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A B S T R A C T   

This paper proposes a novel multi-criteria decision support framework for climate change-sensitive evaluation of 
building thermal comfort performance in European buildings. The proposed framework considers various 
comfort categories based on building use and condition, comfort models based on building operation, sensitivity 
to climate change, key performance indicators, and their thresholds. The proposed framework is then imple-
mented using a passive house-certified high-performance timber dwelling near Brussels as a case study. The 
thermal comfort in the free-running reference timber dwelling is assessed using a whole-building energy per-
formance simulation model with a static threshold of 26 ◦C for the bedrooms and an adaptive threshold for the 
other occupied zones. The analysis found an increase in indoor overheating degree by 1.7 ◦C and ambient 
warmness degree by 6.5 ◦C during heat waves from the current scenario to the end of the century scenario. 
However, the reference timber dwelling effectively suppressed the impacts of climate change with varying de-
grees of success towards the end of the century. The proposed framework is intended to support decision-makers 
in effectively evaluating performance during the early stages of building design. The study highlights the need for 
further research on building performance assessment techniques and guidelines in a changing climate.   

1. Introduction 

Climate change is one of the most significant issues of the 21st cen-
tury, creating social, environmental, and economic concerns [1]. The 
average global air temperature has significantly risen over the past 
century [2]. Global warming and changes in temperature variability 
exacerbate extreme heat events like heat waves [1], and according to 
epidemiological studies from [3], mortality increases above a heat 
threshold of approximately 24.7 ◦C of the maximum daily temperature. 
The elderly, children and those with pre-existing medical conditions are 
particularly vulnerable to changes in heat wave attributes, which may 
increase mortality, particularly in these demographics, as shown in 

[4,5]. One of the major impacts of these extreme heat events is over-
heating in buildings, which is expected to worsen in changing climate 
scenarios [6]. Building thermal comfort during heat waves is significant 
since people spend most of their time at home, making them susceptible 
to overheating exposure[7], and indoor overheating during sleep is i-
dentified as a major threat to public health[8,9]. Since the intense heat 
wave of 2003 in Europe, which resulted in roughly 70,000 additional 
deaths, the overheating issue gained prominence and attracted vital 
public attention and research efforts, particularly in European countries 
[10,11]. More recently, 3,271 additional deaths were attributed to the 
heat waves that swept through England and Wales in the summer of 
2022 [12]. 
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During heat waves, indoor overheating is more probable in buildings 
with insufficient solar shading and ventilation, among other factors [6]. 
Overheating is caused by allowing access to external heat gains and 
retaining internal heat gains, and it is expected that urbanization and 
climate change to worsen it [13]. Stringent building energy code re-
quirements emphasizing greater airtightness and higher thermal insu-
lation have partially contributed to overheating [14,15]. Additionally, 
buildings with no active cooling systems, intermittent access to power, 
or with frequent power outages are prone to overheating issues [16]. 
Even though there are many comfort indices for indoor environments, 
no universally accepted design support framework is available for in-
door thermal comfort evaluation in Europe that can be used for various 
comfort categories and models [14]. 

The numerical evaluation from Pyrgou et al. [17] shows the impor-
tance of the building’s features, such as thermal insulation level and 
heating, ventilation, and air Cconditioning (HVAC) systems, to prepare 
for local microclimate events and to be more heat-wave resilient. This 
study used the local microclimate in Perugia in Central Italy -
from 2013 to identify the nature of the heat wave event and its effects on 
the thermal-energy performance of buildings. In line with these results 
from Pyrgou et al. [17], studies from Porritt et al. [18] reduced air 
temperature in 19th-century terraced dwellings to below the Chartered 
Institution of Building Services Engineers (CIBSE) Guide A – Environ-
mental design thermal comfort thresholds for all occupied hours by 
using a comprehensive range of passive measures during heat waves. A 
simulation approach was used here to analyze the impact of various 
single and clustered measures using multi-zone dynamic thermal sim-
ulation combined with a nodal airflow model. A similar method is used 
in Ramakrishnan et al. [19], where renovation using phase change 
materials and night ventilation as building features enhanced the sum-
mer thermal comfort. The study recommended incorporating phase 
change materials into building fabrics during the renovation to help 
lower the risks of extreme heatwaves in free-running buildings. These 
measures involving night ventilation lowered the heat xposure risks by 
7.8 % from 1370 to 1201 h for the entire summer of 2160 h. 

The analysis from Zinzi et al. [20] used numerical thermal analyses 
using the Transient System Simulation Tool (TRNSYS). The study eval-
uated the building’s performance with several interventions, including 
thermal insulation, mechanical cooling systems, thermal free-floating 
conditions, and various night ventilation techniques. Contrary to the 
results from Ramakrishnan et al. [19], the persistence of high temper-
atures rendered night ventilation fairly ineffective during heat waves 
Zinzi et al. [20] and significantly impacted thermal comfort in free- 
running buildings. The studies from Sakka et al. [21] analyzed the 
evolution of indoor temperature with outdoor climate and building 
thermal capacitance. The findings proposed solar protection and dissi-
pation strategies for low-income dwellings, where high indoor temper-
atures of up to 40 ◦C were recorded. To prevent overheating during heat 
waves, studies by Zeng et al. [22] suggested pre-cooling the buildings 
during off-peak hours. Pre-cooling reduced overheating and overall 
unmet degree-hours by roughly 60 % compared to the baseline during 
heat waves. High-capacity cooling systems can also help reach the pre- 
cooling setpoint faster and produce better outcomes. Willand et al. [23] 
focused on the concerns that current energy-saving measures priori-
tizing thermal comfort during winter may result in overheating and heat 
stress during summer. The study found that unless actively cooled, 
dwellings that comply with energy efficiency regulations were warmer 
in Australia. 

The missing aspects identified from the review of the existing liter-
ature are: Firstly, most existing studies rely on a unique assumption 
of comfort model and building type and do not address climate change 
sensitivity. Climate change-sensitive studies should quantify future 
climate change impacts while considering the current scenario on the 
building performance. The framework proposed in this study recom-
mends climate change overheating degrees for this purpose. Secondly, 
there is a lack of support frameworks to help decision-makers effectively 

evaluate thermal comfort considering different building categories and 
operation modes considering the existing studies from Table 1. There-
fore, despite the availability of extensive literature, the current state-of- 
the-art lacks a robust framework based on universally accepted best 
practices. The relevance of the current study is based on several factors. 
Firstly, the framework will inform decision-making and prompt 
problem-solving for the building’s thermal comfort. Secondly, the study 
evaluated a high-performance timber dwelling. This is significant since 
the market share of timber houses is consistently increasing throughout 
Europe to meet the region’s increasingly stringent energy efficiency 
standards as per [24]. Thirdly, even though timber structures have low 
emissions and high energy efficiency, it has a large thermal resistance 
that will exacerbate the overheating risks during summer [25]. Fourthly, 
the reference dwelling typology used in the study is significant since it is 
estimated that the European market for multi-story timber buildings will 
grow at 8 % per year, and it is anticipated to grow from €5 billion at its 
current value to at least €10 billion annually by 2030 as per [26]. Ac-
cording to projections from [27], the increased demand for housing, 
decarbonization, and urbanization will result in a 170 % rise in world-
wide wood consumption over the next 30 years. 

Based on these observations, the main objective of the study is to 
implement the proposed framework on a free-running high-performance 
timber dwelling for heat waves from 2001 to 2020 (2010s_Current), 
2041 to 2060 (2050s_Midfuture), and 2081 to 2100 (2090s_Future). The 
thermal comfort in the reference dwelling is evaluated using relevant 
climate change-sensitive and multizonal key performance indicators 
(KPI). The main novelty of the study is that it proposes a comprehensive 
framework to enhance the decision-making process while evaluating the 
building’s thermal comfort by considering criteria like the comfort 
category, comfort model, and climate change sensitivity. This frame-
work is built on internationally recognized standards like International 
Organization for Standardization (ISO) 17772-1 – Energy performance 
of buildings [28] and state-of-the-art literature from [6,29–31], enabling 
a universal comparison of comfort models, KPIs, and thresholds that 
may be used irrespective of the climate. The framework also covers 
residential and commercial buildings, whether new, retrofits, or old, 
and is not restricted to any architectural or operating type. Furthermore, 

Table 1 
List KPIs and recommended thresholds in the proposed framework.  

No. Performance 
indicators 

Recommended thresholds Standard/Literature 

1 Indoor 
overheating 
degree [◦C] 

Moderate impact, IOD ≤
0.5 ◦C 
Strong impact, 0.5 ◦C <
IOD < 2 ◦C 
Extreme impact, IOD ≥
2 ◦C 

Flores-Larsen et al. [29] 

2 Climate change 
overheating 
resistivity [◦C] 

Resistive, if CCOhR > 1 
Not resistive, if CCOhR < 1 

Rahif et al. [30] 

3 Hours of 
exceedance [%] 

26 ◦C, 6 % annually, 25 % 
monthly, and 50 % weekly 
for occupied hours. 

ISO 17772–1 – Energy 
performance of buildings 
[28] 
EN 16798–1 – Energy 
performance of buildings 
[36] 

> 25 ◦C, 5 % annually for 
all hours. 

Passive House [41] 

≥ 27 ◦C for a Category II, 
mechanically cooled 
building at 3 % annually 
for occupied hours. 

CIBSE Guide A – 
Environmental design  
[42] 

4 Standard 
effective 
temperature [◦C] 

30 ◦C during a heat wave 
in a free-running building. 
For LEED passive 
survivability, unmet SET 
degree-hours must be less 
than 120 for a 7-day heat 
wave event. 

Sheng et al. [31] 
ASHRAE 55 – Thermal 
environmental 
conditions for human 
occupancy [38] 
Ji et al. [40]  
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a multizonal, time-integrated, and climate change-sensitive method 
is incorporated to evaluate overheating risks for future climate 
scenarios. 

2. Methodology 

This study developed and implemented a multi-criteria decision 
support framework to evaluate building thermal comfort during heat 
waves using a high-performance timber building case study. The scope 
of the proposed framework is focused on European buildings. The 
reference building is in Kettenis, Belgium, in mixed humid climates (4A), 
per American Society of Heating, Refrigerating and Air-Conditioning 
Engineers (ASHRAE) 169 – Climatic data for building design standards 
[32]. 

2.1. Multi-criteria decision support system 

The first part of the study introduces the proposed multi-criteria 
decision support system that integrates existing comfort standard ISO 
17772–1 – Energy performance of buildings with the KPIs and thresh-
olds from the existing literature. Building-specific characteristics and 
comfort thresholds are included here based on the building category and 
operation. In the second part of the framework, the KPIs are applied 
based on whether the study is climate change-sensitive or not, and the 
respective thresholds are implemented. The framework was developed 
by reviewing the international standards, existing literature, and focus- 
group discussions. The proposed framework is shown in Fig. 1. 

The implementation of the framework involves four main steps: (i) 
specify the comfort category, (ii) identify the building operation mode 
and comfort model, (iii) specify if climate change-sensitive or not, and 4) 
identify the relevant KPIs and their thresholds. The comfort categories 

Fig. 1. Proposed multi-criteria decision support framework with comfort categories, models, and thresholds alongside the KPIs and thresholds for building thermal 
comfort evaluation during heat waves. 

Fig. 2. Implementation of the multi-criteria decision support framework for building thermal comfort evaluation on a high-performance timber dwelling as a 
representative case study during heat waves from current and future scenarios. 
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are based on building use and conditions, whereas comfort models are 
defined based on building operation modes. 

Step 1: Specify the comfort category. 
This framework is applicable for thermal comfort evaluations of all 

comfort categories defined by ISO 17772-1 – Energy performance of 
buildings [28]. Category I refers to buildings that require high levels of 
comfort, such as senior housing and hospitals. Category II includes 
newly constructed and renovated buildings with normal comfort levels. 
Post-World War II buildings with poor comfort levels are classified as 
Category III. Old and derelict buildings with unacceptable comfort levels 
are classified as Category IV. 

Step 2: Identify building operation and comfort model. 
The comfort model is selected based on the building operation mode. 

A static or predicted mean vote (PMV)/predicted percentage of dissat-
isfied (PPD) comfort model with fixed operative temperature limits is 
used if the building is air-conditioned. If the building is free-running, an 
adaptive comfort model with varying operative temperature limits 
calculated with outdoor temperature is used [28]. The operative tem-
perature limits for static and adaptive comfort models with different 
categories are shown in Fig. 2. 

Step 3: Specify if climate change-sensitive or not. 
Building performance is primarily influenced by the building’s 

characteristics and the climate [33]. Either of these two variables will 
impact the outcomes of the building performance analysis. Predicting 
the impact of climate change on future building performance involves 
using climate change-sensitive KPIs. On the other hand, the building 
performance without considering climate change’s direct impact can be 
analyzed using other KPIs. 

Step 4: Determine relevant KPIs and thresholds. 
The KPIs used to analyze the thermal comfort per the framework is 

below. These KPIs were selected based on the IEA EBC Annex 80 dy-
namic simulation guidelines [34]. The existing thresholds of the KPIs 
from existing standards and literature based on analytical and 
simulation-based studies are listed in Table 1. However, these thresholds 
are prepared in the scope of European buildings in line with recom-
mendations from IEA Annex 80 – Resilient cooling of buildings. There-
fore, while applying it globally, the threshold should be adapted for the 
calculations in the frameworks concerning various climatic contexts and 
building codes. 

2.1.1. Indoor overheating degree 
To estimate indoor overheating, a multizonal and time-integrated 

index called the Indoor Overheating Degree (IOD) [6] and imple-
mented in [35] was used. IOD [◦C] values are calculated using Eq. (1). 

IOhD =

∑Z
z=1

∑Nocc(z)
i=1

[(
Tin,z,i − Tcomf,upper,z,i

)+
× ti,z

]

∑Z
z=1

∑Nocc(z)
i=1 ti,z

(1)  

where Z is the total number of conditioned building zones, i is the 
number of occupied hours, Nocc(z) is occupied hours in zone z, Tin,z,i is 
the indoor operative temperature at zone z during hour i in ◦C, 
Tcomf,upper,z,i is maximum comfort threshold at zone z during hour i in ◦C, 
and ti,z is the time step, which is an hour in this case. Tcomf,upper,z,i values 
for static models can be derived from standards like ISO 17772–1 – 
Energy performance of buildings [28] and EN 16798–1 – Energy per-
formance of buildings [36]. For the adaptive model, the equation for 
calculating the upper limit of the adaptive model from ISO 17772–1 – 
Energy performance of buildings, based on the outdoor running mean 
temperature, is given in Eq. (2). Trm is the outdoor running mean tem-
perature [◦C] calculated from the mean daily air temperature [28]. 

Tcomf,upper,z,i = 0.33 Trm + 18.8+ 3 (2)  

2.1.2. Ambient warmness degree 
Ambient warmness degree (AWD) from [6] and implemented in [37] 

measures the severity of outdoor conditions using the average of cooling 

degree days (CDD) using outdoor dry-bulb temperature (Tout,a,i) for a 
base temperature (Tb) of 18 ◦C [30] by the total building occupied hours, 
which is shown in Eq. (3). hi is the timestep used in the measurements. 

AWD =

∑N
i=1

[(
Tout,a,i − Tb

)+
× hi

]

∑N
i=1hi

(3)  

2.1.3. Climate change overheating resistivity 
Climate change resistivity towards building overheating is indicated 

by the climate change overheating resistivity (CCOhR) indicator [30]. 
CCOhR [-] is calculated using Eq. (4). 

1
CCOhR

=

∑Sc=M
Sc=1 (IOhDSc − IOhD) × (AWDSc − AWD)

∑Sc=M
Sc=1 (AWDSc − AWD)

2 (4) 

where Sc is the weather-scenario counter, and M is the total number 
of weather scenarios. CCOhR values greater than 1 indicate that the 
reference dwelling can withstand climate change induced outdoor 
thermal stress during intense heat waves. CCOhR values are calculated 
for intense heat waves in current, mid-future, and future scenarios. 

2.1.4. Hours of exceedance 
The equation for calculating the Hours of exceedance (HE) for the 

static and adaptive models is shown in Eq. (5) as described in [13]. 
Depending on the building operation mode, static or adaptive limits can 
be used to calculate the percentage of hours of exceedance [%] during 
the occupied hours. 

HEop =
∑Nocc(z)

i=1
Hdisc (5) 

Hdisc = 1; if Top,i > Tcomf,upper,z,i, Hdisc = 0; if Top,i ≤ Tcomf,upper,z,i.where, 
Hdisc is the number of discomfort hours [hr] and Top,i is the indoor 
operative temperature [◦C]. 

2.1.5. Standard effective temperature 
Standard effective temperature (SET) from [38] evaluates human 

response to heat stress in buildings [31]. Standard effective temperature 
can be calculated using clima tool from the Center for Built Environment 
(CBE) [39]. To determine the unmet SET degree-hours, SET thresholds 
of 30 ◦C for free-running buildings are recommended in [34]. However, 
to obtain SET values comparable to the actual environmental parame-
ters, the skin temperature, skin wettedness, and skin heat loss should be 
corrected as per [40]. As per this modified SET definition, the standard 
environment has a radiation temperature that is approximately equal to 
the air temperature, a relative humidity of 50 %, a metabolic rate that is 
similar to the actual environment, standard clothing insulation, and 
standard air velocity that varies according to the metabolic rate. The 
main findings from [40] offered calculation methods for the modified 
standard environment parameters. These modifications on the SET were 
mainly focused on the length of the calculations and the adaptive modes 
of operation. 

2.2. Application to a case study 

The implementation steps for the proposed framework using the 
reference high-performance timber dwelling are shown in Fig. 2. The 
reference dwelling is a Category II dwelling that uses an adaptive 
comfort model for free-running dwellings. The case study is a climate 
change-sensitive study and uses KPIs like IOD, AWD, and CCOhR, along 
with their thresholds. 

2.2.1. Reference high-performance timber dwelling 
In the second part of the study, the proposed framework is tested 

using a high-performance timber dwelling as a representative case 
study. The reference dwelling is in Kettenis near Brussels, Belgium, at 
50.6473 ◦N, 6.0469 ◦E. It is a nearly zero-energy dwelling constructed in 
2008 and participated in the Project Construire avec Energie from the 
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Walloon regional government as per [43]. The project complies with the 
Belgian Passive House standards [44], making it a nearly zero-energy 
dwelling. De Meester de Betzenbroeck also performed a thorough en-
ergy assessment and building characterization for the reference dwelling 
[45]. It is a timber construction with a timber truss framework. It has 
two floors, with the ground floor housing the kitchen, living room, and 
dining area and the first floor housing the bedrooms and bathroom. The 
reference dwelling has a floor area of 174 m2 with an unconditioned 
garage attached. The dwelling has an infiltration rate of 0.5 ACH. Four 
people are living in this dwelling. The real building, simulation model, 
and floor plans are shown in Fig. 3. The building simulation model was 
developed using DesignBuilder v6.1, the graphical user interface for the 
EnergyPlus v9.1 simulation engine. The building baseline simulation 
model and more details for the high-performance timber dwelling used 
in this study can be accessed from [46]. 

The house is well-insulated and has a wood pellet heating system. No 
air-conditioning is implemented, and it is in free-running mode during 
the summer. A gas water heater produces domestic hot water with 
preheating using solar collectors of 6 m2. The dwelling has a heat re-
covery unit with an efficiency of 90 % and a double-flow mechanical 
ventilation system [43]. The mechanical ventilation rate is 10 L/s/per-
son in compliance with EN 16798-1 – Energy performance of buildings 

[36]. The occupancy, lighting, and equipment schedules for the bed-
rooms and living areas are modeled using data from the De Meester de 
Betzenbroeck audit [45]. The windows have internal solar protection 
like curtains and a 30 % window-to-wall ratio. Further information on 
dwelling energy efficiency is provided in [45]. The bedrooms are 
modeled with static thermal comfort thresholds, and other occupied 
areas are modeled with adaptive thermal comfort thresholds with 
respect to mean outdoor temperature. Sleep study findings from [47–49] 
support this modeling approach and recommend a maximum threshold 
temperature of 26 ◦C in the bedrooms. The envelope characteristics of 
the reference dwelling are listed in Table A3.. This reference dwelling 
has passive measures like solar shading with overhangs and sidefins to 
decrease external solar gains. The key design parameters used for 
modeling of the reference timber dwelling are listed in Table 2. 

2.2.2. Climate data 
The Modele Atmospherique Regional (MAR) v3.11.4 explained in 

[50] is the regional climate model for developing the weather files used 
in this study. MAR downscales a global model or reanalysis with a finer 
geographical and temporal resolution to obtain relevant meteorological 
outputs [51]. MAR is a 3D atmospheric model coupled to a 1D transfer 
system between the surface, vegetation, and atmosphere [52]. To create 

Fig. 3. Illustration of the real building, simulation model, and floor plans of the reference timber dwelling.  

D. Amaripadath et al.                                                                                                                                                                                                                          



Energy & Buildings 303 (2024) 113804

6

hourly meteorological outputs, MAR has a spatial resolution of 5 km 
over an integration region of 120 × 90 grid cells centered over Belgium 
as per [51]. Building designers use the Typical Meteorological Year 
(TMY) and the eXtreme Meteorological Year (XMY) data sets to assess 
building performance. This study uses XMY weather files with heat wave 
events for building simulations. The XMY weather data is an extension of 
the TMY data and is created by choosing the most extreme, i.e., out-
lier months from a given data set rather than usual months [53]. 

Although there are many ways to build these types of weather files, a 
protocol for developing these years is designed based on ISO 15927–4 – 
Hygrothermal performance of buildings [54] and is briefly described in 

[51]. Meteorological files containing heat waves are used to assess the 
thermal comfort in the reference dwelling for 2010s_Current, 
2050s_Midfuture, and 2090s_Future scenarios. The three temperature 
thresholds are calculated to identify the heat waves in each time frame 
[51] using the percentiles of 99.5 % for Spic above which a heat wave is 
detected, 97.5 % for Sdeb, that determines when the heat wave begins 
and ends, and 95 % for Sint that allows the merging of two heat wave 
when there is no significant temperature drop using a 20-year mean 
daily temperature distribution. The heat wave detection methodology is 
briefly explained in [55]. For Brussels, these values were 25.7 ◦C, 
22.7 ◦C, and 21.1 ◦C, respectively. The weather files are in comma- 
separated (CSV) format and are converted to EnergyPlus Weather 
(EPW) format for building simulation analysis using Elements software 
from [56]. All the weather files used in the study are open source in 
[57]. The heat waves from different scenarios are visualized for hourly 
dry-bulb temperature variations in Fig. 4. 

3. Results 

The climate change sensitivity of the reference high-performance 
timber dwelling was evaluated for various heat waves from 
2010s_Current, 2050s_Midfuture, and 2090s_Future scenarios. The 
hourly indoor operative temperature variations before, during, and after 
the heatwaves from different scenarios at the building and zone level are 
illustrated in Fig. 5. The reference timber dwelling is modeled with an 
acceptable threshold of 19 ◦C [28], a maximum threshold of 26 ◦C [28], 
and a critical threshold of 30 ◦C [58]. It is evident that the building level 
operative temperatures above the critical threshold of 30 ◦C signifi-
cantly increased from 48 ◦C-hours during 2010s_Current to 1584 ◦C- 
hours during 2090s_Future. The maximum indoor operative tempera-
ture in the reference dwelling increases from 40.6 ◦C to 47 ◦C during 
these scenarios. Furthermore, the operative temperature remains 
unhabitable 7 days after the heat wave during the 2090s_Future sce-
nario. The tools for calculating these climate change-sensitive over-
heating indicators can be found in [59]. 

Fig. 6 illustrates the building and zonal level IOD values in the 

Table 2 
Design parameters used as simulation inputs for modeling of reference timber 
dwelling.  

Design parameter Values 

No. of floors [-] 2 main floors and an attic 
Total area [m2] 174 
No. of occupants 4 
Clothing factor [clo] 0.5 – Summer 

1.0 – Winter 
Metabolic rate [Met] 0.9 – Light manual work 
Total volume [m3] 536 
Lighting gains [W/m2] 5 
Kitchen equipment [W/m2] 10 
Infiltration rate [ACH] 0.5 
Window-to-wall ratio [%] 30 
Window thermal transmittance [W/m2K] 0.5 
Window solar heat gain coefficient [-] 0.687 
External wall solar reflectance [-] 0.220 
External wall thermal transmittance [W/m2K] 0.148 
Extyernal roof solar reflectance [-] 0.300 
External roof thermal transmittance [W/m2K] 0.346 
Ground floor thermal transmittance [W/m2K] 0.177 
External floor thermal transmittance [W/m2K] 0.257 
Heating setpoint [◦C] 21 
Cooling setpoint [◦C] No active cooling 
Ventilation rate [l/s-person] 10 
Domestic hot water [l/m2-day] 0.72  

Fig. 4. Hourly outdoor dry-bulb temperature variations during heat waves from 2010s_Current, 2050s_Midfuture, and 2090s_Future scenarios.  
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reference dwelling before, during, and after the heat waves from various 
scenarios. These results were developed by assuming a static threshold 
of 26 ◦C for the bedrooms and an adaptive threshold for the other 
occupied zones. There is a direct proportionality with increased indoor 
overheating in the reference dwelling 2010s_Current to 2090s_Future 
scenarios and rising to 3.4 ◦C during the heat wave from the 
2090s_Future scenario. This indicates an extreme overheating impact in 
the reference dwelling per the thresholds defined by [29]. Furthermore, 
It should be noted that the calculated IOD values reached extreme and 
strong impacts during most observed periods. Higher IOD values result 

from more stringent overheating criteria based on static thresholds in 
bedrooms, while a significant decrease in IOD values can be noticed in 
other occupied zones that use adaptive thresholds. The IOD value during 
the heat waves increased by 101 % and 60 % for the 2090s_Future 
scenario compared to 2010s_Current and 2050s_Midfuture scenarios. 
The increased IOD values during heat waves can be explained as the 
reference building being a timber construction with high thermal insu-
lation and a lack of air-conditioning. 

The AWD values illustrated in Fig. 7 follow a similar trend with an 
increase in worsening outdoor conditions from 2010s_Current to 

Fig. 5. Hourly indoor operative temperature values in reference dwelling before, during, and after the heat waves from 2010s_Current, 2050s_Midfuture, and 
2090s_Future scenarios. 
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2090s_Future scenarios. These values reach up to 14.1 ◦C during the heat 
wave from the 2090s_Future scenario. In every situation, the difference 
in AWD value increases as climate change progresses. This is more sig-
nificant during the heat wave events and for the 2090s_Future scenario. 
The AWD value during the heat waves increased by 84 % and 28 % for 
the 2090s_Future scenario compared to 2010s_Current and 2050s_Mid-
future scenarios. 

The CCOhR values are shown in Fig. 8. The CCOhR value records 3.2 
before the heat waves, 3.7 during heat waves, and 3.4 after heat waves. 
In all three cases, the CCOhR is greater than 1. The results suggest that 
the reference high-performance timber dwelling can suppress the im-
pacts of climate change to varying degrees of success towards the end of 
the century. This indicates that the rise in IOD values in indoor envi-
ronments is slower compared to the rise in AWD values in outdoor 

environments. Notably, the AWD values are always significantly higher 
than IOD values, indicating better resistivity towards climate change. 
This can be attributed to the timber construction of the reference 
dwelling, which has a lower thermal mass as described in [60] and does 
not accumulate much heat before or during the heat waves. However, 
the IOD value during the heat wave for the current scenario is 1.7 ◦C, 
which strongly impacts the reference dwelling for existing conditions. 
Hence, the mitigation capacity of the reference dwelling should be 
supplemented by active and passive strategies to bring down IOD values. 

4. Discussions 

With the changing climate, more intense and frequent heat waves 
and indoor overheating are expected. Therefore, a framework for 

Fig. 6. Building and zone level indoor overheating degree values in the reference dwelling before, during, and after the heat waves from 2010s_Current, 
2050s_Midfuture, and 2090s_Future scenarios. 

Fig. 7. Ambient warmness degree values before, during, and after the heat waves from 2010s_Current, 2050s_Midfuture, and 2090s_Future scenarios.  
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building thermal comfort in Europe was developed to support decision- 
makers by determining various comfort categories and models. These 
factors were determined based on current best practices from ISO 
17772–1 – Energy performance of buildings to provide credible 
knowledge and support for robust decision-making. However, such 
comprehensive frameworks covering multiple aspects of building ther-
mal comfort are rare. To the author’s knowledge, this is the first 
framework that combines different comfort categories, models, evalua-
tion methods, performance indices, and thresholds. This framework 
provides guidelines for climate change-sensitive thermal comfort eval-
uation for European buildings while considering the various preferences 
of decision-makers like building operation mode. 

4.1. Main findings  

1. In the proposed framework, comfort categories vary from Category I 
(e.g., senior housing, hospitals) to Category IV (old and derelict 
buildings) depending on building use and condition, and comfort 
models vary from static model (air-conditioned) to adaptive model 
(free-running) based on the building operation mode. Once these 
criteria are determined, then performance indicators and their 
thresholds, based on whether the analysis is climate change-sensitive 
or not, can be selected as in Fig. 1. The study proposed thresholds for 
the indicators from existing standards like [26,38], and existing 
literature like [29–31] that can be applied in the context of European 
buildings.  

2. The proposed framework can be applied to various residential and 
commercial buildings across multiple climate zones in Europe. Based 
on the existing best practices, the framework offers decision-makers 
a comprehensive understanding of building thermal comfort evalu-
ation and methods to quantify overheating and thermal discomfort. 
The paper’s outcome will support the building designers in making 
objective, reliable, and accurate choices to improve indoor thermal 
conditions during extreme heat events like heat waves for current 
and future climate scenarios. 

3. Implementing the framework on a high-performance timber dwell-
ing for heat waves from future climate scenarios found that over-
heating risks in the reference dwelling for the heat wave from the end 
of the century were 101 % higher than during the heat wave from the 
current scenario. The ambient warmness of the outdoor environment 

also showed a significant increase toward the end of the century. The 
inability of passive measures like solar shading with overhangs and 
sidefins to mitigate overheating in the reference timber dwelling is 
evident from the study results. However, the reference dwelling 
suppressed climate change impacts in indoor overheating with 
varying degrees of success.  

4. Furthermore, the indoor operative temperature remained above the 
critical value of 30 ◦C during the monitored period, accounting for up 
to 1,584 ◦C-hours towards the end of the century, marking a 3200 % 
increase. This indicates the inability of the reference dwelling to 
bounce back to a habitable level during intense heat waves. This also 
shows the necessity of effective renovation measures like active 
cooling to equip the reference dwelling for future heat waves. The 
efficiency of these measures can be evaluated accurately using the 
proposed framework. 

4.2. Recommendations for practitioners  

1. It is recommended to conduct more comparison studies on various 
building types, categories, and operation modes to evaluate climate 
change-sensitive thermal comfort using the proposed framework.  

2. It is recommended to use performance indicators like IOD, AWD, and 
CCOhR for climate change-sensitive evaluations and indicators like 
HE and SET for evaluations that are not climate change-sensitive.  

3. Additional weather files with intermediate periods of the 2030 s and 
2070 s and different shared socioeconomic pathway scenarios should 
be used to improve the accuracy of climate change-sensitive 
evaluations.  

4. Further studies into the cooling potential of active and passive 
measures and their combination are recommended to improve the -
building’s resistance to overheating impacts in changing climate 
scenarios. 

4.3. Strengths and limitations 

The main strength of this study is that it developed a comprehensive 
framework that can be used to evaluate thermal comfort for various 
building types, comfort categories, and models using climate change- 
sensitive and insensitive KPIs. The coauthors developed this frame-
work through multiple brainstorming sessions and revisions to validate 
the choices. The proposed framework is developed based on the existing 
best practices in the industry from ISO 17772-1 – Energy performance of 
buildings and state-of-the-art literature. Furthermore, the framework 
encompasses methods to assess the potential of overheating under 
various future climate scenarios through time-integrated and multizonal 
indices like IOD that improve the scope. The practical implementation of 
the framework on a high-performance timber dwelling adds to its 
strength, as only limited literature evaluates the performance of timber 
structures during heat waves. However, there are some limitations to 
this study. The proposed framework does not integrate other building 
performance aspects, like energy use and carbon emissions. Future 
research should build on these limitations. The framework should 
integrate the different passive and active cooling strategies to support 
the selection of different cooling design alternatives and for more 
detailed analyses of economic and environmental impacts. Additionally, 
the thresholds defined in the framework are in the scope of Europe. 
Therefore, the framework should be adapted with respect to study lo-
cations accounting for different climate zones and building regulations. 

4.4. Implications for practice and research  

1. Most European legislation, like the Energy Performance of Buildings 
Directive (EPBD), does not offer guidelines for evaluating the risks of 
indoor overheating. As a result, current building regulations and 
standards do not adequately address the concerns of indoor 

Fig. 8. Climate change overheating degree values in the reference dwelling 
during heat waves from 2010s_Current, 2050s_Midfuture, and 
2090s_Future scenarios. 
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overheating due to climate change, and the proposed framework 
must be included in future revisions of the EPBD directive.  

2. Some aspects of the proposed framework were not evaluated using 
the current case study, like the static model operation and climate 
change insensitive analysis. Future studies should incorporate these 
undemonstrated aspects of the proposed framework. It is also r-
ecommended to incorporate additional overheating and thermal 
discomfort indices alongside the already suggested indicators.  

3. Currently, there is a lack of a global database that covers potential 
indoor overheating issues. Future studies can use the proposed 
framework to evaluate these risks for current and future climate 
scenarios. More studies with benchmark models for different build-
ing types and climate zones are needed to create such a compre-
hensive knowledge database. Decision-makers can then access this 
knowledge base to identify potential overheating risks and mitiga-
tion strategies.  

4. New performance indicators should include more parameters like 
relative humidity, air velocity, metabolic rate, and clothing factor for 
indoor environments, and solar radiation and relative humidity for 
outdoor environments. It is advised that future developments should 
define an additional post-processing process for sensitivity and 
optimization analysis to further the functionality. 

5. Conclusions 

A multi-criteria decision support framework was developed in this 
paper to evaluate building thermal comfort for different comfort cate-
gories and models for European buildings. The main challenge in 
developing such a framework is bringing together information that can 
be applied to multiple building typologies, categories, and operation 
modes based on existing best practices in Europe. The proposed frame-
work integrates these aspects while combining climate change-sensitive 
like indoor overheating degree, ambient warmness degree, and climate 
change overheating resistivity, and insensitive indicators like hours of 
exceedance and standard effective temperature. The proposed frame-
work will help to validate the building designers’ decisions in thermal 
comfort evaluation and detect inconsistencies in the decision-making 
process. The proposed framework was then applied to the high- 
performance timber dwelling as a case study for a climate change- 
sensitive analysis involving heat waves from the future. The reference 
dwelling is a passive house certified as a nearly zero-energy dwelling. 

The thermal comfort analysis shows a significant increase in indoor 
overheating by 101 % and 60 % for the 2090s_Future scenario compared 
to 2010s_Current and 2050s_Midfuture scenarios. In line with these 
findings, the ambient warmness of the outdoor environment also 
increased by 84 % and 28 % for the 2090s_Future scenario compared to 
the 2010s_Current and 2050s_Midfuture scenarios. However, the refer-
ence dwelling was able to suppress the impact of climate change towards 
the end of the century with varying degrees of success before, during, 
and after the heat waves. In this context, energy-efficient buildings that 
do not compromise summer thermal comfort in a changing climate make 
an ideal future solution. Integrating more building performance aspects, 
like energy use and carbon emissions, will improve the scope of the 
proposed framework for future research. More case studies, particularly 
of high-performance buildings that are free-running, mixed-mode, and 
air-conditioned mode, are needed to test the suitability of the proposed 
framework and to create a thorough knowledge database. With the 
current rate of climate change, the study recommends more climate 
change-sensitive studies and uses indoor key performance indicators 
that are sensitive to these changes in an outdoor environment. 
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Table A1 
Envelope characteristics of the reference high-performance timber dwelling.  

Envelope Layers Materials used Thickness 
[m] 

Thermal 
transmittance [W/ 
m2K] 

Ground 
floor 

Outer Fiber cement panel  0.010 0.177 
Fourth Blown-in cellulose 

insulation  
0.250 

Third Oriented strand 
board panel  

0.022 

Second Cement screed  0.030 
Inner Floor tiles  0.030 

Internal 
floor 

Outer Plywood  0.200 0.328 
Fourth Plywood  0.020 
Third Plywood  0.024 
Second Acoustic layer  0.030 
Inner Plywood  0.015 

External 
floor 

Outer External rendering  0.244 0.257 
Second MW stone wool 

rolls  
0.144 

Inner Timber flooring  0.005 
External 

roof 
Outer Asphalt  0.010 0.346 
Third MW glass wool roll  0.100 
Second Airgap  0.200 
Inner Plasterboard  0.013 

External 
wall 

Outer Wood siding  0.030 0.148 
Sixth Lathing and 

counter-lathing  
0.030 

Fifth Oriented strand 
board panel  

0.020 

Fourth Cellulose-insulated 
wooden 
framework  

0.250 

Third Oriented strand 
board panel  

0.015 

Second Rockwool 
insulation  

0.060 

Inner Wooden plank  0.018 
Internal 

partition 
Outer Plywood  0.020 0.611 
Second Cellulose-insulated 

wooden 
framework  

0.060 

Inner Plywood  0.018 
Doors External Painted oak  0.035 2.823 

Internal Painted oak  0.035 2.823 
Windows External Triple-glazed with a 30 % window- 

to-wall ratio 
0.500 

Ground floor: Floor between basement and occupied zones, Internal floors: 
Floors between occupied zones, External floors: floors adjacent to external air. 
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Appendix A 

The envelope characteristics of reference high-performance timber 
dwelling are listed in Table A1. 
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