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Summary 

This Ph.D. thesis is a comprehensive exploration of the impact of climate 
change on heating and cooling energy demands, final energy consumption, 
thermal comfort, and greenhouse gas emissions for residential buildings in 
Belgium. It encompasses both short-term (recurrent heatwaves) and long-term 
(global warming) climate change effects, with a specific focus on cooling 
systems. The research employs a simulation/numerical model, adopting a 
bottom-up approach to characterize the Belgian residential building stock. The 
thesis is divided into three main parts, each addressing critical aspects of the 
research: 

Part 1 - Cooling Systems Review and Data Collection: In this section, 
two extensive studies delve into cooling technologies in Europe. The first 
chapter categorizes and analyzes alternative space cooling methods, 
highlighting the need for further development to enhance their efficiency and 
cost-effectiveness. The second chapter focuses on integrated active cooling 
systems, evaluating their resilience to challenges such as heatwaves and 
power outages. 

Part 2 - Methodological Framework: This part lays the foundation for the 
thesis, comprising two key studies. The first study deals with the creation of 
weather data, an essential component for understanding climate impacts. The 
second study establishes the framework used throughout the thesis to 
calculate heating and cooling energy needs under various weather scenarios. 

Part 3 - Application and Data Analysis: This section encompasses two 
pivotal studies. The first explores the practical application of resilient cooling 
systems within the building stock, emphasizing adaptable solutions in 
response to changing climate conditions. The second assesses the integration 
of both electricity-driven and gas-driven heat pumps into the building stock, 
examining their impact on energy consumption. 

The following provides a concise summary of vital practical insights and 
recommendations derived from the research: 

• Alternative Cooling Technologies: Several alternative cooling 
technologies show promise in terms of energy efficiency and 
sustainability, but they may face challenges compared to 
conventional vapor compression systems. Policy support is 
essential to promote their adoption. 

• Resilience to Heatwaves: Thermal energy-driven cooling systems 
exhibit greater resilience to heatwaves compared to some 
electricity-driven systems. This resilience is influenced by factors 
like system integration with renewable energy sources. 

• Impact of Climate Change: Climate change is expected to lead to 
a significant increase in cooling energy demand and a decrease in 
heating energy demand in the Belgian building stock. The intensity 
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and frequency of heatwaves are projected to rise significantly in the 
future. 

• Thermal Comfort: Thermal comfort can be significantly impacted 
by climate change. Resizing split cooling systems based on peak 
heatwave temperatures can enhance indoor thermal comfort. 

• Integration of Heat Pumps: The integration of heat pump 
technologies can reduce energy consumption and greenhouse gas 
emissions in the residential building stock. Both electricity-driven 
and gas-driven heat pumps offer viable options for achieving these 
benefits. 

Overall, the thesis highlights the need for proactive measures to 
address the challenges posed by climate change on the Belgian 
residential building stock. Sustainable cooling technologies, resilient 
strategies, and the integration of heat pumps are essential components 
of a comprehensive approach to building sustainability and climate 
adaptation. 
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Abbreviations 

AC Active Cooling / Air Conditioners / Air conditioning 

BAU Business-As-Usual 

BCC-CSM2- MR Beijing Climate Center Climate System Model version 2 

Medium Resolution 

CMIP6 Sixth Coupled Model Intercomparison Project 

COP Coefficient of Performance 

COPD Chronic Obstructive Pulmonary Disease 

CO₂ Carbon Dioxide 

DHW Domestic Hot Water 

EEA European Environment Agency 

EER Energy Efficiency Ratio 

ERA5 Fifth generation of ECMWF Atmospheric Reanalyses 

ESMs Earth System Models 

EU European Union 

FCUs Fan Coil Units 

GAHP Gas-Driven Absorption Heat Pump 

GHG Greenhouse Gas 

HVAC Heating, Ventilation, and Air Conditioning 

HWE Heatwave Event 

IAQ Indoor Air Quality 

IOhD Indoor Overheating Degree 

IOpT Indoor Operative Temperature 

IPCC Intergovernmental Panel on Climate Change 

ISO International Organization for Standardization 

MAR Modèle Atmosphérique Régional 

MIROC6 Model for Interdisciplinary Research On Climate 

version 6 

MPI- ESM.1.2 Max Planck Institute Earth System Model version 1.2 

MV Mechanical Ventilation 

NG Natural Gas 

NV Natural Ventilation 

PMV Predicted Mean Vote 

PV Photovoltaic 

RMI Royal Meteorological Institute 

RQ Research Question 

SC Space Cooling 

SEER Seasonal Energy Efficiency Ratio 

SH Space Heating 

SLPs Synthetic Load Profiles 

SSP Shared Socioeconomic Pathway 

TDHP Thermally-Driven Heat Pump 

TMY Typical Meteorological Year 

TRL Technology Readiness Level 
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U-value Thermal Transmittance Value 

UHI Urban Heat Island 

UNFCCC United Nations Framework Convention on Climate 

Change 

VC Vapor Compression 

VRF Variable Refrigerant Flow 

WMO World Meteorological Organization 

XMY Extreme Meteorological Year 
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1. Introduction 

1.1. Setting the stage: understanding climate change and 
building energy dynamics 

Global perspective of climate change 

• The warming world: 

The 20th and 21st centuries have seen an unprecedented increase in global 
temperatures. According to the Intergovernmental Panel on Climate Change 
(IPCC), the period between 1850 and 1900 serves as the reference timeframe 
for pre-industrial temperatures. Since 1880, Earth's average temperature has 
increased by approximately 1.1°C, with a rate of 0.08°C per decade. From 
1981 onwards, this rate accelerated to 0.18°C per decade. 2022 was the sixth 
warmest year on record, being 0.86°C above the 20th-century average. It was 
0.13°C cooler than the 2016 record and 0.02°C warmer than 2021 (the 
seventh highest). All of the top 10 warmest years have occurred post-2010 as 
shown in Figure 1.1. This escalation in temperatures is largely attributed to 
human activities, notably the emission of greenhouse gases (GHGs). The 
primary GHG, carbon dioxide (CO₂), has witnessed a marked increase in its 
atmospheric concentration, soaring from pre-industrial levels of around 280 
ppm to exceed 410 ppm in recent decades. The main contributors to this 
increase are the combustion of fossil fuels, widespread deforestation, and 
certain industrial activities [1–4]. 

 

Figure 1.1. Global average surface temperature [5]  
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• Weather extremes: 

The rise in global temperatures has been accompanied by a more frequent 
occurrence of extreme weather events. The World Meteorological 
Organization (WMO) and various studies indicate that these events are 
growing in both intensity and frequency. For instance, Category 4 and 5 
hurricanes have increased in frequency since the 1980s, and the global 
frequency of droughts has increased since the early 1900s [6]. Additionally, 
the occurrence of heavy precipitation events has surged in numerous regions, 
leading to frequent and intense flooding. Wildfires, which are influenced by 
droughts and prolonged high temperatures, have also seen a rise in 
occurrence and intensity. These events are not just mere coincidences but are 
indeed glaring symptoms of broader climate changes and have consequential 
impacts on ecosystems, human settlements, and economies [7]. Figure 1.2 
from the Met Office, based on data from MunichRE dataset shows the 
evolving trend in extreme events from 1980 to 2019 [8]. It categorizes these 
events into four distinct groups: geophysical events (e.g., earthquakes, 
tsunamis, volcanic activities), meteorological events (e.g., tropical storms, 
extratropical storms, local storms), hydrological events (e.g., floods, mass 
movements), and climatological events (e.g., extreme temperatures, droughts, 
wildfires). A clear upward trajectory in the frequency of these events can be 
observed, especially post-2000, with meteorological and hydrological events 
showing the most pronounced increase. The sharp rise in such extreme 
events underscores the pressing implications of climate change and the 
urgent need for adaptive measures. 

 

Figure 1.2. Frequency of the loss events and its relation to climate change 
[8] 

Europe perspective of climate change 

In recent years, Europe has witnessed a discernible intensification in climate 
change-related manifestations, underscored by robust scientific evidence 
elucidating shifts in temperature, precipitation patterns, and extreme weather 
events. A precise examination of climate findings reveals a stark trend of 
temperature escalation across the continent. According to the European 
Environment Agency (EEA) [9], the past decade, from 2013 to 2022, has been 
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recorded as the warmest in history, with global mean near-surface 
temperatures registering an increase of 1.13 to 1.17°C above pre-industrial 
levels. This warming trend is even more pronounced in Europe, where land 
temperatures have surged by 2.04 to 2.10°C, contingent upon the dataset 
analyzed. Under the Paris Agreement, nations under the United Nations 
Framework Convention on Climate Change (UNFCCC) have pledged to cap 
the global temperature rise at well below 2°C above pre-industrial levels [10], 
aspiring to further restrict this increase to 1.5°C. However, if the current 
trajectory of global greenhouse gas emissions persists unabated, projections 
indicate that the 2°C threshold is likely to be surpassed before the year 2050 
[11–13]. 

 

Figure 1.3. Global (left) and European (right) annual average near-surface 
temperature anomalies relative to the pre-industrial period 1850-1900 [9] 

Extreme weather events have also seen an uptick in both frequency and 
intensity. Europe has borne witness to an increased incidence of heatwaves, 
forest fires, and storms. For instance, the catastrophic heatwaves in 2003 and 
2018 stand as stark testimonies to the escalating ramifications of climate 
change. Moreover, the incidence of forest fires in Mediterranean countries has 
shown an upward trajectory, a trend that can be attributed to higher 
temperatures and decreased precipitation. 

The aforementioned observations regarding the escalating global mean 
near-surface temperatures, and the even more accelerated increase in 
European land temperatures, underscore the critical need for strategic 
planning and policy implementation to mitigate climate change's impacts. The 
urgency of the situation is further accentuated by the potential surpassing of 
the 2°C threshold set by the Paris Agreement before 2050, if current 
greenhouse gas emissions remain unchecked. In this context, Shared 
Socioeconomic Pathways (SSPs) emerge as instrumental tools that facilitate a 
nuanced understanding of the various trajectories that global development 
might take, considering both the challenges to mitigation and adaptation 
efforts. 

SSPs are essentially a set of scenarios developed to explore different 
ways in which the world might evolve in the absence of climate policy 
intervention, and how these could influence global greenhouse gas emissions 
and adaptability to climatic changes. They are designed to offer a 
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comprehensive framework that aligns socio-economic factors with possible 
future climate outcomes. By examining various pathways, policymakers and 
researchers can anticipate the potential repercussions of distinct socio-
economic developments and devise strategies accordingly. 

SSP1, titled "Sustainability – Taking the Green Road", aims to create a 
sustainable and equitable future, where concerted efforts towards adaptation 
and mitigation may restrict warming to around 1.5°C above pre-industrial 
levels. SSP2, or "Middle of the Road", envisions a continuation of current 
trends, resulting in moderate socio-economic development and a potential 
global warming of approximately 2.0°C to 3.0°C. SSP3, known as "Regional 
Rivalry – A Rocky Road", posits a world fragmented by regional interests, 
leading to significant hurdles in climate mitigation and adaptation, potentially 
resulting in a warming exceeding 3.5°C. SSP4, "Inequality – A Road Divided", 
explores a scenario characterized by stark disparities, where a privileged 
minority enjoys progress while the majority faces increased vulnerability to 
warming, which might fall between 2.4°C and 4.5°C. Lastly, SSP5, "Fossil-
fueled Development – Taking the Highway", emphasizes rapid, fossil-fuel-
driven growth, potentially leading to substantial warming, possibly in excess of 
4.0°C. Each SSP aims to provide insights into different facets of societal and 
climate evolution, allowing for comprehensive assessments and strategic 
planning [14–16]. 

1.1.1. Climate change resonance:  understanding the 
relation between building energy needs and the environment 

It is crucial to narrow our focus to specific sectors impacted by these changes. 
One important area to explore is how climate change directly influences the 
energy requirements of buildings, a concept known as 'climate change 
resonance'. This concept helps us understand how shifts in climate, such as 
changes in temperature and weather patterns, can affect the energy that 
buildings need for heating, cooling, and other parameters such as the air 
pollution impact. For example, a warmer climate might mean increased use of 
air conditioning, while milder winters could reduce heating needs [17,18]. By 
examining climate change resonance, we can gain insights into designing 
buildings that are more energy-efficient and resilient to changing conditions. 

Figure 1.4 illustrates the interconnected feedback loop between society's 
energy demand, the impact of climate change, and air pollution responses. 

Energy demand and climate change impact: 

• As society's demand for energy grows, primarily if driven by fossil 
fuels, this directly contributes to greenhouse gas emissions. These 
emissions, in turn, accelerate the impacts of climate change. 

• The consequences of climate change, such as increasing 
temperatures, can lead to a further rise in energy demand, particularly 
in regions that become hotter, thus necessitating more cooling. This 
forms a vicious cycle where increased energy demand exacerbates 
climate change impacts, which in turn pushes the energy demand even 
higher [19–21]. 
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Energy demand and air pollution: 

• The same energy sources, especially the burning of fossil fuels, 
release pollutants into the atmosphere. These pollutants contribute to 
poor air quality, leading to a range of health problems for the 
population and negatively impacting ecosystems. 

• As air quality deteriorates, there might be increased energy demands 
in specific sectors. For instance, buildings might need advanced HVAC 
systems to filter out pollutants, requiring more energy. 

Adaptation to climate change and air pollution: 

• The figure also emphasizes the importance of adaptation, both to the 
impacts of climate change and to the challenges posed by air pollution. 
While these adaptation measures are crucial for society's resilience, 
they too can influence energy demand. For instance, building 
infrastructures resilient to extreme weather events might necessitate 
more energy-intensive materials or processes [22,23]. 

• Moreover, adapting to air pollution, say through the widespread use of 
air purifiers in urban areas, also has an energy cost. 

 

Figure 1.4. The feedback loop of energy demand, impact of climate 
change and air pollution, and resulting energy-intensive adaptation. (the solid 
arrows and the dashed arrows indicate the direction of immediate versus 
relatively distant influences, respectively. The plus symbols indicate positive 
relations, and the question mark represents the possibility of lessening the 
feedback loop from decarbonizing the power sector) [24] 

Several studies investigated how the interplay of climate change and air 
pollutants. A study by Tagaris et al. [25] examined how the interplay of climate 
change and air pollutants, specifically ozone and particulate matter, can 
influence public health. Using modeling, they project increased premature 
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mortality in the Eastern United States due to exacerbated air pollution 
stemming from climate change 

The question mark in the feedback loop between energy demand and air 
pollution impact indicates that the relationship is complex and might not be 
linear. The exact nature of this relationship can be contingent on various 
factors, including technological advances, policy interventions, and societal 
behaviors. 

Having discussed the intricate feedback loops between energy demand, 
climate change, and air pollution, an appreciation emerges for the multifaceted 
challenges society faces in creating sustainable living environments. At the 
nexus of these challenges lies the concept of thermal comfort. 

1.1.2. A Balancing act: navigating thermal comfort  

Thermal comfort refers to the condition of mind that expresses satisfaction 
with the surrounding environment's thermal environment [26–28]. It represents 
a delicate balance and is crucial for both well-being and productivity. 
Achieving and maintaining thermal comfort is not a straightforward task, 
especially in the context of the ever-changing climate. 

Factors such as air temperature, humidity, air velocity, and mean radiant 
temperature influence an individual's perception of thermal comfort. Personal 
factors, including clothing insulation and metabolic rate, also play a role [29–
32]. With global temperatures on the rise, ensuring thermal comfort becomes 
increasingly challenging. The need for cooling in summers might increase, 
while the heating needs during milder winters might decrease, thereby 
influencing energy demands. 

A study by Fanger [33] introduced the Predicted Mean Vote (PMV) model, 
which takes into account these variables to predict the average comfort vote 
of a large group of people on a seven-point thermal sensation scale. This 
research underscored the importance of considering a combination of factors 
to ensure optimal comfort. With global temperatures witnessing an upward 
trend, there's a growing emphasis on adaptive approaches. De Dear and 
Brager [34] explored adaptive thermal comfort standards in the evolving 
ecological paradigm. Their study, published in Energy and Buildings, observed 
that individuals adapted their thermal preferences based on prevailing outdoor 
conditions, underscoring the dynamic nature of thermal comfort [37]. 

Given the environmental repercussions of excessive energy consumption, 
it becomes imperative to strike a balance. Innovative building designs that 
incorporate passive cooling and heating strategies, high-quality insulation, and 
energy-efficient HVAC systems can offer solutions [35–38]. Furthermore, 
understanding local climate conditions and integrating renewable energy 
sources can further aid in navigating this balance. 

1.1.3. Building stock: modelling the building stock 

While understanding individual thermal comfort is essential, the broader 
implications of climate change on energy use and comfort extend to entire 
buildings and even entire cities or regions. The type, age, design, and 
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construction materials of a building can significantly influence how it responds 
to external temperature fluctuations. Moreover, buildings clustered together in 
urban environments create microclimates, which can further influence indoor 
comfort levels. As such, to get a comprehensive understanding of how climate 
change will impact energy demands and thermal comfort, it's essential to 
consider the entire building stock. 

Building stock modeling provides a macroscopic perspective, offering 
insights into the collective impact of climate change on a larger scale. By 
assessing diverse building types and their status, this modeling can pinpoint 
specific vulnerabilities and opportunities in the built environment. For instance, 
older buildings might lack modern insulation or energy-efficient systems, 
making them more susceptible to changing climatic conditions. On the other 
hand, newer, green-certified structures might be better equipped to handle 
these shifts. By examining the building stock as a whole, policymakers and 
stakeholders can devise strategies that address the nuanced challenges 
posed by climate change, ensuring energy efficiency and comfort across a 
wider spectrum [39–45]. 

The approach to this modeling can significantly vary, primarily branching 
into two methodologies: the top-down and bottom-up approaches [46,47]. 
Each has its unique features, advantages, and limitations. The top-down 
approach starts with macro-level data, often from national or regional 
statistics, and allocates this data to specific building types or sectors, providing 
a broad overview suitable for overarching policies [48,49]. In contrast, the 
bottom-up approach begins at the micro-level, analyzing individual buildings or 
specific types, then aggregates these findings for a comprehensive view [47]. 
This method offers detailed insights, capturing the diversity of building 
characteristics and occupant behaviors, ideal for precise interventions [50]. 
While the top-down approach is quicker and requires less granular data, 
making it apt for broader strategies, the bottom-up approach, though more 
resource-intensive, is prized for its accuracy and granularity [51]. Often, a 
fusion of both approaches can yield the most holistic understanding of a 
building stock's energy implications. 

1.2. Problem statement 

In the wake of the 21st century, our world is facing a formidable challenge that 
threatens the very fabric of our existence – global warming and climate 
change. The findings presented in the IPCC report project a significant 
potential increase in the average global surface air temperature. These 
projections encompass a range of 1 to 5.7°C over the period from 2081 to 
2100, relative to the pre-industrial reference period of 1850-1900 [1,2]. The 
consequences of these phenomena reach far and wide, impacting not only the 
vast expanse of our natural environment but also the most intimate spaces of 
our daily lives, namely, our buildings. As global temperatures surge to 
unprecedented levels, the building sector stands as both a victim and a 
contributor to this climatic dilemma. 

Global warming, caused by the continuous rise in GHG emissions, has 
brought about noticeable changes in our climate. One of the most noticeable 
aspects of climate change is the increase in temperatures. Urban areas, 
where a large number of people live, are particularly susceptible to this 
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warming trend. They often face specific climate changes that make the overall 
global shift even more challenging. This includes higher temperatures, more 
frequent heatwaves, and changes in rainfall patterns, which are now common 
topics in our everyday conversations. 

The effects of global warming are significantly pronounced within the 
constructed environment. Long-lasting heatwaves, which are a clear sign of 
climate change, greatly affect the comfort inside our buildings. Inadequate 
building designs to handle extreme heat result in overheating, making these 
structures uncomfortable and sometimes unsuitable for habitation. As we 
increasingly rely on mechanical cooling systems to combat the heat, our 
energy use rises, leading to even more greenhouse gas emissions. This 
creates a harmful cycle, contributing to further climate change issues. 

The impacts of overheating in the building sector go far beyond making 
people uncomfortable. It has profound effects on the health and well-being of 
the occupants. Being exposed to extreme heat not only poses immediate 
health risks but can also result in long-term health problems. Vulnerable 
populations, including the elderly and those with preexisting health issues, are 
particularly at risk. Additionally, indoor air quality within these overheated 
buildings is compromised, posing health risks to the occupants. 

Figure 1.5 serves as a comprehensive visual representation of the 
multifaceted impacts of climate change. This figure shows the main drivers of 
climate change, including the notable factors of increased global 
temperatures, extreme weather conditions, precipitation extremes, sea level 
rise, and changes in land use. It prominently underscores the pivotal role 
these drivers play in shaping the global climate landscape. 

Furthermore, it shows the primary effects of climate change across various 
sectors. These encompass extreme heat, exacerbating heat-related illnesses 
and heat stress, while also delving into issues of air and water pollution that 
detrimentally affect environmental and public health. The figure underscores 
the challenges related to food and water scarcity, changes in patterns of 
infectious diseases, and the profound economic losses incurred as a 
consequence of these changes. It illuminates the complex web of climate-
induced impacts, from health issues to economic implications, affecting both 
local and global scales. 

Additionally, the distinct effects witnessed within the building sector include 
the increased cooling demands, necessitating energy-intensive solutions, as 
well as the growing need for retrofitting and adaptation of existing structures to 
withstand extreme conditions. The impact of climate change on reduced 
indoor air quality and the imperative role of energy efficiency standards in 
mitigating these concerns are also featured prominently. 

Lastly, it emphasizes the health impacts arising from climate change, 
shedding light on the increased incidence of heat-related illnesses, respiratory 
problems, allergies, and mental health issues. The vulnerability of specific 
populations to these health challenges is evident, underscoring the need for 
targeted strategies to safeguard public well-being. 
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Figure 1.5. Impacts of climate change 

Effects of climate change: 

Extreme heat: Climate change is unequivocally driving an increase in 
extreme heat events. Rising global temperatures intensify heatwaves, posing 
severe health risks and discomfort for populations. Studies have shown that 
these heatwaves are becoming more frequent and prolonged, endangering 
vulnerable communities. A previous study showed  that the number of extreme 
heatwave days increased by over 50% in the last half-century, with alarming 
implications for public health [52]. Another study emphasized that several 
regions experienced an alarming increase in the number of heatwave days, 
exacerbating the impact of extreme heat [53] 

Air and water pollution: Climate change contributes to the degradation of 
air and water quality. Increasing temperatures exacerbate air pollution, 
resulting in adverse health effects, especially in urban areas. Additionally, 
altered precipitation patterns can impact water quality, increasing the risk of 
waterborne diseases. The sources of air and water pollution are diverse, 
encompassing emissions from industrial processes and changes in land use. 
Recent research emphasizes the exacerbation of air pollution and the need for 
improved air quality standards. Several studies showed  that air pollution due 
to climate change adversely affects respiratory health and air pollution levels 
are expected to increase and urged for the enhancement of air quality 
standards to safeguard public health [54–56].  

Food and Water Scarcity: Climate change disrupts food production and 
water resources. Variability in precipitation patterns and prolonged droughts 
lead to water scarcity, affecting agriculture. Food security is threatened, and 
malnutrition risks increase, especially in regions reliant on rainfed agriculture. 
Recent studies highlight the impact on water resources and the need for 
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sustainable water management strategies. A previous study showed that 
climate change could reduce crop yields by up to 25% and put 25 million more 
children at risk of malnutrition by 2050 [57].  

Changes in infectious diseases: Climate change significantly impacts 
the spread of infectious diseases by altering temperature and precipitation 
patterns, influencing the habitat range of disease vectors. This phenomenon 
has serious health implications, with diseases such as malaria and dengue 
expanding into new regions. Recent research has provided valuable insights 
into this connection between climate change and the proliferation of infectious 
diseases, highlighting the need for proactive measures. Furthermore, a review 
published in "Nature Climate Change" in 2022 demonstrated that over half of 
all infectious diseases are exacerbated by climate change [58]. It revealed that 
habitat disruptions caused by various climate-related factors, including 
warming, drought, heatwaves, wildfires, storms, floods, and land cover 
changes, are associated with the increased prevalence and spread of 
infectious diseases.  

Economic losses: The economic implications of climate change are 
substantial. Extreme weather events, including hurricanes, floods, and 
wildfires, result in significant economic losses. Moreover, the costs of 
mitigating and adapting to climate change, along with the loss of productivity 
due to health impacts, create economic burdens on societies and nations. The 
Intergovernmental Panel on Climate Change (IPCC) reported in 2012 that 
global economic losses due to extreme weather events were doubling every 
decade. Recent economic assessments, such as the World Bank's 2020 
report, "Economics of Adaptation to Climate Change," highlight the increasing 
financial toll of climate-related disasters and the need for substantial 
investments in adaptation and resilience measures [59]. 

Effects in building sector: 

Increased cooling demand: As global temperatures rise, there is an 
increased demand for cooling in buildings to maintain comfortable living 
conditions. This leads to higher energy consumption, particularly in regions 
that traditionally did not require extensive cooling systems. The growing 
reliance on air conditioning not only puts a strain on energy grids but also 
contributes to higher greenhouse gas emissions [39,60,61].  

Heat stress: Buildings, especially in urban areas, can experience heat 
stress due to increased ambient temperatures. This phenomenon is 
exacerbated by the urban heat island effect, where concrete structures and 
limited green spaces lead to higher local temperatures. Heat stress can impact 
the structural integrity of buildings, leading to faster degradation of materials 
and necessitating more frequent maintenance [62,63]. 

Retrofit and adaptation: To cope with the changing climate, existing 
buildings may need to undergo retrofitting and adaptation. This could include 
adding insulation, installing energy-efficient windows, or incorporating green 
roofing solutions to mitigate heat absorption [64,65]. Adaptation measures 
also involve considering resilience to extreme weather events, such as 
installing flood barriers in areas prone to flooding. 
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Reduced indoor air quality (IAQ): Climate change can lead to poorer 
indoor air quality due to increased levels of pollutants and allergens. Warmer 
conditions can foster the growth of mold and mildew, while increased use of 
air conditioning can lead to the recirculation of contaminants inside buildings. 
Ensuring proper ventilation and air filtration becomes crucial in maintaining a 
healthy indoor environment [66,67]. 

Energy efficiency standards: In response to climate change, there is a 
push towards implementing stricter energy efficiency standards for buildings. 
Governments and regulatory bodies are encouraging the construction industry 
to adopt sustainable practices, such as using energy-efficient appliances, 
incorporating renewable energy sources, and designing buildings with optimal 
thermal performance. These standards aim to reduce the overall carbon 
footprint of the building sector [68]. 

Health impacts: 

Heat-related illnesses: Rising global temperatures linked to climate 
change are causing a surge in heat-related illnesses. Extreme heat events are 
becoming more frequent and severe, posing a direct threat to public health. 
Conditions like heatstroke, heat exhaustion, and heat cramps are on the rise. 
Vulnerable populations, including the elderly, children, and outdoor workers, 
face elevated risks due to prolonged exposure to high temperatures [69]. 

Respiratory problems: Climate change is impacting respiratory health by 
worsening air quality. Increasing temperatures and higher levels of air 
pollution exacerbate respiratory conditions such as asthma and chronic 
obstructive pulmonary disease (COPD). Research reveals that higher 
temperatures and elevated ground-level ozone levels lead to more frequent 
and severe respiratory distress, particularly in urban areas. This places an 
added burden on healthcare systems, necessitating strategies to mitigate air 
pollution and adapt to changing climate conditions [70,71]. 

Allergies: Climate change directly affects allergies by causing a 
proliferation of allergenic pollen. Elevated carbon dioxide levels and extended 
plant growing seasons result in increased pollen production and longer pollen 
seasons. This intensifies allergic reactions in individuals susceptible to pollen 
allergies. Several studies highlight the link between rising pollen levels and 
heightened allergy-related health issues, emphasizing the need for improved 
allergy management strategies [72,73]. 

Mental health impacts: Climate change's often-overlooked mental health 
impacts are increasingly evident. Exposure to natural disasters, displacement 
due to rising sea levels, and economic losses from extreme weather events 
can lead to a range of psychological issues, including anxiety, depression, and 
post-traumatic stress disorder (PTSD). Research underscores the 
psychological toll of climate-related events on individuals and communities, 
emphasizing the importance of addressing mental health as an integral part of 
climate adaptation and resilience efforts [74,75]. 

Vulnerable populations: Climate change disproportionately affects 
vulnerable populations, including low-income communities and minority 
groups. These communities often lack access to adequate healthcare, reside 
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in areas with poor air quality, and have limited resources to cope with extreme 
weather events. Studies emphasize the disparities in climate-related health 
impacts and the need for targeted interventions to protect these vulnerable 
communities [76,77]. 

In light of the global challenges posed by climate change and its profound 
impact on both the building sector and public health. The primary focus of this 
thesis is twofold: first, to conduct an extensive assessment of space cooling 
systems and explore alternative, environmentally friendly technologies that 
minimize their ecological footprint. Second, to tackle the challenge from a 
Belgian perspective by developing and proposing adaptation strategies for 
cooling systems deployed across the entire building stock in Belgium. 
Simultaneously, the thesis delves into retrofit strategies for the existing 
building stock to enhance energy efficiency and sustainability. By offering 
these solutions, the thesis encompasses key aspects, notably thermal comfort 
and indoor air quality, with the overarching goal of mitigating heat-related 
illnesses. Through this interdisciplinary approach, the thesis aims to contribute 
to the resilience and sustainability of Belgium's built environment in the face of 
climate change challenges.  
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2. Conceptual framework 

2.1. Objectives and research questions 

The objective of this Ph.D. thesis can be outlined as follows: (i) to 
quantitatively assess the impact of climate change, both short-term (recurrent 
heatwaves) and long-term (global warming), on heating and cooling energy 
demands, final energy consumption, thermal comfort,  and GHG emissions for 
the Belgian residential building stock; (ii) with a specific focus on cooling 
systems, the study aims to fill the existing research gap in the realm of 
cooling, considering that a significant body of research already exists for 
heating systems Therefore, the thesis includes a review and quantitative 
assessment of cooling system integration in residential buildings; (iii) following 
the review of cooling systems, the thesis assesses the impact of applying 
various resilient cooling strategies (both active and passive) into the building 
stock, recognizing the importance of adapting to changing climate conditions; 
(iv) the study incorporates uncertainty analysis, validation through synthetic 
load profiles, and the use of projected weather files to ensure the robustness 
of its findings in the face of climate and renovation uncertainties; (v) the study 
examines the impact of integrating electric and gas heat pumps on load 
profiles and final energy consumption; and (vi) the findings indicate significant 
changes in heating and cooling demands due to climate change, emphasizing 
the need for sustainable and energy-efficient cooling solutions to address this 
challenge. 

The primary objective of this Ph.D. thesis is to comprehensively address 
this main research question: 

• What is the impact of climate change on the building stock in Belgium, 
particularly in terms of heating and cooling energy demands, thermal 
comfort, and GHG emissions, and how can this impact be effectively 
modeled and addressed by considering various HVAC technologies, 
with a specific focus on cooling systems in the summer season? 

The main research question is systematically divided into a series of sub-
research questions, each designed to explore various gaps within the broader 
research topics. These sub-research questions serve as the focal points for a 
collection of six distinct scientific publications. Each publication delves into 
specific aspects of the main inquiry, contributing to a comprehensive 
understanding of the multifaceted challenges posed by climate change's 
impact on the building stock in Belgium. Together, these publications provide 
an intricate and thorough examination of the research area, offering valuable 
insights and solutions to the complex issues at hand. The sub-research 
questions are outlined as follows:  

• RQ1: What are the key characteristics and future development trends 
of space cooling technologies in Europe, and how can these trends 
inform sustainable cooling practices in response to increasing demand 
for cooling solutions? (Chapter 01 & Chapter 05) 
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• RQ2: How do integrated active cooling systems perform in terms of 
flexibility and climate resilience to heatwaves and power outages, and 
what implications does this have for their applications in buildings? 
(Chapter 02 & Chapter 05) 

 

• RQ3: How can MAR model-generated weather datasets inform 
strategies for adapting to climate change in Belgium across various 
global SSP Scenarios? (Chapter 03, Chapter 04, Chapter 05 & 
Chapter 06) 

 

• RQ4: How do heating and cooling energy demands in the building 
stock change by the end of the century in response to climate change, 
within a comprehensive framework that considers uncertainties related 
to climate and renovation? (Chapter 04, Chapter 05 & Chapter 06) 

 

• RQ5: How do resilient cooling strategies affect thermal comfort, energy 
consumption, and GHG emissions in Belgian residential building 
stock? (Chapter 05) 

 

• RQ6: What is the impact of integrating electric and gas heat pump 
technologies on the energy consumption and GHG emissions in the 
Belgian residential building stock? (Chapter 06) 
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2.2. Thesis structure 

The structure of the thesis is visually presented in Figure 2.1. Each chapter 
within these parts represents a journal or conference publication, contributing 
to the fulfillment of the primary research questions. Furthermore, every 
chapter addresses specific sub-research questions, elaborated upon within 
each publication. 

The body of the thesis is strategically divided into three main parts. Part 1 
is dedicated to the review and data collection about cooling systems. In this 
section, two comprehensive studies are conducted to explore cooling 
technologies in Europe, with a particular focus on qualitative analysis for 
integrated active cooling systems. The examination centers on their flexibility 
and resilience to challenges such as heatwaves and power outages. Part 2 
encompasses the methodological framework, which includes two key studies. 
The first study revolves around the creation of weather data, an essential 
component in understanding climate impacts. The second study establishes 
the framework used throughout the thesis to calculate the heating and cooling 
energy needs under various weather scenarios. In Part 3, which is dedicated 
to application and data analysis, two pivotal studies are conducted. The first 
study delves into the practical application of resilient cooling systems within 
the building stock, addressing the need for adaptable solutions in the face of 
changing climate conditions. The second study assesses the integration of 
both electricity-driven and gas-driven heat pumps into the building stock, 
exploring how these systems impact energy consumption. 

Chapter 01 presents a thorough examination of space cooling 
technologies in Europe. It categorizes 32 alternative space cooling methods, 
analyzing their key characteristics and development trends. The findings 
emphasize the need for further research and development to enhance the 
efficiency, cost-effectiveness, and competitiveness of alternative space 
cooling technologies. In Chapter 02, the focus shifts to integrated active 
cooling systems. It reviews and classifies these systems based on parameters 
such as energy source, flexibility, and climate resilience. This chapter 
identifies the resilience of electricity-driven systems to heatwaves and 
highlights the importance of integrating cooling strategies with secondary 
systems. Chapter 03 delves into historical and future weather data. It provides 
essential meteorological data that influence building practices in the context of 
global warming. The chapter emphasizes the significance of projected 
weather data for designing and managing energy-efficient buildings. Chapter 
04 investigates the impact of climate change on heating and cooling energy 
demands in Belgian building stock. It showcases the need for adaptive 
strategies in response to the growing demand for space cooling. The study 
demonstrates the potential changes in energy demands due to climate shifts, 
emphasizing the role of retrofit strategies. Chapter 05 explores the application 
of resilient cooling technologies in the building stock. It highlights the alarming 
temperature increases and the need for effective strategies to combat extreme 
heatwaves. The chapter discusses various cooling scenarios, their impacts on 
thermal comfort, energy consumption, and GHG emissions, underscoring the 
importance of sustainable cooling solutions. Chapter 06 focuses on the 
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integration of electric and gas heat pumps for heating in the Belgian building 
stock. It presents scenarios for the evolution of these technologies based on 
building envelope changes. The study provides penetration rates for different 
heat pumps, offering valuable insights for energy suppliers and policymakers. 

 
Figure 2.1. Thesis structure 
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2.3. Integration of methodological approaches 

This section serves as an overview of the methodological approach 
employed in each chapter, offering insight into how the various chapters are 
presented and interconnected. While detailed methodologies are extensively 
presented in each individual chapter.  

Chapter 01 undertakes a comprehensive exploration of space cooling 
technologies in Europe through an extensive and meticulously crafted 
methodology. The foundation of this study rests on a thorough and rigorous 
analysis of multiple sources, with a deliberate focus on utilizing the most 
recent and credible references. By adopting this approach, the research 
ensures the reliability and accuracy of the information, thus providing an up-to-
date and comprehensive taxonomy of alternative space cooling technologies. 
The central goal is to categorize 32 such technologies, employing a carefully 
designed set of eight fundamental scouting parameters. These parameters 
form the basis of the taxonomy and encompass crucial aspects of space 
cooling technologies. They include:  

1) Physical form of energy: this parameter categorizes technologies 
based on the type of energy they utilize, such as electrical, 
mechanical, chemical, magnetic, acoustic, thermal, potential, and 
"natural" energy sources. 

2) Working principle: It defines the fundamental principles and 
mechanisms on which the cooling technologies operate. 

3) Refrigerant or heat transfer medium: this parameter characterizes 
the medium used to transfer heat within the cooling systems, 
whether solid, gaseous, liquid, or multiphase. 

4) Phase of the working fluid: it specifies the state of the working fluid, 
classifying it as single-phase, two-phase, no-phase change, 
subcritical, or supercritical. 

5) Specific physical process/device: here, the study examines the 
specific devices and processes employed to extract heat and 
achieve the desired cooling effect. 

6) Type of space Cooling technology: this parameter distinguishes 
between active, passive, or a combination of both cooling 
technologies. 

7) Fuel type: it focuses on the type of fuel used to power the cooling 
systems, including consideration of renewable energy sources. 

8) Technology Readiness Level (TRL): the TRL parameter evaluates 
the maturity and readiness of each technology, employing a scale 
from 1 to 9, with 9 representing the most advanced and market-
ready technologies. 

This multi-faceted taxonomy provides a holistic view of the alternative 
space cooling landscape, allowing for a comprehensive assessment of these 
technologies. The research underscores the significance of these cooling 
technologies in addressing the escalating demand for space cooling in 
Europe, an issue that has far-reaching implications for energy efficiency and 
environmental sustainability. 
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Currently, a substantial portion of cooling demand in Europe is met by 
conventional vapor compression systems (99%), with a smaller fraction 
covered by thermally-driven heat pumps. While alternative space cooling 
technologies show promise in terms of energy efficiency, they are yet to 
outperform vapor compression systems regarding overall efficiency and cost-
effectiveness, particularly in the short and medium terms. Among the 
alternative technologies assessed, membrane heat pumps, thermionic 
systems, thermotunnel systems, and evaporative liquid desiccant systems 
exhibit notable cost-competitiveness and energy efficiency in specific space 
cooling applications. In this study, the assessed cooling technologies need to 
achieve TRL between 5 and 9 to be considered commercially viable. 
Specifically, a TRL level of 8 to 9 is highly desirable for technologies that are 
already in the market or nearing market readiness. 

In conclusion, this chapter's methodology provides a robust framework for 
comprehensively understanding and categorizing space cooling technologies. 
It underscores the vital role these technologies play in addressing the 
increasing demand for cooling, while also emphasizing the need for ongoing 
research and development to enhance their efficiency, reduce costs, and 
improve market competitiveness. 

Chapter 02 presents a qualitative assessment of integrated active cooling 
systems, focusing on system flexibility and climate resilience. The 
methodology for this assessment involved the classification of cooling systems 
into two main categories: electricity-driven and thermal energy-driven systems. 
The assessment criteria used to evaluate these systems encompassed five 
key parameters: energy performance, flexibility to energy sources and 
integration with secondary systems, climate resilience in the face of 
heatwaves and power outages, building typology, and TRL. The assessment 
focus unfolds in two vital dimensions: 

Flexibility of the system:  

1) Energy source flexibility: One of the primary criteria for assessing 
cooling systems is their ability to adapt to various energy sources. 
The study investigates the integration of different energy sources 
into these systems, promoting hybrid solutions that can meet a 
building's energy demands efficiently. This flexibility extends to 
incorporating renewable energy sources, such as solar 
photovoltaic (PV) systems. This aspect is crucial in reducing 
carbon emissions and enhancing sustainability. 

2) Integration with secondary systems: Another dimension of flexibility 
considers the integration between the primary air conditioning 
system components and secondary systems, such as fan coil units 
(FCUs) and radiant floor systems. This integration broadens the 
range of operating conditions and temperatures for the system, 
potentially enhancing its performance and overall flexibility. 
However, it's important to note that integration with secondary 
systems can also increase the complexity of the system. 
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Climate resilience: 

3) Heatwaves: With the increasing frequency of heatwaves, the paper 
evaluates the resilience of cooling systems to extreme temperature 
events. The study focuses on how well these systems can maintain 
indoor thermal comfort during heatwaves. Systems with high 
climate resilience are those that can efficiently operate in high-
temperature conditions, ensuring that occupants remain 
comfortable despite soaring outdoor temperatures. 

4) Power outages: Power outages can disrupt the operation of cooling 
systems, especially electricity-driven ones. The methodology 
assesses the resilience of different cooling systems to power 
outages and their ability to adapt and continue functioning 
effectively after such events. It's noted that systems with low 
electrical input tend to be more resilient in this regard. This 
comprehensive evaluation underscores the significance of flexible 
and resilient cooling systems in addressing escalating energy 
demands and advancing sustainability amid evolving 
environmental challenges. 

Each cooling system was assessed for its efficiency, flexibility to different 
energy sources, integration with secondary systems, and ability to withstand 
extreme climate events. The study compared over 20 cooling systems, 
providing insights into their strengths, weaknesses, and readiness for the 
market. The methodology's strength lies in its comprehensive consideration of 
various assessment criteria and its wide-ranging analysis of cooling 
technologies, encompassing diverse building types and capacities. However, 
it acknowledges limitations in terms of data availability and varying boundary 
conditions for different systems. This chapter offers valuable insights and 
recommendations for the future direction of research in the field of cooling 
technologies, aiming to improve their resilience, efficiency, and environmental 
impact. 

Chapter 03  outlines the methodology employed to generate historical and 
future weather data for dynamic building simulations in Belgium, with a focus 
on typical and extreme meteorological years and heatwaves. The regional 
climate model used in this research is the Modèle Atmosphérique Régional 
(MAR), specifically version 3.11.4. This model plays a critical role in 
downscaling global climate data to finer spatial and temporal resolutions, 
making it particularly relevant for building design, energy management, and 
climate resilience studies. 

The study initially forces the MAR model with climate data from ERA5 
reanalysis, which provides a representation of the closest climate to current 
reality, ensuring that the simulated data closely align with observed conditions. 
Additionally, the MAR model is further forced by three Earth system models 
(ESMs) from the Sixth Coupled Model Intercomparison Project (CMIP6) 
database: BCC-CSM2-MR, MPI-ESM.1.2, and MIROC6. These ESMs 
represent different climate scenarios, including a historical period (1980-2014) 
and a future period (2015-2100) based on different Shared Socio-economic 
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Pathways (SSPs), such as SSP5-8.5, SSP3-7.0, and SSP2-4.5. The data 
generated by the MAR model is at a high resolution of 5 km and is applicable 
to an integration domain centered over Belgium. Furthermore, the chapter 
selects 12 representative cities in Belgium to capture the spatial variability of 
climate conditions across the country. This diverse selection of cities accounts 
for the influence of various local factors on climate, such as the thermal inertia 
of the sea in coastal cities. 

In terms of ESM selection, the study follows specific criteria to choose 
representative models for the western European region. It emphasizes ESMs 
that closely match atmospheric circulation patterns over western Europe, 
comparing them with ERA5 data from 1980 to 2014 to ensure minimal bias. 
The three selected ESMs include BCC-CSM2-MR, MPI-ESM.1.2, and 
MIROC6. To project future scenarios, the study employs the SSPs, 
representing different greenhouse gas emission scenarios. The main 
scenarios considered are SSP5-8.5 (very high GHGs), SSP3-7.0 (high 
GHGs), and SSP2-4.5 (intermediate GHGs), which influence the temperature 
increase expected for 2100. The chapter also addresses the generation of 
Typical Meteorological Year (TMY) and eXtreme Meteorological Year (XMY) 
datasets. TMYs and XMYs are valuable for modeling renewable energy 
systems and building energy management. These datasets are constructed by 
selecting typical or extreme months based on temperature and incoming solar 
radiation using the ISO15927-4 methodology.  

The definition and generation of heatwave events are also detailed in this 
chapter. Heatwaves are classified based on retrospective and prospective 
definitions, but the study introduces a statistical definition to address regional 
variations and different ESMs' biases. Heatwaves are identified by specific 
temperature thresholds and can be characterized by their duration, maximum 
temperature, and intensity. Hourly weather data for different types of 
heatwaves is included in the generated datasets. Overall, this methodology 
ensures that the data produced is representative of both historical and future 
climate conditions, providing valuable resources for various applications 
related to building design, energy management, and climate resilience in 
Belgium. 

Chapter 04 employs a comprehensive methodology to investigate the 
impact of climate change on heating and cooling energy demands in the 
Belgian building stock, projecting outcomes for the years 2050 and 2100. In 
the case of this study, a bottom-up methodology is employed to characterize 
the residential building stock in Belgium. This methodology comprises several 
key steps: 

1) Dynamic multi-zone model: The chapter utilizes a dynamic multi-
zone model to calculate heating and cooling energy demands for 
different building types and construction periods. This approach 
captures the intricacies of various building elements and their 
energy performance. Within this dynamic multi-zone model, the 
simplified building model for individual zones is based on the hourly 
time step method outlined in ISO 13790:2007. This method utilizes 
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a thermal-electrical analogy and represents the building as a 
network of 5 resistances (R) and 1 capacity (C). This hourly time-
step approach provides flexibility and accuracy while being 
computationally manageable. The multi-zone approach considers 
five zones within buildings, each with individual heating and cooling 
loads, and calculates the total energy demand as the sum of these 
zones. The methodology also includes internal gains from 
occupancy, lighting, and appliances and accounts for ventilation 
through building infiltrations, considering factors like airtightness, 
site location, and wind speed to estimate the impact on heating and 
cooling demands. 

2) Tree structure model: A tree structure model representing the 
Belgian residential building stock typology is developed. This tree 
structure serves as a crucial tool for evaluating the impact of 
different HVAC technology penetration scenarios on energy 
consumption and building stock characteristics. 

3) Energy load profiles: Energy load profiles are created and 
calibrated to the Belgian context using stochastic probability 
curves. This step refines the understanding of energy consumption 
patterns specific to the Belgian building stock. 

4) Building stock evolution: The study considers the evolution of the 
building stock until 2050, accounting for new developments, 
renovations, and changes in energy technologies and sources. 
This provides a forward-looking perspective on how the building 
stock may evolve over time. 

Building stock structure: The tree structure model representing the 
residential building stock in Belgium is a foundational element of the study. It 
categorizes buildings based on several parameters: 

1) Building type: Buildings are classified as freestanding, semi-
detached, terraced, or apartments. 

2) Year of construction: Buildings are categorized into construction 
periods, including pre-1945, 1946-1970, 1971-1990, 1991-2007, 
and 2008-2012. 

3) Insulation level: This parameter describes the level of insulation in 
building components, including walls, windows, roofs, and floors. 

4) Space heating energy vectors: These indicators represent the 
energy sources used for space heating, such as natural gas, 
electricity, and others. 

5) Heating production system: This parameter differentiates between 
centralized and decentralized heating systems. 

6) DHW (Domestic Hot Water) energy vectors: These indicate the 
energy sources used for domestic hot water, including fuel, natural 
gas, electricity, and others. 

Base scenario and Business-As-Usual scenario: The study introduces two 
key scenarios: the Base Scenario and the Business-As-Usual (BAU) Scenario. 
The Base Scenario characterizes the building stock without considering any 
demolition or renovation strategies, serving as a baseline assessment of the 
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current building stock's energy performance. The BAU Scenario extends the 
analysis up to 2050, taking into account annual rates of demolition, 
construction, deep retrofit, and shallow retrofit. The BAU Scenario reflects the 
evolving nature of the building stock over time, considering how new 
constructions, demolitions, and renovation strategies may impact energy 
demand. Two renovation strategies are employed in the BAU Scenario: 

1) Deep renovation: This strategy involves extensive insulation 
measures across all building components, enhancing energy 
efficiency. 

2) Shallow renovation: Focusing on roof and window insulation, this 
strategy targets areas with significant heat loss. 

The chapter considers various scenarios with different rates of demolition, 
shallow renovation, and deep renovation to account for the uncertainty 
surrounding future renovation rates. Eight distinct renovation scenarios are 
formulated to account for different renovation rate possibilities. Each scenario 
represents a unique combination of renovation rates, reflecting varying levels 
of demolition, shallow renovation, and deep renovation. 

The chapter ensures the accuracy of its building stock model through a 
thorough validation process. It relies on past research that showed the 
reliability of the method used to estimate heating and cooling energy demand. 
This method was compared to detailed simulations and real data, and the 
results matched well. To validate heating energy demand, historical gas 
consumption data from a large set of 2500 homes in Belgium, known as the 
Synthetic Load Profiles (SLPs), is used. The model's predictions closely align 
with these SLPs. It's important to note that the study also accounts for heating 
system efficiency and energy source variations. However, when it comes to 
cooling energy, there's limited data available for validation because not many 
buildings in Belgium use cooling systems due to the country's temperate 
climate. 

Chapter 05 investigates the impact of resilient cooling strategies on 
thermal comfort, energy consumption, and GHG emissions in the building 
stock under changing climate scenarios. The research methodology is crucial 
in assessing the resilience of buildings to the intensifying heatwaves caused 
by global warming. The study utilized the MAR model, as explained in Chapter 
03. 

The chapter employed climate-sensitive approaches in selecting and 
sizing cooling systems based on the ISO 15927-2 standard. This standard 
ensures that the chosen HVAC systems are suitable for various weather 
scenarios, ultimately enhancing indoor thermal comfort. In doing so, it 
addressed the critical issue of the appropriateness of the sizing methods for 
cooling systems, especially in the face of extreme heatwaves. The chapter 
assessed thermal comfort using the indoor overheating degree (IOhD) 
indicator across different building types and weather scenarios. Three 
scenarios were explored: Scenario 1 (Mechanical Ventilation), Scenario 2 
(Mechanical Ventilation and Natural Ventilation), and Scenario 3 (Mechanical 
Ventilation, Natural Ventilation, and Split System). These scenarios allow for a 
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comprehensive evaluation of thermal comfort under different cooling 
strategies. 

Furthermore, the chapter investigated the impact of these cooling 
scenarios on Indoor Operative Temperature (IOpT) during heatwaves. It 
focused on variations in IOpT between insulated and non-insulated buildings, 
highlighting the challenges and opportunities related to maintaining thermal 
comfort during extreme heatwaves.  Additionally, the chapter assessed the 
implications of these cooling strategies on energy consumption, with a 
particular emphasis on cooling and ventilation energy demands. Moreover, the 
chapter delved into the impact of cooling strategies on greenhouse gas 
emissions in the building sector. It quantified the escalating greenhouse gas 
emissions associated with cooling systems and identified the critical need to 
address this issue through passive and sustainable cooling strategies. 

Chapter 06 focuses on the impact of integrating electric and gas-driven 
heat pump technologies on the final energy consumption of the Belgian 
residential building stock. This research aims to understand how the adoption 
of different heat pump systems for heating and domestic hot water (DHW) 
production affects the overall energy consumption of residential buildings in 
Belgium. The study considers base and predictive scenarios, evaluates the 
penetration rates of two types of heat pumps (electricity-driven and gas-
driven), and assesses the impact of the building's thermal envelope on the 
adoption of these systems. 

The electricity-driven heat pump scenario primarily focuses on air-source 
heat pumps powered by electricity. To model these heat pumps, polynomial 
laws are used to fit their performance maps, which are provided by various 
manufacturers. Three different types of electricity-driven heat pumps are 
selected based on the overall U-value of the building, ranging from low-
temperature heat pumps to high-temperature heat pumps. This scenario uses 
a stationary balance approach to determine whether a heat pump can be 
installed in a given building. It considers the building's space heating and 
DHW loads, with a maximum rating power of the heat pump at -10°C.  

The gas-driven heat pump scenario introduces gas-driven absorption heat 
pumps (GAHP) for space heating and DHW production. These GAHPs are 
based on the Water-Ammonia absorption cycle and use outdoor air as the 
low-temperature heat source and natural gas (NG) combustion as the high-
temperature heat source. The performance of the GAHP is based on 
laboratory tests, and a model compatible with buildings is developed. 

The chapter assesses the two scenarios to calculate the maximum 
penetration rates of these heat pump technologies and their impact on the 
final energy consumption and GHG emissions. The study also investigates 
how changes in the minimum indoor temperature used in the sizing criteria for 
heat pumps can impact their maximum penetration rates. 
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Chapter 01: A comprehensive scouting of space cooling 
technologies in Europe: Key characteristics and development 
trends. 

Journal Paper (Appendix A) 

Abstract: This paper presents a comprehensive taxonomy and assessment of 
existing and emerging space cooling technologies in Europe. The study aims to 
categorize 32 alternative space cooling technologies based on eight scouting 
parameters (physical energy form, basic working/operating principle, refrigerant or 
heat transfer medium, phase of the working fluid, specific physical process/device, 
type of space cooling technology, fuel type and technology readiness level) and 
evaluate their key characteristics and development trends. The increasing demand for 
space cooling in Europe necessitates a thorough understanding of these technologies 
and their potential for energy efficiency. The majority of space cooling demand in 
Europe is currently met by conventional vapour compression systems, while a small 
portion is covered by thermally-driven heat pumps. The study reveals that several 
alternative space cooling technologies show promise for energy-efficient cooling but 
are not yet competitive with vapour compression systems in terms of efficiency and 
cost in the short-term and medium-term. However, technologies such as membrane 
heat pumps, thermionic systems, thermotunnel systems, and evaporative liquid 
desiccant systems demonstrate cost-competitiveness and energy efficiency in specific 
applications. The findings highlight the need for further research and development to 
improve the efficiency, costs, and market competitiveness of alternative space cooling 
technologies. The study also emphasizes the importance of policy support and the 
urgency to reduce greenhouse gas emissions, which can drive the adoption and 
advancement of sustainable cooling solutions. 

Role of Ph.D. student: 

First author 

Journal: 

Renewable and Sustainable Energy Reviews   

Journal metrices (Scopus):  

Scopus coverage years: from 1997 to Present, Subject area: Energy: Renewable 
Energy, Sustainability and the Environment (#9/235 – Q1), Publisher: Elsevier, 
ISSN: 1364-0321, CiteScore 2022: 26.3, SJR 2022: 3.232, SNIP 2022: 3.631. 

Reference:   

Elnagar, E., Pezzutto, S., Duplessis, B., Fontenaille, T., & Lemort, V. (2023). A 
comprehensive scouting of space cooling technologies in Europe: Key characteristics 
and development trends. Renewable and Sustainable Energy Reviews, 186, 113636. 
https://doi.org/10.1016/j.rser.2023.113636 & https://hdl.handle.net/2268/306088 

https://doi.org/10.1016/j.rser.2023.113636
https://hdl.handle.net/2268/306088
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Chapter 02: A qualitative assessment of integrated active cooling 
systems: A review with a focus on system flexibility and climate 
resilience. 

Journal Paper (Appendix B) 

Abstract: Space cooling now has the fastest-growing energy end-use in buildings, 
with an almost tripled energy demand compared to 1990. This paper provides a state-
of-the-art review of different integrated active cooling systems for buildings. The 
cooling systems are classified based on the energy source, with attention to the 
performance of the systems under multi-criteria assessment. The assessment criteria 
are described in five main parameters for energy performance, flexibility to energy 
sources and integration with secondary systems, climate resilience to heatwaves and 
power outages, as well as building typology, and technology readiness level. The 
qualitative assessment shows that electricity-driven systems are widely available in 
the market and have several applications integrated with PV systems. Therefore, they 
are more resilient to heatwaves. Only chillers are highly integrated with secondary 
systems among electricity-driven systems. The study also found that only air-cooled 
and water-cooled chillers can operate in passive cooling mode. It is found that thermal 
energy-driven systems are more flexible to be driven by different energy sources, in 
addition to being more resistant to power outages due to their low electrical input. 
Finally, some recommendations for further research and practice are given based on 
the study's strengths and limitations. 

Role of Ph.D. student: 

First author 

Journal: 

Renewable and Sustainable Energy Reviews   

Journal metrices (Scopus):  

Scopus coverage years: from 1997 to Present, Subject area: Energy: Renewable 
Energy, Sustainability and the Environment (#9/235 – Q1), Publisher: Elsevier, 
ISSN: 1364-0321, CiteScore 2022: 26.3, SJR 2022: 3.232, SNIP 2022: 3.631. 

Reference:  

Elnagar, E., Zeoli, A., Rahif, R., Attia, S., & Lemort, V. (2023). A qualitative 
assessment of integrated active cooling systems: A review with a focus on system 
flexibility and climate resilience. Renewable and Sustainable Energy Reviews, 175, 
113179. 
https://doi.org/10.1016/j.rser.2023.113179 & https://hdl.handle.net/2268/299261

https://doi.org/10.1016/j.rser.2023.113179
https://hdl.handle.net/2268/299261
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Chapter 03: Historical and future weather data for dynamic 
building simulations in Belgium using the regional climate model 
MAR: typical and extreme meteorological year and heatwaves. 

Journal Paper (Appendix C) 

Abstract: Increasing temperatures due to global warming will influence building, 
heating, and cooling practices. Therefore, this data set aims to provide formatted and 
adapted meteorological data for specific users who work in building design, 
architecture, building energy management systems, modeling renewable energy 
conversion systems, or others interested in this kind of projected weather data. These 
meteorological data are produced from the regional climate model MAR (Modèle 
Atmosphérique Régional in French) simulations. This regional model, adapted and 
validated over Belgium, is forced firstly by the ERA5 reanalysis, which represents the 
closest climate to reality, and secondly, by three Earth system models (ESMs) from 
the Sixth Coupled Model Intercomparison Project database, namely, BCC-CSM2-MR, 
MPI-ESM.1.2, and MIROC6. The main advantage of using the MAR model is that the 
generated weather data have a high resolution (hourly data and 5 km) and are 
spatially and temporally homogeneous. The generated weather data follows two 
protocols. On the one hand, the Typical Meteorological Year (TMY) and eXtreme 
Meteorological Year (XMY) files are generated largely inspired by the method 
proposed by the standard ISO 15927-4, allowing the reconstruction of typical and 
extreme years while keeping a plausible variability of the meteorological data. On the 
other hand, the heatwave event (HWE) meteorological data are generated according 
to a method used to detect the heatwave events and to classify them according to 
three criteria of the heatwave (the most intense, the longest duration, and the highest 
temperature). 

Role of Ph.D. student: 

Co-author (Contribution: Conceptualization, Methodology, Investigation, Validation, 
Writing – Original Draft, Review, & Editing) 

Journal: 

Earth System Science Data   

Journal metrices (Scopus):  

Scopus coverage years: from 2009 to Present, Subject area: Earth and Planetary 
Sciences: General Earth and Planetary Sciences (#5/192 – Q1), Publisher: 
Copernicus. ISSN: 1866-3508, E-ISSN: 1866-3516, CiteScore 2022: 14.9, SJR 
2022: 4.240, SNIP 2021:3.321. 

Reference:   

Doutreloup, S., Fettweis, X., Rahif, R., Elnagar, E., Pourkiaei, M. S., Amaripadath, D., 

and Attia, S.: Historical and future weather data for dynamic building simulations in 

Belgium using the regional climate model MAR: typical and extreme meteorological 

year and heatwaves, Earth Syst. Sci. Data, 14, 3039–3051. 

https://doi.org/10.5194/essd-14-3039-2022 & https://hdl.handle.net/2268/293076 

https://doi.org/10.5194/essd-14-3039-2022
https://hdl.handle.net/2268/293076
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Chapter 04: Framework to assess climate change impact on 
heating and cooling energy demands in building stock: A case 
study of Belgium in 2050 and 2100. 

Journal Paper (Appendix D) 

Abstract: Climate change has a broad impact on different aspects of energy use in 
buildings. This study explores potential changes in future heating and cooling energy 
demands. Increasing comfort expectations resulting from events like the extraordinary 
summer heatwaves in Europe are accelerating this trend to develop future scenarios 
for a better understanding of the relationship between future climate changes and the 
cooling need. This study used future weather data to estimate the heating and cooling 
energy demands in the Belgian building stock by 2050 and 2100 under base and 
business-as-usual scenarios using a dynamic building simulation model. The study 
showed that heating energy demand in the base scenario is expected to decrease by 
8% to 13% in the 2050s and 13% to 22% in the 2090s compared to the 2010s. 
Additionally, the cooling energy demand is expected to increase by 39% to 65% in the 
2050s and by 61% to 123% in the 2090s compared to the 2010s. Retrofit strategies 
applied to different building types contribute to lower the increase in cooling energy 
demand in the business-as-usual scenario compared to the base scenario. The 
cooling energy demand for an average building in the business-as-usual scenario is 
expected to increase with a range of 25% to 71% in the 2050s compared to 45% to 
92% in the base scenario and 77% to 154% in the 2090s compared to 72% to 198% 
in the base scenario compared to the 2010s. The findings of the study provide insights 
to mitigate the impacts of climate change on heating and cooling energy demands. 

Role of Ph.D. student: 

First author 

Journal: 

Energy and Buildings 

Journal metrices (Scopus):  

Scopus coverage years: 1970, from 1977 to 1979, from 1981 to Present, Subject 
area: Engineering: Mechanical Engineering (#23/631 – Q1), Engineering: Civil and 
Structural Engineering (#15/350 – Q1), Engineering: Building and Construction 
(#9/200 – Q1), and Engineering: Electrical and Electronic Engineering (#49/738– Q1), 
Publisher: Elsevier, ISSN: 0378-7788, CiteScore 2022: 11.8, SJR 2022: 1.608, 
SNIP 2022: 1.922. 

Reference:   

Elnagar, E., Gendebien, S., Georges, E., Berardi, U., Doutreloup, S., & Lemort, V. 

(2023). Framework to assess climate change impact on heating and cooling energy 

demands in building stock: A case study of Belgium in 2050 and 2100. Energy and 

Buildings, 298, 113547. 

https://doi.org/10.1016/j.enbuild.2023.113547 &  https://hdl.handle.net/2268/307247 
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Chapter 05: Integration of resilient cooling technologies in 
building stock: Impact on thermal comfort, final energy 
consumption, and GHG emissions.  

Journal Paper (Appendix E) 

Abstract: Buildings in the EU contribute significantly to energy consumption and 
greenhouse gas emissions, with HVAC systems being major contributors. This paper 
assesses the impact of the resilience of various cooling strategies on thermal comfort, 
energy consumption, and GHG emissions in the residential building stock in Belgium. 
This study uses an innovative approach for sizing and designing cooling systems, 
considering the impact of climate change on future weather conditions and extreme 
heatwaves. The findings reveal alarming temperature increases, with potential rises of 
up to 4.1°C from the 2010s to the 2090s, particularly in the high-emission SSP5-8.5 
scenario. The study investigates three cooling strategies: scenario 1 (mechanical 
ventilation), scenario 2 (mechanical ventilation and natural ventilation), and scenario 3 
(mechanical ventilation, natural ventilation, and split System). In scenario 1, there is a 
notable increase in Indoor Overheating Degree (IOhD) , reaching up to 586% in the 
2090s for semi-detached buildings, while scenario 2 consistently reduces IOhD, 
reaching only 0.2°C by the 2090s. Scenario 3 achieves near-zero IOhD by the 2050s 
and 2090s. Notably, the "Heatwave [2081-2100]" exhibits unprecedented daytime 
temperatures, peaking at 46.0°C. During the 2054 heatwave, insulated buildings 
maintained the Indoor Operative Temperature (IOpT) below 40°C, whereas non-
insulated buildings reached 44.3°C, indicating challenges in meeting thermal comfort 
standards. Furthermore, cooling energy consumption increased by 106% to 141% in 
the 2050s and surge by 174% to 280% in the 2090s compared to the 2010s, along 
with significant GHG emissions growth in the future scenarios, particularly in SSP5-
8.5. 

Role of Ph.D. student: 

First author 

Journal: 

Building and Environment 

Journal metrices (Scopus):  

Scopus coverage years: from 1976 to Present, Subject area: Social Sciences: 
Geography, Planning and Development (#21/779 – Q1), Engineering: Civil and 
Structural Engineering (#17/350 – Q1), Engineering: Building and Construction 
(#11/211 – Q1), and Engineering: Environmental Science: Environmental Engineering 
(#15/187 – Q1), Publisher: Elsevier. ISSN: 0360-1323, CiteScore 2022: 11.3, SJR 
2022: 1.584, SNIP 2022: 2.229. 

Reference:   

Elnagar, E., Arteconi, A., Heiselberg, P., & Lemort, V. (2024). Integration of resilient 
cooling technologies in building stock: Impact on thermal comfort, final energy 
consumption, and GHG emissions. Building and Environment 2024;261:111666. 
https://doi.org/10.1016/j.buildenv.2024.111666  & https://hdl.handle.net/2268/319469 
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Chapter 06: Impact of integration of electric and gas heat pumps 
on the final energy consumption of Belgian residential building 
stock. 

Journal Paper (Appendix F) 

Abstract: The paper investigates the evolution of electricity-driven and gas-driven 
heat pumps technologies used for heating in the residential building stock in Belgium 
in the market. A base and predictive scenarios are considered. The base scenario 
includes the current share of the existing heat pumps in the Belgian market while the 
predictive scenario considers the increased share of the studied heating systems 
based on the evolution of the buildings envelope over the period 2020-2050. Two 
different types of heat pumps are considered, one driven by electricity which 
performance indicators are based on the literature, while experimental data is used for 
natural gas-driven heat pumps. The latter is modeled in an empirical way based on 
the system operating conditions and weather data. This paper presents the entire 
housing stock in Belgium which is divided in 752 cases. A tree structure model 
defining Belgian housing typology was created, characterizing Belgian residential 
building stock in terms of various parameters like building age, scale, level of 
insulation, and energy vectors. A weighting factor to represent their occurrence in the 
existing Belgian building stock is associated with each building type. To study the 
impact on the load profile and the final energy consumption, the penetration of the 
selected heat pumps is calculated through the base and predictive scenarios. The 
penetration rates obtained of 67.6% and 42.7% for electricity and gas-driven HPs 
respectively, will allow to carry out some production planning for energy suppliers, 
manufacturers, and policymakers. Finally, the evolution of the sizing criteria in the 
future will have an impact on the penetration rates of the studied systems and must 
not be neglected. 

Role of Ph.D. student: 

First author 

Conference: 

CLIMA 2022: REHVA 14th HVAC World Congress – Rotterdam, The Netherlands.  
CLIMA 2022 is organized by the Dutch Society for Building Services (TVVL) in 
collaboration with both Delft University of Technology and Eindhoven University of 
Technology. 

Reference:   

Elnagar, E., Davila, C., & Lemort, V. (2022). Impact of integration of electric and gas 

heat pumps on the final energy consumption of Belgian residential building stock. 

CLIMA 2022 conference. 
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4. Discussion 

The findings of each chapter (Chapter 01 to Chapter 06) are elaborated upon 
within their respective sections based on the scientific publications. This 
section delves deeper into the interconnections between each chapter as 
shown in Figure 4.1, highlighting how the inputs and outputs from one chapter 
are linked and utilized in the others. 

 

Figure 4.1. Interconnections between the different chapters 

The Ph.D. thesis aims to model the influence of climate change on 
heating, cooling energy demands, thermal comfort, and greenhouse gas 
(GHG) emissions for Belgium's building stock. To achieve this objective, 
several key chapters have been outlined and connected to address various 
aspects of the research seamlessly. The core modeling and application 
phases of this thesis are carried out in chapter 05 and chapter 06, each with 
distinct objectives: 

Chapter 05 is dedicated to the application of integrating resilient cooling 
technologies within the building stock. Its primary objective is to assess the 
impact of these technologies on key factors, including thermal comfort, final 
energy consumption, and GHG emissions. By doing so, it aims to provide 
insights into how resilient cooling technologies can contribute to sustainable 
building practices, especially in the context of climate change. Chapter 06 
focuses on the shifts towards the integration of electric and gas heat pumps in 
Belgian residential building stock. The primary objective is to evaluate the 
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potential of these heat pump systems in reducing energy consumption. By 
assessing their performance and efficiency, this chapter aims to provide 
valuable information for enhancing the energy efficiency of residential 
buildings in Belgium. These two chapters together form the practical 
application part of the thesis, where modeling and assessment are applied to 
real-world scenarios, addressing specific objectives related to cooling 
technologies and heat pump integration in the context of climate change and 
building energy efficiency. 

Before delving into the modeling and application phase, it was essential to 
conduct a thorough literature review and gather relevant data. The focus of 
this research tilted significantly toward cooling systems, primarily due to the 
heightened relevance of summer heatwaves in the context of climate change. 
Additionally, a substantial portion of the thesis addresses the integration of 
electricity-driven and gas-driven heat pumps as heating technologies. Since 
previous studies comprehensively covered the heating aspect, the literature 
review and data collection predominantly centered around cooling systems. 

Given the primary emphasis on cooling systems and the identified 
knowledge gap regarding space cooling technologies and their development 
trends, chapter 01 offers an expansive survey of space cooling technologies 
and their development trends within the European context. Furthermore, 
chapter 02 conducts a qualitative assessment of integrated active cooling 
systems, with a specific focus on evaluating their flexibility and resilience to 
heatwaves and power outages. These chapters provide valuable insights into 
the current state of cooling technologies and their potential for adaptation in 
the face of changing climatic conditions. The findings of chapters 01 and 
chapter 02 were the groundwork for the subsequent modeling and application 
phases in chapter 05, which specifically addresses cooling systems. This 
seamless integration of research phases enhances our understanding of 
cooling technologies and their adaptability, creating a comprehensive 
approach to addressing the challenges posed by climate change in the 
building sector.  

In order to effectively model the cooling and heating systems in chapter 05 
and chapter 06, it was imperative to establish a robust framework and acquire 
essential data to underpin the application phase. Thus, chapter 03 of this 
thesis serves as a pivotal component by providing historical and future 
weather data crucial for dynamic building simulations within the Belgian 
context. Leveraging the regional climate model MAR, this chapter offers 
insights into typical and extreme meteorological conditions, including 
heatwaves. This weather data is indispensable for creating accurate and 
reliable simulations of building responses to varying climatic scenarios. 

However, the core part of this Ph.D. thesis lies in chapter 04, which 
represents a critical milestone. This chapter presents a comprehensive 
framework for assessing the impact of climate change on heating and cooling 
energy demands within the building stock, It does not only establish the 
methodology for quantifying these energy demands but also introduces vital 
considerations for a building stock scale, aligning with the overarching 
objectives of this research. Additionally, Chapter 04 elucidates the modeling 
approaches adopted for the building stock, ensuring that the research 
addresses not only individual buildings but also the collective impact on a 
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building stock scale. In essence, chapters 03 and 04 are foundational for the 
rest of the research. They provide the necessary data and framework for the 
modeling and application phases in chapter 05 and chapter 06. 

1) Chapter 01 was conducted to address a significant knowledge gap in the 
field of space cooling technologies. The main problem identified was the 
growing demand for space cooling and its substantial impact on electricity 
consumption, particularly in residential buildings [37,78–80]. With the 
heating and cooling sector being a major contributor to primary energy 
consumption in the EU [81,82], understanding and improving cooling 
systems' efficiency was crucial. The chapter revealed that vapor 
compression (VC) air-conditioning systems dominated the market, 
accounting for 99% of space cooling technologies, while thermally-driven 
heat pumps (TDHPs) represented just 1% [83]. VC systems were widely 
adopted due to their efficiency and low operating costs but had 
environmental drawbacks, as they used refrigerants contributing to climate 
change [84]. Regulations focused on enhancing efficiency and reducing 
the impact on climate change, but alternative cooling technologies 
remained relatively unexplored [85,86]. The primary goal of Chapter 01 
was to bridge this gap by conducting an extensive literature review and 
patent search to identify emerging and alternative space cooling 
technologies. The review highlighted the lack of research for alternative 
space cooling systems compared to VC systems [87–90]. 

Chapter 01 started with an extensive literature review, relying on a set of 
key studies as primary resources [91–96]. To create the space cooling 
taxonomy, eight key parameters were identified: (i) Physical energy form 
(ii) Basic working/operating principle (iii) Refrigerant or heat transfer 
medium (iv) Phase of the working fluid (v) Specific physical process/device 
(vi) Type of cooling technology (active, passive, or both) (vii) Fuel type 
(renewable or non-renewable) (viii) Technology Readiness Level (TRL). 
The taxonomy was developed by categorizing cooling technologies based 
on these parameters, resulting in a comprehensive classification of various 
cooling technologies according to their fundamental characteristics. The 
study then delved into technology scouting, investigating a total of 32 
alternative space cooling technologies. It provided detailed descriptions of 
these technologies, including their major technical characteristics, costs, 
and development trends. In presenting the findings, chapter 01 unveiled 
the complete taxonomy of space cooling technologies. It also discussed 
conventional vapor compression (VC) systems, serving as a reference 
point for evaluating alternative technologies. Additionally, the chapter shed 
light on alternative space cooling technologies, highlighting both their 
potential and limitations.  

2) Transitioning from the comprehensive taxonomy of space cooling 
technologies in chapter 01, it is evident that assessing cooling 
technologies for their flexibility and climate resilience, particularly in the 
face of heatwaves and power outages, becomes imperative as assessed 
in chapter 02. While passive cooling techniques and natural ventilation 
offer sustainable solutions, they may fall short in effectively countering the 
impacts of climate change. The necessity of active cooling systems (ACs) 
in hot climates for maintaining indoor thermal comfort remains undisputed, 
considering the predicted global surface temperature increase due to 
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climate change [97]. Previous studies have explored various cooling 
technologies, with some focusing solely on the performance of vapor 
compression (VC) air-conditioning systems [84] and others examining 

thermal energy-driven cooling systems [61]. However, a critical knowledge 

gap persists in comprehensively assessing and comparing different 
cooling systems, both electricity-driven and thermal energy-driven, based 
on a broad range of criteria, including flexibility, and climate resilience. 
While chapter 01 laid the foundation by presenting a taxonomy, chapter 02 
delves deeper, conducting a qualitative assessment against a set of 
criteria. It evaluates cooling systems based on their physical principles, 
such as reversibility, recovery, and passivity, while also considering 
parameters like energy performance, flexibility, and climate resilience to 
heat waves and power outages. In addition to that, chapter 02 evaluated 
the integration of cooling technologies within buildings, extending beyond 
primary cooling systems. For electricity-driven systems, it explores ground 
coupling methods, PV panels as additional energy sources, mechanical 
ventilation systems, and radiant heating/cooling. For thermal energy-driven 
systems, it considers integration with renewable sources like thermal 
panels and biomass supply. This holistic assessment helps stakeholders 
choose and integrate cooling systems that align with secondary systems 
and renewable energy sources, enhancing building sustainability and 
resilience. 

3) Chapter 03 of this thesis addresses a critical knowledge gap in climate 
research related to the impact of climate change on regional weather 
patterns, specifically focusing on Belgium. While global climate models 
provide a broad overview of future climate scenarios, regional-scale 
climate data are essential for localized assessments and practical 
applications. Furthermore, the chapter aims to contribute to a more 
detailed understanding of extreme weather events, particularly heatwaves, 
which have significant implications for various sectors, including human 
health, agriculture, building performance, and energy demand. To address 
these knowledge gaps, Chapter 03 employs the "Modèle Atmosphérique 
Régional" (MAR) model to downscale global climate data to a finer spatial 
and temporal resolution over Belgium and neighboring regions. This 
approach incorporates historical climate data (1980-2020) derived from the 
ERA-5 reanalysis model and future climate projections based on three 
Earth System Models (ESMs) from the Coupled Model Intercomparison 
Project Phase 6 (CMIP6) database. 

• This chapter generates high-resolution regional climate data (5 km 
spatial resolution) that provide a more detailed representation of 
climate patterns in Belgium compared to existing global climate 
models. This data serves as the cornerstone for subsequent 
chapters in the thesis. 

• Three ESMs, selected based on their ability to capture atmospheric 
circulation over western Europe and their representation of future 
climate scenarios, are used. These models help account for the 
range of potential climate outcomes in the future, including 
variations in temperature and precipitation. 

• The MAR simulations are rigorously evaluated against observed 
climate data to ensure their accuracy and reliability. The 
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comparison of temperature and incident solar radiation between 
MAR simulations and ERA5 reanalysis data demonstrates the 
model's ability to replicate historical climate conditions. 

• The chapter generates TMY and XMY datasets, commonly used by 
building designers and renewable energy system modelers. These 
datasets offer hourly weather data representative of typical and 
extreme years, essential for designing and optimizing energy 
systems. 

• The chapter introduces a dynamic approach to defining heatwaves 
that considers local climate variations. This method overcomes the 
limitations of static definitions such as those based on fixed 
temperature thresholds, have limitations. For instance, some 
definitions stipulate a heatwave as a period of at least five 
consecutive days with a maximum temperature exceeding 25°C 
and a minimum of three days with temperatures exceeding 30°C, 
as per the Royal Meteorological Institute (RMI) of Belgium [98]. 
Another definition considers a heatwave as a period of at least 
three consecutive days with a minimum temperature of 18.2°C and 
a maximum temperature of 29.6°C or higher [99]. Chapter 03 
allows for a more accurate assessment of heatwave events in 
different regions and under various climate scenarios. 

Chapter 03 regional climate data and heatwave definitions serve as a 
foundation for subsequent chapters in the thesis, including Chapter 04, 
Chapter 05, and Chapter 06. The research in these chapters relies on the 
fine-resolution climate data and heatwave characterizations presented 
here, enabling more precise assessments of climate change impacts on 
various sectors and systems, including buildings, energy demand, and 
thermal comfort.  

4) Chapter 04 delves into the building stock modeling, emphasizing the top-
down and bottom-up approaches [46,47]. The primary knowledge gap 
within this chapter pertains to the top-down approach and building stock 
modeling. The top-down approach, while valuable for exploring 
connections between energy and economic sectors, lacks granularity in 
assessing building-specific energy performance and potential 
improvements. Conversely, the bottom-up approach offers a detailed and 
disaggregated representation of building stock components but demands 
substantial actual data [51]. This chapter seeks to address this gap by 
adopting a bottom-up methodology. Furthermore, the hybrid approach 
introduced in this chapter combines elements of both the representative 
and typical approaches, offering a nuanced perspective on the building 
stock. This innovative hybrid approach presents an opportunity to balance 
the broad overview provided by the representative approach with the 
detailed insights offered by the typical approach. It overcomes the typical 
approach's limitation of investigating a single case for each building type 
by considering multiple U values for different buildings, dependent on 
insulation levels. 

Another notable knowledge gap addressed in Chapter 04 revolves around 
the uncertainty of renovation rates, a crucial factor in shaping the future of 
the building stock. The uncertainty analysis conducted in this chapter is a 
pivotal aspect of its methodology. It assesses the impact of the uncertain 
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range of renovation rates on heating and cooling energy demands through 
eight distinct renovation scenarios. These scenarios encompass a 
spectrum of possibilities, ranging from very pessimistic cases with a 0% 
renovation rate to highly optimistic scenarios where the whole building 
stock undergo renovation at the maximum rate in shallow renovation and 
deep renovation. 

In Chapter 04, several key sections directly address the knowledge gap in 
the research: 

• ISO 13790 methodology: The study's reliance on the ISO 13790 
methodology, with its simplified hourly time step approach, helps 
bridge the knowledge gap by providing a standardized and well-
established framework for estimating heating and cooling energy 
needs. This methodology ensures that the analysis is based on 
widely accepted principles and calculations [100]. 

• Extension to multiple zones: The extension of the building 
energy model to multiple zones addresses the need for a more 
granular understanding of energy needs within different parts of 
buildings. This detailed analysis contributes to identifying areas 
where energy-saving measures can be most effective, which is 
essential for practical energy efficiency strategies [48,101,102]. 

• Model validation: The chapter focuses on model validation, 
particularly for heating energy demand, directly aligns with the 
knowledge gap related to the accuracy and reliability of building 
energy models. By comparing model predictions with synthetic load 
profiles (SLPs) which are historical data of 2500 buildings in 
Belgium, the research provides empirical evidence of the model's 
performance, enhancing confidence in its results and addressing 
concerns about model accuracy. 

5) Chapter 05 addresses several critical knowledge gaps related to the 
implementation of climate-resilient cooling strategies in the context of 
changing climate scenarios and their impact on thermal comfort, energy 
consumption, and greenhouse gas (GHG) emissions in building stock. 

Chapter 05 builds upon the comprehensive framework established in 
Chapter 04, which is based on ISO 13790 but extends it by incorporating 
additional scenarios into the building stock assessment. While the base 
scenario and Business-As-Usual (BAU) scenario were initially considered, 
this chapter introduces a novel dimension by integrating the cooling 
systems scenario. One of the  HVAC scenarios, developed numerically in 
the context of the Ph.D. research, explores the impact of resilient cooling 
within the building stock, further enhancing the framework's capacity to 
address the challenges posed by climate change and extreme heatwaves. 

Key knowledge gaps addressed in chapter 05: 

• Climate-sensitive sizing: this chapter addresses the knowledge 
gap concerning the appropriateness of cooling system sizing 
methods under different climate scenarios. By adopting climate-
sensitive sizing based on ISO 15927-2 standards, it contributes to 
ensuring that cooling systems are adequately sized to maintain 
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thermal comfort in a changing climate, addressing a critical gap in 
knowledge regarding HVAC system sizing. 

• Thermal comfort assessment: The chapter uses the indoor 
overheating degree (IOhD) indicator to assess thermal comfort 
across various building types and weather scenarios. 

• Variations in indoor operative temperature (IOpT): The chapter 
explores variations in IOpT between insulated and non-insulated 
buildings during heatwaves. The analysis of heatwaves relies on 
data generated in Chapter 03, where three distinct heatwaves were 
examined, each occurring within different timeframes (2019, 2054 
and 2083). 

• Active cooling system and polynomial model: Within this 
analysis, the chapter evaluates the performance of an active cooling 
system, specifically a reversible air-to-air heat pump, commonly 
referred to as a split system. To assess the system's performance 
under varying indoor and outdoor temperature conditions, a third-
degree polynomial model is employed. This polynomial model, 
which has been validated through experimental work conducted 
previously, plays a crucial role in understanding the cooling system's 
behavior under different climate scenarios. The model considers the 
influence of indoor temperature as a variable in calculating 
electricity consumption and system capacity, allowing for a more 
accurate assessment of system performance. 

• Integration of different cooling Technologies: In this chapter, the 
research explores three distinct cooling strategies: Scenario 1 
(Mechanical Ventilation), Scenario 2 (Mechanical Ventilation and 
Natural Ventilation), and Scenario 3 (Mechanical Ventilation, Natural 
Ventilation, and Split System). Notably, these strategies incorporate 
a combination of different cooling technologies, including both active 
cooling (the split system) and ventilative cooling (mechanical and 
natural ventilation). This strategic combination of cooling 
technologies aligns with the criteria for flexibility recommended in 
Chapter 02. By integrating various cooling methods, these scenarios 
offer adaptable solutions to address changing climate conditions. 

6) Chapter 06 contributes significantly to closing knowledge gaps related to 
the integration of electricity-driven and gas-driven heat pumps in the 
building stock. In the context of the EU's energy consumption and 
greenhouse gas emissions reduction strategies, this chapter investigates 
the long-term energy use and CO2 emissions impacts of different 
penetration scenarios for heat pump technologies in residential buildings, 
focusing on the Belgian context. 

Building on the framework proposed in Chapter 04, which is based on ISO 
13790, this chapter introduces two distinct HVAC scenarios, namely the 
electricity-driven heat pump scenario and the gas-driven heat pump 
scenario. These scenarios address the evolving landscape of heating 
technologies in residential buildings, encompassing both electricity-driven 
and gas-driven heat pumps. The electricity-driven heat pump scenario 
explores the maximum penetration rate of air-source heat pumps for space 
heating (SH) and domestic hot water (DHW) production. These heat 
pumps are modeled using polynomial laws, calibrated with experimental 
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data, to accurately predict their performance. Conversely, the gas-driven 
heat pump scenario introduces a gas-driven absorption heat pump 
(GAHP) for SH and DHW production, catering to residential applications. 
The chapter provides insights into the modeling and testing of the GAHP, 
emphasizing its benefits, including lower environmental impact, compared 
to traditional boilers. 
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5. Conclusion 

The overarching objective of this Ph.D. thesis encompasses a multifaceted 
exploration of the effects of climate change on the Belgian residential building 
stock, with a specific emphasis on heating and cooling energy demands, final 
energy consumption, thermal comfort, and greenhouse gas (GHG) emissions. 
This research endeavors to address several key facets of climate change 
adaptation within the context of residential buildings. Firstly, it delves into the 
quantification of climate change impacts, encompassing both short-term 
fluctuations in the form of recurrent heatwaves and long-term trends 
associated with global warming. These assessments provide valuable insights 
into the evolving energy requirements and associated environmental 
implications faced by residential buildings. 

In line with the thesis's overarching objective, a significant focal point 
revolves around cooling systems. While extensive research has been 
conducted on heating systems, the cooling aspect has often been 
underrepresented in existing literature. This gap underscores the need for a 
comprehensive review and quantitative assessment of cooling system 
integration in residential buildings. By doing so, the thesis aims to contribute to 
the body of knowledge concerning sustainable and energy-efficient cooling 
strategies, recognizing their increasing relevance in the face of rising 
temperatures. 

Following the evaluation of cooling systems, the research extends its 
purview to investigate the efficacy of resilient cooling strategies, 
encompassing both active and passive approaches, within the residential 
building stock. These strategies are designed to facilitate adaptive responses 
to changing climate conditions, ensuring thermal comfort and energy efficiency 
in the face of evolving weather patterns. Moreover, the thesis adopts a 
rigorous approach to ensure the robustness of its findings. It incorporates 
uncertainty analysis to account for the inherent variability associated with 
climate projections and uncertain renovation strategies. Synthetic load profiles 
and projected weather files are employed to validate the research outcomes, 
enhancing the reliability of the results. Furthermore, this research venture 
explores the integration of electric and gas heat pumps within the residential 
building stock. By examining their impact on load profiles and final energy 
consumption, the study sheds light on the potential benefits and challenges 
associated with these technologies. 

In summation, this Ph.D. thesis unfolds as a comprehensive exploration of 
climate change impacts on residential buildings, encompassing heating and 
cooling dynamics, energy consumption, thermal comfort, and GHG emissions. 
It fills a crucial research gap in the domain of cooling while also addressing 
wider climate adaptation concerns. The findings underscore the imperative of 
sustainable and energy-efficient cooling solutions in the face of changing 
climate conditions, offering valuable insights for future research, policy 
development, and practical applications in the field of building sustainability. 

The conclusion section starts by revisiting the research questions (Section 
5.1), reaffirming the study's primary objectives and scope. Subsequently, it 
delves into the contributions of the thesis (Section 5.2), emphasizing the main 
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findings and contribution of the thesis. The section also acknowledges 
limitations (Section 5.3), offering transparency and opportunities for 
improvement. Lastly, it outlines avenues for future research (Section 5.4), 
providing a forward-looking perspective. In summary, this conclusion section 
encapsulates the essence of the research, addressing research questions, 
highlighting contributions, recognizing limitations, and paving the way for 
future investigations. 

5.1. Revisiting the research questions 

The Ph.D. thesis consists of six chapters, with each chapter primarily 
focused on addressing one or more of the sub-research questions derived 
from the main research question and objective. These chapters present the 
research findings and culminate in the creation of six distinct scientific 
publications, each contributing to a more comprehensive understanding of the 
research area. Together, these publications provide valuable insights and 
solutions to the multifaceted challenges posed by climate change's impact on 
the Belgian building stock. 

RQ1: What are the key characteristics and future development trends of space 
cooling technologies in Europe, and how can these trends inform sustainable 
cooling practices in response to increasing demand for cooling solutions? 
(Chapter 01 & Chapter 05) 

In summary, this question has examined the key characteristics and future 
development trends of space cooling (SC) technologies in Europe, providing 
valuable insights into the landscape of alternative cooling solutions. The 
review assessed 32 alternative SC technologies based on eight critical 
parameters: energy input form, working principle, heat transfer medium, 
working fluid phase, specific process/device, technology type (active or 
passive), fuel type, and technology readiness level (TRL). These parameters 
allowed for a comprehensive categorization and evaluation of each 
technology. 

The findings of this review reveal that while several alternative SC 
technologies show promise in terms of energy efficiency and environmental 
sustainability, they often face challenges when compared to conventional 
vapor compression (VC) systems, particularly in terms of cost and efficiency in 
the short to medium term. Notable among the promising technologies are 
membrane heat pumps, thermionic systems, thermotunnel systems, and 
evaporative liquid desiccant systems. These alternatives have demonstrated 
cost-competitiveness and energy efficiency in specific applications. 
Additionally, emerging technologies such as electrocaloric, electrochemical, 
Lorenz-Meutzner Cycle, turbo-compressor-condenser-expander heat pumps, 
elastocaloric, barocaloric, and magnetocaloric systems hold potential for 
surpassing the efficiency of traditional VC systems but are still in the 
developmental and testing phases, with unknown or unverified costs. 

The review also identifies a trend toward reducing greenhouse gas emissions 
and dependence on non-renewable energy sources in SC technologies. This 
shift aligns with global efforts to address climate change and promote 
sustainability. Policy support emerges as a critical factor in facilitating the 
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adoption of sustainable cooling solutions, with governments incentivizing 
energy-efficient and environmentally friendly SC technologies. 

In conclusion, the methodology, which systematically evaluated and 
categorized various SC technologies based on crucial parameters, has 
provided comprehensive insights into the characteristics and potential of each 
technology. These findings will serve as a foundation for subsequent chapters, 
contributing to the understanding of sustainable cooling practices amid 
increasing demand for cooling solutions in the face of climate change. 

RQ2: How do integrated active cooling systems perform in terms of flexibility 
and climate resilience to heatwaves and power outages, and what implications 
does this have for their applications in buildings? (Chapter 02 & Chapter 05) 

The second research question aimed to understand how integrated active 
cooling systems perform in terms of flexibility and climate resilience to 
heatwaves and power outages, and what implications these findings have for 
their applications in buildings. The qualitative assessment conducted in this 
research classified active cooling systems into two main categories: electricity-
driven and thermal energy-driven systems. These systems were evaluated 
based on five main assessment criteria: 

• Energy performance: The efficiency of cooling systems, measured by 
parameters like EER, SEER, and COP, was examined.  

• Flexibility of the system: This criterion considered the ability of 
cooling systems to be driven by various energy sources and their 
integration with secondary systems such as fan coil units and radiant 
floor systems. 

• Climate resilience to heatwaves: The review assessed how well 
cooling systems could cope with recurring heatwaves, a phenomenon 
increasingly prevalent due to climate change. Resilience to heatwaves 
was influenced by factors like system integration with renewable 
energy sources and secondary systems. 

• Climate resilience to power outages: Power outages can disrupt 
cooling systems' operation. The research evaluated the resilience of 
different cooling systems to power outages and their ability to adapt 
after such failures. 

• Other parameters: Building type and Technology Readiness Level 
(TRL) were considered to understand the suitability of cooling systems 
for different types of buildings and their technological maturity. 

The main findings from this assessment are as follows: 

• Electricity-driven systems: These systems are generally more 
mature and efficient. They can be coupled with renewable energy 
sources like photovoltaic panels, offering flexibility and potential energy 
savings. Most electricity-driven systems can also operate in heating 
mode, providing year-round climate control. 

• Thermal energy-driven systems: While these systems lack the 
technological maturity of electricity-driven counterparts, they offer 
flexibility in terms of energy sources. They are less dependent on 
electricity and can be driven by various thermal energy sources. Their 
efficiency may be influenced by outdoor temperatures. 
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• Heatwaves resilience: Some electricity-driven systems, such as split 
systems and chillers, exhibit high resilience to heatwaves, while others 
are less robust. Thermal energy-driven systems' resilience varies 
depending on system design and operating conditions. 

• Power outages resilience: Electricity-driven systems are vulnerable 
to power outages due to their reliance on electricity. In contrast, 
thermal energy-driven systems, particularly sorption and desiccant 
systems, show higher resilience to power outages. 

• Building type and TRL: Most cooling systems are suitable for various 
building types, with electricity-driven systems generally having a higher 
TRL compared to thermal energy-driven systems. 

In the assessment of active cooling systems, factors such as reversibility, 
recovery at the condenser, and passive cooling mode were examined. 
Reversibility, the ability to operate in both cooling and heating modes, was 
found in most electricity-driven systems like split systems and chillers, offering 
versatile temperature control. Several systems demonstrated the capability to 
recover heat at the condenser, enhancing energy efficiency and resilience, 
including 3-pipe VRF systems, water-cooled chillers, absorption systems, 
adsorption systems, and ejector cooling systems. Air-cooled and water-cooled 
chillers stood out as the only systems capable of passive cooling, operating 
without active cooling mechanisms. These features provide valuable insights 
into system performance, energy efficiency, and resilience to power outages, 
contributing to a comprehensive assessment of active cooling systems. 

In conclusion, the qualitative assessment of active cooling systems reveals 
that while electricity-driven systems are more mature and energy-efficient, 
thermal energy-driven systems offer flexibility in energy sources and 
enhanced resilience to power outages. The choice of cooling system depends 
on factors such as building type, climate conditions, and sustainability goals. 
he study revealed crucial insights into the integration of electricity-driven 
cooling systems with secondary systems and ventilation systems. These 
findings are invaluable for the overarching theme of the Ph.D. thesis, which 
focuses on the application of resilient cooling systems in various scenarios. 
These findings provide valuable insights for the selection and application of 
cooling systems in different contexts, considering both their energy 
performance and resilience to climate-related challenges. 

RQ3: How can MAR model-generated weather datasets inform strategies for 
adapting to climate change in Belgium across various global SSP Scenarios? 
(Chapter 03, Chapter 04, Chapter 05 & Chapter 06) 

The methodology employed in this study involved the use of the MAR model, 
which downscales global climate data to a finer spatial and temporal 
resolution. This approach integrated data from the ERA5 reanalysis and three 
ESMs from CMIP6: BCC-CSM2-MR, MPI-ESM.1.2, and MIROC6. By 
considering three Shared Socioeconomic Pathway (SSP) scenarios (SSP2-
4.5, SSP3-7.0, and SSP5-8.5) to provide high-resolution and homogeneous 
weather data. The spatial and temporal resolution of the resulting weather 
data, at 5 km and 1-hour intervals respectively, facilitated the creation of 
Typical Meteorological Year (TMY) and eXtreme Meteorological Year (XMY) 
files, aligning with ISO 15927-4 standards., which facilitate the reconstruction 
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of typical and extreme years while maintaining plausible variability in 
meteorological conditions. The research successfully generated 
comprehensive and high-resolution weather datasets for 12 cities in Belgium 
spanning the period from 1981 to 2100. 

Additionally, the adopted a new approach to defining and characterizing 
heatwaves, moving beyond static definitions. Rather than relying on fixed 
criteria, the research applied a statistical method to identify and classify 
heatwave events based on local climate characteristics. Heatwaves were 
categorized based on three key criteria: duration, highest daily mean 
temperature, and intensity. The results indicated that heatwaves are expected 
to become more frequent and intense in the future, with longer durations and 
higher temperatures. This information is crucial for assessing the impact of 
heatwaves on various sectors and for developing effective adaptation 
strategies. 

In this Ph.D. thesis, Brussels serves as a reference city for climate analysis. 
The thesis uses data from three Earth System Models (ESMs): BCC-CSM2-
MR (MAR-BCC), MPI-ESM.1.2 (MAR-MPI), and MIROC6 (MAR-MIR). Here 
are summarized climate-related results for Brussels: 

• BCC-CSM2-MR: By the 2050s (SSP5-8.5), monthly temperatures may 

increase by 0.5°C to 2.7°C, reaching 1.1°C to 4.1°C by the 2090s 

compared to the 2010s. 

• MAR-MPI (MPI-ESM.1.2): Winter temperatures drop by 1.9°C to 2°C, 
while summer temperatures rise by 0.9°C to 1.4°C by the 2050s. In the 
2090s, winter temperatures decrease in some SSPs and increase in 
SSP5-8.5. Summer temperatures increase significantly in all SSPs (up 
to 3.9°C). 

• MAR-MIR (MIROC6): In SSP5-8.5, a substantial temperature increase 
of around 3.9°C by the 2090s compared to the 2010s is possible. 

RQ4: How do heating and cooling energy demands in the building stock 
change by the end of the century in response to climate change, within a 
comprehensive framework that considers uncertainties related to climate and 
renovation? (Chapter 04, Chapter 05 & Chapter 06) 

This question addresses critical knowledge gaps related to the hybrid 
approach used in the building stock modelling, renovation rates uncertainty, 
and methodological framework relied on ISO 13790. The chapter's findings 
shed light on the impact of climate change on heating and cooling energy 
demands in the Belgian building stock. 

• Top-down vs. bottom-up approach: The research acknowledges the 
limitations of the top-down approach in assessing building-specific 
energy performance. By adopting a bottom-up methodology, the study 
achieves a more detailed and disaggregated representation of building 
stock components. This shift allows for a finer-grained analysis of 
energy consumption and potential improvements in heating and 
cooling energy demands 

• Hybrid approach: A hybrid approach that combines elements of both 
the representative and typical approaches. This novel method 
balances the broad overview provided by the representative approach 
with the detailed insights offered by the typical approach. It addresses 
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the limitation of investigating only a single case for each building type 
by considering multiple U values based on insulation levels. As a 
result, this hybrid approach provides a more nuanced perspective on 
the building stock, leading to two scenarios (base scenario and BAU 
scenario). 

• Uncertainty in renovation rates: Chapter 04 highlights the crucial 
role of renovation rates in shaping the future of the building stock. The 
uncertainty analysis conducted in the study assesses the impact of 
varying renovation rates on heating and cooling energy demands. 
Eight distinct renovation scenarios were explored, spanning from very 
pessimistic (0% renovation rate) to highly optimistic (maximum 
renovation rate in shallow and deep renovations). 

• ISO 13790 methodology: The study relies on the ISO 13790 
methodology, which employs a simplified hourly time step approach. 
This methodology provides a standardized and well-established 
framework for estimating heating and cooling energy needs. It ensures 
that the analysis is grounded in widely accepted principles and 
calculations, enhancing the credibility of the results. 

• Model validation: The chapter emphasizes the validation of the 
building energy model, particularly for heating energy demand. By 
comparing model predictions with synthetic load profiles (SLPs) 
derived from historical data of 2500 buildings in Belgium, the research 
provides empirical evidence of the model's performance. This 
validation enhances confidence in the model's accuracy and reliability. 

In the base scenario, there is a predicted a shift in energy demands in the 
Belgian building stock, with heating demand expected to decrease by 8% to 
13% in the 2050s and 13% to 22% in the 2090s, while cooling demand is 
projected to increase by 39% to 65% in the 2050s and 61% to 123% in the 
2090s. In BAU scenario under SSP5-8.5, cooling demand is projected to 
increase by 109% in the 2050s and 170% in the 2090s, while heating demand 
is expected to decrease by 12% and 21% in the 2050s and 2090s, 
respectively, compared to the 2010s base scenario.  

RQ5: How do resilient cooling strategies affect thermal comfort, energy 
consumption, and GHG emissions in Belgian residential building stock? 
(Chapter 05) 

The research employed three distinct cooling strategies: mechanical 
ventilation (MV), natural ventilation (NV) alongside MV, and split systems for 
active cooling. These strategies were sized using a climate change-sensitive 
approach, ensuring that they could effectively adapt to varying weather 
conditions and climate scenarios. Split system sizing was adapted using a 
climate change-sensitive approach, following the ISO 15927-2 standard. The 
aim was to identify a single design day per month falling within both intervals. 
If multiple days met the criteria, a selection process determined the unique 
design day. The highest temperature of the hottest design day for the 99% 
percentile was chosen as the maximum outdoor temperature for sizing. This 
approach ensured split system sizing accounted for climate change impacts 
and varying scenarios, enhancing resilience to future environmental changes. 
Design day weather data, including maximum dry bulb temperatures, were 
provided for different TMYs and SSP scenarios, reflecting these adaptations. 
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• Energy consumption shifts and GHG emissions implications: A 
significant shifts in cooling energy consumption is identified. In the 
2050s, under various Shared Socioeconomic Pathway (SSP) 
scenarios (SSP2-4.5, SSP3-7.0, and SSP5-8.5), cooling consumption 
increased substantially, ranging from 106% to 141% compared to the 
2010s. This trend intensified in the 2090s, with a remarkable increase 
in energy demand. GHG emissions within the building sector followed 
a similar trajectory to energy consumption. In the 2050s, emissions 
surged significantly under various SSP scenarios, with substantial 
contributions from active cooling systems. 

• Transition to larger-capacity systems: As temperatures continued to 
rise, the study highlighted the need for transitioning to larger-capacity 
cooling systems, especially in the 2090s. The distribution of split 
systems among different building types showed an increasing reliance 
on larger-capacity systems to meet cooling demands. This shift was 
particularly evident in freestanding houses, which favored large-
capacity split systems. 

• Heatwaves: Three distinct heatwaves in Belgium are evaluated, each 
occurring in different timeframes. The first, "Heatwave [2001-2020] 
(2019)," lasting for 5 days, exhibited temperature thresholds with 39% 
of the time exceeding 30°C, a maximum temperature of 41.0°C, and 
an average temperature of 28.6°C. The second, "Heatwave [2040-
2060] (2054)," spanning 9 days, featured temperature thresholds with 
41% of the time surpassing 30°C, a maximum temperature of 43.1°C, 
and an average temperature of 27.9°C. The third, "Heatwave [2080-
2100] (2083)," lasting 7 days, demonstrated the most extreme 
conditions, with 57% of the time exceeding 30°C, a maximum 
temperature of 46.0°C, and an exceptionally high average temperature 
of 32.3°C. These findings underscore the escalating intensity and 
frequency of heatwaves, with the late 21st-century heatwave 
presenting particularly severe temperature patterns, indicative of the 
growing impact of climate change on extreme weather events in the 
region. 

• Thermal comfort: Indoor Overheating Degree (IOhD) indicator is used 
to assess the thermal discomfort in different building types and 
weather scenarios while investigating three cooling scenarios. In 
Scenario 1 (MV), IOhD increases significantly in freestanding, 
semidetached, and terraced buildings in the 2050s and 2090s 
compared to the 2010s. Scenario 2 (MV and NV) intensifies IOhD 
increases, with freestanding and semidetached buildings showing the 
highest increases by the 2090s. Scenario 3 (MV, NV, and Split 
System) achieves remarkably low IOhD levels by the 2050s and 2090s 
across building types, indicating improved thermal comfort. The  indoor 
operational temperature (IOpT) during heatwaves is also assessed, 
highlighting that IOpT often exceeds the desired cooling set point 
temperature. Resizing the split system based on peak heatwave 
temperatures significantly reduces IOpT, enhancing indoor thermal 
comfort. 
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RQ6: What is the impact of integrating electric and gas heat pump 
technologies on the energy consumption and GHG emissions in the Belgian 
residential building stock? (Chapter 06) 

Two scenarios for heat pump integration in the building stock are introduced: 
one driven by electricity-driven heat pumps and another by gas-driven heat 
pumps. In the electricity-driven heat pump scenario, air-source heat pumps 
were used for space heating (SH) and domestic hot water (DHW) production. 
A polynomial model was developed to predict the performance of these heat 
pumps under various conditions. The results showed that by 2050, the 
maximum penetration rate of electricity-driven heat pumps could reach 67.6%. 
This scenario significantly reduced the reliance on natural gas (NG) and fuel, 
decreasing total SH and DHW energy consumption by 3.23% compared to the 
business-as-usual (BAU) scenario. The per-dwelling energy consumption 
decreased from 15.6 MWh in the BAU scenario to 15.1 MWh in the electricity-
driven heat pump scenario. 

In the gas-driven heat pump scenario, gas-driven absorption heat pumps 
(GAHP) were considered for SH and DHW production. These GAHPs had a 
nominal heating capacity of 18.9 kW and used outdoor air as the low-
temperature heat source and natural gas (NG) combustion as the high-
temperature heat source. The results showed that by 2050, the maximum 
penetration rate of GAHP could reach 42.7%. This scenario reduced total SH 
and DHW energy consumption by 4.5% compared to the BAU scenario. 

5.2. Contribution of the Thesis 

The Ph.D. thesis makes several significant contributions to the field of climate 
change adaptation in the context of the Belgian residential building stock, with 
a focus on heating and cooling energy demands, final energy consumption, 
thermal comfort, and greenhouse gas (GHG) emissions. These contributions 
are as follows: 

• Comprehensive Review of Cooling Technologies: The thesis 
addresses the underrepresentation of cooling systems in existing 
literature by conducting a comprehensive review of space cooling 
technologies in Europe. It identifies key characteristics and future 
development trends, providing valuable insights into sustainable 
cooling practices to combat rising temperatures. 

• Resilient Cooling Strategies: The research investigates the 
performance of integrated active cooling systems, both electricity-
driven and thermal energy-driven, under varying climate conditions, 
including heatwaves and power outages. It offers insights into the 
flexibility and resilience of these systems, informing their practical 
applications in buildings. 

• High-Resolution Weather Datasets: By utilizing the MAR model, the 
thesis introduces high-resolution weather datasets for 12 cities in 
Belgium across various global Shared Socioeconomic Pathway (SSP) 
scenarios. These datasets encompass Typical Meteorological Year 
(TMY), eXtreme Meteorological Year (XMY), and detailed heatwave 
data, collectively providing a comprehensive and versatile toolset for 
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climate change impact assessments, adaptation strategies, and 
research endeavors in the field of climate resilience. 

• Robust Methodological Framework: The research adopts a robust 
methodological framework relies on ISO 13790 methodology, widely 
recognized for its credibility and standardized approach, with high-
resolution weather datasets generated using the MAR model. 
Additionally, the validation of the building stock model through a 
rigorous comparison with synthetic load profiles (SLPs) from a dataset 
of 2500 buildings in Belgium enhances the reliability and applicability of 
the results. 

• Impact of Climate Change on Energy Demands: The thesis employs 
a hybrid approach in the building to assess the impact of climate 
change on heating and cooling energy demands in the Belgian building 
stock. It considers uncertainties related to climate projections and 
renovation rates, enhancing the understanding of future energy 
consumption trends. This comprehensive approach ensures that the 
insights provided by the thesis are not only valuable for research 
purposes but also highly relevant and trustworthy for informing policy 
makers and stakeholders in the domain of climate adaptation and 
energy efficiency in buildings. 

• Integrating Resilient Cooling Technologies: The thesis makes a 
contribution by integrating resilient cooling technologies into the 
building stock and meticulously assessing their proper sizing, 
particularly during heatwaves. This novel approach addresses the 
critical challenge of ensuring thermal comfort, energy efficiency, and 
greenhouse gas emissions reduction in the face of increasing 
temperatures, providing valuable insights for sustainable building 
practices and climate adaptation. 

• Integration of Heat Pump Technologies: The thesis explores the 
integration of electric and gas heat pump technologies within the 
residential building stock. It quantifies their impact on energy 
consumption and GHG emissions, shedding light on the potential 
benefits and challenges associated with these technologies. 

• Thermal Comfort Analysis: The research evaluates the effect of 
resilient cooling strategies on thermal comfort, using the Indoor 
Overheating Degree (IOhD) indicator. It demonstrates how different 
cooling scenarios impact thermal comfort in various building types and 
under different climate scenarios, offering insights into improving 
occupant well-being. 

• Policy and Practical Implications: The findings of this thesis have 
practical implications for policymakers, building designers, and energy 
planners. They underscore the importance of sustainable and energy-
efficient cooling solutions, inform policy development, and provide 
guidance for enhancing building sustainability in the face of climate 
change. 

In summary, this Ph.D. thesis significantly contributes to the understanding of 
climate change impacts on residential buildings, offers practical insights into 
sustainable cooling solutions, and provides a foundation for future research, 
policy development, and practical applications in the field of building 
sustainability and climate adaptation. 



59 l Modelling the Influence of Climate Change on Heating, Cooling Energy Demands, Thermal 
Comfort, and GHG Emissions for the Building Stock in Belgium l Conclusion 

 

5.3. Recognizing Limitations 

While conducting this Ph.D. thesis, it is important to acknowledge that there 
were certain limitations encountered during the research process. These 
limitations have been meticulously detailed and addressed within the context 
of each respective chapter. Furthermore, it is worth noting that some of these 
limitations in earlier chapters have been considered as valuable inputs in 
subsequent chapters, leading to comprehensive and well-informed research 
outcomes. Below, you will find a summarized overview of these limitations, 
with detailed discussions available within the relevant chapters for those 
seeking more in-depth information. 

Chapter 01 faced limitations due to a lack of comprehensive scientific 
literature on alternative space cooling (SC) technologies. While conventional 
vapor compression (VC) cooling and heating technologies are well-
documented, alternative SC systems are underrepresented, primarily because 
they are still in the early stages of development. This makes it challenging to 
determine their costs and efficiencies compared to VC technology. 
Additionally, the qualitative approach used for analysis, while providing in-
depth insights, may not offer quantitative performance assessments. 
Addressing these limitations requires more research and development efforts 
to enhance the competitiveness of alternative SC technologies. 

Chapter 02 encounters limitations primarily in the availability of literature 
related to the resilience of air conditioners (ACs) to heatwaves and power 
outages. Most research focuses on AC performance under normal conditions, 
and this study's unique approach draws from a substantial database to 
evaluate AC systems across various parameters. The second limitation arises 
from differences in testing conditions, climate, capacity, and operating 
conditions among AC systems, making direct comparisons complex. 

Chapter 03 limitation lies in the omission of the Urban Heat Island (UHI) 
effect due to incomplete information about urbanization and human activity 
changes, which results in an incomplete assessment of future thermal 
conditions in the studied areas.  

Chapter 04, chapter 05 and chapter 06 encounter some limitations as their 
framework relies on ISO 13790:2007, which has been replaced by ISO 52016-
1. Additionally, the assumption that weather data for Brussels represents all of 
Belgium may overlook regional weather variations. In addition to that chapter 
04 does not consider active air conditioning systems, which are relatively 
uncommon in Belgium's temperate climate. While, chapter 05 and chapter 06 
primarily focus on specific timeframes and SSP scenarios, omitting 
intermediate periods and alternative SSP scenarios that could offer a more 
comprehensive climate impact assessment 

Several limitations identified in earlier chapters have been addressed in 
subsequent chapters. For instance, the qualitative approach limitation 
mentioned in Chapter 01 and Chapter 02, which was necessary for 
synthesizing existing literature comprehensively, was supplemented by a 
quantitative assessment in Chapter 05. This addressed the need for a more 
practical understanding and quantitative evaluation of various cooling 
systems. Chapter 05 also tackled the limitation from Chapter 02 concerning 
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the scarcity of research on the resilience of technologies against heatwaves. 
Additionally, Chapter 04's limitation regarding the integration of cooling 
technologies in the building stock was addressed in Chapter 05 by 
incorporating cooling technologies into the building stock and evaluating their 
performance and resilience during heatwave events. These strategic 
adaptations and integrations within the thesis contribute to a more holistic and 
comprehensive exploration of climate change impacts on residential buildings. 

5.4. Paths for Future Research 

As previously highlighted, this Ph.D. thesis has rigorously identified and 
discussed various limitations within its chapters, with some limitations being 
addressed within the scope of the research. However, certain limitations 
remain as potential avenues for future research to explore. The key points for 
future research directions can be outlined as stated below: 

• Future research should encompass a comprehensive approach, 
including the consideration of Urban Heat Island (UHI) effects. 
Given the growing significance of UHI effects, incorporating UHI 
impact assessments can provide a more nuanced understanding of 
climate change impacts on thermal conditions in urban areas. 
Additionally, it is advisable to conduct comparative analyses 
between the weather data developed in Chapter 04 and data from 
other sources, such as CORDEX, Meteonorm, and 
CCWorldWeatherGen. 

• Expanding the investigation and simulations to include alternative 
Shared Socioeconomic Pathway (SSP) scenarios, such as those 
with very low or low greenhouse gas emissions, can provide 
insights into diverse climate adaptation strategies and their 
implications. In addition, Extending the time horizons of climate 
impact assessments beyond the 2010s, the 2050s and the 2090s 
can offer insights into longer-term trends and adaptations required 
to mitigate climate change effects effectively. 

• Future research should explore the implications of transitioning 
from the older ISO 13790 standard to the newer ISO 52016-1 
standard for building energy modeling. This research could 
investigate how the adoption of the updated standard, with its more 
detailed and comprehensive modeling approach, affects the 
accuracy and reliability of heating and cooling demand calculations 
for buildings. Comparisons between the two standards in real-world 
scenarios could provide valuable insights into the advantages and 
potential challenges of implementing the newer standard in building 
energy assessments. 

• Future research should focus on the ongoing development of 
alternative space cooling (SC) technologies to offer an up-to-date 
and comprehensive assessment of their cost-effectiveness and 
environmental impact. Additionally, conducting simulations to 
evaluate the performance of these efficient alternative technologies 
in real-world applications can provide valuable insights into their 
practical feasibility and potential benefits. This research can 
contribute to a more in-depth understanding of the evolving 
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landscape of SC technologies and support informed decision-
making in adopting sustainable cooling solutions. 
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Appendix A 

Chapter 01: A comprehensive scouting of space cooling 
technologies in Europe: Key characteristics and development 
trends. 
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Appendix B 

Chapter 02: A qualitative assessment of integrated active 
cooling systems: A review with a focus on system flexibility 
and climate resilience. 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 

Appendix C 

Chapter 03: Historical and future weather data for dynamic 
building simulations in Belgium using the regional climate 
model MAR: typical and extreme meteorological year and 
heatwaves. 

 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 

Appendix D 

Chapter 04: Framework to assess climate change impact on 
heating and cooling energy demands in building stock: A 
case study of Belgium in 2050 and 2100. 

  



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 

Appendix E 

Chapter 05: Integration of resilient cooling technologies in 
building stock: Impact on thermal comfort, final energy 
consumption, and GHG emissions. 

 

 



 

 

  



 

 



 

 

  



 

 

  



 

 

  



 

 

  



 

 

  



 

 

  



 

 

  



 

 

  



 

 

  



 

 

  



 

 

  



 

 

  



 

 

  



 

 

  



 

 

  



 

 

  



 

 

  



 

 

  



 

 

  



 

 

Appendix F 

Chapter 06: Impact of integration of electric and gas heat 
pumps on the final energy consumption of Belgian residential 
building stock. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 


