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Thermal comfort in educational buildings affects not only the well-being of students but also their academic performance. Over
time, various methods have been developed to assess it. However, none of them takes into account the adaptation of students of
different ages, which is an important issue. In recent years, the study of thermal comfort has become very important due to
energy-saving measures and ventilation protocols to combat the spread of the SARS-CoV-2 coronavirus. Therefore, it is
necessary to gather all the information to guide future research. Thus, this paper presents a comprehensive review of field
studies on thermal comfort in classrooms at different educational levels. The focus is on those conducted during the global
pandemic of COVID-19. It has been observed that students from climates with a higher degree of variation have shown a
better adaptation. Children also tended to feel less affected by changing temperatures. High school and university students
showed a greater range of dissatisfaction with heat than with cold. The adaptive approach is more suitable for recognising the
comfort needs of all age groups. However, by using this approach together with the Fanger method, more reliable results have
been reported. In most of the studies, comfort levels were found to be lower than those indicated by the standards,
highlighting the need for guidelines adapted to the thermal comfort conditions of all students. Finally, the various natural
ventilation measures to avoid COVID-19 infection have led to a decrease in comfort levels, especially in winter.

1. Introduction

Thermal comfort in educational buildings not only affects
the comfort and well-being of students and teachers. It also
has a direct impact on their health and academic perfor-
mance [1, 2]. However, such buildings sometimes struggle
to maintain comfortable conditions conducive to the learn-
ing process [3]. Factors such as the orientation of schools,
architectural design, heating, ventilation, and air condition-
ing (HVAC) systems, as well as the interactions between
occupants and the built environment, are key to achieving
optimal thermal conditions [4–6], especially in a context
where climate change is leading to an increase in extreme
energy events [7]. At the same time, rising energy prices

and growing concerns about energy security have recently
increased the importance of this factor [8, 9]. For these rea-
sons, it is necessary to study and improve the energy effi-
ciency of buildings, trying to achieve a balance with the
thermal comfort conditions in the interior spaces [7].

At the same time, given the amount of time students
spend in classrooms, it is essential to ensure an environment
that promotes conditions conducive to concentration, atten-
tion, and effective learning [10–12]. Students may spend sev-
eral hours at a time in these enclosed spaces during a typical
school day [13, 14]. Inadequate thermal conditions can
therefore have a cumulative negative effect on their well-
being and performance throughout the day. However, when
thermal conditions are optimal, students can focus on
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educational activities without weather-related distractions
[15]. An indoor environment characterised by comfortable
and balanced thermal conditions contributes to a state of
general well-being, which is also reflected in increased
engagement and participation in the educational pro-
cess [16].

Several methods have been developed for the assessment
of thermal comfort [17], with the rational Fanger or thermal
equilibrium model (PMV and PPD indices) [18] and adap-
tive models [19–21] being the most widely used in the scien-
tific literature. However, in the case of educational buildings,
relevant issues arise when considering the adaptation of stu-
dents at different levels of education. On the one hand, it is
important to recognise that the adaptive capacity of students
may vary, especially at the lower levels of education where
teachers play a key role in actively modifying the thermal
environment [22, 23]. It should also be noted that thermal
perception may differ between children and adults, so it
would be appropriate to consider individual pupil prefer-
ences when designing classrooms to improve thermal com-
fort and optimise the learning environment [24]. At the
same time, a variety of activities take place in educational
buildings that can influence the assessment of thermal com-
fort. In particular, activities with higher metabolic rates, such
as physical activity, participation in dynamic lessons or lab-
oratory exercises, and movement between different spaces in
educational buildings, can lead to an increase in body heat
production and affect the thermal perception of occupants
[25, 26]. Finally, it is important to study the interaction
between environmental conditions and students’ clothing,
as this can affect their thermal sensation and ability to regu-
late their comfort [27].

The extent to which a thermal environment study can
identify detailed adaptation mechanisms depends largely
on the accuracy of in situ physical measurements and sub-
jective questionnaires [23, 28]. These questionnaires focused
on questions relating to thermal sensation and preference.
More recent research has increasingly included such ques-
tions on humidity and air velocity. At the same time, it is
essential to include questions on preferred coping strategies,
information on clothing and position in enclosed spaces,
activities undertaken [29–31], and aspects related to stu-
dents’ health and performance [32–34]. However, there are
still no methodological mechanisms to establish the duration
of surveys or the optimal number of respondents for the
assessment of thermal comfort in educational buildings. In
contrast, recommendations have been made to simplify
and adapt thermal questionnaires for younger children to
ensure the adequacy of the data collected in this population
[23, 35].

It is also important to note that indoor air quality also
plays a crucial role in the thermal comfort and health of
occupants in educational buildings [4, 36–40]. This factor
has become particularly relevant in the global pandemic sce-
nario for COVID-19 [41–47]. A good air quality environ-
ment is essential to reduce the risk of virus transmission,
as well as helping to mitigate the effects of allergies and gen-
eral discomfort. This involves adequate ventilation that pro-
motes air renewal, particle filtration, and pollutant removal

[48, 49]. However, it is important to strike a balance between
ventilation and thermal comfort, as excessive increases in
ventilation can lead to a feeling of discomfort among occu-
pants [41].

Furthermore, as buildings aim to combine energy effi-
ciency and comfort, it is important to study and understand
how the level of thermal comfort can affect the energy con-
sumption of buildings and to look for solutions that improve
both efficiency and the well-being of the occupants [50, 51].

The complexity of educational environments, coupled
with the lack of specific standards for thermal comfort in
such buildings, has necessitated the use of standards such
as ISO 7730 [52], ASHRAE 55 [53], and EN 15251 [54] as
reference documents. These standards are primarily based
on data collected in laboratories [52] or field studies con-
ducted in offices with healthy adults at steady state, where
clothing and activity levels are assumed to be constant
[55–57]. However, given the characteristics of educational
spaces, these standards appear insufficient to ensure com-
fortable conditions for students and teachers, as they do
not take into account individual student preferences [23].
They also do not take into account current contexts where
indoor air quality and energy efficiency are given priority.

Based on the above, thermal comfort in educational
buildings at all levels has been the subject of extensive
research, using various models and indices with the aim of
understanding and improving this area of study. However,
despite the efforts made, there are still challenges that,
although identified in the available scientific literature, have
not yet been resolved. Therefore, it is recognised that there is
a need for a systematic collection, classification, and analysis
of these studies to assess the current state of research and
identify current issues and situations. This paper is aimed
at filling this gap by highlighting current problems in ther-
mal comfort studies in educational buildings. To carry out
this work, an exhaustive literature review of field studies of
thermal comfort in classrooms at different educational levels
published in peer-reviewed scientific journals and interna-
tional conference proceedings over a period of the last 25
years will be carried out. Based on different characteristic
parameters, the collected information will be sorted, com-
pared, and contrasted. In addition, the impact of the
COVID-19 pandemic on the field will be analysed, and
how the situation created by the pandemic has affected
research on thermal comfort in classrooms will be examined,
considering possible changes in approaches, priorities, and
challenges faced by the scientific community.

2. Materials and Methods

2.1. Research Methodology. The selection process of scientific
publications for this work is based on the methodology
adopted in the JBI Manual for Evidence Synthesis [58, 59].
Based on this manual, a complete literature review is com-
monly associated with the following steps: (1) delimitation
of the search scope; (2) synthesis of the search strategy; (3)
definition of the literature database, search rules, and selec-
tion criteria; (4) search in the selected databases; and (5)
final selection of publications.
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2.1.1. Scope Delimitation. The main objective of this paper is
to provide a detailed overview of research on thermal com-
fort in educational buildings at all levels over the last 25
years. Therefore, this review will focus on (a) educational
buildings of primary and secondary education as well as uni-
versities. It excludes outdoor environments of these build-
ings, kindergartens, and different types of centres where
other types of training courses are provided; (b) thermal
comfort in these types of buildings, excluding works that
exclusively study other forms of comfort, such as visual,
acoustic, or ergonomic; (c) the assessment of thermal com-
fort using the rational and adaptive approach; and (d) field
studies on thermal comfort, excluding literature reviews.

2.1.2. Synthesis of the Search Strategy. After defining the
scope of this literature review, it is necessary to convert the
search criteria into instructions that can be interpreted by
the databases. Table 1 shows the keywords used, followed
by the respective alternative terms. The search digest was
formulated taking into account the basic Boolean operators
(OR, AND, and NOT) and modifiers (e.g., asterisks for trun-
cation, when different forms of the word are valid and
inverted commas, indicating when phrases should be kept
together) [60].

2.1.3. Definition of the Literature. The databases selected for
this study were Scopus, Web of Science, SAGE Journals, and
PubMed, as they cover most of the literature in the fields of
engineering and architecture, as well as health and social sci-
ences, and allow for a comprehensive subject search. On the
other hand, only literature published in peer-reviewed jour-
nals and international conference proceedings was reviewed
in this paper. In addition, as mentioned above, we included
papers published in English in the last 25 years (1998-
2023) to assess the most recent research on the topic.

To select papers that deal exclusively with field studies of
thermal comfort in educational buildings, this systematic
review focuses on typical teaching classrooms, excluding lab-
oratories, gymnasiums, and classrooms with special features.

2.1.4. Searching in Databases. The search in the different
databases was carried out in April 2023. The keywords listed
in Table 1 were used in the titles, keyword lists, and abstracts
of the publications. Initially, 879 publications were identified
in Scopus, 746 in Web of Science, 38 in SAGE Journals, and
12 in PubMed. Many of these results were duplicates and
were subsequently eliminated, leaving 309 publications. All
abstracts of the search results were read using the selection

criteria mentioned in section 2.1.1. If they met the marked
requirements, they were selected to pass the full-text filter.
This process resulted in the selection of 238 articles.

2.1.5. Final Selection of Publications. The subsequent screen-
ing involved a thorough content analysis of these 238 publi-
cations, i.e., not only the title, keywords, and abstract but
also the full text of the articles. After a detailed reading of
the entire content, we eliminated those papers that did not
show any signs of exclusion in the titles, keywords, and
abstracts but were still excluded from the study after a thor-
ough review. In this way, 189 papers were selected. At the
same time, this process included a second search of the ref-
erence lists of the accepted publications to identify related
papers that had not appeared in the first database search.
In this way, 34 articles were added to the list for full-text
screening. This resulted in a total of 223 publications in
the final assessment. Figure 1 shows the literature search
procedure carried out for this study.

Finally, it should be noted that the PRISMA 2020 state-
ment has been used, which includes a checklist of 27 recom-
mended points for the writing and publication of systematic
literature reviews, to standardise the information presented
based on evidence and increase the transparency of this
research [258, 259].

2.2. Field Study Methodology. The main objective of this
research was to identify and discuss the main factors affect-
ing thermal comfort in educational buildings, through a crit-
ical review of previous research, considering the guidelines
set by the various norms and standards.

Firstly, a statistical analysis of the articles reviewed was
carried out to understand recent trends in this field of
research. To this end, we studied the number of papers pub-
lished according to year, country, and journal or interna-
tional conference proceedings. Likewise, an analysis of the
cooccurrence of the keywords that appear in these research
studies was carried out using the VOSviewer software, which
is used to construct and visualise bibliographic networks
[260]. These studies can show the critical points of research
in this specific field, help to systematically understand its
evolution, and provide future research directions.

At the same time, the different methodologies used in
the selected studies have been studied, including objective
measurements and subjective surveys. In addition, all the
indices used for the assessment of thermal comfort have
been compiled.

Table 1: Logic grid and keywords.

Thermal comfort Educational building Field study

“thermal comfort” OR
“thermal sensation” OR
“thermal preference” OR
“thermal acceptability” OR
“thermal conditions” OR
adaptive AND “thermal comfort”
OR Fanger AND “thermal comfort”

school∗ OR “primary education” OR “secondary education”
OR universit∗ OR “higher education” OR pupil∗ OR student∗

OR classroom∗

survey∗ OR investigation∗

OR stud∗ OR assessment∗
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On the other hand, a study was carried out on the com-
patibility of rational and adaptive thermal comfort
approaches according to the academic level (primary, sec-
ondary, and university), the climatic zone according to the
Köppen-Geiger classification (A, B, C, D, and E) and the sea-
son of the year (autumn, winter, spring, and summer) in
which the different selected investigations were carried out.
It should be noted that compatibility is defined as the coin-
cidence between the actual thermal sensation, measured in
terms of TSV, and the forecasts calculated by the two ther-
mal comfort assessment methods used [28, 154]. The differ-
ent neutral and comfort temperature ranges have also been
evaluated according to the same classification.

Finally, the values calculated by the different authors for
operating temperature (Top) and average outdoor tempera-
ture (Tout), both parameters measured in °C, have been com-
piled to present the results in the adaptive thermal comfort
graph proposed by the ASHRAE 55 standard [53]. This
graph is based on the adaptive comfort equation developed
by de Dear [261], which considers the evolution of outdoor
temperatures as a factor that directly influences the thermal
sensation of people. Thus, two ranges of comfort operating
temperatures are defined for outdoor temperatures ranging
from 10 to 33.5°C. For the first range, the limit operating
temperatures result from adding ±3.5°C to the comfort tem-
peratures, assuming a percentage of acceptability of 80%
(proportion of people who would theoretically feel comfort-
able). This range is intended for typical applications. For the
second range, the limiting operating temperatures result
from adding ±2.5°C to the comfort temperatures, resulting
in an acceptability percentage of 90%. This range is intended
for situations where a more stringent level of thermal com-
fort would be desirable [21, 53]. Additionally, the correlation

between TSV and PMV has been studied with Top as a func-
tion of educational level, season, climate zone, and ventila-
tion type, and the resulting equations for each category are
presented.

3. Results and Discussion

This section presents the main results obtained from the bib-
liometric study and the critical review of the literature. In
this way, the most relevant parameters of the 223 field stud-
ies on thermal comfort in educational buildings examined
for this work are included in Table 2.

3.1. Characterization of Articles and Publication Trend. An
exhaustive characterization of the articles selected for this
review was carried out. Through thorough analysis, the
trend of their publication has been evaluated, taking into
account different parameters. This detailed and rigorous
study allows us to place the evolution of thermal comfort
in classrooms in a broader context and to understand the
trends and patterns that have emerged in the scientific
literature.

Figure 2 shows the yearly distribution of the selected
articles. All papers are arranged according to the year in
which the studies were conducted and the year in which they
were finally published. In addition, the number of studies
carried out in recent years is highlighted, particularly in
the context of the COVID-19 pandemic. Of the 223 publica-
tions analysed, 24 (10.75%) belong to this period.

Firstly, an upward trend in scientific production over the
last decade is evident, which has become more significant in
the last five years. There is also a time lag between the dates
when studies were carried out and when they were published
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Figure 1: Literature search procedure.
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in journals and conference proceedings, with a gap of up to
eight years [14]. The year 2019 marked the peak in terms of
published papers, while 2017 and 2018 were the years with
the highest number of studies conducted. According to those
observed, many of the studies carried out and published
since 2020 have focused on assessing how ventilation proto-
cols established in educational environments to curb
COVID-19 infections have influenced thermal comfort
(30% of the total for this period). Finally, and even though
not all publications have been collected for the year 2023
due to the revision date of the articles included in this work,
it is expected that the number of research studies will be
maintained or may even increase, due to the interest that
the relationship between the energy consumption of build-
ings and the thermal comfort of the occupants also arouses,
especially within the current context of savings due to cli-
mate change and the crisis in energy prices and supplies.

Figure 3 shows the countries where research on thermal
comfort in educational buildings has been carried out over
the last 25 years. Lighter shades can be seen for those coun-
tries that have published fewer articles, starting from a single
publication, and darker shades for those regions where more
research has been carried out, up to a maximum of 26 pub-
lications. Thus, the countries with the highest scientific pro-
duction in this field are China (26), India (19), the United
Kingdom, Italy, and Spain (15). In the case of countries such
as China, India, Iran, and Taiwan, more field studies are car-
ried out due to the need to analyse thermal comfort in
regions with extreme climates where air conditioning is
essential. On the other hand, in countries such as Spain,
Italy, and Portugal, where temperate climates prevail over
most of the territory, studies are mainly focused on the eval-
uation of thermal comfort conditions using natural ventila-
tion. These studies mainly reflect the perception of thermal
comfort by classroom occupants depending on the charac-
teristics of the buildings and the seasons of the year.

At the same time, countries, where thermal comfort
studies have been carried out in the context of the
COVID-19 pandemic, are highlighted in red. As can be seen,
most of the studies were carried out in Spain and Italy. Also,
the high cumulative incidence recorded during this period
meant that in these two countries, natural ventilation

measures, preferably cross ventilation, were mandatory in
educational buildings whenever possible due to their charac-
teristics [262, 263]. Looking at the rest of the research in
other countries, most of the research where natural ventila-
tion protocols existed was done in temperate climates. This
might give an idea that such measures might not be the most
appropriate in climatic zones with more extreme characteris-
tics [237].

To follow, Figure 4 shows the keyword cooccurrence
map, where each node with its respective label represents a
keyword. The size of each node reflects the number of occur-
rences it had in total, i.e., the larger it is, the higher its fre-
quency, while the thickness of the lines is proportional to
the closeness of keyword connections. For this work, a min-
imum of 5 occurrences per keyword were selected, to choose
the ones that carried the most weight. The centrality indi-
cates the most influential nodes, as they are the ones with
the highest number of cooccurrences with another thermal
within the network. The colour of each node represents the
grouping of terms offered by VOSviewer, called a cluster
[260]. Thus, a total of six distinct clusters can be seen, with
a significant correlation between the keywords in each
group.

(i) Cluster 1 (Green). The main area of research is to be
found in the term “thermal comfort,” which appears
within this cluster and is the largest and most
central node on the map. This term is directly
related to 23 of the 29 keywords collected. Also
included are terms related to the subjective prefer-
ences that occupants have for the indoor thermal
environment.

(ii) Cluster 2 (Red). In this cluster, terms relating to the
locations where the selected studies were conducted,
i.e., classrooms and educational buildings at differ-
ent levels, have been included.

(iii) Cluster 3 (Dark Blue). It encompassed five keywords
referring to indoor air quality. This cluster groups
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together terms such as natural ventilation, CO2 con-
centration, and COVID-19. This shows the impor-
tance of these parameters for thermal comfort,
especially in recent years.

(iv) Cluster 4 (Yellow). Terms related to the thermal
comfort assessment methods used. The keyword
“adaptive thermal comfort” has the highest fre-
quency and is related to one or more terms from
the other clusters.

(v) Cluster 5 (Purple). Keywords linked to temperature
as the main parameter influencing thermal comfort
are included.

(vi) Cluster 6 (Light Blue). This cluster refers to concepts
related to energy efficiency and consumption, asso-
ciated in most of the works reviewed with the use
of air conditioning systems as a tool for achieving
correct thermal comfort conditions.

Finally, to assess the impact of research on thermal com-
fort in educational centres, an analysis of the journals, their
fields, and impact factors, as well as the number of citations
of the different studies, was carried out. Among the 223
papers selected, a total of 76 international journals and con-
ference proceedings were identified, mainly covering
research areas focused on engineering and architecture,
energy, and sustainability. However, it is also possible to
find, to a lesser extent, publications focusing on the assess-

ment of thermal comfort in human health. Almost half of
the articles were published in journals in the first quartile
of their field in the research year, while 25% were published
equally in Q2 and Q3 journals. Of all the papers reviewed, 23
have no citations to date, while 47% have at least 20 cita-
tions. Of the total, 13% of the studies have 100 or more cita-
tions. The most cited paper has 265 citations. These data
show that this research topic has attracted a great deal of
interest from the scientific community in assessing the rela-
tionship between an adequate indoor environment in educa-
tional classrooms and students’ ability to learn and solve
problems [264].

3.2. Review Results of Field Studies. The results of the
reviewed studies are presented in the following sections:
number of participants involved, thermal indices used, cli-
matic zone, season, mode of operation, and level of educa-
tion. In addition, a compatibility study was carried out
between the different thermal comfort approaches, taking
into account the parameters mentioned above. Finally, the
adaptive thermal comfort equations and the regression
equations of the TSV and PMV indices were evaluated.

3.2.1. Number of Participants Involved. The papers selected
for this literature review included 9 to 5297 participants for
the development of classroom thermal comfort field studies
[106, 229]. The average total participation was 840 students.
The average number of participants in the studies carried
out during COVID-19 was significantly lower, at 263. This
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Figure 4: Cooccurrence of papers’ keywords.
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reflects the capacity measures in place to prevent the spread
of the virus [262]. As shown in Table 3, more than half of the
studies had a participation of 500 people or more, so in most
cases, there was large participation, which is a prerequisite
for more accurate results. Although, in general, occupancy
rates in secondary and university classrooms tend to be
higher than in primary school [265], lower participation
was observed at these educational levels. In cases where the
experiments had a high number of participants, this was
mainly because the studies were conducted in different sea-
sons of the year or under different ventilation and air-
conditioning conditions.

It should be noted that most of the studies conducted
investigated the two genders separately. Although in most
cases no significant difference was shown [186], it became
clear that this issue is important in countries with religious
dress restrictions for women [117, 204, 212, 231, 252].

3.2.2. Thermal Indices Used in Field Surveys. This section
summarises the thermal indices applied in the different pub-
lications reviewed, following the study conducted by de
Freitas and Grigorieva [266], as shown in Table 4. Air tem-
perature (Ta) and relative humidity (RH) were the two most
frequently used indices, with a total of 198 and 172 publica-
tions, respectively. These parameters are two of the four
environmental factors, together with air velocity and mean
radiant temperature, whose measurement is necessary to
carry out any objective study of thermal comfort
[267–270]. In most of the works that have studied the ventila-
tionmeasures implemented during theCOVID-19 pandemic,
the aforementioned indices have been used exclusively to
establish some relationship with the existing thermal comfort
conditions [43, 44, 47, 146, 225, 230, 237, 239].

It can also be seen how the TSV (for some authors
AMV) and PMV indices were the next most used, appearing
in 57 and 44% of the cases. The PMV represents the mean
vote determined from the mean of the TSV values [271].
However, several studies have analysed the discrepancy
between the two terms in favour of the latter, especially in
cases where thermal comfort in naturally ventilated class-
rooms has been analysed [167, 169, 177, 207, 214]. There-
fore, some authors claimed that updates to the PMV model
should be made by applying expectation factors and adaptive
coefficients, proposing the ePMV, aPMV, and cPMV indi-
ces, which take into account the difference in expectations
between nonacclimatised individuals and behavioural, phys-
iological, and psychological adaptations [272–274].

Finally, the TPV, TAV, and TCV indices are used in
numerous investigations and are included in some of the
thermal comfort evaluation surveys, especially in those car-
ried out by university students because they can respond
more accurately to the nuances of these questions [159,
164, 175, 186, 191, 216, 238, 253, 257]. The same is true
for HSV and HPV where the effect of humidity is analysed
independently [187, 210, 212, 215, 229, 235, 247].

3.2.3. Climatic Zone, Seasons, and Operation Modes. The
Köppen-Geiger climate classification has been used to group
studies of thermal comfort in classrooms. This classification
identifies five main climate types, subdivided into a total of
37 classes, with a series of letters indicating the behaviour
of temperature and precipitation that characterises each cli-
mate [275]. Thus, Figure 5 shows the number of studies col-
lected for each climate zone, highlighting the proportion of
work carried out in the context of establishing COVID-19
prevention measures.

The data show that most studies (60.68%) were carried
out in group C of this classification, which corresponds to
temperate climates. It can also be seen that more than 83%
of the studies carried out during the pandemic period by

Table 3: Number of participants in the studies selected.

No. of participants range No. of publications

<100 22

100-500 58

500-1,000 48

1,000-2,500 29

2,500-5,000 4

>5,000 1

Table 4: Frequency of thermal indices applied in the reviewed
studies.

Indices No. of publications
No. of publications in
COVID-19 period

Ta 198 22

RH 172 19

TSV 127 7

PMV 98 7

TPV 87 2

Top 69 4

PPD 68 5

TAV 49 1

TCV 24 1

PD 20 1

HSV 18 1

AMV 17 0

OC 16 0

MSV 12 0

APD 12 0

aPMV 7 0

ET∗ 6 0

DISC 4 0

SET∗ 3 0

ePMV 2 0

HIS 2 0

TIP 2 1

TsaV 2 1

cPMV 1 0

HPV 1 0
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COVID-19 were in this climate zone. In these cases, as indi-
cated above, the various strategies to prevent the spread of
SARS-CoV-2 coronavirus infection were mainly aimed at
promoting natural ventilation, whereas in more extreme cli-
mates, such measures could not be implemented. Some of
the countries with studies on thermal comfort in educational
buildings included in this review were China, Spain, Italy,
the United Kingdom, Portugal, Taiwan, the Netherlands,
Japan, Cyprus, Denmark, Poland, and India. Group A stud-
ies, corresponding to more tropical climates, were the sec-
ond most common (21.79%) and included work carried
out in India, Indonesia, Malaysia, and Nigeria, among
others. This is followed by studies carried out in climate
zone B (9.83%), i.e., in climates considered to be arid.
Research in this group was mainly carried out in Iran, China,
Australia, Kuwait, and Oman. On the other hand, 18 papers
(7.69%) were found in group D, the continental climates,
almost all of which were carried out in China. Finally, no
such studies were found for group E, the polar and alpine
climates.

Figure 6 shows the distribution of the investigations
according to the seasons of the year and the mode of opera-
tion (ventilation and air-conditioning system). As can be
seen, the selected studies were mostly conducted in winter
and classrooms with only natural ventilation (NV), closely
followed by rooms where the mode of operation was mixed
(MM), considered as the joint use of two or more ventilation
or air-conditioning systems [276]. As can be seen, the latter
mode of operation was the most typical during COVID-19
given the need to combine heating (HS) in winter and
air conditioning (AC) in summer with NV to try to allevi-
ate the spread of this respiratory disease [41, 262]. In
some studies, where it has not been possible to ensure
adequate ventilation by opening windows and doors, it
has been decided to combine NV with mechanical ventila-
tion (MV) systems [43].

Figure 7 shows the average neutral and comfort temper-
atures and their lower and upper limits taken from Table 2
for each climate zone. The temperature limits for the studies
conducted under COVID-19 conditions are also included in

the dashed line. Thus, neutral temperature can be defined as
the temperature at which no heat transfer occurs between
the body and the environment. The thermal sensation corre-
sponding to the neutral temperature is indicated by a “0” on
the ASHRAE 7-point scale [53, 277], while the lower and
upper limits have been considered as the minimum and
maximum temperature of the comfort band [28], respec-
tively, recorded in each of the reviewed studies.

Since the investigations were carried out in different sea-
sons and climate zones, using multiple modes of operation
in terms of ventilation and air conditioning, the indoor neu-
tral temperature varied greatly in each climate and ranged
from 13.90 to 32°C, as shown in Table 2 [88, 154]. As shown
in Figure 8, the highest average comfort temperature was
recorded in climate zone A (27.78°C), while the lowest aver-
age comfort temperature was recorded in zones with type D
lime (21.24°C). Also, the comfort band (upper boundary-
lower boundary) was the widest (18.40°C) [151] and the nar-
rowest (0.70°C) [211].

In the studies conducted under COVID-19 conditions,
the average neutral temperature was 22.45°C, with a comfort
range of 10.50°C. Although the limited number of studies
published to date does not allow any firm conclusions to
be drawn under these circumstances, it can be seen that
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A 24.26 27.78 29.39
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Figure 7: Lower and upper limits and mean neutral comfort
temperature for different climate zones.
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although most of these studies were carried out in climate
zone C, the neutral temperature was slightly lower (0.5°C).
This slight difference could be because more studies were
carried out in winter, which means that the thermal prefer-
ences were lower than those established for this type of cli-
mate. Also, the influence of stricter ventilation measures
led to lower temperatures in the classrooms. On the other
hand, the lower limit was also lower (3.36°C) than that estab-
lished for the type C climate. However, the upper limit was
2.14°C higher. These differences in the limits are mainly
due to the small number of samples and the different cli-
mates and seasons in which the different studies were carried
out during the COVID-19 period, which tends to bias the
more extreme values reported in some studies [41, 146].

The neutral temperature ranged between 21.80 and 32°C,
with a minimum in air-conditioned classrooms during sum-
mer in Ecuador [220] and the maximum in Nigeria [88];
between 13.90 and 27.21°C for climate zone B in China
and India, respectively [154, 177]; between 13.90 and 32°C
in group C in winter time with NV in China [154] and in
Cyprus with AC during summer [178]; and between 18
and 26.80°C in China for climate zone D [168, 185]. In most
of the studies, the preferred temperatures did not corre-
spond accurately with the neutral thermal sensation of the
respondents.

In studies conducted in climate zone A, mostly in class-
rooms with natural ventilation during winter and summer,
the occupants showed a higher heat tolerance and were bet-
ter able to adapt to the environment they are used to, even if
the thermal and environmental conditions exceed the stan-
dards [171, 175, 210]. Although the relative humidity in this
climate is quite high, studies have revealed that the influence
on thermal comfort is not remarkable [191, 210]. Group B
research has been carried out in classrooms primarily with
natural ventilation during the summer and mid-seasons,
although several studies have looked at thermal comfort
conditions throughout the year. The comfort range and neu-
tral temperatures were almost the same compared to studies
in climate zone A [78, 150]. Also, comfort levels above the
standards have been considered acceptable [177]. On the
other hand, the vast majority of work in climate type C
was carried out in buildings with natural ventilation or by

a combination of other means, during winter, autumn, and
spring. This climate zone is characterised by a wide variety
of climatic subtypes. Notably, students in locations exposed
to wider climatic variations showed greater thermal adapta-
tion than those in areas with smaller thermal amplitudes
[149]. Even when outdoor climatic conditions were warmer
than average, students’ thermal sensations remained within
the neutral range [4, 113, 114, 147, 148, 159, 166]. Finally,
the work in group D was mostly carried out during the win-
ter and with a combination of natural ventilation and heat-
ing system (HS). The comfort range was notably lower
than for the other zones, as this climate is characterised by
being quite cold all year round [278]. Furthermore, it was
noted that the lower the outdoor temperature, the worse
the thermal adaptability to the warm environment is consid-
ered, while the adaptation to the cold environment is stron-
ger [168].

3.2.4. Education Stage. The selected works are classified
based on the educational level into three groups: (1) primary
level, students aged 7 to 11; (2) secondary level, students
aged 12 to 17; and (3) university level, students aged 18 to
28.

Most of the research was carried out in universities (106
papers), followed by studies in primary school classrooms
(58 papers) and secondary school classrooms (43 papers).
At the same time, it can be seen that 12 of the papers ana-
lysed thermal comfort conditions for primary and secondary
school levels together, two of them in secondary and univer-
sity classrooms, and two others investigated all levels of edu-
cation considered in this literature review. Most of the
papers at the university level were carried out in Asia
(53.77%), while research in primary and secondary class-
rooms was mainly carried out in Europe (46.90%).

Regarding the period of establishment of measures to try
to curb COVID-19 infection in educational institutions,
more than half of the studies were carried out in university
settings (54.17%), while 16.67% were carried out in primary
schools and 12.50% in secondary schools. Some studies were
also observed that looked at this situation together at various
levels of education.

The lower and upper limits as well as the average neutral
comfort temperature according to the different educational
stages studied are shown in Figure 8. At the same time, the
temperature limits for the studies carried out under
COVID-19 conditions are shown in a dashed line.

Most of the studies with primary school children were
conducted in naturally ventilated classrooms in climate
zones C and A, mainly in winter and mid-season. The neu-
tral temperature, defined as the operating temperature, var-
ied between 16.70 and 32°C in different climate zones [75,
88]. In studies before those reported in this review, children
were found to be less sensitive to temperature changes than
adults, with very different thermal responses [279]. This
effect was also observed in the papers reviewed, as can be
seen in Figure 8, where the average comfort range recorded
for this level of education is lower than for secondary school
and university students. On the other hand, several studies
have shown that children living in temperate climates,

Lower limit (°C) Neutral
temperature (°C)

Higher limit (°C)

Primary 20.46 24.36 25.72
Secondary 20.14 24.04 25.97
University 22.39 24.53 27.57
COVID-19 17.5 22.45 28
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Figure 8: Lower and upper limits and mean neutral comfort
temperature for different educational levels.
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despite having warmer thermal sensations, do not have a
preference for cooler environments. The results suggest that
these students are more sensitive to higher temperatures
than adults, with comfort temperatures 2-4°C lower than
predicted by thermal comfort assessment models [66, 68,
81]. The same effect was also observed in several studies con-
ducted in climate zone B [30, 149]. Possible reasons for the
lower neutral comfort temperature preferred by children
could be the higher metabolic rate per kilogram of body
weight, the fact that children do not always adapt their cloth-
ing to the wind chill, and the influence of the indoor envi-
ronmental characteristics of their home environment [10,
28]. In addition, classroom conditions are highly dependent
on the thermal preferences of teachers. This prevents the use
of adaptive models in schools at this level, as reported in
some studies [4]. At the same time, it should be considered
that children's school schedules include time for outdoor
recreation. This variation in activity levels and the strong
relationship with the outdoor climate may also influence
the thermal perception of this type of student [66]. There-
fore, several authors state that all these parameters need
much more research [69]. However, several studies have
highlighted the opposite effect for children in climate zone
A, where the neutral temperature was higher than suggested
by the different standards, especially during the summer sea-
son [95, 148]. This may indicate that primary school chil-
dren are better adapted to the thermal and environmental
conditions of tropical climates [280].

The second category of thermal comfort analysis is for
secondary schools. Occupants in this age group have a
greater ability to adapt to the environment through behav-
ioural actions and the metabolic rate differs less from that
of adults compared to primary school pupils [28]. In turn,
researchers would be more willing to conduct research with
primary school students because of their greater ability to
provide more reliable and accurate information about their
thermal sensations and preferences [120, 121]. However, this
has not been demonstrated in the number of studies carried
out. As in the previous case, the studies were mainly carried
out in climate zone C, followed by zones A and B, in that
order. The work carried out was similarly distributed
between the different seasons. Although the age of the occu-
pants, climate, season, and type of ventilation were similar in
almost all cases, there are still differences in the thermal sen-
sation [111, 112, 127–129].

The third category analysed corresponds to field studies
of thermal comfort in university classrooms. The first ther-
mal comfort studies carried out by Fanger in climatic cham-
bers involved university students [18]. However, subsequent
research pointed out the discrepancy between actual and
expected thermal sensations as a result of the adaptation
actions carried out by students in classrooms [261, 277].
University students generally spend less time indoors than
the other two educational levels studied, so thermal percep-
tions may be different. On the other hand, given their phys-
iological characteristics, the results of studies on thermal
comfort in offices could be applied to this type of occupant.
However, it has been observed that the neutral temperature
is higher in classrooms than in offices. This phenomenon

is mainly because office workers are more dressed than stu-
dents. Therefore, it cannot be assumed that the thermal
comfort requirements of university students are the same
as those of office workers [159, 281]. Several authors also
observed that university students preferred a warmer indoor
environment during colder seasons when classrooms were
naturally ventilated [240, 241]. It was also found that the
range of thermal dissatisfaction was wider than that of cold
dissatisfaction. This phenomenon suggests that students
have a lower tolerance for hot conditions [167]. Finally, it
has been noted that the results of the thermal sensation vote
collected in the questionnaires tended to accentuate uncom-
fortable conditions as opposed to what was objectively mea-
sured in air-conditioned classrooms [165].

The results of the COVID-19 pandemic studies indicate
that the average temperature in neutral conditions was
approximately 2°C lower compared to all educational stages.
The lower temperature limit was very close to the values
observed at primary and secondary school levels. These data
reveal that, although more research was conducted in uni-
versity settings, the greater weight of lower indoor tempera-
tures recorded during the winter due to excessive ventilation
measures to curb COVID-19 contagions had a more notice-
able influence [41, 44, 45]. In contrast, the dominance of
university studies under these circumstances was evident in
the upper limit of comfort, as this is practically the same as
for all the studies analysed.

Finally, the thermal environment has been shown to
affect thermal preference at all levels [256, 257]. So far,
improved living conditions and comfort levels at home have
increased the expectation of students in the classroom. Stud-
ies show that the comfort temperature in classrooms has
increased over the last 65 years [282]. This could be due to
higher temperatures in homes due to the extensive use of
heating systems. Also, the 1.5°C reduction in the neutral
temperature during the last decades in warm seasons is a
consequence of the use of air conditioners in homes with
hot and humid climates. This could be the main reason for
the reported discomfort in naturally ventilated classrooms
[80, 147]. However, current trends in ventilation to promote
better air quality by reducing the impact of respiratory dis-
eases such as COVID-19 and energy-saving measures in
buildings could change comfort levels significantly in the
coming years [226, 230].

3.2.5. Thermal Comfort Approach: Compatibility with
Models. The choice of the model to analyse thermal comfort
in educational buildings is crucial, as it can affect the predic-
tion of wind chill. The studies used different approaches,
such as the rational model (49 studies, 21.97%), the adaptive
model (46 studies, 20.63%), a combination of both (57 stud-
ies, 25.56%), and other indicators (71 studies, 31.84%), as
shown in Figure 9. Each model can reach different conclu-
sions about the thermal state of students, so it is important
to select the model that best fits their characteristics and
needs, reflecting their true thermal sensation [23].

Concerning the approach used in the COVID-19 studies,
most of the studies (70.83%) have been carried out using
methods other than the rational and/or adaptive approach.
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This is because most of these studies focus on assessing how
natural ventilation conditions have influenced ambient tem-
perature and relative humidity, thus evaluating thermal
comfort only with these parameters [44, 47, 239].

As discussed above, the rational approach consists of the
traditional Fanger PMV index calculation model [18].
Among all the studies reviewed, this method has been widely
used in thermal comfort assessments in universities. How-
ever, in most of the work carried out for all educational
levels, this approach was used in conjunction with the adap-
tive model. This indicates that for a complete and compre-
hensive analysis of thermal comfort conditions in
classrooms, it is necessary to deal jointly with the objective
measurements of the rational approach and the subjective
responses of the adaptive approach [21, 261].

Figure 10 shows the compatibility of the two methods
according to climate zone. As can be seen from the studies
reviewed, the compatibility with the rational approach is
generally low for all climate zones. For the dry climate, no
work has been found that shows a correlation with Fanger’s
method. For climate zone C, most of the studies underes-
timated the real sensation perceived by the pupils. On the
other hand, a better fit of the adaptive approach can be
observed for all climates, especially for climate zones A
and C. This effect has been reported in several studies
[28, 154].

Figure 11 shows the fit of the rational and adaptive
approach with the TSV according to the different seasons
of the year. For all seasons, low compatibility with the ratio-
nal model is again shown. Also, for the middle seasons, a
higher level of overestimation of the real thermal sensation
of the students is observed. Although the adaptive model
was found to be much more compatible in all cases, there
are a considerable number of studies where a lower accept-
ability than the real wind chill was found, mainly during
the summer. This effect could be due to the widespread use
of air conditioning in certain climates during this season
[80, 147, 186].

The correlation of the rational and adaptive approaches
with the TSV index as a function of educational level is
shown below. Of the reviewed papers using the rational
approach (Figure 12(a)), the majority (48.70%) indicated
that the model underestimated students’ thermal sensations,
41.00% reported overestimation, and only 10.30% indicated
that the thermal comfort predictions were compatible with
students’ actual thermal sensations across all educational
levels. Underestimation was mainly found in primary school
classrooms, while overestimation was mainly found at the
university level. This approach showed a slight overlap at
all levels, especially for children, where no work has shown
acceptance. This effect is due, as already mentioned, to the
fact that this approach is only valid for adults under constant
conditions [69, 283].

In educational centres, unlike other types of buildings, it
is possible to have greater control over the parameters affect-
ing the conditioning of individual classrooms during school
hours [23, 28]. Therefore, the adaptive model could be a
more accurate method for assessing thermal comfort in
classrooms. This approach was used in most of the reviewed
studies. Compatibility with adaptive standards and comfort
equations was also observed in several studies. Figure 12(b)
shows the study of the compatibility of the adaptive model
in the different reviewed publications according to the edu-
cational level.

Of the studies using the adaptive model, 33.30% reported
lower comfort levels compared to standards, while 28.20%
reported higher neutral temperatures. Most studies
(38.50%) showed compatibility with the adaptive approach,
particularly at the university level.

In some cases, the results reflected that students were
well adapted to the local climate and showed adaptive
behaviours such as adjusting clothing, operating windows,
and even using fans [29, 113, 145, 149, 160, 217]. It should
be noted that the results show that human thermal sensa-
tions are related to both indoor and outdoor climates.
Therefore, the adaptive model also cannot accurately predict
the thermal sensation of the occupants, as it only uses the
outdoor temperature to predict the comfort temperature
[261, 284]. Furthermore, the neutral temperature of the stu-
dents was found to be 4-5°C lower than that predicted by the
rational model and about 2°C lower than that corresponding
to the adaptive comfort limits in EN 15251 and ASHRAE 55
[53, 54].

Therefore, it can be concluded that in all climate zones,
seasons, and educational levels, there was a high degree of
discrepancy between the predicted mean vote and the actual
thermal sensation of the students, especially in nonclima-
tised environments. Also, the adaptive method was not accu-
rate in most cases, as it only takes into account the effect of
temperature. Thus, it could be argued that the two
approaches to thermal comfort are complementary rather
than contradictory [23, 261], and the joint application of
the two models would be useful to obtain more accurate
results. At the same time, it has been pointed out that the
standards are not directly applicable due to the differences
in the temperatures they capture, which are also the same
for all climates. For this reason, some authors have pointed
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Figure 10: Compatibility of TSV with the rational (a) and adaptive (b) approach in different climate zones.
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Figure 11: Compatibility of TSV with the rational (a) and adaptive (b) approach in different seasons.
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Figure 12: Compatibility of TSV with the rational (a) and adaptive (b) approach by educational level.
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out that for a standard to be truly valid and considered inter-
national, coordination between countries and a common
agreement process is required [285]. It would be desirable
for researchers in this field around the world to compile
and analyse more up-to-date databases of studies in different
climates and educational levels, taking into account cultural,
technological, and energy differences, to revise the standards
and provide reliable comfort temperatures using meta-
analysis tools.

Regarding the compatibility of thermal comfort assess-
ment methods in COVID-19 research, not enough papers
have been found to conclude, as can be seen in the table in
Table 2. Of the 24 papers collected under these circum-
stances, only two refer to information on this point. The
authors of both papers pointed out that the rational method
underestimated the thermal sensation of students at all edu-
cational levels [251, 257], while one of them found the TSV
compatible with the adaptive approach [257].

3.2.6. Adaptive Thermal Comfort Equations. This section
explores how the comfort temperature varies with the aver-
age outdoor temperature from a selection of the literature
reviewed in which these indices are evaluated. It is also
tested whether these temperatures are within the two ranges
of acceptability calculated according to ASHRAE 55 [53].
Figure 13 shows the comfort temperatures and outdoor air
temperatures during the voting time proposed by different
studies, together with the adaptive ASHRAE 55 model indi-
cating the upper and lower temperature limits of the comfort
zone. Additionally, it can be seen that by performing the
regression analysis the adaptive comfort equations shown
are obtained, one for each educational level, one for the total
set, considering primary, secondary, and university at the
same time, and one for the pandemic conditions by
COVID-19.

To create this graph, the proposed comfort temperature
data, in terms of operating temperature and measured out-
door temperature, were extracted from the articles that dealt
exclusively with the adaptive method or together with the
rational approach. In this way, 50 papers were selected, rep-
resenting 22.42% of the total.

Firstly, it can be seen that the comfort temperature
increased as the outside temperature increased. A higher
correlation between the two temperatures was found in the
NV classrooms. This effect has also been observed in other
studies [10]. In most of the studies analysed, the comfort
temperature was found to be within the 80% acceptability
range (88.00%, 44 papers). Of these, 42 were also in the
90% range. At the same time, the sensitivity to changes in
outside temperature varies according to the different stages
of education. Primary school students were the least sensi-
tive to temperature changes. This could be since the choice
of adaptation measures and the level of clothing depends
mainly on adults (teachers and parents) [10, 27, 150, 168].
On the other hand, secondary school students were the most
sensitive to changes in outdoor temperature. The equation
resulting from the temperatures recorded in the studies with
university students shows a slope close to that of the ASH-
RAE 55 standard, whose expression is Tc = 0 31 · Tout +

17 80 [53], obtained from a large amount of data extracted
from field studies where the participants were healthy adults
[21]. This proximity is mainly because university students
fall within this age group. In addition, university students
tend to have more freedom to choose their coping strategies
[10]. The equation obtained for all levels of education also
has a very similar slope to the ASHRAE standard, which also
shows the greater influence of the set of studies conducted at
the university level on the others.

On the other hand, four of the studies fell outside both
ranges. The latter situation is an indication that the choice
of the adaptive method was not the most appropriate for
the analysis of thermal comfort in these studies. It can be
seen that in three of the cases, the average outdoor temper-
ature recorded was less than 10°C, and one of the studies
was almost 5°C below the limit set by the ASHRAE 55 stan-
dard [92]. Furthermore, in one of them, heating use was
found to be an additional deviation from the applicable stan-
dard [209]. On the other hand, a high outdoor temperature
has a direct effect on the working temperature. In this case,
the use of air conditioning would have been necessary to
achieve a comfortable temperature within the range. There-
fore, it could be said that the results of these studies are not
supported by the thermal comfort standards [53].

Finally, the slope of the curve is very different when only
the COVID-19 work is considered. In these cases, there was
a greater influence of the outside temperature on the com-
fort temperature due to the natural ventilation strategies
imposed to prevent the spread of the SARS-CoV-2 coronavi-
rus. It should also be noted that despite outside temperatures
below 15°C, all but one of the recorded values were within
the comfort range. This may indicate the importance of
establishing window-opening and closing strategies when
CO2 concentrations are appropriate [41].
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3.2.7. Regression Equations of Thermal Sensation Vote (TSV)
and Predicted Mean Vote (PMV). Figures 14 and 15 show
the correlation between the PMV and TSV indices obtained
from the thermal sensitivity of the students, as a function of
the operating temperature conditions and the insulation
coefficient of the clothing, for a selection of the works ana-
lysed in this literature review. This analysis has been carried
out for the different educational levels and climatic zones,
respectively. However, it has not been possible to study the
relationship between both indices as a function of season
and type of ventilation/air conditioning due to the lack of
data from the field works reviewed for some of the variables.
Both figures also show the regression line of these indices for
the work carried out during the pandemic period by
COVID-19.

The data were also analysed statistically including the
corresponding linear regression equations shown in both
figures. The thermal insulation of students’ clothing in the
set of all selected thermal comfort field studies was between
0.3 clo (0.05m2K/W) and 1.5 clo (0.23m2K/W).

First of all, Figure 14 shows a clear “scissors difference”
phenomenon between TSV and PMV in secondary school
classrooms. The greater variability of seasons and climatic
zones in which the studies for this educational level were
carried out may be the cause of this difference. This variabil-
ity may also reflect the use of different ventilation and/or air
conditioning systems. For these reasons, both the thermal
environment and the students’ acceptance were not strictly
in a steady state [154]. The slope of the regression line of

the PMV is greater than that of the TSV. This indicates that
the students’ cold tolerance was higher than predicted [113,
120, 121]. Students were generally not as sensitive to temper-
ature changes as expected and were able to perform different
actions to adapt to both cold and warmer environments
[111]. Therefore, this analysis confirmed that the PMV was
still not able to accurately predict the average thermal sensa-
tion of adolescent students [129]. The operating temperature
range in which both equations were defined was between 7.5
and 33.5°C. The greatest difference was found at this level of
education. When TSV and PMV were equal to zero, the cor-
responding indoor temperature was represented by the neu-
tral comfort temperature [217]. Thus, for the secondary
school studies, it can be observed that the temperature at
which comfort was reached in the case of the PMV regres-
sion equation was 18°C, whereas, for the TSV, it was
23.5°C, i.e., in line with the above, the rational approach
underestimates the real choice of this type of occupant
[28]. On the other hand, the operating temperature range
for the primary studies was about 10-34°C, which is slightly
lower for the PMV equation. The comfort temperature for
the TSV was 22.5°C, while for the PMV, it was slightly
higher (24°C). For the university stage, a similar range of
temperatures was observed for the TSV, ranging from 8.5
to 35°C. However, the lower limit of the range was 16.5°C.
The neutral comfort temperature, in this case, was practi-
cally the same for both indices (25°C). Finally, the regression
coefficient of the fitting equation (R2) reflects the sensitivity
of the thermal sensation of the occupants to temperature
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Figure 14: PMV and TSV ratio vs. operating temperature, by educational level.
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changes. Thus, the average regression coefficient obtained
for the TSV and PMV equations is about 0.5274, indicating
that about half of the dependent variable (operating temper-
ature) is predicted by the independent variables (PMV and
TSV). Therefore, the fit obtained for all studies in this anal-
ysis can be considered acceptable [112].

Next, Figure 15 shows that the highest slopes for the TSV
and PMV equations were obtained for climate zone A (trop-
ical or macrothermal climate). The range of operating tem-
peratures was similar in both cases, from 18 to 35°C. On
the other hand, for the dry climate (climate zone B), there
is a large difference between the straight lines representing
the TSV and the PMV. The temperature range for TSV is
much lower (22-28°C) than for PMV (7-28°C), with the
slope of the resulting regression line being much steeper in
the former case. This phenomenon could be a result of the
fact that the PMV study was carried out at all seasons,
whereas the TSV analysis concentrated on seasons with
higher temperatures. In climate zone C, the lines resulting
from the fitting equations are parallel, with the one corre-
sponding to the TSV expression being slightly higher. The
neutral temperature for this index is therefore lower (22
°C) than for the PMV (24 °C). However, despite these differ-
ences, the comfort range was the same in both cases (7.5-

34°C). The large amplitude in the temperature range would
be due to the existence of a large variety of climatic subtypes
within this zone and the differences between seasons [275].
Continental climates (climate zone D) are characterised by
very low outdoor temperatures throughout the year [278,
286], so it can be observed that indoor operating tempera-
tures below 20°C prevailed for both TSV and PMV. This
was mainly the case in educational buildings without heating
systems [39, 47, 92]. Both the temperature range (7-27°C)
and the comfort temperature (24°C) were very similar in this
case. The mean regression coefficient for the resulting TSV
equations (R2 = 0 6449) was higher than for the PMV
(R2 = 0 4264), with this difference being more pronounced
for climate zones A and B. These results continue to ques-
tion the rational method as a method for assessing occupant
thermal sensation [23, 28].

Lastly, both graphs show the regression lines for both
TSV and PMV for all the studies carried out during the
COVID-19 pandemic. Although the number of publications
to date is small, the first thing that stands out is the large dif-
ference in the slope of the two lines, although most of the
research was carried out during the winter. This could be
because the studies in which the PMV equation was derived
used heating systems [251, 257]. For TSV, the neutral tem-
perature was set at around 23°C, whereas for PMV, it is
assumed to be much higher. The presence of a more notice-
able air velocity, especially when natural cross-ventilation
was used, could result in a higher temperature necessary
for students to stay within the thermal comfort range. As
for the regression coefficient, the regression line was signifi-
cantly better fitted for TSV (R2 = 0 7370) than for PMV
(R2 = 0 2600). This discrepancy could be due to the simulta-
neous use of heating and window opening since the rational
approach is specifically designed to be applied in rooms con-
ditioned exclusively by HVAC systems [18, 287].

As shown in the cases analysed above, the correlations
obtained are somewhat lower than those proposed by other
authors. This could be because, in this study, data corre-
sponding to different buildings, classrooms, or climatic con-
ditions are analysed in a combined way. However, despite
the problems associated with studying a large number of
papers with very diverse characteristics, this observation
has made it possible to provide relevant information on
the trend of the parameters analysed.

4. Conclusions and Future Research

Thermal comfort can be considered a fundamental require-
ment for the well-being of students and teachers in class-
rooms and is key to improving learning and productivity,
and its analysis has become particularly relevant in recent
years. The purpose of this paper is to present a comprehen-
sive literature review of field studies on the assessment of
thermal comfort conditions in schools over the last 25 years.
For this purpose, 223 research studies published in peer-
reviewed scientific journals and international conference
proceedings were selected. More than 10% of these studies
focused on the analysis of thermal comfort conditions in
the context of the global COVID-19 pandemic.
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Throughout this study, the two approaches used to ana-
lyse thermal comfort have been identified and discussed in
detail. In many of the studies, the indices derived from the
rational model have not been correctly adjusted to the envi-
ronmental conditions. This effect is mainly reflected in the
studies carried out in dry climates, where no correlation
between PMV and TSV has been shown in any of the stud-
ies. On the other hand, the adaptive model proved to be
more suitable for the study of thermal comfort in class-
rooms, as it takes into account the needs of different groups
of people, such as children and adolescents.

The neutral temperature defined in terms of operative
temperature varied between 16.70 and 32°C in different cli-
matic zones. Thus, the literature has shown that individuals
living in places with larger temperature ranges throughout
the year show thermal adaptability. However, the wide-
spread use of HVAC systems has led to lower acceptability
than the actual wind chill in some climates.

Primary school children were less sensitive to tempera-
ture changes. At the same time, it was observed that children
had a warmer thermal sensation, although they did not pre-
fer cooler environments. In contrast, secondary school and
university students showed a greater degree of dissatisfaction
with heat than with cold.

In many cases, thermal comfort questionnaires have
been conducted in specific seasons with a limited number
of respondents. Therefore, studies should be conducted
throughout the school year with a larger number of partici-
pants to obtain generalised comfort temperature ranges.
However, studies conducted within the same climatic zones
have shown large variability in thermal neutrality. This high-
lights the need for smaller-scale thermal comfort studies. Our
recommendation to improve the usefulness of such studies is
that more resources should be devoted to increasing sample
sizes and making them longitudinal in nature, not necessarily
increasing the geographical scope of the study.

As far as the applicable standards are concerned, a large
proportion of the studies reported lower comfort levels than
those stated in the standards. This indicates that the stan-
dards used turned out to be not very suitable for the assess-
ment of thermal environments in classrooms. Furthermore,
the neutral temperature of the students was found to be
4°C lower than that predicted by the rational model and
about 2°C lower than that corresponding to the adaptive
comfort limits of the EN15251 and ASHRAE 55 standards.
Thus, the results indicated that these regulations are not
directly applicable to thermal comfort assessments in class-
rooms of different climates and educational stages. We
believe it is desirable to create new regulations that are
adaptable to all contexts, considering changes in the climatic
environment as well as in the characteristics and habits of
the occupants.

Finally, most of the studies characterised by the COVID-
19 disease were carried out in temperate climates during the
winter. It should be noted that both the calculated neutral
temperature and the comfort band were dominated by the
extreme values reported in the different studies. Also, the
outdoor temperature was more dominant in obtaining the
comfort equation due to the strong influence of natural ven-

tilation in these cases. However, almost all the studies were
within the comfort range, making it clear how important it
is to establish correct ventilation strategies adapted to the
existing air quality.

Based on the above, as possible future lines of research, it
is proposed to study more refined adaptive comfort models
that include specific control systems designed to take
occupant preferences into account. Such models will allow
progress in the analysis and optimisation of energy sys-
tems and demand management, so important today
because of ongoing developments such as the ventilation
measures put in place to curb the spread of respiratory
diseases such as COVID-19, the global energy crisis, and
global warming. The development of spatial and temporal
thermal comfort metrics could be useful for thermal com-
fort assessments, especially in classrooms where students
are subject to occupying a fixed position during class time,
which is mainly the case for primary and secondary school
students. It would be interesting, in addition to general
thermal comfort assessments, to study local discomfort to
reduce the percentage of dissatisfaction in indoor spaces
and to assess its impact on indicators of students’ academic
performance.
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Additional Points

Highlights. (i) Combining rational and adaptive methods
makes thermal comfort studies more reliable. (ii) Current
standards are not adapted to evaluate thermal comfort at
educational stages. (iii) Children are less temperature-
sensitive; higher education students are more heat-tolerant.
(iv) Students from regions with greater climatic variations
showed better adaptation. (v) COVID-19 ventilation
impacted well-being and increased thermal comfort research.
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