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Abstract: The indoor environment in non-university classrooms is one of the most analyzed problems
in the thermal comfort and indoor air quality (IAQ) areas. Traditional schools in southern Europe are
usually equipped with heating-only systems and naturally ventilated, but climate change processes are
both progressively increasing average temperatures and lengthening the warm periods. In addition,
air renewal is relayed in these buildings to uncontrolled infiltration and windows’ operation, but
urban environmental pollution is exacerbating allergies and respiratory conditions among the youth
population. In this way, this exposure has a significant effect on both the academic performance
and the general health of the users. Thus, the analysis of the occupants’ noticed symptoms and
their perception of the indoor environment is identified as a potential complementary tool to a more
comprehensive indoor comfort assessment. The research presents an analysis based on environmental
sensation votes, perception, and indoor-related symptoms described by students during lessons
contrasted with physical and measured parameters and operational scenarios. This methodology is
applied to 47 case studies in naturally ventilated classrooms in southern Europe. The main conclusions
are related to the direct influence of windows’ operation on symptoms like tiredness, as well as
the low impact of CO2 concentration variance on symptomatology because they usually exceeded
recommended levels. In addition, this work found a relationship between symptoms under study
with temperature values and the environmental perception votes, and the special impact of the lack of
suitable ventilation and air purifier systems together with the inadequacy of current thermal systems.

Keywords: educational buildings; schools; field measurements; ventilation; indoor air quality (IAQ);
thermal comfort; thermal perception; health symptoms; CO2 concentration; air infiltration

1. Introduction

1.1. State of the Art

Non-university educational buildings are one of the most widespread building typologies, in which
teenagers, a more sensitive population than adults and with specific different thermal preferences due
to their different metabolic rate values [1–4], spend more than 25% of their day time during winter
and midseasons. Thus, indoor environment in non-university classrooms is one of the most analyzed
problems in the thermal comfort and indoor air quality (IAQ) areas [5], being widely studied for
cold [6–10], mild [11–17], and warm climates [18].

Traditional schools in southern Europe solve thermal control basically by heating-only systems
(without mechanical ventilation), relying on air renewal to uncontrolled infiltration and users’ frequent
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windows’ operation, much more than usually found in central and northern Europe. This develops
a behavior that could be defined as hybrid or mixed mode, with thermal systems operated and
with a significant part of the time with the windows open. In addition, climate change processes are
progressively lengthening the warm periods with greater presence within the school season. In addition,
urban environmental pollution and pollen are exacerbating allergies and respiratory conditions among
the youth population [19,20], especially in the case of outdoor atmospheric particulate matter (PM)
with a diameter of less than 2.5 micrometers (PM 2.5) [12,21,22]. This context generates a situation of
specificity where further study is necessary, given the different exposure scenarios with a greater influx
from the outside although varying over time.

Given that ventilation is one of the main variables which affects the degree of environmental
comfort [23,24], the European ventilation standard EN 13779:2008 [25], through its Spanish
transposition [26], establishes a minimum outdoor airflow to guarantee the adequate indoor air quality
(IAQ) in non-residential buildings. Mainly, its focus is to control CO2 concentration, pollutants, and
suspended particles [27] to avoid the development of symptomatology and respiratory health related
to prolonged periods of exposure [28]. According to the national regulation, this ventilation must be
mechanically controlled since 2007, also including an air filtering system, to ensure this IAQ, but given
that the adaptation could entail a huge investment and a higher energy consumption, several public
institutions in Spain are imposing natural ventilation as the only system for IAQ control, against standards.

In this way, previous studies in classrooms of southern Spain [16,17], Portugal [12], France [29],
Italy [30], and other south European locations [31] have shown poor indoor conditions, both thermal and
clean air, which can relate to the appearance of symptoms like dizziness, dry skin, headache, or tiredness.
This environmental exposure has a significant effect on both the academic performance [32–34],
the general health of the users and their psychological and social development [35], existing evidences
of poor indoor air quality in schools with correlation with negative effects on the students’ health,
which potentially can lead to asthma or allergic diseases [36], which are two of the most prevalent
diseases in children and young people [37], and can be mainly related to the high values found in
classrooms for bacteria and PM, given their pro-inflammatory role [38].

In this way, previous studies in European schools analyzed the link between the IAQ conditions,
obtained through measurements of CO2, PM, and volatile organic compounds (VOCs), with health
questionnaires made by parents, spirometry, exhaled nitric oxide tests, and asthma tests with medical
kits [29,38]. This approach required complex equipment and tests, and were not directly related
to on-site symptomatology but to long-term symptom development, as it was gathered in housing
studies [39]. Users’ perception of environmentally related symptoms had a direct potential to draw an
actual comfort situation, not only determined by room-physical conditions but to occupants’ responses,
as was shown in [40–43], also with the capacity to identify individual answers, such as those related to
gender or emotional situation [44–46].

Thus, the analysis of the occupants’ symptoms and their environmental perception was identified
as a potentially affordable complementary tool to obtain a more accurate indoor comfort condition
assessment with a high degree of widespread applicability, together with the widely accepted rational
(RTC) [23,47,48] or adaptive (ATC) [49,50] thermal comfort indicators, especially those analyzed in the
Mediterranean area including educational buildings [51–53] or in non-air conditioned buildings in
warm climates [54].

1.2. Objectives

The first objective of this research was to present the physical and operational characterization of the
indoor environment of a representative sample of multipurpose classrooms in a wide area of southern
Spain, as well as the environmental perception votes, personal clothing, and symptoms expressed by
the occupants (aged 12–17 years) exposed to this environment during the measurement campaigns.

The second objective of the study was to contrast environmental sensation votes, perception,
and indoor-related symptoms described by students during lessons with physical and environmental
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parameters and operational scenarios (focusing on windows’ and doors’ operation), in order to evaluate
the impact and relationship between them.

2. Methods and Materials

The acquisition of both the physical measurement data and the occupants’ sensation votes during
a normal school day was developed through the following phases:

(1) Definition of the study sample;
(2) Characterization of the airtightness of the samples;
(3) Field measurements; and
(4) Design and distribution of surveys.

The data collection was performed both in winter and midseason in two sets per day: One in the
early morning, at the beginning of the first lesson, and another previous to the midmorning break.

2.1. Definition of the Study Sample

The study sample was composed of 47 multipurpose classrooms (for ages 12–17) from 8 educational
buildings, selected from the most representative climate zones of the region of Andalusia according to
the Spanish energy performance zoning [55–57] (zones A4, B4, C3, and C4), which include temperate
to cold zones in winter (types A, B, or C), as well as average to warm summers (3 or 4). These zones
can also be classed in the Köppen climate scale [58] as cold semi-arid climate (Köppen BSk) and hot
summer Mediterranean climate (Köppen CSa), as it can be seen in Table 1.

Table 1. Study samples by location and climate zone.

Climate Zone Educational
Institution

Classrooms Occupants
Köppen Climate

Zone [58]
Spanish Energy

Performance Zone

BSk A4 E1 4 92
CSa B4 E2 3 54
CSa B4 E3 8 192
CSa B4 E4 11 186
CSa C3 E5 2 45
CSa C3 E6 12 270
CSa C3 E7 3 60
CSa C4 E8 4 78

These multipurpose classrooms followed the design standards established by the regional
educational agency (Andalusian Agency of Public Education) [59], with classrooms measuring
approximately 50 m2 and 3 meters high for accommodating up to 30 students with their teacher.
This standard also defined the common access corridor with the adjoining classrooms and the
distribution of the furniture, as well as the location of the windows to the left of the occupants and the
two entrance doors in the partition to the corridor, as it can be seen in Figure 1.

The most common composition of the external vertical wall was a brick masonry cavity wall
with some kind of thermal insulation with a simple hollow brick wall with plaster setting in the inner
surface. The internal partitions were usually composed of a half-brick wall with plaster on either side.

The regional standards established hot water (HW) radiators as the main heating system of schools,
with no provision for cooling systems [59]. In this way, all the classrooms under study were equipped
with this heating system and, in addition, two of the schools had some add-on split-systems for cooling.
Ventilation is traditionally performed in the Mediterranean area by user windows’ operation and
uncontrolled infiltrations. Despite the current Spanish standard on thermal installations in buildings
(RITE) [26] that establishes the mechanical ventilation as the only option for new non-residential
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buildings, these systems are not normally started up in order to save energy when the building is
equipped with them.
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Figure 1. Multipurpose classroom according to Andalusian design standards: (a) Plant with windows,
doors, and furniture standard distribution. (b) A-A’ vertical section.

2.2. Characterization of the Airtightness of the Samples

The assessment of the infiltration level of the classrooms under study was performed by a series
of airtightness tests (doors and windows closed) in order to obtain their expected average infiltrations
rates (Figure 2). These tests consisted of decreasing the room pressure by using a fan, which extracted
air until the indoor-outdoor differential pressure was stabilized. It was achieved by balancing the
extracted airflow with the entering airflow through the envelope cracks. Then, the depressurization
was decreased in steps by lowering the fan speed, in order to obtain the regression curve of the
pressure/extracted airflow relation, which showed the entering airflow when the indoor pressure was
equal to the atmospheric one.
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These tests were performed by using enclosure pressurization-depressurization equipment or
“blower door”, as specified in the ISO standard 9972: 2015 [6], considering each classroom as a single
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zone to be analyzed. The specific model used was the Minneapolis Blower Door Model 4/230 V System,
which was controlled by the TECTITE Express software.

The higher-pressure difference used to create this regression curve must be at least ± 50 Pa; in this
study, it was reached until a ± 70 Pa differential pressure.

When the classroom had a single access point, the pressurization-depressurization test
characterized the airflow that can pass through the envelope by sealing the corresponding door
and the adjacent classrooms and common area. However, in most of the studied classrooms there were
two access points, so it was necessary to perform three measurements in each classroom, changing the
location of the blower door and sealing, or not, and the door in which the blower door was disposed.
In this way, it was possible to determine the real airflow that entered the classroom during its normal
operation. Adjacent classrooms and common area were sealed, too.

This protocol was designed for medium rooms with two access doors like the one under study,
and required three different measurements (Figure 2):

• Airtight test 1 (AT1) to obtain V50,P1: Blower door was placed in door A, and door B and windows
were closed but not sealed.

• Airtight test 2 (AT2) to obtain V50,P2: Blower door was placed in door B, and door A and windows
were closed but not sealed.

• Airtight test 3 (AT3) to obtain V50,P3: Blower door was placed in door B, and door A was sealed
and windows were closed but not sealed.

where V50 P1 is the air leakage rate at 50 Pa in Protocol 1, V50 P2 is the air leakage rate at 50 Pa in
Protocol 2, V50 P3 is the air leakage rate at 50 Pa in Protocol 3.

Infiltration values measured in each of these three ± 50 Pa depressurization test hypotheses,
developed in each classroom, were obtained by the following expressions of the British Standard 5925
standard, obtained from a simplification of the “crack flow equation”:

n50,AT1 =
V50,DoorA + V50,env

V
(1)

n50,AT2 =
V50,DoorB + V50,env

V
(2)

n50,AT3 =
V50,env

V
(3)

n50,t =
V50,DoorA + V50,DoorB + V50,env

V
(4)

n50,t = n50,P1 + n50,P2 − n50,P3 (5)

where n50,AT1 is the infiltration rate at 50 Pa in protocol 1, in h−1; n50,AT2 is the infiltration rate at 50 Pa in
protocol 2, in h−1; n50,AT3 is the infiltration rate at 50 Pa in protocol 3, in h−1; n50,t is the infiltration rate
at 50 Pa through the envelope and doors of the room, in h−1. V50,DoorA is the air leakage rate at 50 Pa
which circulates through door A, in m3/h; V50,DoorB is the air leakage rate at 50 Pa which circulates
through door B, in m3/h; V50,env is the air leakage rate at 50 Pa which circulates through the envelope,
in m3/h; V is the internal volume of the room, in m3.

2.3. Field Measurements

The measurement campaign was developed in the selected classrooms according a data collection
protocol [16,17,60] in which physical parameters relating to hygrothermal comfort, CO2 concentration,
and illuminance were obtained in a spatial matrix [61] previously and throughout the survey distribution
period (30 min, twice per day), taking the average of the values obtained, both outdoor and indoor, as
can be seen in Figure 3 and Table 2:
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Figure 3. The 3-D array of measurement points superimposed in a multipurpose classroom. Red dots
show values at 0.6 m, dark red dots at 1.7 m, orange dots represent measures in the room’s envelope,
and blue dot is the window.

Table 2. Acquisition points per physical parameters measured.

Parameter Indoor Points Outdoor Measurement

Air temperature (Ta) All “A” points (0.60 and 1.70 m) Yes
Surface temperature (ts) All “B” points (0.60 and 1.70 m), S1, T1, C1 No
Globe temperature (tg) A2-1, A6-1 (0.60 m) No
Relative humidity (RH) All “A” points (0.60 and 1.70 m) Yes
Air velocity (Va) All “A” points (0.60 and 1.70 m) Yes
CO2 concentration (CO2) All “A” points (0.60 and 1.70 m) Yes
Illuminance (E) All “Ax-1” points (0.60 m) No

During the measurements both the initial state and the operation of doors, windows, solar devices,
heating systems, and electric lighting, as well as changes in the occupants’ distribution, were collected.
Performance and uncertainty of measurement instrumental are described in Table 3:

Table 3. Characteristics and uncertainty of the sensors used for on-site measurements.

Parameter Sensor 1 Units Uncertainty

Air temperature (Ta) Testo 0635.1535 (PT100) ◦C ±0.3 ◦C
Surface temperature (ts) Testo 0602.0393 (Thermocouple type K) ◦C ±0.3 ◦C
Mean radiant
temperature (tr)

Testo 0602.0743 (Globe probe,
Thermocouple type K)

◦C ±1.5 ◦C

Globe temperature (tg) Testo 0602 0743 ◦C ±1.5 ◦C
Relative humidity (RH) Testo 0635.1535 (Capacitive) % ±2%
Air velocity (Va) Testo 0635.1535 (Hot wire) m/s ±0.03 m/s
CO2 concentration (CO2) Testo 0632.1535 ppm ±50 ppm
Data acquisition system Data Logger Testo 435-2 - -
Illuminance (E) PCE-134 lux-meter lux ±5%
1 The instruments for hygrothermal measurements listed comply with the requirements of ISO 7726 standard [62]
for class C (comfort).
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Mean radiant temperature (tr, in ◦C) was calculated using Equation (6) [63]:

tr =

[(
tg + 273

)4
+

1.10·108
·v0.6

a

ε·Dg0.4
·

(
tg − Ta

)] 1
4

− 273, (6)

where va is air velocity (in m/s), Ta is dry bulb air temperature (◦C), tg is black globe temperature (◦C),
ε is emissivity (dimensionless, 0.95 for black globe), and Dg is globe diameter (m).

The operative temperature (to, in ◦C) was obtained through Equations (7) and (8) [64]:

To = A × Ta + (1−A) × tr (7)

A =


0.5 if Va < 0.2 m/s

0.6 if 0.2 m/s ≤ va < 0.6 m/s
0.7 if 0.6 m/s ≤ va < 1.0 m/s

(8)

where va is air velocity (in m/s), Ta is dry bulb air temperature (◦C), and tg is black globe temperature (◦C).

2.4. Design and Distribution of Surveys

The survey was designed to collect information and votes from occupants in order to
comprehensively assess the environment in conjunction with the measurement of the physical
parameters. The survey design was based on the experience of previous research [16,17,60,61,65] with
the aim to collect data with an objective approach. The completion of the survey took around 20
minutes per classroom, being distributed during the measurement campaigns, and were performed
twice per day both in a winter and a midseason day.

The survey distributed included questions about the following issues (the specific layout of the
questionnaire is presented in Appendix A):

(1) The occupant’s age and sex.
(2) The respondent’s position inside the classroom.
(3) The occupant’s thermal vote [23] for:

• Sensation: Thermal sensation vote (TSV) using the 7-points ASHRAE scale.
• Preference: Thermal preference vote (TPV) using the 7-points ASHRAE scale.
• Acceptance: Thermal environment rejection percentage (PDacc) from 0 (rejection) to 1

(acceptance).
• Level of comfort: Thermal comfort vote (TCV) from 4 (extremely uncomfortable) to 0

(comfortable).

(4) The occupant’s environmental perception vote (EPV) from 4 (repugnant odor) to 0 (without odor).
(5) Symptoms and related health effects during the measurements:

# Difficulty concentrating (DC).
# Dry throat (DT).
# Dizziness (D).
# Itchiness (I).
# Dry skin (DS).
# Nausea (N).
# Nasal congestion (NC).
# Eye irritation (EI).
# Headache (H).
# Chest oppression (CO).
# Tiredness (T).
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The perception of the hygrothermal environment was formulated to the occupants according the
protocol established in the Spanish version of Standard ISO 10551 [66].

The clothing insulation values worn by the occupants were obtained from the surveys and
subsequently quantified according to EN ISO 9920 [67] and EN ISO 7730 [23], considering the
corrections proposed by Havenith et al. [68] for seated occupants, with a thermal insulation of clothing
(Icl) lower than 1.84 clo and air velocities under 0.15 m/s.

In addition, the protocol for the analysis of the surveys included a screening for the exclusion of
the sample when the participant had previous and subsequent symptoms, related health problems,
were developing some sickness, were taking medication for a long time, or when a strange answer
was found for the multiple choices of a given question. In this way, during the measurements, a total
number of 977 valid surveys was obtained (Table 4).

Table 4. Students participating in the survey campaign according to season and sex.

Students Average Value of
Students per Classroom Male Students Female Students

All seasons 977 20.8 504 473
Winter season 693 20.4 364 329
Mid-seasons 284 21.9 140 144

3. Results

The results of the present study, part of a PhD dissertation [69], can be grouped into five subsections:

• Mean values of physical parameters;
• Mean values of airtightness of the samples;
• Mean values of occupants’ votes;
• Mean values of occupants’ clothing insulation; or
• Mean values of occupants’ symptoms and related health effects.

These values were analyzed according to seasons (winter, W, and midseasons, MS) and windows’
and doors’ operation (open windows, OW, closed windows, CW, open door, OD). In this way,
26 classrooms (55% of the case studies) had the windows closed during the measurement period,
with 23 of these during the winter session, and 21 had the windows open (45% of the case studies),
with 11 of them during the winter period. No intervention by the researchers was made to modify
classroom-state, allowing us to gather operational actual conditions.

3.1. Mean Values of Physical Parameters

The measured interior air temperature (Ta) ranged between 17.8 and 22.7 ◦C during winter
season (Table 5), with the lowest mean temperature values obtained for the case studies with closed
windows, especially when inner doors were open, with values of 20 ◦C. It can be related with the
outdoor conditions, given that the lowest outdoor temperature values (Ta, outdoor) were measured
for classrooms with closed windows and open inner doors. In addition, 8 of the case studies had the
windows open during winter, which can mean that there was a bad regulation of the heating system
and the heat excess had to be dissipated, or that the students considered that they had to ventilate the
classroom due to a poor environment perception. Indoor air temperature in midseasons was oscillating
around 22.4 ◦C, without a direct relation with window operation. Although winter time temperature
expectations range between near 20–22 ◦C to 20.4–22.6 ◦C if windows are open (central quartile lower
and upper values), this band nearly doubles in middle season, when temperatures from 20.6 to 24 ◦C
may be expected (21.1 to 24.5 ◦C if windows are open). A quartile distribution plot for indoor thermal
parameters, air temperature, and operative temperature is proposed in Figure 4. It is noteworthy to
highlight that there was a statistical significance between seasons in a windows-state with independent
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behavior aspect that was verified through test of comparison of samples, F-test for the variance and a
K-S (Kolmogórov-Smirnov) for the distributions of probability with p-values under 0.05 in all the cases.

Table 5. Mean values of environmental parameters obtained during the field measurements related to
seasons and windows’ and doors’ operation.

W OW-W CW-W CW OD-W MS CW-MS OW-MS

Ta,outdoor Mean 9.9 11.4 9.1 8.3 18.5 18.5 18.4
(◦C) SD 4.4 2.8 4.9 5.1 5.3 3.1 5.9

Ta Mean 21.1 21.5 21.0 20.0 22.4 22.3 22.5
(◦C) SD 1.4 1.3 1.5 0.8 2.1 1.6 2.3

tr Mean 21.8 21.4 22.0 22.5 22.9 23.3 22.8
(◦C) SD 2.1 2.6 1.7 1.3 3.5 2.9 3.7

RH Mean 51 49 51 55 45 44 46
(%) SD 6 5 6 6 10 9 10

Va Mean 0.03 0.04 0.03 0.03 0.01 0.01 0.01
(m/s) SD 0.03 0.04 0.02 0.01 0.01 0.01 0.01

CO2 indoor Mean 1951 1537 2164 1973 1267 1006 1354
(ppm) SD 552 234 548 460 499 284 525

CO2 outdoor Mean 426 421 429 475 395 399 394
(ppm) SD 41 47 38 5 18 15 19

W are measurements during winter, MS are measurements during midseasons, OW-W are measurements
during winter with open windows, OW-MS are measurements during midseasons with open windows, CW-W
are measurements during winter with closed windows, CW-MS are measurements during midseasons with
closed windows, CW OD-W are measurements during winter with closed windows and open doors, SD are
standard deviation.

Although average values of mean radiant temperature (tr) were within the recommended operating
temperature ranges for classrooms according to ISO 7730 standard [23] (22.0 ± 2.0 ◦C for category B),
there was a high dispersion of figures with a standard deviation (SD) between 1.7 ◦C in winter with
closed windows and 3.7 ◦C in midseasons with open windows, which was due to the operation of HW
radiator system, especially when windows were open, with tr values of 27.2–28.0 ◦C with radiators
on and values of 17.5–19.0 ◦C when radiators were turned off. This caused operative temperature to
swing usually between 20 and 25 (central quartiles) during middle season, with typical values of 20.6
to 22.5 ◦C during winter, with a very similar band of 20.4 to 22.6 ◦C if windows were open, highlighting
the effect of surface thermal control performed by the radiator heating system.

Relative humidity (RH) in winter was always over 40%, with a maximum value of 64% in
the case of one of the classrooms with windows closed and inner doors opened. In midseasons,
relative humidity was lower but with a higher oscillation, with a minimum value of 29%.

Air velocity (Va) values were oscillating under 0.05 m/s, both in winter and midseasons,
only exceeding the recommended design limit for comfort category B established by the ISO 7730
standard [23] of 0.16 m/s in one of the case studies with open windows, with a value of 0.18 m/s. In the
case of closed windows, air velocity was always under 0.09 m/s. This showed poor air movement and
limited air displacement potential.

Measurements of the CO2 concentration usually show figures well above typical thresholds
(Figure 5). The World Health Organization (WHO) recommends a limit for healthy indoor spaces of
1000 ppm [70]. In this way, the probability distribution derived from the measures showed that more
than 92% of the distribution for closed windows was above this limit, while this only decreased to
88% of the time when windows were open. In addition, 47.5% of classrooms with windows closed
exceeded the 2000 ppm threshold. The greatest relative effect of window operation was seen in the
winter, when CO2 concentration can be decreased by 25%, comparing median values. However, figures
were above desirable levels, indicating the lack of capacity of the window operation to solve a suitable
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ventilation. In general, during the intermediate season, the operation of the windows did not provide
a significant improvement of indoor air quality, which may be related to the lack of thermal differential
between indoor and outdoor air, limiting the air exchange due to the absence of a thermodynamic
effect (Figure 6).
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Figure 4. Quartile distribution for indoor air temperature and operative temperature. (a) Quartile
distribution for indoor air temperature; (To) winter (top) and mid-season (down) with windows closed
(0) and open (1). (b) Quartile distribution for operative temperature (To); winter (top) and mid-season
(down) with windows closed (0) and open (1).
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Figure 5. CO2 concentration distribution. (a) General CO2 concentration density trace for winter (blue)
and mid-season (red). (b) Detailed CO2 concentration density trace for winter (blue) and mid-season
(red) with closed windows (continuous line) and windows open (dot line).

The median room mean illuminance (E) in the case studies oscillated between 461 and 560 lx
(both cases with a SD of 222) according to the season, with an average lighting uniformity (Uo) of 0.48.
However, although there seemed to be a greater illumination associated with the half-season period,
it was not possible to rule out, without further measurements, the fact of being biased by the activities
in execution during the measurements. The high SD was due both to the use of the projector and the
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solar protection devices (as low as 15 lx) and the lack of use of a solar protection device with direct
solar radiation (figures as high as 1710 lx) (Figure 7). The homogeneity of the lighting solutions in
almost all buildings generated visual fields with very similar characteristics, mainly dominated by the
behavior of their electric lighting. The correlated color temperature was similar in all cases, varying
from 3500 to 5500 K; hence, it can be considered that both the amount of light and hue did not affect
the thermal perception of the participants, as exposed by Bellia et al. [71] and Acosta et al. [72].
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Figure 7. Room illuminance. (a) Hourly distribution for mean-room illuminance by season: winter
(blue) and middle-season (red). (b) Quartile distribution of mean-room-illuminance by season (top)
winter (down) mid-season.

3.2. Mean Values of Airtightness of the Samples

The values of airtightness of the classrooms under study with a difference of pressure between
indoor and outdoor of 50 Pa (n50 range) varied from 2.6 h–1 to 10 h–1, with an average value of n50 of
6.97 h–1 and a SD of 2.06 h–1.

3.3. Mean Values of Occupants’ Votes

The mean thermal sensation vote (TSV) of the students in both seasons was “slightly warm”,
with a value of +0.32 on the ASHRAE scale in winter and +0.38 in midseasons, having a SD of between
0.93 and 0.83, respectively. This can be identified as a common situation among poorly ventilated and
crowded spaces. Even with open windows the actual air-removal capacity looked very limited as
previously evaluated (Table 6). These thermal perceptions were higher (+0.10 points) when windows
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were open, highlighting an excess of heat release of the heating system due to inefficient regulation
and the wish of the users of dissipation. In this case, the occupants’ thermal preference vote (TPV)
expressed was softer and closer to neutrality than the TSV, not fitting at all with the perceived thermal
sensations (R2 = −0.47, moderate correlation), as showed by Teli et al. [14,53].

Table 6. Mean values of occupants’ votes obtained during the field measurements related to seasons
and windows’ and doors’ operation.

W MS OW-W OW-MS CW-W CW-MS CW OD-W

TSV Mean 0.32 0.38 0.42 0.48 0.27 0.08 -0.22
(−3 to 3) STD 0.93 0.83 0.91 0.80 0.93 0.84 0.88

TPV Mean 0.06 −0.20 −0.06 −0.26 0.13 0.00 0.55
(−3 to 3) STD 1.03 0.96 0.92 0.98 1.07 0.86 1.14

PDacc Mean 0.81 0.85 0.80 0.84 0.81 0.86 0.76
(0 to 1) STD 0.39 0.36 0.40 0.37 0.39 0.35 0.43

TCV Mean 0.39 0.30 0.44 0.32 0.36 0.25 0.38
(0 to 4) STD 0.62 0.68 0.75 0.70 0.54 0.63 0.56

EPV Mean 1.03 0.61 1.06 0.63 1.01 0.52 0.79
(0 to 4) STD 0.93 0.68 0.97 0.71 0.92 0.61 0.77

TSV is the thermal sensation vote, TPV is the thermal preference vote, PDacc is the thermal environment rejection
percentage, TCV is the thermal comfort vote, and EPV is the environmental perception vote.

The average thermal environment rejection percentage (PDacc) expressed by students, based on a
scale from 1 (acceptance) to 0 (rejection), was low and homogeneous in both seasons, with a mean value
of 0.81 in winter conditions and 0.85 for midseasons. In addition, thermal acceptance was, in general,
slightly better in classrooms with closed windows in both seasons, but in the case of closed windows
and open doors. The thermal comfort vote (TCV) allowed us to qualify this acceptance-rejection PDacc

index, given that less than 70% of students found “comfortable” the thermal environment in winter
conditions compared to more than 80% in midseasons. This percentage increased to 96% for students
with “comfortable” or “a bit uncomfortable” votes in winter conditions, but without reaching 92%
in midseasons. By contrast, the number of users who, accepting a slight discomfort, considered the
acceptable environment was superior in winter than in midseason, where the feeling of discomfort
was slightly more marked, can be seen in Figure 8.
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The mean environmental perception vote (EPV) showed during winter a 1.03 value (slightly
bad odor), with low differences regarding windows’ operation (less than 0.03 points); in midseasons,
EPV was more favorable (0.61), with more than 0.10 points of difference regarding windows’ operation.
Figure 8 also shows the accumulated distribution of the EPV, in which less than 35% of students voted
“without odor” in winter, while more than 50% voted it during midseasons. In addition, almost 30%
of students perceived a slight odor or worse in winter in comparison to the midseasons, with 10%.
Finally, around 7% of students voted “bad odor” or worse in winter, while there were no votes in this
way during midseasons.

During the winter there is a more evident feeling of a poorly ventilated (not healthy) environment,
in line with the measured CO2 values acting as a token of the indoor ambient renovation state.
The operation of windows produced little to no effect on the improvement of the environmental
quality, especially during the winter. Although it was found that the opening of windows in this
period generated noticeable dilution of the interior atmosphere, it was still insufficient to guarantee
pleasant environments.

During midseason, although the ventilation mechanism was less effective (by means of a lack
of thermal differential), the capability of diluting the indoor environment to threshold levels was
perceived by the users as somewhat better. The assessment of these user perception-thresholds was a
key aspect of research, since it will allow the design of more adequate and well-accepted spaces.

3.4. Mean Values of Occupants’ Clothing Insulation

The occupants’ clothing insulation (Icl) showed two models of response linked to the season, as it
can be seen in Table 7. Clothing distribution in winter was homogeneous, with a mean value of 0.90 clo
and a SD of 0.19, common both for open and closed windows, and a minor divergence of 5% around
0.6–0.7 clo values related to windows’ operation, showed in Figure 9. It should also be noted that the
biggest slope of the insulation distribution was during winter with closed windows and inner doors
open, which highlighted the smaller variation in clothing insulation of this group of case studies.
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Table 7. Mean values of occupants’ clothing insulation obtained during the field measurements related
to seasons and windows’ and doors’ operation.

W MS OW-W OW-MS CW-W CW-MS CW OD-W

Icl Mean 0.90 0.78 0.90 0.76 0.90 0.84 0.89
(clo) STD 0.19 0.23 0.21 0.23 0.18 0.23 0.14

Icl is the clothing insulation level of the occupants.

In midseasons, the clothing insulation was lower and variable, with a SD of 0.23 and an
asymmetrical distribution. There was a divergence of up to 25% in the frequency of the lowest levels of
clothing insulation during midseasons regarding the windows’ operation, coinciding both frequencies
around the value of 0.90 clo (75–80% of the accumulated frequency).

3.5. Symptoms and Related Health Effects

The most commonly reported severe symptoms were headache and concentration difficulty
(around 10%), followed by tiredness and a dry throat (under 10%), with a greater prevalence during
wintertime and closed windows’ operation. The action of the windows (Figure 10) was relatively weak,
indicating the limited actual ventilation capacity of these spaces with only the opening of windows
(reductions were around 25% less, in general). However, the perception of mild symptoms was very
common in the classrooms, with tiredness, headache, and difficulty in concentration presenting a
prevalence in the range of 40% to 50% for closed operation and slightly lower when windows were
open (decreasing around 10–15 %), as shown Table 8.
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Figure 10. Average probability of reported symptoms by seasons (W is winter, MS is midseasons) and
windows’ operation (0 is closed, 1 is open) (severe, left group; light perception, right group for each symptom).

This situation changed in midseason, where the symptom report was lower, even for the situation
of closed windows. However, unlike winter, symptomatic perception increased when the windows
were open for both perceptions, severe and mild, especially for dry throat, itchiness, nasal congestion,
and headache, which are symptoms that can be linked to the penetration of external species (in many
cases aerobiological such as pollen [73–75]).

Aiming to evaluate the overall impact of the different perceptions of symptoms, while assuming
the variability component of the subjective responses and different individual sensitivity to the
environments, unlike the evaluation of physical parameters, users were asked to assess the intensity of
the perception of discomfort on a scale of 0 to 1 (0 none and 1 maximum intensity). Although this was
not a standardized parameter (it may vary between different users) it had a great potential to represent
the importance that each user assigned to the nuisance and, therefore, to assess the actual perception
of the indoor conditions. Similar subjective ratings in conjunction with objective environmental
measures were used in relevant studies, such as [76–79]. An overall indicator was collected through
the addition of the specific scores or valuations generated by the users of each symptom or condition.
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This represented a global assessment of perceived impact, with a fundamentally qualitative character,
since there was no univocal relationship but strong enough to highlight health discomfort ant to
categorize best and worse indoor environments. The main values from the different classrooms are
grouped by seasons and windows’ situation in Table 9. This table contains the statistical summary for
the data samples. Of particular interest are standardized bias and standardized kurtosis since, in all
the cases (except the kurtosis of MS_1) these statistics were outside the range of −2 to +2 standard
deviation, thus indicating significant deviations from normal.

Table 8. Relative probability of occupants’ relating symptoms and health effects, from N (not perceived),
to L (lightly perceived), and H (severe perception), with closed windows (0) and open (1).

Season Winter Mid-Season

Windows 0 1 0 1

DC H 9.83% 7.23% 9.86% 6.10%
L 48.25% 45.53% 26.76% 38.97%
N 41.92% 47.23% 63.38% 54.93%

DT H 6.55% 5.96% 4.23% 6.10%
L 34.93% 26.81% 25.35% 37.09%
N 58.52% 67.23% 70.42% 56.81%

D H 3.49% 2.55% 0.94%
L 15.94% 12.34% 9.86% 13.15%
N 80.57% 85.11% 90.14% 85.92%

DS H 4.59% 3.40% 2.82% 2.35%
L 13.10% 12.77% 7.04% 12.68%
N 82.31% 83.83% 90.14% 84.98%

IT H 2.40% 2.13% 2.82% 0.94%
L 12.88% 16.17% 7.04% 9.39%
N 84.72% 81.70% 90.14% 89.67%

NC H 5.24% 6.38% 2.82% 5.63%
L 36.68% 31.49% 26.76% 30.52%
N 58.08% 62.13% 70.42% 63.85%

EI H 3.28% 2.55% 1.41% 3.76%
L 24.02% 17.02% 15.49% 16.43%
N 72.71% 80.43% 83.10% 79.81%

H H 10.92% 6.38% 2.82% 8.45%
L 41.05% 36.17% 30.99% 33.33%
N 48.03% 57.45% 66.20% 58.22%

CO H 1.53% 1.28% 0.47%
L 9.17% 8.94% 5.63% 6.10%
N 89.30% 89.79% 94.37% 93.43%

T H 8.08% 7.23% 7.04% 3.76%
L 43.23% 39.15% 22.54% 35.21%
N 48.69% 53.62% 70.42% 61.03%

DC is difficulty concentrating, DT is dry throat, D is dizziness, DS is dry skin, IT is itchiness, N is nausea, NC is
nasal congestion, EI is eye irritation, H is headache, CO is chest oppression, and T is tiredness.

The distribution of symptoms’ samples for each scenario (Figure 11) was asymmetrical, not normal
(Shapiro–Wilk test with p-value less than 0.05 in all cases, so it can be ruled out with 95% confidence)
with bias. Median values located between 1.4 as the lower impact case in half a season (closed windows)
up to 2.10 for winter (also with closed windows). Although values concentrated around 2.00, there was
a significant dispersion, reaching values of up to 11, which meant a maximum vote in practically all
the symptoms. (This specific case must be understood as outlier). This highlighted that even in the
best scenario analyzed, there was a significant perception of ambient-related symptoms and problems
by the users. By contrast, there was also a non-negligible presence of users that did not reflect any
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discomfort or effects, especially in the midseason scenario with closed windows, with percentiles that
stood at 39%, compared to lower values in the other states, where this group went from 6.1% to 16.4%
(W0 to MS1). In this way, the low level of difference in the distribution according to windows’ operation
can also show that the ventilation airflow through windows was not enough to guarantee a noticeable
reduction of the students’ symptoms, although it can modify slightly the physical parameters of the
interior environment. This aspect was of singular importance, since it indicated that the mere control
of the usual environmental values did not guarantee satisfaction with the interior environment, at least
with regard to the absence of bothersome symptoms. In the case of midseason, symptoms described
with open windows can be due to the higher level of external aerobiological particles entering into the
classrooms, such as pollen. That is why the appropriate ventilation to provide a perceptive reduction
of the symptomatology should be done by means of fans with filter system.

Table 9. Statistics from symptoms’ scores for individuals’ response by season and windows’ situation
(MS, middle season; W, winter; 0, windows closed; and 1, open).

MS_0 W_0 MS_1 W_1

Average 1.48 2.37 1.87 2.09
Median 1.40 2.10 1.80 2.00

STD 1.58 1.57 1.49 1.55
Min. Value 0.00 0.00 0.00 0.00
Max. Value 5.40 11.00 6.80 8.80
Stand. Bias 2.33543 10.2611 3.68023 7.34186

Stand. Kurt. −1.32011 12.1936 0.342811 7.47186
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Figure 11. Probabilistic density trace distribution for individual symptoms’ scores (winter, red; middle
season, blue; windows closed, solid line; windows open, dashed line).

The probabilistic distributions of individual related symptoms’ scores for the different scenarios
showed some similarity in the global pattern response and central values, mainly for open
windows, except for the MS_0 (closed windows). A set nonparametric contrast through K–S test
(Kolmogorov–Smirnov for the global parameter) was developed to evaluate the pertinence to a
common distribution. In all four cases, comparisons for accumulated distances of the samples showed
statistically significant differences at 95% significance between the distributions (with all the cases with
a p-value < 0.05 and DN values over Dcrit.0.05), with DN around 0.122 to 0.148 for the samples with
closest distribution (windows open winter vs. middle season and winter open vs. closed windows)
and the greater DN value 0.380 for the furthest. So it can be established that there were different
distributions for all the cases
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3.6. Airtightness

The average value of the infiltration rate at 50 Pa (n50) was 6.97 h−1, with a standard deviation of
2.06 h−1. Models with the lowest n50 values were those in the C3 climate zone, where the lowest average
temperature values are recorded in the winter. The values of n50 ranged from 10 h−1 (maximum) to
2.6 h−1 (minimum), both recorded in the B4 climate zone (Table 10).

Table 10. Average values and standard deviation of n50.

Climatic Zone Mean n50 Standard Deviation

A4 6.53 0.94
C3 6.12 1.67
B4 7.89 2.45
C4 7.6 0.56

Mean 6.97 2.06

4. Discussion

This section is focused on the analysis of the relationships between the symptoms described by
occupants and the rest of the parameters under study (physical, building operation, and votes).

4.1. Relationship between Physical Parameters and Classroom Operation

It could be assumed that manual opening of windows in naturally ventilated buildings should
depend on outdoor conditions, as this is the main element of control. However, it was observed that,
despite the fact that in midseason windows remain open longer than in winter, no clear linear trend
can be observed. In winter, the need for ventilation or indoor air changes is considered more important
than the need to control the entry of outdoor cold air. Analysis by categories of the opening of windows
(Figure 12) showed this occurs mostly in mid temperatures, although it was also observed in cooler
conditions when necessary. Furthermore, no progressive growth was observed with the increased
temperature, as could be expected. In midseason, it is more common to open windows, although there
was no clear correlation with temperature, some of which was similar to winter, where more windows
are opened in comparison.
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Figure 12. Cross-tabulation for windows’ opening and outdoor air temperature. (a) Cross-tabulation
for windows opening and outdoor air temperature in winter: windows closed (gray) and open (blue).
(b) Cross-tabulation for windows opening and outdoor air temperature in mid-season: windows closed
(gray) and open (blue).

It could be deduced that users are psychologically or culturally conditioned to some extent as
to how and when they open windows. Although it would be preferable for the classroom windows
to remain open, the act of opening was seen as a reaction to poorer indoor air quality, which was
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more noticeable for the same thermal conditions in spring. It, therefore, appears that there is an
adaptation process.

As it can be seen in Figure 13, although there was statistical significance between the CO2

concentration and the outdoor-indoor air temperature differential (p-value < 0.05), the correlation was
somehow weak and more clear in winter time (R2 = 0.249) than in midseason (R2 = 0.145), with a better
fit to a y-reciprocal relation. However, the predictive mathematical model lacked enough accuracy to
be of utility to forecast actual situations. Besides the wide dispersion on values, there was a trend in
the worsening of the indoor environment as DT increased, as can be usually expected, due to the lack
of a controlled ventilation system.
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Figure 13. Fitted regression model plot for CO2 indoor concentration related to indoor-outdoor air
temperature differential, closed windows (red), and windows open (blue).

Is noteworthy to highlight that moderate DT winter and midseason trends were very similar,
which matched with the foreseen windows’ operation patterns, when most of the apertures occurred
around cold-mild external temperatures.

4.2. Relationship between Physical Parameters and Symptoms Described

Some symptoms were more predominant when outdoor temperature was lower, although no
clear linear relationship could be established. These symptoms were more frequent in winter when the
thermal differential is at its highest, usually linked to a lack of ventilation at the time, as supported by
the high CO2 indices as a general air quality indicator.

Although the symptoms often appeared to be more evident when the windows were open, this
should be seen as a consequence, not a cause, as user perception of the symptoms was generally clearer
when opening the windows. This is interesting to note, as it could be due to a situation which exceeded
the perception threshold. In the winter, it is more common to observe symptoms such as difficulty
concentrating, dry throat, and tiredness. These are very closely linked to poor hygrothermal control,
even with windows open, where temperature and relative humidity are far more important, especially
with open windows, as well as increased indoor CO2 linked to poor ventilation. In contrast, itchiness
and chest tightness were barely noticeable.

The situation changed in midseason and symptoms, such as difficulty concentrating, tiredness,
and nasal congestion, were less widely reported. However, symptoms less connected with the absence
of hygrothermal regulation increased, while there was a greater presence of symptoms that may be
linked to outdoor exposure.
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When both lighting parameters, illuminance (E) and illuminance uniformity (Uo), were analyzed
and referred to symptomatology, no clear correlation was obtained, as other previous studies showed
for educational buildings [80]. This may be because illuminance values in the classrooms under study
were generally over 350–400 lx with a uniformity of 0.40–0.50, so they were values good enough to not
influence students at a symptomatic level.

The infiltration rate (n50) and the symptoms related by occupants showed a very tenuous
connection, with some weak trends in the case of tiredness, as well as difficulty on concentrating,
dry throat, and headache. Given that the airtightness of the classrooms was, in general, adequate
or even good, with an average value of 6.97 h−1 with a maximum value of 10 h−1, its influence can
be moderate due to its low impact on air renewal. It also indicates that other variables, like time
spent inside the classroom or windows’ and doors’ operation, can have more importance than the
airtightness of the room.

There was no clear linear correlation between the students’ clothing insulation and the symptoms
described during measurements. The possibility of freely varying the level of clothing insulation by
the students, according to their individual thermal needs, may be a factor that influenced this lack of
relationship between clothing and symptomatology, besides psychological factors linked to clothing.

When symptomatology was assessed as global, there were some trends that could be identified.
If CO2 was assumed as an overall indicator of indoor air renovation (not as a contaminant itself), the
worsening of indoor environment linked with the increase of symptoms related. It can be approximated
to a logarithmic regression relation (Figure 14), although a wide spread of values must be assumed.
Different patterns for winter and midseason were described due to adaptation of users and the influence
of outdoor species. Although this model presents some uncertainty for its use as a prediction tool,
it does have the capacity to act as a qualitative indicator.
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Figure 14. General average related symptoms’ scores relation with indoor CO2 grouped by measured
classrooms (green for middle season and blue for winter).

A linear trend model was calculated for the average symptom score and given a record of the
average indoor CO2 (logarithmic fit). The model was statistically significant at p < 0.05, having a high
correlation coefficient (R2 = 0.8833) and a mean square error (MSE) of 0.6160.

A somewhat weaker linear relationship (logarithmic fit also) was seen (R2 = 0.509 for midseason
and R2 = 0.143 for winter) but with statistical signification (p-value < 0.05 in both cases) and an
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error of MSE 0.425. Although dispersion was high, it was also a useful qualitative trend indicator,
and was found between the overall perception of symptoms and the indoor operative temperature
(Figure 15). In this case, it can be established that the symptoms tended to be more frequent when
indoor temperatures increased, also with specific patterns for winter and middle season.
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5. Conclusions

A wide study sample of 47 naturally ventilated multipurpose classrooms of the most representative
climate zones of southern Spain was characterized and analyzed through field measurements and
surveys distributions, in order to contrast environmental sensation votes, perception, and indoor-related
symptoms described by 977 students during lessons with physical and environmental parameters,
as well as operational scenarios.

The main operational case to be analyzed, according to votes and symptoms, was the windows’
operation. In this sense, the 61% of the case studies during winter season had the windows open,
which can be related both to a bad regulation of the heating system (the slight heat excess had to be
dissipated) as well as to a poor indoor environment perception. In this way, the case studies with
open windows in winter had a higher mean indoor air temperature value (21.5 ◦C versus 21.0 ◦C)
and higher standard deviation of the mean radiant temperature (2.6 ◦C versus 1.6 ◦C). The mean
thermal perception of students in winter season with open windows reinforced this slight heat excess,
given that it was in a comfort range but 0.15 points warmer than in the case of closed windows,
also expressing a thermal preference of thermal neutrality-mild cold (−0.06 on the ASHRAE scale)
with open windows in contrast to the preference for a warmer environment when the windows
were closed (+0.13). The thermal assessment of the environment through the thermal comfort vote
(TCV) also had a poorer value with open windows (−0.44 versus −0.35 from 0 to −4), also showing a
higher deviation in the votes (0.75 versus 0.54) and a somewhat higher linear correlation with CO2

concentration. Therefore, the architectural design should take into account to guarantee the air quality
of the venue, as well as a comfortable heating system, in order to lead students to not open the windows
uncontrollably, which produces, as explained above, a noticeable energy consumption and distorts
interior comfort control.

The operation of windows during winter helps to decrease the mean value of CO2 concentration,
with 1537 ppm versus 2164 ppm with windows closed; but, in most of cases, this decrease was
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insufficient both to be within the standard recommendations for healthy environments and to reach
threshold values of perceptions of the users. Given that the mean CO2 concentration level was still
high even when windows were open, the mean environmental perception of the students (EPV) was
not strongly influenced by the opening of windows, with almost 30% of students expressing a certain
level of annoying odor in both cases, but also having a moderate correlation between poor environment
perception and CO2 concentration just when windows were closed. Therefore, it can be stated that
there was not a high correlation between the CO2 value and the students’ perceptions, mainly due
to the olfactory adaptation phenomenon, irrespective of the need to provide a suitable air quality
for healthiness purpose. In this way, when symptoms reported were added to this analysis, they
presented a not-direct relationship with EPV, with the higher complaint values when windows were
open. This odor perception was also somehow related with tiredness, difficulty on concentrating, eye
irritation, headache, and dry throat.

In midseasons, windows’ operation led to a greater variation of indoor thermal values, both air
and radiant, also maintaining in general CO2 levels over the WHO recommendations (mean vale of
1537 ppm). In addition, students’ TSVs were higher with open windows, close to the thermal comfort
limit by warmth. Furthermore, the odor perception (EPV) was also poorer (0.63 value versus 0.52)
when windows were open in midseasons, reinforcing the finding that windows alone are not able to
provide an adequate renewal capacity for the indoor environment.

The study of the symptoms reported during measurements showed that they were largely
expressed by students, both for windows open and closed, particularly in the case of difficulty of
concentrating (52%), headache and tiredness (46%), followed by dry throat and nasal congestion (39%),
which also were the symptoms most frequently combined with the other symptoms. According to the
studied scenario, without a mechanically controlled ventilation system, complaints were more often
found during winter, especially when windows were closed. In midseason conditions, symptoms were
somewhat less common, but students expressed more acute symptomatology when windows were
open, especially for dry throat, itchiness, nasal congestion, and headache, which are symptoms that
can be related to hypersensitivity to external agents such as allergies and other respiratory conditions.
This conclusion states the clear need to provide a ventilation system with a suitable filtering.

Regarding the relationship with indoor temperature, it can also be established that the symptoms
tended to be more frequent when indoor temperatures increased, also with specific patterns for winter
and middle season, also related to the occupants’ thermal perceptions.

Other operation factors, like illuminance and illuminance uniformity, as well as students’ clothing
insulation, were analyzed referred to this symptomatology, but no clear correlation was obtained. In the
case of lighting parameters, almost all the classrooms under study were generally over 350–400 lx with
a uniformity of 0.40–0.50, so they were values good enough to not influence students at a symptomatic
level. The correlated color temperature was similar in all cases, varying from 3500 to 5500 K; hence,
it can be considered that both the amount of light and hue did not affect the thermal perception
of the participants. On the other hand, students had the possibility of freely varying the level of
clothing insulation, according to their individual thermal needs, so its impact on symptomatology
was diminished.

In conclusion, the findings of this study show that effectively controlled ventilation systems are
needed to assure an actual indoor ambient renovation and clean air supply. The special sensibility
to external species make it advisable to incorporate filtering and cleaning systems for outdoor air
beyond the impact on investment costs and energy use that this may entail. In addition, the study
of symptomatology suggests that CO2 indicator should be complemented by other pollutants’
measurements to assure a proper interpretation of data, given that they could not be correctly
identified exclusively using this single CO2 control parameter. As explained above, CO2 levels have a
fuzzy influence in the students’ symptomatology; hence, the air quality should be complementarily
assessed through other parameters, such as particle or VOCs’ levels.
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The following points can be established as key aspects:
The use of CO2 as a standalone indicator of environmental quality, especially for the management

of ventilation systems or driving the windows’ opening, may be insufficient and can derivate in
situations of increased user discomfort, alongside thermal-ambient disturbance. Although there was
evidence that there is a relationship with the indoor CO2 levels growing (assumed as general index)
and the increase in reported global symptoms, this was not a direct link and tended to be asymptotic
from certain threshold levels (around 2000 ppm).

In most cases, natural ventilation systems are not able to solve properly the removal of pollutants,
generating situations with high rates of complaints even when windows are open, although they can
mitigate the situations during indoor peak situations (such as produced in winter season). In many
cases, windows’ opening can be counterproductive, given that, although the classic indicators of the
indoor environment valuation improve, the perception of the users was negative or, at least, worse
than in situations with closed windows.

Assuming that indoor ambient is a complex and multifactor model, in the current state of the art
of school buildings, the use of natural ventilation by itself (with the typical configuration of classrooms
and enclosures of the buildings in the region) does not guarantee adequate control of the indoor
environment, against popular assumption in the area, both by users and administrators. This aspect,
although it was previously included in the text, has been emphasized.

This fact may be related to the need to review the classic indicators and parameters commonly used
in the environmental management of these spaces. This research found situations of discomfort even
within the ranges generally assumed as comfortable by the standards and design guides. Thus, it is
necessary to develop complementary indicators based on the perception and the probability of
developing symptoms that allow contributing to the correct valorization of the indoor environments
from the users’ points of view.

In this way, this analysis should also be complemented with corresponding measurements
and surveys distributions in classrooms with mechanical ventilation systems in order to develop a
comparison of results with adequate CO2 levels, so further research on this field is required.
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Appendix A

Table A1. Excerpt from the surveys distributed to students.

What is your perception of the environment at this precise moment�

Hot � Warm � A bit
warm � Neutral � A bit cool

�
Cool � Cold �

How do you feel at this precise moment�

Comfortable
�

A bit uncomfortable � Uncomfortable �
Quite
uncomfortable
�

Extremely
uncomfortable �

How do you feel at this precise moment�
A lot
warmer � Warmer � A bit

warmer �
No change
�

A bit
colder � Colder � A lot

colder �
Do you accept this thermal environment rather than reject it� Yes � No �
What does the air smell like at this precise moment�
Without
odor � Slightly bad odor � Bad odor � Offensive

odor � Repugnant odor �

Do you feel these symptoms at this precise moment�
Difficulty concentrating Quite � A bit � No �

Dry throat Quite � A bit � No � Dizziness Quite � A bit � No �
Dry skin Quite � A bit � No � Itchiness Quite � A bit � No �

Nausea Quite � A bit � No � Nasal
congestion Quite � A bit � No �

Eye
irritation Quite � A bit � No � Headache Quite � A bit � No �

Chest
oppression Quite � A bit � No � Tiredness Quite � A bit � No �
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