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Abstract: The intensity and duration of hot weather and the number of extreme weather events,
such as heatwaves, are increasing, leading to a growing need for space cooling energy demand.
Together with the building stock’s low energy performance, this phenomenon may also increase
households’ energy consumption. On the other hand, the low level of ownership of cooling equip-
ment can cause low energy consumption, leading to a lack of indoor thermal comfort and several
health-related problems, yet increasing the risk of energy poverty in summer. Understanding future
temperature variations and the associated impacts on building cooling demand will allow mitigat-
ing future issues related to a warmer climate. In this respect, this paper analyses the effects of change
in temperatures in the residential sector cooling demand in 2050 for a case study of nineteen cities
across seven countries: Cyprus, Finland, Greece, Israel, Portugal, Slovakia, and Spain, by estimating
cooling degree days and hours (CDD and CDH). CDD and CDH are calculated using both fixed
and adaptive thermal comfort temperature thresholds for 2020 and 2050, understanding their
strengths and weaknesses to assess the effects of warmer temperatures. Results suggest a noticeable
average increase in CDD and CDH values, up to double, by using both thresholds for 2050, with a
particular interest in northern countries where structural modifications in the building stock and
occupants’ behavior should be anticipated. Furthermore, the use of the adaptive thermal comfort
threshold shows that the projected temperature increases for 2050 might affect people’s capability
to adapt their comfort band (i.e., indoor habitability) as temperatures would be higher than the
maximum admissible values for people’s comfort and health.
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1. Introduction

According to the NOAA’s National Centers for Environmental Information, July
2020 was the hottest month ever in the Northern Hemisphere, exceeding July 2019, where
the previous highest record was set [1]. Similarly, with an increase of 1.9 °C (global mean,
1.03 °C), the last decade (2010-2019) has been the warmest decade on record in Europe,
highlighting that annual mean temperature increase in Europe has been higher than the
global average [2]. Furthermore, a 2 °C increase in global average temperature is expected
if global emissions are not reduced by 2030 [3], leading to increased intensity and duration
of hot weather and a higher frequency of extreme weather events (heatwaves and cold
spells). Extreme weather events can generate many health and wellbeing implications,
such as health-related stress, mental health issues, and asthma [4].

Energy poverty, understood as a situation in which households cannot afford the
appropriate amount of energy to satisfy their domestic needs [5], has traditionally been
associated with countries with cold and long winter seasons and households with low
income living in poor energy-efficiency dwellings. However, a limited number of studies
show the impacts of a warmer climate in the residential sector and the consequences for
European citizens” well-being concerning energy poverty in summer [6]. Summer energy
poverty refers to the impossibility to keep homes adequately cool in summer, with a focus
on Central and Southern Europe and the Mediterranean regions [7-10]. Some studies
show how projected climate warming events and heatwaves are expected to increase both
in frequency and intensity, leading to severe health impacts on urban dwellers [11] and
affecting disproportionately vulnerable population groups (i.e., elderly, low-income
households) due to their inability to keep the adequate cooling level in their homes [12].
According to Jessel et al. [10], symptoms of arthritis, pulmonary, cardiovascular, and res-
piratory illnesses deteriorate in houses that are not adequately cool. Similarly, Taylor et
al. [13] show that increased mortality rates in the UK are directly related to severe weather
conditions and, consequently, to extremely high temperatures inside the house. In this
respect, a warmer world will imply that more people will need access to cooling systems
worldwide to live in a healthy indoor environment [14]. Therefore, the built environment,
where people live, work and spend most of their time, plays a crucial role in climate
change mitigation.

Climate change will impact residential energy demand due to extreme weather and
the increase in average temperature and cooling needs. However, it is difficult to assess
the impacts of climate change on residential electricity consumption, as it strongly de-
pends on a wide range of factors, for instance, socio-economic and environmental [15].
Damm et al. [16] estimated the impacts of climate change in mean annual electricity de-
mand in the +2 °C periods for the Representative Concentration Pathways (RCP) RCP2.6,
RCP4.5, and RCP8.5 in 26 European countries. Overall, the peak of electricity consump-
tion decreases in most countries, whereas an increase in monthly cooling electricity de-
mand for each country is expected (highlighting Finland, Sweden, and Italy). These results
must be taken carefully into consideration due to the sociodemographic and environmen-
tal factors being different depending on each context [16]. In Portugal, Gouveia et al. [17]
projected a potential variation of space cooling energy services demand for 2050 ranging
from -10% to +83% of current levels depending on indoor thermal comfort conditions,
also corroborated by the findings of Figueiredo et al. [15], who projected that space cooling
consumption might increase as much as 20-fold. These findings suggest that total residen-
tial electricity demand could potentially increase from 5% to 60%. Similarly, Jankovic et
al. [18] investigated the potential demand changes using cooling degree days (CDD) in
Serbia at the end of the 21st century under the climatic scenario A1B (medium emissions)
and A2 (high emissions). Although some limitations have been associated with the use of
CDD to evaluate cooling demand in the building sector, it is widely used at both global
and national levels [19,20]. Results show an increase of CDD is expected all over Serbia
up to 44.35% for 2100 under scenario A2. Additionally, Jakubcionis and Carlsson [21] used
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CDD to assess the potential of residential cooling demand in Europe, expecting Portugal’s
total cooling residential demand to increase in a range of 13- to 36-fold by 2050.

In the European Union (EU), the residential sector is responsible for more than one-
quarter of the total primary cooling energy demand [22]. It is expected to increase up to
74.5% by 2050 [23], mainly due to the low energy-efficiency characteristics of the existing
building stock, which was built before the first energy-efficiency regulation, also lacking
evaluation in the form of the Energy Performance Certificate (EPC) [24]. Therefore, a sig-
nificant increase in the electric energy consumption for residential cooling may be ex-
pected, from about 35 TWh in 2015 to 137 TWh in 2050 [23]. Similarly, by using EU-28
aggregated residential data, Andreou et al. [25] analyzed the potential cooling energy and
total electricity consumption. Results showed growth from 16 TWh/y in 2015 to 38-104
TWh/y in 2050 in space cooling energy demand, increasing the share of cooling consump-
tion in final electricity use from 2% in 2015 to 4-12% in 2050. However, discrepancies be-
tween cooling appliances related to energy consumption projections from the IEA [26]
and JRC [27] have arisen, as cooling appliances usage increase in the future is not pro-
jected. In this respect, it is important to understand how different models (CDD or CDH,
fixed or adaptive thermal comfort temperature thresholds) affect the projected scenarios
on temperature change and, consequently, residential cooling demand to ultimately rec-
ommend suitable actions towards mitigation adaptation of the built environment. Fur-
thermore, this type of analysis sheds light on the nexus between building standards and
cooling demand increase, addressing the need to improve the energy efficiency of existing
building stock as an instrument to address climate warming, greenhouse gas emissions,
and cooling demand increase [28,29].

Different climate variables, such as merely using the current climate’s characteristics
[30] or choosing a warm past year to represent climate warming [31], have been used to
determine future electricity demand in the residential sector. However, parametric (based
on the relationship between demand and temperature) [32], energy balance (based on heat
gains and losses of buildings using building simulation tools) [33], and degree day (based
on relating temperature with the heating/cooling requirements) [34] models are the most
common methods used to determine the future residential energy demand. These studies
predominantly assume a fixed threshold to calculate CDD and, subsequently, cooling de-
mand, neglecting the impacts of using adaptive thermal comfort temperature thresholds
on the cooling demand reduction [35,36]. In this way, it is possible to fail to understand
the effect of adaptive actions taken by building users to adapt to increasing air tempera-
tures while maintaining indoor thermal comfort levels. In this respect, G. Ciulla et al. [37]
investigated the use of Artificial Neural Networks to predict the thermal energy demand
associated with winter air conditioning of non-residential buildings, providing a novel
method to quickly estimate the thermal load needed.

Thermal comfort is a complex subject. The adaptive perspective; unlike the analytical
model developed by Fanger [38], which is the basis for the majority of fixed thresholds
considered in regulations; takes into consideration that people have a response to change
and are willing to act in order to restore thermal comfort conditions, extending their com-
fort zone [39]. Thus, more researchers are using cooling degree hours (CDH) to estimate
residential energy consumption. Unlike CDD, CDH (the sum of the differences between
hourly average temperatures and the base temperature; hourly data) fit with occupants’
thermal requirements and take into considerations the effects of latent loads, i.e., the nec-
essary amount of energy to dehumidify the air, without change of indoor temperature
[40]. The latent load is a significant aspect when indoor humidity is controlled, specifically
in humid climates and hot conditions [41].

Furthermore, the CDH index enables relatively effortless estimation of part-time op-
eration for each month (season), average cooling load profiles for day and night-time in-
dependently, when cooling is needed; and simpler and more effective than other predic-
tion models [42]. Kyritsi and Michael [43] used CDH to assess the effectiveness of different
ventilation strategies and opening patterns for each part of the day. Results showed that
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night-time ventilation is the most effective cooling strategy in contrast to day-time venti-
lation when indoor temperatures are over the acceptability limits. Furthermore, Papako-
stas and Kyriakis [44] calculated the differences in CDH values between Thessaloniki and
Athens (Greece), showing that the higher the base temperature, the higher the differences
in CDH values between both cities (i.e., about 41% at 27.5 °C, in contrast to 31% at 25 °C),
and highlighting the role of location (climatic characteristics) in CDH values.

In the end, it is shown that the model, temperature base, and climatic database influ-
ence the accuracy of predicted residential energy requirements [45], by that means the
potential to reduce building energy needs [46]. However, no studies assess the feasibility
of using CDD or CDH indexes and fixed or adaptive thermal comfort models to under-
stand future building cooling demand changes. More often, studies are designed based
on data availability or the researchers’ interests —rather than selecting the most appropri-
ate method relative to the intended purpose. Furthermore, the effects of a warmer climate
in Nordic residential cooling demand, compared with other EU countries, using CDD and
CDH indexes have not been investigated yet, leading future building cooling demand to
be neglected. Note that the authors of this study acknowledge that the cooling demand in
buildings depends on a wide range of factors, e.g., humidity, window size, irradiation,
occupants’ behavior [46], but this analysis falls outside the scope of this work.

In this respect, this paper aims to investigate the effects of a warmer climate in the
residential sector cooling demand for 2050 on a case study of nineteen cities across seven
countries: Cyprus, Finland, Greece, Israel, Portugal, Slovakia, and Spain, and how it may
differ depending on the model used for the analysis. Furthermore, the feasibility of using
the CDD and CDH indexes, and fixed and adaptive thermal comfort temperature thresh-
olds, to assess the effects of temperature changes in the building cooling demand is ana-
lyzed in the seven countries. To do this, CDD and CDH indexes are calculated for 2020
and 2050, using nineteen European cities across seven countries, accounting for ten differ-
ent climate zones of the Koppen-Geiger climate classification [47]. The novelty of this
work consists not only in the use of two different thermal comfort temperature thresholds
(a fixed threshold based on the Eurostat standard [48], and an adaptive one by using the
adaptive thermal comfort ASHRAE standard 55-2017 [49]) but also the calculation of two
different indexes (CDD and CDH), making it possible to understand the strengths and
weaknesses of each method to estimate the potential residential cooling demand changes
for 2050. Furthermore, unlike existing studies that focus on southern countries, this paper
investigates for the first time which of the proposed methodologies better assess residen-
tial cooling demand tendency by comparing northern, southern, and south-eastern coun-
tries.

This paper is organized as follows: Section 1 introduces the paper and research ques-
tion; the methodology used along with the case studies characterization is presented in
Section 2; results are presented and explained in Section 3, followed by a discussion in
Section 4; conclusions are provided in Section 5.

2. Materials and Methods

This work calculates CDD and CDH values by using a fixed and adaptive thermal
comfort temperature threshold (Note that the adaptive thermal comfort temperature
threshold approach uses a base temperature that adapts to the occupants’ thermal comfort
needs.), providing insights on the strengths and weaknesses of each standard to estimate
the potential residential energy demand for 2050.

Firstly, a case study characterization to provide an overview of main climatic and
residential building stock characteristics in the seven countries selected is shown in Sec-
tion 2.1. Secondly, Section 2.2 describes the climate data and the selected thermal comfort
criteria. Finally, the values of CDD and CDH in nineteen cities of the countries analyzed
are calculated by applying two different approaches, i.e., the Eurostat and the adaptive
thermal comfort methodologies (Section 2.3).
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2.1. Case Study Characterisation

To accommodate diversity in spatial, climate, buildings, and socio-economic profiles
across EU, nineteen cities of seven countries, accounting for ten different climate zones of
the Képpen-Geiger climate classification [47], have been selected for this work, i.e., Cy-
prus (Paphos), Finland (Oulu, Sodankyld, Turku), Greece (Athens, Thessaloniki, Tripoli),
Israel (Gilat), Portugal (Lisbon, Oporto), Slovakia (Bratislava, Trebisov, Poprad) and Spain
(Oviedo, Granada, Leon, Madrid, Pamplona, Sevilla). This section presents a clear profile
of the nineteen cities and seven countries that compose this case study regarding the cli-
matic characteristics and future climatic scenarios, and the residential sector characteriza-
tion. Figure 1 shows the location of the nineteen cities analyzed overlaid with the Képpen-
Geiger climate classification.
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Figure 1. Location of the analyzed cities overlaid with the Koppen-Geiger climate classification
(authors’ contribution).

2.1.1. Climatic Perspective: Characteristics and Climatic Scenarios

This section describes the current climatic characteristics and temperature trends for
the countries of this study and unique features that should be considered in result inter-
pretation. Minimum and maximum temperatures throughout the year are presented in
Figure 2, illustrating the examined locations” highly diverse profiles. For instance, in Jan-
uary 2019, the minimum temperature in Sodankyld reached —21 °C, and during this pe-
riod, Gilat had a minimum temperature of 9.7 °C (see Figure 2).

Cyprus is an island located in the Eastern Mediterranean with mild winters and hot
summers, which is considered a climate change hotspot [50]. The database used for all
cities in this study only included the city of Paphos for this member state and was there-
fore used here to ensure uniformity of data. As for the projected temperature increase, it
is estimated gradual and relatively strong warming of about 3.5-7 °C for the period 2070-
2099, compared to the reference period 1961-1990 [51]. However, it should be noted that,
compared to Cyprus’s capital Nicosia where peak temperatures above 40 °C are fre-
quently recorded in July and August, Paphos is a coastal and relatively cool city where
peak temperatures reached 33.7 °C, July, and 33.5 °C, August in 2019 (see Figure 2).
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Finland has a much milder climate than the other regions located as far north, where
peak temperatures reached 23.4 °C in July (Turku) in 2019 (see Figure 2). However, it is
experiencing a significant impact on temperature increase due to climate change, and it
will become even worse in the forthcoming years. Average temperatures have risen ap-
proximately by a total of 2 °C from 1847 to 2013 [52]. Similarly, Ruosteenoja et al. [53]
provide different updated climatic projections for Finland based on the CMIP5 climate
model [54], arguing that the predicted temperature increase will vary from 1.6 °C to 5.6
°C depending on the RCP (Representative Concentrations Pathway) scenario.

Greece has a wide range of temperatures between coastal and northern areas (see Fig-
ure 2). Average annual temperatures have increased by 0.5-2.2 °C above the average val-
ues of 1971-2000, depicting an upward trend [55].

Israel is located on the south-eastern shore of the Mediterranean Sea and the Red Sea’s
northern shore. The North part of Israel is a warm Mediterranean climate; the central west
is characterized by a semi-arid (steppe) hot climate; the central east is described as a semi-
arid (steppe) cold climate, and south Israel is a warm desert climate. Israel observed many
heatwaves in the last years; for instance, in September 2020, Israel faced one of the tough-
est heat waves since 1930, where the peak temperature reached 48.9 °C in Eilat [56]. The
city of Gilat was selected to represent Israel’s climate giving its hot desert climate [57],
where peak temperatures reached 37.6 °C in July in 2019 (see Figure 2).

Portugal has two main climatic areas: one with a temperate climate with rainy winter
and dry and hot summer, and the other with a temperate climate with rainy winter and
dry and not very hot summer. In 2017, Portugal registered its second-highest temperature
ever with a deviation of +1.1 °C compared to the national average for the reference period,
with the warmest year being 1997 [58]. In 2019, peak temperatures reached 27.8 °C (Lis-
bon) in July (see Figure 2).

Slovakia is located in central Europe and is considered one of the countries with the
highest risk of suffering climate-change impacts. The average temperatures can increase
by at least 2 °C in urban areas and 0.5 °C in rural areas [3]. Furthermore, it is predicted
that the average temperature in the south of the country can increase from 2 to 5 °C, de-
pending on the scenario by the end of the century [3]. In 2019, peak temperatures reached
27 °C (Bratislava) in July (see Figure 2).

Spain is another country with a broad climatic variability: Mediterranean, continen-
tal, maritime, desert, high mountain, and even a subtropical climate. Nevertheless, the
progressiveness of warming is almost linear in all the regions. In most regions, the rhythm
of the increase in mean temperatures is 2 °C every 30 years in the winter and 3 °C in sum-
mer [59]. In 2019, peak temperatures reached 36.2 °C (Seville, southern) and 25.8 °C
(Oviedo, northern) in July (see Figure 2).
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Figure 2. Minimum and maximum temperatures for each city in 2019 [55-61].

2.1.2. Residential Sector Profiles

Several indicators regarding building characteristics and energy efficiency are ana-
lyzed to better understand existing residential sector characteristics, how they might be
affected by a warmer climate, and identify potential impacts related to a cooling demand
increase. Note that these indicators have been selected according to the data available in
the selected cities.

Share of residential buildings built before 1980. This indicator may be considered a rele-
vant proxy to characterize building stock energy performance, as, unlike in Finland (De-
spite first energy efficiency regulations have been in place since 1976, it was not until 1990 when a
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series of energy saving programs were established, meaning that those buildings built before 1980
have poor energy-efficiency characteristics [60].), no energy efficiency regulation was ap-
proved before 1980. This means that it is very likely that buildings that were built before
this date have no energy-efficiency measures implemented. Overall, the existing residen-
tial sector is old and with very low energy efficiency performance. In the selected coun-
tries, Slovakia has a 67% share of the total residential sector built before 1980 [61]. In our
analysis, it is the country with the highest rate of buildings built before 1980, while Cyprus
has the lowest rate with 40% [62]. The second position is for Greece (58.4%) [63], followed
by Spain (54.1%) [64], Finland (53.8%) [65] and Portugal (53.5%) [66].

Energy Performance Certificates (EPC) in the residential sector. The Energy Performance
of Buildings Directive 2018/844/EU [67] and Directive 2012/27/EU [68] are the EU’s legis-
lative frameworks to boost and regulate buildings’ energy performance. Furthermore, EU
countries must implement a long-term renovation strategy [69], with milestones for 2030,
2040, and 2050, aiming at decarbonizing the national building stocks by 2050. However,
considering existing data, perspectives are somewhat discouraging, as not too much has
been done to achieve the targets. Table 1 shows an overview of the share of EPC in the
residential sector in the studied countries in 2019. Finland, with 44.8%, is the country with
the highest rate of residential buildings with EPC. However, 68% out of total buildings
with EPC have a class “D” or lower. Highlight the case of Cyprus in which there is no
official database on issued EPCs; it is only known that 10% of new constructions have
EPCs. This is similar in the other countries where the vast majority of existing issued EPCs
represent “new buildings” (built after 1980); for instance, in Portugal, around 75% of the
residential building stock has an inefficient class equal to or below “C” [70]. Therefore,
special attention is needed when more than 50% of existing residential buildings were
built before 1980, and only up to 23% out of the total share of buildings with EPC (in the
best-case scenario) has an EPC rate ‘C’ or higher. Note that, unlike in the different coun-
tries analyzed in this work, currently, there are no EPC records in Israel. However, from
March 2022, all new buildings must be built following Standard 5282 [71] for buildings’
energy rating, which is not currently mandatory.

Table 1. Share of EPC in the residential sector in 2019 [67-69].

Share of EPC (%)

Country A B C D or lower Total (%)
Cyprus - - - - 10.0
Finland 32.0 68.0 44.8
Greece 29 35.7 61.4 21.8
Israel - - - - -
Portugal 11.9 17.5 23.0 47.7 28.4
Slovakia 8.8 67.8 18.0 54 18.0
Spain 0.4 1.2 3.8 94.5 13.0

Share of households with air conditioning (AC). The use of AC and electric fans is increas-
ing rapidly, especially in the hottest regions, representing 10% of global electricity con-
sumption [72]. Households use cooling systems to overcome hot temperatures, create a
comfortable environment at home, and reduce potential health impacts of heat stress.
Thus, space cooling is becoming a basic energy service to potentially protect people from
health issues related to high temperatures and, consequently, reduce mortality risks [73].
Table 2 shows the share of households with AC in 2017. It is interesting to highlight that
Spain and Portugal, where main cities can reach the highest summer temperature record
across Europe, have a lower share of households with AC, justified by lower incomes,
cultural habitats, and alternative passive measures being used. Furthermore, Finland does
not have a record at all, as neither cooling needs reduction nor cooling system installation
is considered in the national building energy-efficiency regulation [74].
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Table 2. Share of households with AC in 2017.

Cyprus[75]  Finland  Greece [76] Israel [77] Portugal [78] Slovakia [79] Spain [80]
84.0% N/A 59.5% 92.0% 13.8% 13.8% 35.5%

Proportion of inhabitants who are living in a dwelling not comfortably cool in summer. Alt-
hough Eurostat no longer collects this indicator under the EU-SILC [81], a fact which has
been criticized by academics and researchers [82,83], it is especially relevant because it
implies a higher risk of heat stress and potential subsequent health impacts. That is be-
cause although a high number of people may have AC in their houses, it does not mean
that all of them can afford to use it—e.g., 84% of households have AC in Cyprus (see Table
2), but a total of 28.2% cannot keep comfortably cool in their houses (see Table 3), possibly
because they cannot afford to pay their energy bills or to pay for the AC system mainte-
nance. Gouveia et al. [84] identified this issue in a Portuguese region (i.e., Evora) with very
hot summers, showing increased vulnerability to climate change impacts. Furthermore,
attention is drawn to the case of Finland, where cooling active and passive solutions are
not mandatory by regulation, and up to 25.2% of households cannot keep comfortably
cool in their houses, mainly because buildings have traditionally been built to withstand
cold winters without taking into account future cooling needs.

Table 3. Share of households who live in a dwelling not comfortable cool in summer, 2012 [80].

Cyprus Greece Finland Israel Portugal Slovakia Spain
28.2% 34.0% 25.2% 25.0% 35.7% 21.0% 25.6%

Note that, according to a survey carried out by Dokupilova et al. [85] in June 2020, 40% of house-
holds were living in a dwelling not comfortably cool in summer, highlighting over two-fold in-
crease in the share of households in the last 7 years.

2.2. Climate Data and Thermal Comfort

To obtain a broad overview of the significant variety of climate conditions and
changes, representative cities in each country were selected according to the Koppen-Gei-
ger climate classification [47]. Temperatures in each of the selected cities were calculated
in accordance with the 2000 Special Report on Emission Scenarios (SRES) A2 scenario (The
A2 scenario presents a very heterogeneous world, considering a value of 16.5 GtC/year (gigatones
of carbon per year) of COz emissions from fossil fuels, and 595 10%]/year (Joule per year) of primary
energy for 2050 in relation to 1990 [86].) of greenhouse gas emissions; known as ‘high’ forcing
scenario, it considers a 2.2 higher CO2 concentration than the present values by the end of
the 21st century. To obtain climatic data adapted to climate change (according to scenario
A2) for any location in the world for 2020 and 2050, this paper uses Meteonorm software,
a calculation tool with a combination of reliable data sources that generates accurate and
representative typical years for any place in the world [87]. The Metonorm software and
climatological database are broadly used to create monthly, daily, and hourly time series
of future scenarios by considering variations of radiation, precipitation, and temperature
[88].

It is important for this work to highlight that the SRES A2 was the only scenario
available for use in the Meteonorm software at the time of the analysis. In 2013, the Inter-
governmental Panel on Climate Change released the Fifth Assessment Report, based on
the fifth phase of the Coupled Model Intercomparison Project (CMIP5). The report incor-
porates the latest versions of climate models and scenarios and introduces the 2010 Rep-
resentative Concentration Pathways (RCP) [89], which became the standard for climate
change analysis. Although this analysis is not based on the latest and updated scenarios,
it is important to clarify that the IPCC’s Fifth Assessment also uses results from the SRES
CMIP3 modeling and therefore identifies similar scenarios from each set. In particular, in
the last part of the XXI century, the SRES A2 presents a similar path to RCP 8.5 (which
represents a very pessimistic scenario). Both scenarios are very similar in terms of global
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radiation (about 8 W/m?) and similar changes in global mean temperature. RCP8.5 indi-
cates global mean surface temperatures for 2081 to 2100, compared with those for 1986 to
2005, to be likely in the range of 2.6 C to 4.8 °C higher, with a calculated mean increase of
3.7 °C[90]. The projected increase in temperatures for SRES A2 for the 2090 to 2099 period,
relative to 1980 to 1999, is presented as 2.0 °C to 5.9 °C, with a calculated mean increase of
3.4 °C [91]. Hence, for the analysis performed in this study, the results are deemed valid
and useful. However, potential future research is the use of RCP scenarios (using
downscaling methodologies) in order to be able to compare results.

Regarding the upper thermal comfort temperature threshold used for the CDD and
CDH calculations for each country’s most representative cities, this was calculated in two
ways. The first one was calculated according to the principles in ASHRAE standard 55-
2017 [49], in which indoor comfort temperatures depend on external temperatures of the
previous days. Generally, two thermal comfort temperature thresholds can be calculated
depending on the people’s level of acceptability (80% acceptability limits are for a normal
level of expectation—it is used for new buildings—and 90% acceptability limits are for a
moderate level of expectation; it is used in existing buildings) [49]. Taking into consider-
ations vulnerable energy households (elderly, children, or people with chronic diseases),
who spend most of their time at home and typically have higher thermal needs, as well as
the issue of energy poverty in summer, 90% of acceptability was used in this work to cal-
culate the upper limit of thermal comfort temperature thresholds, which is determined by
Equation (1), according to the ASHRAE standard 55-2017 [49]:

To=0.31 x Tpma +17.8 + 2.5, (1)

where To is acceptable upper operative temperature, and Tpma is the prevailing mean
outdoor temperature of the previous 7 days. This standard is also aligned with the Euro-
pean regulation EN 16798-1:2019 [56] for designing and assessing buildings” energy per-
formance addressing indoor air quality and thermal environment. Note that the standard
for calculating the prevailing mean outdoor temperature (Tpma) is only applicable when
it is greater than 10 °C and less than 33.5 °C [49]. Otherwise, Tpma has to be set, respec-
tively, at 10 °C and 33.5 °C.

The second approach in calculating the upper indoor thermal comfort threshold is
fixed and calculated according to the Eurostat methodology [39]. Unlike the adaptive
methodology, the indoor thermal comfort temperature does not vary along the different
days of the year when using this approach.

2.3. Calculation of CDD and CDH

According to the Eurostat methodology (“fixed threshold”) [39], the CDD index de-
picts the severity of the heat in a specific period taking into consideration daily outdoor
temperature and average room temperature (in other words, the need for space cooling
per day). On the other hand, the CDH assesses the severity of heat considering hourly
outdoor temperature and, using Equation (1), estimating the need for cooling per hour.

The calculation of CDD, according to the Eurostat methodology, relies on the base
temperature (Tb), defined as the highest daily mean outside dry-bulb temperature, not
leading to indoor cooling. The value of the base temperature (Tb) depends on several fac-
tors associated with the built environment. Using a general climatological approach, the
base temperature (Tb) is set to a constant value of 24 °C in the CDD calculation [39]. If the
Mean Outside Dry-Bulb Temperature of the day (Tm) is greater than or equal to Tb for
that day, the value of the CDD index is Tm-To [48], where To is the indoor comfort tem-
perature, which is set to 21 °C. Otherwise, if the daily mean air temperature is lower than
Tb for that day, the CDD index is 0. Therefore, the calculation of CDD according to the
Eurostat methodology can be expressed by Equation (2):

If (Tm > 24°C; Tm - 21°C; 0) @)
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On the other hand, the CDH calculation is customarily carried out by using the upper
adaptive indoor comfort temperature (To in Equation (1)). Unlike the Eurostat methodol-
ogy, the adaptive thermal comfort methodology does not use a fixed base temperature
(Tb) and indoor comfort temperature (7o), rather an acceptable upper operative tempera-
ture calculated by Equation (1). The adaptive comfort criterion is considered appropriate
for this study because climatic differences across the seven selected countries are consid-
ered. In addition, this standard analyses the people’s capability to adapt to different in-
door environments; it sets a wide range of temperature thresholds for adaptability, and it
reflects maximum thermal habitability conditions, which is especially common among
vulnerable people. The calculation of CDH adjusted to the upper adaptive indoor comfort
temperature (Equation (1)) is shown by Equation (3):

If (Tm = To; Tm - To; 0) 3)

As anovelty of this work, the CDD and CDH calculations have also been carried out,
adopting the methodologies not usually encountered in the literature (see Section 1). Usu-
ally, CDD values are calculated on a fixed thermal comfort model and CDH values on an
adaptive thermal comfort model (which has been explained for this study). Here, CDD
values are also calculated following the adaptive thermal comfort approach, and CDH
values are estimated based on a fixed thermal comfort threshold. This means that for the
CDD calculation by using the adaptive thermal comfort approach, the base temperature
(Tb) and indoor comfort temperature (To) are not set to a constant value of 24 °C and 21
°C, respectively, as in Equation (2), rather both values are set by using the upper adaptive
indoor thermal comfort temperature threshold defined in Equation (1), meaning that Tm
and To have the same value. Then, the calculation of CDD by using the adaptive thermal
comfort approach [49] is defined by Equation (3), which in this case is applied to the av-
erage daily temperature.

Regarding the calculation of the CDH by using the Eurostat methodology (fixed ther-
mal comfort threshold), it differs from the adaptive thermal comfort approach in how the
indoor thermal comfort temperature (To) and base temperature (Tb) are set. Unlike with
the adaptive thermal comfort approach, in the Eurostat methodology, the indoor thermal
comfort temperature (7o) is fixed to 21 °C and the base temperature (Tb) to 24 °C [48].
Thus, similarly to the CDD calculation by using the Eurostat methodology, the calculation
of CDH values is defined by Equation (2) but applied to each hour of the year rather than
each day (in other words, it is calculated by using hourly rather than daily values).

3. Results

This section presents the results of the CDD and CDH values for 2020 and 2050 by
using a fixed and adaptive thermal comfort temperature threshold, explained in Sections
3.1 and 3.2. Furthermore, a comparison analysis between the results for CDD and CDH
indexes is provided in Section 3.3.

3.1. CDD Values for 2020 and 2050

Figure 3 shows the CDD values of the selected cities in 2020 and 2050 calculated by
applying the Eurostat (fixed thermal comfort temperature threshold) and adaptive ther-
mal comfort (variable thermal comfort temperature threshold) methods explained above
(see Sections 2.2 and 2.3 for further details). Blue and yellow bars represent the CDD val-
ues for 2020 by using the adaptive thermal comfort and Eurostat methods, respectively,
and the orange and purple ones represent the CDD values for 2050 by using the adaptive
thermal comfort and Eurostat methods. Overall, both figures show a CDD value increase
for 2050, with different percentages depending on the city. For instance, Gilat has the high-
est CDD values for 2020 and 2050 using the Eurostat method, while Oulu has no CDD
values for 2020 and 2050. However, analyzing the CDD values for 2020 and 2050 by using
the adaptive method, Sevilla has the highest values instead of Gilat.
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Figure 3. CDD values for 2020 and 2050 according to the Eurostat and adaptive thermal comfort
methods (authors’ contribution).

Figure 4 represents the CDD values only for 2020, calculated by applying the Eurostat
and the adaptive thermal comfort methods to better understand the effects of using a fixed
or adaptive thermal comfort threshold. Blue bars represent the CDD values according to
the adaptive thermal comfort method, and the orange ones represent CDD values accord-
ing to the Eurostat one. Analyzing Figure 4, it is shown that the highest value of CDD by
using the adaptive thermal comfort method is calculated for the city of Sevilla (68.18),
whereas, according to the Eurostat method, Gilat is the hottest city (946.80). On the other
hand, the lowest values of CDD by using the adaptive thermal comfort method (i.e., 0) is
obtained for the five coldest cities (Oviedo, Poprad, Oulu, Sodankylae, and Turku),
whereas, according to the Eurostat method, only four of these five cities present a CDD
value equal to 0 (note that Oviedo has a CDD value equal to 3.23). In this respect, it can be
highlighted that the adaptive thermal comfort method provides much lower values of
CDD than the Eurostat one (the median ratio between the Eurostat method values and the
adaptive thermal comfort ones is 37). This means that the Eurostat method neglects the
effects of building users’ adaptive actions to adapt to indoor air temperatures.
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Figure 4. CDD values for 2020 by using the adaptive thermal comfort and Eurostat methods (au-
thors” contribution).

3.2. CDH Values for 2020 and 2050

Figure 5 shows the CDH values of the selected cities in 2020 and 2050 calculated by
applying, respectively, the Eurostat and adaptive thermal comfort methods explained
above (see Sections 2.2 and 2.3 for further details). Blue and yellow bars represent the
CDH values for 2020 by using the adaptive thermal comfort and Eurostat methods, re-
spectively, and the orange and purple ones represent the CDH values for 2050 by using
the adaptive thermal comfort and Eurostat methods. Overall, both figures show a CDH
value increase for 2050, with different percentages depending on the city. For instance,
Gilat has the highest CDH values for 2020 and 2050 by using the Eurostat method, while
Oulu has the lowest values for 2020 and 2050. However, unlike the CDD values, analyzing
the CDH values for 2020 and 2050 by using the adaptive thermal comfort method, Gilat
and Sevilla have similar values (see Section 3.1). This means that the CDH index, which
considers hourly outdoor temperatures, enables an accurate assessment of the cooling
needs.
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Figure 5. CDH values for 2020 and 2050 according to the Eurostat and adaptive thermal comfort
methods (authors’ contribution).

To provide a better understanding of the effects of using a fixed or an adaptive ther-
mal comfort threshold on the CDH calculation, Figure 6 shows the CDH values only for
2020 calculated by applying the Eurostat and the adaptive thermal comfort methods. Blue
bars represent the CDH values according to the adaptive thermal comfort method, and
the orange ones represent the CDH values according to the Eurostat one. Analyzing Fig-
ure 6, it is shown that the city of Seville has the highest value of CDH by using the adaptive
method (5037.27). At the same time, Gilat is the hottest city when using the Eurostat
method (24,952.90), just like in the CDD index (see Section 3.1 for further details). It is
important to note here that the difference between using the adaptive thermal comfort
and the Eurostat methods is almost double in the CDD methodology than in the CDH one
(467% and 222%, respectively). This is mainly because the CDD index uses daily outdoor
temperatures and the CDH one uses hourly outdoor temperatures. On the other hand, the
lowest value of CDH for the adaptive thermal comfort method corresponds to the city of
Oulu, whereas, using a fixed threshold (Eurostat), Sodankylae has the lowest CDH value.
In this respect, it can be said that the adaptive CDH values are significantly lower than
the Eurostat ones (the median ratio between the Eurostat method values and the adaptive
ones is 6).
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Figure 6. CDH values for 2020 by using the adaptive thermal comfort and Eurostat methods (au-
thors” contribution).

3.3. Comparison between CDD and CDH Indexes

It is also possible to compare results for CDD and CDH indexes. Figure 7 shows the
percentage change between CDD and CDH values for 2020 and 2050 for adaptive thermal
comfort and Eurostat methods. Blue and orange bars show how CDD and CDH values
vary between 2020 and 205 when using the adaptive thermal comfort method, and yellow
and purple bars when using the Eurostat method.
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Figure 7. Adaptive and Eurostat CDD and CDH values variation between 2020 and 2050 (authors’
contribution).
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The CDD index in Figure 7 indicates that several cities in different countries have no
cooling requirements (Propad, Oulu, Sodankylae, and Turku). These findings appear to
be contradictory to the heatwave experienced in 2019 when Oulu and Turku recorded
temperatures higher than 19 °C in June and July and even higher than 22 °C in Turku (see
Figure 2). These unprecedented temperatures for this part of the world ascertain the actual
need for cooling in critical times. On the other hand, using an hourly based index (CDH),
there is no city with null values, and there are different CDH values among the cities, even
among the coldest ones (CDH values for Oulu, Sodankylae, and Turku by using the adap-
tive thermal comfort methodology are 11.01, 15.27 and 24.87, respectively).

Secondly, when comparing the average increase between 2020 and 2050, CDD values
present a noticeable median increase by using both methods: 54% in the calculation with
the Eurostat method and 112% in the values calculated using the adaptive thermal com-
fort temperature threshold. On the other hand, the CDH values increase by 41% for the
Eurostat method and 55% for the adaptive one. It is interesting to highlight that the CDH
values increase is relatively similar to the CDD values when using the Eurostat method (a
fixed thermal comfort temperature threshold), but very different (almost double) when
using the adaptive thermal comfort method, in which CDD values experience a two-fold
increase with regards to the CDH values. This shows that, unlike the CDH index, the CDD
index does not provide accurate values when using the adaptive thermal comfort method,
neglecting hourly changes in temperatures (i.e., between day and night).

4. Discussion

In this section, several aspects of the results are discussed: (1) the difference between
the CDD and CDH indexes and the methodology used for the calculation; (2) the implica-
tions of results for further research; (3) the implications of results for energy poverty mit-
igation in summer, and (4) the implications of results for policy formulation.

4.1. Discussion of the Difference in the Models

The main difference between the CDD and CDH indexes is that the CDD index uses
daily average temperature in contrast to the CDH index, which uses hourly average tem-
perature, meaning that the CDH index provides a more reliable and accurate assessment
of the effect temperature variations have on the cooling demand. This aspect is shown in
Figures 4 and 6, where the CDD values are significantly lower than the CDH ones (i.e.,
Gilat had a CDD value of 946.80 and a CDH value 24,952.90 in 2020 by using the Eurostat
methodology). In this respect, unlike the CDD values, it can be said that the CDH values
consider the high cooling needs that inhabitants in Gilat experienced in different periods
of the day in 2020.

Secondly, results show the methodology’s importance (meaning the thermal comfort
temperature threshold) used to calculate the CDD and CDH values. For instance, Eurostat
imposes that, to consider the average outdoor temperature (Tm) of the day in calculating
CDD, this has to be equal to or higher than 24 °C. Furthermore, it must meet that the base
temperature (Tb) is equal to 24 °C (Tb = 24 °C), neglecting that the base temperature for
the adaptive thermal comfort method changes among the days in the warmer months,
and it is usually higher than the Eurostat one (see Section 2.3 for further details). There-
fore, the Eurostat values of CDD/CDH are higher than those of the adaptive thermal com-
fort method’s ones (i.e., Gilat has a CDD and CDH value of 946.80 and 24,952.90 in 2020
by using the Eurostat methodology, while only a CDD and CDH value of 18.86 and
4422.11 when using the adaptive thermal comfort methodology; see Figures 4 and 6).
Moreover, the Eurostat method can represent the temperature trend; however, it cannot
consider people’s ability to progressively adapt their thermal comfort band according to
the climate of the location and the average temperature of the previous days.

On the other hand, the adaptive method can detect this phenomenon, then avoiding
the overestimation of cooling needs. Interestingly, results for the adaptive thermal com-
fort method suggest that there is no direct correspondence to the values calculated with
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the Eurostat one, which can be interpreted as a result of the non-linearity between the
temperature change considered in the model and the people’s adaptability among the dif-
ferent climates. This calls for careful consideration of a study’s methodology, according
to the project’s aims, as results and implications may be quite different.

More in detail, when comparing the CDD and CDH values, the CDD values in the
coldest cities were equal to 0 in 2020 independently of the thermal comfort temperature
threshold used (Eurostat or adaptive thermal comfort), whereas the CDH values in the
same cities are not null, and differ among the cities (i.e., Oulu, Sodankylae and Turku; see
Figures 3 and 5). Furthermore, it can be noted that the CDD index fails to detect smaller
changes in temperatures, as it uses daily average temperature rather than hourly. For in-
stance, the CDD values of Poprad, Oulu, Sodankylae, and Turku do not change between
2020 and 2050 according to the two thresholds (Eurostat or adaptive thermal comfort); see
values of the % CDD changes in Table 4. However, according to the CDH index, Poprad,
Ouluy, Sodankylae, and Turku will experience an increase in the values for 2050 inde-
pendently of the threshold used (Eurostat or adaptive thermal comfort); see values of the
% CDH changes in Table 4. In other words, the CDH index represents the cooling needs
of each city more realistically and can detect the differences even in the cities with cold
climates. The CDH index can therefore be considered a more accurate index because it
considers hourly changes in temperatures, which can affect people’s thermal comfort. This
is an important fact when analyzing those cities with a wide range of temperatures be-
tween day and night (i.e., southern cities in Nordic regions, and inner and southern cities
in Slovakia and Spain), where people’s capability to adapt to the indoor environment
plays a key role in the energy needs.

Table 4. Summary of results and main building characteristics in the studied cities (authors” contribution).

% CDD Change % CDH Change Share

' . Uncomfortable in Households Built before
Eurostat Adaptive Eurostat Adaptive Summer (%) with AC (%) 1980 (%)
Cyprus Paphos 55 878 41 91 28.2 84.0 40.0
Oulu 0 0 208 235
Finland Sodankyla 0 0 82 54 25.2 N/A 53.8
Turku 0 0 142 302
Athens 108 459 64 100
Greece Thessaloniki 78 779 69 112 34.0 59.5 58.4
Tripoli 48 170 39 48
Israel Gilat 22 123 18 26 25.0 92.0 80.0
Lisbon 99 71 61 56
Portugal Oporto o1 151 o1 69 35.7 13.8 53.5
Bratislava 81 126 32 43
Slovakia Trebisov 6 14 11 18 21.0 13.8 67.0
Poprad 0 0 24 16
Granada 11 10 13 10
Leon 65 112 31 29
. Madrid 57 254 35 42
Spain Oviedo 135 0 139 79 25.6 355 54.1
Pamplona 125 132 67 80
Sevilla 14 23 10 12

In the end, it can be said that the CDD index highlights the effects of climate warming
in those countries that are already experiencing intense summers, while the CDH index
sheds light on the future implications in those countries with cold and mild summers,
such as Nordic regions; see Table 4). Thus, one method should not be prioritized over the
other; instead, one should combine them to get a better perspective from the analysis.
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4.2. Discussion on Implications of Results for Further Research

Results from this study confirm previous work results on the potential effect of cli-
mate change regarding energy demand increase and indoor thermal comfort implications,
estimating an overall increase of cooling demand up to 2050, in the range of 54-112% (see
Table 4), depending on the methodology employed. Aebischer et al. [92] evaluated the
impact of a temperature increase in summer cooling demand based on CDD values and
the Eurostat thermal comfort threshold across Europe. Their results showed a 115% CDD
increase for 2035 and an associated electricity energy consumption increase of 46%. Simi-
larly, Larsen et al. [93] analyzed cooling demand trends with outdoor temperature
changes for different climate models and scenarios at the European level, showing a gen-
eral CDD increase, with a higher incidence in Nordic regions (i.e.,, Sweden, Norway, and
Finland). In relation to other studies using CDD values based on the Eurostat method,
results show that the percentage increase on CDD values provided in this work are simi-
lar. This work shows the importance of the thermal comfort temperature threshold used
when calculating CDD and CDH values, as the results may be quite different, suggesting
that the method and threshold used for the calculation should be based on the analyzed
case study and research’s aims. For instance, looking at the % CDD change values for
Finland in Table 4 (i.e., values equal to 0), it can be said that climate warming will not
affect either cooling demand or people’s thermal comfort. However, the % CDH change
values show that Finland will suffer at least a 50% cooling demand increase by 2050, being
higher depending on the city (i.e., Sodankyla will suffer a 54% increase while Oulu a 235%
according to the adaptive thermal comfort temperature threshold). Hence, these results
have important implications for further research on climate warming impacts in the Finn-
ish building stock and people’s thermal comfort, and Nordic regions in general, when
considering that 25.5 of households were uncomfortable cool in summer, 53.8% of existing
residential building stock were built before 1908 with poor energy-efficiency characteris-
tics, and there is neither record nor culture of AC usage (see Table 4).

On the other hand, unlike the CDD index, the use of the CDH index shows that the
expected values of building cooling demand might not happen finally. For instance, sev-
eral studies in Portugal [15,17,21] estimate a potential cooling demand increase of up to
83% for 2050. Similarly, according to the “‘An EU Strategy on Heating and Cooling’ report
from the European Commission [23], a 74.5% increase in the cooling energy demand is
expected across the EU countries by 2050. However, the results of this work, by using the
CDH index and adaptive thermal comfort temperature threshold, show a potential build-
ing cooling demand ranging from 56—69% in Portugal depending on the region (see Table
4 for further details), and an average 55% building cooling demand increase across differ-
ent EU countries (see Figure 7 in Section 3.3).

In the end, as the novelty of this work, the comparative analysis presented provides
a better understanding of the potential implications of using each of the methodologies
analyzed in terms of the final values; the CDD index, through the use of average daily
temperatures, overestimates the potential cooling demand in countries with hot summers
and neglects meaningful changes in countries with relatively cold and mild summers, i.e.,
northern countries. On the other hand, the CDH index, which uses average hourly tem-
peratures, provides lower cooling demand values in countries with hot summers and ac-
curate analysis of the potential cooling demand increase in those countries which are cur-
rently out of the framework, i.e., Nordic regions.
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4.3. Discussion of the Implications of Results for Enerqy Poverty Mitigation in Summer

The results of both indexes suggest that there is a noticeable average increase in both
CDD and CDH values in 2050 (up to double in some of the studied cities). There is a lim-
ited number of studies on the consequences of an increase in CDD and CDH values for
European citizens” well-being concerning energy poverty in summer. Atsalis et al. [94], in
a case study in Greece, showed that mortality is positively-correlated with higher CDD
values. Relevant implications when considering results of this work, which show a con-
siderable increase in CDD values for 2050: 108% and 459% in Athens; 78% and 779% in
Thessaloniki; and 48% and 170% in Tripoli according to the fixed and adaptive thermal
comfort temperature threshold, respectively. This means that households will need to use
cooling systems in order to overcome high indoor temperatures and stay healthy at home,
yet this will increase energy consumption, potentially creating social justice issues among
vulnerable population groups (i.e., elderly, low-income households, etc.) such as energy
poverty [95]. In this respect, Eskeland and Mideksa [96] estimated that one unit increase
in CDD could lead to an electricity consumption raise of 0.04%, meaning, for instance, that
for the case study of Greece, households will see an increase in their electricity consump-
tion in summer of 11.34% in Athens, 17.14% in Thessaloniki, and 4.36% in Tripoli. How-
ever, it should be noted for this work that the electricity consumption increase might be
lower according to the CDH values (which considers people’s capability to adapt the ther-
mal comfort band without using the cooling system): 3.28% in Athens, in 3.62% Thessalo-
niki, and 1.74% in Tripoli. This comparison relates to the implementation of communica-
tion strategies to assist most vulnerable households with their energy use as an effective
measure to reduce households’ energy consumption and, subsequently, energy poverty.

Unlike energy poverty in winter, which has been embedded within decision-makers’
discourse among European countries, the importance of summertime cooling poverty has
relatively been neglected. In this respect, it is important to highlight for this work the case
study of Finland, where up to a two-fold increase in the CDH values is expected in 2050.
As shown in Table 4, national building energy-efficiency regulation does not consider the
installation of cooling system during either the design or retrofitting process, and up to
53.8% of buildings were built before 1980, which is possibly leading 25.2% of households
to not live comfortably cool in summer. In this context, those households with low in-
comes who live in housing predisposed to high temperatures (i.e., existing residential
building stock is old and with low energy-efficiency characteristics) and are unable to af-
ford to install neither passive nor active cooling measures (i.e., low share of households
with AC and low-income level) will witness exacerbated effects of summer heat [9,82].
Important implications for Nordic regions in general where the social welfare model does
not reflect the impacts of projected climate warming in citizens’ wellbeing, relatively ab-
sent within the discourse of decision-makers [83].

Cities located in southern countries, already experiencing intense summers, are ex-
pected to face even harsher conditions and will be called to adapt to hazardous environ-
ments (i.e., Paphos, Thessaloniki, Athens, Madrid; see Table 4). Nevertheless, the shock
that northern countries will experience should not be overlooked. Their CDD and CDH
values may not be comparable to those of southern countries; however, population and
dwellings are not adapted at all (i.e., 84% of households have AC in Cyprus, and 59.5% in
Greece, but there is no record in Finland; see Table 4). For this reason, structural modifi-
cations in the building stock and occupant behavior should be anticipated for northern
countries, whereas for southern countries, there should be a ramp-up of existing renova-
tion techniques.

In conclusion, unlike existing studies, this work shows a relevant connection between
climate warming, cooling demand, and the risk of energy poverty in summer, and this
must therefore be considered within the energy and building policy-making process.
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4.4. Discussion on Implications of Results for Policy Formulation

Findings of this work indicate that the absolute values of CDD/CDH based on the
adaptive thermal comfort method are lower than the Eurostat method ones. Therefore,
the absolute variation of CDD/CDH values between 2020 and 2050 by using the adaptive
thermal comfort method is lower than the variation calculated using the Eurostat one. On
the other hand, the relative variation calculated with the adaptive thermal comfort
method is on average higher than the Eurostat one (see Table 4). This means that the tem-
perature increases projected in this paper for 2050 could affect the “habitability of resi-
dences” because, even considering the people’s capability to adapt their comfort band, the
temperature values in 2050 would be higher than the adaptive thermal comfort tempera-
ture threshold values, specifically over 55% (see Section 3.3). In 2012, an average of 20%
of households were uncomfortably cool in summer, and over 58% of buildings were built
before 1980 with poor energy-efficiency quality in the studied countries (see Table 4),
which might lead to a two-fold increase in the share of households who live uncomforta-
bly cool in summer in 2050 according to this work’s results. Similarly, based on findings
from the literature [23,72,73,79,82], this is very likely to increase the adoption of air condi-
tioning and energy consumption in the summer, especially in southern European coun-
tries. Nevertheless, these changes might not be as significant as the expected impacts of
other factors (e.g., household size, income, electricity prices, occupant thermal comfort
patterns, socio-economic particularities) [29]. Therefore, interpretation of results in that
regard should be cautious.

These results shed light on the need for building design and building refurbishment
to be based on the implications of projected climatic scenarios in the cooling demand in-
crease rather than on past climatic data. Building location and the type of ventilation sys-
tem (i.e., natural, mechanical, or a combination of both) can play an important role in cool-
ing mitigation, specifically to provide natural ventilation at night, decrease cooling load
and increase thermal comfort [97]. The uses of the adaptive thermal comfort method,
which considers occupants’ capability to adapt to different indoor conditions, shows that
energy-efficiency solutions must be occupant-centered rather than solely mechanically
oriented since the latter does not allow occupants to adapt to different indoor thermal
comfort conditions. This can also have potential societal implications when designing so-
cial housing and/or retrofitting vulnerable households” dwellings to mitigate energy pov-
erty, prioritizing cheaper solutions that reduce household energy consumption rather
than only installing a cooling system to provide an adequate indoor thermal comfort en-
vironment.

In this respect, these results provide key insights that may support policymakers to
define future building regulations concerning the Renovation Wave for Europe [98],
which aims to double the annual energy renovation rate of residential and non-residential
buildings by 2030 and foster deep energy renovation, maintaining the renovation level
until 2050, when EU-wide climate neutrality must be achieved. Passive and technical so-
lutions to reduce cooling energy demand in buildings, which enable occupants to interact
with building’s systems to adapt to the indoor environment, must be taken into consider-
ation (as has already been done for heating systems such as heat pumps [99]), and adap-
tive thermal methods have the potential to assess the effectiveness of these measures.

5. Conclusions

Cooling energy demand in buildings is largely overlooked in many attempts to
achieve climate change mitigation and related carbon neutrality targets. In this respect,
this work analyses the effects of a warmer climate in the residential cooling demand for
2050 on a case study of nineteen cities across seven countries: Cyprus, Finland, Greece,
Portugal, Slovakia, Spain, and Israel. To do that, cooling degree days and hours (CDD and
CDH) are calculated using both fixed and adaptive thermal comfort temperature thresh-
olds for 2020 and 2050.
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Results suggest that there is a noticeable average increase in both CDD and CDH
values by using both thresholds for 2050. However, it can be noticed that the CDD values
fail to detect smaller changes in temperatures. For instance, in the Nordic cities of Oulu,
Sodankylae, and Turku, CDD values are equal to 0 for 2020 and 2050, regardless of the
model used. In this respect, it can be said that the CDH index better represents the cooling
needs of each city and can detect the differences even between cities with cold climates.
Unlike the CDD index, which uses daily average temperatures, the CDH index can there-
fore be considered a more accurate methodology to assess the impacts of projected climate
warming in the residential cooling demand, as it calculates hourly changes in tempera-
tures, which can affect people’s thermal comfort.

In terms of methodology, results show that, unlike the adaptive thermal comfort
methodology, the Eurostat methodology is less likely to consider people’s ability to pro-
gressively adapt their thermal comfort band according to the climate characteristics of the
location, leading then to an overestimation of the cooling needs. This fact can be seen in
Figures 4 and 6, where CDD and CDH values by using the Eurostat methodology are
significantly higher than if the adaptive thermal comfort methodology is used. This is
mainly because the Eurostat methodology does not consider daily temperature changes
(i.e., base temperature (Tb) and indoor operative temperature (To) are set at 24 °C and 21
°C, respectively; see Equation (2) in Section 2.3), neglecting that outdoor temperatures (Tb)
vary among the days, and between day and night, and the capability of people to adapt
to the indoor thermal comfort conditions (To); this fact is considered in the adaptive ther-
mal comfort methodology (see Equation (3) in Section 2.3). It is important to note that the
results for the adaptive method suggest that there is not a direct correspondence to the
values calculated with the Eurostat one, which can be interpreted as a result of the non-
linearity between the temperature change considered in the model and the people’s adapt-
ability among the different climates.

Although the results from this study are aligned with the evidence found in other
studies concerning the potential effect of climate change regarding cooling demand and
thermal comfort, in particular, they must be carefully considered, given the complexity to
assess thermal comfort and the impossibility to predict occupants’ behavior and capability
of adaptation to future scenarios, given the temperature increase velocity. Thus, further
research is needed in order to be able to evaluate the results of this paper (e.g., the use of
RCP scenarios using downscaling methodologies).

Regarding policy implications, this work sheds light on the need for building design
to be based on the implications of projected climatic scenario in the cooling energy de-
mand rather than on past climatic data. Furthermore, it shows that energy-efficiency so-
lutions must be occupant-centered rather than solely focused on technology, thus ena-
bling occupants to adapt to different indoor thermal comfort conditions. As it is discussed
in Section 4, this can lead to reducing cooling demand and possibly energy consumption;
people might adapt to the indoor thermal comfort conditions opening windows rather
than using the cooling system (AC). This can also have potential societal implications
when improving the energy efficiency of most vulnerable households in order to mitigate
energy poverty in summer. As discussed above, a 0.04% electricity consumption increase
per CDD value is expected, meaning, for instance, an 11.34%, 17.14%, and 4.36% electricity
consumption increase for households located in Athens, Thessaloniki, and Tripoli in the
summertime. Low-income households who live in housing predisposed to high tempera-
tures (old and low energy-efficient residential building stock) and are unable to afford to
install cooling measures or/and pay the associated costs will more severely experience the
effects of heat and, as a result, have a higher risk of suffering energy poverty in summer.
For this reason, structural modifications in the building stock and occupant behavior must
be considered within the policy-making process and anticipated for northern regions,
where populations and dwellings are not adapted at all, while a ramp-up of existing ren-
ovation techniques is encouraged for southern countries. In this respect, building design
and refurbishment must be based on projected climate changes during the building life
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cycle rather than on past and present climatic data. Furthermore, a mix of methods to
assess the impact of a warmer climate on cooling demand should be used rather than only
one, because as this work shows, results can be quite different depending on the method
used.

In conclusion, this paper shows that the effects of change in temperatures and inten-
sity in the residential cooling demand may differ depending on the model used for the
analysis and that the adaptive thermal comfort models have the potential to provide an
analysis closer to the reality, as occupants’ capability to adapt to different indoor environ-
ments is considered. Furthermore, it shows that projected temperature increases for 2050
might affect people’s ability to adapt their comfort band (i.e., indoor habitability) as tem-
peratures would be higher than the maximum admissible values for comfort and health.
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