced to endure. Some of the households 

in question voluntarily lower the temperature without this affecting their comfort, which 

remains adequate. It is therefore important to note that, for these households, energy-
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efficient renovations must be tailored to their actual needs rather than assumed ones, lest 

they increase the carbon footprint or even contribute to the rebound effect. 

2. Constrained Renovation Agency. The possibilities for energy renovation actions depend 

largely on socio-economic criteria and are therefore distributed very unevenly. While the 

most vulnerable households do not have the capacity to renovate, households with the 

means have little incentive to do so. 

3. Energy Awareness Stratification Mechanism. Although public environmental awareness 

seems to be improving significantly, there are still marked disparities, partly linked to 

education and income levels, in understanding how energy works in buildings and in 

access to information on energy renovation. Awareness-raising policies must take this 

dichotomy into account, otherwise they risk reinforcing inequalities. 

RQ6. What differentiated renovation strategies and policy instruments can be derived from 

dwelling–occupant cluster analysis to effectively increase deep renovation rates? (Chapiter 3.1, 3.2 

and 3.4) 

Here are the main strategic recommendations for increasing the rate of deep energy 

renovation that emerge from the cross-analysis of technical housing data and socio-economic 

data on residents: 

Governance Relocation (Chapters 3.1, 3.2, and 3.4). The governance of energy renovation must 

continue to be relocated, giving local authorities regulatory and financial tools to define priorities 

and act in their areas. 

Neighborhood programs (Chapters 3.1, 3.2, and 3.4). Conversely, the diversity of individual 

situations can be leveraged by pooling resources and sharing the results of energy-retrofit 

initiatives at the street, block, or neighborhood level. Retrofit programs, district heating networks, 

and local energy cooperatives are all tools that should be promoted to improve the system’s 

overall performance. 

Energy Billing (Chapter 3.4). The way energy is billed can be both a hindrance and an incentive. 

Currently, households see insignificant effects of their efforts on their bills, and energy costs 

remain unpersuasive outside of times of crisis. For some tenants, co-owners, and district heating 

networks, flat-rate charges can be completely counterproductive and should be phased out. 

Conversely, progressive energy billing, like water billing, would provide relief to the most modest 

households. The gradual introduction of smart meters could help raise awareness.  

Energy Poverty Actions (Chapters 3.1, 3.2, and 3.4). Households that own poorly performing 

homes and are in a situation of energy poverty do not have the means to renovate. As a result, 

they need comprehensive support (administrative, financial, technical, literacy, etc.). Part of the 

funding could come from a reduction in energy consumption subsidies, such as the social rate, 

particularly by targeting households with the highest energy consumption (“measured” energy 

poverty). For households in a situation of “hidden” energy poverty, who spend little, it is important 

to recognize that the energy savings generated by ER will be minimal. These households require 

additional investment. 
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High-income Targeting (Chapters 3.2 and 3.4). High-income households that own poorly 

performing homes should face increasing obligations, while simplifying the entire administrative 

process currently required to carry out major energy renovation work.  

Split-Incentive Regulation (Chapter 3.4). Split-incentive regulation requires the implementation 

of regulations that oblige owners of the least energy-efficient homes to undertake renovation 

work, while providing the necessary support to avoid a shortage of rental properties and a 

subsequent increase in prices.  

From EPC (Chapter 3.4). The EPC must be better adapted to renovation. Based on the principles 

of the Trias Energetica, the performance of the whole must take precedence over the performance 

of the individual elements.  

To Buying Building Renovation Passport (Chapter 3.4). The moment of purchase must become 

a mandatory trigger. Mandatory performance improvements are a first step. However, the 

introduction of mandatory audits would be a logical next step.  

Targeted Awareness (Chapter 3.4). While awareness-raising efforts are progressing, more needs 

to be done to reach populations that have not yet been reached, particularly those in precarious 

situations. 

Condominium Calendar (Chapter 3.4). It seems necessary to put in place specific obligations for 

condominiums, in addition to split-incentive regulation. The mandatory implementation of a 

calendar of energy performance interventions is the minimum requirement. 

Other recommendations can be made based on observations made throughout the thesis but 

have not been specifically developed: 

Local Energy Priority: The choice of heating type (heat pump vs. biomass vs. district heating) 

should typically be decided based on the urban characteristics of the neighborhood, with heat 

pumps becoming the default choice in city centers.  

Social Housing: Housing companies have the tools and skills to act both on households in 

precarious situations and on the rental market. 

Demolition/Reconstruction: Mapping: A map of the housing that would be preferable to demolish 

and rebuild should be drawn up to ensure the sustainability of investments. 

Sufficient Needs: Before delving into the topics of EPC and Renovation Passports, the literature 

highlights the importance of first assessing residents’ needs before focusing on improving housing 

performance, as this could risk exacerbating the rebound effect. 

Extensions: Facade and roof extensions have the potential to combine energy efficiency, 

adaptation to new uses, and an increase in property value through expanded floor space. 
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4.2. Core synthesis 

MRQ. To what extent can the joint analysis of technical characteristics of dwellings and socio-

economic characteristics of residents explain renovation dynamics and support strategies to 

accelerate deep energy renovation in the Walloon residential building stock?  

4.2.1. Determinants and integrated approaches 

As discussed in 1.1 Background, energy renovation of buildings addresses many issues: energy 

savings, GHG emissions, resource management, local air pollution, health and well-being, poverty 

alleviation, disposable income, employment, public budget, energy security, and asset value. 

Despite the various public instruments that have been used to encourage energy renovation, the 

rate of energy renovation—and the rate of DER that radically improves energy performance—has 

not really changed and remains below regional and European targets. Various political, technical, 

economic, and social barriers may explain this lack of enthusiasm, starting with the mismatch 

between policy targets and the real motivations for renovation. It also appeared that scientific 

literature tended to model the functioning of the building stock according to purely technical and 

economic logic, without taking residents into account. A joint analysis of the technical 

characteristics of housing and the socio-economic characteristics of residents therefore appears 

promising in explaining the dynamics of renovation and supporting strategies to accelerate deep 

energy renovation. 

Table 4-1 Summary of recommendations tailored to the ten-representative housing/resident clusters in the 

Walloon Region. 

Cluster % Actions 

1/10 “low performance – low 

income – house – owner” 
16 % Energy Poverty Actions + Targeted Awareness + Extensions 

2/10 “mid performance – low 

income – attached – renter” 
15% Split-Incentive Regulation + Targeted Awareness + Extensions 

3/10 “High performance – high 

income – house – owner” 
14 % N/A 

4/10 “mid performance – low 

income – semidetached – 

owner” 

12% 

Energy Poverty Actions + Targeted Awareness + Extensions 

5/10 “mid performance – low 

income – detached – owner” 
11% 

6/10 “low performance – high 

income – owner” 
11% High-income Targeting + Extensions 

7/10 “high performance – high 

income – renter” 
7 % N/A 

8/10 “mid performance – low 

income – apartment – renter” 
6% 

Split-Incentive Regulation + Targeted Awareness + Condominium 

Calendar + Extensions 

9/10 “high performance – low 

income – apartment – renter” 
6% N/A 

10/10 “low performance – low 

income – apartment – renter” 
2% 

Split-Incentive Regulation + Targeted Awareness + Condominium 

Calendar + Extensions 

Municipal / Intermunicipal 

Governance Relocalisation +Neighbourhood programms + Multi-level 

behavioral actions + Local Energy Priority + Social Housing + 

Demolition/Reconstruction Mapping 

Regional 
Energy Billing + From EPC + To Buying Building Renovation Passport + 

Sufficient Needs 

 



 

Energy Renovation of the Walloon Residential Building Stock: Determinants and Integrated Approaches  

Discussion 
142 

The thesis confirmed and clarified the links between the technical characteristics of housing 

and the socio-economic characteristics of its occupants. Among these correlations, it quickly and 

explicitly became apparent that less affluent households were more likely to live in poorly 

performing housing. However, other dynamics also emerged, such as the significant presence of 

high-income households that did not renovate either, or the secondary aspect of rentals in the 

Walloon building stock. Indeed, another important lesson from this part is the need to adapt 

renovation policies to local contexts that vary greatly from one city to another. This partial 

relocation of renovation policies also implies providing these entities with the regulatory and 

financial means to act. The correlations highlighted in this way have made it possible to produce 

different sets of clusters, the most important of which are: “Low performance – Low income – 

owner” and “Low performance – high income – owner”. 

The case study of a former suburb of the city of Liège enabled regional and local results to be 

compared. The general dynamics were thus confirmed, supplemented, or, on the contrary, put 

into perspective. For example, the renovation cluster, which appears secondary at the regional 

level, is, on the contrary, essential for the city of Liège. This comparison made it possible to identify 

several recommendations (Table 4-1), which were explained in greater detail in the answers to the 

research questions. This table thus summarizes the strategic recommendations for increasing the 

renovation rate, which are based on a joint analysis of the technical characteristics of the housing 

and the socio-economic characteristics of the inhabitants. 

4.2.2. Needs-Capabilities-Willingness 

Despite the importance of these two characteristics in the decision to renovate, a third factor 

emerges clearly from chapter 3.2, a factor that represents behavioral change (awareness, 

education, action). The survey results show that this behavior is indeed linked to socioeconomic 

characteristics, in line with the initial hypothesis. Nevertheless, the variability of this third factor 

raises questions about the model. 

The model developed in the thesis considers that the technical condition represents the Need 

to renovate. Substandard and energy-inefficient housing must be renovated to meet adequate 

performance standards. This need varies depending on the standards and requirements set by the 

policy makers, as well as on energy prices, The socioeconomic level represents the Capabilities 

to renovate. Depending on their income, knowledge and housing situation, residents have 

varying degrees of ability to undertake a renovation project. This factor is also influenced by 

subsidy and loan policies, as well as by the renovation market, which determines the cost of the 

improvements. One of the underlying assumptions of this thesis is that the willingness and ability 

to undertake renovation work depended largely on these broader socioeconomic factors. 

The change in behavior is the third variable in this model, the Willingness to renovate (Figure 

4-2). The selected socioeconomic characteristics are not sufficient to explain residents’ behavior 

regarding energy-efficient renovations. While this discrepancy can easily be explained by the 

significant simplification inherent in the proposed model compared to individual cases, this 

should not prevent us from asking whether it would be feasible to incorporate a third dimension 

representing behavioral change, independent of the previous two. Chapter 3.2 thus highlights a 

group of homeowners with substantial incomes who lived in energy-inefficient homes. Chapter 
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3.4, on the other hand, examined 

low-income homeowners who also 

lived in energy-inefficient homes 

but expressed a strong desire to 

renovate. 

This question warrants further 

research into residents’ profiles and 

the extent to which there is a 

decoupling between 

socioeconomic characteristics and 

changes in behavior. However, a 

brief review of the literature on 

behavioral theories of change 

reveals similarities between this 

discussion and the Transtheoretical 

Model of Change (Prochaska & 

Velicer, 1997). This model theorizes 

an individual's readiness to adopt healthier behaviors. This model is based on six stages of change 

(Precontemplation, contemplation, preparation, action, maintenance, relapse) that pave the way 

for energy-efficient behaviors. To make progress, individuals need the “pros” (Needs to renovate) 

to outweigh the “cons” (Capabilities to renovate). But they must also want to make the changes 

and believe they can implement and maintain them (Willingness to renovate). Ten “processes of 

change,” which are later supplemented by 21 additional processes, can help make  and sustain 

change.  

Many respondents were already aware of general environmental issues but still lacked specific 

knowledge about energy use and renovation. However, the purpose of recontextualizing the 

results considering theoretical contributions from behavioral sociology is only to confirm the main 

findings while paving the way for future developments. Beyond the specific application of this 

model—which would obviously need to be confirmed through in-depth research and consultation 

with specialists—the discussion leads us to believe that, at this stage, it is essential to explore 

behavioral theories to further develop the idea underlying the thesis. 

4.2.3. Integrated interpretation 

Taken together, the results reveal three key mechanisms structuring renovation dynamics: (i) 

structural constraints linked to building characteristics, (ii) socio-economic capacity and 

inequality, and (iii) behavioral adaptation mechanisms that can delay or suppress renovation 

decisions. This explains why purely technical or financial policies have limited impact when 

implemented in isolation. 
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4.3. Thesis contribution 

4.3.1. Scientific contribution 

The results confirm the relevance of a model based on technical and socioeconomic data for 

explaining renovation dynamics, beyond purely engineering-based models. This analysis, which 

seeks to understand the energy performance of existing buildings in relation to the financial 

capacity of residents to finance the investment, ultimately addresses the three pillars of 

sustainable development—environmental, social, and economic. A new housing model for the 

Walloon region has been developed by cross-referencing technical and socio-economic data. This 

model identifies housing/resident clusters with specific needs and capacities. Recommendations 

for appropriate renovation strategies can thus be developed to simultaneously address 

environmental, economic, and social issues. The logic of integrating technical and socio-economic 

data underlying the entire project could be replicated in other areas facing similar issues. The 

model produced could also be adapted to analyze different issues related to housing governance. 

However, the various observations suggest that technical and socioeconomic models would 

benefit from being supplemented with behavioral data. To gain a more detailed understanding of 

occupants' actions, it is also necessary to consider their level of awareness, education, and 

motivation, which varies from one occupant to another. This triptych of Technical/Socio-

economic/Behavioral factors seems promising to understand housing dynamics and developing 

appropriate and effective governance. 

The thesis also provides new insights and discussion points on the consideration of energy 

poverty and split incentives in housing energy renovation policies.  

4.3.2. Methodological contribution 

The research proposed in this doctoral thesis is distinguished by four methodological 

contributions: its integration of independent data sets and its mixed, multi-scale, and long-term 

approach. 

Cross-referencing existing databases successfully produced a mixed model while minimizing 

the costly data collection phase. The methodology used can contribute to literature and be 

adapted to address other issues. 

The multi-method approach adopted in this thesis highlights both the complementarity and 

the limitations of statistical, survey-based, and case study methods when used in isolation. The 

various tools used throughout the four chapters address issues of quality and effectiveness. On 

the one hand, the different tools were chosen so that their strengths and weaknesses would 

complement one another. The use of quantitative and qualitative methods is the best example of 

this synergy, which allows each tool to analyze a specific aspect of a complex problem. However, 

the selection of these tools was also guided by considerations of efficiency to make the best use 

of the available data. The qualitative interviews at the beginning of the thesis paved the way for a 

purely quantitative approach in the statistical studies, before confronting the mixed results of the 

case study. This regular alternation reinforces the scientific quality of the results ultimately 
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obtained. Nevertheless, the multi-method approach should be used with caution, avoiding the 

extrapolation of results without highlighting their specific limitations. 

The multiscale approach demonstrates its value for studying the built environment, even 

though it also highlights different insights. The shift from a national and European scale to a 

neighborhood scale illustrates this desire to gather multiple perspectives on similar issues to 

reveal different results. These results were complementary but also contradictory, as the findings 

on the energy efficiency of rental properties demonstrated.  

Finally, the thesis highlights the value of conducting this type of research over the long term, 

so that it can be informed by ongoing feedback. This feature has made it possible to evolve both 

the objectives and methods of various studies, in line with developments in the state of the art 

and technical possibilities. 

These four specific features constitute a reproducible contribution to other studies and are 

adaptable to other contexts and issues. 

4.3.3. Policy implications 

The findings suggest that Wallonia’s building stock will not meet these energy targets by 2030 

and 2050. The current uniform renovation policies are structurally misaligned with the 

heterogeneity of the building stock and its occupants. Cluster-based analysis provides a concrete 

operational framework to design differentiated and targeted policy instruments. The results 

highlighted a set of recommendations specific to these particular cases. 

The results indicate that energy renovation policies would benefit from being fairer rather 

than equally distributed. Renovation strategies should be tailored so that the needs of all residents 

align with decarbonization goals. These strategies would benefit from incorporating issues related 

to energy poverty and social justice. Public performance indicators, such as the EPC, should be 

adapted to better reflect the housing stock’s ability to meet these needs and goals.  

Energy and housing policies require a partial relocation of competences to align with the 

specific characteristics of the local context.  This relocation can take the form of renovation 

programs based on the local dominance of a particular building type and the appetite of an 

identified audience. Renovation strategies can also involve group purchases, encouraging the 

installation of technical solutions particularly suited to the local context, such as heating 

networks, and the establishment of energy communities. Shifting decision-making and action to 

local levels could lead to greater public engagement. 

The inclusion of a behavioral component in the thesis’s final findings demonstrates its 

importance in the dynamics of energy consumption and renovation. This behavioral component 

can be directly reflected in awareness-raising and local education work. The thesis highlights the 

importance of this awareness in the decision to renovate. This awareness-raising effort also helps 

limit the rebound effect while encouraging energy-efficient behaviors. 
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4.4. Limitations 

The limitations specific to each chapter have been highlighted in the corresponding articles. 

The main limitations of this doctoral thesis can be summarized as follows. 

Use of existing datasets: Chapters 01 and 02 are based on existing databases collected at 

different periods, from 2011 to 2020. These times lags between databases imply a risk of error in 

the correlations that have been observed. The EPC database used in these chapters is itself made 

up of certificates collected in different years since 2008. These certificates tend to underestimate 

the energy performance of the building stock, particularly in the lowest performing categories. 

Furthermore, the unit of measurement used in the energy performance certificate—

kWh/m²·year—reflects a significant bias that was already mentioned in the introduction. 

Certificates say nothing about how well a home is suited to its intended use; on the contrary, they 

favor larger homes at the expense of sufficient renovations. 

Dynamic behavior: The study is based on a static and uniform approach to energy consumption, 

without considering dynamic behaviors that are known to significantly affect energy consumption 

in residential buildings. 

Statistical analysis: Statistical analysis relies on geographical correlations between independent 

databases. This approach results in a reduction in the accuracy of the final model. Furthermore, 

the results of this model are valid only on a large scale and should not be used as-is to analyze a 

specific building. 

Multiple-methods and multiple-scale: The use of multiple methods introduces uncertainties 

related to changes in scale and variables. 

Age of the occupants and buildings: The age of the occupants is not considered in the data 

analyzed in chapters 3.1 and 3.2. This age could be an interesting variable not only for estimating 

the resources a household has available to undertake renovations, but also for understanding the 

household’s willingness to undertake such projects. The age of buildings is also not considered, 

even though it can provide a wealth of information about the construction techniques used and, 

therefore, the insulation techniques to be implemented.  

Geographical scope of the study: The thesis focuses specifically on the Walloon region in 

chapters 01 and 02, and on the city of Liège in chapter 03.2.  

These limitations serve as a reminder that the results—whose quality and reproducibility have 

been structurally ensured—depend largely on the context and initial assumptions. Integrating 

data on behavioral dynamics remains a significant challenge for fully understanding the dynamics 

of renovation.  
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4.5. Suggestions for future work 

Several proposals for future work have already been developed in the various chapters. The 

principal areas of research are summarized below: 

If this thesis produces strategic recommendations in favor of increased strategic renovation, it 

would be interesting to focus on accurately assessing both the costs and the expected effects of 

these recommendations. 

The thesis chooses to focus on occupants rather than owners. This does not change anything 

in the case of owner-occupiers, but it inevitably introduces a bias in the case of rentals, especially 

if the property is rented by a small owner. In this case, this choice is primarily based on the 

available data. An analysis of the socio-economic characteristics of landlords is necessary to 

improve energy policies for this part of the building stock. However, this area of research needs to 

be developed further. 

The thesis focuses mainly on direct energy consumption to assess the need for renovation. 

However, it is necessary to consider not only white energy, but also gray energy and all 

environmental impacts throughout the building's life cycle. As noted in the introduction, energy-

efficient renovations can yield numerous benefits related to the sustainability of housing. 

However, energy-efficient renovation focused solely on efficiency can prove ineffective—or even 

counterproductive—by requiring significant resources and causing substantial environmental 

impacts, only to result in increased energy consumption due to the rebound effect. 

Energy certification of housing is central to the development of a renovation strategy. While 

the Walloon EPC has the merit of existing and being increasingly understood by the public, there 

is still room for improvement and questions remain. (i) Simulated adaptation of results based on 

simplified behaviors. (ii) Automatic integration of suggestions for improvements. (iii) Adaptation 

of PEB requirements to the specificities of renovation. Performance requirements per wall are 

completely out of step with the reality of energy renovation in urban areas. (iv) Performance 

assessment per unit area automatically favors large homes. (v) Overestimation of photovoltaic 

production. The installation of solar panels has become the most cost-effective method of 

improving the EPC, favoring wealthy households and detached houses, regardless of the Trias 

Energetica logic. This improvement to the certification system must be accompanied by a more 

in-depth and comprehensive examination of the objectives of this certification and how it 

effectively contributes to a low-carbon society. A  recent review of the literature highlights the risks 

of focusing on an unrealistic vision of energy efficiency rather than implementing sufficient energy 

retrofits. 

The thesis confirms the value of an integrated model of technical and socio-economic factors. 

However, it also opens the door to the development of a three-pronged Technical/Socio-

Economic/Behavioral approach inspired by models from behavioral psychology, such as the 

Transtheoretical Model, which could fuel discussions on the effectiveness of behavioral change 

tools and open new avenues of research.  
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5. Conclusion 

The fight against global warming and for an energy transition capable of reducing European 

countries’ dependence on external pressures necessarily requires improving the energy 

performance of the existing building stock. The reasons for acting do not end there as numerous 

benefits could be gained from a sustainable approach to the renovation of the building stock. 

However, the various policies implemented in the WR, in Belgium, and in Europe have so far failed 

to improve the performance of older buildings. On the one hand, renovation work is costly and 

complex, and the return on investment is uncertain. On the other hand, these renovation projects 

like the policies that encourage them are still largely guided by the principles of energy efficiency, 

to the detriment of the actual needs and capabilities of the occupants. 

To address this issue, this thesis aims to reassess energy-efficient housing renovation policies 

through the lens of residents’ characteristics and to provide appropriate recommendations. The 

underlying objective is to help increase the rate of comprehensive energy-efficient renovations in 

Belgium, improve residents’ comfort and well-being, while reducing the environmental impact of 

the building sector and contributing to the Belgian state’s resilience and energy independence. 

This thesis focused on examining the interrelationships between housing technical data and 

residents’ socioeconomic data. The study highlights the importance of an innovative 

methodological approach aimed at strengthening the validity of the results obtained by 

employing a variety of analytical tools and scales. The initial qualitative state-of-the-art at the 

European and national levels was thus followed by a quantitative statistical analysis combining 

correlation, regression, and clustering algorithms applied to the WR. The subsequent 

triangulation of three qualitative tools—IRT, survey, and focus group—applied to a local case study 

concludes the process. This approach constitutes one of the main lessons of this work, which can 

be reused in future research. 

Both the statistical analysis and the case studies reinforce existing knowledge regarding the 

correlations between housing characteristics and residents’ socioeconomic characteristics. 

Following the clustering analysis, a “low performance – low income – owner” cluster, representing 

16% of Wallonia’s housing stock, emerges as a priority target for any comprehensive energy 

renovation policy, requiring the implementation of financing solutions with uncertain returns. 

At the same time, the significant number of high-income homeowners living in energy-

inefficient homes illustrates the lack of interest in energy-efficient renovations among a large 

segment of the population. This “low-performance–high-income–owner” cluster, which accounts 

for 11% of Belgium’s housing stock, represents one of the thesis’s key findings. While regulatory 

constraints may play a role in improving the energy efficiency of this cluster, it seems particularly 

essential to take advantage of changes in ownership to encourage such renovations. 

The statistical analysis tended to downplay the significance of the tenant/landlord dilemma 

in the Walloon context. However, the case study in Liège served as a reminder that this was a very 

real problem in certain cities, requiring proactive policy responses for populations particularly 



 

Energy Renovation of the Walloon Residential Building Stock: Determinants and Integrated Approaches  

Conclusion 
149 

vulnerable to energy poverty. These complementary results fully illustrate the value of changing 

scales and tools to detect weak signals. 

To address the specific needs of the various target groups identified, this thesis highlights the 

need to devolve some housing energy policy decisions to the municipal or supra-municipal level. 

Indeed, the diversity of urban landscapes requires context-specific solutions. Such local decisions 

would greatly benefit from a better understanding of the actual technical characteristics of the 

local housing stock and how these relate to the socioeconomic data of residents. 

Among the other recommendations mentioned in the discussion, it seems essential to 

emphasize here the importance of scrutinizing how energy certification for energy-efficient 

renovations operates. This assessment tool has the merit of providing insights into a building’s 

gross performance, which can be useful for property owners, policymakers, and researchers alike, 

as we have demonstrated in this thesis—despite the limitations of the approach that have been 

highlighted. Indeed, the current version of the EPC seems ill-suited to energy-efficient 

renovations, and even less suited to sustainable renovations. More generally, the very objectives 

of the EPC perpetuate a kind of techno solutionist myth in which only performance matters, 

without regard for actual needs. 

In summary, this thesis contributes to providing targeted recommendations based on an 

innovative model of Wallonia’s building stock, supported by a multi-methodological approach. At 

the conclusion of this thesis, we believe it would be advisable to direct future research toward a 

more thorough integration of sustainability criteria into our study and toward an examination of 

the effectiveness of the EPC. 

A cross-analysis of housing technical data and residents’ socioeconomic data has proven 

valuable in providing a fresh perspective on the dynamics of energy-efficient renovation in 

Wallonia’s building stock. However, the discussion ultimately suggests the possibility of a 

potential distinction between what strictly falls under these socioeconomic characteristics and 

what would be more closely related to the specific knowledge and preferences of each household. 

This triad of Need for Renovation/Capabilities for Renovation/Willingness to Renovate, which 

emerges from our analysis, strikes us as an interesting avenue for improving our understanding of 

these dynamics. 
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