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of effective measures addressing housing inequality across Europe. With a transdisciplinary dialogue,
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contribute to a better socio-economic and sustainable integration of vulnerable groups in European
societies.

Houselnc takes a systemic view and assesses interlinkages of housing inequalities - emphasizing
energy and mobility poverty, digital dimensions, employment opportunities, family and socio-
demographic conditions, energy-efficiency, and health - on a micro-, meso- and macro-level. The
interdisciplinary Houselnc consortium - consisting of research institutes and universities, policy think
tanks, NGOs, and practitioners on the ground - involves case studies to engage directly with members
of four marginalized communities in or from Eastern Europe.

Besides a mix-method approach, including modelling and a GIS-based analysis depicting
geographical and future housing inequality, we implement a multinational survey to better
understand housing inequality in light of recent events such as COVID-19 and Russia's invasion in the
Ukraine. The research results will be assessed, mapped, and scaled up using Living Labs and various
stakeholder engagement activities to provide innovative solutions addressing housing inequalities
and translating them into valid local, regional, national and EU policy recommendations impacting
EU and national funding programs and providing a comprehensive overview and guidance for
policymakers to mitigate housing inequalities.
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1. EXECUTIVE SUMMARY

This report examines how climate change may intensify overheating risk in European housing and how
this risk intersects with existing wider housing inequalities. It focuses on residential overheating not only
as a technical issue of building performance, but also as a social and health-related risk shaped by
household socio-demographics, household resources, tenure, dwelling characteristics and access to
cooling.

The analysis combines household survey data from the Houselnc Multinational Survey, TABULA
residential archetypes and dynamic building simulations to assess overheating exposure under current
and future climate conditions. The study covers five countries: Belgium, the Czech Republic, Germany,
ltaly and Great Britain. Within each country, two case-study locations were selected to capture significant
climatic, urban and housing contexts while retaining sufficient sample size for analysis.

The results show that overheating increases under future climate conditions across all case-study
countries. However, exposure is unevenly distributed. Housing characteristics, especially tenure, dwelling
type and building age, play a central role in shaping overheating risk. Financial strain and health-related
vulnerability are also important in some national contexts, but their effects are often mediated through
housing conditions. The findings therefore show that future overheating risk is closely linked to existing
housing inequalities.

1.12. CLIMATE CHANGE AND OVERHEATING RISK IN EUROPEAN HOUSING

Climate change is increasing the relevance of summer thermal risk across Europe. Rising temperatures,
warmer nights and more frequent heat events mean that housing systems — historically designed around
winter heating and energy efficiency — must now also be assessed for their ability to provide safe indoor
conditions during hot weather.

The analysis shows projected warming under the Shared Socioeconomic Pathway SSP245 across all
selected countries by both 2050 and 208o. Overheating cannot be treated as a concern limited to
Southern Europe. While Italy shows very high exposure, substantial future temperature increases are also
visible in Belgium, the Czech Republic, Germany and the United Kingdom. This confirms that residential
overheating is becoming a Europe-wide housing and public health challenge.

1.2. INTEGRATING BUILDING SIMULATION AND SURVEY DATA

The report uses an integrated analytical framework that links household-level survey data with simulated
overheating outcomes. Each household was matched to a country-specific TABULA building archetype
using reported dwelling characteristics such as dwelling type and construction period, together with
country-level archetype classifications. Dynamic simulations were then used to estimate overheating
under different climate horizons, refurbishment scenarios and cooling-access assumptions.

This approach makes it possible to connect indoor overheating exposure with household characteristics
such as financial strain, tenure, dwelling type, building age, chronic illness, household composition and
access to cooling. The analysis therefore moves beyond identifying which buildings overheat, and asks
which households are most exposed and least able to adapt.

The analysis considers three key dimensions: current climate conditions and future climate conditions
based on SSP2-4.5 projections (2050 and 2080), three building scenarios (current status, standard

12
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refurbishment and advance refurbishment), and two cooling scenarios (observed AC ownership and
universal AC scenario)

1.3. KEY CROSS-COUNTRY FINDINGS

Across the five countries, effective overheating increases from the current climate to 2050 and further to
2080. While the scale of increase differs between countries and locations, the direction of change is
consistent across all case studies.

Exposure, however, is unevenly distributed. Housing characteristics, especially tenure, dwelling type and
building age, play a central role in shaping overheating risk. Socio-economic disadvantage appears to
operate largely through unequal housing conditions, with the association between financial strain and
overheating often weakening once housing characteristics are taken into account. At the same time,
tenure frequently remains associated with overheating even after adjustment for dwelling type and
building age, suggesting that overheating vulnerability is shaped not only by building characteristics but
also by unequal housing conditions and adaptation opportunities. The findings therefore show that future
overheating risk is closely linked to existing housing inequalities.

Refurbishment can reduce overheating exposure in some settings, particularly under more advanced
refurbishment scenarios, but it does not eliminate future overheating risk. In several case studies, standard
refurbishment does not fully offset climate-driven increases in overheating, indicating that adaptation
strategies will need to address both energy efficiency and summer thermal performance.

Across countries, the pathways of inequality differ. In Belgium, Germany and the United Kingdom,
overheating is strongly structured by tenure, dwelling type and building age. In Italy, financial strain and
private renting remain important predictors, particularly for night-time overheating. In the Czech
Republic, dwelling type and building age are especially important, while financial strain is less robust after
adjustment. Across all countries, the dwellings most susceptible to overheating are disproportionately
occupied by tenants and households facing structural housing constraints.

Air conditioning (AC) substantially reduces modelled overheating under the universal sensitivity scenario,
but this should not be interpreted as a simple policy solution. The modelling assumes effective operation
under specified conditions, whereas real-world cooling depends on affordability, access, energy costs,
maintenance and household behaviour. Reliance on AC may reduce indoor exposure for some
households, but it can also shift vulnerability towards energy-dependent cooling and increase pressure on
electricity systems

1.4. IMPLICATIONS FOR EU CLIMATE AND HOUSING POLICY

The findings show that overheating should be treated as a core housing-policy issue, not only as a climate
or energy issue. Existing housing policy has often prioritised winter energy efficiency, but future climate
conditions require a broader understanding of residential habitability that includes summer comfort,
night-time heat exposure and safe indoor temperatures.

Retrofit policy should therefore avoid a narrow focus on insulation and airtightness alone. Energy
efficiency remains essential, but it must be combined with summer resilience measures such as shading,
ventilation, solar control, passive cooling and attention to dwelling form and building age. Policies should
also recognise that tenants and financially constrained households may have less ability to modify their
homes or pay for cooling.

13
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The results also highlight the importance of linking climate adaptation with housing inequality.
Households already facing financial strain, insecure tenure or poorer housing conditions may be more
exposed to overheating and less able to respond. EU and national housing programmes should therefore
integrate overheating risk into renovation strategies, social housing policy, energy poverty policy and
climate adaptation planning.

1.5. RECOMMENDATIONS FOR RESEARCH AND IMPLEMENTATION

Future research should continue to develop integrated methods that combine climate projections,
building simulation and household-level vulnerability data. This is essential for identifying not only where
overheating occurs, but who is most affected.

Implementation should prioritise practical, low-regret measures that reduce overheating at source. These
include external shading, improved ventilation, passive cooling, solar control, green infrastructure and
climate-sensitive retrofit guidance. Particular attention should be given to rented housing, flats, older
buildings and households experiencing financial strain. These findings align with results from Houselnc
Deliverable D3.2 on the drivers of financial housing inequality, which similarly highlighted the importance
of incentives for private landlords to improve housing quality in the rental sector.

Further work should also assess the feasibility of cooling strategies. This includes understanding whether
households can afford to use AC, whether passive cooling measures are accessible, and how tenants can
be supported to adapt homes they do not own. Finally, overheating assessment should become a routine
part of housing renovation, energy performance and climate adaptation programmes across Europe.

14
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2. INTRODUCTION

Main definitions

Heatwaves: although there is no single universal definition, heatwaves generally refer to
prolonged periods of unusually hot weather relative to the climatic conditions normally
expected in a given region and season.

Overheating: in the context of housing, overheating refers to indoor conditions in which
temperatures become excessively high for thermal comfort and safe occupation. Overheating
may arise during heatwaves, but can also result from a combination of building characteristics,
solar gains, inadequate ventilation, urban heat island effects and sustained warm weather.

Climate change is reshaping the conditions under which housing in Europe is built, renovated and
occupied. Rising average temperatures, more frequent and intense heatwaves, and warmer night-time
conditions are creating new forms of residential risk across the continent (Figure 1). The IPCC's
assessment of Europe shows that mean and maximum temperatures, warm days and nights, and
heatwaves have increased since 1950, and that warming in Europe is projected to continue at a rate above
the global mean. European cities are already identified as hotspots of multiple climate risks, including
extreme heat, flooding and drought (Intergovernmental Panel On Climate Change (IPCC) 2022).

Within this changing context, summer heat can no longer be treated as a marginal or exceptional issue for
housing policy. European housing policy has historically focused on winter cold, energy efficiency and fuel
poverty (Brown et al. 2026; Makridou et al. 2024; Thomson et al. 2019). That focus remains important,
but it is no longer sufficient. There is growing recognition that summer thermal risk must also be
addressed as a major housing, health and climate challenge (Zhang et al. 2025). Heat is now one of the
key climate risks facing Europe, with the number of people exposed to heat stress and the associated
burden of morbidity and mortality expected to rise substantially under higher warming levels (Garcia-
Lednetal. 2024; Van Daalen et al. 2024).

This report advances a central argument: residential overheating should be understood not only as a
technical problem of building performance, but also as a socially differentiated risk shaped by inequality.
Some dwellings are more likely than others to overheat, but the consequences of overheating also depend
on who lives in those dwellings, what resources they can draw on, and how far they are able to adapt. The
report therefore examines overheating as both a housing and a social issue, linking indoor thermal
exposure to unequal health and wellbeing outcomes across households.

2.1. OVERHEATING AS A GROWING EUROPEAN HOUSING RISK

Residential overheating is emerging as a major and increasingly widespread housing risk across Europe
(Ballester et al. 2023; Taylor et al. 2023; Van Daalen et al. 2024). Rising temperatures, more frequent and
intense heatwaves, warmer night-time conditions, and the amplification of urban heat island effects are
increasing the likelihood that dwellings will experience prolonged periods of indoor heat stress. Although
overheating has often been associated primarily with Southern Europe, recent evidence indicates that it
is now a wider European concern, with growing relevance across Western, Central and Northern Europe
as well (Brotas and Nicol 2017; Alrasheed and Mourshed 2023; Zhang et al. 2025, Wu et al. 2025).
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Much of the European housing stock remains poorly adapted to these conditions because dwellings have
historically been designed to retain heat in winter rather than to limit heat gains and maintain thermal
comfortin summer. This hasimportantimplications for both housing and public health. As climate change
progresses, overheating is expected to become more frequent, more prolonged and more severe, with
consequences for comfort, health, energy demand and residential wellbeing. For housing policy, the
question is therefore no longer only whether buildings meet conventional energy standards, but whether
they can provide safe and habitable indoor environments under hotter climatic conditions.

Anomalies and extremes in surface air temperature in 2024 Anomalies and extremes in annual precipitation in 2024
Data: ERAS (1979-2024) - Reference period: 1991-2020 « Credit: C3S/ECMWF Data: ERAS (1979-2024) « Reference period: 1991-2020 - Credit: C3S/ECMWF
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Figure 1 Anomalies and extremes in annual surface air temperature in 2024. (Left) Anomalies and
extremes in annual precipitation in 2024. (Right) Data: ERA5 Credit: C3S

2.2. HEAT VULNERABILITY

Overheating is not experienced uniformly across the population. Its effects depend not only on the
thermal performance of the dwelling, but also on the characteristics and circumstances of the people
living in it. In this report, heat vulnerability is understood through the interaction of three dimensions:
exposure, sensitivity and adaptive capacity (Coté et al. 2024). Exposure refers to the likelihood and
intensity of high indoor temperatures; sensitivity refers to the extent to which such conditions are likely to
cause harm; and adaptive capacity refers to the ability of individuals or households to prevent, reduce or
cope with heat stress.

This framing is useful because it links indoor thermal risk to wider patterns of social inequality. Households
differ not only in the dwellings they occupy, but also in their health status, age profile, income, tenure
security, access to cooling, and ability to respond to extreme heat. As a result, overheating should not be
understood simply as a climatic or technical issue, but as a socially differentiated condition shaped by
housing inequality and unequal resources. In this sense, heat vulnerability is not reducible to a fixed list of
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“vulnerable groups”, but reflects broader processes of disadvantage and unequal capacity to adapt
(Friesenecker et al. 2025, Thompson et al. 2025; Barnett 2020; Kuran et al. 2020; Tschakert et al. 2024).

Figure 2 resents this conceptual framework. Exposure and sensitivity are placed upstream because,
together, they shape the potential for overheating to become harmful: exposure captures climatic, urban
and building-related conditions that influence indoor heat accumulation, while sensitivity captures
occupant characteristics and everyday patterns that affect susceptibility to harm. Adaptive capacity is
shown separately because it modifies this potential risk by influencing whether households can avoid,
reduce or cope with heat stress. In other words, adaptive capacity does not produce exposure in the same
way as climate, urban form or building fabric, but it can either mitigate or intensify the consequences of
exposure for sensitive occupants.

The variables included in each box were selected from the literature on heat vulnerability, indoor
overheating and housing inequality, and adapted to the scope of this report. Exposure variables refer to
factors that influence the likelihood and intensity of indoor overheating, such as heatwaves, the urban
heat island effect, building fabric, ventilation, and solar gains. Sensitivity variables refer to individual and
household characteristics that shape susceptibility to harm, including age, health, occupancy patterns,
socio-economic status, and time spent indoors. Adaptive capacity variables refer to the resources,
behaviours and dwelling-level possibilities that enable households to respond to heat, including access to
cooling, shading and ventilation, behavioural responses, and financial resources.

This perspective is particularly important for European housing research because exposure to heat is
mediated by unequal dwelling conditions, neighbourhood environments and access to adaptation
measures. Some households are more likely to live in homes with limited ventilation, poor shading or
restricted retrofit options, while others have greater access to cooling, green space or safer environments
in which to cope with heat. The report therefore treats overheating as a socio-technical problem,
produced through the interaction of climate change, building performance and social inequality.

This framework is used to guide the interpretation of the analysis rather than to construct a composite
heat vulnerability index. In this report, overheating is measured using technical indicators derived from
building simulation; socio-demographic and housing variables are then analysed in relation to these
outcomes. This approach allows the report to examine how indoor heat exposure is distributed across
households, while remaining transparent about how different dimensions of vulnerability are represented.
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Figure 2 Conceptual framework of heat vulnerability in European buildings. Exposure and
sensitivity shape potential overheating risk, while adaptive capacity modifies the extent to which
this risk translates into overheating vulnerability.

2.3. RESEARCH OBJECTIVES

This report examines how residential overheating intersects with housing inequality under current and
future climate conditions. Its central aim is to move beyond identifying which dwellings are most prone to
overheating and to ask who lives in those dwellings, which households are most exposed, and whether
they possess the resources needed to cope with rising indoor heat.

More specifically, the report addresses the following research questions:

e Which types of dwellings are most susceptible to overheating under present and future climate
conditions?

e Which households live in dwellings that are more susceptible to overheating?

e How mightexisting housing inequalities evolve as overheating risk intensifies under future climate
conditions?

2.4. STRUCTURE OF THE REPORT
This report is organised as follows.

Chapter 3 reviews the literature on residential overheating, climate change and heat vulnerability in
European housing. It examines evidence on overheating risks across Europe, future climate projections,
the determinants of heat vulnerability, and the role of building characteristics in shaping summer thermal
performance. The chapter concludes by identifying limitations in existing approaches and highlighting the
need for integrated analyses that connect climate, buildings and social vulnerability.

Chapter 4 describes the methodological approach adopted in the study. It outlines the analytical
framework, data sources, climate scenarios, building simulation procedures and overheating indicators
used in the analysis. It also explains how household survey data were combined with building archetypes
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and simulated overheating outcomes to examine patterns of vulnerability across different housing and
socio-demographic groups.

Chapter 5 presents the empirical results for the five study countries: Belgium, the Czech Republic,
Germany, Italy and the United Kingdom. For each country, the chapter examines projected overheating
patterns under different climate and refurbishment scenarios and analyses how overheating exposure is
distributed across households with different housing and socio-demographic characteristics.

Chapter 6 discusses the findings in relation to wider debates on climate adaptation, housing inequality
and social vulnerability. It considers the implications of increasing overheating risk for housing policy,
retrofit strategies, public health and climate resilience, while also reflecting on the limitations of the
analysis.

Finally, Chapter7summarises the main conclusions of the report and highlights key implications for future
research and policy development. The chapter returns to the central argument that residential
overheating should be understood not only as a building performance issue, but also as a housing
inequality challenge that is likely to become increasingly important under future climate conditions.
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3. LITERATURE REVIEW

This chapter reviews the literature relevant to residential overheating, future climate change and heat
vulnerability in European housing. It brings together evidence from building science, climate modelling,
public health and housing research in order to situate the report’s analytical approach. The chapter first
examines climate change and residential overheating as an emerging European housing challenge. It then
reviews the climate projection methods used to assess future overheating risk, the social and
environmental determinants of heat vulnerability, and the building characteristics that shape summer
thermal performance. The chapter concludes by identifying limitations in existing approaches and the
need for more integrated forms of analysis that combine climate, buildings and household vulnerability.

3.1. CLIMATE CHANGE AND RESIDENTIAL OVERHEATING

Climate change is increasing the risk of residential overheating through rising average temperatures,
more frequent and intense heatwaves, warmer night-time conditions and the amplification of urban heat
island effects (Alrasheed and Mourshed 2023; Lomas and Porritt 2017). These changes increase the
likelihood that dwellings experience prolonged periods of indoor heat stress, with implications for building
performance, public health and housing policy.

A growing body of literature shows that residential overheating can no longer be understood as a marginal
or exceptional issue. Taylor et al. (2023) argue that rising global temperatures and more frequent
heatwaves have led to increased research and policy attention to indoor heat, particularly in cold and
temperate European regions. Lomas and Porritt (2017) similarly note that overheating is becoming
increasingly evident in homes without air-conditioning in temperate climates. These trends indicate that
overheating is emerging across both new-build housing and parts of the existing stock, reflecting the
interaction between climate change, construction practices and historically limited attention to summer
performance.

Evidence across Europe suggests that overheating is already present and is likely to intensify under future
climatic conditions. Brotas and Nicol (2017) demonstrate that overheating occurs in a common dwelling
archetype across a range of European cities, including under future morphed climates for 2020, 2050 and
2080. Alrasheed and Mourshed (2023) review evidence showing thatindoor overheating has already been
identified in British and wider European dwellings, and argue that climate change is likely to increase both
overheating risk and cooling demand in the coming decades. Their work emphasises that overheating is
not determined by climate alone, but by the interaction between dwelling characteristics, urban context
and occupant behaviour.

Residential overheating is important not only because of thermal discomfort, but because of its
implications for health and wellbeing. High indoor temperatures are associated with sleep disruption,
reduced cognitive performance, lower productivity and worsening physical and mental health. Kenny et
al. (2024a) stress that indoor overheating is becoming increasingly significant as climate change
intensifies extreme heat events, and that indoor conditions can differ substantially from outdoor
temperatures due to building characteristics and the built environment. Crucially, most heat-related
fatalities occur in the home, making indoor overheating a potentially serious health hazard rather than
simply a comfortissue. The distribution of these risks is not uniform, and the ways in which vulnerability is
shaped by age, health status and social conditions are explored further in Section 3.3.
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Urbanisation and urban climate processes further intensify overheating risk. Santamouris and Kolokotsa
(2015) highlight the impact of urban overheating and extreme climatic conditions on energy use, indoor
environmental quality and health, particularly for low-income and vulnerable populations. Urban heat
islands can significantly elevate temperatures, especially at night, reducing the potential for passive
cooling and increasing cumulative heat stress (Silva et al. 2026; Friesenecker et al. 2025; Hsu et al. 2021).
Hamstead's (2023) review extends this perspective by arguing that heat should not be understood solely
as a meteorological phenomenon, but as a socially produced and unequally experienced environmental
risk shaped by urban form and wider structures of inequality. These findings reinforce the view that
residential overheating emerges from the interaction between climate, the built environment and social
conditions, rather than from weather alone.

Climate change is also altering the balance between heating and cooling demand in buildings. Yang et al.
(2021), using long-term climate projections across 38 European cities, show that warming is likely to
reduce heating demand while increasing cooling demand and summer discomfort, with particularly
significantimpacts on peak cooling loads during extreme events. Abolhassani et al. (2023) similarly argue
that climate change is reshaping building energy demand and that future assessments require more
systematic and harmonised approaches. This highlights that overheating is not only a matter of comfort
and health, but also a critical issue for energy systems, retrofit strategies and the long-term resilience of
housing.

Recent climate evidence further indicates that extreme heat conditions are becoming more severe.
Christidis et al. (2023) show that temperatures exceeding 50°C, once extremely unlikely in a pre-industrial
climate, are becoming increasingly plausible in parts of the Mediterranean and Middle East under
anthropogenic climate change. While not focused specifically on buildings, this work underscores the
scale of extreme heat that may need to be considered in future housing design and adaptation strategies.
It reinforces the need to assess dwellings not only under typical summer conditions but also under
increasingly severe and unprecedented extremes.

Finally, the literature shows that residential overheating is gaining recognition in standards, requlation and
policy debates. Studies across Europe have identified overheating in a wide range of dwelling types and
climatic contexts, with climate change expected to increase both heatwave exposure and cooling demand
(Brotas and Nicol 2017; Taylor et al. 2023; Thomson et al. 2019). However, current requlation and design
practice still give insufficient attention to solar gains, ventilation, thermal mass and urban context.

3.1.1. EVIDENCE FROM SOUTHERN EUROPE

Concerns about residential overheating in Europe first became prominent in Southern European regions,
where higher summer temperatures, frequent heat extremes and greater cooling demand have long
made thermal discomfort a visible issue. Santamouris and Kolokotsa (2015) show that southern European
countries experience strong interactions between urban overheating, energy poverty and poor housing
conditions, with low-income households often less able to maintain adequate indoor environmental
quality. More recent studies also indicate that highly insulated and low-energy dwellings in Southern
Europe can experience periodic overheating even under current climatic conditions, demonstrating that
energy efficiency alone does not guarantee summer thermal resilience (Calama-Gonzalez et al. 2023;
Arriazu-Ramos et al. 2023).

These concerns are reinforced by broader climate projections. Christidis et al. (2023) demonstrate that
extremely high temperature thresholds are becomingincreasingly likely across the Mediterranean region,
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suggesting that Southern Europe faces not only rising average summer temperatures but also a growing
probability of unprecedented extremes. For residential buildings, this implies increased strain on passive
cooling strategies, higher cooling demand and more severe health risks during prolonged heat events.

3.1.2. EMERGING RISKS IN CENTRAL AND NORTHERN EUROPE

While Southern Europe has historically experienced the greatest exposure to high summer temperatures,
recent literature shows that overheating is becoming an increasingly important issue in Central and
Northern Europe. Taylor et al. (2023) argue that cold and temperate regions are insufficiently prepared
for warm-weather adaptation because their housing has been designed primarily for heating-dominated
climates. Lomas (2021) similarly shows that overheating is becoming more visible in homes across the UK
and other temperate regions, particularly in new-build housing and in parts of the existing stock affected
by retrofit and changing construction practices.

Further evidence supports this emerging pattern. Brotas and Nicol (2017) demonstrate that a common
dwelling archetype can experience overheating across a range of European climates under both present
and future conditions. Alrasheed and Mourshed (2023) also show that overheating is no longer confined
to traditionally hot regions and that many UK and European dwellings are already vulnerable to elevated
indoor temperatures in summer. These findings indicate that residential overheating is shifting from a
regionally concentrated issue to a more widespread European challenge.

3.2. FUTURE CLIMATE PROJECTIONS

Assessing overheating risk under climate change requires weather data that represent not only present-
day conditions, but also plausible future climates. This is especially important in residential building
research because dwellings are typically designed for a service life of 5o years or more, while future
warming, changing seasonality and more frequent extreme events are likely to alter their thermal
performance over time. Traditional weather files used in building performance simulation, such as Typical
Meteorological Year (TMY) or Test Reference Year (TRY), are based on historical observations and are
therefore insufficient on their own for evaluating future overheating risk. As a result, a substantial body of
research has developed methods for generating future weather files suitable for dynamic simulation.

At a general level, the future climate projections used in building studies originate from climate models
that simulate atmospheric, oceanic, cryospheric and land-surface processes. Global Climate Models
(GCMs) provide the broadest representation of future climate, while Regional Climate Models (RCMs)
offer higher-resolution information over smaller areas. Across successive generations of climate
modelling, the forcing scenarios used to describe future change have also evolved. The Coupled Model
Intercomparison Model (CMIP)3 commonly used the Special Report on Emissions Scenarios (SRES) family
of scenarios, CMIP5 introduced the Representative Concentration Pathways (RCPs), and CMIP6 now uses
the Shared Socioeconomic Pathways (SSPs). For building simulation, this progression is important
because newer generations of climate models offer a wider range of scenarios, improved physical
representation and, in many cases, better spatial resolution than earlier datasets (Herrera et al. 2017).

A major challenge, however, is that climate model outputs are usually too coarse in both space and time
for direct use in building performance simulation. Building simulation typically requires local hourly
weather data, whereas GCM outputs are often available only on coarse spatial grids and at daily or
monthly temporal resolutions (Cox et al. 2015). This mismatch has led to the development of downscaling
approaches that translate coarse climate projections into weather files suitable for building applications.
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The literature generally distinguishes between dynamical downscaling, statistical downscaling and hybrid
approaches (Randall et al. 2007). Dynamical downscaling uses regional climate models to resolve smaller-
scale processes and can provide more physically detailed outputs, but it is computationally intensive
(Hadjipetrou 2026). Statistical methods are simpler and therefore widely used in building studies,
although they rely more heavily on assumptions about the relationships between historical and future
weather patterns (Zeng et al. 2025).

D4.4 —Report on effects of climate change using the case of overheating

Among statistical methods, morphing has become especially influential in the building literature.
Morphing modifies an observed present-day weather file using projected future changes derived from
climate models, thereby generating hourly future weather data while preserving the local temporal
structure of the original weather record (Belcher et al. 2005; Nielsen and Kolarik 2021). This helps explain
why morphing has been widely adopted in studies of building energy use and overheating. Earlier
approaches, including the method proposed by Belcher et al. (2005), were important in establishing a
practical route for producing future design weather years for building simulation. More recent work has
continued this approach using updated climate datasets and newer emissions pathways. For example,
Rodrigues et al. (2023) present an open-source morphing tool based on CMIP6 data, using EC-Earth3 and
four SSP scenarios (SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5), and generating future files for time
horizons centred on 2050 and 2080 together with typical, warmest and coldest years. This newer
generation of tools is particularly relevant for overheating research because it enables future climate
scenarios to be incorporated into full-year dynamic building simulations using contemporary emissions
pathways.

3.2.1. CURRENT CLIMATE PROJECTIONS AVAILABLE

The literature shows that a wide range of future climate data is currently available for building simulation,
although the quality, transparency and suitability of these data vary considerably. Many existing building
studies have relied on weather files derived from older CMIP3 and CMIP5 datasets, often through tools
such as CCWorldWeatherGen (Jentsch et al. 2013; CCWorldWeatherGen 2013) or other morphing-based
generators. Nielsen and Kolarik’s (2021) review of 47 simulation studies found that morphing was the most
common approach, followed by CCWorldWeatherGen and the direct use of dynamically downscaled RCM
outputs. They also found that more than half of the studies published from 2015 onward still relied solely
on CMIP3-era data, partly because older tools remained easy to use and produced weather files directly
in formats compatible with building energy simulation software such as EnergyPlus (Crawley et al. 2001).

At the same time, more recent work is moving towards CMIP6-based projections (Semenov et al. 2024).
The main advantage of these newer datasets is that they provide updated SSP scenarios, improved
climate models and, in some cases, more flexible and better-performing weather-generation tools.
Rodrigues et al. (2023), for example, explicitly identify the limitations of older tools, including outdated
climate models, coarser spatial resolution, fewer scenarios and baseline periods that restrict the use of
more recent weather records. Their CMIP6-based morphing framework addresses these issues by
offering a broader set of scenarios and future periods while preserving the EnergyPlus Weather (EPW)
format required for dynamic building simulation. For studies of residential overheating, these newer tools
are particularly valuable because they support more transparent scenario selection and allow future
climate files to be generated for specific locations in a reproducible way.

In practice, the literature suggests that future climate analysis in building simulation commonly adopts a
sequence of reference periods, such as a present-day baseline, a mid-century period and a late-century
period. These are often expressed through representative windows such as 2036—2065 for 2050 and
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2066—2095 for 2080. This structure is useful because it enables comparisons between present, medium-
term and longer-term overheating risk, while also supporting sensitivity analysis across alternative
emissions pathways. For overheating studies, a medium pathway such as SSP2-4.5 is often a reasonable
reference scenario because it captures continued warming under partial mitigation, avoiding an exclusive
focus on either best-case or worst-case futures.

3.2.2. LIMITATIONS AND UNCERTAINTY

Despite these advances, future climate projections for building simulation remain subject to several
important limitations. First, uncertainty enters through the choice of emissions or socioeconomic
pathway, the selection of climate model, and the downscaling method used to convert coarse climate
outputs into local hourly weather files. Nielsen and Kolarik (2021) show that many studies still rely on a
single climate model, and that model choice is often poorly justified, even though different models can
produce materially different results. This means that overheating projections may vary significantly
depending on whether a study uses one model, an ensemble of models, or different downscaling
pathways.

Second, each downscaling approach has its own methodological weaknesses. Morphing is attractive
because itis relatively simple, computationally efficient and able to preserve local weather characteristics,
but it assumes that future weather patterns will remain structurally similar to present-day patterns and
that the original baseline period is compatible with the projected anomalies applied to it. [t may therefore
under-represent changes in the frequency and persistence of extreme events such as heatwaves. Herrera
etal. (2017) note that morphing inherits uncertainty from climate projections and also assumes that future
weather can be represented by shifting and stretching existing historical sequences. Rodrigues et al.
(2023) similarly point out that morphing may fail to capture future changes in the frequency and severity
of extremes and may not fully preserve relationships among weather variables unless the method is
carefully implemented.

Third, weather generators and other statistically generated future files also have limitations, particularly
when the research question concerns extreme heat rather than average annual performance. Herrera et
al. (2017) argue that weather generators may truncate extremes and are therefore not always well suited
to resilience analysis against severe heat events. Hosseini et al. make a similar point, noting that
conventional morphing tends to ignore frequency changes and may not adequately capture heatwaves,
while weather generators can produce large amounts of artificial data without necessarily preserving real
correlations among meteorological variables. These issues are especially important for overheating
studies, where peak temperatures, hot nights and short sequences of extreme weather may matter more
than annual averages.

A further limitation is that many future weather files do not fully represent urban microclimates. Herrera
et al. identify the treatment of urban landscape and urban heat island effects as one of the major
unresolved gaps in weather-file generation. This is particularly relevant for residential overheating
because the conditions experienced by households, especially in dense urban settings, can differ
significantly from those recorded at standard weather stations. In addition, the partitioning of solar
radiation, the treatment of humidity, the representation of wind, and the quality of baseline observational
data can all influence resulting overheating estimates. For these reasons, the literature increasingly
recommends the use of multiple scenarios, updated climate model generations, transparent
methodological choices and, where possible, weather files that include both typical and extreme future
years.
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3.3. DETERMINANTS OF HEAT VULNERABILITY

The impacts of heatwaves and residential overheating are not distributed evenly across the population.
Heat vulnerability is shaped by the interaction between exposure, sensitivity and adaptive capacity.
Exposure refers to the extent to which individuals are subjected to high temperatures; sensitivity refers to
the degree to which heat s likely to cause harm; and adaptive capacity refers to the ability to avoid, reduce
or cope with heat stress. A growing body of evidence shows that these dimensions are socially patterned
rather than randomly distributed.

In their systematic review of 123 studies published between 2005 and 2024, Slesinski et al. (2025) find that
lower socioeconomic status (SES), younger age groups, immigrant status, unemployment, outdoor and
manual occupations, and racial or ethnic minority status are consistently associated with higher heat
exposure or lower adaptive capacity. The same review shows that most studies focus on SES (78.8%),
followed by age (50.4%), race/ethnicity (42.3%) and sex/gender (30.1%), and concludes that heat
inequalities are dynamic, multidimensional and intersectional rather than reducible to a single “vulnerable
group” category.

Recent European epidemiological evidence also demonstrates the scale of the problem. Ballester et al.
(2023) estimate 61,672 heat-related deaths in Europe during summer 2022; Gallo et al. (2024) estimate
47,690 deaths in 2023; and Janos et al. (2025), using refined daily mortality data, estimate 67,873 deaths
in 2022, 50,798 in 2023, and 62,775 in 2024 across 32 European countries. These figures make clear that
heat vulnerability is not a marginal issue but a major and growing public health concern across Europe.

3.3.1. HEALTH DETERMINANTS

Age: Age is one of the clearest determinants of heat vulnerability. Older adults are less able to regulate
body temperature and are more likely to have chronic illnesses, take medications that interfere with
thermoregulation, and experience mobility limitations or social isolation. Physiological research shows
that ageing reduces sweating capacity, skin blood flow and cardiovascular stability, limiting the body’s
ability to dissipate heat (Meade et al. 2020). Young children are also vulnerable because their
thermoregulatory systems are not fully developed and because they depend on others to reduce exposure
and respond during heat events. Across Europe, the health burden of heat rises sharply with age. Mortality
analyses show steep increases in heat-related deaths among older populations, particularly those aged 75
and above (Ballester et al. 2023; Gallo et al. 2024; JanosS et al. 2025). These patterns reflect both
physiological sensitivity and the accumulation of health and social risks over the life course.

Health status: Underlying health conditions are a major determinant of heat-related risk. Cardiovascular
and respiratory diseases remain the main pathways through which heat increases morbidity and
mortality, but vulnerability is also higher among people with kidney disease, diabetes, obesity, impaired
mobility and poor general fitness. These conditions can reduce the body’s ability to regulate temperature,
maintain hydration and cope with prolonged heat exposure (Meade et al. 2020). Recent evidence shows
that heat vulnerability is shaped by the interaction of multiple risk factors rather than by single conditions
alone. Chronic illness often overlaps with socioeconomic disadvantage, occupational exposure and
housing conditions, leading to cumulative risk (Slesinski et al. 2025). Broader climate-health assessments
similarly emphasise that pre-existing health inequalities amplify the effects of extreme heat across
populations (Intergovernmental Panel On Climate Change (Ipcc) 2023).

Mental health and social isolation: Social isolation reduces the likelihood that individuals will receive
assistance or take protective action during heat events. Empirical evidence shows that higher levels of
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social isolation are associated with increased heatwave-related mortality among older urban populations
(Kim et al. 2020). Mental health also affects how individuals respond to heat. Reduced awareness of risk,
anxiety, or limited coping capacity can constrain adaptive behaviour. Evidence from climate-related
health research shows that psychological and social conditions influence vulnerability by shaping how
people perceive and respond to environmental stress (Intergovernmental Panel On Climate Change (Ipcc)
2023). Together, these findings highlight that heat vulnerability depends on both physical sensitivity and
the ability to act.

3.3.2. THE BUILT ENVIRONMENT

Urban density: The built environment plays a central role in shaping heat exposure. Dense urban areas
intensify heat risk through high building density, extensive impervious surfaces, reduced ventilation and
limited vegetation. These factors contribute to urban heat island (UHI) effects, which increase both
daytime and night-time temperatures and reduce opportunities for passive cooling. Across Europe,
exposure to heatwaves has increased in recent decades, particularly in urban areas (Rocha et al. 2024).
However, this exposure is not evenly distributed. Evidence shows that socially disadvantaged
neighbourhoods often experience higher temperatures and lower environmental quality, reflecting the
interaction between urban form and social inequality (Cole, Evins, et al. 2024). This reinforces the idea
that urban heat is both a physical and a social issue.

Access to green and blue space: Green and blue spaces reduce local temperatures through shading and
evapotranspiration and are important for mitigating heat exposure. However, access to these cooling
benefits is uneven. Studies of European cities show that lower-income households, tenants and migrants
areless likely to benefit from green cooling infrastructure, while more affluent groups tend to have greater
access (Rocha et al. 2024). This unequal distribution contributes to environmental inequality. Evidence
also suggests that access to urban cooling resources more broadly—including green space—is shaped by
social and economic factors, with disadvantaged populations having fewer opportunities to benefit from
these protective environments (Cole, Evins, et al. 2024; Cole, Simpson, etal. 2024; Yang Yang etal. 2026).

Access to transport: Heat exposure is not limited to the home but accumulates across daily activities,
including commuting and time spent in transport systems. Although research is more limited, studies
increasingly recognise that exposure during travel contributes to overall heat risk, particularly for
individuals relying on public or non-air-conditioned transport (Slesinski et al. 2025). In addition, climate-
related disruptions to transport infrastructure are expected to increase, potentially limiting access to
cooler environments during extreme heat events (Intergovernmental Panel On Climate Change (Ipcc)
2022). This highlights the importance of mobility in shaping heat vulnerability.

Housing conditions: Housing conditions strongly influence how outdoor heat translates into indoor
exposure. Building characteristics such as size, floor level, ventilation, orientation and material properties
all affect indoor temperatures. Small dwellings, top-floor flats, single-aspect units and buildings with
limited cross-ventilation are consistently associated with higher overheating risk (Alrasheed and
Mourshed 2023). Internal factors such as occupancy density, internal heat gains and occupant behaviour
also play animportant role. These risks are often concentrated in lower-quality housing, where occupants
may have limited ability to modify building conditions. Across Europe, poor housing quality and inefficient
buildings remain closely linked to energy poverty and thermal discomfort (Makridou et al. 2024).

Access to air conditioning: Access to cooling is a key component of adaptive capacity, but it is uneven and
extends beyond air conditioning alone. Effective cooling depends on a combination of passive measures,
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such as shading and ventilation, as well as access to active systems where available. Research shows that
access to cooling infrastructure is socially patterned. Lower-income households and those with lower
levels of education are less likely to have access to efficient cooling systems or to be able to use them
affordably (Yang Yang et al. 2026). In Europe, energy poverty further constrains the ability to maintain
safe indoor temperatures during heatwaves (Makridou et al. 2024). However, recent work highlights that
cooling inequality cannot be understood solely in terms of appliance ownership. Mazzone et al. (2023)
argue that “cooling poverty” reflects unequal access to a wider set of resources, including building design,
urban environments, energy affordability and knowledge of adaptive practices. At a global scale,
Falchetta et al. (2024) show that, despite projected increases in air-conditioning adoption, large
populations will continue to lack access to adequate cooling, reinforcing long-term inequalities in
exposure and adaptive capacity.

3.3.3. SOCIO-DEMOGRAPHIC FACTORS

Heat vulnerability is strongly shaped by wider social inequality. Climate change does not create social
inequality in Europe, but it tends to intensify existing disparities because poorer households and
marginalised groups are more exposed to heat and have fewer resources with which to adapt. Slesinski et
al. (2025), in a systematic review of 123 studies, found that lower-SES populations, young people,
immigrants, unemployed people, outdoor and manual workers, and racial or ethnic minorities are
generally more exposed to heat stress and have lower adaptive capacity. They also conclude that heat
inequalities are context-specific, dynamic and intersectional.

Sex and gender: Sex and gender differences in heat-related mortality are evident but complex. In recent
European heatwaves, overall mortality has been higher among women, particularly in older age groups
(Meade et al. 2020; Falchetta, De Cian, Sue Wing, et al. 2024; Ji et al. 2025). However, these patterns are
not uniform across the life course. In some younger and middle-aged groups, mortality rates are higher
among men, indicating that heat-related risk varies by both age and social context. These differences
reflect a combination of biological, demographic and social factors. Women tend to live longer than men
and are therefore overrepresented in older age groups, where heat vulnerability is highest. At the same
time, differences in health status, living arrangements and social isolation may further increase risk among
older women. Conversely, higher exposure among men in working-age groups may be linked to
occupational factors, particularly in outdoor or manual jobs. More broadly, recent research emphasises
that sex differences in heat vulnerability cannot be explained by biological factors alone, but are shaped
by wider social conditions, including age structure, health inequalities and patterns of exposure (Slesinski
et al. 2025; Kenny et al. 2024b). This highlights the importance of understanding gendered heat risk as
part of broader social vulnerability rather than as a fixed individual characteristic.

Social isolation and functional limitations: Social isolation and reduced physical capacity increase heat
vulnerability by limiting the ability to respond effectively during extreme heat events. Individuals who live
alone or have mobility constraints may be less able to ventilate their homes, access cooler environments,
or seek assistance when needed. These limitations can delay or prevent protective actions, increasing
both exposure and health risk. Empirical evidence shows that social isolation is directly associated with
higher heat-related mortality, particularly among older urban populations (Kim et al. 2020). Functional
limitations, including reduced mobility and chronic illness, further compound this risk by restricting access
to cooling strategies and support networks. More broadly, studies on heat vulnerability emphasise that
adaptive capacity depends not only on individual health, but also on social support systems and the ability
toact during heat events (Slesinskiet al. 2025; Kenny et al. 2024b). This highlights that vulnerability arises
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not only from exposure or sensitivity, but from the practical constraints that limit people’s ability to cope
with heat.

Income and financial constraints: Income is one of the clearest determinants of heat vulnerability. Lower-
income households are more likely to occupy poor-quality housing, live in hotter neighbourhoods, lack
access to green space, and face difficulty paying for cooling devices, home improvements or higher
energy use during heatwaves. Rocha et al. (2024) show that lower-income groups in major European cities
systematically receive less green cooling than upper-income groups, while Pdivarinne et al. (2025) show
that low SES remains significantly associated with greater heat vulnerability even in Finland, a high-
income welfare state. This underlines that heat vulnerability is not confined to Southern Europe or to very
poor regions, but is socially structured across diverse European contexts. Mazzone et al. (2023) reinforce
this point by arguing that the poorest and most disadvantaged people, who contributed least to global
warming, bear some of the most severe consequences of extreme heat because of limited adaptive
capacity. Their systemic cooling poverty framework is particularly useful because it broadens the focus
from household expenditure to the wider question of who has access to the infrastructures, spaces and
knowledge needed to stay cool.

Employment and occupation: Occupation shapes both exposure to heat and the ability to recover from it.
Outdoor and manual workers are consistently more exposed to high temperatures and often have limited
opportunities to avoid heat or adjust working conditions. This includes workers in sectors such as
construction, agriculture and transport, where exposure to direct sunlight and high ambient temperatures
is common. Evidence shows that occupational exposure is a key dimension of heat vulnerability. A large
body of studies finds that outdoor and manual workers are among the groups most exposed to heat stress
and often have lower adaptive capacity due to limited control over working environments and schedules
(Sandholz et al. 2021). In addition, the risks associated with occupational heat exposure extend beyond
the workplace. Workers may experience cumulative heat stress over the course of the day, with limited
opportunities for recovery, particularly when they also live in overheating-prone dwellings. Mazzone et al.
(2023) argue that this reflects a broader form of “systemic cooling poverty”, in which unequal access to
cooling affects not only housing, but also workplaces and other everyday environments.

Migration, ethnicity and tenure: Migration background, ethnicity and housing tenure influence heat
exposure through unequal access to housing and neighbourhood resources. Tenants and migrant
populations are more likely to live in poorer-quality housing, including dwellings with limited ventilation,
higher occupancy density and fewer retrofit opportunities (Rana et al. 2025). They are also more likely to
reside in neighbourhoods with less access to green space and other cooling resources, increasing their
exposure to heat (Rocha et al. 2024). These patterns are closely linked to broader processes of housing
inequality and social exclusion. Limited tenure security can restrict the ability to make adaptations to the
dwelling, while financial constraints and requlatory barriers may further limit access to cooling measures.
Evidence also shows that disadvantaged social groups often face multiple overlapping risks, including
poorer housing conditions, higher exposure and lower adaptive capacity (Guo et al. 2023). Other recent
work argues that heat should be understood as a socially produced and unevenly experienced risk, shaped
by structural inequalities rather than individual characteristics alone (Hamstead 2023). This highlights the
need to move beyond simple group-based descriptions and to consider how housing systems, urban
environments and social processes combine to produce unequal exposure to heat.

Education, knowledge and social support: Adaptive capacity depends not only on material resources, but
also on awareness, knowledge and access to social support. Individuals who understand heat risks and
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know how to use passive cooling strategies—such as shading, ventilation and behavioural adjustments—
are better able to protect themselves during extreme heat events. However, adaptation is not automatic.
Evidence shows that responses to heat depend on risk perception, perceived effectiveness of actions and
the ability to act in practice (Beckmann et al. 2021). Education plays an important role in shaping these
capacities. Higher levels of education are associated with greater access to information, resources and
technologies, including cooling systems, as well as a better ability to interpret and respond to heat
warnings (Yang Yang et al. 2026). By contrast, limited knowledge or misperception of risk can delay
protective action and increase exposure. Social support is equally important. Individuals with strong social
networks are more likely to receive assistance during heat events, whether through informal care,
information sharing or practical help. In contrast, socially isolated individuals face greater difficulty in
recognising risks and accessing support, increasing their vulnerability (Kim et al. 2020).

3.4. BUILDING PERFORMANCE AND SUMMER THERMAL RISK

Building performance is central to understanding summer thermal risk because overheating is not
determined by climate alone, but by how dwellings mediate external heat through their design,
construction and operation. Indoor temperatures are shaped by the interaction between building fabric,
form, systems and occupant behaviour. Residential overheating must therefore be understood not only
as a climatic issue, but as a building-performance problem with importantimplications for design, retrofit
and climate adaptation.

3.4.1. OVERHEATING IN BUILDINGS

Overheating has been documented across a wide range of residential building types, including older
dwellings, retrofitted homes, new-build housing and highly insulated low-energy buildings. Studies across
Europe also demonstrate that overheating can occur in different dwelling types and climatic contexts,
including in buildings refurbished to improve winter energy performance (Brotas and Nicol 2017;
Alrasheed and Mourshed 2023).

These findings indicate that overheating is not limited to poorly performing housing but can arise across
diverse building types when summer heat gains are not adequately controlled. At the scale of building
stocks, overheating reflects the interaction between outdoor climate, urban heat island effects, building
characteristics and occupant behaviour, rather than outdoor temperature alone (Morales et al. 2025;
Escandon et al. 2023). In vulnerable housing contexts, particularly in parts of Southern Europe, studies
show that occupants may be exposed to high indoor temperatures for substantial portions of the summer
period. Overall, summer thermal risk must be understood both at the level of individual dwellings and
across wider housing systems.

3.4.2. ROLE OF INSULATION AND AIRTIGHTNESS

Insulation and airtightness play a central but complex role in summer thermal performance. They are
essential for reducing heat loss, improving winter comfort and lowering energy demand, and have been
widely promoted in European housing policy. However, evidence shows that these same measures can
increase overheating risk if implemented without consideration of summer conditions.

In many temperate contexts, improvements in insulation and airtightness have been introduced with
limited attention to solar gains, ventilation and heat removal. As a result, buildings may retain unwanted
heat as effectively as they retain desired heat, particularly in dwellings with high solar exposure or limited
ventilation (Lomas and Porritt 2017). The effect of these measures is not uniform and depends on climate
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and design. Simulation studies show that in heating-dominated climates, increased insulation and
airtightness can reduce resilience to heat if not combined with cooling strategies, whereas in warmer
climates they may help limit daytime heat gains (Baniassadi et al. 2018). This highlights that the impact of
envelope improvements depends on the balance between heat gains and heat dissipation.

The broader conclusion is that insulation itself is not the problem. Rather, overheating risk arises from a
design approach that prioritises winter performance without integrating summer heat control. Measures
that improve annual energy efficiency may increase overheating during extreme heat events if passive
cooling is insufficient (Siu et al. 2023). Recent work therefore emphasises integrated design. Envelope
upgrades should be combined with shading, ventilation, solar control and thermal mass. When applied
alongside these measures, insulation and airtightness can support climate-resilient buildings. When
applied in isolation, they may increase overheating risk.

3.4.3. PASSIVE COOLING AND VENTILATION STRATEGIES

Passive cooling strategies are central to reducing overheating because they limit heat gains and support
heat removal without relying on mechanical systems. The literature identifies a range of measures,
including external shading, solar control, night-time ventilation, thermal mass, vegetation and reflective
surfaces (Taylor et al. 2023; Alrasheed and Mourshed 2023).

Among these, solar control is consistently identified as one of the most effective strategies. External
shading can significantly reduce indoor temperatures by limiting solar gains, particularly in well-insulated
dwellings (Alrasheed and Mourshed 2023). However, no single measure is sufficient. Effective
overheating mitigation generally requires combinations of strategies tailored to building type and climate.

Natural ventilation is one of the most important but also one of the most constrained strategies. In
practice, its effectiveness depends on occupant behaviour and external conditions. Noise, air pollution,
security concerns and building design can limit window use, particularly in dense urban areas (Manzueta
etal. 2024). Evidence also shows that variation in occupant behaviour can lead to substantial differences
in overheating outcomes between otherwise similar dwellings (Mulville et al. 2025). This highlights that
passive cooling depends not only on technical design, but also on usability and everyday practices.

Thermal mass plays a more complex role. It can reduce peak indoor temperatures by absorbing heat
during the day, but only if stored heat can be released through night-time ventilation. Without adequate
purge ventilation, thermal mass may worsen night-time conditions. Its effectiveness therefore depends
on climate and building operation (Mugnini et al. 2026). Overall, passive cooling strategies are most
effective when implemented as part of an integrated approach rather than as isolated measures.

3.4.4. AIR CONDITIONING AND ITS DISTRIBUTION

Air conditioning provides effective protection against extreme heat but introduces new challenges related
to energy demand and inequality. While mechanical cooling can maintain safe indoor temperatures, it
increases electricity use and contributes to peak load stress during heatwaves. However, access to cooling
is uneven and extends beyond air-conditioning ownership alone. Recent work highlights that “cooling
poverty” reflects unequal access to a wider set of resources, including building design, urban
environments, energy affordability and knowledge of adaptive practices (Mazzone et al. 2023). This
broader perspective is particularly relevant in Europe, where many households lack either the means or
the conditions to rely on active cooling.
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Evidence also shows that air-conditioning access is strongly shaped by income. Lower-income households
are less likely to install or use cooling systems and may face higher energy burdens if they do (Makridou
etal. 2024; Yang Yangetal. 2026). Ata global scale, Falchettaetal. (2024) project that, despite increasing
adoption, large populations will continue to lack access to air conditioning, reinforcing long-term
inequalities in exposure and adaptive capacity.

For these reasons, the literature cautions against treating air conditioning as a complete solution.
Expanding cooling demand may place significant pressure on energy systems, particularly during peak
periods (Thomson et al. 2019). It may also deepen inequalities if access remains uneven. As a result, many
studies argue that air conditioning should be considered a complementary measure, with priority given to
reducing overheating at source through building design, passive cooling and urban adaptation (Mazzone
etal. 2023; Alrasheed and Mourshed 2023).

3.5. LIMITATIONS OF EXISTING APPROACHES

Despite the growing body of research on residential overheating, climate projections and heat
vulnerability, several important limitations remain. These relate to how overheating is conceptualised, the
methods used to assess it, and the extent to which different dimensions of the problem are integrated.
Three key gaps can be identified: the dominance of building-focused studies, the limitations of survey-
based approaches, and the lack of integrated modelling frameworks that connect climate, buildings and
social vulnerability.

3.5.1. BUILDING-FOCUSED STUDIES

A large share of the overheating literature is based on building performance simulation or physical
analysis of dwellings. This work has been essential in identifying how building fabric, insulation, glazing
and ventilation shape indoor temperatures, and in exploring how future climate change may affect
overheating risk (Lomas and Porritt 2017; Alrasheed and Mourshed 2023).

However, these studies often rely on simplified assumptions about occupants. Standardised schedules for
occupancy, internal gains and ventilation are commonly used, which limits the ability to capture
differences in behaviour, knowledge and constraints. In practice, overheating outcomes depend heavily
on how occupants interact with buildings—for example, how they use windows, shading or ventilation—
yet this variation is rarely represented in detail.

In addition, building-focused studies tend to treat dwellings in isolation from their wider social, housing
and tenure context. While some account for climate and urban conditions, fewer incorporate
characteristics such as age, health status, income, mobility limitations or tenure status. As a result, they
may not capture how the same dwelling can pose very different levels of risk depending not only on who
lives in it, but also on whether occupants have the authority, incentives and resources to implement
adaptation measures. For example, an owner-occupied and a rented dwelling with similar physical
characteristics may differ substantially in overheating risk because tenants often have less control over
retrofit decisions, shading installation, ventilation improvements or cooling systems. Building
performance models alone are therefore not sufficient to understand the distribution of overheating risk
across populations.
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3.5.2. SURVEY-BASED VULNERABILITY INDICATORS

A second strand of the literature focuses on heat vulnerability using survey data, epidemiological analysis
or composite indices. These approaches have been valuable in identifying at-risk groups and highlighting
the social determinants of exposure, sensitivity and adaptive capacity (Slesinski et al. 2025; Kim et al.
2020).

However, they also have limitations. Many rely on self-reported data, which may be affected by recall bias,
perception differences or limited awareness of indoor conditions. In addition, composite indices often
aggregate multiple variables into a single score, which can obscure important differences between
households and reduce transparency.

More importantly, these approaches are often weakly connected to building performance. While they
identify who is vulnerable, they do not directly link vulnerability to indoor thermal conditions. This makes
it difficult to assess how specific dwellings contribute to heat exposure or to evaluate the impact of
building-level interventions on different population groups.

3.5.3. LACK OF INTEGRATED MODELLING APPROACHES

A key limitation in the literature is the limited integration between climate projections, building
performance modelling and social vulnerability analysis. Although each area has advanced significantly,
they are often studied separately.

Climate projections provide detailed information on future temperature change and extreme events, but
do not translate directly into indoor conditions. Building simulations estimate indoor temperatures under
future climates, but typically rely on simplified assumptions about occupants. Vulnerability studies identify
at-risk populations, but often lack detailed representation of buildings and indoor environments.

This fragmentation limits the ability to assess overheating risk in a comprehensive way. In reality,
overheating emerges from the interaction between external climate, building characteristics and the
people who occupy those buildings. Without integrating these dimensions, it is difficult to identify where
risk is highest or which interventions are most effective. Recent research increasingly calls for more
integrated approaches that combine climate modelling, dynamic building simulation and socio-
demographic data (Semenov et al. 2024; D. E. Rodrigues et al. 2021). Such approaches allow future
weather conditions to be linked to indoor temperatures and then to the characteristics of exposed
households, providing a more complete understanding of risk.

3.5.4.  IMPLICATIONS FOR THIS STUDY

The literature shows that residential overheating cannot be understood through climate projections,
building analysis or social vulnerability indicators in isolation. Existing approaches tend either to model
overheating as a technical problem of building performance or to analyse vulnerability without direct
linkage to indoor thermal conditions.

This study addresses this gap by integrating household survey data, dwelling archetypes and simulation-
based overheating metrics within a single analytical framework. By linking indoor temperature outcomes
to socio-demographic and housing characteristics, the analysis moves beyond identifying which dwellings
are most prone to overheating to examine which households are most exposed and least able to adapt.
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In doing so, the study contributes to a more comprehensive understanding of overheating as a socio-
technical issue, shaped by the interaction between climate change, building performance and social
inequality.

3.6. CHAPTER SUMMARY

This chapter has shown that residential overheating is becoming an increasingly important challenge for
European housing, public health and climate adaptation. Climate change is increasing average
temperatures, heatwave intensity and night-time heat exposure, exposing limitations in housing stocks
that have received less attention to summer thermal performance. As a result, overheating is no longer
confined to Southern Europe, but is also emerging as a significant risk in Central and Northern European
countries.

The literature also shows that future overheating assessment depends strongly on the choice of climate
data and projection method. Future weather files are needed because historical weather data alone
cannot represent the climatic conditions that buildings will face over their lifetime. Morphing approaches
are widely used because they preserve local weather characteristics while incorporating projected climate
change, although uncertainties remain around scenario choice, climate models, downscaling methods
and the representation of extreme events.

A central finding of the literature is that heat vulnerability is socially unequal. Exposure to indoor heat
interacts with sensitivity and adaptive capacity, meaning that the same indoor temperature may have
different consequences for different households. Older people, young children, people with chronic
illness, socially isolated individuals, low-income households, tenants, migrants and those living in poor-
quality housing may face greater risks. Access to cooling, green space, information, social support and the
ability to adapt the dwelling are therefore critical dimensions of vulnerability.

The review further highlights that building characteristics strongly shape overheating risk. Insulation,
airtightness, glazing, ventilation, shading, thermal mass, dwelling type and urban context all influence
summer indoor temperatures. Energy efficiency measures can improve winter performance, but may
increase summer overheating if they are not combined with passive cooling and heat-removal strategies.
Air conditioning can reduce exposure, but uneven access, affordability concerns and rising electricity
demand mean that it cannot be treated as a complete or equitable solution.

The literature points to the need for integrated approaches that combine climate projections, building
simulation and household vulnerability data. Existing studies often examine these dimensions separately,
limiting their ability to identify which households are both physically exposed to overheating and socially
vulnerable. This study responds to that gap by linking household survey data with dwelling archetypes and
simulation-based overheating indicators, allowing overheating to be assessed as a socio-technical risk
shaped by climate change, building performance and housing inequality.

33



\ ¥ Dy, —Report on effects of climate change using the case of overheating
IHUUSEING

4. METHOD AND IMPLEMENTATION
4.1. DATASETS

This study uses three main datasets.

1. Houselnc Multinational survey (see D4.1)
2. Tabula Episcope project (Tabula) (Ballarini et al. 2014)
3. Houselnc Overheating dataset

e Multinational survey

Data for the Houselnc multinational survey were collected through an online survey conducted between
March and June 2025. The survey focused particularly on groups at greater risk of housing inequality,
including low-income homeowners and tenants. It covered eight European countries: the United
Kingdom, Finland, Germany, Romania, Italy, Belgium, the Czech Republic and Estonia. In total, 7,169
responses were collected from a representative sample.

The survey included questions on housing conditions, health and socio-demographic characteristics.
Health variables included self-reported general health and self-reported chronic disease or disability. The
survey also collected information on racial and ethnic background and political opinions. A full description
of the data collection, cleaning and imputation process is provided in Deliverable D4.1. In brief, only
respondents aged 18 years or older who passed two attention checks were retained. Because Houselnc
focuses on housing inequality, the survey oversampled households in the lowest income quartile to ensure
sufficient representation of groups at greater risk.

For this study, only five countries were included: Belgium, the Czech Republic, Germany, Great Britain and
Italy. These were the only countries in the Houselnc survey that could be matched to the TABULA dataset.
Finland, Estonia and Romania were excluded because TABULA does not provide the building information
required for these countries. After restricting the sample to households with valid information on dwelling
type, year of construction and location, the final linked sample included 4,220 households. A breakdown
by country is shown in Table 1.

The study adopts a comparative analytical case-study design rather than a nationally representative
modelling approach. This reflects both the objectives of the study and the structure of the simulation
framework. The aim is not to estimate national overheating prevalence rates, but to examine how climate
exposure, building characteristics and household vulnerability interact under different future climate and
refurbishment scenarios. In addition, the simulation framework relies on climatic reference weather files
that are only available for selected locations. Households were therefore linked to the nearest climatic
reference location using postcode information.

For the main descriptive and regression analyses, a subset of climatic reference locations was selected
from the full linked sample. Selection was based on four criteria: climatic relevance, analytical usefulness
for examining differences across household and housing characteristics, sufficient sample size for
subgroup comparison, and completeness of the simulation outputs across all scenarios. The selected
locations were therefore intended to provide analytically meaningful contrasts across climatic and
housing contexts while maintaining methodological consistency across countries and scenarios.
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The selected case-study locations were:
e Belgium: Brussels and Antwerp
o the Czech Republic: Brno and Prague
e Germany: Garmisch and Essen
e Great Britain: London and Manchester
e [taly: Firenze and Roma

Together, these selected locations include 1,999 households, representing approximately 49% of the full
linked sample. They include both locations with relatively high overheating relevance and locations that
provide useful within-country comparison. The selected locations should therefore be interpreted as
comparative analytical case studies rather than as statistically representative subsamples of the national
survey populations.

e Tabula project

The second dataset was derived from the TABULA Episcope project (Ballarini et al. 2014). TABULA is a
harmonised residential building typology developed for 20 European countries to support the analysis of
housing energy performance and refurbishment. It classifies dwellings by building type, age band and
other key characteristics, and provides representative residential archetypes for these categories.

These archetypes are not real, geolocated dwellings. Rather, they are prototype buildings intended to
represent the average characteristics of a given building category for comparative and aggregated
analysis. The dataset includes standardised information on building properties such as thermal
characteristics, U-values, geometry and refurbishment status, and is therefore well suited to cross-country
modelling.

In this study, TABULA Episcope was used to assign each surveyed household a country-specific building
archetype based on country, dwelling type and year of construction. It also provided the information
needed to define building geometry, material properties and refurbishment status for the simulations.
TABULA therefore formed the basis for translating survey responses into comparable dwelling
characteristics for the overheating analysis.

e Houselnc Building Models

The third dataset is the Houselnc Overheating dataset. This is the final linked household-level dataset
created for the analysis. It extends the Houselnc multinational survey by adding overheating metrics
derived from the building simulations to each household record. As a result, the dataset combines survey
information with dwelling-based overheating results.

For each household, overheating metrics were generated under:

e three refurbishment scenarios: existing, usual, and advanced
e three climate scenarios: current, 2050, and 2080
e  two ventilation or cooling conditions: naturally ventilated and air-conditioned

This produced a total of 73,512 simulation cases. The simulation outputs were used to derive the

overheating assessment for each household.
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Table 1 Overview of countries included in the study, Houselnc Multinational Survey sample size,
and number of simulated building-model cases generated for each country

Country Houselnc Multinational survey sample  Building models
BE 592 10710

o4 536 9648

DE 1032 18576

GB 1148 20664

IT 912 16416

Total 4220 73512

e Linking survey data with building data

The purpose of linking these datasets was to assign a building archetype to each surveyed household and
then connect that household to an overheating assessment. This process started with the information
reported by households about their own dwelling. In the Houselnc survey, respondents provided
information on:

e  country of residence,

e dwelling type,

e  yearof construction,

e dwellingsize,

e  areatype (urban, suburban, or rural)
e  |ocation (city, region, district)

The variables country, dwelling type, and year of construction were used to match each household to the
corresponding Tabula building archetype. These variables were used to identify the most suitable
representative building type for each dwelling. Once this match was made, Tabula provided the main
building characteristics needed for the simulations, including building geometry, material properties, and
refurbishment status.

The other household-reported variables, dwelling size, area type and location, were used to define the
simulation inputs more accurately. These variables were not used to link households to Tabula. Instead,
city and location-related information were used to select the nearest weather file for each household. In
addition, the reported area type helped define simulation parameters related to the local environment
(See section 4.3.3 for more details). Dwelling size was also used in the simulation setup to better represent
each household dwelling. When this information was not available in the Houselnc survey, the average
floor area for the corresponding archetype and country was taken from Tabula.

Using these inputs, simulations were run for each household under the different refurbishment, climate,
and ventilation or cooling scenarios. The simulations produced indoor temperature outputs, which were
then used to calculate the overheating metrics.

The final Houselnc Overheating dataset combines:
e socio-demographic information,

e dwelling characteristics,
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e health data, and
e household-level overheating metrics.

This final dataset was used for the overheating vulnerability assessment.

l--_)

A
Datalinking
Match households ~ building archetypes = building simulations
(using country + dwelling type + age)

}

Building simulation
Dynamic simulations
Scenarios:
Refurbishment (3)
Climate (3)
Ventilation/cooling 92)

l

Final dataset
Survey + building + overheating merged

Data analysis
+ Descriptive analysis
* Regression analysis
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[ Overheating vulnerability profiles }

Legend

- Data linking Main data processing

Figure 3 Analytical framework use in this report.

4.2. ANALYTICAL FRAMEWORK

This study develops a household-level assessment of overheating by combining household survey data,
dwelling archetype information and simulation-based overheating metrics. The analytical framework
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summarised in Figure 3 links simulated indoor temperature outcomes with household, health and housing
characteristics.

The analysis was carried out in five main steps. First, relevant records from the Houselnc multinational
survey were selected and harmonised. Second, each household was matched to a country-specific
residential archetype from the TABULA Episcope dataset (Ballarini et al. 2014) on the basis of reported
dwelling characteristics. Third, dynamic building simulations were performed for each household under a
set of refurbishment, climate, and ventilation or cooling scenarios. Fourth, the resulting overheating
metrics were merged with the original survey data to create a final household-level dataset. Fifth, this
linked dataset was used to analyse how overheating exposure varies across households at both country
and European level.

This approach was designed to ensure comparability across countries while preserving differences in
housing stock and climatic context. Standardised modelling assumptions were applied where harmonised
household-level information was not available, while country-specific variation was retained through the
use of national TABULA archetypes and location-specific weather files. The final analytical dataset
therefore links household socio-demographic and health characteristics with dwelling-level overheating
outcomes under current and future climate conditions.

The main descriptive and regression analyses focus on a set of purposefully selected analytical case
studies within the five study countries. These case studies were defined at the level of climatic locations
and were selected to support the analysis of how climate change may exacerbate housing inequalities
through overheating. Selection was based on three criteria: climatic relevance, usefulness for analysing
differences across household and housing characteristics, and sufficient sample size for subgroup
comparison. The selected locations are therefore not intended to be statistically representative of the full
national samples, but to provide analytically meaningful cases for examining how overheating exposure
differs across social and housing contexts under current and future climates.

4.2.1. ANALYTICAL APPROACH TO OVERHEATING AND HOUSEHOLD
VULNERABILITY

In this report, residential overheating is conceptualised as a socio-technical issue arising from the
interaction between climate conditions, building performance and household characteristics. The
analytical framework draws on the distinction between exposure, sensitivity and adaptive capacity, but
these dimensions are not combined into a single composite heat vulnerability index.

Instead, the analysis focuses on two overheating indicators: adaptive degree hours (ADH) and night-time
hours above 26°C (NH26). Socio-demographic and housing variables, such as income, tenure, health
status and dwelling characteristics, are then analysed in relation to these overheating outcomes.

The study therefore adopts a relational approach: simulated overheating outcomes are interpreted in the
context of unequal sensitivity and adaptive capacity across households. This allows the analysis to examine
how indoor heat exposure is distributed across different population groups, while remaining transparent
about how vulnerability is represented empirically.

4.3. CLIMATE DATA AND SCENARIO DEVELOPMENT

Dynamic building simulation requires hourly meteorological input data. Common forms of climate data
TMYs and DSYs. Both contain hourly values for outdoor air temperature, relative humidity, wind speed,
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wind direction and other meteorological variables, but they serve different purposes. TMYs represent
long-term average weather conditions, while DSYs are constructed to represent relatively hot summers
and are therefore more suitable for design stress testing.

In this study, simulations were based on TMY weather files. This choice was made because the aim was to
compare overheating risk across a large number of households under standardised and representative
climatic conditions, rather than to assess building performance during a single extreme summer. The
method could nevertheless be applied to any climate dataset provided in EPW format.

4.3.1. BASELINE WEATHER DATA

For the current climate scenario, EPW files were downloaded from the Climate.OneBuilding.Org
platform. One weather file was selected for each location included in the study. These files are based on
meteorological observations from the nearest main airport or weather station and provided the hourly
climatic inputs required for the simulation of current overheating conditions.

4.3.2. MORPHING FUTURE CLIMATE SCENARIOS

Future climate scenarios were generated by applying a morphing approach to the baseline EPW files,
following Rodrigues et al. (2023). This method was adopted because it produces future hourly weather
files that remain consistent with local baseline conditions while incorporating projected climatic change.
It is therefore well suited to assessing future overheating risk in buildings.

The morphing method transforms present-day hourly weather data so that they reflect projected future
climatic changes while preserving the local temporal structure of the original file. This is an important
advantage because it retains location-specific weather patterns relevant to building performance
simulation.

Future weather files were generated for two time horizons: 2050 and 2080. In Rodrigues et al. (2021) these
correspond to the periods 2036—2065 and 2066—2095, respectively, with each future file representing a
median year for the selected time window. The same study defines the baseline climate using a median
year for the period 1985—2014.

The future weather files were developed under the SSP2-4.5 scenario. This pathway was selected as a
plausible medium stabilisation scenario for examining future overheating risk under continued climate
change, without focusing only on either low-emission or high-emission futures. In the Rodrigues et al.
method, monthly climate change signals are derived from the EC-Earth3 climate model within CMIP6 and
spatially downscaled to each EPW location using bilinear interpolation of the nearest grid points.

The morphing procedure adjusts baseline EPW variables using monthly projected changes through a
combination of statistical transformations, including shift, stretch, and combined shift-and-stretch
operations. These transformations are first applied to the independent weather variables, after which the
dependent variables are recalculated to maintain internal consistency within the final weather file.

433.  SCENARIO ASSUMPTIONS

SSP2-4.5 was selected as the climate projection pathway for this study because it represents a central,
policy-relevant “"middle-of-the-road” scenario within the CMIP6 framework. Under SSP2-4.5, socio-
economic development broadly follows historical trends, greenhouse gas emissions peak around mid-
century, and moderate climate policies limit radiative forcing to approximately 4.5 W/m2 by 2100.
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This pathway was chosen because it provides a plausible medium trajectory between strong mitigation
scenarios and high-emission futures. It therefore offers a suitable basis for assessing future overheating
risk without assuming either rapid decarbonisation or continued very high emissions. SSP2-4.5 is also
commonly used in building performance and climate-impact research. For example, Rodrigues et al.
(2023) applied SSP2-4.5 in future weather generation for European building-performance simulations,
while Jiang et al. (2019) show that morphed future weather files are widely used to assess climate-change
impacts on buildings.

The selection of SSP2-4.5 also supports comparability across countries, dwelling archetypes and climate
horizons. When combined with the morphing approach, it allows future hourly weather files to reflect
projected climate change while preserving local weather characteristics, which is particularly important
for building overheating analysis (D. E. Rodrigues et al. 2021).

4.4. BUILDING SIMULATION

An accurate prediction of heating vulnerability requires the estimation of indoor thermal conditions under
realistic building and ventilation scenarios. For this purpose, dynamic thermal simulations were conducted
using EnergyPlus (version 25.1) (Crawley et al. 2001). A Python-based workflow was developed to
automatically generate input data files (IDFs) for each country—dwelling archetype combination, ensuring
consistency, traceability, and reproducibility across scenarios.

4.4.1. SELECTION OF TABULA DWELLING ARCHETYPES

Dwelling archetypes were derived from the TABULA residential building typology framework (Ballarini et
al. 2014), which provides harmonised reference buildings across European countries. For each country
included in the analysis, representative dwelling types were selected in order to capture variation in
morphology and exposure conditions. These included detached houses, semi-detached houses, and flats
of different sizes and building categories.

The selected archetypes differ in geometry, facade exposure, roof configuration, and ground contact.
These structural characteristics directly influence heat transfer, solar gains, and ventilation potential, and
therefore form the basis of the simulation scenarios.

4.4.2. COUNTRY-SPECIFIC ARCHETYPE MAPPING

A country-specific mapping procedure was developed to link the Houselnc survey categories to the most
appropriate TABULA archetypes. This mapping was based primarily on reported dwelling type and year
of construction within each country. Where survey categories corresponded directly to TABULA classes,
a one-to-one match was applied. Where survey categories were broader than the available TABULA
classes, the closest equivalent archetype was selected on the basis of dwelling form, construction period
and expected exposure characteristics.

TABULA Episcope is a harmonised European residential building typology developed to support cross-
country analysis of housing energy performance and refurbishment (Ballarini et al. 2014). The framework
classifies dwellings into representative national archetypes according to characteristics such as building
type, construction period, geometry, thermal properties and typical refurbishment status. These
archetypes are intended to represent average characteristics of major housing categories within each
national housing stock rather than individual buildings.
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The mapping procedure ensured that each household was assigned to a representative national
archetype while preserving cross-country consistency in the simulation framework. It also allowed
differences in national housing stock to be retained, since the same survey dwelling type may correspond
to different physical archetypes across countries.

However, the Houselnc survey did not include sufficiently detailed technical information on insulation
level, glazing specification, shading characteristics, ventilation systems or detailed refurbishment history
to allow assignment to highly specific dwelling variants. The mapping therefore relied on representative
archetypes rather than exact dwelling-level building characteristics. As a result, buildings constructed
during the same period may still differ substantially in their actual thermal performance because of
different retrofit trajectories and renovation histories. The use of representative archetypes nevertheless
provides a transparent and analytically consistent basis for comparative cross-country overheating
analysis.

4.4.3. REFURBIHMENT SCENARIOS

In addition to the baseline archetype characteristics, refurbishment scenarios were included to assess how
changes to the building envelope may influence overheating risk. These scenarios should be understood
as simulated building-performance conditions rather than observed refurbishment histories of the
surveyed dwellings.

Three building-status scenarios were modelled. The current status scenario represents the dwelling
archetype in its existing or pre-refurbishment condition, based on the relevant TABULA archetype
characteristics. The standard refurbishment scenario represents a moderate envelope-improvement
case, broadly corresponding to commonly implemented energy-efficiency upgrades such as improved
insulation and/or glazing performance. The advanced refurbishment scenario represents a deeper retrofit
case with more ambitious improvements to the building envelope.

The refurbishment scenarios are linked to the TABULA archetype framework because TABULA provides
representative national building characteristics and retrofit-related parameter values for different
dwelling categories. However, the scenarios do not represent the actual refurbishment history of each
surveyed household. Rather, they are applied consistently across archetypes to test how different levels
of building-envelope improvement may affect overheating under current and future climate conditions.

b.by.by. SIMULATION AND MODELLING PARAMETERS

Each dwelling was modelled as a single thermal zone with a rectangular plan geometry. The floor area
was derived from the Houselnc multinational survey. Where this information was missing, the average
floor area for the corresponding archetype and country was taken from TABULA. The dwelling footprint
was represented as a square plan, with side length equal to the square root of the floor area. A constant
zone height of 2.7 m was applied to all dwellings. To ensure numerical stability and avoid inconsistencies
associated with automatically calculated volumes, zone volume was explicitly defined as:

V =Aref X H,
Where Arsis a country- and dwelling-specific reference floor area[m?] and H; is the zone height [m].

Boundary conditions were assigned according to archetype characteristics. Roof surfaces were modelled
as external (outdoors) for top-floor dwellings and adiabatic otherwise. Floor surfaces were defined as
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Ground when in contact with soil and adiabatic otherwise. Wall exposure was determined by the number
of fagades exposed to the exterior, ranging from one to four, with remaining fagades treated as adiabatic.

Simulations were restricted to the summer period from 1 June to 30 September with an hourly reporting
frequency. Output variables included outdoor dry-bulb temperature, outdoor relative humidity, zone
mean air temperature, and zone operative temperature.

Occupancy and behavioural assumptions

Because harmonised data on detailed residential occupancy schedules were not available across all
countries included in the analysis, a simplified occupancy approach was adopted. Rather than applying a
fixed number of occupants to all dwellings, the number of occupants in each model was based on the
household size reported by each respondent in the Houselnc survey. This allowed internal heat gains from
occupants to reflect household-level variation, including differences between smaller and larger
households.

However, the temporal pattern of occupancy was standardised. Each dwelling was assumed to be
occupied throughout the simulation period, rather than using country- or household-specific occupancy
schedules. This represents a simplified and standardised occupancy scenario rather than an attempt to
reproduce detailed daily routines. The use of a common occupancy schedule across simulations ensured
comparability between dwelling archetypes and climatic contexts and avoided introducing behavioural
variability that could not be robustly parameterised at the European scale.

The metabolic rate was set at 120 W per person, representing a typical level of heat generated by a person
undertaking sedentary residential activities such as sitting, resting or light household activity. In building
simulation, metabolic rate refers to the amount of heat released by the human body into the indoor
environment. Total occupant heat gains therefore varied according to household size. Internal gains from
occupants were modelled using the standard EnergyPlus representation of metabolic heat, which includes
both sensible and latent heat components. Internal gains from appliances and lighting were kept constant
across archetypes and countries in order to isolate the effect of building characteristics and ventilation or
cooling strategy on the overheating outcomes.

No adaptive occupant behaviour was included in the simulations, with the exception of temperature-
driven window opening in the naturally ventilated cases.

Natural ventilation modelling

Natural ventilation was modelled using a Single-Sided Ventilation (SSV) approach. Among the empirical
methods available for estimating natural ventilation rates (Conzatti et al. 2025), the Warren model (P.
Warren 1978; P. R. Warren and Parkins 1985) was selected following CIBSE guidance (2005). The Warren
model was chosen because it provides a balance between computational simplicity and adequate physical
representation while remaining suitable for large-scale comparative residential simulation (Daish et al.
2016).

The Warren model estimates ventilation airflow by separately calculating wind-driven and buoyancy-
driven ventilation components. Wind-driven ventilation depends primarily on outdoor wind speed and
opening area, while buoyancy-driven ventilation depends on temperature differences between indoor
and outdoor air. At each simulation timestep, the dominant driving mechanism determines the resulting
airflow rate.
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Natural ventilation was implemented dynamically in EnergyPlus (EP) using the Zonelnfiltration and
ZoneVentilation objects. Background infiltration was represented as uncontrolled air leakage through the
building envelope and operates continuously and independently of window-opening behaviour.

Because the Houselnc survey did not contain detailed information on dwelling airtightness, envelope
leakage or measured ventilation rates, infiltration could not be estimated individually for each dwelling.
Instead, a standardised infiltration assumption was applied across all archetypes to maintain
comparability between countries and simulation scenarios. In this study, infiltration was modelled as a
constant air change rate of 0.6 ACH (air changes per hour), representing a moderate background
infiltration level commonly adopted in residential building simulation.

The ZoneVentilation object was used to model window-driven natural ventilation dynamically. Airflow
was calculated at each simulation timestep using combined wind-driven and buoyancy-driven
formulations consistent with Warren-type wind-and-stack theory. Buoyancy-driven airflow was internally
calculated by EP based on indoor—outdoor temperature differences and the vertical distance between
openings. As temperature differences increased, the buoyancy contribution also increased, reflecting
enhanced stack-driven ventilation under overheating conditions. Ventilation rates therefore varied
dynamically in response to both weather conditions and indoor thermal state.

A discharge coefficient of 0.6 and a vertical height difference of 1.2 m were applied to represent typical
residential window geometry and stack-driven airflow conditions.

The effective opening area was defined as proportional to the number of facades exposed to the exterior:

Aeff = Aynit X Nfacades

Where, Aefis the effective opening area [m?], Aunit is the assigned opening area per exposed fagades [m.],
and Nfacades 1S the number of fagades exposed to the exterior (ranging from 1 to 4 depending on dwelling

typology).

This formulation allows ventilation potential to increase with building exposure. Detached dwellings (four
exposed fagades) therefore exhibit a larger effective opening area than semi-detached or mid-terrace
dwellings, while flats with limited exposure have correspondingly lower ventilation capacity. The value of
5.4 M2 per exposed fagcade was selected to represent typical residential window opening areas aggregated
at the dwelling scale. This simplification ensures consistent cross-country comparison while maintaining
sensitivity to building form and facade exposure.

4.4.5. AR CONDITIONING SCENARIOS

Air-conditioning scenarios were simulated using the ZoneHVAC:/dealLoadsAirSystem object. This
approach allows quantification of cooling demand without modelling specific HVAC equipment
efficiencies. A dual setpoint thermostat was implemented with a cooling setpoint between 24°C and a
heating setpoint of 10°C. Mechanical cooling was available between 09:00 and 22:00. The minimum
cooling supply air temperature was set at 13°C and the maximum heating supply air temperature at 50°C.
No capacity limits were imposed, allowing the system to meet thermal setpoints whenever active.

In air-conditioning scenarios, natural ventilation objects were removed to avoid simultaneous window-
driven ventilation and mechanical cooling, while background infiltration (0.6 ACH) remained active.
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4.5. OVERHEATING ASSESSMENT

Overheating was assessed using dynamic simulation outputs rather than monitored indoor data. The
EnergyPlus simulations provided hourly indoor temperature profiles for each dwelling archetype,
together with outdoor weather data. Because each dwelling was modelled as a single thermal zone, the
results are interpreted as whole-dwelling overheating exposure indicators rather than room-specific
comfort outcomes.

Two operating conditions were simulated for each household: a naturally ventilated condition and an air-
conditioned condition. These were then combined into a set of “effective overheating” scenarios that
reflect different assumptions about household access to cooling. This approach allowed the analysis to
compare overheating under free-running conditions, current observed air-conditioning ownership, and
future universal access to air conditioning.

For naturally ventilated dwellings, overheating was assessed using an adaptive comfort approach. Indoor
operative temperature was compared with an adaptive upper comfort threshold derived from outdoor
conditions. This was used to estimate both the intensity and duration of overheating in free-running
homes.

For air-conditioned dwellings, overheating was assessed using exceedance above a fixed cooling
benchmark. In the descriptive analysis, air-conditioned overheating severity and duration were based on
exceedance above the cooling setpoint tolerance, using a fixed 24°C benchmark. In the regression
analysis, the combined AC/NV outcomes used the corresponding AC and NV overheating variables
available in the final master dataset. In both cases, the purpose was to represent residual overheating
under mechanical cooling rather than to model equipment performance or household cooling costs.

The main analysis used the observed AC ownership scenario. In this scenario, households reporting AC
were assigned the AC-based overheating outcome, while households without AC were assigned the
naturally ventilated outcome. This creates a mixed-regime measure of effective overheating that reflects
current unequal access to mechanical cooling. Sensitivity scenarios were also produced for natural
ventilation only and for future universal AC access.

4.5.1. OVERHEATING METRICS ADOPTED

The overheating indicators were selected to capture severity, duration and night-time exposure (Table 2).
For naturally ventilated dwellings, adaptive-threshold indicators were used. For air-conditioned dwellings,
fixed setpoint-based indicators were used. A fixed night-time 26°C threshold was also used for both
regimes as an indicator of potential sleep-related heat exposure.

Table 2 Overheating indicators used in the analysis

Scenario Indicator Acronym  Description Dimension
Adaptive degree- Sum of positive hourly differences between indoor _
Natural _ , Intensity and
L hours above comfort ADH operative temperature and the adaptive upper _
ventilation o duration
limit comfort threshold.
Number of hours for which indoor operative
Natural Hours above adaptive ) P Duration /
G NH temperature exceeded the adaptive upper
ventilation upper threshold frequency
threshold.
b4
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Scenario Indicator Acronym  Description Dimension

Natural Night-time hours NH26 Number of night-time hours for which indoor Night-time
ventilation above 26°C operative temperature exceeded 26°C. exposure

Air Degree-hours  above AC ADH Sum of positive hourly exceedances above the AC  Intensity and
conditioning cooling benchmark - cooling benchmark or setpoint tolerance. duration

Air Hours above cooling AC T Number of hours above the AC cooling benchmark  Duration /
conditioning benchmark - or setpoint tolerance. frequency

Air Night-time hours  AC_ Number of night-time hours for which indoor Night-time
conditioning above 26°C NH26 operative temperature exceeded 26°C. exposure

For the descriptive analysis, three effective overheating indicators were constructed. Effective severity
combines NV_ADH for households without AC and AC degree-hours above the fixed 24°C benchmark for
households with AC. Effective duration combines NV hours above the adaptive upper threshold for
households without AC and AC hours above the fixed 24°C benchmark for households with AC. Effective
NH26 combines night-time hours above 26°C from the relevant NV or AC condition.

Four descriptive cooling-access scenarios were produced. The natural ventilation only scenario assigns all
households the naturally ventilated outcome. The observed AC ownership scenario assigns AC outcomes
to households currently reporting AC and NV outcomes to households without AC. The future universal
AC scenario keeps observed AC ownership in 2025, but assumes universal AC access in 2050 and 2080. A
universal AC in all years scenario was also calculated for sensitivity comparison.

For the regression analysis, the main outcomes were ADH and NH26 under the observed AC ownership
scenario. Sensitivity models were also estimated for natural ventilation only and future universal AC
access.

4.6. OVERHEATING VULNERABILITY PROFILES

The overheating indicators were merged with socio-demographic, health and housing variables from the
Houselnc survey to create household-level overheating vulnerability profiles. These profiles combine
simulated indoor heat exposure with information on financial strain, tenure, dwelling type, building age,
health, household composition and cooling access.

This made it possible to identify not only which dwellings are more prone to overheating, but also which
households may have greater sensitivity or lower adaptive capacity. In practical terms, the analysis
distinguishes between physical overheating exposure and the social or housing conditions that may make
that exposure more unequal or more difficult to manage.

4.7. DATA ANALYSIS

The data analysis was conducted in two stages. First, a descriptive analysis was undertaken to characterise
the distribution of overheating exposure and associated vulnerability across selected case-study locations,
climate scenarios and refurbishment conditions. This stage focused on effective overheating indicators
that combine naturally ventilated and air-conditioned conditions under different cooling-access
assumptions.
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Second, multivariable regression models were estimated to examine the relationship between
overheating outcomes and household, health and housing characteristics. The two-stage approach allows
both an exploratory assessment of patterns in the data and a more systematic evaluation of associations
between overheating exposure and key explanatory variables.

4.7.1.  CASE STUDY SELECTION

The analysis was conducted using household-level data from the Houselnc Multinational Survey linked to
climatic reference locations used in the dynamic building simulations. The study does not aim to produce
nationally representative estimates of overheating prevalence within each country. Instead, it adopts a
comparative analytical design intended to examine how overheating exposure interacts with housing and
socio-demographic inequalities under different climatic conditions.

The analysis relies on future climate weather files used in the building simulations. These weather files are
only available for selected climatic reference locations, typically associated with major meteorological
stations or cities, rather than for every household location included in the survey. Households were
therefore assigned to the nearest climatic reference location using the geographical information available
in the survey. Consequently, the selected cities should be understood primarily as climatic proxies
representing broader regional climate conditions rather than as exact representations of respondents’
residential locations. Households linked to a given climatic reference location may therefore reside
outside the reference city itself.

The study focuses on understanding relationships between climate exposure, building characteristics and
household vulnerability, rather than estimating national prevalence rates of overheating. The analytical
objective was therefore to retain sufficiently large household samples linked to each climatic reference
location in order to examine variation in overheating exposure across tenure, dwelling type, financial strain
and other vulnerability characteristics. The selected climatic locations should consequently be interpreted
as analytically meaningful overheating samples rather than nationally representative subnational case
studies.

The simulation framework combines multiple climate horizons, refurbishment scenarios, dwelling
archetypes and cooling assumptions. Extending this framework to the full multinational survey sample
would substantially increase modelling complexity and computational demands while providing limited
additional analytical value for the comparative objectives of the study. The selected climatic reference
locations therefore provide a manageable and analytically robust basis for examining future overheating
inequalities.

For each country, two climatic reference locations were retained based on three criteria: availability of
suitable climate files, sufficient numbers of linked households, and complete overheating simulation
outputs across all scenarios. The final climatic reference locations were Brussels and Oostende in Belgium;
Brno and Prague in the Czech Republic; Garmisch and Essen in Germany; London and Manchester in
Great Britain; and Firenze and Milano in Italy.

The case-study design therefore balances climatic coverage, analytical feasibility and sufficient household
sample sizes for robust subgroup and regression analysis. The findings should consequently be
interpreted as comparative evidence on relationships between overheating and housing inequality under
different climatic conditions, rather than as nationally representative estimates for each country as a
whole.
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4.7.2. DESCRIPTIVE ANALYSIS

The descriptive analysis used the linked household-level dataset after filtering to the selected case-study
locations and retaining households with valid overheating outputs. The analysis focused on effective
overheating outcomes, rather than natural ventilation alone.

Descriptive variables were created from the survey data to capture financial strain, income position,
chronicillness, self-rated health, household composition, tenure, dwelling type, building age, living area,
AC ownership, ability to keep cool and other cooling strategies.

The main descriptive outputs included summary statistics for effective overheating by location, climate
horizon and refurbishment scenario; vulnerability profiles by location; household distribution tables for
tenure, dwelling type, income, financial strain and cooling access; and group comparisons of overheating
outcomes across selected vulnerability and housing categories.

The core descriptive metrics were effective overheating severity, effective overheating duration and
NH26. These were summarised across current climate, 2050 and 2080, and across current status,
standard refurbishment and advanced refurbishment. The observed AC ownership scenario was used as
the main descriptive scenario, with natural ventilation only and universal AC scenarios used as sensitivity
comparisons.

4.7.3.  REGRESSION ANALYSIS

Multivariable regression models were estimated separately for each country sample. In this report, each
country sample refers to the households drawn from the two selected case-study locations within that
country, rather than a nationally representative sample of the full country population. The regression
analysis used household-level effective overheating outcomes under three cooling-access scenarios:
observed AC ownership as the main scenario, natural ventilation only as a sensitivity scenario, and future
universal AC access as a further sensitivity scenario.

The main reported regression results are based on the observed AC ownership scenario. Under this
scenario, households with AC contribute AC-based overheating outcomes, while households without AC
contribute naturally ventilated outcomes. This reflects current unequal access to cooling and is consistent
with the descriptive effective-overheating analysis.

Two dependent variables were used: ADH and NH26. Separate models were estimated for each climate
horizon and refurbishment scenario, rather than pooling all scenarios into one model. This was done to
keep the interpretation clear and to show how associations differ between the current climate, 2050 and
2080, and between current status, standard refurbishment and advanced refurbishment.

The core explanatory variables were financial strain, tenure, dwelling type, building age group, chronic
illness, presence of older adults, presence of children and self-rated health. Financial strain was used as
the primary socioeconomic indicator in the reported models. Low-income status was prepared in the
workflow but was not the main reported socioeconomic variable.

Before modelling, rare categories were screened using household counts. Categories with fewer than 25
households were removed from the regression variables and treated as missing for the regression models.
This was done to avoid unstable estimates based on very small groups. As a result, some tenure
categories, such as free residence or social renting in specific country samples, were excluded from the
regression where they fell below the threshold.
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Ordinary least squares models were estimated. Robust HC3 standard errors were used when each model
subset contained one observation per household. Where repeated household observations were present,
household-clustered standard errors were used. Complete-case filtering was applied separately for each
model, climate horizon, refurbishment scenario and outcome.

In addition to the main models, nested regression models were estimated for the observed AC ownership
scenario under the current building-status case. These models progressively added social and health
variables, tenure, dwelling type and building age. The nested models were used to assess whether the
association between financial strain and overheating was partly explained by housing conditions.
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5. RESULTS

This section presents the overheating results for the five national case-study samples: Belgium, the Czech
Republic, Germany, Italy and the United Kingdom. For each country, the analysis first describes projected
climate change under SSP2-4.5, then examines effective overheating patterns across climate horizons,
refurbishment levels and cooling-access assumptions. The results then assess how overheating differs
between selected household and housing groups, before using regression models to identify which factors
remain associated with overheating after adjustment.

Across all countries, the results should be interpreted as comparative case-study evidence rather than as
nationally representative estimates. The findings are also not representative of the named towns or cities.
The locations referred to in the results are climatic reference locations used for the building simulations,
not necessarily the actual residential locations of all survey households. Households were linked to the
nearest available climatic reference location based on the geographical information available in the
survey. Therefore, when the results refer to Brussels, Oostende, Brno, Prague, Garmisch, Essen, London,
Manchester, Firenze or Milano, these names should be understood as climatic proxies used to assign
weather files and simulation outputs.

For each country, two climatic reference locations were retained based on three criteria: availability of
suitable climate files, sufficient numbers of linked households, and complete overheating simulation
outputs across all climate, refurbishment and cooling scenarios. The analytical objective was not to
estimate overheating prevalence for national or local populations, but to retain sufficiently large
household samples linked to relevant climatic conditions in order to examine variation in overheating
exposure across tenure, dwelling type, financial strain, health and other vulnerability characteristics.

The selected climatic reference locations therefore provide analytically meaningful overheating samples
rather than nationally representative subnational case studies. The case-study design balances climatic
coverage, analytical feasibility and sufficient household sample sizes for subgroup and regression analysis.
The focus is consequently on identifying recurring patterns, structural inequalities and context-specific
differences in overheating exposure under different climatic conditions.

Results for current status, standard refurbishment and advanced refurbishment represent simulated
building-envelope scenarios applied to TABULA archetypes, rather than observed refurbishment histories
of individual households. Similarly, cooling-access scenarios represent modelled assumptions about
natural ventilation, observed air-conditioning ownership and universal air-conditioning sensitivity, rather
than direct observation of household cooling behaviour.

49



\ ¥ Dy, —Report on effects of climate change using the case of overheating
IHUUSEING

5.1. BELGIUM

Main results

Standard refurbishment does not reduce overheating in this case study; advanced
refurbishment performs better but does not remove future risk.
AC access strongly affects modelled effective overheating, but current AC

ownership is modest.

Higher exposure is mainly linked to private renting, flats and older buildings.
Financial strain appears important descriptively, but not after adjustment for
housing factors.

The Belgium case study analysis includes 311 households: 204 in Brussels and 107 in Oostende. These two
locations are treated as analytical case studies and should not be interpreted as statistically representative
of all Belgian households or Belgian climatic locations.

5.1.1. CLIMATE CONTEXT

Projected warming under SSP245 is evident across all Belgian climatic locations by both 2050 and 2080.
As shown in Figure 4, the increase in mean air temperature is relatively consistent across locations, with
only modest spatial variation compared to larger countries. By 2050, projected warming ranges from
around +1.6°C in Oostende to approximately +1.9°C in Liege and Spa-La Sauveniére, with Antwerp and
Brussels both around +1.8°C. By 2080, warming intensifies further, ranging from about +2.4°C in
Oostende to approximately +2.8°C in Spa-La Sauveniere, with Antwerp, Brussels and Liege all showing
increases between +2.5°C and +2.7°C.

This patternis also visible in relative terms. The percentage increase in mean air temperature ranges from
roughly 10-11% in 2050 and 15—19% in 2080 across Belgian locations. Differences between cities remain
limited, although slightly higher relative increases are observed inland, particularly in Spa-La Sauveniere
and Brussels by 2080. Coastal locations such as Oostende exhibit slightly lower relative increases,
reflecting the moderating influence of the North Sea.

The Belgian case study selection therefore reflects a balance between geographic coverage and climatic
variation within a relatively small national territory. Antwerp and Brussels represent dense urban
environments with strong urban heat island effects, while Liege provides an inland urban context.
Oostende captures a coastal climate with more moderate temperature increases, and Spa-La Sauveniere
represents a more elevated and rural setting. These locations should be understood as analytically
selected case studies designed to capture the range of Belgian climatic conditions, rather than as
statistically representative of all Belgian households or microclimates.
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Figure 4 Projected change in mean air temperature (°C) across BE climatic locations under SSP245 in
2050 and 2080, relative to the TMY baseline

5.1.2. DESCRIPTIVE EFFECTIVE-OVERHEATING PATTERNS

Effective overheating increases across the three climate horizons, although the size of the increase differs
by location and refurbishment level. The main outcomes considered are effective overheating severity,
effective overheating duration and NH26. Figure 5 to Figure 7 present the Belgium results across the three
refurbishment levels, distinguishing between the observed AC ownership (frozen) scenario and the future
universal AC scenario.

Under the observed AC ownership scenario, the results represent mixed cooling conditions. Households
with AC contribute AC-based exceedance, while households without AC contribute exceedance based on
adaptive natural-ventilation thresholds. The patterns therefore reflect both climatic exposure and
differences in access to mechanical cooling.
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Figure 5 BE: current status overheating scenario. a) and (b) effective overheating under the
observed AC ownership (frozen) scenario for the current building status. (c) and (d) show the
same outcomes under the universal AC sensitivity, where all households are assumed to have AC
in 2050 and 208o0.
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Figure 6 BE: usual refurbishment overheating scenario. a) and (b) effective overheating under the
observed AC ownership (frozen) scenario for the usual refurbishment. (c) and (d) show the same
outcomes under the universal AC sensitivity, where all households are assumed to have ACin 2050

and 2080.
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Figure 7 BE: advance refurbishment overheating scenario. a) and (b) effective overheating under
the observed AC ownership scenario for the advance refurbishment. (c) and (d) show the same
outcomes under the universal AC sensitivity, where all households are assumed to have ACin 2050

and 2080.

Building status

For the current building status (Figure 5), overheating increases in both Brussels and Oostende. Brussels
shows the stronger overheating signal, rising from 299.36 °C-hin the current climate to 572.77°C-hiin 2050

and 671.09 °C:h in 2080. Oostende remains lower, increasing from 73.72 °C-h to 178.44 °C-h and 213.35
°Ch.

Under standard refurbishment (Figure 6), overheating is higher rather than lower. This is most evident in
Brussels, where effective severity reaches 973.88 °C-h in 2050 and 1124.79 °C:h in 2080. Oostende also
shows an increase, although at a lower level.

Advanced refurbishment (Figure 7) gives the lowest overheating among the three refurbishment cases. It
reduces both effective severity and duration relative to standard refurbishment, but it does not remove
future overheating, particularly in Brussels.

Role of air conditioning

The role of air conditioning is shown in Figure 5 to Figure 7and in the adaptive-capacity indicators reported
in Table 3. Current AC ownership is modest in both Belgian case study locations, with 24.0% of households
in Brussels and 19.6% in Oostende reporting AC.
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The future universal AC scenario strongly reduces effective severity in 2050 and 2080. The future universal
AC scenario strongly reduces effective severity in 2050 and 208o0. In the figures, severity falls to zero under
this scenario because the model assumes that AC operates effectively whenever indoor temperature
approaches 24°C, preventing exceedance. These results therefore represent an upper bound of cooling
effectiveness rather than realistic household conditions.

The results instead illustrate the extent to which overheating exposure is sensitive to cooling access under
the assumed control conditions. In reality, the effectiveness of AC depends on affordability, usage
patterns, system capacity and maintenance, which are not captured in this simplified representation. As
a result, reliance on AC does not remove underlying structural vulnerability but shifts the management of
overheating towards energy-dependent cooling.

Table 3 BE: adaptive-capacity profile of the selected case study locations

Climatic location Has AC (%) Unable/partly unable to keep cool (%) Other cooling (%)

Brussels 24.0 373 58.3

Oostende 19.6 29.0 54.2

5.1.3. DESCRIPTIVE INEQUALITY PATTERNS

Descriptive comparisons are based on the observed AC ownership scenario under the current building
status. Figure 8 reports effective overheating severity for ADH and Figure g reports NH26 across climate
horizons for selected vulnerability and housing groups.

Housing characteristics show the clearest differences. Private tenants have higher overheating than
owner-occupiers, while flats have higher overheating than houses. Financial strain is also associated with
higher descriptive overheating, but the difference is smaller than the housing-related gradients.

Differences associated with chronic illness and the presence of older adults are modest. Households with
children show lower overheating in the descriptive results, which may reflect differences in housing
composition rather than a direct protective effect.
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Figure 8 BE: Effective overheating severity by selected vulnerability and housing groups.
Panels show mean effective overheating severity across climate horizons. For households without
AC, severity is based on adaptive degree hours (ADH); for households with AC, it is based on
degree-hours above the fixed 24 °C benchmark. Bars compare categories within each group.
Groups with n < 25 are excluded.
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Figure 9 BE: Night-time overheating (NH26) by selected vulnerability and housing groups.
Panels show mean night-time hours above 26 °C across climate horizons. Bars compare categories
within each group. Groups with n < 25 are excluded.

5.1.4. REGRESSION ANALYSIS

The regression results are reported in Table 4 for ADH and Table 5 for NH26. Models are estimated for
each climate horizon and refurbishment scenario under the observed AC ownership condition. Free
residence and social renting are excluded from the regression because of small sample sizes.

The Belgian regression results show that private renting is the most consistent housing-related predictor
of overheating. Private tenants have higher ADH than owner-occupiers under the current building status
and advanced refurbishment, and higher NH26 across all refurbishment levels and climate horizons. This
pattern is strongest in future climates.

For ADH, building age is also important. Under the current building status, buildings from 19712006,
1941-1970 and before 1940 are associated with higher ADH than the reference group. This effect becomes
particularly large under standard refurbishment, indicating that the refurbishment assumptions interact
strongly with building age in the Belgian sample.

Flats are positively associated with ADH under advanced refurbishment, while their association with NH26
is positive but less precise. Financial strain is not independently associated with higher overheating once
housing and household characteristics are included. Chronic illness, older adults, children and self-rated
health do not show robust adjusted associations.

Overall, the Belgian regression results indicate that overheating exposure is mainly structured by housing
tenure, especially private renting, dwelling type and building age, rather than by financial strain alone.
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Table 4 BE: key regression results for ADH under the observed AC ownership scenario

Notes: Values shown are unstandardised OLS regression coefficients (B). Robust HC3 standard errors were used.
Reference categories are: no financial strain, owner-occupier tenure, house dwelling type, and buildings
constructed after 2006. Only selected key predictors are shown; full regression models are reported in Annex 1. *p
<0.05, ** p<0.01, *** p<0.001. N=2380bservations.

D4.4 —Report on effects of climate change using the case of overheating

Variable 2025 2050 2050 2050 2080 2080 2080
Current  Current Standard Advanced  Current Standard Advanced
Financis! -7.91 -16.6 -27.1 -3.71 -17.8 -24.2 -3.1
strain 79 07 719 3.7 7-63 429 313
Frivate 86.17* 141.72% 151 132.08% 1 1% 176 149.03%
tenant 17 41.7 51.95 32. 599 7045 49.03
Flat 55.13 84.73 -563.22 114.35% 90.52 -69.81 123.67
Building age: 89.8g9**  182.35%**  £13.87%%* 82.66 206.48***  714.11%%* 92.58
1971—2006
Building age: 93.95%* 194.41%% 995.87%**  62.62 218.73%* 1174.16%**  67.63
1941-1970
Building age: 01%* 183.60* 1.28%* 104.6 204.83% xx 11
before 1940 93. 3 351 4.67 403 39973 479
R? 0.282 0.361 0.129 0.175 0.388 0.123 0.138
Adjusted R?  0.244 0.327 0.083 0.131 0.356 0.076 0.092

Table 5 BE: key regression results for NH26 under the observed AC ownership scenario

Notes: Values shown are unstandardised OLS regression coefficients (B). Robust HC3 standard errors were used.
Reference categories are: no financial strain, owner-occupier tenure, house dwelling type, and buildings
constructed after 2006. Only selected key predictors are shown; full regression models are reported in Annex 1. *p

<0.05, ** p<0.01, *** p < 0.001. N =307 observations.

Variable 2025 2050 2050 2050 2080 2080 2080

Current Current Standard Advanced Current Standard Advanced
Financial ) § s ) 1 6.c6
cain 54 514 414 4.7 5.9 544 5
Private * 1 * 12.38%* 16.00%* 20.95%* 17.74% 22.84%
tenant 5.45 5.47 3 . 95 7.7L, 84
Flat 3.12 10.86 9.20 11.72 14.38 12.62 14.76
Children

-1.8 -, -4, -c.8 -7. -6. -8.
oresent 1.09 5.54 4.75 5.00 7-35 17 30
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Variable 2025 2050 2050 2050 2080 2080 2080
Current Current Standard Advanced Current Standard Advanced

R? 0.089 0.101 0.112 0.109 0.104 0.106 0.101

Adjusted R* 0.051 0.064 0.075 0.073 0.067 0.070 0.065

Housing-mediated pathways between vulnerability and overheating

To examine whether the descriptive differences in overheating are partly explained by housing conditions,
a sequence of nested regression models was estimated for the observed AC ownership scenario under
the current building-status case. The models progressively introduce tenure, dwelling type and building
age.

Table 6 shows that financially strained households are more likely to live in flats than households without
financial strain. Tenure shows a stronger housing gradient: private tenants are much more likely to live in
flats than owner-occupiers, that supports a housing-mediated pathway.

The nested ADH models in Table 7 show that the coefficient for financial strain falls sharply once tenure is
added, from 68.69 °C-hin M1to -10.27 °C-h in M2. It remains close to zero after dwelling type and building
age are introduced. Model fit increases from R2=0.049 in M1to R2=0.104 in the fully adjusted model.

For NH26, Table 8 shows a similar but weaker pattern. The financial-strain coefficient changes from 1.70
hours in M1 to -1.54 hours in the fully adjusted model. Model fit increases from R2 = 0.022 to R? = 0.077.
The flat coefficient remains positive in the final model, but the confidence interval crosses zero, indicating
a weak and uncertain association. This may reflect omitted housing characteristics not captured in the
dataset, such as insulation quality, floor level, ventilation, or solar exposure, suggesting that dwelling type
acts only as a broad proxy for overheating-related housing conditions.

These results suggest that financial strain is not a direct adjusted predictor of overheating in Belgium.
Instead, its relevance lies partly in its association with housing conditions, especially tenure and dwelling
type. However, the relatively weak dwelling-type coefficients indicate that important aspects of
overheating vulnerability may remain unobserved in the available housing variables. In the Belgian
sample, private renting and building age appear to be the clearest structural pathways through which
overheating exposure is distributed.

Table 6 BE: dwelling type by financial strain and tenure

Category Variable Flat (96) House (%)
Financial condition Financial strain 31.43 68.57
No financial strain 15.94 84.06
Tenure condition Owner 11.11 88.89
Private tenant 56.76 43.24
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Table 7 BE: nested regression models, current climate and current building status - outcome
ADH (°C-h)

Notes: Values are unstandardised OLS coefficients (B), with 95% confidence intervals in brackets. The outcome is
ADH, measured in °C-h. M1 includes socio-demographic and health variables; M2 adds tenure; M3 adds dwelling
type; M4 adds building age. All models use N = 238 observations.

Mode| Financial strain B [95% CI] Flat B [95% CI] R2

M1: Socio-demographic and health variables  68.69[-20.95, 158.34] — 0.049
M2: + tenure -10.27[-106.69, 86.15] — 0.056
M3: + dwelling type -8.42[-104.12, 87.27] 28.14 [-38.08, 94.37] 0.059
My + building age -7.91[-99.00, 83.18] 55.13[-17.10, 127.37] 0.104

Table 8 BE: nested regression models, current climate and current building status - outcome
NH26 (hours)

Notes: alues are unstandardised OLS regression coefficients (B), with 95% confidence intervals in brackets. The
outcome is NH26, measured as night-time hours above 26°C. M1 includes socio-demographic and health variables;
M2 adds tenure; M3 adds dwelling type; M4 adds building age. All models use N =307 observations.

Model Financial strain B [95% CI]  Flat B [95% CI] R2

M1: Socio-demographic and health variables 170 [-2.36, 5.76] — 0.022

M2: + tenure -1.57[-6.12, 2.98] — 0.065

M3: + dwelling type -1.48[-5.93, 2.98] 2.92[-0.98,6.82] 0.076

My + building age -1.54 [-6.09, 3.01] 3.12[-0.88,7.12]  0.077
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5.2. THE CZECH REPUBLIC

Main results

Advanced refurbishment reduces overheating more than standard refurbishment, but
future risk remains.

AC ownership is low, making cooling access an important sensitivity.

Descriptive inequalities are visible for financial strain, tenants and flat residents.
After adjustment, the strongest predictors are dwelling type, building age and
households without children.

The Czech Republic case study includes 336 households across two locations: Prague (n = 149) and Brno
(n = 187). These locations were selected to capture variation between the capital city and a secondary
urban context, while maintaining sufficient sample size for subgroup analysis.

5.2.1. CLIMATE CONTEXT

Projected warming under SSP245 is evident across all the Czech Republic climatic locations by both 2050
and 2080. As shown in Figure 10, the increase in mean air temperature is spatially consistent across the
selected locations, with only modest variation between them. By 2050, projected warming is around
+2.1°Cin Prague, Liberec and Usti, and slightly higher at approximately +2.2°C in Brno. By 2080, warming
intensifies further, reaching around +3.0°C in Prague, Liberec and Usti, and approximately +3.1°C in Brno.

This pattern is also reflected in relative terms. The percentage increase in mean air temperature ranges
from roughly 12—13% in 2050 and around 17-19% in 2080 across the selected locations. Differences
between cities remain relatively small, although slightly higher relative increases are observed in Usti and
Liberec by 2080.

Delta-T (°C) relative to TMY
2.2 24 2.6 2.8 3.0

2050 — S5P245 2080 — 55P245
(a) Liberec (b) Liberec
+2.1°C +3.0°C
Prague Prague
+2.1°C Usti +3.0°C Usti
+2.1°C +3.0°C
Brmo Brno
T22°C +3.1°C

Figure 10 Projected change in mean air temperature (°C) across CZ climatic locations under SSP245
in 2050 and 2080, relative to the TMY baseline
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5.2.2. DESCRIPTIVE EFFECTIVE-OVERHEATING PATTERNS

Effective overheating increases across the three climate horizons in the Czech Republic case study. The
increase is evident for both effective overheating severity and effective overheating duration, with NH26
showing that night-time exposure also intensifies under future climates. Figure 11 to Figure 13 present
these patterns across the three refurbishment levels, distinguishing between the observed AC ownership
scenario and the universal AC sensitivity.

Under the observed AC ownership scenario, results should be interpreted as mixed-regime outcomes.
Households with air conditioning contribute AC-based exceedance, while households without AC
contribute adaptive exceedance based on natural ventilation thresholds. This preserves the cooling
benefit associated with current AC ownership while retaining realistic variation in cooling access across
the sample.

The figures show that effective overheating rises from 2025 to 2050 and further to 2080 across
refurbishment levels. Within each figure, subplots (a) and (b) show outcomes under observed AC
ownership, while subplots (c) and (d) show the universal AC sensitivity. The contrast between these panels
shows how exposure changes when cooling access is expanded from current ownership to universal AC
access.
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Figure 11 CZ: current status overheating scenario. a) and (b) effective overheating under the
observed AC ownership scenario for the current building status. (c) and (d) show the same
outcomes under the universal AC sensitivity, where all households are assumed to have ACin 2050
and 2080.
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Figure 12 CZ: usual refurbishment overheating scenario. (a) and (b) effective overheating under
the observed AC ownership scenario for the standard refurbishment. (c) and (d) show the same
outcomes under the universal AC sensitivity, where all households are assumed to have ACin 2050
and 2080.
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Figure 13 CZ: advance refurbishment overheating scenario. (a) and (b) effective overheating under
the observed AC ownership scenario for the advance refurbishment. (c) and (d) show the same
outcomes under the universal AC sensitivity, where all households are assumed to have ACin 2050
and 2080.

Building status

For the current building status (Figure 11), effective overheating increases clearly across climate horizons
in both the Czech Republic case study locations. The increase is strongest for effective severity, indicating
that overheating becomes more intense as well as more frequent. Effective duration and NH26 follow the
same general upward pattern.

Under standard refurbishment (Figure 12), overheating is not fully offset. Exposure continues to increase
in 2050 and 2080, showing that standard refurbishment does not remove climate-driven overheating risk.
The pattern suggests that the effect of refurbishment depends strongly on dwelling form and building
age.

Advanced refurbishment (Figure 13) reduces overheating relative to the standard refurbishment scenario,
particularly for effective severity. However, future exposure remains present, and both severity and
duration continue to increase across climate horizons. This indicates that advanced refurbishment
moderates overheating but does not eliminate it.
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Role of air conditioning
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The role of air conditioning is illustrated in Figure 11 to Figure 13 and in the adaptive-capacity indicators
reported in Table 9. Current AC ownership is relatively low, with 14.4% of households in Brno and 17.4%
in Prague reporting AC.

The universal AC scenario strongly reduces effective overheating in 2050 and 2080. In some cases,
overheating approaches very low values under this assumption. These values arise from the modelling
assumption that AC operates effectively whenever indoor temperature approaches 24°C, preventing
exceedance. The results therefore represent an upper bound of cooling effectiveness rather than realistic
household conditions.

The results instead illustrate the extent to which overheating exposure is sensitive to cooling access under
the assumed control conditions. In reality, the effectiveness of AC depends on affordability, usage
patterns, system capacity and maintenance, which are not captured in this simplified representation. As
aresult, reliance on AC does not remove underlying structural vulnerability but shifts the management of
overheating towards energy-dependent cooling.

Table 9 CZ: adaptive-capacity profile of the selected case study locations

Climatic location Has AC (%) Unable/partly unable to keep cool (%) Other cooling (%)

Brno 14.4 62.0 76.5

Prague 17.4 50.3 69.1

5.2.3. DESCRIPTIVE INEQUALITY PATTERNS

Descriptive comparisons are based on the observed AC ownership scenario under the current building
status. Figure 14 reports effective overheating severity (ADH) and Figure 15 reports NH26 across climate
horizons for selected vulnerability and housing groups.

Households experiencing financial strain show higher overheating than those without strain across all
climate horizons. This pattern is visible for ADH, NH26 and effective duration. Housing characteristics also
show clear differences. Private tenants record higher overheating than owner-occupiers. Dwelling type
shows a more mixed pattern for ADH, but flats have consistently higher NH26 and effective duration than
houses.

Differences associated with chronic illness and the presence of older adults are comparatively small and
less consistent. Households with children show lower overheating than households without children
across all three outcomes and climate horizons.

Comparison with the wider refurbishment results indicates that refurbishment changes overall exposure
levels but does not remove underlying differences between groups. Categories with small sample sizes
should be interpreted cautiously.
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Figure 14 CZ: Effective overheating severity by selected vulnerability and housing groups.
Panels show mean effective overheating severity across climate horizons. For households without
AC, severity is based on adaptive degree hours (ADH); for households with AC, it is based on
degree-hours above the fixed 24 °C benchmark. Bars compare categories within each group.

Groups with n < 25 are excluded.
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Figure 15 CZ: Night-time overheating by selected vulnerability and housing groups.
Panels show mean NH26 across climate horizons. Bars compare categories within each group.
Groups with n < 25 are excluded.

5.2.4. REGRESSION ANALYSIS

The regression results are reported in Table 10 for ADH and Table 11 for NH26. Models are estimated for
each climate horizon and refurbishment scenario under the observed AC ownership condition.

The Czech Republic results show a different pattern from Belgium. Financial strain and tenure are not
robust predictors once housing and household characteristics are included. Instead, the main adjusted
associations are linked to dwelling type, building age and the presence of children.

For ADH, older building periods are important under the current building status, especially buildings from
1941-1970 and before 1940. These associations become stronger in future climates. Under standard
refurbishment, the same older building groups show very large positive associations with ADH, while flats
are associated with substantially lower ADH. This suggests that refurbishment assumptions produce a
strong shift in the distribution of overheating by dwelling type and building age.

For NH26, flats are the clearest predictor under the current building status and advanced refurbishment.
Flats are associated with substantially higher night-time overheating across all climate horizons. The
association is strongest in 2080. By contrast, under standard refurbishment, the flat effectis weak and not
statistically robust.

Households with children show consistently lower ADH across current status and advanced refurbishment
models. For NH26, the association is weaker under the observed AC ownership scenario, although it is
generally negative. Chronic illness, older adults and self-rated health do not show robust independent
associations.
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Table 10 CZ: key regression results for ADH under the observed AC ownership scenario

Notes: Values shown are unstandardised OLS regression coefficients (B). Robust HC3 standard errors were used.
Reference categories are: no financial strain, owner-occupier tenure, house dwelling type, and buildings
constructed after 2006. Only selected key predictors are shown; full regression models are reported in Annex 1. *p

<0.05, ** D < 0.01, *** p <0.001. N = 278 observations.
!
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Variable 2025 2050 2050 2050 2080 2080 2080
Current Current Standard Advanced  Current Standard Advanced
Financis! 2.02 62 2 8 67.2 16.00 83.58
strain 52. 99 9.5 7077 723 : 3.5
Private
tenants 61.21 76.98 “4.13 103.55 75-46 -9.13 104.37
Flat -50.39 -90.90 -647.39% %% -82.63 -138.27 743.75%**F  -126.97
Buildi :
1;7'1_‘22 Oa69e 56.36 123.09 -49.48 90.35 137.27 -45.93 101.31
Bulding age: 137.92 350.82%**  529.34%**F  120.10 394.29%**%  594.23%F%  140.67
1941-1970
Building age: 138.59 377.14% %% 669.69*** 12256 420.18%**  733.8g%** 142.25
before 1940
Children
- . ** _ . ** _ . _ 88 ** _ . ** _ 8 _ ) 8**
oresent 139.33 190.15 110.29 218.81 199.51 118.00 231.1
R? 0.083 0.145 0.665 0.066 0.162 0.681 0.072
Adjusted Rz 0.041 0.107 0.650 0.023 0.124 0.667 0.030

Table 11 CZ: key regression results for NH26 under the observed AC ownership scenario

Notes: Values shown are unstandardised OLS regression coefficients (B). Robust HC3 standard errors were used.
Reference categories are: no financial strain, owner-occupier tenure, house dwelling type, and buildings
constructed after 2006. Only selected key predictors are shown; full regression models are reported in Annex 1. *p
<0.05, ** p<0.01, *** p <0.001. N = 330 observations.

Variable 2025 2050 2050 2050 2080 2080 2080
Current Current Standard Advanced Current Standard Advanced
Fnandial 12.8 0 13.88 16.90 6.8 1
strain 5.53 69 45 3 9 05 7-54
Private tenant = 4.13 12.10 10.99 11.73 17.55 13.27 17.18
Flat 11.74%%* 28.95%** 447 35.52% % 39.30%** 516 48.547%%%
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Variable 2025 2050 2050 2050 2080 2080 2080

Current Current Standard Advanced Current Standard Advanced
Building age:

A 6. -9.06 . 6 -14. .
1971-2006 9.47 10.55 9.0 22.35 17.67 14.74 25.55
Building age: .

. . . 8.40% . . .

10411570 10.15 19.00 474 28.40 19.37 0.52 31.97
Buildi :
bz;jrg?g;oge 6.95 16.05 -1.06 24.07 16.13 -6.30 28.16
Children

-1, -2.26 -7.28 . -3.08 -9.6 -0.28
oresent 1.47 2.2 7.2 0.91 3.0 9.61 0.2
R? 0.054 0.059 0.125 0.143 0.053 0.132 0.149
Adjusted R? 0.018 0.023 0.092 0.111 0.018 0.099 0.117

Housing-mediated pathways between vulnerability and overheating

To assess whether descriptive inequality is partly explained by housing conditions, nested regression
models were estimated for the observed AC ownership scenario under the current building-status case.
The models progressively add tenure, dwelling type and building age.

Table 12 shows that financial strain is not strongly differentiated by dwelling type. The share of households
living in flats is very similar among households with and without financial strain. Tenure shows a much
clearer housing pattern: private tenants are overwhelmingly concentrated in flats, while owner-occupiers
are more evenly distributed between flats and houses.

Table 12 CZ: dwelling type by financial strain and tenure

Category Variable Flat (%) House (%)
Financial condition Financial strain 63.01 36.99
No financial strain 61.60 38.40
Tenure condition Owner 48.64 51.36
Private tenant 91.86 8.14

The nested ADH models do not show strong mediation through housing conditions. The financial-strain
coefficient remains positive across the models, and the fully adjusted estimate is close to the baseline
estimate. Model fit increases only modestly, from R? = 0.043 to R2= 0.072 (Table 13).

For NH26, the pathway is clearer. The financial-strain coefficient is reduced after tenure is added, while
the flat coefficient is large and positive once dwelling type is introduced. Model fit rises from R2=0.0271in
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the baseline model to R2 = 0.119 in the fully adjusted model (Table 14). This indicates that night-time
overheating is more strongly structured by dwelling type than by financial strain itself.

In the Czech Republic, the housing-mediated pathway is therefore more evident for NH26 than for ADH.
The main pathway runs through dwelling type, particularly the concentration of tenants in flats, rather
than through financial strain.

Table 13 CZ: nested regression models, current climate and current building status - outcome
ADH (°C-h)

Notes: Values are unstandardised OLS regression coefficients (B), with 95% confidence intervals in brackets. The
outcome is ADH, measured in °C-h. M1 includes socio-demographic and health variables; M2 adds tenure; M3 adds
dwelling type; M4 adds building age. All models use N = 278 observations.

Model Financial strain B [95% CI] Flat B [95% Cl] R2 Adjusted
RZ

Ma: Socio-demographic and 70.58[-36.31, 177.48] —  0.043 0.014
health variables

M?2: + tenure 58.89 [-82.35, 200.13] —  0.043 0.037
M3: + dwelling type 49.08 [-86.25, 184.41] -66.94 [-160.50, 26.62]  0.050 0.086
Mg: + building age 52.02 [-83.46, 187.49] -50.39 [-164.03, 63.25]  0.072 0.099

Table 14 CZ: nested regression models, current climate and current building status - outcome
NH26 (hours)

Notes: Values are unstandardised OLS regression coefficients (B), with 95% confidence intervals in brackets. The
outcome is NH26, measured as night-time hours above 26°C. M1 includes socio-demographic and health variables;
M2 adds tenure; M3 adds dwelling type; M4 adds building age. All models use N = 278 observations.

Model Financial strain B [95% Cl] Flat B [95% Cl] R2 Adjusted
RZ
Ma1:  Socio-demographic and  6.06 [-0.54, 12.66] — 0.027 0.014

health variables

M2: + tenure 4.25[-3.09, 11.59] — 0.053 0.037

M3: + dwelling type 6.10 [-1.20, 13.40] 12.89[6.73, 19.05] 0.103 0.086

Mg: + building age 5.53[-1.70, 12.77] 11.74 [5.21, 18.26] 0.119 0.099
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5.3. GERMANY

Main results

Standard refurbishment reduces exposure, but does not offset future climate-driven
increases.
Advanced refurbishment is associated with higher overheating in this model and

should be interpreted cautiously.

Financial strain, private renting and especially social renting remain linked to higher
overheating severity after adjustment.

Night-time overheating is more strongly associated with poor self-rated health and
older buildings.

The Germany case study analysis includes 431 households, with Garmisch-Partenkirchen and Essen
selected as contrasting analytical locations. Garmisch-Partenkirchen represents a cooler Alpine climate
with lower baseline overheating, while Essen represents a warmer, urbanised setting with higher initial
exposure. These locations are intentionally selected to capture contrasting climatic and housing contexts
and should therefore be interpreted as analytical case studies rather than nationally representative
samples.

53.1.  CLIMATE CONTEXT

Projected warming under SSP245 is evident across all selected German climatic locations by both 2050
and 2080. As shown in Figure 16, increases in mean air temperature are relatively consistent across the
country, although some spatial variation is visible.

By 2050, projected warming ranges from approximately +1.8°C in Bremerhaven to around +2.3°C in
Garmisch, with most locations clustering between +1.9°C and +2.2°C. Northern coastal cities such as
Bremerhaven and Hamburg exhibit slightly lower increases, while inland and southern locations, including
Mannheim and Garmisch, show somewhat higher warming. By 2080, warming intensifies substantially
across all locations. Projected increases range from around +2.5°C in Bremerhaven to approximately
+3.2°Cin Mannheim and Garmisch, with most cities experiencing increases close to +2.7°C to +3.0°C. This
indicates a broadly uniform but clearly intensified warming signal across the country.

This pattern is also reflected in relative terms. The percentage increase in mean air temperature ranges
from approximately 9—11% in 2050 and 13—20% in 2080 across the selected locations. Coastal cities such
as Bremerhaven show the lowest relative increases (around g% in 2050 and 13% in 2080), while southern
and more continental locations, particularly Garmisch and Braunlage, exhibit higher relative increases,
reaching up to 20% by 2080. Central and western cities such as Essen, Mannheim and Potsdam fall
between these extremes, showing moderate but still substantial increases.

Overall, the German case study selection captures a range of climatic contexts within the country.
Northern coastal locations reflect maritime influences with slightly moderated warming, while inland and
southern locations exhibit stronger temperature increases associated with more continental conditions
andtopography. Urban areas such as Hamburg, Essen and Mannheim represent dense built environments
where heat accumulation may be amplified, while smaller or elevated locations such as Braunlage and
Garmisch provide contrast in terms of geography and climate.
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These locations should be understood as analytically selected case studies designed to reflect the diversity
of climatic conditions across Germany, rather than as statistically representative of all local climates.

Delta-T (°C) relative to TRY
2. 6

2.0 2.2 2.8 3.0

2050 — SSP245 2080 — SSP245
(a) (b)
Rostack Rostack
+1.9°C +2.7°C
Bremerhaudamburg Bremerhawdamburg
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Essen .”-1"‘: Essen RHRE
4+2.0°C 42.9°C
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Mannheim Mannheim
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o
Garmisch Garmisch
+2.3%C +3.2°C

Figure 16 Projected change in mean air temperature (°C) across DE climatic locations under SSP245
in 2050 and 2080, relative to the TMY baseline

5.3.2. DESCRIPTIVE EFFECTIVE-OVERHEATING PATTERNS

Effective overheating increases across the three climate horizons in both German case study locations,
although the magnitude of exposure differs between Garmisch and Essen and varies by refurbishment
level. The main outcomes considered here are effective overheating severity and effective overheating
duration, supplemented by NH26 in the inequality and regression analysis. Figure 17 to Figure 19 present
these patterns for Germany across the three refurbishment levels, distinguishing between the observed
AC ownership scenario and the universal AC sensitivity scenario.

Under the observed AC ownership scenario, results should be interpreted as mixed-regime outcomes.
Households with air conditioning contribute AC-based exceedance, while households without AC
contribute adaptive exceedance based on natural-ventilation thresholds. This approach preserves the
cooling benefit associated with current AC ownership while maintaining heterogeneity in cooling access
across the sample. The descriptive patterns therefore reflect both climatic exposure and unequal access
to mechanical cooling.

The figures show consistent increases in both effective severity and duration from 2025 to 2050 and
further to 2080 across all refurbishment levels. Within each figure, subplots (a) and (b) show outcomes
under observed AC ownership, while subplots (c) and (d) show the universal AC sensitivity. The contrast
between these panels shows how strongly overheating exposure changes when cooling access is
expanded from current ownership to universal AC access.
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Figure 17 DE: current status overheating scenario. a) and (b) effective overheating under the
observed AC ownership scenario for the current building status. (c) and (d) show the same
outcomes under the universal AC sensitivity, where all households are assumed to have ACin 2050
and 2080.
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Figure 18 DE: usual refurbishment overheating scenario. a) and (b) effective overheating under
the observed AC ownership scenario for the usual refurbishment status. (c) and (d) show the
same outcomes under the universal AC sensitivity, where all households are assumed to have AC
in 2050 and 2080.
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Figure 19 DE: advance refurbishment overheating scenario. a) and (b) effective overheating under
the observed AC ownership scenario for the advance refurbishment. (c) and (d) show the same
outcomes under the universal AC sensitivity, where all households are assumed to have ACin 2050
and 2080.

Building status

For the current building status, effective overheating increases markedly in both Garmisch and Essen.
Under observed AC ownership, Garmisch rises from 521.26°C:h in 2025 to 840.30°Ch in 2050 and
989.94°C-h in 2080, while Essen rises from 458.69°C-h to 689.12°C:h and 767.30°C:-h over the same
horizons. Effective duration follows the same pattern, increasing from 239.35 hours to 371.55 and 420.35
hours in Garmisch, and from 223.52 hours t0 320.46 and 354.49 hours in Essen. These results indicate
substantial climate-driven increases in overheating exposure under the current building stock, with
Garmisch showing the higher severity and duration across the three horizons in this scenario (Figure 17).

Under standard refurbishment, overheating remains substantial and continues to increase strongly over
time. In Garmisch, effective severity increases from 466.38°C-h in 2025 to 749.05°C:-h in 2050 and
873.94°C-h in 2080. In Essen, the corresponding values are 452.96°C-h, 671.93°C:h and 738.30°C-h.
Effective duration also increases in both locations, from 201.86 hours to 307.06 and 344.46 hours in
Garmisch, and from 186.18 hours to 261.94 and 283.87 hours in Essen. Standard refurbishment therefore
reduces exposure relative to the current status but does not materially offset future climate-driven
increases (Figure 18).
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Under advanced refurbishment, the pattern is less favourable than under standard refurbishment in these
results. Effective severity increases from 603.43°C-h in 2025 to 985.67°C-h in 2050 and 1172.64°C-h in
2080 in Garmisch, while Essen increases from 542.85°C-h to 831.43°C-h and 940.70°C-h. Effective
duration follows the same progression, increasing from 256.58 hours to 401.41 and 459.90 hours in
Garmisch, and from 256.48 hours to 376.49 and 423.22 hours in Essen.

This result suggests that, under the modelled assumptions, advanced refurbishment can increase
overheating exposure relative to standard refurbishment. A likely explanation is that improvements to the
building envelope, such as increased insulation and airtightness, reduce heat losses and may lead to
greater heat accumulation during warm periods if not combined with sufficient ventilation or solar control
measures. This highlights the importance of considering summer performance alongside energy
efficiency improvements. However, this outcome depends on the specific refurbishment assumptions
used in the model and should not be interpreted as a general effect of advanced refurbishment in all
contexts.

Role of air conditioning

The role of air conditioning is illustrated in Figure 17 to Figure 19 and in the adaptive-capacity indicators
reported in Table 15. Current AC ownership is modest in both German case study locations. Under the
universal AC sensitivity, effective severity falls to zero in 2050 and 2080 in both locations and across all
refurbishment levels. Effective duration is also reduced sharply, although it does not fall to zero. For
example, under the current building status, duration in the universal AC sensitivity falls to 12.86 hours in
2050 and 14.17 hours in 2080 in Garmisch, and to 15.40 and 18.12 hours in Essen.

These values arise from the modelling assumption that AC operates effectively whenever indoor
temperature approaches 24°C, preventing exceedance above the fixed benchmark used for AC
households. The results therefore represent an upper bound of cooling effectiveness rather than realistic
household conditions. They instead illustrate the extent to which overheating exposure is sensitive to
cooling access under the assumed control conditions. In reality, the effectiveness of AC depends on
affordability, usage patterns, system capacity and maintenance, which are not captured in this simplified
representation. As a result, reliance on AC does not remove underlying structural vulnerability but shifts
the management of overheating towards energy-dependent cooling.

Table 15 DE: adaptive-capacity profile of the selected case study locations

Climatic Location Has AC (%) Unable/partly unable to keep cool (%) Other cooling (%)

Garmisch 12.35 53.70 66.67

Essen 19.70 51.67 74.35
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5.3.3. DESCRIPTIVE INEQUALITY PATTERNS

Descriptive comparisons are based on the observed AC ownership scenario under the current building

status. Figure 20 reports effective overheating severity for ADH and Figure 21 reports NH26 across climate
horizons for selected vulnerability and housing groups.

Households experiencing financial strain show consistently higher overheating severity than those without
strain, and this difference persists across all climate horizons. Housing characteristics again display the
strongest gradients. Private tenants experience the highest overheating levels, while owner-occupiers
remain least exposed. Dwelling type also shows a clear contrast, with flats experiencing higher
overheating than houses. Differences associated with chronic illness are comparatively smaller and less

consistent across climate horizons.
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Figure 20 DE: Effective overheating severity by selected vulnerability and housing groups.
Panels show mean effective overheating severity across climate horizons. For households without
AC, severity is based on adaptive degree hours; for households with A, it is based on degree-
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hours above the fixed 24 °C benchmark. Bars compare categories within each group. Groups with
n < 25 are excluded.
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Figure 21 DE: Night-time overheating (NH26) by selected vulnerability and housing groups.
Panels show mean night-time hours above 26 °C across climate horizons. Bars compare categories
within each group. Groups with n < 25 are excluded.

5.3.4. REGRESSION ANALYSIS

The regression results are reported in Table 16 for ADH and Table 17 for NH26. Models are estimated for
each climate horizon and refurbishment scenario under the observed AC ownership condition.

For Germany, the clearest regression pattern is that socioeconomic and tenure variables remain strongly
associated with overheating severity after adjustment. Financial strain is positively associated with ADH
across all climate horizons and refurbishment scenarios. Under the current building status, financially
strained households have higher ADH than households without strain, with the coefficientincreasing from
69.26 °C-h in 2025 to 123.48 °C-h by 2080. This association remains statistically significant across the
current, standard refurbishment and advanced refurbishment cases.

Tenure also shows a strong and consistent association with ADH. Private tenants also show elevated ADH.
These tenure effects are especially pronounced under advanced refurbishment, where social renting is
associated with 247.49 °C-h higher ADH in 2025 and 360.58 °C-h higher ADH in 2080. This suggests that
refurbishment does not remove the social gradient in overheating exposure.

Dwelling type shows a less consistent pattern for ADH. Flats are not associated with higher ADH under
the current building status and are negatively associated under the standard refurbishment scenario.
Under advanced refurbishment, the flat coefficient is positive in 2025 but becomes smaller and
statistically uncertain in future climates. Building age effects vary strongly by refurbishment scenario.
Under the current building status, dwellings from 1971-2006 and 1941-1970 show lower ADH than the

\./’\\’/
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2007-plus reference category, whereas before-1940 dwellings do not show a stable association. Under
standard refurbishment, these building-age coefficients become large and negative for 1971—2006 and
1941-1970 dwellings, while before-1940 dwellings show substantially higher ADH.

For NH26, the pattern differs from ADH. Financial strain is not positively associated with night-time
overheating after adjustment; coefficients are negative and statistically uncertain across all observed AC
models. Tenure effects are also weaker for NH26 than for ADH. Instead, self-rated health becomes the
clearest household vulnerability marker: households reporting fair, bad or very bad health show
consistently higher NH26 across all climate horizons and refurbishment scenarios. Before-1940 dwellings
are also associated with higher NH26 across the observed AC models. Overall, the German regression
results indicate that overheating severity is structured mainly by financial strain and tenure, while night-
time overheating is more clearly associated with health status and selected building-age effects.

Table 16 DE: key regression results for ADH under the observed AC ownership current scenario

Values shown are unstandardised OLS regression coefficients (B). Robust HC3 standard errors were used. Reference
categories are: no financial strain, owner-occupier tenure, house dwelling type, and buildings constructed after
2006. Only selected key predictors are shown; full regression models are reported in Annex 1. *p < 0.05, ** p < 0.01,
**% p<0.001. N =355 observations.

Variable 2025 2050 2050 2050 2080 2080 2080

Current Current Standard Advanced Current Standard Advanced
Fi ial
St\:;rg]oa 69.26% 106.92% 93.13% 128.12% 123.48% 108.21% 147.64%

i

Social tenant 190.46% 251.95% 95.25 329.41% 273.22% 104.59 360.58*
Private tenant  93.84% 122.95% 50.27 163.25% 132.47% 54.54 177.51%
Flat -11.88 -71.69 -358.26% 36.63 -100.29 -414.64% 19.06
Chronic illness

-26.78 -35.6 -50.28 -39.58 -36. -50. -41.
present 20.7 35.05 50.2 395 3074 50.44 41.30
65+ present 2.43 6.83 52.36 -9.95 7.38 56.58 -11.62
Children

-63.64* -93.31% -32. -123.66% -107.56%  -42. -141.81%
oresent 354 93.31 32.72 123 107.5 42.75 14101
R? 0.215 0.210 0.827 0.209 0.208 0.823 0.195
Adjusted R? 0.188 0.183 0.821 0.181 0.181 0.817 0.166

Table 17 DE: key regression results for NH26 under the observed AC ownership current scenario

Values shown are unstandardised OLS regression coefficients (B). Robust HC3 standard errors were used. Reference
categories are: no financial strain, owner-occupier tenure, house dwelling type, and buildings constructed after
2006. Only selected key predictors are shown; full regression models are reported in Annex 1. *p < 0.05, ** p < 0.01,
**% p<0.001. N =428 observations.
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Variable 2025 2050 2050 2050 2080 2080 2080
Current Current Standard Advanced Current Standard Advanced

Financial strain -5.43 -9.89 -1.97 -12.02 -11.91 -0.92 -16.89
Social tenant 1.14 0.53 1.24 -3.25 4.17 2.83 -3.07
Private tenant 6.41 11.29 7.29 10.29 18.49 10.36 17.68
Flat 6.16 9.96 4.51 8.44 16.01 6.46 14.82
S?e:)enrli e 2e0  4f8 760 413 683 918 570
65+ present -0.09 0.13 -0.74 0.61 -0.59 -1.21 1.47
Children present  -4.66 -9.58 -7.94 -9.52 -15.45 -11.77 -14.64
Ezg/:sgj‘/tvhery 11.61% 22.05% 15.60% 24.21% 29.72% 19.07* 33.32%
R? 0.080 0.073 0.138 0.066 0.086 0.164 0.076
Adjusted R? 0.053 0.046 0.113 0.039 0.059 0.140 0.049

Housing-mediated pathways between vulnerability and overheating

To assess whether descriptive inequality is partly explained by housing conditions, nested regression
models were estimated for the observed AC ownership scenario under the current building-status case.
The models progressively add tenure, dwelling type and building age.

Table 18 shows a clearer differentiation in dwelling type by both financial strain and tenure than was
observedin the Czech Republic. Households experiencing financial strain are predominantly concentrated
in flats, while households without financial strain are more evenly distributed between flats and houses.
Tenure patterns are even more pronounced: private tenants are overwhelmingly concentrated in flats,
whereas owner-occupiers mainly live in houses.
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Table 18 DE: dwelling type by financial strain and tenure
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Category Variable Flat (%) House (%)
Financial condition Financial strain 72.72 27.27
No financial strain 46.68 £3.31
Tenure condition Owner 20.09 70.90
Private tenant 82.41 17.58

The nested ADH models suggest only limited mediation through housing conditions. The financial-strain
coefficient remains relatively stable across all model specifications, changing only slightly after the
inclusion of tenure, dwelling type and building age. The flat coefficient becomes positive once dwelling
type is introduced, indicating somewhat higher overheating exposure in flats, although confidence
intervals remain wide. Model fit increases only marginally, from R2 = 0.061 in the baseline model to R? =
0.080 in the fully adjusted model (Table 19).

Asimilar patternis observed for NH26. The financial-strain coefficient is slightly reduced after the addition
of housing variables, while the flat coefficient becomes positive once dwelling type is included. However,
the coefficients remain statistically uncertain, with confidence intervals crossing zero. The increase in
explanatory power is also modest, with R? rising from 0.061 to 0.080 across the nested models (Table 20).

In Germany, housing-mediated pathways therefore appear weaker than in the Czech Republic. Although
financially strained households and tenants are clearly concentrated in flats, the regression models
indicate that these housing characteristics explain only a limited share of overheating inequality. Dwelling
type contributes somewhat to higher overheating exposure, particularly for NH26, but the overall
mediation effect remains modest.

Table 19 DE: nested regression models, current climate and current building status - outcome
ADH (°C-h)

Notes: Values are unstandardised OLS regression coefficients (B), with 95% confidence intervals in brackets. The
outcome is ADH, measured in °C-h. M1 includes socio-demographic and health variables; M2 adds tenure; M3 adds
dwelling type; M4 adds building age. All models use N =355

Model Financial strain ~ Flat R2 Adjusted R2

Ma1: Socio-demographic and health variables -6.92 — 0.061 0.048

M2: + tenure -5.88 —  0.074 0.058

M3: + dwelling type -571 502  0.077 0.060

My: + building age -5.43  6.16  0.080 0.053
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Table 20 DE: nested regression models, current climate and current building status — outcome
ADH (°C-h)

Notes: Values are unstandardised OLS regression coefficients (B), with 95% confidence intervals in brackets. The
outcome is NH26, measured as night-time hours above 26°C. M1 includes socio-demographic and health variables;
M2 adds tenure; M3 adds dwelling type; M4 adds building age. All models use N = 428 observations.

Model Financial strain B [95% CI] Flat B [95% Cl] R2 Adjusted
R2
Mz1:  Socio-demographic  and  -6.92[-15.48, 1.64] — 0.061 0.048

health variables

M2: + tenure -5.88 [-14.44, 2.68] — 0.074  0.058

M3: + dwelling type -5.71[-14.19, 2.77] 5.02 [-3.24, 13.28] 0.077  0.060

Myg: + building age -5.43 [-14.18, 3.32] 6.16 [-2.20, 14.53] 0.080 0.053
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5.4. ITALY
Main results

Standard and advanced refurbishment reduce overheating, but do not eliminate
future risk.

Inequalities are large, especially by financial strain and tenure.

Financial strain, private renting and older buildings are consistent predictors of
overheating.

Households with children show lower night-time overheating after adjustment.

The Italy case study analysis includes 343 households; located in Firenze and Milano. Firenze was selected
because it represents a high overheating exposure context typical of central Italian climates, while Milano
provides a contrasting northern urban context with slightly different climatic conditions and building
characteristics. As with the other case studies, these locations are analytically selected and should not be
interpreted as statistically representative of all Italian households or climatic zones.

5.4.1. CLIMATE CONTEXT

Projected warming under SSP245 is evident across all Italian climatic locations by both 2050 and 2080. As
shown in Figure 22, the increase in mean air temperature is substantial across the country, with moderate
spatial variation reflecting Italy’s strong north—south and coastal-inland gradients.

By 2050, projected warming ranges from approximately +1.7°Cin Lampedusa to around +2.4°Cin Firenze,
with most locations—including Torino, Milano, Venezia, Roma and Napoli—clustered around +2.1°C to
+2.2°C. By 2080, warming intensifies considerably, reaching approximately +2.5°Cin Lampedusa, +2.7°C
in Palermo, and up to +3.5°C in Firenze, with many major urban areas (e.g. Milano, Torino, Venezia, Roma
and Napoli) experiencing increases of around +3.3°C.

This pattern is also reflected in relative terms. The percentage increase in mean air temperature ranges
from roughly 7-10% in 2050 and 10-15% in 2080 for most locations. However, a notable exception is
Dobbiaco, where relative increases reach approximately +19% in 2050 and +28% in 2080, indicating a
much stronger proportional warming signal in this alpine context. More generally, southern and coastal
locations (e.g. Lampedusa, Palermo, Cagliari) show lower relative increases, while inland and northern
locations tend to exhibit higher relative changes.

The Italian case study selection reflects a deliberate effort to capture this climatic diversity. The sample
includes southern and island climates (Lampedusa, Palermo, Cagliari), central urban areas (Roma,
Firenze), northern urban and industrial regions (Milano, Torino, Venezia), and mountainous conditions
(Dobbiaco). These locations should be understood as analytically selected case studies representing a
wide range of climatic contexts within Italy, rather than as statistically representative of all Italian
households or microclimates.
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Figure 22 Projected change in mean air temperature (°C) across IT climatic locations under SSP245 in
2050 and 2080, relative to the TMY baseline

5.4.1. DESCRIPTIVE EFFECTIVE-OVERHEATING PATTERNS

Effective overheating increases across the three climate horizons, but the magnitude and progression of
thisincrease vary systematically with both refurbishment level and the cooling-access regime represented
in the analysis. The main outcomes considered here are effective overheating severity and effective
overheating duration, supplemented by NH26. Figure 23 to Figure 25 present these patterns for Italy
across the three refurbishment levels, while distinguishing between the current AC ownership scenario
and the universal AC sensitivity scenario.

Under the current AC ownership scenario, results should be interpreted as mixed-regime outcomes.
Households with air conditioning contribute AC-based exceedance, while households without AC
contribute adaptive exceedance based on natural ventilation thresholds. This approach preserves the
cooling benefit associated with current AC ownership while maintaining realistic heterogeneity in cooling
access across the sample. The descriptive patterns therefore reflect both climatic exposure and unequal
access to mechanical cooling.

The figures show consistent increases in both effective severity and duration of overheating from 2025 to
2050 and further to 2080 across all refurbishment levels. Within each figure, subplots (a) and (b) show
outcomes under observed AC ownership, while subplots (c) and (d) show the universal AC sensitivity. The
contrast between (a)—(b) and (c)—(d) shows how overheating exposure changes when cooling access is
expanded from current ownership to universal AC access.
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Figure 23 IT: current status overheating scenario. a) and (b) effective overheating under the
observed AC ownership scenario for the current building status. (c¢) and (d) show the same
outcomes under the universal AC sensitivity, where all households are assumed to have ACin 2050

and 2080.
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Figure 24 IT: usual refurbishment overheating scenario. a) and (b) effective overheating under the
observed AC ownership scenario for the usual refurbishment status. (c) and (d) show the same
outcomes under the universal AC sensitivity, where all households are assumed to have ACin 2050

and 2080.
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Figure 25 IT advance scenario overheating scenario. a) and (b) effective overheating under the
observed AC ownership scenario for the advance refurbishment status. (c) and (d) show the same
outcomes under the universal AC sensitivity, where all households are assumed to have ACin 2050
and 2080.

Building status

For the current building status (Figure 23), effective overheating increases markedly across climate
horizons in both locations. Firenze shows substantially higher levels than Milano, and the gap persists
under future climates, particularly for severity. NH26 follows the same overall directional pattern.

Under standard refurbishment (Figure 24), overheating is reduced relative to the current building status
but continues to increase strongly across climate horizons. Differences in 2025 are moderate, and future
exposure remains high, indicating that standard refurbishment does not materially offset climate-driven
increases.

Advanced refurbishment (Figure 25) reduces overheating relative to the standard scenario, particularly in
future climates, but does not eliminate it. The rate of increase is reduced, but the Firenze—Milano contrast
remains evident, with Firenze consistently exhibiting higher exposure.

Role of air conditioning

The role of air conditioning is illustrated in Figure 23-Figure 25 and in the adaptive-capacity indicators
reported in Table 21.
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The modelled universal AC access shows that effective overheating can be reduced very strongly, in some
cases approaching zero for severity and reducing duration to very low levels. These values arise from the
modelling assumption that AC operates effectively whenever indoor temperature approaches 24°C,
preventing exceedance. The results therefore represent an upper bound of cooling effectiveness rather
than realistic household conditions.

The results illustrate the extent to which overheating exposure is sensitive to cooling access under the
assumed control conditions. In reality, the effectiveness of AC depends on affordability, usage patterns,
system capacity and maintenance, which are not captured in this simplified representation. As a result,
reliance on AC does not remove underlying structural vulnerability but shifts the management of
overheating towards energy-dependent cooling.

Table 21IT: adaptive-capacity profile of the selected case study locations

Climatic Location Has AC (%) Unable/partly unable to keep cool (%) Other cooling (%)

Firenze 57.0 52.7 82.4

Milano 67.4 39.9 79.8

5.4.2. DESCRIPTIVE INEQUALITY PATTERNS

Descriptive comparisons are based on the observed AC ownership scenario under the current building
status. Figure 26 reports effective overheating severity and Figure 27 reports NH26 across climate
horizons for selected vulnerability and housing groups.

Households experiencing financial strain show higher overheating than those without strain, and this
difference is maintained under future climate conditions. Housing characteristics display the strongest
gradients. Differences by tenure and dwelling type are expected to be substantial, with more constrained
housing conditions associated with higher exposure. Dwelling type shows a clear contrast, with flats
generally experiencing higher overheating than houses.

Differences associated with chronic illness, the presence of older adults and the presence of children are
comparatively smaller and less consistent across climate horizons.

Comparison with the wider refurbishment results indicates that refurbishment changes overall exposure
levels but does not remove underlying inequalities between groups. Categories with small sample sizes
should be interpreted cautiously.
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Effective overheating severity by selected vulnerability and housing groups.

Panels show mean effective overheating severity across climate horizons. For households without
AC, severity is based on adaptive degree hours; for households with A, it is based on degree-
hours above the fixed 24 °C benchmark. Bars compare categories within each group. Groups with
n < 25 are excluded.
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Figure 27 IT: Night-time overheating (NH26) by selected vulnerability and housing groups.
Panels show mean night-time hours above 26 °C across climate horizons. Bars compare categories
within each group. Groups with n < 25 are excluded.

5.43. REGRESSION

The regression results are reported in Table 22 for ADH and Table 23 for NH26. Models are estimated for
each climate horizon and refurbishment scenario under the observed AC ownership condition. Social
tenants and free-residence households are excluded from the regression models because these
categories fall below the minimum sample-size threshold.

The results show that financial strain and private renting are consistently associated with higher
overheating severity in Italy (Table 22). For ADH, financial strain is positive across all horizons and
refurbishment scenarios, and is statistically significantin the current and advanced refurbishment models.
Private renting is also consistently positive and statistically significant across most ADH models. Dwelling
type is less consistent: flats are not associated with higher ADH under the current-status and advanced-
refurbishment models, while under standard refurbishment flats are associated with substantially lower
ADH. Building age is important, particularly for dwellings built before 1940, which show much higher ADH
across all refurbishment scenarios.

For NH26 (Table 23), financial strain and private renting are the strongest and most consistent predictors
of night-time overheating. Both are positively associated with NH26 across all climate horizons and
refurbishment levels. Older buildings, particularly those built before 1940, also show higher NH26. By
contrast, households with children show consistently lower NH26 across all models. Overall, the Italian
regression results indicate that overheating inequalities are structured less by dwelling type alone and
more by socioeconomic position, tenure and building age.
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Table 22 IT: key regression results for ADH under the observed AC ownership scenario

Notes: Values shown are unstandardised OLS regression coefficients (B). Robust HC3 standard errors were used.
Reference categories are: no financial strain, owner-occupier tenure, house dwelling type, and buildings constructed
after 2006. Only selected key predictors are shown; full regression models are reported in Annex 1. * p < 0.05, ** p
<0.01, *** p<0.001. N =129 observations.

Variable 2025 2050 2050 2050 2080 2080 2080
Current Current Standard Advanced Current Standard Advanced

Financial

, 171.34 200.01 121.16 268.83* 200.30 127.45 267.09%
strain
Social tenant  577.42%* 729.34% 748.01%* 700.46% 750.01% 787.62%* 708.17%
Private 245.89% 351.25% 358.12% 368.72%* 361.95% 383.08* 375.19%
tenant
Flat 28.04 -38.65 -790.50%**  103.15 -112.31 -909.74%**  36.69
Chronic
iliness 53.55 42.84 2.96 37.71 37.36 “1.45 30.74
present
65+ present 104.61 194.49 189.45 155.37 214.95 202.07 175.22
Children 28 210.76 282 o} 236.52 2 1 1
oresent 75 7 94 70.94 365 97.5 959
R? 0.305 0.275 0.719 0.265 0.270 0.724 0.248
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Table 23 IT: key regression results for NH26 under the observed AC ownership scenario

Values shown are unstandardised OLS regression coefficients (B). Robust HC3 standard errors were used. Reference
categories are: no financial strain, owner-occupier tenure, house dwelling type, and buildings constructed after
2006. Only selected key predictors are shown; full regression models are reported in Annex 1. *p < 0.05, ** p < 0.01,
*%% p <0.001. N =342 observations.

Variable 2025 2050 2050 2050 2080 2080 2080
Current Current Standard Advanced Current Standard ~ Advanced

Fi ial

St\:;:Cla 50.98%* 97.91%* 69.57%* 104.23%% 118.46%* 84.86%* 125.45%%

Sodal *kk *kk * kK *kk *kk *kk *kk

tenant 179.64 344.22 262.27 369.54 408.92 317.16 440.37

Pri\/ate *k *k ** *k * Kk )k )k

tenant 69.87 131.13 92.63 137.63 155.47 111.84 164.80

Flat 10.35 13.47 0.73 11.38 12.08 -1.22 10.26

Chronic

illness -25.22% -49.93% -34.30% -54.82% -61.66* -42.81% -66.89*

present

65+ present  1.49 2.25 6.06 1.09 3.57 7.61 1.89

Ch‘v‘dren * kX *k% *kx *k* *k* * k% * k%

oresent -47.07 -95.89 -65.82 -105.94 -117.95 -80.79 -129.30

R? 0.231 0.222 0.225 0.214 0.218 0.223 0.211

Housing-mediated pathways between vulnerability and overheating

To examine whether the observed descriptive differences in overheating are partly explained by housing
conditions, a sequence of nested regression models was estimated for the observed AC ownership
scenario under the current building-status case. These models progressively introduce tenure, dwelling
type and building age, allowing the extent of mediation to be assessed through changesin the coefficient
for financial strain and improvements in model fit.

The nested regression results show that financial strain remains positive across the ADH models (Table
24). For ADH, the coefficient decreases after tenure is introduced, from 210.61 in the baseline model to
174.36, but then remains high in the fully adjusted model at 185.32. Model fit increases substantially from
R2=0.062 to R?2=0.315 once housing variables and building age are included. This indicates that housing
characteristics, particularly building age, explain a substantial share of variation in overheating severity,
but do not remove the association with financial strain.

For NH26, financial strain remains strongly positive across all nested models (Table 25). The coefficient
declines from 66.31 in the baseline model to 51.12 in the fully adjusted model, while model fit increases
from R2=0.117to R? = 0.196. Flats do not explain much of the financial-strain association, but the increase
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in model fit after adding building age suggests that the age of the dwelling contributes to the structure of
night-time overheating inequality.

Table 24 IT: nested regression models, current climate and current building status — outcome
ADH (°C-h)

Notes: Values are unstandardised OLS regression coefficients (B), with 95% confidence intervals in brackets. The
outcome is ADH, measured in °C-h. M1 includes socio-demographic and health variables; M2 adds tenure; M3 adds
dwelling type; M4 adds building age. All models use N = 129 observations.

Model Financial strain B[95% Cl]  Flat B [95% Cl] R2 Adjusted
RZ

Ma: Socio-demographic and health 210.61[41.41, 379.80] —  0.062 0.047

variables

M?2: + tenure 174.36[2.85, 345.86] — 0.140 0.117

M3: + dwelling type 175.73 [-1.27,352.72] 22.15[-165.81, 210.11]  0.140 0.109

Mg: + building age 185.32 [9.32,361.32] 26.39 [-148.59, 201.37]  0.315 0.236

Table 25 IT: nested regression models, current climate and current building status — outcome
NH26 (hours)

Notes: Values are unstandardised OLS regression coefficients (B), with 95% confidence intervals in brackets. The
outcome is NH26, measured as night-time hours above 26°C. M1 includes socio-demographic and health variables;
M2 adds tenure; M3 adds dwelling type; M4 adds building age. All models use N =342 observations.

Model Financial strain B [95% Cl] Flat B [95% CI] R2 Adjusted
RZ

Ma1:  Socio-demographic and 66.31[37.07, 95.54] — 0417 0.104
health variables

M?2: + tenure 54.28 [24.05, 84.52] — 0172 0.157
M3: + dwelling type 54.95[24.49, 85.40] 6.59[-16.20,29.38] 0.173 0.155
Mg: + building age 51.12 [20.00, 82.23] 9.75[-13.26,32.77] 0.196 0.167
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5.5. UNITED KINGDOM

Main results

Standard refurbishment has limited effect, while advanced refurbishment reduces but
does not remove risk.

Low AC ownership means cooling access strongly shapes effective overheating
outcomes.

Flat residents experience the highest exposure.
After adjustment, housing conditions, especially flats and social renting, explain much
of the inequality.

The UK case study analysis includes 544 households; 369 in London and 175 in Manchester. London was
selected because it combines a strong overheating signal with the largest available sample. Manchester
was selected as a comparison case study because it offers a contrasting climatic and social-housing
context while still retaining a sufficient sample size for subgroup analysis.

5.5.1. CLIMATE CONTEXT

Projected warming under SSP245 is evident across all UK climatic locations by both 2050 and 2080. As
shown in Figure 28, the increase in mean air temperature is geographically uneven. By 2050, projected
warming ranges from around +1.3°C in Aberdeen, Glasgow and Belfast to around +1.6°C in London,
Cambridge, Birmingham, Cardiff and Manchester. By 2080, warming intensifies further, ranging from
about +1.8°C in Belfast to around +2.4°C in London and Birmingham, with Cambridge and Cardiff also
showing strong increases. The percentage increase in mean air temperature ranges from roughly 9—11%
in 2050 and 13-16% in 2080 across UK locations.
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Figure 28 Projected change in mean air temperature (°C) across UK climatic locations under SSP245
in 2050 and 2080, relative to the TMY baseline.

5.5.2. DESCRIPTIVE EFFECTIVE-OVERHEATING PATTERNS

Effective overheating increases across the three climate horizons, but the magnitude and progression of
thisincrease vary systematically with both refurbishment level and the cooling-access regime represented
in the analysis. The main outcomes considered here are effective overheating severity and effective
overheating duration, supplemented by NH26. Figure 29 to Figure 31 present these patterns for the
United Kingdom across the three refurbishment levels, while distinguishing between
the current AC prevalence scenario and the no increase AC prevalence scenario.

Under the current AC ownership scenario, results should be interpreted as mixed-regime outcomes.
Households with air conditioning contribute AC-based exceedance, while households without AC
contribute adaptive exceedance based on natural ventilation thresholds. This approach preserves the
cooling benefit associated with current AC ownership while maintaining realistic heterogeneity in cooling
access across the sample. The descriptive patterns therefore reflect both climatic exposure and unequal
access to mechanical cooling.

The figures show consistent increases in both effective severity and duration of overheating from 2025 to
2050 and further to 2080 across all refurbishment levels. Within each figure, subplots (a) and (b) show
outcomes under observed AC ownership, while subplots (c) and (d) show the universal AC sensitivity. The
contrast between (a)-(b) and (c)-(d) shows how overheating exposure changes when cooling access is
expanded from current ownership to the universal AC access.
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Building status

For the current building status (Figure 29), effective overheating increases markedly across climate
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horizons in both locations. London shows substantially higher levels than Manchester, and the gap widens
under future climates, particularly for severity. NH26 follows the same overall directional pattern.

Under standard refurbishment (Figure 30), overheating is not substantially reduced relative to the current
building status and continues to increase strongly. Differences in 2025 are modest, and future
exposure remains high, indicating that standard refurbishment does not materially offset climate-driven

increases.

Advanced refurbishment (Figure 31) reduces overheating relative to the standard scenario, particularly in
future climates, but does not eliminate it. The rate of increase is reduced, but the London—Manchester
contrast remains evident.
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Figure 29 UK: current status overheating scenario. a) and (b) effective overheating under the
observed AC ownership scenario for the current building status. (c) and (d) show the same
outcomes under the universal AC sensitivity, where all households are assumed to have ACin 2050

and 2080.
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Figure 30 UK: usual refurbishment overheating scenario. (a) and (b) effective overheating under
the observed AC ownership scenario for the standard refurbishment. (c) and (d) show the same
outcomes under the universal AC sensitivity, where all households are assumed to have AC in

2050 and 208o0.
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Figure 31 UK: advance refurbishment overheating scenario. (a) and (b) effective overheating
under the observed AC ownership scenario for the advance refurbishment. (c) and (d) show the
same outcomes under the universal AC sensitivity, where all households are assumed to have AC
in 2050 and 208o0.

Role of air conditioning

The role of air conditioning is illustrated in Figure 29 to Figure 31 and in the adaptive-capacity indicators
reported in Table 26. Currently, only around one-fifth of households have AC in both London (21.1%) and
Manchester (21.7%).

The modelled universal AC access (Figure 29 to Figure 31, (c) and (d)) shows that effective overheating
can be reduced very strongly, in some cases approaching zero. This does not imply that overheating is
fully resolved in practice. These values arise from the modelling assumption that AC operates effectively
whenever indoor temperature approaches 24°C, preventing exceedance. The results
therefore representan upper bound of cooling effectiveness rather than realistic household
conditions. The results instead illustrate the extent to which overheating exposure is sensitive to cooling
access under the assumed control conditions. In reality, the effectiveness of AC depends on affordability,
usage patterns, system capacity and maintenance, which are not captured in this simplified
representation. As a result, reliance on AC does not remove underlying structural vulnerability but shifts
the management of overheating towards energy-dependent cooling.
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Table 26 UK: adaptive-capacity profile of the selected case study locations

Climatic Location Has AC (%) Unable/partly unable to keep cool (%) Other cooling (%6)
London 211 37.1 81.0
Manchester 217 38.3 79.4

5.5.3. DESCRIPTIVE INEQUALITY PATTERNS

Descriptive comparisons are based on the observed AC ownership scenario under the current building
status. Figure 32 reports effective overheating severity and Figure 32 reports NH26 across climate
horizons for selected vulnerability and housing groups.

Households experiencing financial strain show higher overheating than those without strain, and this
difference is maintained under future climate conditions. Housing characteristics display the strongest
gradients. Private tenants consistently exhibit the highest levels of overheating, while owner-occupiers
are least exposed. Dwelling type shows the «clearest contrast, with flats consistently
experiencing substantially higher ADH and NH26 than houses.

Differences associated with chronic illness, the presence of older adults and the presence of children are
comparatively small and less consistent across climate horizons.
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Figure 32 UK: Effective overheating severity by selected vulnerability and housing groups.
Panels show mean effective overheating severity across climate horizons. For households without
AC, severity is based on adaptive degree hours; for households with AC, it is based on degree-
hours above the fixed 24 °C benchmark. Bars compare categories within each group. Groups with
n < 25 are excluded.
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Figure 33 UK: Night-time overheating by selected vulnerability and housing groups.
Panels show mean NH26 across climate horizons. Bars compare categories within each group.
Groups with n < 25 are excluded.

5.5.4.  REGRESSION ANALYSIS

The regression results are reported in Table 27 (ADH) and Table 28 (NH26). Models are estimated for
each climate horizon and refurbishment scenario under the observed AC ownership condition.

The results show that housing characteristics remain the dominant predictors of overheating. Flats are
associated with substantially higher ADH across all models, particularly under future climates and
advanced refurbishment. Social renting is also positively associated with ADH, although less consistently.
Financial strain and other vulnerability variables are not statistically robust once housing conditions are
included.

For NH26 (Table 28), social renting is consistently associated with higher night-time overheating across
all horizons. Flats are associated with higher NH26 from 2050 onward, while building age also shows
systematic effects. Financial strain remains statistically insignificant after adjustment.

Households with children show lower NH26 across all models, indicatinga consistent negative
association. Overall, the regression results indicate that overheating exposure is primarily structured by
housing conditions rather than by measured household vulnerability variables alone.
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Table 27 UK: key regression results for ADH under the observed AC ownership scenario

Notes: Values shown are unstandardised OLS regression coefficients (B). Robust HC3 standard errors were used.
Reference categories are: no financial strain, owner-occupier tenure, house dwelling type, and buildings constructed
after 2006. Only selected key predictors are shown; full regression models are reported in Annex 1. * p < 0.05, ** p

<0.01, *** p<0.001. N = 419 observations.

Variable 2025 2050 2050 Standard 2050 2080 2080 2080
Current Current Advanced  Current Standard ~ Advanced

Financial 16.56 28.42 50.14 20.30 32.38 54.27 23.15

strain

Social 55.52 89.06 82.68 98.43* 104.95% 96.49 116.72%

tenant

Private 36.62 54.49 31.43 55.58 61.71 33.77 63.99

tenant

Flat 129.39%**  201.24***  1gg.og¥* 271.47%%*  223.69%%*  172.71%% 305.22%%*

Chronic 5.63 8.93 19.89 0.52 8.98 21.59 -1.00

illness

present

65+ -26.10 -41.57 -8.08 -52.02 -47.91 -10.32 -60.63

present

Children -20.15 -29.34 -0.07 -36.21 -33.93 -0.32 -42.24

present

R? 0.151 0.150 0.169 0.238 0.152 0.181 0.240

Adjusted 0.128 0.127 0.146 0.218 0.129 0.159 0.220

R2

Table 28 UK: key regression results for NH26 under the observed AC ownership scenario

Notes: Values shown are unstandardised OLS regression coefficients (B). Robust HC3 standard errors were used.
Reference categories are: no financial strain, owner-occupier tenure, house dwelling type, and buildings constructed
after 2006. Only selected key predictors are shown; full regression models are reported in Annex 1. * p < 0.05, ** p
<0.01, *** p < 0.001. N = 533 observations.

Variable 2025 2050 2050 2050 2080 2080 2080
Current Current Standard Advanced Current Standard Advanced
Financial 0.36 0.90 0.99 1.02 179 173 1.82
strain
Social 3.88** 8.75%* 6.78%* 8.84%* 11.02%% 8.75%* 15.83%%*
tenant
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Private 1.85 4.01 3.37 4.15 5.37 4.01

tenant

Flat 1.50 4.78% 4.22% 4.48% 5.49% 4.78*

Chronic -0.97 -2.16 -1.61 -2.05 -2.34 -2.16 -3.63
illness

present

65+ present  -0.12 -0.58 -0.35 -0.44 -0.76 -0.58 -1.14
Children -3.36%** -7.88%*%* -6.60%** -8.05%** -10.55%%% 7. 88%*% -13.667% %%
present

R? 0.136 0.152 0.156 0.146 0.150 0.152 0.158
Adjusted RZ  0.117 0.134 0.138 0.128 0.132 0.134 0.140

Housing-mediated pathways between vulnerability and overheating

To examine whether the observed descriptive differences in overheating are partly explained by housing
conditions, a sequence of nested regression models was estimated for the observed AC ownership
scenario under the current building-status case. These models progressively introduce tenure, dwelling
type and building age, allowing the extent of mediation to be assessed through changesin the coefficient
for financial strain and improvements in model fit.

Table 29 shows that financial strain and tenure are strongly associated with dwelling type, with higher
shares of flats among financially strained households and tenants. This provides the descriptive basis for
a housing-mediated pathway.

The nested regression results (Table 30 for ADH and Table 31 for NH26) show that the coefficient for
financial strain decreases substantially as housing variables are introduced. For ADH, the coefficient
declines from 55.81in the baseline model to 16.56 in the fully adjusted model, while flats remain strongly
associated with higher overheating. Model fit increases from R2=0.031t0 0.151 (Table 30).

For NH26, the same pattern is observed but is weaker. The coefficient for financial strain decreases and
becomes negligible, while social renting remains positively associated and flats show a smaller effect.
Model fit increases from R? = 0.084 to 0.136 (Table 31).

These results indicate that a substantial share of the observed inequality in overheating is mediated
through housing conditions, particularly dwelling type and tenure. Housing characteristics therefore
play a central role in structuring exposure, while the direct effects of household vulnerability variables are
reduced once these factors are taken into account.

102




=

HOUSEING

D4.4 —Report on effects of climate change using the case of overheating

Table 29 UK: dwelling type by financial strain and tenure

Category Variable Flat (%0) House (%0)
Financial condition Financial strain 35.56 64.44
No financial strain 20.48 79.52
Tenure condition Owner 13.24 86.76
Private tenant 52.05 47.95

*Interpret with caution due to very small sample size.

Table 30 UK: nested regression models (current climate, main combined scenario) - outcome
ADH (°C-h)

Notes: Values are unstandardised OLS regression coefficients (B), with 95% confidence intervals in brackets. The
outcome is ADH, measured in °C-h. M1 includes socio-demographic and health variables; M2 adds tenure; M3 adds
dwelling type; M4 adds building age.

Model Financial strain B [95% Social tenant B [95% Flat B [95% Cl] R2 Adjusted

cl cin R2
Ma1: Socio- 55.81[5.25, 106.36] — — 0.031 —
demographic
and health
variables
M2: + tenure 21.23[-30.26,72.73]  115.86 [56.65, 175.06] — 0.082 —
M3: + dwelling 17.39 [-33.64, 68.43] 59.40 [-1.10, 119.90] 124.54  0.139 —
type

[72.47, 176.61]

Mg: + building 16.56 [-35.16, 68.27] 55.52 [-3.82, 114.86] 129.39 0.151 0.128
age

[77.05, 181.73]
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Table 31 UK: nested regression models (current climate, main combined scenario) - outcome

NH26 (hours)
Model Financial strain B[95% CI]  SocialtenantB[95% Cl] FlatB [95% Cl]  R2 Adjusted
RZ

Ma: Socio- 1.83[-0.20, 3.87] — —  0.084 —
demographic
and health
variables
M?2: + tenure 0.64 [-1.45, 2.74] 4.67[2.29,7.06] — o111 —
M3: + dwelling 0.61[-1.49, 2.72] 4.21[1.69, 6.73] 1.07 0.113 —
type

[-0.74, 2.87]
Mg: + building 0.36 [-1.76, 2.48] 3.88[1.34, 6.42] 150 0.136 0.117
age

[-0.29,3.29]
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5.6. SUMMARY OF THE RESULTS

The results show a clear increase in overheating risk across all case study countries under SSP245.
Effective overheating severity, duration and night-time overheating generally rise from the current
climate to 2050 and increase further by 2080. This pattern is visible across all five countries, although the
magnitude of exposure differs by location, climate context and building stock.

The descriptive results show that refurbishment can reduce overheating in some settings, but it does not
remove future risk. In several countries, standard refurbishment does not fully offset climate-driven
increases, and in some cases modelled refurbishment assumptions appear to shift overheating patterns
by dwelling type or building age. Advanced refurbishment generally reduces exposure relative to less
favourable refurbishment cases, but future overheating remains present, especially in warmer urban
locations.

Air conditioning strongly reduces modelled overheating under the universal AC sensitivity scenario, but
these results should be interpreted as a theoretical upper-bound estimate of cooling effectiveness. The
model assumes that AC operates effectively whenever indoor temperatures approach the fixed 24°C
threshold, whereas in practice universal AC prevalence and optimal operation are highly unlikely. Even
households with AC may not be able to afford to use it consistently at the modelled setpoint. In addition,
widespread AC adoption could increase electricity demand, place additional pressure on energy networks
and contribute to outdoor heat rejection. The results therefore demonstrate that cooling access strongly
affects overheating outcomes, but should not be interpreted as evidence that AC alone represents a
sufficient or equitable adaptation strategy.

Inequality patterns are visible in all countries, but the dominant pathways differ. Housing characteristics
are central in Belgium, Germany and the United Kingdom, where exposure is strongly structured by
tenure, dwelling type and building age. In Italy, financial strain and private renting remain strong
predictors, especially for night-time overheating. In the Czech Republic, dwelling type and building age
are particularly important, while financial strain is less robust after adjustment. Across countries, the
dwellings most susceptible to overheating are not randomly occupied, but are disproportionately
inhabited by tenants and households facing structural housing constraints.

Night-time overheating, measured through NH26, often showed different predictors from overall
overheating severity. In several countries, tenure remained an important predictor even after controlling
for dwelling type and building age, suggesting that overheating inequalities are not explained solely by
the physical characteristics of dwellings. Social and private tenants frequently experienced higher night-
time overheating exposure than comparable owner-occupiers. This may reflect broader structural
inequalities associated with rental housing, including differences in housing quality, retrofit investment,
control over dwelling adaptations and the ability to implement or afford cooling measures. The
persistence of tenure effects is particularly notable in countries with large rental sectors, such as Germany,
indicating that overheating vulnerability is shaped not only by tenure prevalence but also by unequal
housing conditions within tenure systems. These findings align with broader Houselnc results from WP3
and Deliverable D3.2, which similarly identify tenure structure, housing quality and housing precarity as
key dimensions of social inequality across European housing systems.

Poorer self-rated health was also associated with higher night-time overheating exposure in several
models. This may partly reflect the concentration of households with health vulnerabilities in lower-quality
or thermally inefficient housing, alongside greater physiological sensitivity to prolonged indoor heat
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exposure. The findings therefore suggest that overheating vulnerability intersects with both housing
inequality and existing health disadvantage.

Households with children often showed lower overheating exposure in adjusted models, but this finding
should be interpreted cautiously. One possible explanation is that families with children are more likely to
occupy larger or lower-density dwellings, including detached or semi-detached homes, rather than
smaller urban flats where overheating risk may be higher. The observed association may therefore reflect
differences in housing composition, residential location or household life stage rather than a direct
protective effect of children themselves. Conversely, smaller households may disproportionately include
younger single adults or older adults living in smaller urban dwellings and facing greater affordability or
housing constraints linked to overheating exposure.

Overall, the findings indicate that overheating is not only a climate issue but also a housing and social
vulnerability issue. Future warming increases exposure across all case studies and tends to amplify existing
housing inequalities rather than fundamentally reshaping them. The distribution of risk is shaped by
tenure, dwelling type, building age, financial strain, health status and cooling access. This suggests that
adaptation strategies should combine climate-sensitive building improvements with measures
addressing housing affordability, housing quality, tenant vulnerability and unequal access to cooling.
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6. DISCUSSION

This study provides a comparative assessment of residential overheating across five European countries,
integrating climate projections, building characteristics and socio-economic conditions. By examining
both exposure and the distribution of vulnerability, the findings contribute to understanding overheating
not only as a physical or climatic phenomenon, but as a socially differentiated risk shaped by housing
systems and adaptive capacity. Several consistent findings emerge.

First, overheating increases substantially across all case studies under SSP245, with both effective severity
and duration rising from the current climate to 2050 and further to 2080. This pattern is robust across
countries, climate contexts and building scenarios, confirming that climate change is a primary driver of
future indoor heat exposure. These findings are consistent with a large body of literature linking rising
outdoor temperatures and more frequent heatwaves to increased indoor overheating risk across Europe
(Kenny et al.,, 2019; Taylor et al,, 2023). Importantly, the results reinforce that overheating risk is not
determined by external temperatures alone, but by the interaction between climate conditions and
building performance, which can either buffer oramplify indoor heat exposure (Vellei etal., 2021, McLeod
etal, 2023).

Second, refurbishment reduces overheating in some cases but does not eliminate future risk. Standard
refurbishment often fails to offset climate-driven increases, and in some contexts alters overheating
patterns depending on building type and age. Advanced refurbishment performs better overall, but
residual overheating remains, particularly in warmer urban environments. This supports previous research
showing that energy-efficiency measures designed for winter performance can increase overheating risk
if passive cooling is not adequately addressed (Lomas and Porritt, 2017; Rahif et al., 2022). Empirical
evidence further shows that highly insulated and airtight dwellings can trap heat and increase indoor
temperatures where ventilation is insufficient (Mavrogianni et al., 2012; Vellei et al,, 2021). These findings
reinforce the need to integrate summerthermal performance into retrofit strategies, rather than focusing
solely on heating demand (Attia et al., 2022).

Third, access to air conditioning strongly reduces modelled overheating, but only under idealised
assumptions. The universal AC scenario effectively eliminates overheating exceedance in the model, but
this represents an upper-bound estimate and does not reflect real-world constraints related to
affordability, usage and energy demand. The findings therefore highlight the sensitivity of overheating
outcomes to cooling access rather than demonstrating that AC alone resolves vulnerability. This aligns
with evidence on the “adaptation cooling deficit,” whereby access to cooling technologies is unevenly
distributed and strongly shaped by income, housing quality and urban location (Santamouris et al., 2015;
Davis and Gertler, 2015). As cooling demand increases under climate change, many households remain
unable to adopt or effectively use air conditioning, reinforcing inequality in exposure and adaptive
capacity (Chakravarty et al., 2023).

Fourth, overheating exposure is unequally distributed. Across countries, descriptive results consistently
show higher exposure among tenants (especially social and private tenants), households living in flats, and
those experiencing financial strain. However, regression results indicate that these inequalities are
structured differently across contexts. In Belgium and the United Kingdom, housing characteristics—
particularly tenure, dwelling type and building age—are the dominant drivers of exposure. In Germany
and ltaly, socio-economic variables such as financial strain and tenure remain significant after adjustment.
In the Czech Republic, building age and dwelling type are more important than financial strain.
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These findings align with multidimensional vulnerability frameworks, which conceptualise heat risk as the
interaction between exposure, sensitivity and adaptive capacity (IPCC, 2022; Paavola and Adger, 2006).
While exposure may be widespread, socio-economic conditions shape both sensitivity to heat and the
ability to respond. Empirical evidence shows that lower-income households often exhibit higher heat
sensitivity and lower adaptive capacity, even under similar exposure conditions (Hajat et al., 2010;
Chakravarty et al,, 2023). In this study, housing emerges as the key mechanism linking socio-economic
disadvantage to overheating exposure, supporting the concept of a housing-mediated pathway.

Finally, NH26 (night-time overheating) follows partially different patterns from overall severity, with
stronger associations with dwelling type, building age and, in some cases, health status. This highlights
that different dimensions of overheating capture distinct aspects of vulnerability, particularly in relation
torecovery from heat exposure and sleep disruption (Obradovich et al., 2017; Vicedo-Cabreraetal., 2021).

6.1. CLIMATE-DRIVEN INCREASES IN OVERHEATING

The increase in overheating across all case studies is consistent with a large body of literature linking
climate change to rising indoor heat exposure. Previous studies have shown that increasing outdoor
temperatures and more frequent heatwaves are key drivers of overheating in European dwellings (Kenny
et al. 2024b; Taylor et al. 2023). At the global scale, population exposure to extreme heat has increased
significantly, with strong spatial inequalities (Tian et al. 2021).

The results confirm that even relatively moderate climates, such as Belgium and the United Kingdom, are
likely to experience substantial increases in overheating, while already warm contexts such as Italy will face
further intensification. This aligns with projections that climate change will significantly increase heat
exposure across Europe (Romanello et al. 2022).

The implications for health are substantial. Heat-related mortality has already increased in recent
decades, with estimates of tens of thousands of deaths annually in Europe, particularly during extreme
summers (Ballester et al. 2023; Vicedo-Cabrera et al. 2021). Empirical studies further show that heat-
attributable mortality is rising again after previous adaptation gains, highlighting the growing pressure of
climate change (Vicedo-Cabrera et al. 2021). The consistent rise in both daytime and night-time
overheating observed in this study suggests that these risks will continue to grow.

6.2. REFURBISHMENT AND UNINTENDED OVERHEATING EFFECTS

A key finding is that refurbishment does not uniformly reduce overheating and may in some cases
exacerbate it. This supports previous research showing that energy-efficiency measures designed for
winter performance can increase overheating risk if passive cooling is not adequately addressed (Lomas
and Porritt 2017; Rahif et al. 2021).

The results show that standard refurbishment often fails to offset climate-driven increases, while
advanced refurbishment reduces exposure but does not eliminate it. In some cases, model assumptions
suggest higher overheating under advanced scenarios, highlighting the sensitivity of outcomes to building
design and ventilation strategies. Empirical evidence shows that ventilation, shading and solar control are
critical determinants of indoor summer comfort, particularly in energy-efficient dwellings (Mavrogianni
et al. 2017; Vellei et al. 2016). Without these measures, retrofit interventions risk increasing overheating
despite improving winter performance.
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6.3. HOUSING AS THE KEY PATHWAY OF INEQUALITY

One of the most consistent findings is that housing characteristics—particularly tenure, dwelling type and
building age—play a central role in structuring overheating exposure. This is consistent with previous
studies showing that indoor thermal conditions are strongly influenced by building characteristics,
housing quality and the social organisation of housing systems (Santamouris and Kolokotsa 2015; Cole,
Simpson, et al. 2024).

More specifically, this study demonstrates that housing acts as a primary pathway through which socio-
economic inequalities translate into overheating risk. In several countries, the association between
financial strain and overheating weakens or disappears once housing variables are included, indicating
that part of the apparent socio-economic effect operates through unequal housing conditions rather than
through income alone. At the same time, tenure frequently remains significant even after controlling for
dwelling type and building age, suggesting that overheating vulnerability is not explained solely by the
physical characteristics of dwellings.

This finding aligns with multidimensional vulnerability frameworks (Intergovernmental Panel On Climate
Change (Ipcc) 2023), which conceptualise climate risk as the interaction between exposure, sensitivity and
adaptive capacity. While exposure to heat may be relatively widespread, housing and socio-economic
conditions shape both the sensitivity of households to heat and their ability to respond. In this study,
tenure emerges as a particularly important dimension of adaptive capacity. Tenants may face constraints
that owner-occupiers do not, including more limited control over refurbishment decisions, reduced ability
toinstall shading or cooling measures, dependence on landlord investment, and lower security regarding
long-term dwelling improvements. The persistence of tenure effects in adjusted models therefore
suggests that overheating vulnerability is shaped not only by building form or age, but also by unequal
access to adaptation resources and decision-making power within housing systems. (Osberghaus and
Abeling 2022; Satterthwaite 2007).

These findings closely connect with broader Houselnc results presented in Deliverable D3.2, which
identifies tenure structure, housing precarity and unequal housing quality as key dimensions of housing
inequality across Europe. D3.2 similarly highlights that households in the rental sector often face
compounded disadvantages linked to affordability pressures, lower housing quality and reduced housing
security, and argues for more tenure-balanced housing policies, stronger tenant protections and greater
incentives for renovation in the rental sector.

At the same time, cross-country differences highlight the role of national housing systems. In Germany
and Italy, financial strain remains significant after adjustment, suggesting both direct and indirect effects.
In the Czech Republic, overheating is more strongly structured by dwelling type and building age,
particularly for night-time exposure. These patterns reinforce the view that vulnerability is not simply an
individual characteristic but is produced through structural factors such as housing markets, urban form
and institutional contexts.

6.4. OVERHEATING AND WIDER HOUSING INEQUALITIES

The unequal distribution of overheating observed in this study aligns with growing evidence on
environmental and thermalinequality. Research shows that disadvantaged populations are more exposed
to heat while also having less access to mitigating resources such as green space and cooling
infrastructure (Rocha et al. 2024; Slesinski et al. 2025; Intergovernmental Panel On Climate Change (Ipcc)
2023).
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Across all five countries, tenants and flat dwellers consistently experience higher overheating, reflecting
broader inequalities in housing quality and location. These findings are consistent with existing studies
showing that lower socio-economic groups are both more exposed to heat stress and less able to adapt
(Bouzarovski et al. 2022; Beckmann et al. 2021; Gallo et al. 2024).

These patterns can also be understood through the concept of “cooling poverty,” which highlights the
growing difficulty that households face in achieving adequate indoor cooling. While energy poverty
research has traditionally focused on heating, there is increasing recognition that insufficient access to
cooling represents a parallel and expanding form of deprivation in Europe. As climate change increases
the frequency and intensity of heat events, access to cooling becomes an essential component of basic
living standards, yet remains unevenly distributed.

Importantly, the results suggest that adaptation itself may be unequal. While air conditioning reduces
overheating in the model, access to cooling technologies is shaped by income, housing conditions and
energy costs. This raises the risk that adaptation strategies could reinforce existing inequalities if not
carefully designed.

6.5. HEALTH IMPLICATIONS AND SOCIAL VULNERABILITY

The findings have important implications for health. Heat exposure is associated with increased mortality
and morbidity, particularly among older adults and individuals with pre-existing conditions (Meade et al.
2020; Falchetta, De Cian, Sue Wing, etal. 2024)

Although health variables are not always strong predictors in the regression models, this likely reflects the
fact that health vulnerability interacts with housing conditions. Individuals at higher physiological risk are
often concentrated in housing that increases exposure, amplifying overall vulnerability.

This supports the interpretation of overheating as a social determinant of health. Climate change is
increasingly recognised as a driver of widening health inequalities, with heat exposure acting as a key
pathway (Romanello et al. 2022; Van Daalen et al. 2024). The results of this study provide empirical
evidence of how these processes operate within the residential sector.

6.6. THE ROLE AND LIMITS OF AIR CONDITIONING

The strong reduction in overheating under the universal AC scenario highlights the technical effectiveness
of mechanical cooling, but also its limitations. The model assumes perfect operation, which does not
reflect real-world constraints related to affordability, behaviour, system performance and energy costs.

Access to air conditioning is shaped by income, energy prices, housing conditions and tenure. Lower-
income households may be less able toinstall or operate cooling systems, and tenants may face additional
constraints because they cannot easily modify their dwellings. This aligns with evidence that vulnerability
to indoor heat depends not only on exposure, but also on sensitivity and adaptive capacity, including
income, tenure relations, building characteristics and access to cooler spaces (Thomson et al. 2019;
Osberghaus and Abeling 2022). Thomson et al. (2019) also show that cooling-related energy poverty
remains under-recognised in Europe, partly because energy poverty debates have historically focused on
heating rather than summer cooling.

These findings connect directly to the concept of “cooling poverty”. Mazzone et al. (2023)argue that
cooling poverty should be understood systemically, extending beyond AC ownership to include unequal
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access to thermally safe housing, passive cooling, urban shade, green space, affordable energy and
knowledge of adaptive practices. Similarly, Falchetta et al. (2024) show that even where air-conditioning
adoption increases, large populations may continue to lack adequate cooling, producing an adaptation
cooling deficit. In this sense, AC reduces exposure only for households that can access and afford it.

In addition, widespread reliance on air conditioning raises concerns about increased energy demand,
pressure on electricity systems and emissions, potentially creating maladaptive outcomes (Alrasheed and
Mourshed 2023; Bienvenido-Huertas et al. 2020). These findings suggest that while AC can reduce
overheating under idealised assumptions, it does not address the structural drivers of overheating
vulnerability. Adaptation therefore needs to prioritise passive cooling, housing quality, affordability and
equitable access to cooling resources, rather than treating air conditioning as a universal solution.

6.7. CROSS-COUNTRY DIFFERENCES AND CONTEXTUAL VARIATION

While several patterns are consistent across countries, the results also reveal important contextual
differences. The relative importance of socio-economic and housing variables varies, reflecting
differences in housing systems, tenure structures, building stock, climate conditions and adaptive
capacity.

For example, housing characteristics dominate in Belgium and the UK, where tenure, dwelling type and
building age explain much of the observed inequality in overheating. In these contexts, the results suggest
that exposure is strongly mediated by the type of dwelling households occupy and by their position within
the housing market. In Germany and Italy, by contrast, socio-economic variables such as financial strain
and tenure remain significant after adjustment, indicating that material resources continue to shape
overheating risk even when housing characteristics are accounted for. In the Czech Republic, dwelling
type and building age are particularly important, especially for night-time overheating.

These differences indicate that overheating vulnerability cannot be addressed through a single European
adaptation model. Similar levels of future warming may produce different patterns of risk depending on
the organisation of national housing systems, the quality of the existing building stock, the prevalence of
flats, the distribution of tenants, and the affordability of cooling.

The cross-country results therefore reinforce the need for context-specific adaptation strategies. In
countries where housing characteristics dominate, interventions should prioritise building quality,
ventilation, shading and protections for tenants. In countries where financial strain remains important,
adaptation policy must also address affordability, energy costs and unequal access to cooling. In all
contexts, the findings suggest that overheating is produced through the interaction between climate
change, housing systems and social vulnerability.

6.8. POLICY IMPLICATIONS

The findings highlight the need to integrate overheating into both climate adaptation and housing policy.
Retrofit programmes should explicitly incorporate passive cooling strategies, including external shading,
solar control, night-time ventilation, reflective surfaces, thermal mass where appropriate, and measures
toreduce internal heat gains. Energy-efficiency policies should not focus only on winter heat retention, as
highly insulated and airtight dwellings may still overheat if ventilation and solar protection are insufficient
(Hamdy et al. 2017; Alhindawi et al. 2025).
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Policy should also prioritise households whose exposure is shaped by housing inequality, including tenants,
social housing residents, households in flats, households in older or poor-quality dwellings, and those
experiencing financial strain. At EU and national level, overheating risk could be more explicitly integrated
into existing renovation policies, minimum housing-quality standards and energy performance
frameworks, so that summer thermal safety is considered alongside winter energy efficiency. Public
retrofit grants and loan schemes should incorporate stronger support for passive cooling measures such
as external shading, solar control, ventilation improvements and cool roofs, with targeted support for low-
income households and social housing providers. For rented housing, governments could strengthen
minimum thermal-comfort standards and provide incentives for landlords to undertake overheating-
related retrofits without transferring excessive costs to tenants. Social housing programmes may be
particularly important because public or non-profit providers can implement large-scale adaptation
measures while reaching households with lower adaptive capacity. Local authorities could also play a
greater role in identifying high-risk dwellings and neighbourhoods through housing, health and climate
data, helping target inspections, retrofit support and heat-adaptation interventions. Where occupants
have limited control over building improvements, responsibility cannot be placed on households alone:
landlords, housing providers and public authorities all have a role in ensuring that homes remain safe
under future summer conditions.

At the same time, adaptation strategies should prioritise equitable access to cooling while avoiding over-
reliance on energy-intensive solutions. Air conditioning can reduce exposure, but unequal access, running
costs and increased electricity demand mean that it cannot be treated as a universal or socially neutral
solution. Cooling poverty research shows that inadequate access to cooling is an emerging form of energy
vulnerability in Europe, requiring policies that address affordability, housing quality and adaptive capacity
together (Mazzone et al. 2023; Falchetta, De Cian, Sue Wing, et al. 2024).

Urban-scale measures are also necessary. Greening, shading, cool surfaces and heat-sensitive urban
planning can reduce external heat exposure and improve the effectiveness of passive cooling. However,
these interventions must be distributed equitably, rather than concentrated in already advantaged areas.
More broadly, heatwaves have multidimensional impacts on health, energy demand, labour productivity,
infrastructure and living costs, so overheating policy should be coordinated across housing, health,
energy, urban planning and social protection systems (Abunyewah et al. 2025, Chauvet et al. 2025)
(Abunyewah et al,, 2025; Chauvet et al., 2026).

In conclusion, the policy implication is that overheating adaptation should not be framed only as a
technical building-performance issue. It is also a question of housing justice, affordability and public
health. Effective adaptation will require climate-sensitive retrofit, stronger protection for vulnerable
households, equitable access to cooling, and urban heat mitigation strategies that reduce exposure before
households are forced to rely on mechanical cooling.

6.9. LIMITATIONS

This study presents some limitations that should be considered when interpreting the results. First, the
analysisis based on analytically selected case studies rather than nationally representative samples. While
the selected locations were chosen to capture variation in climate, urban form and housing conditions,
the findings should be interpreted as indicative of structural patterns rather than precise national
estimates. Differences between and within countries may therefore be broader than those captured here.
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Second, the modelling framework relies on representative TABULA dwelling archetypes. While
harmonised building typologies enable cross-country comparison, they necessarily simplify the diversity
of the housing stock. In particular, dwellings constructed during the same period may have undergone
substantially different retrofit trajectories, including varying levels of insulation, glazing replacement,
ventilation improvement, shading installation or cooling-system adoption. These differences may
significantly influence overheating performance, but they could not be represented in detail because the
Houselnc survey did not contain sufficiently detailed technical information on dwelling-level
refurbishment histories or building fabric characteristics. The overheating estimates should therefore be
interpreted as comparative indicators across housing and household categories rather than as precise
predictions for individual dwellings.

Third, the modelling of air conditioning represents a simplified and idealised scenario. The universal AC
sensitivity assumes that cooling systems operate effectively whenever indoor temperatures approach a
fixed threshold, thereby preventing overheating exceedance. This approach is useful for illustrating the
theoretical upper bound of cooling effectiveness and the sensitivity of results to cooling access. However,
it does not account for real-world constraints such as affordability, behavioural use, system efficiency,
maintenance or rebound effects. As a result, the model likely overestimates the extent to which air
conditioning can reduce overheating in practice, and does not capture inequalities in access to or use of
cooling technologies.

Fourth, the modelling framework relies on assumptions regarding occupancy patterns, internal gains and
ventilation behaviour. Behavioural adaptation, such as window opening, shading use, changes in
occupancy, or the use of low-cost cooling practices, cannot be fully represented, despite being important
determinants of indoor thermal conditions. These assumptions were necessary to maintain consistency
across countries and simulation scenarios, but they reduce the ability to capture household-specific
adaptive practices.

Finally, the regression analysis is subject to limitations related to sample size and variable availability.
Some categories, particularly within tenure groups, include relatively small numbers of observations and
should be interpreted with caution. In addition, unobserved factors, such as detailed building design
features, refurbishment quality, neighbourhood characteristics or local urban heat island effects, may
influence overheating but are not fully captured in the available data.
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7. CONCLUSION

This deliverable set out to examine how residential overheating, as an emerging climate-related risk,
intersects with existing wider housing inequalities across Europe, and how these dynamics may evolve
under future climate conditions. By integrating building simulation with household-level survey data, the
analysis moves beyond a purely technical understanding of overheating to provide a more comprehensive
assessment of who is exposed, why, and with what capacity to respond.

The findings clearly demonstrate that climate change will substantially increase overheating risk across
all five case-study countries by mid- and late-century. This confirms that overheating is no longer a
geographically limited concern, but a systemic European housing challenge. Crucially, however, this risk
is not evenly distributed. Instead, it follows—and reinforces—existing patterns of housing inequality.

A central contribution of this work is to show that housing characteristics act as the key mediating pathway
through which climate risk translates into unequal exposure. Dwelling type, tenure, and building age
consistently shape overheating outcomes, often more strongly than socio-demographic factors alone. At
the same time, financial constraints, health vulnerability, and limited adaptive capacity further restrict the
ability of certain households to cope with rising indoor temperatures. In this sense, overheating must be
understood as a socio-technical issue emerging from the interaction between climate change, the built
environment, and structural inequality.

The integrated methodological approach adopted in this report directly addresses a key gap identified in
the literature: the lack of connection between climate projections, building performance, and social
vulnerability. By linking simulated indoor conditions to real household characteristics, the analysis
provides a more policy-relevant understanding of future overheating risk. It allows not only the
identification of overheating-prone dwellings, but also of the households most exposed and least able to
adapt—thereby aligning closely with the core objective of the deliverable.

From a policy perspective, the results highlight the need to reposition overheating within European
housing and climate policy frameworks. Future housing strategies must move beyond a narrow focus on
winter energy efficiency to incorporate summer thermal resilience as a core dimension of habitability.
Retrofit programmes, in particular, must be designed to avoid unintended overheating effects and should
integrate passive cooling, ventilation, and solar control measures alongside insulation improvements.

Moreover, the findings underscore that climate adaptation and social policy cannot be treated separately.
Households already experiencing disadvantage—through insecure tenure, financial strain, or poor
housing conditions—are likely to face disproportionate overheating risks. Addressing these inequalities
requires targeted interventions that prioritise vulnerable groups, especially in rented housing, flats, and
older building stock.

Finally, this deliverable contributes to the broader objectives of the project by demonstrating the value of
systemic and interdisciplinary approaches to housing inequality. It provides a robust analytical foundation
for future work within the project, particularly in the development of policy recommendations and
scalable solutions. Further research should continue to refine integrated modelling approaches, explore
behavioural dimensions of adaptation, and assess the real-world feasibility and equity implications of
different cooling strategies.

In conclusion, residential overheating represents a critical nexus between climate change and housing

inequality in Europe. Without deliberate and coordinated action, rising temperatures risk deepening
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existing disparities in living conditions, health, and wellbeing. Conversely, by embedding overheating
within housing policy and climate adaptation strategies, there is an opportunity to advance more
equitable, resilient, and sustainable housing systems across Europe.
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9. ANNEX 1

This annex presents the full ordinary least squares (OLS) regression results for all countries, climate
horizons and refurbishment scenarios under the observed AC ownership scenario. Separate models were
estimated for the two overheating outcomes: accumulated degree hours (ADH) and night-time
overheating above 26°C (NH26).

The tables report unstandardised regression coefficients with 95% confidence intervals for the main
explanatory variables included in the final adjusted models. Full model statistics, including observations,
RZzand adjusted R? are also reported.

The appendix is intended to complement the simplified regression tables presented in the main text by
providing the complete model outputs used to support the comparative analysis.

Table A 1 BE: Full OLS regression results for ADH under the observed AC ownership scenario

Note: Values are unstandardised OLS regression coefficients (B), with 95% confidence intervals in brackets. Robust
HC3 standard errors were used. Reference categories are: no financial strain, owner-occupier tenure, house dwelling
type, no chronicillness, no adults aged 65+, no children present, and buildings constructed after 2006. Models were
estimated separately for each climate horizon and refurbishment scenario under the observed AC ownership
scenario. Complete-case filtering was applied separately for each model.

Variable 2025 2050 2050 2050 2080 2080 2080
Current Current Standard Advanced Current Standard Advanced

Financial strain =~ -7.91[- -16.67 [- -27.19 [- -3.71[- -17.83[- -24.29 [- -3.13 [-
99.00, 172.58, 260.86, 141.58, 197.67, 283.41, 163.57,
83.18] 139.25] 206.48] 134.16] 162.01] 234.84] 157.31]
Private tenant ~ 86.17 141.72 151.95 [- 132.08 159.91 176.45 [- 149.03
[9.02, [9.61, 52.34, [17.79, (836, 48.25, [16.81,
163.32] 273.83] 356.23] 246.37] 311.46] 401.15] 281.25]
Flat 55.13 [- 84.73[- -53.22 [- 114.35 90.52 [- -69.81[- 123.67[-
17.10, 3944, 242.84, [4.99, 52.18, 282.29, 2.69,
127.37] 208.90] 136.39] 223.71] 233.22] 142.68] 250.04]
Building age: 89.89 182.35 613.87 82.66 [- 206.48 714.11 92.58 [-
1971—2006 [32.62, [81.46, [471.37, 5.21, [89.08, [553.93, 10.68,
147.16] 283.23] 756.37] 170.54] 323.88] 874.29] 195.85]
Building age: 93.95 194.41 995.87 62.62[- 218.73 1174.16 67.63[-
1941-1970 [24.66, (72.57, (77555, 37-29, (77:39, [931.89, 49.93,
163.24] 316.26] 1216.20] 162.54] 360.08] 1416.44] 185.20]
Building age: 93.01 183.60 351.28 104.67 [- 204.83 399.73 114.79 [-
before 1940 [6.90, [35.50, [133.00, 26.16, [33.65, [150.21, 38.02,
179.12] 331.70] 569.56] 235.51] 376.01] 649.25] 267.61]
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Variable 2025 2050 2050 2050 2080 2080 2080
Current Current Standard Advanced Current Standard Advanced

Observations 238 238 238 238 238 238 238
(N)

R? 0.282 0.361 0.129 0.175 0.388 0.123 0.138
Adjusted R2 0.244 0.327 0.083 0.131 0.356 0.076 0.092

Table A 2 BE: Full OLS regression results for NH26 under the observed AC ownership scenario

Note: Values are unstandardised OLS regression coefficients (B), with 95% confidence intervals in brackets. Robust
HC3 standard errors were used. Reference categories are: no financial strain, owner-occupier tenure, house dwelling
type, no chronicillness, no adults aged 65+, no children present, and buildings constructed after 2006. Models were
estimated separately for each climate horizon and refurbishment scenario under the observed AC ownership
scenario. Complete-case filtering was applied separately for each model.

Variable 2025 2050 2050 2050 2080 2080 2080
Current Current Standard Advanced Current Standard Advanced

Financial 154 [- -5.34 [- 414 [- 472 [ -5.91[- -5.44 [- -6.56[-
strain 6.09, 17.12, 14.81,6.53] 17.80,8.36]  23.24, 20.23, 25.27,
3.01] 6.84] 11.41] 9.36] 12.16]
Private tenant  5.45 15.47 12.38[1.87, 16.00[3.07, 20.95 17.74[3.21,  22.84[4.52,
[1.01, (3.46, 22.89] 28.93] [4.07, 32.27] 41.15]
9.88] 27.48] 37.84]
Flat 3.12 [- 10.86 [- 9.20[-0.61, 11.72[-0.18, 14.38[- 12.62[- 14.76 [-2.02,
0.88, 0.10, 19.00] 23.61] 1.13, 0.91, 26.15]  31.53]
7.12] 21.81] 29.90]
Children -1.89 [- -5.54 [- -4.75[- -5.80[- 735 [ -6.17[- -8.30 [
present 4.99, 13.85, 12.36, 14.62,3.01]  19.20, 16.71, 4371 20.98, 4.39]
1.20] 2.77] 2.86] 4.49]
Observations 307 307 307 307 307 307 307
(N)
R? 0.089 0.101 0.112 0.109 0.104 0.106 0.101
Adjusted R2 0.051 0.064 0.075 0.073 0.067 0.070 0.065
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Table A 3 CZ: Full OLS regression results for ADH under the observed AC ownership scenario

Note: Values are unstandardised OLS regression coefficients (B), with 95% confidence intervals in brackets. Robust
HC3 standard errors were used. Reference categories are: no financial strain, owner-occupier tenure, house dwelling
type, no chronicillness, no adults aged 65+, no children present, and buildings constructed after 2006. Models were
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estimated separately for each climate horizon and refurbishment scenario under the observed AC ownership

scenario. Complete-case filtering was applied separately for each model.

Variable 2025 2050 2050 2050 2080 2080 2080
i
Current Current Standard Advanced Current Standard Advanced
52.02 [- 62.99 [- 9.52 [- 7877 [- 67.23[- 16.00 [- 83.58 [-
Financial strain ~ 83.46, 112.68, 106.91, 121.57, 116.22, 109.80, 126.55,
187.49] 238.66] 125.96] 279.11] 250.68] 141.81] 203.71]
61.21[- 76.98 [- -4.13[- 103.55 [- 75-46 [- -9.13[- 104.37 [
Private tenant  49.30, 74.42, 116.26, 64.80, 84.14, 130.22, 73.79,
171.73] 228.38] 108.00] 271.91] 235.05] 111.96] 282.52]
-5039[-  -90.90[-  -64739[-  -82.63[- -138.27[- -743.75[- -126.97[-
Flat 164.03, 247.93, 785.12, - 253.23, 305.06, 893.42, - 308.82,
63.25] 66.12] 509.67] 87.97] 28.53] 594.08] 54.89]
. 5636 12309[-  -49.48[ 90.35[- 137270 -45.93[- 10131[-
Building age:
1671-2006 96.47, 84.42, 229.40, 137.29, 81.29, 240.47, 139.55,
209.19] 330.60] 130.43] 318.00] 355.83] 148.60] 342.17]
- 137.92[-  350.82 529.34 120.10 [- 394.29 594.23 140.67 [-
Building  age:
374, (155.67,  [335.5, 90.50, [188.59,  [384.27, 81.98,
1941-1970
279.57] 545.96]  723.17] 330.70] 599.98] 804.19] 363.32]
o 138.59 [- 377.14 669.69 122.56 [- 420.18 733.89 142.25 [-
Building age:
be{ore 1940 10'63/ [173'91/ [46869/ 105.49, [206.53/ [517.25, 9863/
287.81] 580.37] 870.69] 350.61] 633.82] 950.53] 383.14]
Child -139.33[-  -190.15[- -110.29[- -218.81 [- -199.51[-  -118.00[- -231.18 [-
ildren
bresent 233.84,-  32137,- 22832 362.36, - 338.17, - 245.72, 383.21, -
44.82] 58.94] 7.74] 75-27] 60.85] 9.73] 79-15]
Ob ti
servations 278 278 278 278 278 278 278
(N)
R? 0.083 0.145 0.665 0.066 0.162 0.681 0.072
Adjusted R2 0.041 0.107 0.650 0.023 0.124 0.667 0.030
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Table A 4 CZ: Full OLS regression results for NH26 under the observed AC ownership scenario

Note: Values are unstandardised OLS regression coefficients (B), with 95% confidence intervals in brackets. Robust
HC3 standard errors were used. Reference categories are: no financial strain, owner-occupier tenure, house dwelling
type, no chronicillness, no adults aged 65+, no children present, and buildings constructed after 2006. Models were
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estimated separately for each climate horizon and refurbishment scenario under the observed AC ownership

scenario. Complete-case filtering was applied separately for each model.

Variable 2025 2050 2050 2050 2080 2080 2080
Current Current Standard Advanced Current Standard Advanced

Financial strain~ 5.53[- 12.89 [- 4.50 [- 13.88[-3.51, 16.90[- 6.85[-7.12, 17.54[-
1.70, 3.49, 6.50, 31.26] 4.55, 20.82] 5.20, 40.28]
12.77] 29.28] 15.49] 38.35]

Private tenant 4.13[- 12.10 [- 10.99 [- 11.73[-6.37, 17.55[- 13.27[- 17.18[-6.51,
334 5.04, 0.91, 29.83] 4.68, 1.86, 40.87]
11.60] 29.23] 22.89] 39.79] 28.40]

Flat 11.74 28.95 4.47[-6.25,  35.52 3930 516 [-8.65  48.54
[5.21, (1351, 15.19] [18.94, [19.21, 18.96] [26.93,
18.26] 44.38] 52.11] 59.38] 70.17]

Building age: 9.47[- 16.55[- -9.06 [- 22.35[- 17.67 [- -14.74 [- 25.55 [-

19712006 0.08, 74ty 28.73, 2.66, 47.35]  14.22, 40.77, 7.84, 58.93]
19.02] 40.55] 10.61] 49.56] 11.30]

Building age: 10.15 19.00 [- 474 [- 28.40([3.94, 19.37[- 0.52[- 31.97[-0.61,

1941-1970 [0.86, 4.30, 14.19, 52.86] 11.54, 24.49, 64.56]
19.44] 42.30] 23.67] 50.28] 25.53]

Building age: 6.95[- 16.05 [- -1.06 [- 24.07 [- 16.13[- -6.30 [- 28.16 [-

before 1940 2.30, 7.16, 19.48, 0.33,48.48]  14.68, 30.62, £4.26, 60.58]
16.20] 39.27] 17.37] 46.94] 18.01]

Children -1.47[- -2.26[- -7.28[- 0.91[- -3.08 [- -9.61[- -0.28 [~

present 7.85, 17.54, 17.51,2.96]  15.53,17.35]  23.00, 22.89, 21.82,
£4.92] 13.02] 16.84] 3.67] 21.27]

Observations 330 330 330 330 330 330 330

(N)

R? 0.054 0.059 0.125 0.143 0.053 0.132 0.149

Adjusted R2 0.018 0.023 0.092 0.111 0.018 0.099 0.117
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Table A 5 DE: Full OLS regression results for ADH under the observed AC ownership scenario

Note: Values are unstandardised OLS regression coefficients (B), with 95% confidence intervals in brackets. Robust
HC3 standard errors were used. Reference categories are: no financial strain, owner-occupier tenure, house dwelling
type, no chronicillness, no adults aged 65+, no children present, and buildings constructed after 2006. Models were
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estimated separately for each climate horizon and refurbishment scenario under the observed AC ownership

scenario. Complete-case filtering was applied separately for each model.

Variable 2025 2050 2050 2050 2080 2080 2080
Current Current Standard Advanced Current Standard Advanced
Financial 69.26 106.92 93.13 128.12 123.48 108.21 147.64
strain [15.08, [31.05, [19.75, (3946, (38.89, (2531, [49.45,
123.43] 182.80] 166.52] 216.78] 208.06] 191.12] 245.83]
Social tenant 190.46 251.95 95.25[- 329.41 273.22 104.59 [- 360.58
[80.46, [93.85, 50.82, [151.16, (9441, 60.04, [160.07,
300.46] 410.06] 241.32] 507.66] 452.03] 269.22] 561.08]
Private tenant  93.84 122.95 50.27[- 163.25 132.47 54.54 [- 177.51
[22.27, [21.82, 40.12, [46.74, [18.95, 48.49, [47.69,
165.41] 224.08] 140.66] 279.75] 245.99] 157.57] 307.32]
Flat -11.88 [- -71.69 [- -358.26 [- 36.63[- -100.29 [~ -414.64 [- 19.06 [-
81.10, 169.91, 447.92, - 76.14, 210.82, 516.79, - 106.92,
57.34] 26.53] 268.60] 149.40] 10.25] 312.49] 145.03]
Chronic illness  -26.78 [- -35.65 [- -50.28 [- -39.58 [- -36.74 [- -50.44 [- -41.30 [-
present 72.65, 101.06, 118.83, 114.74, 110.66, 128.33, 125.68,
19.10] 29.76] 18.28] 35.58] 37.18] 27.45] 43.07]
65+ present 2.43[- 6.83[- 5236 [- -9.95[- 7.38 [- 56.58 [- -11.62 [-
50.54, 68.20, 18.36, 96.40, 76.88, 24.55, 107.86,
55.40] 81.85] 123.07] 76.49] 91.64] 137.70] 84.63]
Children -63.64 [- -93.31[- -32.72 [- -123.66 [- -107.56 [~ -42.75[- -141.81 [-
present 109.50, - 159.24, - 113.58, 196.46, - 182.34, - 134.70, 223.82, -
17.78] 27.37] 48.13] 50.85] 32.77] 49.20] 59-81]
Observations 355 355 355 355 355 355 355
(N)
R? 0.215 0.210 0.827 0.209 0.208 0.823 0.195
Adjusted R2 0.188 0.183 0.821 0.181 0.181 0.817 0.166

Table A 6 DE: Full OLS regression results for NH26 under the observed AC ownership scenario

Note: Values are unstandardised OLS regression coefficients (B), with 95% confidence intervals in brackets. Robust
HC3 standard errors were used. Reference categories are: no financial strain, owner-occupier tenure, house dwelling
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type, no chronicillness, no adults aged 65+, no children present, and buildings constructed after 2006. Models were
estimated separately for each climate horizon and refurbishment scenario under the observed AC ownership
scenario. Complete-case filtering was applied separately for each model.

Variable 2025 2050 2050 2050 2080 2080 2080
Current Current Standard Advanced Current Standard Advanced

Financial strain = -5.43[- -9.89 [- -1.97 [- -12.02 [- -11.91[- -0.92[- -16.89 [-
14.18, 26.86, 14.02, 30.88,6.85]  34.60, 15.97, 42.90,9.12]
3.32] 7.08] 10.09] 10.77] 14.12]

Social tenant 1.14 [- 0.53[- 1.24 - -3.25[- 4.17 [- 2.83[- -3.07 [-
15.20, 31.07, 21.22, 38.15, 38.27, 25.38, 51.42,
17.48] 32.14] 23.70] 31.65] 46.62] 31.03] 45.28]

Private tenant 6.41[- 11.29 [- 7.29 [-4.46, 10.29[- 18.49 [- 10.36 [- 17.68 [-8.73,
2.22, 5.63, 19.03] 8.85,29.43]  3.80, 4.15, 44.10]
15.04] 28.21] 40.77] 24.88]

Flat 6.16 [- 9.96 [- 4.51[-6.88, 8.44[- 16.01 [~ 6.46[-7.65, 14.82[-
2.20, 6.47, 15.91] 10.21, 5.60, 20.58] 10.92,
14.53] 26.39] 27.09] 37.63] 40.57]

Chronic illness -2.90[- -4.68[- -7.69 [- -4.13 [ -6.83[- -9.18 [- -5.70 [-

present 10.03, 18.83, 17.46, 20.36, 25.31, 21.24, 27.76,
4.24] 9.46] 2.09] 12.10] 11.66] 2.87] 16.36]

65+ present -0.09 [- 0.13 [- -0.74 [- 0.61[-15.83, -0.59[- -1.21[- 1.47[-21.02,
7-50,732]  14.42, 10.85,9.38]  17.05] 19.78, 13.79, 23.96]

14.68] 18.59] 11.37]

Children ~4.66 [~ -9.58 [- 7.94 [- -9.52[- 15450 -177[- -14.64 [-

present 12.06, 24.50, 18.34, 26.66,7.62] 35.27, 24.80, 38.25, 8.97]
2.73] 5.35] 2.46] 4.31] 1.26]

Fair/bad/very 11.61 22.05 15.60[4.97, 24.21[6.77, 29.72 19.07[5.99, 33.32[9.58,

bad health [3.81, [6.73, 26.22] 41.64] [9.63, 32.14] 57.06]
19.40] 37.38] 49.81]

Observations 428 428 428 428 428 428 428

(N)

R? 0.080 0.073 0.138 0.066 0.086 0.164 0.076

Adjusted R2 0.053 0.046 0.113 0.039 0.059 0.140 0.049
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Table A 7 IT: Full OLS regression results for ADH under the observed AC ownership scenario

Note: Values are unstandardised OLS regression coefficients (B), with 95% confidence intervals in brackets. Robust
HC3 standard errors were used. Reference categories are: no financial strain, owner-occupier tenure, house dwelling
type, no chronicillness, no adults aged 65+, no children present, and buildings constructed after 2006. Models were
estimated separately for each climate horizon and refurbishment scenario under the observed AC ownership
scenario. Complete-case filtering was applied separately for each model.

Variable 2025 2050 2050 2050 2080 2080 2080
Current Current Standard Advanced Current Standard Advanced

Financial 17134 [- 20001 [- 12116 [- 268.83 20030 [- 12745 [ 267.09

strain 0.40, 55.17, 156.35, [21.13, 72.19, 170.03, [7.13,
343.08] 455.19] 398.67] 516.54] 472.79] 424.93] 527.06]

Social tenant 577.42 729.34 748.01 700.46 750.01 787.62 708.17
[157.27, [106.38, [227.32, [98.94, [82.57, [229.28, [68.54,

997.57] 1352.30]  1268.71] 1301.98] 1417.45]  1345.96] 1347.79]

Private tenant  245.89 351.25 358.12 368.72 361.95 383.08 375.19
[58.43, [64.56, [25.30, [90.35, [56.12, [26.24, [85.16,
433.36] 637.95] 690.94] 647.08] 667.79] 740.02] 665.22]

Flat 28.04 [- -3865 [- -790.50 [- 103.15 [- -12231 [- -909.74 [- 36.69 [-
135.89, 201.21, 1083.50, - 132.61, 382.71, 122268, - 212.80,
191.98] 213.91] 497.50] 338.91] 158.08] 596.81] 286.19]

Chronic illness  53.55 [- 4284 [- 2.96 [- 33771 [- 3736 [- -1.45 [- 3074 [-
present 109.75, 209.70, 271.46, 202.96, 233.62, 295.79, 224.04,
216.85] 295.38] 277.39] 278.39] 308.35] 292.88] 285.52]

65+ present 104.61 [- 194.49 [- 189.45 [- 15537 [- 21495 [- 202.07 [- 17522 [-

5561, 4839, 79.57, 7584 46.25, 85.93, 69.62,

264.84]  437.38] 458.46] 386.58] 476.16] 490.06] 420.07]
Children 7528 [- 21076 [- 28294 [- 70.94 [- 236.52 [- 29751 [- 9501 [-
present 170.08, 190.06, 89.14, 306.01, 194.53, 101.02, 308.79,

320.65] 611.59] 655.02] 447.89] 667.56] 696.03] 500.61]
Observations 129 129 129 129 129 129 129
(N)
R? 0.305 0.275 0.719 0.265 0.270 0.724 0.248
Adjusted R2 0.233 0.200 0.690 0.189 0.194 0.696 0.170
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Table A 8 IT: Full OLS regression results for NH26 under the observed AC ownership scenario

Note: Values are unstandardised OLS regression coefficients (B), with 95% confidence intervals in brackets. Robust
HC3 standard errors were used. Reference categories are: no financial strain, owner-occupier tenure, house dwelling
type, no chronicillness, no adults aged 65+, no children present, and buildings constructed after 2006. Models were
estimated separately for each climate horizon and refurbishment scenario under the observed AC ownership
scenario. Complete-case filtering was applied separately for each model.

Variable 2025 2050 2050 2050 2080 2080 2080
Current Current Standard Advanced Current Standard Advanced

Financial 50.98 97.91 69.57 104.23 118.46 84.86 125.45
strain [21.13, [40.52, [27.87, (4172, [49.11, [34.15, [50.00,
80.83] 155.31] 111.26] 166.74] 187.80] 135.56] 200.91]
Social tenant 179.64 344.22 262.27 369.54 408.92 317.16 440.37
[130.84, [271.70, [173:31, [302.29, [319.46, [211.97, [357.65,
228.43] 416.73] 351.23] 436.79] 498.38] 422.35] 523.08]
Private tenant ~ 69.87 131.13 92.63 137.63 155.47 111.84 164.80
[28.55, (5238, (3575, [52.40, [61.26, [42.98, [62.42,
111.19] 209.88] 149.51] 222.86] 249.68] 180.70] 267.19]
Flat 1035 [- 1347 [- o3 [- 1138 [- 122.08 [- -1.22 [- 1026 [-
12.27, 3113, 31.24, 37.89, 42.03, 40.38, 49.50,
32.97] 58.07] 32.70] 60.64] 66.19] 37.95] 70.02]

Chronic illness  -25.22 [- -49.93 [- -3430 [- -54.82 [- -61.66 [- -4281 [- -66.89 [-
present 48.97, - 9639, - 67.60, - 105.72, - 117.96, - 83.54, - 128,48, -
1.48] 3-47] 1.01] 3-92] 5-35] 2.08] 5.31]

65+ present 1.49 [- 225 [- 6.06 [- 1.09[-53.27, 3.57 [- 761 [- 1.89[-63.99,

23.53, 47.06, 29.25, 55-45] 56.29, 35.57, 67.78]
26.50] 51.56] 41.37] 63.42] 50.79]
Children -47.07 [- -9589 [- -6582 [- -10594 [- -117.95 [- -8oy9 [ -12930 [
present 7184, - 144.55, - 101.02, - 159.56, - 17688, - 123.89, - 194.34, :
22.29] 47.23] 30.62] 52.33] 59.03] 37.68] 64.27]
Observations 342 342 342 342 342 342 342
(N)
R? 0.231 0.222 0.225 0.214 0.218 0.223 0.211
Adjusted R2 0.203 0.194 0.197 0.186 0.190 0.195 0.183
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Table A 9 UK: Full OLS regression results for ADH under the observed AC ownership scenario

Note: Values are unstandardised OLS regression coefficients (B), with 95% confidence intervals in brackets. Robust
HC3 standard errors were used. Reference categories are: no financial strain, owner-occupier tenure, house dwelling
type, no chronicillness, no adults aged 65+, no children present, and buildings constructed after 2006. Models were
estimated separately for each climate horizon and refurbishment scenario under the observed AC ownership
scenario. Complete-case filtering was applied separately for each model.

Variable 2025 2050 2050 2050 2080 2080 2080
Current Current Standard Advanced Current Standard Advanced

Financial 1656 [- 2842 [- £5o0.14 [- 2030 [- 3238 [ 54.27 [- 2315 [-
strain 35.16, 53-45, 49.10, 57.15,97.74]  59.94, 55.28, 65.06,
68.28] 110.29] 149.39] 124.71] 163.82] 111.36]

Social tenant 55.52 [- 8g9.06 [- 82.68 [- 9843 [730, 104.95 96.49 [ 116.72
3.82, 342, 32.15, 189.57] [1.03 30.40, [12.71,
114.86] 181.53] 197.51] 208.87] 223.37] 220.73]

Private tenant  36.62 [- 54.49 [- 31.43 [- 5558 [- 6171 [- 3377 [- 63.99 [-

24.11, 40.62, 80.10, 37.26, 45.36, 90.00, 41.34,
97351 149.59] 142.97] 148.41] 168.78] 157.54] 169.32]
Flat 129.39 201.24 155.25 271.47 223.69 172.71 305.22
[77.05, [120.04, [46.32, [190.13, [132.34, [51.46, [212.79,
181.73] 282.44] 264.17] 352.82] 315.04] 293.96] 397.65]

Chronic illness  5.63 [- 8093 [- 19.89 [- 052 [- 898 [- 2159 [- -1.00 [-

present 31.84, 5132, 56.43, 5339, 58.28, 62.35, 61.39,
43.10] 69.18] 96.20] 54.42] 76.25] 105.53] 59.39]

65+ present -26.10 [- -4157 [- -8.08 [- -52.02 [~ -4791 [- -1032 [- -60.63 [-
66.43, 105.99, 83.89, 111.35,7.31]  120.03, 9375, 127.27, 6.01]
14.22] 22.85] 67.72] 24.20] 73.11]

Children -20.15 [- -2934 [- -0.07 [- -36.22 [ -3393 [- -032 [- -42.24 [~

present 63.90, 08.62, 80.55, 101.16, 111.45, 88.76, 115.27,
23.60] 39.95] 80.40] 28.75] 43.59] 88.11] 30.79]

Observations 419 419 419 419 419 419 419

(N)

R? 0.151 0.150 0.169 0.238 0.152 0.181 0.240

Adjusted R2 0.128 0.127 0.146 0.218 0.129 0.159 0.220
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Table A 10 UK: Full OLS regression results for NH26 under the observed AC ownership scenario

Note: Values are unstandardised OLS regression coefficients (B), with 95% confidence intervals in brackets. Robust
HC3 standard errors were used. Reference categories are: no financial strain, owner-occupier tenure, house dwelling
type, no chronicillness, no adults aged 65+, no children present, and buildings constructed after 2006. Models were
estimated separately for each climate horizon and refurbishment scenario under the observed AC ownership
scenario. Complete-case filtering was applied separately for each model.

Variable 2025 2050 2050 2050 2080 2080 2080
Current Current Standard Advanced Current Standard Advanced
Financial strain 0.36 [- ogo [- o0.99 [- 102 [-3.90, 1.73 [- 179 [-6.17, 182 [-6.43,
1.76, 3.98,579] 3.22,5.20]  5.93] 4.64,8.10]  9.74] 10.05]
2.48]
Social tenant 3.88[1.34, 8.75[2.95 6.8 [1.85 884 [2.98 11.02 8.75 [2.95 15.83 [5.92,
6.42] 14.55] 11.70] 14.70] [3.55, 14.55] 25.74]
18.50]
Private tenant  1.85 [- 4.01 [- 337 [-110, 4.5 [-1.09, 537 [- 4.01[-122, 7.20 [-1.66,
0.42, 1.22, 7.85] 9.39] 1.46, 9.25] 16.05]
4.13] 9.25] 12.19]
Flat 1.50 [- 4.78[0.63 4.22 [0.67, 4.48 [032, 5.49[0.11, 4.78 [0.63, 8.23 [1.14,
0.29, 8.92] 7.77] 8.64] 10.86] 8.92] 15.31]
3.29]
Chronic illness -0.97 [- -216 [- -1.61 [- -2.05 [- -234 [- -216 [- -3.63 [-9.57,
present 2.50, 5.66,135] 4.62,1.40] 5.60,1.50] 6.91,2.23] 5.66,1.35] 2.25]
0.57]
65+ present -012 [- -0.58 [- -035 [- -0.44[-411, -076 [- -0.58 [- -114 [-7.23
170, 1.47]  4.19, 3.44,274)  3.22] 5-44,3.91]  4.19,3.02]  4.95]
3.02]
Children 336 [- -788 [- -6.60 [- -8.05 [- -1055 [- -7.88 [- -13.66 [-
present 498, - 1158, - 974,-346] 1179,-431] 1539, - 1158, - 19.90, -7.42]
1.74] 4.18] 5.71] 4.18]
Observations 533 533 533 533 533 533 533
(N)
R? 0.136 0.152 0.156 0.146 0.150 0.152 0.158
Adjusted R2 0.117 0.134 0.138 0.128 0.132 0.134 0.140
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