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Maintaining good indoor air quality and thermal comfort is a challenge for naturally ventilated educational buildings, as it can be
difficult to achieve both aspects simultaneously. Nonetheless, most of the existing studies only focus on one aspect. To explore the
potential of balancing indoor air quality and thermal comfort, both topics must be investigated concurrently. This study assessed
indoor air quality and thermal comfort in 32 naturally ventilated classrooms of 16 primary and secondary schools in the
Mediterranean climate, based on a large on-site measurement campaign lasting one year that gathered over 460 hours of data.
The research investigated occupants’ adaptive behaviors, analyzed the actual thermal comfort of around 600 students, and
characterized the representative scenarios leading to good and poor indoor air quality and thermal comfort by clustering
analysis. The results showed that poor indoor air quality was mainly due to closing windows and doors in winter, while
thermal discomfort mainly occurred in summer because of the high indoor temperature. The findings suggested that a proper

ventilation protocol is the key to balancing indoor air quality and thermal comfort.

1. Introduction

Students spend around 70% of their time in the classroom
on school days [1]. The environmental quality of the class-
room is influenced by many factors, but indoor air quality
(IAQ) and thermal comfort (TC) are the main factors affect-
ing students’ health, well-being, and productivity [2]. The
negative impacts of poor IAQ and thermal comfort have
been widely reported, such as the loss of concentration,
decline in cognitive ability, headache, fatigue, allergy, and,
in particular, a high infection risk of airborne diseases [3-5].

Long-term occupancy and high occupant density often
lead to great challenges in maintaining a safe, comfortable
environment in the classrooms. More importantly, children
are more vulnerable than adults, and their adaptation in
the classroom is passive and limited. They usually do not
complain when they are not really satisfied with the indoor
environment [6]. For these reasons, the IAQ and thermal
comfort of educational buildings have been a concern for
relevant public authorities and researchers.

Ventilation is the most common way of maintaining
good IAQ in schools, and most schools only rely on natural
ventilation that changes from time to time [7]. A minimum
air change rate per hour is required by relevant standards
such as ASHRAE 62.1 [8] and EN 16798-1 [9]. The estima-
tion of the air change rate of the classroom is predominantly
achieved by measuring occupant-released CO, as a tracer
gas. Thus, the indoor CO, concentration is a commonly
adopted surrogate indicator for the assessment of IAQ for
educational buildings [3, 10, 11].

Maintaining good IAQ in schools is challenging. Diaz
et al. [12] conducted a study in 8 primary schools in Chile.
They found that the indoor CO, concentration exceeded
the maximum threshold for around 70% of school hours in
winter. In a large-scale survey of 100 primary and secondary
school classrooms in Switzerland, Vassella et al. [13] demon-
strated that approximately two-thirds of the classrooms
failed to meet the limit set by the national standard. Cai
et al. [14] carried out a study in 21 public schools in China
and found that mechanically ventilated classrooms exceeded
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the CO, limit during 40% of the measurement time, com-
pared to 61% in naturally ventilated classrooms. Monge-
Barrio et al. [15] performed a measurement campaign in 9
secondary schools in Spain. They discovered that CO, con-
centration values did not meet the national regulation, as
the exceedance was 2 times higher due to the lack of a proper
ventilation protocol. From these studies, it can be extrapo-
lated that the variability of ITAQ of classrooms can be attrib-
uted to many factors, including seasons [12], occupancy
[15], ventilation system [14], and ventilation strategy [13].

Unlike IAQ, both objective and subjective factors influ-
ence students’ thermal comfort. Objective factors involve a
range of thermal parameters such as temperature, relative
humidity, and air velocity. In contrast, subjective parameters
derive from the occupants’ physical and psychological adap-
tation [2].

Achieving students’ thermal comfort is also a challenge
for schools. Firstly, the thermal sensation of children and
teenagers is quite different from that of adults [16]. Notably,
the models established by ASHRAE 55 [17] and ISO 7730
[18] were developed for adults in offices. This means that
students may not necessarily be comfortable even if the tem-
perature in educational centers is set following the thermal
requirements specified by the regulations. Korsavi et al. [6]
evaluated 8 primary schools in the UK, where 15% and
14% of the children were overheated during nonheating sea-
sons and heating seasons, respectively. Aparicio-Ruiz et al.
[19] investigated 3 classrooms in a primary school in South-
ern Spain during the summer. They found that only half of
the students felt comfortable, even though the mean indoor
air temperature of classrooms was within the operating
range of the national regulation. Secondly, students’ thermal
comfort varies due to many factors. Zomorodian et al. [5]
indicated that students in various climates had different
comfort temperatures. Yang et al. [20] assessed a primary
school in Sweden and reported that students’ thermal neu-
trality varied from season to season. Al-Khatri et al. [21]
investigated 5 girls’ secondary schools and 3 boys’ secondary
schools in Saudi Arabia. The results indicated that the com-
fort temperature difference between females and males was
nearly 2°C. Jiang et al. [22] analyzed 4 schools in northwest
China during winter. In nonheated classrooms, students
were more accepting of lower indoor temperatures. Shrestha
et al. [23] carried out a survey of 8 schools in Nepal. In this
case, the heavier clothing of students also led to a low com-
fort temperature. Considering the aforementioned aspects,
students’ thermal comfort can be affected by a wide range
of factors such as climate [5], season [20], heating systems
[22], gender [21], and level of clothing insulation [23].

IAQ and thermal comfort are associated because the out-
door air introduced into the classroom can lead to signifi-
cant changes in indoor thermal conditions [2]. Heracleous
and Michael [24] evaluated a secondary school in Cyprus
and found that both indoor air and outdoor temperatures
can affect occupants’ behavior of opening windows to venti-
late the air in the space. Ma et al. [25] demonstrated that
maintaining a comfortable thermal environment could
reduce the ventilation rate, and consequently, a low level of
IAQ could be detected in classrooms. Mohamed et al. [1]
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found that most of the classrooms experienced overheating
for more than 40% of the day. At the same time, the class-
rooms failed to meet the IAQ requirement of the UK
national standard for more than 60% of school hours.

Concerning the Mediterranean area, only a few studies
address both topics (IAQ and thermal comfort of schools),
as listed in the following: one elementary school study in
Greece during spring [26], one secondary school study in
Portugal during spring [27], one secondary school study in
Cyprus during winter [24] and one preschool study in Spain
during winter [28]. The above studies limited the scope to a
single climate zone, season, and education level, which may
be the shortcomings. In addition, none of the existing stud-
ies investigated the representative scenarios that often lead
to good and poor TAQ and thermal comfort in classrooms.
Hence, a comprehensive investigation is needed of IAQ
and thermal comfort of primary and secondary schools in
the Mediterranean climate.

For this reason, this paper is aimed at conducting a com-
prehensive characterization of both IAQ and thermal com-
fort in educational buildings, based on a large on-site
measurement campaign in primary and secondary schools
in several regions with specific climate conditions in the
Mediterranean climate.

Following this introduction, Section 2 defines the meth-
odology of this study, Section 3 describes the implementa-
tion of methodology and measurement campaigns, and
Section 4 discusses the analyzed results. The conclusions
and recommendations are summarized in Section 5.

2. Methodology

The research methodology of this study consists of four steps
(Figure 1).

2.1. Identification and Description of Educational Buildings.
Educational buildings must be selected considering represen-
tativeness and avoiding potential biases caused by the building
and occupants. In this context, a range of factors that may
affect IAQ and thermal comfort should be taken into account,
such as climate zones, geographic location, construction year,
ventilation type, and cooling and heating modes.

Educational centers are mainly used by children and
teenagers. Their participation in the research must be based
on the consent of all involved parties, such as government
authorities, school management boards, teachers, and par-
ents (who may ultimately restrict the availability of expected
samples).

2.2. Characterization of Indoor Air Quality and Thermal
Comfort. For IAQ, EN 16798-1 [9] specifies 4 categories with
corresponding CO, concentration limits. The IAQ require-
ment for the classrooms corresponds to category I, which
requires the indoor CO, concentration to be within
550 ppm above the outdoor concentration.

For thermal comfort, ISO 7730 [18] specifies the range of
operative temperature and relative humidity (RH) for the
classrooms with sedentary activity, given a typical clothing
insulation value (Iclo) of 0.5 for summer and 1.0 for winter.
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FIGURE 1: Research methodology.

In summer, the recommended operative temperature is
between 23 and 26°C, and relative humidity is 60%. In
winter, the operative temperature is 20 to 24°C, while the
relative humidity is 40%.

According to Kumar et al. [29], the operative tempera-
ture (TDP ("C)) can be calculated by

T, = (Tr;Ta)
T, - (T, + (T, x/10V))
° (1+ /107,

(0<V,<0.2m/s),

(1)

(Vo>0.2m/s),

where T, denotes the air temperature, V, is the air velocity,
and T, is the mean radiant temperature given by the mea-
surement instrument.

Table 1 summarizes the typical clothing insulation value
indicated by ISO 7730 [18] and ASHRAE 55 [17].

Moreover, ISO 7730 [18] stipulates that the actual ther-
mal comfort of occupants needs to be assessed using a ther-
mal sensation vote (TSV) on a 7-point scale, which should
be gathered 30 minutes after they have remained in a steady
state in a stable thermal condition.

It should be noted that apart from these international
standards, relevant national standards and guides should
also be considered. The one with stricter criteria should be
followed to meet the requirements at both national and
international levels.

2.3. Development of the Protocol for the On-Site Measurement
Campaign. To conduct the measurement campaign for data
collection, a protocol needs to be developed and confirmed
with the schools, which describes the measurement process,
sensor deployment, and data collection methods. The mea-
surement should follow the premise of avoiding interference
in teaching activities in any case. Hence, background informa-
tion about classrooms, students, and class schedules should be
obtained in advance.

The number of sensors depends on the size of the class-
room. Mahyuddin and Awbi [31] concluded that one sensor
is needed for a space with a floor area below 100 m?® and
three or more sensors for rooms of over 200m?” in area.

For minimum accuracy of sensors, ASTM D6245-18 [32]
and ASHRAE 55 [17] require a +5% of the measurement
range for CO, concentration, +0.2°C for air temperature,
+1°C for mean radiant temperature, and +5% for relative
humidity. The calibration and pretest are recommended to
prevent malfunction and reading drift.

The deployment of the sensor should follow the criteria
established by ASTM D6245-18, ASHRAE 55 [17], and
ISO 7726 [33]. ASHRAE 55 [17] specified that the sensor
should be located at least 1 m inward of the center of each
room’s walls, while ASTM D6245-18 [32] recommended
locating sensors preferably 2m away from the following: (i)
CO, sources (e.g., people in space), (ii) ventilated air with
low CO, concentration (e.g., windows and doors), and (iii)
heat sources (e.g., radiators and heaters).

No recommendation was made by ASTM D6245-18 [32]
regarding the height that the sensor should be placed. How-
ever, the experimental study by Mahyuddin et al. [34] indi-
cated that the CO, sensor should be placed within the
occupant’s breathing zone, in a range of 0.75-1.80 m above
ground, while 1.00-1.20 m is preferred. For the measurement
of thermal parameters, ISO 7726 [33] specifies the heights of
0.60 or 1.10 m, which correspond to the occupant’s abdom-
inal level when sitting and standing, respectively. To clarify
open issues such as sensor location, height, and recording
interval, a specific review of sensor deployment based on
relevant case studies was conducted and is summarized in
Table 2.

For the collection of TSV, relevant research pointed out
that children may have difficulties understanding the con-
cept of thermal comfort and expressing their thermal sensa-
tions; thus, the TSV graph should be designed in the most
understandable way possible for them [42, 43].

2.4. Analysis of the Measurement Results. Firstly, IAQ and
thermal comfort should be characterized, respectively, refer-
ring to the requirements of relevant standards. Statistical
analysis needs to be performed to examine the correlation
between relevant influential factors and IAQ/thermal com-
fort, such as season, climate, education level, geographic
location of the building, year of construction, occupancy,
ventilation strategy, and heating/cooling mode of the



TaBLE 1: Typical clothing insulation value by item (adapted
from [30]).

Item Iclo
Underwear
Panties 0.03
T-shirt 0.12
Upper extremities
Shirt—sleeveless 0.15
Shirt—long sleeve 0.25
T-shirt—sleeveless 0.09
T-shirt—long sleeve 0.20
Light dress 0.20
Cardigan 0.20
Sweater 0.28
Jacket 0.35
Lower extremities
Long trousers 0.25
Shorts/thin skirt 0.06
Socks 0.03
Closed shoes 0.04
Semiclosed shoes 0.02
Accessories
Scarf 0.08
Cap 0.50
Mask 0.02
Chair type
Normal 0.10

classroom. The measurement data usually has a hierarchical
structure, as several classrooms or schools are measured in
the same educational level, climate zone, and seasons.
Hence, the hierarchical linear model should be applied for
the statistical analysis. This model classifies the measure-
ment from the same schools, educational level, climate zone,
and/or seasons into identical groups and analyzes the statis-
tical differences within and between groups. Relevant influ-
ential factors should be defined as independent variables,
while indoor CO, concentration, operative temperature,
and relative humidity are dependent variables.

Then, a simultaneous analysis of IAQ and thermal com-
fort must be conducted. Both aspects should be analyzed
concurrently following the specified requirements. In addi-
tion, the representative scenarios that often lead to good/
poor IAQ and thermal comfort need to be characterized
based on the identified influential factors. Clustering analysis
can extract key information from massive data by assigning
the samples that share similarities into the same clusters, and
highlighting their main features [44], which was applied to
identify representative scenarios. Notably, to improve the
readability and interpretability of the clustering results,
numerical variables should be converted to categorical vari-
ables. K-mode clustering was applied in this study, since it is
a widely used technique to cluster categorical data. It can
identify K-representative clusters with the main features rep-
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resented by the centroids [45], while the number of clusters
k can be identified by the Elbow method [46].

3. Implementation

This section elaborates on the implementation of this study
in detail, following the proposed methodology (Section 2).
The research characterized and assessed IAQ and thermal
comfort in primary and secondary schools in Catalonia,
Spain.

3.1. Identification and Description of Educational Buildings.
The sample schools were identified and contacted with the
help of the Catalan government (Generalitat de Catalunya),
but the participation of schools and students in this research
completely depended on their willingness. Catalonia is pri-
marily in a Mediterranean climate but has 3 specific climatic
zones: Coastal Mediterranean, Continental Mediterranean,
and Mountain. The coastal area has typical characteristics
of a Mediterranean climate, with warm summers, moder-
ately cold winters, and little rain. The continental region
has cold winters and hot weather in summers. In mountain-
ous areas, summers have mild temperatures, but there are
high rainfall and snow in winters [47]. In the Coastal Medi-
terranean climate, Barcelona Metropolitan Area has a tem-
perate climate (Csa in the Koppen climate classification),
while Tarragona has a humid subtropical climate with hot
summers (Cfa) [48].

In this study, a total of 9 primary and 7 secondary
schools were selected, which are located in the aforemen-
tioned 4 climate zones and 3 geographic locations (city
center, suburb, and rural area). These schools were built
between 1953 and 2016, while 5 of them were built before
1979 when the first national standard NBE-CT-79 [49] reg-
ulating building thermal conditions was developed. Another
5 schools were constructed between 1979 and 2006, comply-
ing with the NBE-CT-79 standard but completely relying on
natural ventilation. The remaining 6 schools were built after
the establishment of the Spanish Technical Building Code in
2006. Table 3 summarizes the U-values of construction ele-
ments of sample schools. These schools are designed with
mechanical systems, but it was found that they did not work
during the measurement campaign. To distinguish them
from the naturally ventilated schools, their ventilation type
is labeled as “free-running.” In addition, all schools are
equipped with radiators but without any cooling system.

To avoid bias in sample selection, 2 classrooms were
selected in each school, corresponding to different age
groups. In primary schools, classrooms with 5- and 9-year-
old students were selected, while in secondary schools,
12- and 16-year-old students’ classrooms were selected.
One primary school only agreed to measure two classes that
both have 9-year-old students. The volume of these class-
rooms ranges from 114.3 to 249.3m’, with an average of
157.7m’. The total area of windows and doors varies greatly,
from 0.3 to 9.4m? and 1.4 to 3.9 m?, with an average of 4.5
and 2.1 m’, respectively. Table 4 summarizes the characteris-
tics of selected schools and classrooms.
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TaBLE 3: U-value of construction elements of investigated schools.

Construction year Roof (W/m?K) Exterior wall (W/m?K) Window (W/m?K) Reference

1953-1979 1.37-1.92 1.42-3.03 5.70 Gangolells and Casals [50]
1979-2006 0.7-14 1.2-1.8 5.70 NBE-CT-79 standard [49]
2006-2016 0.38-0.45 0.66-0.82 1.6-2.0 Spanish Technical Building Code [51]

3.2. Characterization of Indoor Air Quality and Thermal
Comfort. Following the defined methodology (Section 2.2),
the Spanish standards and guides were reviewed and
considered.

For IAQ, compared with the international standard EN
16798-1 [9], the RITE standard [52] specified a lower CO,
concentration threshold for the classrooms. The Ventilation
Guide for Indoor Spaces recently proposed by the Spanish
Institute of Environmental Assessment and Water Research
[53] even indicated a stricter limit to prevent massive expo-
sure to the SARS-CoV-2 virus in the schools. Table 5 sum-
marizes the TAQ levels with the corresponding CO,
concentrations applied in this study, assuming an outdoor
CO, concentration of 420 ppm as recommended by IDAEA
[53]. The IDA2 level is the minimum IAQ requirement for
the classrooms stipulated by the RITE standard [52], and
the safe level represents the optimum requirement by
IDAEA [53].

For thermal comfort, Royal Decree 486/2004 [54] estab-
lished the minimum acceptable requirements for typical sed-
entary workplaces, where the operative temperature must be
between 17 and 27°C and relative humidity must be within
30 to 70%. The RITE standard [52] proposed the optimum
thermal requirement with stricter comfort zones given the
same assumptions made by ISO 7730 [18]. As both stan-
dards do not specify the requirements for the mild season
(i.e., spring), it is assumed that the lower and upper limits
of operative temperature and relative humidity for summer
and winter establish the comfort zone for spring.

The minimum and optimum IAQ and thermal require-
ments applied in this study are summarized in Table 6.

3.3. Implementation of the Measurement Protocol in the On-
Site Measurement Campaign. The measurement campaign
was conducted from April 2022 to January 2023 (Figure 2),
following the protocol defined in Section 2.3.

The technical specifications of the measurement instru-
ment are summarized in Figure 3. The sensor was calibrated
by the manufacturer and pretested by researchers in
advance. All readings were recorded in a 1-minute interval.

The measurement lasted all day long during school
hours, generally from 9:00 to 15:00 in spring and winter,
while the school usually began and ended one hour earlier
in summer. The measurement instrument was deployed in
the classroom for 10 minutes before the beginning of the
first class and was always preferentially placed in the center
of the classroom at a 1.1 m height (whenever feasible). In
classrooms with high occupancy where the desks and seats
could not be moved, the sensor was located at the closest
point to the center. A distance of 2m was ensured from any
disturbance (students, windows, doors, walls, and radiators).

The location of the equipment was confirmed with the
teachers before the class to avoid affecting teaching activities
and the movement of students.

To protect the privacy of students during the measure-
ment campaign, the Catalan government prohibited the
researchers to conduct written surveys and to take photos
and video records. In this context, researchers collected infor-
mation about students’ gender and clothing and recorded the
change in occupancy (students and teachers) and the behavior
of opening windows and doors in the classroom through
observation and notes during the entire survey.

In each measurement day, the TSV was collected by the
teachers one time in each classroom, usually at the end of the
class to ensure that the students had been in a sedentary
state for 30 minutes. Teachers explained the concept of
thermal sensation and showed TSV graphs (Figure 4) in
advance, to ensure that all students understood correctly.
The TSV graphs are specifically designed for this study based
on the opinions of native Spanish speakers and teachers.

3.4. Analysis of the Measurement Results. Following the
methodology defined in Section 2.4, IAQ and thermal com-
fort were assessed, respectively, following the thresholds of
CO, concentration, operative temperature, and relative
humidity indicated in Tables 5 and 6. Relevant influential
factors of IAQ and thermal comfort were analyzed statisti-
cally. The collected measurement data has a 4-level hierar-
chical structure, season, climate, educational level, and
school, which was defined in the model.

Then, the simultaneous analysis of IAQ and thermal
comfort was performed. Depending on the satisfaction of
the minimum and optimum requirements (Table 6), IAQ
and thermal comfort were classified into 3 categories: (1)
good (the optimum requirement is achieved), (2) acceptable
(the minimum requirement is accomplished), and (3) bad
(both requirements are not satisfied). IAQ and thermal com-
fort of the classrooms were characterized concurrently
according to these 3 categories given the measured time.

The representative scenarios within each category were
identified with K-mode clustering analysis. The occupancy
ratio of the classroom and opening area of windows and
doors were categorized to improve the readability and inter-
pretability of the clustering results, as shown in Table 7. The
categorization was based on the characteristics of the mea-
sured data (i.e., the range of occupancy ratio and opening
areas), due to the lack of reference values.

The analysis was performed on the Google Colab plat-
form using Python 3.7.3 [55]. Python packages of NumPy
[56], Pandas [57], and Statsmodels [58] were adopted for
data processing and statistical analysis. Kmodes [59] and
Kneed [60] packages were used for clustering analysis and



Indoor Air

"UOIIB[IJUDA [eINJeU ;AN SUTuunI-aaj 3y

91l *h 4 €81 T 91 (01214
AN 9661 191U A1) Arepuooag UTRJUNOIA 7SO
91l (4! €Y1 81 4! Osd1
6T S'9 8'6€1 4! 91 [ON:i%
¥ 800C [eany Arepuooag urejunoN 1SD
6’1 S'9 TGel ST 4! oS4t
LT T's L'8ST 8T 91 (01214 - 210z qmqng Arepuoosg (®3D) sl
LT TS €961 61 41 Osdr1 UBOUBLISIPIA [eISeOD)
LT 18 99L1 (44 91 Oosdvy (®3D)
I91U20 A1 Arepuoda
LT ¥'6 79LT 11 48 Osdr1 AN o861 = P s UBSURLISIPIIN [BISBOD ISL
81 L'L (472! i 91 (O1:14 - 0102 ey Arepuosag UBIURIINIPIAN ST
81 L'L 0%ST 9T 44 oS4t [eauaunuon
6’1 €C §esl 1¢ 91 osdy AN cS61 qngng Arepuosag UBSURIINIPIN ST
LT ¥'C (4541 91 41 Osdr1 [eauaunuo)
ia! 0¢ 0°8¢T ST 91 (01214 AN /61 qmqng Lrepuosag (esD) 1sq
Al 4 L9¢T ST 4! Osdr1 UBSURLISIPIIA [BISBOD
|4 €T 0°L61 11 6 Iy
AN €661 qmqng Arewnig urejunoN dd
¥e €0 LLYT 11 S ¥1
91T e yeet 9T 6 Nhi%
A4 900¢T [ermny Arewrig urejunoiy 1dD
9¢ 6°¢ 8791 4 S 4!
Al 0¢ ¥eel 91 6 Ly - 010z — Areurnig (&3D) ZdL
6'¢ 1T LPST 4! S 4! ' UBOUBLIDIPIN [BISBOD
e 'y TeLl 0z 6 Ly (®10)
I191udd A1 Arewwr
8’1 6°€ €6V 71 S ¥l AN 0861 O Md UBSURLIDJPIA [eIse0) IdL
9l 6'G 1691 [ (4 6 Ly AN 9/61 eIy freunng UBIURLIDNPIN a1
(43 ST €691 4! S 4! ' [eauaunuo)
9l 9°¢ 6971 14 6 Ly UBSURLIIIPIN
¥ L00T 13U A1) Arewnag Id1
L'¢ (4! 1061 (44 S 4! [e3uaunuon
LT 67 €0ST 0¢ 6 a1y (esD)
191U A1 Arewwr
L1 99 L'SP1 0¢C 6 V.1v AN 0861 Y Md UBIURIIANIPIA [BISLOD) edd
81 9°¢ 0991 €C 6 Nhi% AN /861 qmqng Areurig (esD) -
LT (474 081 €C S 4! ' UBIURBLISIPIIN [BISBOD)
LT 99 (44! 0T 6 Nhi% (esD)
191U Ar Arewrnx
v'e 0L (X4t LT S 4! AN sl = Hd UBOUBLIDIPIIN [BISBOD 1dd
w w w JuapnIs J3e 9pod ) Ied uornedo A9 Ipod
(w) (w) (cw) P 3 P dfy A [e20] [043] 5dky syewnpy P
BOIE JOO(]  BAIE MOPUIA WO A JO I2qUINN juopnig wooy UONJE[JUSA  UONONIISUOD) oryderdoan uoneonpyg : [00yos

"SWOOISSE[D PUE S[OOYDS PIJII[AS JO SONSLIDIOBIRYY) F TTAV],



Indoor Air
TaBLE 5: IAQ levels with corresponding indoor CO, concentration limit.

TAQ level Safe IDA1 IDA2 IDA3 IDA4
Indoor CO, concentration (ppm) 700 770 920 1220 1620
TaBLE 6: IAQ and thermal comfort requirements.

IAQ Thermal comfort
Parameter CO, concentration Operative temperature Relative humidity

Minimum requirement

Optimum requirement

920 ppm (IDAZ2 level) 17-27°C
Spring 21-25°C

700 ppm (safe level) Summer 23-25°C
Winter 21-23°C

30-70%
40-60%
45-60%
40-50%

1 L) L)
Easter break Summer holiday Christmas break
Spring Summer Winter
FIGURE 2: Timeline for the measurement campaign.

Model Photo Parameter Range Resolution Accuracy

Delta ohm HD32.3 CO, 0-5000 ppm 1 ppm +50 ppm

TP3275 globe temperature Air temperature -20-80°C 0.1°C +0.1°C

probe, HP3217B4 IAQ probe, Relative humidity 0-100% 0.1% +2%

AP3203 omnidirectional Globe temperature ~ —30-120°C 0.1°C +0.1°C

hotwire probe £ . b Air velocity 0.02-5 m/s 0.01 m/s +0.05 m/s

FIGURE 3: Technical specifications of the measurement instrument.
Hot Warm Slightly warm Neutral Slightly cool Cool Cold
Sofocante (+3) Calor (+2) Ligerar?:?)t e calor Neutral (0) Ligeran(lerit)e fresco fresco (—2) Frio (—3)
/ N -~
® 9

FIGURE 4: Thermal sensation vote graphs used in this study.
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TaBLE 7: The categorization of occupancy ratio and total opening area.
Occupancy ratio of the classroom
Category Empty Low Medium High
Categorization value 0 <0.066* person/m’ 0.066-0.133 person/m’ >0.133 person/m’
Total opening area of windows and doors
Category Closed Small Medium Large
Categorization value 0 <3m? 3-6m’ >6m?
*Corresponding to 10 people in a classroom with 150 m”.
TaBLE 8: Summary of measured indoor thermal parameters in each season.
Parameters Season Mean Min Median Max Std.
Spring 744 347 669 2446 291
CO, concentration (ppm) Summer 593 341 517 4015 294
Winter 1194 348 904 4950 805
Spring 22.53 17.93 22.17 29.49 2.16
Operative temperature ("C) Summer 28.18 22.29 28.18 36.44 2.29
Winter 21.24 12.52 21.40 33.41 1.78
Spring 22.68 18.40 22.30 29.73 2.20
Air temperature ("C) Summer 28.22 22.20 28.20 35.33 2.31
Winter 21.43 10.53 21.55 36.70 1.87
Spring 22.45 17.70 22.10 29.40 2.14
Globe temperature (°C) Summer 28.15 22.30 28.10 36.90 2.29
Winter 21.15 12.90 21.30 34.38 1.81
Spring 22.38 17.38 22.03 29.33 2.12
Mean radiant temperature ("C) Summer 28.15 22.30 28.18 38.83 2.30
Winter 21.07 12.95 21.13 34.33 1.97
Spring 44.9 24.2 44.6 67.1 9.3
Relative humidity (%) Summer 50.2 26.1 51.6 71.7 8.1
Winter 47.0 23.7 46.3 69.2 9.3
Spring 0.025 0.000 0.000 1.398 0.071
Air velocity (m/s) Summer 0.064 0.000 0.013 1.443 0.128
Winter 0.021 0.000 0.000 0.723 0.054

elbow point detection, and Matplotlib [61] and Seaborn [62]
were used for data visualization.

4. Results

This section presents the assessment of results regarding
IAQ, thermal comfort, and simultaneous analysis of both
aspects.

4.1. Statistical Summary of Measured Indoor Environmental
Parameters. Table 8 summarizes the statistical details of
measured indoor environmental parameters in investigated
classrooms by season. The mean indoor CO, concentration
in summer was 593 ppm, which met the safe level require-
ment (700 ppm) by IDAEA [53]. In spring, the value was
774ppm and achieved the minimum acceptable IAQ
requirement-IDA2 level (920 ppm) specified by the national
regulation RITE standard [52]. In contrast, the mean indoor

CO, concentration in winter reached 1194 ppm, suggesting a
potential of poor IAQ in classrooms. The mean air velocity
in summer (0.064m/s) was much higher than in spring
(0.025m/s) and winter (0.021 m/s). Due to the use of heating
systems, the classrooms had similar mean operative temper-
atures in winter (21.24°C) and spring (22.53°C); both were
within the comfort range specified by the RITE standard.
However, the average operative temperature in summer
reached 28.18°C, which was even higher than the maximum
acceptable temperature limit (27°C) specified by Royal
Decree 486 [54], indicating a high risk of thermal discom-
fort. The average indoor relative humidity ranged from
44.9% to 50.2%, which were all within the comfort range
specified by the RITE standard.

4.2. Indoor Air Quality Analysis. Section 4.2.1 discusses the
assessment results of measured classrooms, and Section
4.2.2 analyzes relevant influential factors.
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TaBLE 9: Descriptive statistics of the measurement results.

Room code CO, concentration (ppm) Operative temperature ("C) Relative humidity (%)

Min Median Mean Max Std. Min Median Mean Max Std. Min Median Mean Max Std.
BP1_4T 378 642 648 1208 156  17.50 21.52 23.80 3644 453 253 40.9 414 606 8.9
BP1_I4 367 562 584 904 123 18.05 21.60 22,67 2773 280 242 36.5 39.8 581 109
BP2_4T 385 688 1083 3443 797 1812  20.42 22.56  29.07 394 321 53.2 492  69.1 127
BP2_I4 381 714 751 1879 302 1793  20.50 21.65 26.60 2.84 342 52.6 484 615 94
BP3_4TA 367 555 560 990 125  19.54 23.72 2535 3272 428 30.0 36.1 364 465 4.1
BP3_4TB 394 579 608 1073 133 20.07 22.60 2525 33.65 467 26.1 33.7 335 458 49
BS1_1ESO 358 600 756 2259 455 18.64 20.58 2196 2653 252 531 56.0 573 692 34
BS1_4ESO 414 762 831 1963 349  19.50 22.29 2331 2744 245 487 55.8 56.1 65.1 3.3
GP1_4T 379 637 821 2177 415 1926  23.40 2395 3028 290 373 47.7 482 681 5.0
GP1_14 372 515 536 977 119 1252 2239 23.71 3090 393 334 41.3 428 562 45
GP2_4T 384 772 881 1918 368  19.48 24.61 23.73 2584 1.78 38.6 46.6 464 512 24
GP2_I4 347 676 727 1421 297 17.84 24.84 25.02 31.88 336 26.1 40.7 40.5 503 57
GSI_1ESO 356 669 923 2446 525  18.66 23.47 25.04 32.61 343 332 46.5 460 584 58
GS1_4ESO 393 922 1017 1947 488 18.11 21.05 24.08 3257 494 327 43.8 433 540 49
GS2_1ESO 605 1600 1910 4602 886 1825  21.39 22.05 26.01 227 345 53.5 518 675 83
GS2_4ESO 377 983 1184 3473 758 16.14  22.43 22.54 26.61 216 320 50.0 481 619 85
LP1_4T 348 714 827 1839 384 18.88 23.94 25.09 3243 348 347 41.9 424 531 40
LP1_I4 388 848 901 1793 328 18.05 21.15 22.88 2924 386 383 44.7 456 539 3.6
LP2_4T 393 912 1144 3333 720 16.07 18.90 2190 2940 4.80 437 52.6 53.1 673 5.5
LP2_14 419 758 882 2012 368 19.34 23.23 2392 29.00 3.03 332 47.4 492 679 9.7
LS1_1ESO 361 1077 1218 2934 768 20.64 24.14 25.68 31.87 340 312 43.7 443 530 3.8
LS1_4ESO 369 763 1048 4901 852 19.10  21.82 24.14 3287 4.60 242 46.9 500 639 82
LS2_1ESO 410 878 1211 3779 796  20.22 23.09 24.02 2925 270 40.6 57.3 549 643 63
LS2_4ESO 423 784 1275 3510 877  20.58 23.35 2459 2857 228 492 56.3 557 617 27
TP1_4T 363 493 663 1370 280  18.49 26.36 24.03 2778 3.17 344 43.6 453 548 5.7
TP1_I4 341 472 581 1180 244 16.33 20.47 21.87 27.07 349 369 52.6 523 589 36
TP2_4T 359 586 616 1351 202 17.18 21.54 22.62 2953 334 397 45.0 478  60.7 6.5
TP2_14 346 517 541 940 139 15.22 25.02 2429 28.07 259 237 36.1 42.1 71.7 135
TS1_1ESO 491 2894 2572 4950 1641 19.30 21.65 24.16 3025 4.12 469 59.8 599 656 38
TS1_4ESO 356 610 790 2490 419 18.65 22.18 23.70 30.04 345 399 52.6 524 638 54
TS2_1ESO 405 552 700 2612 413 17.65 27.55 2572 3341 349 278 48.9 498 671 7.7
TS2_4ESO 422 725 839 2348 368 16.90 22.98 2447 31.63 459 335 45.1 46.5 68.7 8.1

4.2.1. Indoor Air Quality Assessment. Table 9 summarizes
the statistical details of indoor CO, concentration in class-
rooms, and Figure 5(a) shows the IAQ assessment results
of the measured classroom. In terms of the satisfaction of
the minimum IAQ requirement (IDA2 level). On average,
the TAQ of all investigated classrooms reached the IDA2
level nearly 71% of the time, whereas half of the classrooms
were above the average level. Approximately 88% of the
classrooms met the minimum requirement for up to 50%
of the measured time.

For the achievement of the optimum IAQ requirement
(safe level). In general, all the classrooms ensured a safe
TIAQ level 53% of the time, while 14 classrooms had a level
above average. Over half of the classrooms met the optimum
requirement for over 50% of the time in the measurement.

It is noteworthy that the initial CO, concentration of
81% of the measurements was below the threshold of safe

level (700 ppm), but 8% exceeded the IDA2 level (920 ppm),
which depends on whether the classroom was adequately ven-
tilated at the end of the class in the previous day.

4.2.2. Influential Factor Analysis of Indoor Air Quality.
Table 10 summarizes the statistical analysis results. For
TIAQ, correlated factors were found to be educational level,
occupancy ratio, and opening area of windows and doors
(ventilation strategy).

The most relevant factors are occupancy and ventilation,
which determine the generation and removal of CO, in
space. The results of statistical analysis indicated a positive
correlation between the indoor CO, concentration and the
occupancy ratio (person/m?) and a negative correlation with
the opening of windows and doors in the classroom. Both
correlations are statistically significant with p values of less
than 0.001. During the measurement campaign, classrooms
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Thermal comfort requirements

mm  Optimum requirement satisfied

Minimum requirement satisfied
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“The classroom code corresponds to the combination of school and room codes in Table 4.

(b) Thermal comfort of the investigated classrooms

FiGURE 5: Indoor air quality assessment results of the investigated classrooms.
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FiGure 6: TAQ levels according to the occupancy state.

were occupied by students for around 70% of the time.
Figure 6 shows the IAQ level during unoccupied and occu-
pied periods. As expected, the proportion of the safe level
significantly decreased during the occupied period, which
implies an increased infection risk due to the presence of
the students.

Natural ventilation enables the renewal of indoor air but
is manually controlled by opening windows and doors. Dur-
ing the measurement campaign, the researchers did not
intervene in the opening of windows and doors in the class-
rooms. Hence, the occupants’ ventilation behavior in schools
was observed. The outcomes showed that classrooms had
cross ventilation up to 54% of the time. The ventilation
was carried out only by opening doors 19% of the time,
which is slightly higher than only by windows (15%), while
for the rest of the time, the windows and doors were
completely closed (no ventilation). Cross ventilation is the
most effective strategy for improving indoor air quality in
the classroom. As seen in Figure 7, cross ventilation main-
tained the IAQ above the IDA2 level in 90% of the observa-
tions and at a safe level in 70% of the observations. In
comparison, ventilation by windows had better effects than
doors, which is consistent with the findings of other studies
[6, 63].

The statistical analysis results show that the CO, concen-
tration in the classroom is statistically different in winter
than in spring and summer. As seen in Figure 8, classrooms
had better IAQ in spring and summer than in winter. In
summer, the TAQ was above the IDA2 level more than
90% of the time, compared with less than 50% in winter.
The average indoor CO, concentration in winter was
1194 ppm, which is significantly higher than that of spring
(744 ppm) and summer (593 ppm). There is no significant
difference in terms of occupancy for each season. Therefore,
such a discrepancy was mainly due to different ventilation
practices in schools. In summer and spring, the classrooms
had cross ventilation for nearly 78% and 69% of the time,
respectively, compared to less than 29% in winter. In winter,
the windows and doors were completely closed for 23% of
the time, and ventilation was carried out mainly by opening

Indoor Air

doors, which is consistent with the fact that the classroom
occupants declined to open the window due to the low out-
door temperatures.

Moreover, there is a statistically significant difference in
CO, concentration between educational levels (with p values
< 0.001), while the rest of the factors are not correlated. In
general, primary schools had better IAQ than secondary
schools (Figure 9). The average CO, concentration of pri-
mary schools was 744 ppm, while that of secondary schools
was 1083 ppm. Such a discrepancy is believed caused by
occupancy, generation ratio, and ventilation. The average
occupancy ratio of primary classrooms was 20% lower than
that of secondary classrooms, while primary students gener-
ate around 28% less CO, than secondary students [64].
Besides, primary classrooms had more cross ventilation than
secondary classrooms by 10% on average.

4.3. Thermal Comfort Analysis. Section 4.3.1 discusses the
assessment results of thermal comfort, Section 4.3.2 analyzes
relevant influential factors, and Section 4.3.3 assesses the
actual thermal comfort of students.

4.3.1. Thermal Comfort Assessment. Table 9 summarizes the
statistical details of operative temperature and relative
humidity in classrooms, and Figure 5(b) shows the assess-
ment results of thermal comfort in the measured classrooms.

In general, the investigated classrooms met the mini-
mum thermal requirement (Table 6) 74% of the time, while
14 classrooms were above average. More than 90% of the
classrooms achieved the minimum requirement at least
50% of the measured time. In contrast, the optimum thermal
requirement was met only 19% of the measured time, while
8 classrooms did not meet the optimum requirement in all
the measurements.

Table 11 summarizes the accomplishment of minimum
and optimum thermal requirements in terms of operative
temperature and relative humidity. Regarding the satisfac-
tion of the minimum thermal requirement, the relative
humidity was within the required range for 97% of the mea-
sured time, but the operative temperature exceeded the
upper limit for nearly 23% of the time. For the optimum
thermal requirement, the relative humidity was within the
required range 53% of the time, but the optimum tempera-
ture was achieved only 36% of the time.

Concerning the initial thermal conditions of the class-
rooms during the measurement campaign, only 17% of the
measurements achieved the optimum requirement, while
62% met the minimum requirement. Notably, 21% of the
measurements initially failed to meet the minimum thermal
requirements due to a high indoor temperature of above
27°C in summer.

4.3.2. Influential Factor Analysis of Thermal Comfort. The
statistical analysis results (Table 10) indicated that season,
occupancy ratio, ventilation strategy, and heating mode of
the classroom are influential factors of thermal comfort.
The results demonstrate that operative temperature is sta-
tistically correlated with the season with a p value < 0.001,
while relative humidity is independent of the season. In
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addition, both indoor operative temperature and relative
humidity are not correlated with the climate and geographic
location of the building, which is mainly attributed to the fact
that the indoor thermal condition of the classrooms was regu-
lated by the adaptive behavior of the occupants and the heat-
ing systems. The average operative temperature in spring
was 22.53°C, slightly higher than that in winter (21.24°C); both
were within the required range of optimum temperature. In
spring and winter, the minimum temperature requirement
was achieved more than 95% of the measured time, whereas
the satisfaction of the optimum temperature requirement
was 14% higher in spring than in winter (Figure 10). In com-
parison, the average operative temperature in summer was
28.18°C. The indoor operative temperature exceeded the
upper limit of the minimum acceptable value (27°C) during
67% of the measured time and exceeded the optimum temper-
ature limit (25°C) nearly 93% of the time. During the summer
measurement campaign, teachers and students frequently

complained to the researchers that it was too hot to withstand,
particularly in the afternoon.

Both operative temperature and relative humidity are
statistically correlated with the occupancy, ventilation state,
and heating mode of the classroom (with p values < 0.001).
Temperature and relative humidity are positively correlated
with the occupancy ratio, indicating that an increase in
occupancy may lead to higher indoor operative temperature
and relative humidity. Natural ventilation had a negative
impact on the indoor thermal condition in general. As seen
in Figure 11, ventilation brought in cool, dry air from out-
side in spring. On the contrary, it introduced a lot of heat
from outdoor air into the classrooms in summer, leading
to a significant reduction in the satisfaction of the optimum
temperature requirement. Since heating systems were turned
on in winter, ventilation had almost no impact on the indoor
temperature, but it positively affects the indoor humidity as
it removed the moisture from indoor air, which reduces
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TaBLe 11: Satisfaction of minimum and optimum thermal
requirements in terms of operative temperature and relative
humidity.

Minimum thermal
requirement

Optimum thermal
requirement

Operative temperature
Below the lower

elc 0.5% 25.3%
limit

Wlthln the 76.8% 35.9%
required range

Above the upper 22.7% 38.8%

limit

Relative humidity
Below the lower

pele 3.0% 28.0%
1imit

Wlthln the 97.0% 53.2%
required range

Above the upper 0.0% 18.8%

limit

the condensation risk that may lead to the growth of mold.
During the winter measurement, radiators in 3 classrooms
were completely turned off during the measurement day.
The analysis found that the overall satisfaction of the opti-
mum temperature increased owing to the heating, but an
overheating problem was detected (i.e., the temperature
was above the optimum limit 13.3% of the time). This can
be attributed to the lack of a thermostat that controls the
heating system in almost all the classrooms. In addition,
although heating systems evaporated the moisture in the
air, the satisfaction of the optimum humidity requirement
slightly dropped in general.

Although the indoor thermal condition is not statisti-
cally correlated with the building construction year, the
analysis of winter data found that the schools built after
2006 had a higher proportion above the optimum tempera-
ture limit of 23°C by nearly 10% of the time on average

(Figure 12), which suggests an overheating problem and
potential waste of energy for heating.

4.3.3. Thermal Comfort of Students. During the measure-
ment campaign, students’ activity state, clothing, and actual
thermal sensation were investigated. Measurement data
revealed that students remained in a sedentary state for over
80% of the time in the classroom and performed light activ-
ities (such as having breakfast and doing craft projects) and
medium activities (walking) for around 10% of the time,
respectively.

The clothing insulation of students in each season is sum-
marized in Table 12. It was observed that students wore fewer
clothes than adults in general. The total students’ clothing
insulation value was lower than the recommended value of
ISO 7730 [18] in all seasons. In addition, gender was a relevant
factor of divergence since the average clothing insulation value
was greater in female students than in male students.

Furthermore, students’ actual thermal sensation votes
were collected and analyzed. The TSV frequency values were
596 in spring, 599 in summer, and 592 in winter. In terms of
educational centers, 55% of the TSV corresponded to pri-
mary schools and 45% were from secondary schools.
Regarding gender, 49% collected were from female students
and 51% were from male students. Figure 13 shows the dis-
tribution of students’ TSV in each season. As shown, ther-
mal neutrality reached the highest level in winter, while
most of the students felt hot (from +1 to +3) in summer
and felt between neutral (0) and a little bit hot (+1) in spring.
The average values of students’ TSV in spring, summer, and
winter were 0.76, 1.26, and -0.04, respectively. Male students
felt hotter than female students. In spring, summer, and
winter, the average TSV of female students were 0.61, 1.08,
and -0.26, while those of male students were 091, 1.41,
and 0.16, respectively.

Linear regressions were established between the mean
thermal sensation vote (MTSV) of students and the opera-
tive temperature at the time of TSV (Figure 14). The neutral
temperature of primary schools was found to be lower than
that of secondary schools in spring and winter, but they were
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FiGUure 10: Thermal comfort assessment results of the investigated classrooms.

quite similar in summer. In comparison with secondary stu-
dents, primary students have a higher metabolic rate per kg
body weight, limited adaptive opportunities in classrooms,
and more class schedules for outdoor activities. These factors
result in a difference in their thermal perception and ulti-
mately lead to a lower comfort temperature [5]. On average,
the neutral temperatures in spring, summer, and winter were
found to be 21.7°C, 25.3°C, and 21.0°C, respectively. These
neutral temperatures are very close to the upper and lower
limits of the optimum temperature range specified by the
RITE standard [52]. The regressions had R* values of over
0.8 in summer, which indicates that over 80% of the variance
in MTSV is attributed to changes in operative temperature.
Both schools had lower R? values in spring and winter, which
implies a greater influence of occupants’ adaptive behaviors
such as opening windows and changing clothes [65].

4.4. Simultaneous Analysis of Indoor Air Quality and
Thermal Comfort. Figure 15 categorizes IAQ and thermal
comfort of the measured classrooms simultaneously, follow-
ing the methodology defined in Section 3.4. The horizontal
axis denotes the indoor air quality aspect, and the vertical
axis represents the thermal comfort aspect. The size of the
bubbles refers to the percentage of observations for each cat-
egory in all measurements.

As seen, the optimum requirements of both IAQ and
thermal comfort were achieved in 7.5% of the measured
time. In contrast, only 0.3% of observations were labeled
completely as bad, which means a failure to meet the mini-
mum requirements of both aspects. For nearly 30% of the
observations, one aspect reached a good level, while the
other achieved an acceptable level. Then, for 9% of the
observations, both aspects only reached the acceptable level.
Opverall, the investigated classrooms achieved acceptable and
good levels of both TAQ and thermal comfort aspects for
over 46% of the measured time.

Figures 16(a) and 16(b) summarize the identification
results of representative scenarios under each IAQ and ther-
mal comfort category with clustering analysis. The results
showed that good TAQ and thermal comfort could hardly
be achieved simultaneously in summer. According to the
measurement results, only 7% of the observations in the
good TAQ and good TC category were in summer, while
the figure was 48% and 45% for spring and winter, respec-

tively. For a good IAQ and acceptable TC category, the sum-
mer’s observation was also less than 29%. Besides, it was
found that almost all observations in the good IAQ and
bad TC category were from summer. In comparison, spring
and winter create favorable conditions for ensuring good
and acceptable IAQ and thermal comfort in the classrooms.

For the categories involving bad IAQ, secondary schools
accounted for a high proportion. The main reason is that, as
previously mentioned, the occupancy ratio of secondary
schools is usually higher than that of primary schools, while
these students also generate more CO, than children. There-
fore, it is necessary to limit the number of students in
secondary school classrooms to guarantee a satisfactory
IAQ level. Furthermore, the ventilation strategy is critical
to maintaining a good IAQ. Most of the observations in
categories with bad IAQ are related to a small opening area
of windows and doors. Cross ventilation with a sufficient
total opening area (>3 m?) can guarantee good or acceptable
IAQ in most cases, which should be adopted by schools, as
strongly recommended by IDAEA [53].

Temperature was the main factor leading to poor ther-
mal comfort in schools. For categories involving bad TC,
87% of the observations exceeded the upper limit of mini-
mum acceptable temperature. Only in a few cases in winter,
the temperature was below the acceptable limit. In contrast,
relative humidity usually caused a decline in thermal com-
fort level, particularly in winter. When ventilation and heat-
ing occurred at the same time, the relative humidity fell
below the lower acceptable limit, leading to a bad TC (cluster
5 in good IAQ and bad TC category). When there was a lack
of sufficient ventilation, the relative humidity was often
higher than the optimum limit, which reduces the possibility
of achieving good thermal comfort in the classrooms (clus-
ters 2 and 5 in bad IAQ and acceptable TC category).

The results of representative scenarios suggest that clus-
tering analysis is an effective and efficient way to analyze
large measurement databases.

4.5. Discussion of Results. Maintaining good IAQ in the
classroom is not a simple and easy task. As observed in
many studies, classrooms did not meet the IAQ requirement
of relevant standards over 50% of the time [12, 14, 25]. This
is often caused by a lack of adequate ventilation, particularly
in winter, because occupants usually have less willingness to
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open windows and doors in cold weather to ensure thermal
comfort needs. In this study, classrooms failed to achieve the
acceptable TAQ level nearly 49% of the time in winter,
mainly due to a substantial reduction in cross ventilation.
These findings are consistent with previous studies, which
suggest the need of a proper ventilation protocol in schools.
Monge-Barrio et al. [15] found that after adopting a clear
ventilation protocol, TAQ in classrooms was significantly
improved and the average CO, concentration dropped by
1400 ppm. Miranda et al. [66] discovered that when a venti-

lation protocol was enforced, IAQ in classrooms fully met
the requirement 100% of the time, with a CO, concentration
maintained below 800 ppm. These studies all pointed out
that students’ thermal comfort was inevitably compromised
due to the enforced ventilation protocol in winter. There-
fore, more attention should be given to the balance of IAQ
and thermal comfort when developing ventilation protocols
[67]. But till now, there is a lack of reference in relevant stan-
dards combining both aspects [68]. Accordingly, the repre-
sentative scenarios of good and poor TAQ and thermal
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Total
Cluster w Educational ~ Occupancy . - Heating COy . ) .
Percent’ Season . opening Ventilation strategy Operative temperature Relative humidity
No. level ratio mode level
area

1 207%  Spring  Secondary High Medium  Cross ventilation Off Safe Within the range Within the range
2 1.51% ‘Winter Primary High Medium Cross ventilation On Safe Within the range Within the range
3 2.15% Spring Primary Low Small Cross ventilation Off Safe Within the range ‘Within the range
4 179%  Winter Primary Empty Small Only by door On Safe Within the range Within the range
Good IAQ & acceptable TC (25.3% observations)
1 5.73% Spring Primary High Medium Cross ventilation On Safe Within the range Below optimum limit
2 4.80%  Winter Primary Empty Small Only by door On Safe Below optimum limit Within the range
3 4.23%  Winter Primary Empty  Medium Cross ventilation On Safe Below optimum limit Below optimum limit
4 7.87% Summer Primary Medium  Medium Cross ventilation Off Safe Above optimum limit ‘Within the range
5 2.58% Spring Secondary Medium Small Cross ventilation Off Safe Below optimum limit ‘Within the range
Acceptable IAQ & good TC (4.6% observations)
1 2.00% Spring Secondary Medium Small Cross ventilation On IDA2 Within the range Within the range
2 1.56% ‘Winter Primary Empty Small Only by door On IDA2 Within the range ‘Within the range
3 1.08%  Spring  Secondary High Medium  Cross ventilation Off IDA1 Within the range Within the range
Acceptable TAQ & acceptable TC (8.9% observations)
1 4.36% ‘Winter Primary Low Small Only by door On IDA2 Below optimum limit ‘Within the range
2 3.13% Spring Primary High Small Cross ventilation On IDA2 Within the range Below optimum limit
3 141%  Spring  Secondary  Medium Small Cross ventilation Off IDA1 Below optimum limit Within the range
Good IAQ & bad TC (21.4% observations)
1 6.42% Summer Primary High Medium Cross ventilation Off Safe Above minimum limit ‘Within the range
2 4.54% Summer Primary Medium Medium Cross ventilation off Safe Above minimum limit Within the range
3 678%  Summer  Secondary High Large Cross ventilation Off Safe Above minimum limit ~ Below optimum limit
4 1.51% Summer  Secondary Empty Small Only by window Off Safe Above minimum limit ‘Within the range
5 1.95%  Winter Primary Empty  Medium  Cross ventilation On Safe Within the range Below minimum limit
Bad TAQ & good TC (7.6% observations)
1 2.42% Spring Secondary High Small Only by window Off IDA4 Within the range ‘Within the range
2 0.65% Summer  Secondary Empty Small Only by door Off IDA4 Within the range ‘Within the range
3 0.74%  Winter  Secondary ~ Medium  Small Only by window On IDA4 Within the range Within the range
4 1.78% ‘Winter Primary Medium Small Only by door On IDA3 Within the range ‘Within the range
5 0.71% Spring Secondary Medium Small Cross ventilation On IDA3 Within the range ‘Within the range
6 0.69% Winter Secondary High Closed No ventilation On IDA4 Within the range Within the range
7 0.59% Spring Secondary Medium Closed No ventilation Off IDA3 Within the range ‘Within the range
Acceptable IAQ & bad TC (4.4% observations)
1 2.02% Summer Primary Medium Medium Cross ventilation Off IDA2 Above minimum limit Below optimum limit
2 1.41% Summer  Secondary High Medium Cross ventilation Off IDA1 Above minimum limit Within the range
3 0.94% Spring Primary High Medium Cross ventilation On IDA2 Within the range Below minimum limit
Bad IAQ & acceptable TC (20.0% observations)
1 574%  Winter  Secondary High Closed No ventilation On IDA4 Below optimum limit Above optimum limit
2 5.30% ‘Winter Secondary Medium Small Only by door On IDA4 Within the range Above optimum limit
3 3.10% ‘Winter Primary High Small Cross ventilation On IDA3 Below optimum limit ‘Within the range
4 2.04%  Winter  Secondary High Small Only by door On IDA4  Above optimum limit Within the range
5 1.69% Winter Secondary Medium Closed No ventilation On IDA4 Within the range Above optimum limit
6 2.12% ‘Winter Secondary High Small Only by window On IDA4 Below optimum limit Above optimum limit
1 0.09% Summer Primary High Medium Cross ventilation off IDA3 Above minimum limit Below optimum limit
2 0.04% ‘Winter Primary High Small Cross ventilation On IDA3 Below minimum limit Below minimum limit
3 0.07% Summer Secondary Medium Medium Cross ventilation off IDA3 Above minimum limit Within the range
4 0.06%  Summer  Primary Medium Small Only by window Off IDA3  Above minimum limit  Below optimum limit
5 0.08% Summer  Secondary High Small Only by window Off IDA3 Above minimum limit ‘Within the range

*Percentage of observations

(b) The representative scenarios with each indoor air quality and thermal comfort category

FIGURE 16: Clustering analysis results.
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comfort identified in this study lay the foundation for the
development of such a proper ventilation protocol.

Ensuring the thermal comfort of students is also a chal-
lenging issue. Due to the difference in thermal sensation,
children usually have a lower comfort temperature than
adults. In this study, students’ neutral temperatures were
found to range from 21.0 to 25.3°C, which is close to the
values observed in relevant studies under similar climatic
conditions [5, 19, 27]. These values are generally lower than
the university students’ comfortable temperatures summa-
rized in existing research [16, 69]. In this context, indoor
temperature values specified by existing building codes and
standards may not properly fit the needs of primary and sec-
ondary students. Moreover, children’s adaption in class-
rooms is often passive and limited, while teachers have the
initiative to control indoor thermal conditions. Kumar
et al. [70] investigated the adaptive behaviors of university
students and identified diverse adaptive opportunities such
as turning on fans/air conditioners, operating windows and
doors, changing clothing, changing postures, and walking
indoors or outdoors. These options are usually not applica-
ble to children because they have to ask for the teacher’s per-
mission [5, 20]. Accordingly, these factors may ultimately
lead to lower satisfaction with the indoor thermal environ-
ment in classrooms, as observed in this and other relevant
studies [6, 19]. These issues deserve more in-depth explora-
tions in further research to guarantee a comfortable indoor
environment for students.

5. Conclusions and Recommendations

This research conducted a comprehensive assessment of
IAQ and thermal comfort of educational buildings, based
on an on-site measurement campaign involving around
600 students in 32 classrooms of primary and secondary
schools in the Mediterranean climate.

For TAQ, the investigated classrooms met the minimum
IAQ requirement for 71% of the time and maintained a safe
level avoiding massive exposure to the COVID pandemic
53% of the time. Occupancy and ventilation were found to
be the most significant influential factors that cause the dis-
crepancy in indoor CO, concentration across the seasons.
The classrooms had cross ventilation for more than half of
the measured time in general, and occupants preferred ven-
tilating the space by opening doors, especially in winter.

Concerning thermal comfort, the measured classrooms
satisfied the minimum thermal requirement for 74% of the
time, but the optimum requirement was achieved less than
19% of the time. Poor thermal comfort was given by a high
indoor air temperature in summer. The analysis found that
indoor thermal conditions can be affected by factors such
as season, occupancy, ventilation, and the heating mode of
the classroom. The average value of the clothing insulation
of students was lower than that specified by ISO 7730 [18].
TSV analysis confirmed that female students are more sensi-
tive to colder temperatures. In addition, students’ neutral
temperature was found to be very close to the upper and
lower limits defined by the RITE standard [52].

Indoor Air

When IAQ and thermal comfort aspects were assessed
simultaneously, the minimum requirements of both aspects
were achieved 46% of the time, but the optimum require-
ments were satisfied only 7.5% of the time. It was found that
good TAQ and thermal comfort can hardly be achieved
simultaneously in summer, while spring and winter render
favorable conditions. Inadequate ventilation in winter not
only results in a bad IAQ in the classrooms but also leads
to relatively high humidity, which reduces the potential of
achieving good thermal comfort. Besides, secondary schools
should limit the number of students in the classrooms, and
cross ventilation should be performed with a sufficient total
opening area (>3 m?).

Based on the findings of this research, it was concluded
that good IAQ can be maintained by developing a proper
ventilation protocol for schools, but the impact of ventilation
on indoor thermal conditions must be taken into account.
Future research steps could investigate the adaptive thermal
comfort of students.
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