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Summary 

Climate change arising from natural and anthropogenic sources affects the 
built environment in several ways. One of the major impacts of climate 
change is the increase in average air temperatures that can lead to more 
intense, severe, and prolonged heatwaves. This study is developed to project 
the effect of such warming weather conditions on Belgian high-performance 
houses and provide an idea of mitigation strategies. The study consists of 
three main parts (Part I, Part II, and Part III). In Part I, the study investigates a 
large number of thermal comfort/overheating evaluation methods to find a fit-
to-purpose and appropriate method. It then provides a critical and qualitative 
review of cooling strategies that can be applied as mitigation strategies. In 
Part II, a comprehensive simulation-based methodological framework is 
introduced to assess and compare the resistivity of buildings and their cooling 
strategies to the overheating impact of climate change. This part also 
provides an extensive weather dataset to estimate the changes in weather 
conditions and heatwaves in Belgium by the end of the century under different 
emission scenarios. In Part III, numerical studies are performed to predict the 
changes in thermal comfort conditions, HVAC energy performance, and 
HVAC Greenhouse Gas (GHG) emissions in Belgian high-performance 
houses due to climate change. This part includes the evaluation of a set of 
active and passive cooling strategies based on uncertainty analysis, 
sensitivity analysis, and optimization techniques.  

The following presents a summary of essential practical information and 
recommendations obtained from the research: 

• In conducting thermal comfort analyses for building designs, it is 
crucial to utilize asymmetric indices to effectively identify and 
address potential issues related to overheating and overcooling 
discomfort. To ensure comprehensive protection against 
overheating, it is recommended to incorporate both short-term and 
long-term criteria into the design process, considering not only 
specific heatwave events but also year-round warm discomfort. As a 
practical recommendation, this research proposes the use of three 
valuable indices for overheating assessments in the context of 
climate change: Indoor Overheating Degree (𝐼𝑂ℎ𝐷), Ambient 

Warmness Degree (𝐴𝑊𝐷), and Climate Change Overheating 
Resistivity (𝐶𝐶𝑂𝑅). These indices can be calculated using the 
following fomulas: 
 

𝐼𝑂𝐷 ≡
∑ ∑ [(𝑇𝑖𝑛,𝑜,𝑧,𝑖 − 𝑇𝑐𝑜𝑚𝑓,𝑧,𝑖)

+
× 𝑡𝑖,𝑧]

𝑁𝑜𝑐𝑐(𝑧)
𝑖=1

𝑍
𝑧=1

∑ ∑ 𝑡𝑖,𝑧
𝑁𝑜𝑐𝑐(𝑧)
𝑖=1

𝑍
𝑧=1

 

𝐴𝑊𝐷 ≡
∑ [(𝑇𝑜𝑢𝑡,𝑎,𝑖 − 𝑇𝑏)+ × 𝑡𝑖]𝑁

𝑖=1

∑ 𝑡𝑖
𝑁
𝑖=1

 

1

𝐶𝐶𝑂𝑅
=

∑ (𝐼𝑂𝐷𝑆𝑐 − 𝐼𝑂𝐷̅̅ ̅̅ ̅) × (𝐴𝑊𝐷𝑆𝑐 − 𝐴𝑊𝐷̅̅ ̅̅ ̅̅ ̅)𝑆𝑐=𝑀
𝑆𝑐=1

∑ (𝐴𝑊𝐷𝑆𝑐 − 𝐴𝑊𝐷̅̅ ̅̅ ̅̅ ̅)2𝑆𝑐=𝑀
𝑆𝑐=1
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• When integrating cooling systems into buildings, it is important to 
prioritize resilience alongside energy efficiency, sustainability, and 
affordability. Relying solely on energy efficiency might compromise a 
building's ability to handle extreme events. To ensure resilient 
cooling, it is important to consider the four criteria of absorptive, 
adaptive, and restorative capacities, as well as recovery speed from 
the initial design phase. Combining multiple cooling strategies with 
different capacities might be necessary, as no single strategy can 
fulfill all requirements. The most suitable cooling approach can vary 
depending on the climate. 

• For effective building performance simulations in major cities of 
Belgium, it is highly recommended to utilize the novel meteorological 
dataset presented in this thesis. This specialized dataset is 
thoughtfully designed to cater to the unique requirements of such 
simulations. By incorporating both historical and future weather data 
on an annual basis, including Typical Meteorological Years (TMYs), 
Extreme Meteorological Years (XMYs), and detailed information on 
three types of heatwaves (based on intensity, duration, and highest 
temperature), this dataset offers invaluable support for accurately 
assessing and optimizing building performance under various 
climatic scenarios.  

• With global warming continuing, it is crucial to reconsider the 
conventional heat-preserving design concept in temperate regions. 
The future weather predictions indicate a shift from heating-
dominated to cooling-dominated conditions in these areas in the 
coming decades. To cope with the rising cooling demand caused by 
climate change, it is imperative to adopt active cooling systems that 
are highly efficient. These systems should be combined with passive 
cooling techniques during the construction of new buildings and the 
renovation of existing ones. In the specific context of Belgium, 
promoting electricity-based HVAC systems can significantly 
contribute to enhancing the carbon neutrality of buildings, taking into 
account the country's current energy mix for electricity production. it 
is also advisable to integrate back-up cooling and energy storage 
systems, such as batteries or fuel cells, to ensure reliable and 
resilient cooling capabilities during unprecedented events.  

Overall, climate change is a global concern. Governments and policymakers 
must react swiftly by encouraging proactive adaptation to limit its unfavorable 
consequences. This can be achieved by establishing a clear path for well-
adapted building stock with quantitative targets backed up with appropriate 
inspection, enforcement, and access to finance. 
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1. Introduction 

1.1. Background 

1.1.1. Understanding heat and climate: past, present, and future 
perspectives 

Unraveling the past: exploring hot temperatures in historical 
records 

While global warming does not occur uniformly, the overall trend of increasing 
average global temperature suggests that a greater number of regions are 

experiencing warming rather than cooling. Figure 1.1 illustrates this trend, 
indicating a consistent rise in average global land surface temperature at a 
rate of 0.30℃ per decade since 1980, as reported by the U.S. National 
Oceanic and Atmospheric Administration (NOAA) [1]. Specifically, when 
examining Europe, the rate of temperature increase per decade is 0.47℃ (as 

depicted in Figure 1.1), highlighting that this region is comparatively more 
affected by global warming. 

 

Figure 1.1. Global (upper) and Europe (lower) land temperature time series. The 
global time series anomalies are with respect to 1901-2000 average. The Europe 

time series are with respect to 1991-2020 average [1]. 
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The rise in air temperatures contributes to various regional and seasonal 
temperature extremes, as well as changes in snow cover, sea ice, heavy 
rainfall, and shifts in plant and animal habitats. In the summer of 2019, 
Europe witnessed periods of exceptionally high temperatures, with Central 
and Western regions experiencing multiple heatwaves [2]. These heatwaves 
were primarily caused by a high-pressure system that transported warm air 
from Africa, resulting in prolonged periods of elevated temperatures over 
certain parts of Europe. Consequently, new maximum temperature records 
were set, such as 42.6℃ in Lingen (Germany), 38.6℃ in Berlin (Germany), 

38.9℃ in Doksany (Czech Republic), 35.5℃ in Zurich (Switzerland), 46℃ in 
Vérargues (France), 40.2℃ in Angleur (Belgium), 40.7℃ in Gilze en Rijen (the 

Netherlands), 38.2℃ in Radzyń (Poland), 38.7℃ in Cambridge (the UK), 
33.4℃ in Bergen (Norway), and 33.7℃ in Emäsalo (Finland) recorded during 
June and July 2019 [2]. Similarly, the scorching summer of 2003, considered 
the hottest summer since the 16th century, led to a devastating heatwave 
responsible for over 30,000 deaths (some estimates suggesting a death toll 
exceeding 70,000) and caused over 13 billion Euros in financial damages 
throughout Europe [3]. These instances illustrate Europe's history of 
experiencing extremely hot weather conditions with severe consequences. 

Climate change and beyond: future weather projections and 
implications 

Climate change is the long-term shift in average conditions, such as 
temperature and rainfall in a region. The main driver of climate change is the 
Greenhouse effect due to natural or anthropogenic activities. Therefore, the 
quantity of carbon dioxide and other greenhouse gases that are released in 
the upcoming decades will determine how much warming Earth will 
experience in the future. Currently, human activities like burning fossil fuels 
and cutting forests add about 11 billion metric tons of carbon every year to the 
atmosphere, which is roughly 40 billion metric tons of carbon dioxide [4]. The 
amount of carbon in the atmosphere exceeds what can be eliminated by 
natural processes, causing an annual increase in the overall carbon dioxide 
concentrations. The Climate Crisis Advisory Group (CCAG) is urging nations 
to "buy time" while reducing emissions "urgently, deeply, and fast" and 
removing "huge quantities to lower the total from today" of carbon dioxide and 
other greenhouse gases from the atmosphere. In 2022, countries in the 27th 
United Nations Climate Change Conference (more commonly referred to as 
COP27) agreed to align their emissions strategies with the objective of 
keeping global warming below 1.5℃. 

 The U.S. Climate Science Special Report (CSSR) [5] states that if annual 
emissions keep rising significantly, as they have since 2000, models predict 
that by the end of this century, the average global temperature will increase 
by at least 2.78℃ and perhaps as much as 5.67℃. Models also predict that 

temperatures would still be at least 1.33℃ degrees warmer than in the first 
half of the 20th century, and possibly up to 3.27℃ degrees warmer, even if 
annual emissions increase more gradually and start to fall dramatically by 
2050. The Intergovernmental Panel on Climate Change (IPCC) estimates 
global warming based on the Greenhouse Gas (GHG) emission scenarios. 
Those scenarios are represented by Shared Socioeconomic Pathways 
(SSPs) in the Sixth Assessment Report (AR6) [6], which are projected 
scenarios of global socioeconomic evolution by 2100. The SSP scenarios 
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with corresponding estimated warming in 2041-2060 and 2081-2100 periods 

are listed in Table 1.1. The likelihood of scenarios is not estimated in the 
IPCC AR6, but according to a commentary published in 2020 [7], SSP5-8.5 is 
highly unlikely, SSP3-7.0 is unlikely, and SSP2-4.5 is likely. 

Table 1.1. Estimated global warming for Share Socioeconomic Pathways in the 
IPCC AR6 [8], [9]. 

SSP No. Scenario Estimated 
warming 
in ℃  
(2041-
2060) 

Estimated 
warming 
in ℃ 
(2081-
2100) 

Very 
likely 
range in 
℃ (2081-
2100) 

SSP1-
1.9 

Sustainability – Taking the 
Green Road (Low challenges 
to mitigation and adaptation) 

1.6 1.4 1.0-1.8 

SSP1-
2.6 

Middle of the Road (Medium 
challenges to mitigation and 
adaptation) 

1.7 1.8 1.3-2.4 

SSP2-
4.5 

Regional Rivalry – A Rocky 
Road (High challenges to 
mitigation and adaptation) 

2.0 2.7 2.1-3.5 

SSP3-
7.0 

Inequality – A Road Divided 
(Low challenges to mitigation, 
high challenges to 
adaptation) 

2.1 3.6 2.8-4.6 

SSP5-
8.5 

Fossil-fueled Development – 
Taking the Highway (High 
challenges to mitigation, low 
challenges to adaptation) 

2.4 4.4 3.3-5.7 

Figure 1.2 shows the projected changes in annual mean air temperature 
between the World Meteorological Organization (WMO) reference period 
1981-2010 and 2081-2100 in Europe based on the data from Coupled Model 
Inter‐comparison Project phase 6 (CMIP6) for the forcing scenarios SSP1-2.6 
and SSP5-8.5. In terms of the basic patterns of seasonal and regional 
temperature changes, CMIP6's future temperature estimates are essentially 
consistent with those of its predecessors (CMIP3 and CMIP5), while CMIP6 
anticipates slightly higher warmings across Europe than earlier future climate 

projections [10]. As shown in Figure 1.2, the annual mean air temperatures 
are expected to rise in whole Europe, but mainly at the northern and 
southernmost latitudes, where the SSP1-2.6 and SSP5-8.5 scenarios predict 
warmings up to 2-3℃ and 5-6℃ by the end of the century, respectively. 
Therefore, more hot days (mean temperature > 30℃) and tropical nights 

(minimum temperature > 20℃) [10] are expected, which will greatly worsen 
the already present temperature stress in the region. 
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Figure 1.2. Projected changes in annual mean air temperature between the WMO 
reference period 1981-2010 and 2081-2100 in Europe based on the data of CMIP6 

for the forcing scenarios SSP1-2.6 (left) and SSP5-8.5 (right). Retrieved from 
European Environment Agency (EEA) (www.eea.europa.eu/) 

Climate scientists have long warned that climate change will exacerbate the 
frequency, intensity, and duration of heatwaves, which can have significant 
impacts on the population, environment, economy, and vital human activities 
such as agriculture. The record-breaking heatwaves that swept through 
Europe in recent decades will become the "average" summer, even if all 
countries reduce their greenhouse gas emissions to the level they have 
promised to by 2035. According to the European Commission (EC), with a 3℃ 
global warming, an "intense" heatwave, which is predicted to occur once 
every 50 years under the current climate, may occur almost every year in 
southern Europe, although such events may occur every 3 to 5 years in other 
regions of Europe. According to [11], depending on the season and region, 
the intensity and frequency of heatwaves will increase in Europe by at least a 
factor of 3. Another study predicts that the number of days of dangerous heat 
(39.4℃ and above) in mid-latitude countries in Western Europe will more than 
double by 2050 [12]. As a result, it is anticipated that the exacerbation of 
heatwaves that has been witnessed in vast areas of Europe over the past 30 
years will persist (in the winter) or perhaps gain speed (in the summer) until 
the end of the century. 

Unveiling the Urban Heat Island (UHI) effect: heat in the urban 
landscape 

Several definitions of the Urban Heat Island (UHI) effect have been 
developed in the scientific literature [13]–[16]. Typically, the term “Urban Heat 
Island” refers to the trend of urban regions exhibiting higher temperatures 
than nearby rural areas. This temperature difference is mostly caused by 
human activities such as altering green spaces, use of heat-absorbing 
materials in constructions (e.g., concrete and asphalt), transportation, 
industrial processes, heat ejection from the HVAC units, etc. [16], [17].  

Figure 1.3 illustrates the UHI intensity for 100 European cities, which was 
created under the Copernicus European Health (CEH) agreement [18]. 
According to the European Environment Agency (EEA), there is a notable 

http://www.eea.europa.eu/
http://www.cnn.com/2022/08/15/weather/extreme-heat-belt-us-impact-study-climate/index.html
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north-south gradient in the UHI intensity, which can be attributed to climate 
conditions such as average wind speed and the number of sunny days. 
Southern Europe shows less noticeable or even detrimental UHI compared to 
its northern counterparts [19]. This is because the soil in the south dries up 
quickly during such events, causing the countryside to warm up. In temperate 
regions, the combination of urbanization and climate change is also expected 
to result in greater exposure to high temperatures for inhabitants in cities [20]. 
For example, the Royal Meteorological Institute (RMI) of Belgium reported 
that during the July 2019 heatwave, temperatures in Brussels were up to 8℃ 
higher than in nearby rural areas, demonstrating the significant impact of the 
UHI effect on the Brussels metropolitan area [21].  

 

Figure 1.3. The map represents the Urban Heat Island (UHI) effect and the projected 
number of extreme heatwaves in the near future (2020-2052; RCP8.5) in 100 

European cities. Retrieved from European Environment Agency (EEA) 
(www.eea.europa.eu/) (Data source: ©ESRI) [18].  

1.1.2. Creating sustainable and comfortable built environments: 
climate change implications, strategies for overheating prevention 
and building design concepts 

Climate change and indoor air quality: navigating implications for 
a sustainable future    

The growing body of scientific evidence suggests that climate change is 
expected to have both direct and indirect impacts on buildings [22], [23]. 
Recent research have extensively reviewed the potential effects of climate 
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change and mitigation and adaptation measures on the indoor environment, 
with a specific focus on issues such as building overheating, indoor air 

quality, and biological contamination [22]–[24]. Figure 1.4, adapted from 
reference [22], [25], illustrates various pathways through which climate 
change may alter Indoor Environmental Quality (IEQ). 

 

 

Figure 1.4. Illustrating the impact of climate change on indoor environments and 
associated comfort and health consequences (adapted from [22], [25], [26]). 

- Overheating 

As global warming persists, the occurrence of prolonged and severe 
heatwaves is anticipated to pose a significant threat to public health. 
Numerous studies have extensively reported the association between 
elevated outdoor temperatures and increased mortality rates [27]–[29]. While 
epidemiological research has established a link between high outdoor 
temperatures and excess deaths, there is a notable lack of evidence 
regarding the relationship between indoor temperatures and mortality, as 
indoor temperatures can vary widely from one dwelling to another, even 
under the same outdoor temperature conditions [30]. Consequently, the 
definition of an indoor temperature threshold for health risks remains 
uncertain due to limited and indirect epidemiological data [31], [32]. 

Furthermore, additional studies have indicated that specific vulnerable 
populations, such as the elderly, young children, individuals with poor health, 
and those living in substandard housing without access to air conditioning, 
are particularly susceptible to heat stress [33], [34]. The elderly, in particular, 
spend a significant portion of their time indoors, making them more 
susceptible to indoor overheating during heatwaves [35], [36]. This suggests 
that a considerable number of heat-related deaths occur among the elderly, 
who are often indoors, especially at home, rather than among those working 
outdoors. Indoor overheating, exacerbated by climate change, is emerging as 
a critical factor contributing to heatwave-related fatalities, especially among 
vulnerable populations. The link between indoor temperatures and heatwave 
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mortality highlights the urgent need for comprehensive strategies to address 
indoor overheating in the context of climate change and safeguard the health 
and well-being of vulnerable individuals.  

- Dampness and mold 

In contemporary well-insulated houses, the warm and potentially humid 
indoor environment creates favorable conditions for the proliferation of dust 
mites, thereby raising the risk of exposure to allergenic proteins from these 
organisms [29]. Climate change has the potential to disrupt pest and insect 
ecosystems, leading to alterations in the prevalence, distribution, and 
exposure levels of allergens and animal species within households [22]. 
Furthermore, outdoor climate changes may bring about earlier and prolonged 
occurrences of seasonal aeroallergens [37]. The extent to which these 
allergens infiltrate indoor spaces will depend on ventilation rates and 
penetration factors. Additionally, the rise in water damage and flooding 
caused by climate change can foster the growth of microbial agents such as 
mold and bacteria on building surfaces [38]. Moreover, climate change is 
expected to escalate atmospheric dust levels, particularly during drier 
summer conditions, which can carry various types of pathogens [39]. 
Dampness and mold issues in buildings have been closely associated with a 
substantial increase in respiratory health problems, including asthma 
symptoms [38], [40]. Although current data are insufficient to precisely predict 
the magnitude of these health effects, even modest increases in building 
dampness and mold, as a result of climate change, warrant serious concern. 
For instance, one can envision the potential health implications and costs if 
climate change were to cause a 25% increase in dampness and mold in 
buildings across the United States [25]. 

- Periods with high concentrations of air pollutants 

Elevated levels of outdoor air pollutants can infiltrate indoor environments, 
leading to the onset of acute and chronic health consequences. Those 
consequences involve intoxication, cancer, respiratory infections, 
cardiovascular disease, allergic symptoms and fatalities resulting from 
exposure to elevated concentrations of ozone (O3), carbon monoxide (CO), 
nitrogen dioxide (NO2), Volatile Organic Compounds (VOCs), Persistent 
Organic Pollutants (POPs), radon, etc. [26], [41], [42]. Despite significant 
uncertainty surrounding the impact of climate change on average 
concentrations of outdoor air pollutants [43], several key pollutants have been 
identified as susceptible to alteration that are listed below: 

• Ozone (O3): ozone, a significant air pollutant, is generated in the 
outdoor atmosphere through chemical reactions involving Volatile 
Organic Compounds (VOCs) and nitrogen oxides (NO) in the 
presence of ultraviolet light from the sun [25]. The rate of these 
chemical reactions, and consequently, the production of ozone, rises 
with higher temperatures. Thus, under unchanged conditions, outdoor 
ozone levels would increase with rising temperatures [25]. According 
to the IPCC, climate change is expected to reduce global-average 
tropospheric ozone but increase ozone levels in urban and nearby 
areas, where a majority of the population resides [6]. Climate change 
may also influence ozone levels in urban regions due to alterations in 
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air movement, cloud cover, humidity, and emission rates of reactive 
VOCs and NO [25]. Additionally, changes in building design, 
construction, and operation, partly influenced by climate change 
responses, could potentially impact indoor ozone levels [26]. Warmer 
summer temperatures might lead occupants of naturally ventilated 
houses to open their windows more frequently during periods of high 
outdoor ozone levels [44]. Ozone is known to be an irritant gaseous 
pollutant, causing adverse health effects such as reduced lung 
function, exacerbation of chronic respiratory illnesses, increased 
respiratory hospital admissions, and all-cause mortality, as identified 
by the World Health Organization (WHO). 

• Combustion products: elevated indoor concentrations of combustion 
products, such as carbon monoxide (CO), nitrogen dioxide (NO2), 
formaldehyde, and acetaldehyde, primarily originate from local traffic 
emissions, wildfires, tobacco smoking, as well as the use of fossil fuel 
and biomass-fueled cooking and heating appliances [26], [45], [46]. 
Within the context of climate change, wildfires stand as the primary 
contributors to the augmented presence of indoor combustion 
products. The rise in outdoor temperatures and heat waves due to 
climate change is expected to foster an increase in wildfires. 
Moreover, climate change projections indicate a potential escalation in 
the number and severity of droughts in specific regions, further 
contributing to the likelihood of wildfires. 

• Volatile organic compounds (VOCs): VOCs are common indoor air 
pollutants, including formaldehyde, benzene, and other aromatic 
hydrocarbons, stem from various sources such as building materials, 
furniture, paints, consumer products, tobacco smoke, and combustion 
sources [47], [48]. In the context of climate change and its mitigation 
policies, the increased airtightness of buildings without adequate 
mechanical ventilation may lead to higher indoor VOC levels [26]. The 
health effects associated with VOCs encompass irritation to the eyes 
or nose, headaches, dizziness, nausea, and allergic reactions [49]. 
Evidence indicates a potential link between elevated concentrations of 
VOCs and an increased risk of specific symptoms among infants and 
their mothers, including wheezing, vomiting, diarrhea, and headaches 
[50]. 

• Persistent Organic Pollutants (POPs): POPs like PolyChlorinated 
Biphenyls (PCBs) and PolyBrominated Diphenyl Ethers (PBDEs), are 
commonly found in indoor environments and have been linked to 
various adverse health effects, including cancer, immunosuppression, 
metabolic disorders, neurobehavioral issues, and reproductive 
disorders [51]. Although global efforts such as the Stockholm 
Convention are reducing overall POP levels, climate change poses 
potential challenges to human exposure to these pollutants in indoor 
settings through direct and indirect mechanisms [26]. For instance, 
higher indoor temperatures can lead to increased volatile emissions of 
POPs from household products and materials, resulting in elevated 
indoor concentrations [52], [53]. Additionally, specific POPs used as 
brominated flame retardants, like PBDEs, and fabric treatment 
products, such as PerFluoroOctane Sulfonate (PFOS), may become 
more significant indoor sources in future climate-controlled buildings 
[51]. The increased use of thermal wall insulation in houses might also 
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contribute to indoor contamination with flame retardants like 
HexaBromoCycloDecane (HBCD), commonly used in insulation 
materials [26].  

• Radon: Radon, a naturally occurring radioactive gas emitted from 
rocks and soils, can infiltrate buildings and reach significant indoor 
concentrations [54]. Studies have demonstrated seasonal variations of 
radon in the majority of buildings [55]. Effective ventilation serves as 
the primary method for removing radon from indoor air, as inadequate 
ventilation rates can lead to a buildup of radon gas within properties 
[56]. Consequently, climate change adaptation and mitigation 
strategies that impact building ventilation may influence radon 
exposure [57]. It is estimated that radon exposure is responsible for 
lung cancer deaths, with half of these fatalities occurring among 
current smokers [26]. 
 

- Higher indoor pollen allergens 

In northern temperate climates, the early onset of spring and the spread of 
invasive species like ragweed are introducing novel aeroallergens, leading to 
increased sensitization [58], [59]. The rising atmospheric carbon dioxide 
(CO2) levels have already triggered augmented vegetative growth. Laboratory 
and field experiments indicate that outdoor pollen levels are expected to 
increase due to higher CO2 levels, elevated temperatures, and extended 
growing seasons linked to human-induced climate change [60], [61]. These 
changes may have adverse implications for health, including allergic rhinitis, 
asthma, and atopic dermatitis [62]. 

This thesis centers its attention on one specific aspect of the mentioned 
climate change impacts on indoor environmental quality, which is the 
consequences of overheating. By focusing on this crucial aspect of indoor 
environmental quality, the thesis seeks to contribute to the development of 
sustainable and resilient building designs and strategies that can enhance 
indoor comfort and protect occupants from the adverse effects of rising 
temperatures caused by climate change. 

Building policies for a cooler future: overheating prevention in 
European buildings 

The new recast of the Energy Performance of Building Directive (EPBD) was 
published in 2021, with a particular focus on ensuring optimal indoor thermal 
comfort. Member States (MS) have been called upon to review their national 
regulations linked with the EPBD by the end of 2025 [63]. The primary 
objective of the EPBD is to promote energy efficiency and achieve 
decarbonization of buildings in the European Union (EU) by 2050 while also 
creating a stable environment within these structures. Compliance with the 
EPBD requires all new buildings within the EU to adhere to nearly Zero 
Energy Building (nZEB) requirements by the end of 2021, with existing 
buildings required to comply by 2050. Buildings that meet the nZEB 
requirements exhibit high levels of energy efficiency, with renewable energy 
sources covering almost all or a significant portion of the energy use. The EU 
MS are responsible for developing their unique nZEB requirements based on 
the overarching definition. Nonetheless, there is a standard framework that 
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takes into account various factors, including the building's energy use, 
renewable energy production, and environmental impact. 

The status nZEBs in Europe is not consistent across all countries at present. 
Some nations have already implemented nZEB standards, while others are 
still in the process of doing so. The European Commission monitors the 
progress of MS toward achieving the nZEB target and offers assistance and 
advice to support them in reaching their objectives. Figure 1.5 illustrates that 
according to the Building Performance Institute Europe (BPIE) factsheet [64], 
nZEB requirements have been established in all MS since 2021, except for 
Bulgaria, Hungary, and Greece. 

 

Figure 1.5. The map illustrates the status of nZEB requirements in EU MS. The map 
is created using an online tool [65]. 

The EPBD incorporates calculation methods for both residential and non-
residential buildings, which are based on the ISO 52016-1 standard [66]. The 
ISO 52016-1 standard replaces the widely-used ISO 13790 [67] standard, 
outlining a method for determining energy requirements for heating and 
cooling, internal temperatures, and sensible and latent heat loads. Similar to 
its predecessor, the ISO 52016-1 standard includes both monthly and hourly 
calculation methods. The hourly method in ISO 52016-1 is more sophisticated 
than the simplified hourly method found in ISO 13790 and is better suited to 
handle dynamic interactions between building components and system 
elements [68]. Although each country has its specific regulations with different 
parameters and thresholds to ensure thermal comfort, they are inspired by 
this standard. The inconsistency between the calculation methods, along with 
poor communication between the MS, results in geographic discontinuities in 
thermal comfort criteria, even in regions with similar climatic conditions. The 
methods used to calculate overheating in European building codes based on 
the EPBD are extensively examined in [69], [70] 
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Focusing on Belgium, the implementation of the EPBD is the responsibility 
of each region, namely Brussels, Flanders, and Wallonia. The Brussels 
region, in French “Région de Bruxelles-Capitale”, has decided to adopt the 
criteria outlined by the Passive House standard [71]. Consequently, 
compliance with overheating regulations in Brussels is achieved by ensuring 
that the indoor temperature does not exceed 25℃ by 5% during occupied 
hours throughout the year. Conversely, the Walloon region, in French “Région 
Wallonne”, and the Flemish region, in Dutch “Vlaams Gewest”, utilize a quasi-
steady-state heat balance method [72], [73]. This involves introducing a time-
integrated overheating index, Ioverh [Kh], which sums up the normalized 
monthly excess of heat gains in relation to the indoor set-point temperature. 

In general, the current European building codes do not sufficiently address 
climate change implications for overheating evaluations in buildings [69]. 
These codes are not equipped to handle the challenges presented by climate 
change in the future. Furthermore, a lack of communication and coordination 
between countries regarding thermal comfort has resulted in the absence of a 
standardized approach to address overheating. This is a pressing issue that 
must be addressed to construct long-term buildings capable of preserving the 
well-being and health of European residents during current and future 
heatwaves. 

Cooling strategies: mitigating overheating challenges in building 
design 

Cooling strategies, both active and passive, are essential in preventing 
buildings from overheating. Active cooling strategies utilize mechanical 
equipment to enhance heat transfer to lower indoor temperatures. Despite 
their effectiveness, they use large amounts of energy and can be expensive 
to run. The International Energy Agency (IEA) states that maintaining 
comfortable indoor temperatures using air conditioners and electric fans 
currently contributes to ~20% of the total electricity use in buildings worldwide 
[74]. In contrast, passive cooling strategies rely on natural methods like 
shading and ventilation to keep indoor temperatures comfortable. Passive 
cooling strategies consume no to very low energy, tending to be more 
sustainable and cost-effective than active cooling. However, they may not 
suffice in extremely hot climates or buildings with high internal heat gains.  

A detailed classification of active cooling systems has been proposed by 
[75] based on the source of energy used to power the cooling units. Active 
cooling strategies require an external power source and utilize various energy 
sources, including electricity, natural gas, heat, or solar power, to remove 
heat from indoor spaces. As shown in Figure 1.6, active cooling strategies 
can be classified into two primary groups, which are electricity-driven and 
thermal energy-driven AC units [75]. 
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Figure 1.6. Classification of active cooling systems [75]. 

Passive cooling strategies, in contrast, make use of ambient cooling sinks 
such as building materials, air, water, and the night sky to counteract the 
effects of ambient air, direct solar heat gain, and internal heat gain on the 
building temperature [76]. As shown in Figure 1.7, passive cooling strategies 
can be classified into three major categories: heat protection, heat 
modulation, and heat dissipation techniques [77], [78]:   

• Heat protection: The objective of this technique is to protect the building 
from excessive amounts of solar heat gains, which can be classified into 
two main categories: microclimate and solar control strategies. Heat 
protection can be accomplished by various means, such as shading 
devices, landscaping, and using water surfaces or active vegetation.  

• Heat modulation: This technique involves using the thermal storage 
capacity of the building structure to regulate the amount of heat gained by 
the building. The stored heat is released at a later and appropriate time to 
safeguard the building. The effectiveness of this technique largely depends 
on the type of thermal mass used in the building's construction and the 
chosen discharge methods, such as free cooling. 

• Heat dissipation: This technique is useful in situations where the above 
techniques are insufficient to maintain comfortable conditions. This 
technique involves removing excess heat from the building and releasing it 
into a suitable environmental heat sink (e.g., ambient air, water, and the 
sky) at a lower temperature. The effectiveness of this technique relies on 
the availability of an environmental heat sink and thermal coupling 
between the building and the heat sink.  
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Figure 1.7. Classification of passive cooling techniques [76]. 

The selection of active and passive cooling strategies (or their 
combinations) for buildings depends on various factors, including climate, 
building design, occupancy patterns, ease and cost of installation, operating 
costs, and cultural limitations [79]. For instance, the climate is a critical factor 
in selecting a cooling strategy since it determines the level of heat gained 
from the outdoor environment and the availability of cooling resources. 
Similarly, a building with high occupancy and internal heat gain may require a 
more robust cooling system than one with lower occupancy. Additionally, cost 
and ease of installation may affect the feasibility of certain cooling strategies, 
especially in developing countries or regions with limited resources. Finally, 
cultural limitations, such as the use of traditional cooling methods or local 
customs regarding ventilation, can also play a crucial role in determining the 
most appropriate cooling strategy for a building. 

Climate change poses a significant global challenge for cooling strategies. 
With the ongoing effects of global warming, the demand for cooling solutions 
to ensure comfortable indoor environments is expected to escalate. However, 
changing outdoor weather conditions can have adverse impacts on both 
active and passive cooling methods, as their design, sizing, and efficiency 
heavily rely on environmental factors [80]. 

Regarding active cooling strategies, the efficiency and effectiveness of 
these strategies are directly influenced by outdoor environmental parameters 
such as temperature. As the external heat becomes more extreme, cooling 
systems are forced to work harder to achieve the desired indoor 
temperatures. This heightened demand places a considerable strain on 
energy resources and can potentially lead to shortages or failures in the grid 
as well as higher cooling costs for consumers and businesses alike [81]. 
Moreover, the efficiency of active cooling components, such as pumps and 
condensers, is closely tied to specific performance curves derived from 
outdoor temperature data. As temperatures rise, the performance of these 
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components may be compromised, leading to reduced cooling efficiency, 
increased maintenance needs, and, in some cases, system failures. This 
adds an additional burden on both energy use and maintenance expenses. 
Likewise, passive cooling techniques are not immune to the influence of a 
changing climate. For instance, as outdoor temperatures steadily increase, 
the temperature gradient between indoor and outdoor environments 
diminishes, resulting in a decline in the capacity of passive cooling methods, 
such as natural ventilation.  

Temperate climates and innovative design concepts: achieving 
comfort and efficiency 

Temperate regions are characterized by relatively moderate mean annual 
temperatures [82]. The Köppen climate classification designates a climate as 
"temperate" when the mean temperature in the coldest month falls between 
−3℃ and 18℃ and at least one month averaging above 10℃ [83]. Most 
temperate regions experience four distinct seasons, with temperatures 
varying greatly between summer and winter [84]. As shown in Figure 1.8, 
these climates mainly occur in the middle latitudes (23.5° to 66.5° N/S of the 
Equator), situated between the tropical and polar regions [85]. 

Due to its larger landmass and more stable temperatures, the Northern 
Hemisphere is home to the majority of the world's human population residing 
in temperate zones [86]. In coastal temperate regions, population densities 
are typically three times higher than the global average [87]. Over the last 
century, nearly all temperate coastal regions have experienced net 
immigration, which has resulted in significant population growth and rapid 
economic development [88], [89], [90]. This growth has led to the widespread 
conversion of natural coastal wetlands for agriculture, aquaculture, 
silviculture, industrial, and residential uses [91]. In Europe, there are several 
major cities with temperate climates, such as Paris, Berlin, Amsterdam, 
Brussels, Vienna, and Copenhagen. 
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Figure 1.8. World climate map with temperature vectors. Retrieved from 
www.vectorstock.com/. 

In regions with temperate climates, the primary focus of building thermal 
design is on conserving heat during the winter season [69]. The conventional 
approach involves the use of passive design techniques along with efficient 
heating systems to regulate indoor temperatures throughout the year. These 
strategies typically involve: 

• Implementing adequate wall, roof, and floor insulation to retain heat 
inside the building during winter and keep it out during summer. 

• Using a rectangular floor plan with shorter sides facing east and west 
and a long southern face with larger windows to capture solar energy 
[92]. 

• Incorporating high thermal mass to store excess thermal energy and 
emit it as low-level radiant heat when necessary [93], [94]. 

• Designing windows to optimize solar gains during winter and reduce 
heat gains during summer, such as double-glazed windows with low-
emissivity coatings [95]. 

• Utilizing natural ventilation through windows and doors, with 
mechanical ventilation for extreme weather conditions [96], [97]. 

In temperate regions, buildings typically are equipped with heating systems 
and may require cooling systems in the summer as global warming 
intensifies. To address this issue, energy-efficient systems like heat pumps 
that use non-GHG refrigerants or district heating and cooling networks are 
gaining popularity in Europe [98]. These systems show great promise in 
harnessing renewable energy sources, such as solar, thermal, or geothermal 
energy, and reducing the dependence on non-renewable energy sources [99]. 
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1.1.3. Building Performance Simulation and Modelling (BPSM) 

Definition, methods, and tools 

Building Performance Simulation and Modelling (BPSM) involves replicating 
various aspects of a building through computer-based mathematical models, 
which are developed using fundamental physical principles and engineering 
practices [100]. BPSM is a multidisciplinary and problem-oriented approach 
with a broad scope, which considers dynamic and continuous boundary 
conditions over time and relies on numerical methods to approximate realistic 
models with real-world complexities [101]. To achieve this goal, several 
software tools have been developed that construct physics-based models, 
requiring substantial input and expert assumptions [102]. Computational 
simulation stands out as one of the most powerful analysis tools available 
today. However, it is crucial to understand that simulation does not provide 
definitive solutions or answers, and ensuring the quality of simulation results 
can often be challenging [101]. 

The accuracy of building models and simulations heavily relies on the 
quality of input data, encompassing factors such as building geometry, 
construction materials, HVAC systems and components, internal loads, 
lighting, water heating, control strategies, occupancy and operating 
schedules, thermostat settings, renewable generation systems, and weather 
data, among others (as depicted in Figure 1.9) [103], [104]. BPSM software 
translates this input data into physical equations to generate outputs related 
to energy consumption, costs, occupant comfort, and more, over various 
timeframes, such as yearly, hourly, or shorter periods. 

 

Figure 1.9. General input data required by simulation engines. 

According to [105], there are six essential aspects of building design that 
designers should prioritize and address during the conceptual stage. These 
aspects encompass metrics, comfort levels, climate considerations, passive 
strategies, energy efficiency, renewable energy systems, and innovative 
solutions and technologies. However, integrating these design aspects early 
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on in the process is a complex and time-consuming endeavor that demands a 
high level of expertise. Fortunately, BPSM serves as an ideal tool to 
overcome these barriers. By incorporating BPSM techniques during the initial 
architectural design phase, designers can leverage its unique ability to 
provide answers to questions that may be difficult to address through other 
means.  

In modern design practices, designers increasingly rely on BPSM software 
even during the initial stages of a project to address specific design inquiries. 
Thess software empower them to predict thermal behavior, evaluate energy 
costs, and optimize retrofitting measures [106]. They calculate essential 
variables such as indoor temperatures, heating/cooling needs, HVAC energy 
use, lighting preferences, occupant comfort, and ventilation levels [64]. In 
such a way, the designers are able to make informed decisions and ensure 
compliance with regulations [106]. As indicated in [107], BPSM applications 
have generally proven their effectiveness in the use scenarios listed below: 

• Architectural Design: BPSM informs energy-efficient building 
design by balancing construction costs and operational energy costs, 
leading to cost reductions in both areas. 

• HVAC Design and Operation: BPSM helps engineers design 
efficient HVAC systems and develop effective control strategies. 

• Building Performance Rating: BPSM assesses building 
performance for code compliance, green certification, and financial 
incentives. 

• Building Stock Analysis: BPSM supports the development of 
energy codes and aids utilities and local governments in planning 
energy-efficiency programs. 

Over time, the field of BPSM has witnessed the introduction of a wide range 
of software options, each with its own distinctive features and intended 
applications [108]. These software tools have been developed to cater to the 
diverse needs of designers, architects, engineers, and researchers involved 
in building design and energy analysis. Below is a summary of major BPSM 
software options derived from [106], serving as valuable resources for 
professionals engaged in building design and energy analysis: 

• EnergyPlus: A widely recognized energy simulation software, 
EnergyPlus was developed in 1996 with sponsorship from the United 
States Department of Energy (DOE) [109]. It combines features from 
BLAST and DOE-2 while introducing a new approach that integrates 
heat balance and a generic HVAC system. Visual building 
conception and design require third-party software like 
DesignBuilder. 

• ESP-r: ESP-r is a comprehensive mathematical software used for 
project management, offering tools for data coordination, simulation, 
Computer Aided Design (CAD) applications, performance evaluation, 
and report generation. It employs complex equations to address 
various aspects simultaneously, such as geometry, construction, 
operation, distribution, and heat dissipation [106]. Building geometry 
can be specified using CAD software or similar tools. However, using 
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ESP-r requires substantial expertise and entails a significant learning 
curve. 

• IDA ICE: IDA ICE is a modular thermal simulation software that 
utilizes a general system simulation platform. It describes multi-
domain physical systems using symbolic equations and the Neutral 
Model Format (NMF). Users can define tolerances to control solution 
accuracy and integrate various numerical modeling approaches 
[106]. 

• IES VE: IES VE is a simulation software tool for comprehensive 
building analysis. It incorporates ApacheSim, a dynamic thermal 
simulation tool for evaluating heat transfer processes. The software 
facilitates detailed modeling and optimization of building systems 
considering comfort and energy factors. ApacheSim can be linked 
with MacroFlo for natural ventilation analysis and HVAC Apache for 
detailed HVAC system analysis. 

• TRNSYS: TRNSYS is a modular transient system simulation 
software designed for developing complex energy-related systems. It 
allows for problem decomposition into smaller components [110], 
spanning from basic heat pumps to multi-zone building complexes. 
TRNSYS Simulation Studio offers a graphical user interface for 
configuring components, while building construction can be 
performed using TRNBuild [109]. TRNSYS also enables integration 
with other software tools like Matlab, Excel, and VBA. 

Uncertainties 

Building performance simulations and models rely on numerous assumptions 
derived from simplified design guidelines or expert opinions, often based 
solely on personal judgment [111]. However, it is important to acknowledge 
that many of the design variables treated as deterministic values are, in fact, 
subject to uncertainty [111]. As a result, these simulations and models are 
inherently associated with uncertainties arising from certain input variables 
[112]. For instance, variables like occupant behavior, thermal properties of the 
building envelope, and weather conditions possess inherent uncertainties that 
can significantly influence the outcomes obtained from numerical modellings 
[111]. It was shown in many studies that such uncertainties can be quite 
substantial [113]–[115], which makes it imperative to convey these 
uncertainties to the decision maker [111]. 

Numerous uncertainties originate from various sources, necessitating a 
thorough assessment of the associated risks. The significance of evaluating 
uncertainty in physical experiments directly corresponds to the need for 
understanding its implications [116]. Failing to quantify the overall error in 
predictions leaves practitioners uncertain about the accuracy of their results 
[116]. Therefore, uncertainty analysis plays a critical role in enabling the 
resolution of the following challenges when applied in simulations [116]: 

• Model realism: The extent to which the model accurately represents 
reality, considering its level of detail and fidelity.  

• Input parameters: Determining appropriate values for input 
parameters in the absence of measured data.  
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• Stochastic processes: Assessing the impact of assumptions made 
about future weather, occupancy patterns, and operational factors on 
the model's predictions.  

• Simulation program capabilities: Identifying uncertainties 
associated with the choice of algorithms used for heat and mass 
transfer processes in the simulation.  

• Design variations: Understanding the effects of modifying specific 
aspects of the design on the overall outcomes. 

Figure 1.10 illustrates two main categories of uncertainty analysis in building 
energy assessment: forward and inverse uncertainty quantification [117], 
[118]. Forward uncertainty analysis, also known as uncertainty propagation, 
aims to quantify the uncertainty in system outputs that arise from uncertain 
input variables and mathematical models. On the other hand, inverse 
uncertainty analysis, also referred to as model calibration, seeks to determine 
unknown variables using mathematical models and measurement data [119]. 
So far, a greater emphasis has been placed on forward uncertainty 
propagation in the field of building energy analysis, as inverse uncertainty 
quantification is considerably more challenging [119]. Nonetheless, both 
forward and inverse uncertainty analyses are interconnected [120]. The 
findings obtained from inverse uncertainty analysis often serve as inputs for 
forward uncertainty propagation, e,g., it enables the prediction of building 
energy use based on different energy-saving strategies [119]. 

 

Figure 1.10. Illustration of forward and inverse uncertainty analysis methods applied 
in building performance analysis [118]. 

The progress in contemporary uncertainty quantification techniques has 
significantly improved the methodologies and resources accessible for 
examining uncertainty analysis in building models [120], [121]. The 
application of uncertainty analysis has gained extensive utilization in diverse 
domains of building analysis. These include model calibration [112], [119], life 
cycle analysis [122], [123], building stock analysis [124], [125], impact and 
adaptation to climate change , sensitivity analysis [126], [127], spatial analysis 
[128], [129], and optimization [130], [131]. 

1.2. Problem statement 

Climate change represents an enormous global challenge that is causing 
significant and widespread impacts across multiple sectors, including the built 
environment. As mentioned earlier, one specific concern regarding climate 
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change is its impact on overheating in houses, particularly during the summer 
months, which has motivated the development of the current thesis. A study 
conducted in the UK [132] revealed that indoor temperatures in dwellings 
have been rising at a rate of approximately 1.3℃ per decade between 1978 
and 1996. This trend is projected to continue in the future, as many 
researchers have reported an increase in overheating of buildings due to 
climate change [26], [133]–[137]. With rising average temperatures and more 
frequent and intense heatwaves, maintaining comfortable indoor 
temperatures in buildings has become a critical challenge. Overheating in 
houses can have some potential effects, including: 

• Thermal discomfort: Thermal comfort, which is described as "that 
state of mind that expresses satisfaction with the thermal 
environment and is assessed by subjective evaluation," can be 
negatively affected by overheating [138]. Thermal discomfort can 
result in a lack of satisfaction for building occupants, but it does not 
necessarily pose a significant threat to their health. It can manifest in 
several ways, such as feeling too hot or cold, experiencing dryness 
or humidity, and other related factors. 

• Sleep disruption: The quality and consistency of sleep can be 
greatly affected by high indoor temperatures. According to the 
guidelines set by the Chartered Institution of Building Services 
Engineers (CIBSE) [139], temperatures above 24℃ degrees Celsius 
can result in several unfavorable outcomes during sleep, including 
reduced sleep efficiency, increased sleep fragmentation, and longer 
time to fall asleep [140]. These outcomes can be counterproductive 
and result in decreased productivity during the day and potential 
health issues [141], [142]. 

• Reduced productivity: High indoor temperatures can significantly 
impact occupants' productivity due to the negative effect of 
overheating on cognitive performance, including tasks such as 
perception, memory, and attention [143]–[145]. Studies have shown 
that overheating incidents can result in a decrease in productivity of 
up to 10% or more [146]–[148]. It is worth noting that while reduced 
productivity is primarily a concern in workspaces and educational 
buildings, it is also becoming an important issue in residential 
buildings due to the increasing trend toward homeworking [149]. 

• Health issues and mortality: Extended periods of high 
temperatures can have a cumulative physiological impact on the 
human body, worsening the leading causes of death worldwide, 
including respiratory and cardiovascular diseases, diabetes mellitus, 
and renal disease, as stated by the World Health Organization 
(WHO). Heatwaves can have acute effects on large populations for 
brief periods, leading to public health emergencies and excess 
mortality. The European heatwave of August 2003 is a prime 
example, resulting in an additional 70,000 deaths throughout 
Europe. The impact of the 2003 heatwave varied across different 
cities, with excess deaths ranging from 35.7% in Barcelona, 43.8% 
in London, to 105.5% in Paris, as illustrated in Figure 1.11 [150]. 
High indoor temperatures can affect all populations, especially those 
who are more vulnerable, such as the elderly, infants and children, 
pregnant women, and individuals with medical conditions. 
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• Use of HVAC system: The changing climate is expected to impact 
the use of HVAC systems, with a projected 5%-15% decrease in 
heating demand and a 25%-50% increase in cooling demand across 
Europe by the 2050s [151]. As a result, households are likely to 
purchase and use more air conditioning units to combat rising 
temperatures during the summer months. However, this could lead 
to excessive strain on cooling system components and the electricity 
supply grid during future heatwaves, which are expected to increase 
peak per capita demand by up to 9.5% in temperate regions [152]. 
This could result in breakdowns and power outages [153], [154]. 

 

Figure 1.11. The figure shows city-specific estimates of the impact of heatwaves 
on daily mortality, indicated by the percentage increase and 90% confidence 

intervals, during the summer of 2003 as well as in other years [150]. 

The pressing need to tackle the impact of global warming on indoor thermal 
environments in buildings has motivated this thesis. The thesis centralizes on 
assessing the impacts of climate change and aims to partially address the 
issues by offering solutions. In doing so, this thesis aims to contribute towards 
three of the United Nations (UN) Sustainable Development Goals (SDGs), 
namely SDG03: Good health and well-being, SDG11: Sustainable cities and 
communities, and SDG13: Climate action. By offering solutions to assess and 
mitigate the effects of global warming on indoor thermal environments, this 
thesis intends to promote healthy and sustainable living conditions while 
contributing towards climate action. 
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2. Research framework 

2.1. Aim, objectives, and research questions 

This Ph.D. research forecasts the impact of climate change on Belgian high-
performance houses and provides information on if and which adaptation 
measures are needed. On the strategic level, this research aims at 
contributing to a healthy and productive community by indicating the 
vulnerability of occupants in the indoor environment to the projected impacts 
of climate change. In other words, the research aims to safeguard human 
health, comfort, and productivity inside buildings despite a changing climate 
and achieve this most sustainably, i.e., without compromising climate change 
mitigation efforts. Furthermore, this Ph.D. research questions the status quo 
in building regulations and designs about overheating risks and helps the 
policy-makers design measures to protect the most fragile and often isolated 
population. In this sense, this Ph.D. research has two-fold objectives to 
demonstrate (i) a systematic methodology for rapid analysis of overheating 
risk and comparison of cooling strategies in the context of climate change and 
(ii) the vulnerability of high-performance Belgian houses to the overheating 
impact of climate change and how to increase their preparedness to cope 
with the warming weather conditions.   

This Ph.D. research intends to answer the following main research question: 

• What are the likely impacts of climate change on the thermal comfort, 
HVAC energy performance, and HVAC GHG emissions of high-
performance Belgian houses, and how to adapt them? 

The main research question can be broken down into several specific 
questions that need to be addressed initially. Those questions explore 
different research gaps that are identified and answered in different scientific 
publications. In total, seven publications have been published that form the 
chapters of this thesis. The specific research questions are as follows: 

• RQ1. How do current methods assess time-integrated thermal 
discomfort/overheating in residential buildings in temperate climates in 
the context of climate change? (Chapter 01) 

• RQ2. What are the cooling strategies to prevent overheating in 
buildings? How to classify them and characterize their resiliency 
against heatwaves and power outages? (Chapter 02) 

• RQ3. How to quantify and evaluate the resistivity of buildings and their 
cooling strategies to the overheating impact of climate change using a 
robust methodology? (Chapter 03) 

• RQ4. What are the potential weather conditions under different global 
GHG emission scenarios in Belgium? (Chapter 04, Chapter 06, & 
Chapter 07) 

• RQ5. How much impact will climate change have on the thermal 
comfort, HVAC energy performance, and HVAC GHG emissions of 
high-performance houses in Belgium? What measures, both active 
and passive, can be taken to improve thermal comfort and energy 
efficiency? Can optimized high-performance houses maintain thermal 



       

37 | Impact of climate change on Belgian Dwellings: thermal comfort, HVAC 
energy performance, and GHG emissions | Research framework 

 

comfort levels during unprecedented events? (Chapter 05, Chapter 
06, & Chapter 07) 

2.2. Thesis outline 

As shown in Figure 2.1, this thesis incorporates three principal parts: Part I, 
Part II, and Part III. Part I is the data collection phase, in which two literature 
review studies are performed on thermal discomfort/overheating evaluation 
methods and resilient cooling strategies. In part II, a comprehensive 
methodology is introduced, followed by prerequisite fulfillment in terms of the 
weather data. And Part III consists of simulation studies on thermal comfort, 
HVAC energy performance, and HVAC GHG emissions based on the findings 
and developments in the previous parts. The chapters in each part include a 
journal or conference publication that contributes to the accomplishment of 
the main research questions. In addition, each chapter addresses specific 
research questions, which are detailed in each publication.  

The chapters in this thesis are correlative and integral. Chapter 01 examines 
different time-integrated thermal discomfort/overheating evaluation methods 
applicable to temperate regions. This chapter aims to provide a clear picture 
of the recent methodologies and criteria, highlighting their strengths and 
limitations using some qualitative measures. This chapter is essential in 
finding the appropriate thermal comfort metrics and criteria to be implemented 
in the methodological framework in Chapter 03. Chapter 02 contains a critical 
review of resilient cooling strategies. In this chapter, a wide range of active 
and passive cooling strategies are categorized and qualitatively assessed in 
terms of their resiliency capacities, applicability, and technology readiness 
level. Chapter 02 forms a major part of the methodological framework in 
Chapter 03 and helps understand and identify resilient cooling strategies as 
overheating mitigation measures. Chapter 03 provides the core methodology 
of this research by providing a simulation-based framework to analyze and 
compare the resistivity of buildings and their cooling strategies against 
overheating impact of climate change. The numerical studies follow the 
methodology introduced in this chapter in Part III. Chapter 04 presents a 
procedure to generate the historical and future weather data (annual and 
heatwaves) for building performance simulations in Part III. Chapter 05, 
Chapter 06, and Chapter 07 are numerical studies as follows. Chapter 05 
evaluates the overheating risk in a Belgian Passive house under current and 
future weather scenarios. Chapter 06 conducts a thermal comfort analysis on 
a nearly Zero-Energy dwelling in Brussels. It also compares two widely 
applied HVAC strategies in Belgium in terms of primary energy use and GHG 
emissions, including uncertainty and sensitivity analysis on HVAC modelling 
inputs. Chapter 07 entails building optimization regarding thermal comfort and 
energy performance using passive cooling design strategies and evaluating 
optimal solutions under heatwaves and the cooling system outage. The 
subsequent paragraphs describe how each of the three main parts addresses 
the research questions of the current thesis.  
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Figure 2.1. Thesis outline 
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2.3. Synthesis of methodological approaches 

Chapter 01. In this chapter, a comprehensive examination of time-
integrated overheating evaluation methods is conducted. The research scope 
is refined by establishing specific boundary conditions related to building type 
and climate. The primary emphasis is placed on residential buildings, taking 
into account their prevalence in the European building stock, the vulnerability 
of certain populations to overheating at homes, and the associated health 
risks during sleeping hours. The chapter focuses on temperate climates, 
where the design prioritizes heat preservation during winter, making buildings 
more susceptible to overheating challenges in the summer. 

The target documents considered for the review are categorized into 
international standards, EPBD regulatory documents, and scientific literature. 
The selection of international standards such as EN 15251 [155], EN 16798 
[156], [157], ISO 7730 [158], ISO 17772 [159], [160], ASHRAE 55 (2017) 
[138], ASHRAE 55 (2020) [161], CIBSE Guide A (2006) [139], CIBSE TM52 
[162], CIBSE Guide A (2015) [163], CIBSE TM59 [164], and Passive House 
standard [71] is motivated by their extensive integration into building 
construction and renovation policies within temperate European climates. 
Additionally, EPBD regulatory documents from Belgium, France, Germany, 
the UK, and the Netherlands are examined, given their significance in shaping 
energy efficiency and thermal comfort standards. Moreover, two state-of-the-
art methods from the scientific literature [133], [165] are chosen based on 
their applicability to residential buildings and validation in temperate climates. 

The review process entails a thorough analysis of thermal comfort models 
for both air-conditioned and non-air-conditioned buildings, alongside a critical 
evaluation of time-integrated overheating indices and criteria. Various 
measures are employed to qualitatively assess the methods, including 
dependency on comfort models, dependency on comfort categories, 
symmetric/asymmetric approaches, consideration of all hours versus 
occupied hours, normalization to occupied hours, short-term criteria, and 
long-term criteria.  

Chapter 02. The methodology employed in this chapter involves conducting 
a systematic literature review to provide an overview of existing cooling 
strategies and assess their resilience under various extreme events. The 
review process includes a critical analysis of literature obtained from different 
databases, such as Elsevier (ScienceDirect), IEEE, Google Scholar, Scopus, 
and SpringerLink. Specific keywords related to resilience, overheating, 
heatwave, climate change, power outage, disruptive events, and cooling 
strategies are used to identify relevant peer-reviewed academic literature. 
Furthermore, additional searches are conducted for each cooling strategy, 
utilizing specific keywords. The review considers not only peer-reviewed 
articles but also relevant books and technical reports, with a focus on recent 
publications. 

The analyzed literature is carefully examined to identify the resilient 
characteristics of cooling strategies based on four criteria: absorptive 
capacity, adaptive capacity, restorative capacity, and recovery speed. 
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Absorptive capacity refers to a system's ability to absorb and minimize the 
impacts of disruptive events, such as the utilization of thermal mass to 
mitigate temperature increases. Adaptive capacity involves the capability of a 
system to adjust and modify configurations in response to adverse impacts. 
Restorative capacity relates to a system's ability to return to normal or 
improved operation, exemplified by methods like night cooling to dissipate 
accumulated heat. Recovery speed indicates the rate at which a system can 
recover, considering factors such as ventilation flow rate and outdoor air 
temperature. 

The cooling strategies are categorized into four distinct groups: reducing 
heat gains, removing sensible heat, enhancing personal comfort, and 
removing latent heat. These categories serve as a framework for analyzing 
the strategies based on their underlying physical principles, typologies, 
performance in terms of resilience under extreme events, and Technology 
Readiness Level (TRL) following the guidelines from the U.S. Department of 
Energy. 

Chapter 03. The chapter outlines a research methodology consisting of two 
main parts: the introduction of the framework and a demonstration case 
study. The framework is developed through a comprehensive process that 
includes literature review, consultation of international standards, focus-group 
discussions, and collaboration among the experts. It encompasses four key 
steps: specifying reference cities and weather data characterization, 
identifying building characterization, designing and sizing cooling strategies, 
and specifying performance indicators and comfort models. This framework is 
designed to evaluate cooling strategies specifically for addressing 
overheating discomfort while excluding considerations of overcooling 
discomfort and heating system performance. It enables a universal 
comparison of cooling strategies across diverse building typologies and 
operation modes, considering contemporary and future weather scenarios. 
The framework also provides flexibility in incorporating weather data with or 
without the Urban Heat Island (UHI) effect. 

Applicability is a crucial aspect of the framework, as it addresses both new 
and existing buildings. It offers two simulation model approaches: the shoe 
box model for new buildings and the reference building model for both new 
and existing buildings. The shoe box model represents a simplified building 
shape, while the reference building model represents functional buildings in 
specific locations. The framework allows for the selection of individual or 
combined cooling strategies, and it accommodates adjustments based on 
future weather scenarios.  

The chapter also introduces the Climate Change Overheating Resistivity 
(𝐶𝐶𝑂𝑅) metric, which serves as an indicator of a building's ability to resist 

increasing outdoor thermal stress caused by climate change. The 𝐶𝐶𝑂𝑅 
metric is calculated based on the linear regression of Indoor Overheating 
Degree (𝐼𝑂𝐷) and Ambient Warmness Degree (𝐴𝑊𝐷), considering the 

relationship between indoor and outdoor thermal conditions. 𝐼𝑂𝐷 quantifies 
the risk of indoor overheating by considering the severity and frequency of 
high indoor temperatures based on multizonal thermal comfort thresholds. 
While, 𝐴𝑊𝐷 indicates the severity and frequency of high outdoor 
temperatures, using a base temperature. Additionally, the chapter suggests 
utilizing the 𝑃𝑀𝑉/𝑃𝑃𝐷 comfort models for air-conditioned zones and adaptive 
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comfort models for non-air-conditioned zones. These models allow for 
different comfort categories and occupant adaptation, enhancing the accuracy 
of overheating assessments. 

To validate the framework, a demonstration case study is conducted to 
compare the climate change overheating resistivity of two cooling strategies: 
Variable Refrigerant Flow (VRF) unit coupled with Dedicated Outdoor Air 
Supply (DOAS) system and Variable Air Volume (VAV) system. The 
comparison is performed on a double-zone office building situated in six 
different locations/climates. The simulations are carried out using the 
DesignBuilder software, which utilizes the EnergyPlus v8.9 simulation engine. 
Post-processing of simulation results is performed using MATLAB to calculate 
key indicators such as 𝐼𝑂𝐷, 𝐴𝑊𝐷, and 𝐶𝐶𝑂𝑅. The weather data used for the 
case study includes present-day Typical Meteorological Year (TMY) data and 
future weather projections based on the RCP8.5 emission scenario. The case 
study building incorporates various comfort categories and operational 
conditions, aligning with established ASHRAE standards and reference 
models. 

Chapter 04. This chapter explores the application of the Regional Climate 
Model (MAR) “Modèle Atmosphérique Régional”, to downscale global climate 
data and generate high-resolution weather outputs. It employs various 
atmospheric variables such as temperature, pressure, wind, humidity, and 
sea surface temperature, ensuring comprehensive representation. The 
chapter initially employs ERA5 reanalysis data to force MAR at its 
boundaries, replicating the observed climate. It further utilizes three Earth 
System Models (ESMs) from the Coupled Model Intercomparison Project 
Phase 6 (CMIP6) database to simulate historical scenarios as well as future 
scenarios based on different Shared Socioeconomic Pathways (SSPs), with 
all ESMs driven by the SSP5-8.5 scenario. This approach facilitates the 
determination of equivalent warming periods for the SSP3-7.0 and SSP2-4.5 
scenarios, offering insights into the range of uncertainties without requiring 
downscaled simulations for all ESMs. The analysis in this chapter focuses on 
12 carefully selected cities in Belgium, guided by two key factors. Firstly, 
these cities are chosen based on their significant size, enabling the 
observation of notable temperature increases compared to the surrounding 
rural areas, thereby capturing the UHI effect accurately. Secondly, the 
selection of these cities takes into account their ability to effectively represent 
the spatial variability and climatic diversity observed across Belgium, ensuring 
a comprehensive depiction of the country's climate characteristics. 

The chapter also presents the construction of Typical Meteorological Year 
(TMY) and eXtreme Meteorological Year (XMY) datasets, which are valuable 
for building simulations. TMYs are composed of representative typical 
months, while XMYs encompass extreme months. A detailed protocol is 
provided for constructing these datasets based on ISO 15927-4 [166], 
focusing on crucial climatic variables such as temperature and solar radiation. 
Furthermore, the chapter adopts a statistical heatwave definition proposed by 
[167], which involves calculating temperature thresholds based on 
percentiles. In this method, heatwave events are identified when the daily 
mean temperature exceeds a specific threshold, and their duration, maximum 
temperature, and intensity are characterized. Hourly weather data files are 
generated for various heatwave criteria, including the longest duration, 
highest daily average temperature, and highest intensity. 
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Chapter 05. This chapter investigates how climate change affects thermal 
comfort and overheating risk in residential buildings. A Passive House case 
study is conducted, utilizing the dynamic simulation tool EnergyPlus v9.0 to 
simulate different ventilation rates and four climate scenarios. The model is 
calibrated using monthly energy uses and hourly indoor air temperature using 
the recorded data from 2015-2018. The study also calculates the potential of 
ventilative cooling as a mitigation strategy, and MATLAB is used to process 
and visualize the simulation results. 

The case study takes place in Eupen, Belgium, which has a temperate 
oceanic climate. The house in the study is a two-level, four-façade lightweight 

timber construction with a total area of 174 𝑚2. It complies with the Belgian 
Passive House requirements, which aim for an annual net energy for heating 

below 150 𝑀𝐽/𝑚2. The building features insulated external walls and utilizes 
a pellet stove for heating and a gas water boiler for domestic hot water. The 
infiltration rate is measured at 0.5 𝑎𝑐/ℎ. 

To assess overheating, the study employs three metrics: Indoor 
Overheating Degree (𝐼𝑂𝐷), Ambient Warmness Degree (𝐴𝑊𝐷), and Building 

Climate Vulnerability Factor (𝐵𝐶𝑉𝐹). For the calculation of 𝐼𝑂𝐷, bedrooms 
have a fixed temperature limit of 26℃ based on CIBSE Guide A's [163] static 
comfort model, while other living areas use Category II of the adaptive 
thermal comfort model EN 15251 [155]. 𝐵𝐶𝑉𝐹 represents the vulnerability of 

the building to overheating based on the correlation between 𝐼𝑂𝐷 and 𝐴𝑊𝐷. 

The study considers two historical weather data and two future weather data 
to analyze the impact of climate change. The historical datasets represent 
average and extreme climate scenarios, while the future datasets project 
normal and extreme climates with temperature increases resulting from global 
warming and the urban heat island effect. 

Chapter 06. The methodology in this chapter outlines a two-stage 
approach. In the first stage, the base case building model is simulated under 
different historical and future weather scenarios to assess indoor thermal 
conditions. The second stage involves considering two HVAC system designs 
(referred to as S01 and S02) using the DesignBuilder v7.0.0 software (which 
uses EnergyPlus simulation engine). The building and HVAC models are 
developed in DesignBuilder, and the exported Input Data File (.idf) is utilized 
in subsequent uncertainty and sensitivity analyses. 

The base case building model represents typical naturally ventilated 
terraced dwellings in Belgium, renovated to meet nearly Zero-Energy Building 
(nZEB) requirements. It features external insulation, photovoltaic panels, and 
different conditioned zones. Occupancy schedules, thermal set-points, and 
comfort models from ISO 17772-1 [159] are applied.  

The first HVAC strategy (S01) involves adding a split Air Conditioner (AC) to 
the existing gas-fired boiler system for cooling purposes. The gas-fired boiler, 
modeled in DesignBuilder, provides hot water for heating and domestic use 
using flow splitters, mixers, and a circulating pump. The gas-fired boiler's fuel 
usage is calculated based on its thermal efficiency and a performance curve. 
The AC in DesignBuilder is implemented using a unitary single zone module 
with a DX cooling coil, and its performance under different conditions is 
defined using default performance curves from the EnergyPlus database. 
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The second HVAC strategy (S02) utilizes a reversible air-to-water heat 
pump system for both heating and cooling purposes. To design this system in 
DesignBuilder, it is necessary to define separate hot- and chilled-water loops. 
In the hot water loop, an air-to-water heat pump module is employed, which 
includes an air-to-water DX compression coil as the primary heat source. This 
coil is connected to a water tank, which serves as a secondary/additional heat 
source for heating, along with a supplemental heater. On the other hand, the 
chilled water loop is designed as a high-temperature system, encompassing 
an air-cooled condenser, an evaporator, and a compressor. The purpose of 
this loop is to supply chilled water at approximately 18℃. The performance 
curves and component characteristics for the chilled water loop are derived 
from the data provided by the manufacturer. 

Auto-sizing feature is utilized for thermal capacities and design flow rates of 
HVAC components based on external design conditions and the building's 
characteristics. The existing mechanical ventilation system with heat recovery 
is maintained in both strategies. The study incorporates Uncertainty Analysis 
(UA) and Sensitivity Analysis (SA) to assess the influence of HVAC model 
input parameters on heating and cooling primary energy use and HVAC GHG 
emissions. UA employs Latin Hypercube Sampling (LHS) in the jEPlus tool, 
while SA employs the Morris method in jEPlus+EA tool. 

Chapter 07. The methodology in this chapter aims for optimizing HVAC 
energy use and thermal comfort in a nearly Zero-Energy terraced dwelling in 
Belgium as well as further analysis of optimal cases under extreme events. 
The methodology consists of two main stages: Stage 01 involves multi-
objective optimization of passive design strategies to minimize HVAC energy 
use and thermal discomfort, while Stage 02 analyzes short-term overheating 
during heatwave events with the cooling system outage. 

In Stage 01, the Non-dominated Sorting Genetic Algorithm 2 (NSGA-II) 
method is used for optimization, considering 13 passive design strategies 
such as natural ventilation rate, building orientation, solar absorptance of 
walls and roof, infiltration rate, shading strategies, glazing type, window frame 
type, and different building constructions. The objective functions are final 
HVAC energy use and a newly introduced indicator called Indoor Discomfort 
Degree (𝐼𝐷𝐷). 

In Stage 02, the study evaluates a set of optimal solutions obtained in Stage 
01 under short-term heatwave conditions coincided with the cooling system 
outage, using the highest maximal temperature heatwaves over three periods 
(historical, mid-future, and future). Zonal thermal comfort analysis is 
conducted, considering maximum operative temperature, Heat Index (𝐻𝐼), 
and Thermal Autonomy (𝑇𝐴) index. Furthermore, the Climate Change 
Overheating Resistivity (𝐶𝐶𝑂𝑅) index is used to assess the building's 
resistivity to overheating caused by climate change. 

DesignBuilder v7.0.0 software, which uses the EnergyPlus simulation 
engine, is utilized for both stages. The building model is based on a typical 
renovated three-floor terraced dwelling with a total area of 259 m², occupied 
by a four-member family. Initially heated by a gas-fired boiler with natural 
ventilation, the chapter proposes a mixed-mode approach using a reversible 
air-to-water heat pump for heating and cooling. The building model includes 
various zones and is validated through calibration and utility bill comparison. 
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The HVAC system's design flow rates and thermal capacities are auto-sized 
based on the building configuration and external weather conditions. The 
HVAC system's availability schedule aligns with the occupancy schedule.
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Chapter 01. Review on time-Integrated overheating evaluation 

methods for residential buildings in temperate climates of Europe – 

Journal paper (Appendix A) 

Abstract – Overheating exposure over time can lead to discomfort, productivity reduction, and 

health issues for the occupants in buildings. The time-integrated overheating evaluation 

methods are introduced to describe, in a synthetic way, the extent of overheating over a span 

of time and predict the uncomfortable phenomena. This paper reviews the time-integrated 

overheating evaluation methods that are applicable to residential buildings in temperate 

climates of Europe. We critically analyze the methods found in (i) 11 international standards, 

namely, EN 15251 (2006), EN 16798 (2019), ISO 7730 (2004), ISO 17772 (2017-2018), 

ASHRAE 55 (2017), ASHRAE 55 (2020), CIBSE Guide A (2006), CIBSE TM52 (2013), 

CIBSE Guide A (2015), CIBSE TM59 (2017), and Passive House (2015), (ii) five national 

building codes based on the Energy Performance of Building Directive (EPBD) in Belgium, 

France, Germany, the UK, and the Netherlands, and (iii) two studies in the scientific literature. 

For each method, we present thermal comfort models along with the time-integrated 

overheating indices and criteria. The methods are analyzed according to some key measures 

in order to identify their scope, strength, and limitations. We found that most standards 

recommend static comfort models for air conditioned buildings and adaptive comfort models 

for non-air conditioned ones. We also found a promising method based on three indices, 

namely, Indoor Overheating Degree (𝐼𝑂𝐷), Ambient Warmness Degree (𝐴𝑊𝐷), and 

overheating escalation factor (𝛼𝐼𝑂𝐷/𝐴𝑊𝐷) that allows for a multizonal and climate change-

sensitive overheating assessment. Finally, some guidance is provided for practice and future 

developments. 
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Chapter 02. Resilient cooling strategies – A critical review and 

qualitative assessment – Journal paper (Appendix B) 

Abstract – The global effects of climate change will increase the frequency and intensity of 

extreme events such as heatwaves and power outages, which have consequences for 

buildings and their cooling systems. Buildings and their cooling systems should be designed 

and operated to be resilient under such events to protect occupants from potentially 

dangerous indoor thermal conditions. 

This study performed a critical review on the state-of-the-art of cooling strategies, with special 

attention to their performance under heatwaves and power outages. We proposed a definition 

of resilient cooling and described four criteria for resilience—absorptive capacity, adaptive 

capacity, restorative capacity, and recovery speed —and used them to qualitatively evaluate 

the resilience of each strategy. 

The literature review and qualitative analyses show that to attain resilient cooling, the four 

resilience criteria should be considered in the design phase of a building or during the 

planning of retrofits. The building and relevant cooling system characteristics should be 

considered simultaneously to withstand extreme events. A combination of strategies with 

different resilience capacities, such as a passive envelope strategy coupled with a low-energy 

space-cooling solution, may be needed to obtain resilient cooling. Finally, a further direction 

for a quantitative assessment approach has been pointed out. 

Role of Ph.D. candidate:  
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Original Draft, Review, & Editing) 

Journal:  

• Energy and Buildings 

Journal metrics (Scopus): 

• Scopus coverage years: 1970, from 1977 to 1979, from 1981 to Present, Subject 

area: Engineering: Civil and Structural Engineering (#10/326 – Q1), Engineering: Mechanical 

Engineering (#24/601 – Q1), Engineering: Building and Construction (#9/211 – Q1), and 

Engineering: Electrical and Electronic Engineering (#45/708 – Q1), Publisher:  Elsevier, 

ISSN: 0378-7788, CiteScore 2021: 11.5, SJR 2021: 1.682, SNIP 2021:  2.069.  

Citations: 

• Google Scholar: 57 

• PlumX: 33 

Reference:  

Zhang, C., Kazanci, O. B., Levinson, R., Heiselberg, P., Olesen, B. W., Chiesa, G., ... & 

Zhang, G. (2021). Resilient cooling strategies–A critical review and qualitative 

assessment. Energy and Buildings, 251, 111312.     

https://doi.org/10.1016/j.enbuild.2021.111312 & https://hdl.handle.net/2268/262303 

https://doi.org/10.1016/j.enbuild.2021.111312
https://hdl.handle.net/2268/262303


       

48 | Impact of climate change on Belgian Dwellings: thermal comfort, HVAC 
energy performance, and GHG emissions | Journal and conference 
publications 

 

Chapter 03. Simulation-based framework to evaluate resistivity of 

cooling strategies in buildings against overheating impact of climate 

change – Journal paper (Appendix C) 

Abstract – Over the last decades overheating in buildings has become a major concern. The 

situation is expected to worsen due to the current rate of climate change. Many efforts have 

been made to evaluate the future thermal performance of buildings and cooling technologies. 

In this paper, the term “climate change overheating resistivity” of cooling strategies is defined, 

and the calculation method is provided. A comprehensive simulation-based framework is then 

introduced, enabling the evaluation of a wide range of active and passive cooling strategies. 

The framework is based on the Indoor Overheating Degree (𝐼𝑂𝐷), Ambient Warmness 

Degree (𝐴𝑊𝐷), and Climate Change Overheating Resistivity (𝐶𝐶𝑂𝑅) as principal indicators 

allowing a multizonal approach in the quantification of indoor overheating risk and resistivity 

to climate change. 

To test the proposed framework, two air-based cooling strategies including a Variable 

Refrigerant Flow (VRF) unit coupled with a Dedicated Outdoor Air System (DOAS) (C01) and 

a Variable Air Volume (VAV) system (C02) are compared in six different locations/climates. 

The case study is a shoe box model representing a double-zone office building. In general, 

the C01 shows higher CCOR values between 2.04 and 19.16 than the C02 in different 

locations. Therefore, the C01 shows superior resistivity to the overheating impact of climate 

change compared to C02. The maximum 𝐶𝐶𝑂𝑅 value of 37.46 is resulted for the C01 in 

Brussels, representing the most resistant case, whereas the minimum 𝐶𝐶𝑂𝑅 value of 9.24 is 

achieved for the C02 in Toronto, representing the least resistant case. 
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Chapter 04. 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 D) 

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, modelling 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 follow 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). All generated weather data are 

freely available on the open online repository Zenodo 

(https://doi.org/10.5281/zenodo.5606983, Doutreloup and Fettweis, 2021) and these data are 

produced within the framework of the research project OCCuPANt 

(https://www.occupant.uliege.be/ (last access: 24 June 2022) – ULiège). 
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Chapter 05. Climate change sensitive overheating assessment in 

dwellings: a case study in Belgium – Peer-reviewed conference paper 

– International Congress (Appendix E) 

Abstract – Due to the current rate of global warming, overheating in buildings is expected to 

be more frequent and intense in future climates. High indoor temperature affects occupant 

productivity, comfort, and health. Thus, it is necessary to predict the thermal performance of 

buildings concerning climate change. This paper applies a climate change sensitive 

overheating assessment method to a lightweight timber house in Eupen, Belgium. Three 

metrics are used, namely Indoor Overheating Degree (𝐼𝑂𝐷), Ambient Warmness Degree 

(𝐴𝑊𝐷), and Building Climate Vulnerability Factor (𝐵𝐶𝑉𝐹). The overheating risk is assessed 

under four climate scenarios representing historical and future scenarios using dynamic 

simulation tool EnergyPlus v9.0. This method accounts for overheating severity and 

frequency, considering zonal occupancy profiles and thermal comfort models. The results 

indicate 𝐵𝐶𝑉𝐹 < 1 for the Passive House case study showing its high potential in 

suppressing the outdoor thermal stress in the long-term. Finally, the increase in ventilation 

rate proves to be an adequate measure by decreasing the zonal peak temperatures up to 

10℃ and indoor overheating risk by ~60%. 
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Chapter 06. Impact of climate change on nearly zero-energy dwelling 

in temperate climate: thermal comfort, HVAC energy performance, and 

GHG emissions – Journal paper (Appendix F) 

Abstract – Global warming is widely recognized to affect the built environment in several 

ways. This paper projects the current and future climate scenarios on a nearly zero-energy 

dwelling in Brussels. Initially, a time-integrated discomfort assessment is carried out for the 

base case without any active cooling system. It is found that overheating risk will increase up 

to 528%, whereas the overcooling risk will decrease up to 32% by the end of the century. It is 

also resulted that the overheating risk will overlap the overcooling risk by 2090s under high 

emission scenarios. Subsequently, two commonly applied HVAC strategies are considered, 

including a gas-fired boiler + an air conditioner (S01) and a reversible air-to-water heat pump 

(S02). In general, S02 shows ~6-13% and 15-27% less HVAC primary energy use and GHG 

emissions compared to S01, respectively. By conducting the sensitivity analysis, it is found 

that the choice of the HVAC strategy, heating set-point, and cooling set-point are among the 

most influential parameters determining the HVAC primary energy use. Finally, some future 

recommendations are provided for practice and future research.  
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Chapter 07. Overheating analysis of optimized nearly Zero-Energy 

dwelling during current and future heatwaves coincided with cooling 

system outage – Journal paper (Appendix G) 

Abstract – It is expected that heatwaves will strike more frequently and with higher 
temperatures with the continuation of global warming. More extreme heatwaves concurrent 
with disruptions in the cooling system can lead to significant overheating problems in buildings 
affecting occupants’ health, productivity, and comfort. This paper projects current and future 
heatwaves on an optimized nearly Zero-Energy terraced dwelling in Brussels, assuming the 
outage of the cooling system. Initially, a multi-objective optimization is performed considering 
13 passive design strategies using the Genetic Algorithm (GA) based on the Non-dominated 
Sorting Genetic Algorithm 2 (NSGA-II) method. It is found that high ventilation rate, low 
infiltration rate, high insulation, high thermal mass, integration of green roof, and application of 
operable roller blinds are beneficial in reducing the final HVAC energy use up to 32% and 
enhancing thermal comfort up to 46%. Subsequently, three optimal solutions are selected and 
analyzed under the highest maximal temperature heatwaves detected during the 2001-2020, 
2041-2060, and 2081-2100 periods. It is found that non of the optimal solutions are able to fully 
suppress overheating during heatwaves and the cooling system outage. The indoor operative 
temperatures reach more than 29℃, which can cause serious health issues for the occupants. 
The situation will be exacerbated in the future since an increase in maximum Heat Index (HI) 
between 0.28°C-0.49°C, an increase in the maximum operative temperature between 1.34℃-

2.33℃, and a decrease in Thermal Autonomy (TA) between 17%-28% are estimated. Finally, 
some recommendations are provided for practice and future research. 
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4. Discussion  

The findings of Chapters 01 to Chapter 07 have been detailed in each 
publication. This section further discusses the findings and the connections 

between the chapters and their implications. Figure 4.1 provides a visual 
representation of the connections between the various chapters, highlighting 
the interrelatedness of the topics covered.  

 

Figure 4.1. Connections among the chapters of the thesis. 

Overheating in buildings has become an increasingly pressing issue in 
recent years due to the effects of climate change and the frequent occurrence 
of heatwaves. According to [168], heat-related mortality can be more than 
double by the 2050s and triple by the 2080s. To combat this issue, it is 
necessary to evaluate the current state of buildings to identify areas where 
improvements can be made. However, there is currently a lack of 
comprehensive guidance on how to evaluate overheating in the context of 
climate change and how to test and apply possible adaptation options. 
Chapter 01 highlights the fact that building standards and scientific literature 
have so far paid limited attention to overheating assessments in the context of 
climate change. Even previous efforts to analyze overheating assessment 
methods [169]–[172] have failed to address this issue and have instead 
focused solely on classical evaluation criteria. As a result, current methods 
are not effective in quantifying and illustrating the evolution of building thermal 
performance in future climates. 

As a result of the review in Chapter 01, initially, the metric of overheating 
escalation factor (𝛼𝐼𝑂𝐷/𝐴𝑊𝐷) (or Building Climate Vulnerability Factor “𝐵𝐶𝑉𝐹” 

as denoted in Chapter 05) is chosen to evaluate the vulnerability of a building 
and its cooling strategies to climate change. However, while participating in 
the International Energy Agency (IEA) Annex 80 – “Resilient cooling of 
buildings” project, discussions revealed inaccuracies in its calculation method. 
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This issue is addressed in Chapter 03 by introducing a new metric called 
Climate Change Overheating Resistivity (𝐶𝐶𝑂𝑅). The 𝐶𝐶𝑂𝑅 metric is then 
used in subsequent studies conducted in Chapter 06 and Chapter 07. In 
addition, to prevent confusion, Indoor Overheating Degree (𝐼𝑂𝐷) is 
represented by 𝐼𝑂ℎ𝐷 instead of its original acronym in Chapter 06 and 
Chapter 07. This change is made after the introduction of the Indoor 
Overcooling Degree (𝐼𝑂𝑐𝐷) metric. 

In light of the the current state of the Energy Performance of Buildings 
Directive (EPBD) in Belgium, it is evident that the Brussels region adheres to 
the criteria outlined by the Passive House standard, while the Walloon region 
and the Flemish region adopt a quasi-steady-state heat balance method. 
However, each method has notable shortcomings that have been extensively 
discussed in Chapter 01. In shaping the future of EPBD in Belgium, it is 
advised to prioritize the initial unification of all three regions and shift the 
focus from heating and heat-preserving concepts to considering cooling and 
overheating as key factors. Subsequently, a vital step involves the 
development of dynamic overheating calculation methods based on comfort 
parameters, as opposed to relying solely on heat balance methods, to more 
accurately represent occupants' thermal sensation. Ideally, the new method 
should encompass all six comfort parameters, including relative humidity, 
metabolic rate, air velocity, air temperature, radiant temperature, and clothing 
factor. Furthermore, the new method should account for climate change and 
the urban heat island effect, utilizing current historical data and future climatic 
scenarios. It is essential to adopt both short-term and long-term criteria to 
prepare buildings for heatwaves while ensuring general comfort conditions 
throughout the year. Additionally, provisions should be integrated for the 
operation of buildings in mixed modes, utilizing Predicted Mean Vote (𝑃𝑀𝑉) - 

Predicted Percentage of Dissatisfied (𝑃𝑃𝐷) and adaptive models that directly 
address occupants' comfort, health, and well-being [70], [173]. In parallel with 
the performance-based approach, it is essential to define prescriptive 
requirements for building envelopes, encompassing external shading, 
Window-to-Wall Ratio (WWR) limits, maximum G-values, etc.  

Chapter 01 identifies a critical issue that served as the main driving force for 
developing the methodological framework outlined in Chapter 03, which is 
later used in Chapter 05, Chapter 06, and Chapter 07. The framework is 
designed in four steps to address this issue comprehensively: Step 1) specify 
reference cities and weather data characterization, Step 2) identify building 
characterization, Step 3) identify and design/size the cooling strategies to be 
compared, and Step 4) specify performance indicators and comfort models. 
To follow the standard practice in climate change research, the framework is 
based on dynamic thermal simulation, which requires computer models to 
simulate a building's thermal performance under varying weather conditions. 
Throughout the framework's development, findings from different chapters are 
incorporated to enhance its comprehensiveness. In Step 3, the framework 
utilizes the insights collected from Chapter 02, which not only provides a 
categorization of cooling strategies but also offers a valuable qualitative 
assessment of their resilience against heatwaves and power outages. This 
unique contribution had not been discussed in scientific literature before, with 
prior studies mainly comparing various active and passive cooling strategies 
in terms of energy performance [97], [174], [175], thermal comfort and air 
quality [176], capital expenditure [97], [175], and applicability in different 
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climate zones [76]. In Step 4 of the framework, Chapter 01's contributions 
become particularly crucial. The chapter's identification of a climate change-
sensitive evaluation method in the scientific literature [133] paved the way for 
the introduction of the Climate Change Overheating Resistivity (𝐶𝐶𝑂𝑅) metric. 
Additionally, Chapter 01 helped in developing a systematic procedure in Step 
4 of the framework for selecting thermal comfort models for air conditioned 
and non-air conditioned zones, especially in mixed/hybrid mode zones. The 
latter is particularly important given the lack of consensus on the suitability of 
static and adaptive thermal comfort models for mixed/hybrid mode operation 
[177]. 

While historical weather data can be a useful starting point for climate 
change research, it is essential to supplement it with high-accuracy future 
weather projections, as outlined in Step 1 of the framework in Chapter 03. In 
Chapter 04 of the thesis, the focus is on generating future weather data by 
forcing the "Modèle Atmosphérique Régional" (MAR) using Earth System 
Models (ESMs) from the Coupled Model Intercomparison Project Phase 6 
(CMIP6). This approach offers two significant advantages. Firstly, CMIP6 has 
a relatively small bias compared to its predecessor, CMIP5 [178]. Secondly, 
the use of MAR dynamical downscaling results in high-resolution climate data 
and extreme events [179]. Although other projects such as ENSEMBLES 
[180], NARCCAP [181], and CORDEX [182] have used combinations of 
several Regional Climate Models (RCMs) to provide high-resolution models 
achieving 10–20 km of horizontal resolution, the data provided in Chapter 04 
the current thesis are at a finer resolution of approximately 5km, which is 
specifically tuned for Belgium [183]. This allows for a more detailed and 
accurate analysis of future weather projections, making the research findings 
more relevant and applicable to the region. 

In addition, Chapter 04 provides heatwaves data allowing for the evaluation 
of buildings under extreme events. Heatwaves have different definitions, such 
as a period of at least five consecutive days with a maximum temperature 
higher than 25℃ and at least three days with a maximum temperature above 

30℃, according to the Royal Meteorological Institute (RMI) of Belgium [184]. 
Another definition is a period of at least three consecutive days with a 
minimum temperature of 18.2℃ and a maximum temperature of 29.6℃ or 
higher [185]. However, these definitions are static and do not consider climate 
variations, and may produce inaccurate results when using data from different 
ESMs. The European Environment Agency's definition is more advanced, 
defining a heatwave as a period of at least three consecutive days when the 
daily maximum temperature exceeds the 99th percentile of daily temperature 
values from May to September in a specific location over the reference 
climate period. Differently, Chapter 04 uses a statistical method based on 
three percentiles of daily mean air temperatures to couple the RMI's definition 
with a more sophisticated approach [167]. This approach overcomes the 
limitations of static definitions and enables the study of heatwaves across 
different regions and time periods, respecting the RMI's official definition.  

It is important to acknowledge that there exists an inconsistency in the 
source of weather data used for the simulations throughout the thesis. 
Specifically, in Chapter 03 and Chapter 05, the weather data is obtained from 
Meteonorm, while in Chapter 06 and Chapter 07, the simulations rely on the 
dataset developed in Chapter 04. The use of Meteonorm in the earlier 
chapters incorporates older versions of emission scenarios, specifically the 
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Representative Concentration Pathways (RCPs) from the IPCC Fifth 
Assessment Report (AR5). This inconsistency arises due to two reasons: i) at 
the time of conducting the research in Chapter 03 and Chapter 05, the 
weather data based on MAR (Meteorological Regional Climate Model) was 
not available or complete. and Ii) Chapter 03 encompasses cities in various 
countries worldwide, whereas the weather data in Chapter 04 is specifically 
tailored for Belgium. 

Chapter 03, Chapter 05, Chapter 06, and Chapter 07 of the thesis are 
devoted to exploring active and passive cooling strategies. While the original 
project sought to examine the entire residential building stock in Belgium, this 
Ph.D. research specifically concentrates on newly built or renovated high-
performance houses. This decision arose from the challenge of obtaining 
benchmark models representing the wide array of building typologies found 
across the entire building stock in Belgium. Furthermore, the building models 
utilized in Chapter 05, Chapter 06, and Chapter 07 were not accessible during 
the initial stages of research, leading to the adoption of a simplified shoe box 
model in Chapter 03 to evaluate the framework. 

As supported by numerous studies, passive cooling design strategies have 
the potential to reduce heating and cooling demands, creating opportunities to 
incorporate more efficient HVAC systems with lower capacities throughout the 
year and potentially delaying their operation [186]–[190]. The findings of this 
thesis in Chapter 05 and Chapter 07 align with these previous studies, as it 
concludes that certain passive cooling design strategies can indeed offer 
thermal comfort and energy efficiency benefits. The following section provides 
a brief discussion of some of these identified strategies: 

• Natural ventilation: adequate levels of natural ventilation can help 
buildings to maintain thermal comfort during the summer months by 
circulating fresh and relatively cool outdoor air. Natural ventilation can 
provide higher air change rates using natural systems at almost no 
cost compared to mechanical systems. The positive impact of natural 
ventilation on summer thermal comfort and cooling energy efficiency 
was also confirmed in previous research [133], [191], [192].  

• Low infiltration rate: by reducing the unwanted penetration of cold 
air in the winter and hot air in the summer, low levels of infiltration rate 
can improve thermal comfort and prevent a host of problems 
associated with indoor air quality, energy use, and moisture damage 
in buildings [193]. The positive impact of a low infiltration rate on 
thermal comfort and energy efficiency has also been confirmed by 
previous research [194]–[196]. 

• Low U-values for building envelope components: incorporating 
materials and elements with low U-values in the building envelope can 
help minimize the unwanted heat transfer between indoor and outdoor 
environments. This is especially crucial for buildings that are heated 
and cooled actively, as the unwanted heat transfer can lead to wasted 
energy and may even prompt users to increase the use of heating and 
cooling systems to maintain the desired temperature. Previous 
research has also confirmed the positive impact of low U-value 
building envelope components on both thermal comfort and energy 
efficiency [197]–[199]. 

• Use of thermal mass: utilizing high thermal mass in various building 
components functions as a thermal storage system, which can absorb 
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excess heat and release it when needed. Additionally, it helps reduce 
peak loads during extreme weather events [200], [201]. Previous 
research [202]–[205] also confirmed the favorable impact of high 
thermal mass on thermal comfort and energy efficiency. 

• Green roofs: green roofs, like insulation, can reduce the thermal 
conductivity of the roofs, thereby minimizing heat transfer between 
indoor and outdoor environments. As a result, they can help to reduce 
heating and cooling loads and improve thermal comfort and energy 
efficiency in buildings. In addition to these benefits, green roofs can 
also contribute to decreasing the urban heat island effect, mitigating 
air pollution, enhancing urban air quality, improving water run-off 
quality and stormwater management, reducing noise levels, and 
increasing biodiversity [206]. The positive impact of green roofs on 
thermal comfort and energy efficiency has also been supported by 
previous research [207]–[210]. 

• Shading devices: shading devices are a highly effective solution for 
minimizing solar heat gains and preventing solar radiation from 
entering buildings. By reducing the amount of solar radiation that 
enters a building, shading devices can provide significant thermal 
comfort and energy efficiency benefits, particularly during the hot 
summer months when buildings are most susceptible to overheating. 
These devices can be installed on either the interior or exterior of a 
building and can also enhance the aesthetic value of a building, 
creating a unique architectural feature that can be both functional and 
visually appealing. This thesis suggests that roller blinds are highly 
effective in achieving optimal energy efficiency and thermal comfort. 
The positive impact of shading devices on thermal comfort and energy 
efficiency has also been supported by previous research [211]–[214]. 

Chapter 07 of this thesis emphasizes that optimizing HVAC energy use and 
maintaining thermal comfort in buildings using passive design strategies 
requires a trade-off between reducing heating energy use/overcooling and 
cooling energy use/overheating. Solar radiation is a natural heat source that 
can be advantageous in winter months but not during the summer months. 
Thus, it is important to carefully select factors such as orientation, glazing 
areas, and solar absorptance of roofs and walls that directly impact solar 
gains in buildings, taking into consideration the climate. While in heating-
dominated temperate regions, specifying these factors for higher solar gains 
can be beneficial under current weather conditions; it may not be the case in 
the future due to global warming.  

Passive cooling design strategies are highly effective means of achieving 
both thermal comfort and energy efficiency in buildings. However, it is 
important to note that with the ongoing effects of global warming, the 
effectiveness of these strategies may begin to decline. As a result, active 
cooling strategies will become increasingly necessary in the coming decades, 
particularly during periods of intense heatwaves, to ensure that optimal 
thermal comfort is maintained. While active cooling systems are capable of 
reducing temperatures within a building, it is also important to consider their 
impact on energy use and greenhouse gas emissions. According to the 
Odyssee database, the rate of households in Europe with air conditioning 
equipment increased from 14% in 2010 to approximately 20% in 2019, and 
this trend is expected to continue as the market for active cooling systems, 
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including reversible systems like heat pumps, continues to expand. In fact, 
the recently published ‘REPowerEU’ initiative aims to accelerate the roll-out of 
heat pumps in order to decrease dependency on Russian fossil fuels, 
doubling the deployment rate in the next five years. 

The European Environment Agency (EEA) has identified heat pumps as 
promising technologies for reducing energy use and greenhouse gas 
emissions in buildings, especially when they are powered by electricity from 
renewable sources [215]. This assertion is supported by Chapter 06 of the 
current thesis, in which a reversible air-to-water heat pump outperforms a 
conventional system consisting of a gas-fired boiler and air conditioner. 
However, it is important to note that heat pumps can still contribute to climate 
change in two primary ways [135]. First, the generation of electricity used to 
power heat pumps emits CO2, and the level of emissions depends on the 
degree of decarbonization of the electricity-generation system. Second, the 
use of refrigerants in heat pumps also emits Greenhouse Gases (GHGs), 
primarily hydrofluorocarbons (HFCs), which have a global warming potential 
that is thousands or tens of thousands of times higher than that of CO2. 
These HFCs may be emitted when refrigerant leakages occur or when 
refrigerants are improperly disposed of [74]. 

Finally, it worth highlighting several important aspects regarding the 
modeling and simulation approaches presented in Chapter 05, Chapter 06, 
and Chapter 07. One noteworthy point is the reliance on certain hypotheses 
and assumptions, which can introduce uncertainties into the findings. 
Specifically, the use of fixed rates for natural ventilation and infiltration is a 
significant factor contributing to these uncertainties. These rates are strongly 
influenced by environmental factors, such as the temperature gradient 
between indoor and outdoor spaces, wind speed, and direction. Given the 
potential impact of climate change on these environmental factors, it becomes 
crucial to acknowledge that the rates of natural ventilation and infiltration may 
be subject to change, adding further complexity to the analysis. Additionally, 
Chapter 07 introduces the consideration of external shading devices, which 
are controlled based on an indoor air temperature of 24℃ during occupied 
hours. However, it is important to recognize that occupants may not always 
operate these shading devices solely based on indoor air temperature. Other 
factors, such as diffuse solar radiation incident, glare, and illuminance set-
point, can also play a detrimental role in controlling these shading strategies. 
Additionally, uncertainties stemming from inputs regarding building materials, 
occupancy patterns, and HVAC components performance further contribute 
to deviations between simulated and actual performance, influencing energy 
use predictions and indoor comfort levels. Consequently, the findings from 
Chapter 05, Chapter 06, and Chapter 07 should be cautiously interpreted, 
keeping in mind the various sources of uncertainties that can influence the 
outcomes of the simulations. 
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5. Conclusions 

The primary aim of this Ph.D. research is to address the crucial issue of 
climate change impacts on high-performance houses in Belgium, where 
current building construction practices and regulations have increased the risk 
of overheating. To achieve this goal, the study proposes a rigorous 
methodology to conduct climate change impact assessments, considering 
factors such as location, cooling strategy, and building construction and 
operational properties. By evaluating the impact of climate change on 
representative high-performance houses, the research determines the extent 
of the risk of overheating and its potential impact on thermal comfort and 
energy use. Furthermore, the research suggests and evaluates several active 
and passive cooling solutions that can be incorporated into houses to mitigate 
the overheating impact of climate change. 

By addressing the research sub-questions (Section 5.1), this section 

compiles the response to the main research question (Section 5.2), offering 

valuable insights into the scientific contribution of the research (Section 5.3). 

It highlights the limitations of the study (Section 5.4), where future research 
can improve upon the current approach. Finally, it concludes with final 

remarks and suggestions for future works (Section 5.5) to underscore the 
importance of continued research on overheating risks and adaptation 
measures to promote sustainable and resilient house design in the face of 
climate change. 

5.1. Revisiting research sub-questions 

The present Ph.D. thesis comprises seven chapters, each corresponding to a 
peer-reviewed scientific journal or conference paper. Each chapter responds 
to one or more research sub-questions outlined in the thesis, and collectively 
they provide an answer to the main research question. In essence, the thesis 
is a compilation of published research that addresses the central inquiry in a 
structured and comprehensive manner. The division of the thesis into seven 
chapters serves to organize the findings and present them in a coherent 
manner that highlights the significance and relevance of each sub-topic. The 
approach also facilitates easy access and reference to individual papers for 
interested readers. 

RQ1. How do current methods assess time-integrated thermal discomfort and 
overheating in residential buildings in temperate climates in the context of 
climate change? (Chapter 01) 

The conclusions are obtained from an exhaustive review of time-integrated 
thermal discomfort/overheating evaluation methods that are relevant to air 
conditioned and non-air conditioned residential buildings in temperate 
regions. The review draws on a wide range of sources, including 11 
international standards such as EN 15251 [155], EN 16798 [156], [157], ISO 
7730 [158], ISO 17772 [159], [160], ASHRAE 55 (2017) [138], ASHRAE 55 
(2020) [161], CIBSE Guide A (2006) [139], CIBSE TM52 [162], CIBSE Guide 
A (2015) [163], CIBSE TM59 [164], and Passive House standard [71], along 
with five national building codes based on the Energy Performance of 



       

60 | Impact of climate change on Belgian Dwellings: thermal comfort, HVAC 
energy performance, and GHG emissions | Conclusions 

 

Building Directive (EPBD) in Belgium, France, Germany, the UK, and the 
Netherlands. Furthermore, two recent methods from scientific literature [133], 
[165] are also analyzed. 

The review covers all aspects of time-integrated thermal 
discomfort/overheating evaluation, including thermal comfort models, indices, 
and criteria. To provide a qualitative assessment, several measures are 
considered, such as the dependency on comfort models and categories, 
whether the method is symmetric or asymmetric, whether it applies to all 
hours or just occupied hours in a time span, normalization to occupied hours, 
and whether it has short-term criteria, and long-term criteria. Overall, this 
review provides a comprehensive analysis of the various methods available 
for evaluating time-integrated thermal discomfort/overheating in residential 
buildings in temperate regions. By examining both international standards and 
national building codes, as well as recent scientific literature, the review 
highlights the strengths and weaknesses of each method and offers insights 
into which approaches are best suited to a particular context. The answer to 
RQ1 is as follows:  

• Time-integrated thermal discomfort/overheating evaluation methods 
mainly consist of three different parts, including thermal comfort 
models, time-integrated indices, and criteria. 

o In terms of thermal comfort models, the general 
recommendation from standards is to use static models for 
air conditioned buildings and adaptive models for non-air 
conditioned buildings. However, ISO 7730, CIBSE Guide A 
(2006), and Passive House standards rely exclusively on 
static models. Additionally, some standards specify fixed 
temperature thresholds specifically for bedrooms, such as 
the CIBSE Guide A recommendation of 26℃, even if an 
adaptive model is used for other living areas. 

o A series of indices that can be employed with the static 
comfort model (e.g., Weighted PPD (𝑃𝑃𝐷𝑤) & Averaged 
PPD (𝐴𝑣𝑔𝑃𝑃𝐷)), the adaptive comfort model (e.g., Daily 
Weighted Exceedance (𝑊𝑒)), or both (e.g., Percentage of 

Occupied hours Outside the Range (%𝑃𝑂ℎ𝑂𝑅) & Degree 
hours (𝐷ℎ)) have been developed to provide time-integrated 
thermal discomfort/overheating measurements. 

o Some of the time-integrated indices, such as the 
Percentage of Occupied hours Outside the Range 
( %𝑃𝑂ℎ𝑂𝑅EN,𝐼𝑆𝑂), Averaged PPD (𝐴𝑣𝑔𝑃𝑃𝐷), PPD Over 

Time (𝑃𝑃𝐷𝑂𝑇), Exceedance Hours (𝐸𝐻), and Weighted 
Exceedance Hours (𝑊𝐸𝐻), are symmetric in nature, 
combining both overheating and overcooling discomfort into 
a single value. Although these indices provide valuable 
insights into the overall comfort conditions in buildings, they 
combine two distinct components of thermal comfort, 
making it difficult to determine whether a building can 
effectively address both overheating and overcooling 
discomfort solely by relying on these indices. 

o None of the two methods mentioned in the scientific 
literature, as well as ASHRAE 55 and ISO 7730 standards, 
specify any criteria or thresholds for time-integrated indices. 
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However, EN 15251 and Passive House standards 
establish a single value to limit only long-term annual 
discomfort and overheating, respectively. More recent 
standards, such as EN 16798 and ISO 17772, establish 
values to limit short-term (weekly) as well as long-term 
(monthly and annual) discomfort in buildings. In the case of 
naturally ventilated buildings, CIBSE TM52 provides criteria 
to limit seasonal overheating, as well as daily and instant 
overheating. Additionally, EPBD regulations define annual 
criteria in Belgium, annual and seasonal criteria in 
Germany, annual criteria in France, monthly criteria in the 
UK, and monthly criteria (only for July) in the Netherlands. 

• In general, most standards and scientific literature underestimate the 
impact of climate change. However, Hamdy et al. [133] presented a 
study that provides a methodology for climate change considerations. 
They introduced three metrics: Indoor Overheating (𝐼𝑂𝐷) and Ambient 

Warmness Degree (𝐴𝑊𝐷), and overheating escalation factor 
(𝛼𝐼𝑂𝐷/𝐴𝑊𝐷). By combining these metrics, it is possible to quantify a 

building's sensitivity and cooling system's response to the increasing 
frequency and intensity of overheating due to the progressive rise in 
outdoor air temperature resulting from climate change. 

RQ2. What are the cooling strategies to prevent overheating in buildings? 
How to classify them and characterize their resiliency against heatwaves and 
power outages? (Chapter 02) 

Conclusions are drawn from a critical review of the state-of-the-art cooling 
strategies in existing scientific literature. In this collective work conducted 
within the International Energy Agency (IEA) Annex 80 – “Resilient cooling of 
buildings” project, cooling strategies are classified. The classification aims to 
provide a comprehensive overview of different cooling strategies, including 
their physical principle, typologies, performance with attention to resilience 
under extreme events (heatwaves and power outages), and technology 
readiness level (TRL). 

 A definition of resilient cooling is also provided as “the capacity of the 
cooling system integrated with the building that allows it to withstand or 
recover from disturbances due to disruptions, including heatwaves and power 
outages, and to adopt the appropriate strategies after failure to mitigate 
degradation of building performance (deterioration of indoor environmental 
quality and/or increased need for space cooling energy).” Finally, the 
resilience of cooling strategies is evaluated through a qualitative approach 
that involves conducting focus group discussions among scientific and 
professional experts in cooling technologies and building science who are 
participating in the Annex 80 project. The assessment also relies on an 
extensive review of the existing literature. The answer to RQ2 is as follows: 

• Cooling strategies can be classified into four categories based on their 
approaches to cooling the people or the indoor environment:  

o Category A: Reducing heat gains to indoor environments and 
people indoors (e.g., solar shading and chromogenic glazing 
technologies, cool envelope materials, green roofs, roof ponds, 
green facades, ventilated roofs and facades, and thermal mass 
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utilization). These strategies aim to reduce the need for cooling 
and can potentially lower energy use and costs. 

o Category B: Removing sensible heat from indoor 
environments (e.g., absorption 
refrigeration (including desiccant cooling), ventilative cooling 
including natural ventilation and mechanical ventilation, 
adiabatic/evaporative cooling, compression refrigeration, 
ground source cooling, sky radiative cooling, and high-
temperature cooling). These strategies are more targeted 
towards cooling entire spaces and may be more energy 
intensive. 

o Category C: Enhancing personal comfort apart from cooling 
whole spaces (e.g., personal comfort systems). These 
strategies aim to provide comfort to individuals rather than 
cooling an entire space. 

o Category D: Removing latent heat from indoor environments 
(e.g., desiccant humidification). Such strategies remove 
moisture, which can improve indoor air quality and potentially 
reduce the need for cooling. 

• The cooling strategies can be characterized based on four criteria: 
o Absorptive capacity is the degree to which a system is able 

to absorb the impacts of disruptive events and minimize their 
consequences with little effort. For example, heavy thermal 
mass in a building (capacitance) can absorb unwanted solar 
gain and can minimize and/or delay the air temperature 
increase in the building without the use of cooling energy. 

o Adaptive capacity is the ability to adjust to undesirable 
situations by undergoing some changes. Adaptive capacity is 
distinguished from absorptive capacity in that adaptive 
systems change in response to adverse impacts, especially if 
the absorptive capacity has been exceeded. For example, a 
façade solar shade may be activated when the air temperature 
in the building starts to increase because the storage capacity 
of the thermal mass has been exceeded. 

o Restorative capacity is the ability to return to normal or 
improved operation. For example, night cooling can remove 
unwanted heat gain accumulated in the thermal mass during 
the day and provide a heat sink for the next day.  

o Recovery speed is the speed of the recovery process. 
Recovery may be accelerated if absorption activities are well 
implemented, and the system can quickly mobilize and 
effectively use all the resources at its disposal [216]. For 
example, the speed with which night cooling can remove heat 
from the building’s thermal mass and restore the building to its 
desired condition depends on the ventilation flow rate and the 
outdoor air temperature. 

• Overall, strategies that aim to reduce heat gains in the indoor 
environment demonstrate high absorptive capacity under heatwaves, 
while those with dynamic or flexible controls and Personal Comfort 
Systems (PCSs) exhibit a high adaptive capacity. Strategies that 
remove sensible and latent heat show a high restorative capacity. The 
recovery speed of the cooling strategies depends on various factors 
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such as their cooling potential, design, and control or operation of the 
cooling system. 

RQ3. How to quantify and evaluate the resistivity of buildings and their 
cooling strategies to the overheating impact of climate change using a robust 
methodology? (Chapter 03) 

To address this research question, the term "climate change overheating 
resistivity" of cooling strategies is initially defined as “the ability of building 
cooling strategies to resist the increase of indoor overheating risk against the 
increase of outdoor thermal severity in a changing climate”. This definition 
aims to assess to what extent the indoor overheating risk may increase with 
the rising outdoor thermal stress in future climate scenarios.  

Subsequently, a comprehensive simulation-based framework is introduced 
in four steps, allowing the evaluation of a wide range of buildings with 
different active and passive cooling strategies. The primary aim of the 
framework is to provide a practical, cost-effective, and standardized approach 
based on internationally applicable standards for comparing cooling strategies 
in various locations and climates. However, the suggested procedure can be 
customized to compare a set of applicable cooling strategies for a specific 
building and location. Finally, the proposed framework is tested by comparing 
two air-based cooling strategies, namely a Variable Refrigerant Flow (VRF) 
unit coupled with a Dedicated Outdoor Air System (DOAS) and a Variable Air 
Volume (VAV) system, in six different locations/climates. The answer to RQ3 
is as follows: 

• To evaluate the resistivity of cooling strategies in buildings to the 
overheating impact of climate change, a four-step simulation-based 
framework is introduced, which can be followed as follows: 

o Step 1 (specify reference cities and weather data 
characterization): this step involves several crucial 
components. Firstly, one contemporary (i.e., 2010s) and two 
future (i.e., 2050s and 2090s) weather scenarios should be 
selected considering the worst-case emission scenario (e.g., 
RCP8.5 or SSP5-8.5). Secondly, it is essential to identify the 
target city or cities where the cooling strategy will be 
evaluated. The framework suggests 23 reference cities based 
on their population and growth rate, which cover climate zones 
1 to 6 as defined in ASHRAE 169.1 [217]. Nonetheless, other 
cities can be selected for this purpose. Thirdly, it is 
recommended to either include or exclude the Urban Heat 
Island (UHI) effect in urban-related studies. Including the UHI 
effect improves the accuracy of the weather datasets, while 
excluding it simplifies the process due to the complexity and 
limited availability of UHI-included weather data. 

o Step 2 (identify building characterization): in this step, two 
approaches for selecting building simulation models are 
provided by the framework: the shoe box model for new 
buildings and the reference building model for both new and 
existing buildings. For shoe box models, the envelope 
characteristics must comply with ASHRAE 90.1 [218], and ISO 
18523-1 [219], ISO 18523-2 [220], and ISO 17772-1 [159] are 
suggested to define schedules and conditions of building, 
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zone, and space usage. These include occupancy, operation 
of technical building systems, hot water usage, internal gains 
due to occupancy, lighting, and equipment. For reference 
building models, one should create or select a model that 
represents a specific building typology and vintage constructed 
during a particular period in a specific city. 

o Step 3 (identify and design/size the cooling strategies to be 
compared): to identify the proper cooling strategy, the 
framework lists a set of active and passive cooling strategies 
that are categorized and detailed in Chapter 02. The cooling 
strategy selected to be evaluated through the framework can 
be an individual or any combination of active and passive 
cooling strategies. The applicability of the selected cooling 
strategy in the target cities and climates must be ensured. 
Active cooling systems typically have a limited lifespan of 15-
25 years, and the framework provides two schemes for long-
term analysis adjustments: Scheme A, which is non-
responsive to climate change, and Scheme B, which is climate 
change responsive. In Scheme A, the cooling strategy should 
be designed or sized based on the contemporary weather 
scenario of the 2010s and should be either kept or replaced 
with the same strategy for future scenarios. In Scheme B, the 
cooling strategy should be adjusted at the end of its lifespan 
based on changes in weather conditions and thus should be 
designed or sized according to future weather scenarios. The 
active cooling strategies should be sized for summer design 
days, while passive cooling strategies should comply with strict 
acceptable deviation criteria outlined in ISO 17772-2. For 
mixed/hybrid mode cooling strategies, the building should be 
considered in a way that it first operates via non-air 
conditioned mode and then uses air conditioning to moderate 
extreme weather conditions, as recommended by [177]. 

o Step 4 (specify performance indicators and comfort models): 
three principal indices should be implemented: Indoor 
Overheating Degree (𝐼𝑂𝐷), Ambient Warmness Degree 
(𝐴𝑊𝐷), and the newly introduced Climate Change Overheating 

Resistivity (𝐶𝐶𝑂𝑅) metric, which combines 𝐼𝑂𝐷 and 𝐴𝑊𝐷. 
These metrics allow for a comprehensive multizonal 
assessment of overheating and building resistivity to the 
overheating impact of climate change, taking into account both 
intensity and duration of overheating. Additionally, other 
overheating indices that are partially analyzed in Chapter 01 
can also be employed. With regard to thermal comfort models, 
it is recommended to employ the category-based 𝑃𝑀𝑉/𝑃𝑃𝐷 
(or static) model for air conditioned zones, as well as the 
adaptive model for non-air conditioned zones from ISO 17772-
1 [159]. For zones with mixed/hybrid cooling modes, the 
𝑃𝑀𝑉/𝑃𝑃𝐷 model or adaptive comfort model should be 
selected considering various factors, such as the occupants' 
level of expectancy or vulnerability, as well as energy 
conservation goals. The comfort category (I, II, III, and IV) 
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should be determined based on building typology, occupant 
expectations, and climate context. 

 

RQ4. What are the potential weather conditions under different global GHG 
emission scenarios in Belgium? (Chapter 04, Chapter 06, & Chapter 07) 

Conclusions are drawn from simulations of the regional climate model MAR 
“Modèle Atmosphérique Régional” to create weather data for 12 cities in 
Belgium spanning from 1981-2100. The simulations are conducted by forcing 
MAR with both ERA5 reanalysis, which closely approximates real climate 
conditions, and three Earth system models (ESMs) from the Sixth Coupled 
Model Intercomparison Project (CMIP6) database: BCC-CSM2-MR, MPI-
ESM.1.2, and MIROC6. CMIP6 characterizes the average evolution of climate 
parameters between 1980 and 2014 based on observations and 2015–2100 
based on Shared Socioeconomic Pathway (SSP) scenarios [221]. Three SSP 
scenarios are considered for the generation of future data: i) SSP2-4.5 – 
CO2 emissions around current levels until 2050, then falling but not reaching 
net zero by 2100 (2.7℃ estimated global warming by 2100), ii) SSP3-7.0 – 

CO2 emissions double by 2100 (3.6℃ estimated global warming by 2100), 
and iii) SSP5-8.5 – CO2 emissions triple by 2075 (4.4℃ estimated global 
warming by 2100) [8], [9]. The resulting weather data has a spatial resolution 
of 5 km and temporal resolution of 1 hour, which are used to create Typical 
Meteorological Year (TMY) and eXtreme Meteorological Year (XMY) files 
based on ISO 15927-4 standard [166]. This allows for the reconstruction of 
typical and extreme years while maintaining a reasonable variability of the 
meteorological data. Additionally, heatwave events are identified and 
characterized by their duration, highest temperature, and intensity. The 
answer to RQ4 focusing on Brussels is as follows: 

• Climate change will shift Brussels from a heating-dominated to a 
cooling-dominated city by the 2090s, assuming the worst GHG 
emission scenario SSP5-8.5.  

• The outdoor air temperature is projected to rise 1.11℃ to 4.11℃ per 
month between 2081-2100 compared to the period between 2001-
2020, assuming the SSP5-8.5 scenario. The annual air temperature is 
expected to increase by 1.1-1.6℃ between 2041-2060 and 1.6-3.2℃ 
between 2081-2100, depending on the SSP scenario, in comparison 
to the period between 2001-2020. The 𝐻𝐷𝐷10℃ is predicted to 
decrease by 24% between 2041-2060 and 42% between 2081-2100, 
while the 𝐶𝐷𝐷18℃ is anticipated to increase by 21% between 2041-
2060 and 60% between 2081-2100 across all SSPs compared to the 
period between 2001-2020. 

• It is shown that the highest maximal temperature heatwave happened 
in 2019 and will most probably happen in 2047 and 2098, respectively, 
during historical (2001-2020), mid-future (2041-2060 under SSP5-8.5 
scenario), and future (2081-2100 under SSP5-8.5 scenario) periods. 
The duration and average air temperature of heatwaves are predicted 
to increase with continued global warming. The duration of the highest 
maximal temperature heatwave is expected to rise from 120 hours 
(five days) in 2019 to 168 hours (seven days) in 2047 and 240 hours 
(ten days) in 2098, while the average air temperature during these 
heatwaves is estimated to increase by 0.94℃ and 3.48℃, 
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respectively. Furthermore, the intensity of the highest maximal 
temperature heatwaves is expected to increase by 115% in 2047 and 
498% in 2098 due to the increase in temperature and duration of 
future heatwaves. 

RQ5. How much impact will climate change have on the thermal comfort, 
HVAC energy performance, and HVAC GHG emissions of high-performance 
houses in Belgium? What measures, both active and passive, can be taken to 
improve thermal comfort and energy efficiency? Can optimized high-
performance houses maintain thermal comfort levels during unprecedented 
events? (Chapter 05, Chapter 06, & Chapter 07) 

Conclusions are drawn from the modellings of two high-performance houses 
located in Belgium in Chapter 05, Chapter 06, and Chapter 07. 

Chapter 05 presents the simulation results of a lightweight timber Passive 
house in Eupen under four weather scenarios: the moderate year of 1965, the 
extreme year of 2003, a moderate future year projected from 1976 to 2100 
with a 2℃ temperature increase due to global warming, and an extreme future 
year projected from 1976 to 2100 with a 4℃ temperature increase due to 

global warming and 1.4℃ due to urban heat island effect. Mechanical/natural 
ventilation is considered as the cooling strategy assuming minimum and 
maximum ventilation rates based on NBN D50-001 [222] and [133].  

Chapter 06 presents a climate change impact assessment for a nearly Zero-
Energy terraced house, which serves as a benchmark for the study. The 
assessment focuses on time-integrated discomfort, HVAC energy 
performance, and HVAC Greenhouse Gas (GHG) emissions. To conduct the 
analysis, this chapter utilizes seven weather scenarios based on the regional 
climate model "Modèle Atmosphérique Régional" (MAR), which includes the 
Typical Meteorological Years (TMYs) for 2001-2020, 2041-2060 (considering 
SSP2-4.5, SSP3-7.0, and SSP5-8.5 emission scenarios), and 2081-2100 
(considering SSP2-4.5, SSP3-7.0, and SSP5-8.5 emission scenarios). In the 
first stage, the chapter evaluates time-integrated discomfort for the naturally 
ventilated base case. In the second stage, the chapter compares the 
evolution of primary energy use and GHG emissions of two commonly applied 
HVAC strategies: a gas-fired boiler + air conditioner and a reversible air-to-
water heat pump. Both strategies include mechanical ventilation with a heat 
recovery system. During the second stage of the analysis, specific key 
parameters that characterize the HVAC system undergo Uncertainty Analysis 
(UA) and Sensitivity Analysis (SA) using the Latin Hypercube Sampling (LHS) 
and Morris’s methods. The primary goal of these analyses is to address 
uncertainties that may arise from the HVAC input parameters and identify the 
most influential factors on the HVAC primary energy use, respectively. 

Chapter 07 investigates the risk of overheating for the optimized case of the 
benchmark dwelling discussed in Chapter 06. The assessment is carried out 
in two stages, using weather data obtained from the Regional Climate Model 
(MAR). The first stage involves conducting a multi-objective optimization 
using Genetic Algorithm (GA) based on Non-dominated Sorting Genetic 
Algorithm 2 (NSGA-II) method, which considers 13 passive design strategies 
to minimize both final HVAC energy use and time-integrated thermal 
discomfort. In the second stage, three optimal solutions (i.e., the most energy-
efficient solution, the most thermally comfortable solution, and the 
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compromise solution) are selected from the Pareto front obtained in the first 
stage to analyze the risk of overheating during the highest maximal 
temperature heatwaves detected in the 2001–2020, 2041–2060, and 2081–
2100 periods that coincide with the cooling system outage. The answer to 
RQ5 is as follows: 

• According to Chapter 05: 
o The Passive House, constructed using lightweight timber, 

demonstrates significant potential in preventing long-term 
overheating and maintaining a comfortable thermal 
environment throughout the year. However, certain vulnerable 
areas, particularly those with large glazing areas that result in 
high solar gains, require additional provisions to ensure 
comfortable conditions, especially in future climates. This is 
particularly crucial given the ongoing effects of global warming, 
which are estimated to increase the Indoor Overheating 
Degree (𝐼𝑂ℎ𝐷) by 66%. 

o The use of a mechanical/natural ventilation strategy exhibits a 
substantial cooling potential of 62.68% when employed at high 
ventilation rates. However, due to global warming, this 
potential is projected to decrease. 

• According to Chapter 06: 
o As global warming persists, naturally ventilated, nearly-zero 

energy terraced houses are expected to experience a 
significant increase in overheating risk. This risk is quantified 
by the 𝐼𝑂ℎ𝐷 metric and may increase between 154-528% by 
the end of the century, depending on the SSP scenario. In 
contrast, the Indoor Overcooling Degree (𝐼𝑂𝑐𝐷) metric, which 
quantifies the risk of overcooling, is projected to decrease by 
21-32%. If the high emission scenario (i.e., SSP5-8.5) occurs, 
there is a possibility that the overheating risk may overlap the 
overcooling risk by the 2090s. 

o The use of a reversible air-to-water heat pump leads to a 
decrease of approximately 6-13% and 15-27% in HVAC 
primary energy use and Greenhouse Gas (GHG) emissions, 
respectively, compared to the gas-fired boiler + air conditioner 
strategy. This reduction is primarily attributed to the heat 
pump's lower heating primary energy use and its ability to 
operate in an electricity-based heating mode. The latter is 
particularly relevant in Belgium, where the current electricity 
supply conditions (i.e., energy mix and Primary Energy Factor 
"PEF") make electricity a more environmentally friendly 
alternative to natural gas. 

o It is predicted that by the 2090s, the reversible air-to-water 
heat pump strategy will experience a reduction of 
approximately 4% in HVAC primary energy use, while the gas-
fired boiler and air conditioner strategy will see a decrease of 
about 7%. In terms of greenhouse gas emissions, the 
reversible air-to-water heat pump is expected to have a 3% 
decrease, while the gas-fired boiler + air conditioner strategy is 
anticipated to have a 14ss% reduction by the same period. 

o The HVAC primary energy use for the reversible air-to-water 
heat pump and gas-fired boiler + air conditioner is most 
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affected by specific factors. For the former, the heating and 
cooling set-points and weather scenario have the most 
significant impact, while for the latter, the fan efficiency, 
heating 𝐶𝑂𝑃, and cooling set-point are key factors. It is also 
shown that selecting the appropriate HVAC system during the 
early design stages is crucial for achieving energy-efficient 
buildings. 

• According to Chapter 07: 
o To achieve optimal HVAC energy use and thermal comfort in a 

building through passive design strategies, a balance should 
be made between reducing heating energy use/overcooling 
and reducing cooling energy use/overheating. For a specific 
case study of a nearly Zero-Energy terraced dwelling in a 
temperate climate, certain design features such as high 
ventilation rate, low infiltration rate, high insulation, high 
thermal mass, green roof integration, and operable roller blinds 
are found to increase energy efficiency by up to 32% and 
improve thermal comfort by up to 46%.  

o Even in high-performance houses that have been optimized for 
thermal comfort and energy efficiency, overheating can reach 
critical and unhealthy levels for the occupants during 
unprecedented events such as heatwaves that coincide with 
cooling system outages. Climate change is expected to 
exacerbate this issue. For example, the highest maximal 
temperature heatwave in 2098 results in an increase in 
maximum Heat Index (𝐻𝐼) between 0.28℃ and 0.49℃, an 
increase in the maximum operative temperature between 
1.34℃ and 2.33°℃, and a decrease in Thermal Autonomy (𝑇𝐴) 
between 17% and 28% compared to the one in 2019. 

5.2. Revisiting main research question 

What are the likely impacts of climate change on the thermal comfort, HVAC 
energy performance, and HVAC GHG emissions of high-performance Belgian 
houses, and how to adapt them? 

The main research question has been addressed by dividing the research 
process into three distinct parts, which are data collection (Part I: Chapter 01 
and Chapter 02), methodology development and prerequisite fulfillment (Part 
II: Chapter 03 and Chapter 04), and numerical analysis (Part III: Chapter 05, 
Chapter 06, and Chapter 07). Each part is detailed in a specific part of the 
thesis, with Part I focusing on reviewing and analyzing existing methods, Part 
II focusing on developing a comprehensive framework, and Part III focusing 
on presenting the results of climate change impact assessments on high-
performance houses. In fact, the two first parts are intended to establish the 
foundation to conduct the simulations in Part III in order to answer the main 
research question as follows: 

• Climate change’s effect on thermal comfort: The findings from 
Chapter 05, Chapter 06, and Chapter 07 indicate that climate change 
will have significant and varied impacts on the thermal comfort of high-
performance buildings. While the discomfort caused by overcooling is 
expected to decrease, the discomfort caused by overheating will 
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become a major challenge, particularly for naturally ventilated houses. 
The research conducted in Chapter 04 found that the detached house 
will experience a 66% increase in the risk of overheating, while the 
terraced house in Chapter 05 will experience a much higher increase 
of up to 528% by the end of the century. Furthermore, Chapter 07 
demonstrated that extreme events, such as heatwaves and cooling 
system outages, can pose significant risks to occupants in the future. 
Therefore, relying solely on passive cooling strategies may not be 
sufficient to ensure thermal comfort and safety in highly insulated 
high-performance houses in Belgium, and active cooling systems will 
likely become necessary. 

• Climate change’s effect on HVAC energy performance and GHG 
emissions: Climate change is anticipated to alter the heating and 
cooling loads in buildings, leading to a reduction in heating loads and 
an increase in cooling loads. The net effect on HVAC energy use will 
vary depending on the efficiency and energy source of the system in 
use and climate. In Belgium's temperate climate, global warming can 
result in a decrease in the overall HVAC energy use and HVAC GHG 
emissions, as revealed in Chapter 06. The research shows that 
considering a reversible air-to-water heat pump strategy and a gas-
fired boiler + air conditioner strategy in a high-performance terraced 
house will result in estimated reductions of 4% and 7% in HVAC 
primary energy use by the end of the century, respectively. The same 
applies to HVAC GHG emissions, with the reversible air-to-water heat 
pump strategy expected to have a 3% reduction and the gas-fired 
boiler + air conditioner strategy anticipated to have a 14% reduction. 
Overall, as shown by the results of the sensitivity analysis in Chapter 
06, the choice of the HVAC system plays a major role in determining 
the changes in HVAC energy and HVAC GHG emissions due to global 
warming. 

• Adaptation to climate change: Adapting buildings to the overheating 
impact of climate change requires selecting appropriate active and 
passive cooling strategies or a combination of both. This can be a 
challenging task, especially as the effectiveness of different strategies 
can vary depending on the specific conditions of the building and the 
surrounding environment. As shown in Chapter 05 and Chapter 07, 
passive strategies, such as natural ventilation, lowering infiltration 
rates, insulation, use of thermal mass, green roofs, and shading 
devices, have been shown to be effective in achieving comfort and 
energy efficiency benefits in high-performance houses in Belgium. 
However, as mentioned earlier, the effectiveness of these passive 
strategies may diminish due to global warming. Therefore, it is 
important to regularly evaluate and guarantee their performance under 
different weather scenarios that may be experienced in the future. In 
situations where active cooling systems are required, it is important to 
ensure that they are highly efficient and flexible to be coupled to 
renewable energy sources, such as electricity-based systems. Heat 
pumps are a promising solution for high-performance houses in 
Belgium, as indicated in Chapter 06. However, it is important to 
consider contingency plans for abnormal conditions, such as 
concurrent heatwaves and cooling system/power outages. In such 
cases, backup cooling or power systems, such as mini-split systems, 
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generators, and batteries, should be installed to ensure that the 
building remains comfortable and cool. By implementing a 
combination of active and passive cooling strategies and adopting 
contingency plans for abnormal weather conditions, buildings can be 
effectively adapted to climate change, thus reducing energy use and 
improving comfort. 

5.3. Thesis contribution 

The thesis aims to fill specific knowledge gaps in the field by dedicating each 
chapter to addressing a particular area. The findings of the thesis can provide 
valuable insights for researchers, policymakers, building designers and 
professionals, constructors, and the cooling industry. By highlighting the 
urgency of climate change adaptation actions, the thesis can help the 
construction sector move towards developing climate-proof and energy-
efficient houses that offer comfort and health benefits to their occupants. The 
main contributions of the thesis can be summarized as follows: 

• By presenting criteria for qualitative evaluation of different methods for 
assessing time-integrated thermal discomfort/overheating, the thesis 
contributes to a better understanding of this phenomenon. Specifically, 
the thesis examines commonly used methods in temperate regions 
and offers an overview of their strengths and limitations. 

• The thesis introduces the concept of resilient cooling and 
characterizes the resiliency of a wide range of state-of-the-art cooling 
strategies using a set of qualitative criteria.  

• The thesis proposes a multizonal method for climate change-sensitive 
evaluation of time-integrated overheating in buildings based on three 
principal metrics (𝐼𝑂ℎ𝐷, 𝐴𝑊𝐷, and 𝐶𝐶𝑂𝑅) [133]. Incorporating these 
metrics allows for an asymmetric and multizonal quantification of 
overheating and determines the resistivity of buildings and their 
cooling strategies to global warming.  

• The core contribution of this thesis lies in the development of a 
versatile simulation-based methodological framework that significantly 
advances the existing knowledge. Firstly, the framework is founded on 
universally applicable standards, facilitating a standardized 
comparison of cooling strategies across diverse climatic regions under 
common boundary conditions. Secondly, it offers a comprehensive 
approach, enabling the evaluation of various active and passive 
cooling strategies, while also providing systematic guidance on 
selecting appropriate comfort models for zones with different cooling 
modes (air-conditioned, non-air-conditioned, and mixed/hybrid mode). 
Thirdly, this framework exhibits flexibility by accommodating both 
residential and non-residential buildings, regardless of their typologies 
or operation types, encompassing both newly constructed and existing 
structures. Lastly, the framework incorporates a multi-zonal and 
climate-change-sensitive perspective to effectively assess overheating 
risks in buildings. 

• The thesis presents a novel meteorological dataset for major cities in 
Belgium that is tailored and structured to suit building performance 
simulations. The dataset encompasses both historical and future 
weather data, presented on an annual basis. The dataset also 
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includes TMYs, XMYs, and three types of heatwaves for different 
timeframes.  

• The thesis provides the results of a comparative analysis among 
commonly applied active cooling systems in Belgium and offers an in-
depth examination of their sizing. It also identifies passive design 
strategies that can contribute to both energy efficiency and thermal 
comfort in high-performance houses using optimization techniques. 

Overall, this thesis makes a valuable contribution to the growing body of 
knowledge on the effect of climate change on the thermal comfort and energy 
performance of high-performance houses, with a particular focus on 
temperate climates. The findings on these houses, which were recently 
constructed or renovated to comply with current Belgian legislation, offer 
practical insights that can guide policy decisions and inform actions in the 
construction industry. 

5.4. Limitations 

Each chapter may have been affected by various limitations, which are 
described in detail within the chapter. The primary limitations can be 
summarized as follows: 

• Chapter 01 and Chapter 02 of the study both lack quantitative 
analyses of the methods used to assess overheating and the 
resiliency characterization of cooling strategies, respectively. This 
indicates that the study does not utilize numerical data and statistical 
methods in the analyses, making it difficult to accurately interpret the 
effectiveness of the methods and strategies. 

• The study lacks a specific threshold for 𝐼𝑂ℎ𝐷 as the principal metric 
used to quantify the overheating risk in Chapter 03, Chapter 05, 
Chapter 06, and Chapter 07. Without a defined threshold, this metric 
can only be used for comparative analysis between different buildings 
and cooling strategies. However, it does not provide a clear indication 
of whether a building is experiencing overheating or not.  

• The thermal comfort evaluations carried out in different chapters do 
not consider all influential factors that affect occupants' comfort (i.e., 
air temperature, radiant temperature, relative humidity, clothing 
insulation level, metabolic rate, and air velocity). Chapter 03, Chapter 
05, and Chapter 06 evaluate thermal comfort based solely on the 
operative temperature, whereas Chapter 07 takes into account the 
operative temperature and relative humidity.  

• The focus of the thesis is narrowed down to the temperate region of 
Belgium. This is reflected in various chapters, including Chapter 04, 
Chapter 05, Chapter 06, and Chapter 07, which specifically deal with 
the development of weather data, simulation studies, and analysis of 
results in the context of Belgium. 

• The future weather data developed in Chapter 04 does not accurately 
account for the Urban Heat Island (UHI) effect due to insufficient 
information on the expected changes in urbanization and human 
activities. Therefore, the study does not incorporate the potential 
impact of UHI on the future thermal conditions of the studied cases. 
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• The study's scope is limited to a few building typologies, namely a 
high-performance shoe box office model in Chapter 03, a high-
performance detached house in Chapter 05, and a benchmark high-
performance terraced house in Chapter 06 and Chapter 07. As a 
consequence, the study's paradigm does not encompass the majority 
of other residential and non-residential typologies, such as 
apartments, high-rise buildings, nursing homes, commercial buildings, 
etc. 

• The models presented in Chapter 05, Chapter 06, and Chapter 07 
exhibit certain partial oversimplifications. One significant aspect is the 
use of fixed rates for natural ventilation and infiltration, which 
introduces uncertainties in the findings. The rates of natural ventilation 
and infiltration are strongly influenced by environmental factors, such 
as the temperature gradient between indoor and outdoor spaces, wind 
speed, and direction. Considering the impact of climate change, where 
these environmental factors are subject to change, the rates of natural 
ventilation and infiltration may also be affected, making this an 
especially critical consideration. 

• The investigations in Chapter 03 and Chapter 06 fail to take into 
account the Ozone Depletion Potential (ODP) of the refrigerant in the 
HVAC systems. ODP, which reflects the decrease in the ozone layer 
in the atmosphere caused by halocarbons [223], is a significant factor 
in determining the sustainability of the HVAC systems [224].  

5.5. Suggestions for future works 

The Ph.D. thesis identifies several limitations and unsolved issues, which 
offer various suggestions for future research, elaborated in each chapter. The 
key concepts can be outlined as follows: 

• To advance research in this area, it is suggested to project the impact 
of global warming on other types of buildings, particularly the old 
residential building stock in Belgium. The proportion of dwellings built 
before 1990 in Belgium is 87% [225]–[227], and given the current 
renovation rate of less than 1% [228], it is anticipated that these old 
buildings will remain prevalent for several decades in the country. 

• It is recommended that future studies focus on enhancing the 
evaluation techniques for overheating in the context of climate 
change. The new overheating indices should incorporate all comfort 
parameters, including relative humidity, metabolic rate, air velocity, air 
temperature, radiant temperature, and clothing factor provide a holistic 
and accurate estimation of occupants’ thermal sensation. Additionally, 
these new indices should be accompanied by distinct thresholds that 
indicate whether a building is experiencing overheating during short-
term heatwave events or in the long-term. 

• It is suggested that future research should include a comparison 
between the weather data developed in Chapter 04 and data obtained 
from other sources such as CORDEX, Meteonorm, WeatherShift, and 
CCWorldWeatherGen. This can involve analyzing the similarities and 
differences between the datasets and evaluating the potential impacts 
of any variations on the results of the study. Moreover, it is suggested 
that additional research should be conducted to examine the 
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development of Urban Heat Island (UHI) and its impact on future 
weather conditions. 

• It is recommended that future research should focus on exploring the 
effectiveness of various combinations of active and passive cooling 
strategies in improving thermal comfort and energy efficiency in 
buildings. This can result in the identification of the best possible 
combinations of cooling strategies for different building types and 
climates, helping in the development of optimized design guidelines. 
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dwelling in temperate climate: thermal comfort, HVAC 
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Chapter 7: Overheating analysis of optimized nearly Zero-

Energy dwelling during current and future heatwaves 
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