
Assessment of ventilation and indoor air pollutants in nursery and

elementary schools in France

Abstract The aim of this study was to characterize the relationship between
Indoor Air Quality (IAQ) and ventilation in French classrooms. Various
parameters were measured over one school week, including volatile organic
compounds, aldehydes, particulate matter (PM2.5 mass concentration and
number concentration), carbon dioxide (CO2), air temperature, and relative
humidity in 51 classrooms at 17 schools. The ventilation was characterized by
several indicators, such as the air exchange rate, ventilation rate (VR), and air
stuffiness index (ICONE), that are linked to indoor CO2 concentration. The
influences of the season (heating or non-heating), type of school (nursery or
elementary), and ventilation on the IAQ were studied. Based on the minimum
value of 4.2 l/s per person required by the French legislation for mechanically
ventilated classrooms, 91% of the classrooms had insufficient ventilation. The
VR was significantly higher in mechanically ventilated classrooms compared
with naturally ventilated rooms. The correlations between IAQ and ventilation
vary according to the location of the primary source of each pollutant (outdoor
vs. indoor), and for an indoor source, whether it is associated with occupant
activity or continuous emission.
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Practical Implications
Different ventilation indicators can be calculated based on CO2 concentration, including air exchange rate (AER),
ventilation rate (VR), and air stuffiness index. Each of them provides different information on ventilation conditions
in classrooms. Ventilation must be improved in schools. Intraschool variability of air pollutant concentrations
depends on the location of the pollutant primary source. Intraschool variability of ventilation conditions may not be
negligible.

Introduction

Children constitute a population that is susceptible to
exposure to air pollutants, not only because their respi-
ratory and immune systems are not fully developed but
also because they breathe higher air volumes in relation
to their body weights (WHO, 2005). In this context,
the Indoor Air Quality (IAQ) of school environments
has become a growing concern within the scientific
community; there is evidence that connects poor IAQ

to negative impacts on students’ health, performance,
and attendance (Daisey et al., 2003; Mendell and
Heath, 2005).

Classroom IAQ comprises a wide range of parame-
ters, and although international guidelines have not
been defined for classroom IAQ, an international
effort has begun to characterize these microenviron-
ments (Annesi-Maesano et al., 2013; Chatzidiakou
et al., 2012). Several studies have monitored indoor
air concentrations of gaseous compounds (Stranger
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et al., 2007), particles (Branis et al., 2005; Fromme
et al., 2007, 2008; Tran et al., 2012, 2014), semi-vola-
tile organic compounds (Lim et al., 2014; Wu et al.,
2010), and allergens (Salo et al., 2009). Other studies
have investigated outdoor air contributions (Almeida
et al., 2011; Blondeau et al., 2005; Madureira et al.,
2012), the role of different ventilation strategies (Gee-
len et al., 2008; Guo et al., 2008; Rosbach et al., 2013;
Santamouris et al., 2008) and the relationships with
student health (Daisey et al., 2003; Mendell et al.,
2013; Simoni et al., 2011) and performance (Bak�o-
Bir�o et al., 2012; Haverinen-Shaughnessy et al., 2011;
Shendell et al., 2004; Twardella et al., 2012; Wargocki
and Wyon, 2007). Few studies have reported correla-
tions between ventilation and IAQ in schools. Godwin
and Batterman (2007) showed negative correlations
between AER and indoor concentrations of toluene,
m,p-xylenes, alpha-pinene, and limonene in a set of 64
schools in Michigan in the United States [aldehydes
and particulate matter (PM) were not measured].
More recently, Chatzidiakou et al. (2015) studied the
relationship between CO2, ventilation rates (VRs), and
selected pollutants in 18 classrooms from six schools
in London. In France, some studies have been con-
ducted in schools but only in limited numbers (Anne-
si-Maesano et al., 2012; Blondeau et al., 2005;
Poupard et al., 2005; Tran et al., 2014) or only for a
limited number of indoor air pollutants (Michelot
et al., 2013).

Because of the lack of knowledge in this field in
France, the French Indoor Air Quality Observatory
(OQAI) was commissioned to assess children’s exposure
to various indoor air pollutants in nursery and elemen-
tary schools. A study was conducted in 51 classrooms in
17 French nursery and elementary schools. The specific
objectives of the study were to (i) characterize IAQ of
the studied classrooms using a multipollutant approach,
(ii) characterize ventilation through different indicators,
and (iii) study the relationships between indoor air con-
centrations and ventilation conditions, including the
types of ventilation systems.

Materials and methods

Study site and school descriptions

The study area was the town of Clermont-Ferrand and
the surrounding area, which has a population of
139 860 inhabitants in 43 km2, and is located in the
region of Auvergne in the center of France, which is
350 km south of Paris. A total of 17 schools were cho-
sen on a voluntary basis to take part in this study and
included 7 nursery and 10 elementary schools. Three
classrooms were studied per school. The locations of
the studied schools are shown in Figure 1. All schools
were in urban areas except for school 7, which was
located in a rural area.

Schools 1–10 were evaluated in the heating season
(from January 11, 2010 to April 2, 2010, where the out-
door mean values of temperature and relative humidity
were 6.4 � 5.7°C and 59 � 11%, respectively), and
schools 11–17 were evaluated in the non-heating sea-
son (from April 26, 2010 to June 25, 2010, where the
outdoor mean values of temperature and relative
humidity were 17.0 � 3.8°C and 60 � 10%, respec-
tively). Each school was studied during one full school
week, from Monday to Friday. Details regarding the
indoor values of temperature and relative humidity in
the classrooms are presented in the Supporting Infor-
mation (Section S1.2.).

The studied classrooms (a total of 51) had volumes
ranging between 90 and 310 m3. The majority of the
classrooms (63%, n = 32) were located on the ground
floor, 35% (n = 18) were located on the first floor, and
only one classroom was located on the second floor. The
mean number of children per classroom was 24 � 4,
and their ages ranged between 3 and 10 years old.

Regarding the type of ventilation, 73% of the class-
rooms (n = 37) had natural ventilation (windows and
door openings), and 27% (n = 14) were equipped with
a mechanical ventilation system (two classrooms had
balanced systems, and 12 classrooms had exhaust-only
systems).

The majority of classrooms (80%) were located in
buildings of a traditional construction type (solid stone
walls, solid bricks, or concrete blocks), 18% were
located in buildings built using a concrete frame with
stud walls, and only one classroom was located in a
prefabricated building. All classrooms had their inner
walls painted. Detailed information regarding each
studied classroom is available in Table S1.

Sample collection and analytical methods

The sample collection and measurements were con-
ducted in each studied classroom over one school
week, from Monday morning (8:00 am) until Friday
afternoon (5:00 pm).

Indoor concentrations of carbon dioxide (CO2),
relative humidity (RH), and temperature were mea-
sured continuously every 10 min with a Q-Trak Plus
IAQ monitor 8552 (TSI Incorporated, Shoreview,
MN, USA). The CO2 sensor uses non-dispersive
infrared technology with a measuring range of 0–
5000 ppm [accuracy: �(3% of reading + 50 ppm)].
The CO2 sensors were calibrated prior to and after
each sampling week at two concentrations (0 and
1500 ppm) with standard gas (Lind Gaz, Montereau,
France). Relative humidity was measured with a
capacitive sensor (5–95% RH measuring range and
�3% accuracy). The temperature was measured with
a thermistor (0–50°C operating range and �0.6°C
accuracy). RH represents the ratio of the water
vapor pressure to the saturation vapor pressure. The
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latter depends directly on temperature; therefore,
RH is dependent on both temperature and water
content of the air. To consider this, the specific
humidity (SH) was used rather than RH (calculation
details provided in the Supporting Information).

The outdoor RH and temperature were recorded
every 10 min with a Hygrolog data logger (Rotronic,
Bassersdorf, Switzerland). The operating ranges for the
RH and temperature sensors were 0–100% RH
(�1.5% accuracy) and �10 to 50°C (�0.4°C accuracy),
respectively.

Particulate matter (PM2.5) concentrations were mea-
sured in all of the studied classrooms with gravimetric
MicroVol samplers (Europa Environmental, Twyning,
England) that were programmed to perform the sam-
pling between 8:00 am and 5:00 pm each weekday,
except for Wednesdays, which were days off for most
of the French schools. The sampling flow rate was
1.8 � 0.1 l/min, which was checked before and after
sampling with a volumetric piston flow meter (Bios
Dry Cal, DC Lyte, CO, USA). Particles were collected
on a pre-weighted 37-mm PTFE filters with a 2-lm
pore size (Pall Corporation, Port Washington, WI,
USA). The total mass of particles was determined with
a microbalance (1-lg resolution, Mettler MT-5; Sarto-
rius, Dourdan, France) according to a standardized
method (European Committee for Standardization,
2014; EN 12341). The quantification limit for the
PM2.5 weight was 22 lg.

Continuous measurements of particles with diame-
ters between 0.3 and 20 lm were performed from
Monday to Friday in 25 classrooms using an optical
particle counter (Dust monitor 1.108; Grimm Aerosol
Technik, Ainrin, Germany). The flow rate was 1.2
l/min. Measurements were recorded every 10 min. The
device has a measuring range of 1–2000 particles/cm3

and an accuracy of 2%. The device has 15 measuring
channels with different size resolutions, namely 0.30–
0.40, 0.40–0.50, 0.50–0.65, 0.65–0.80, 0.80–1.0, 1.0–1.6,
1.6–2.0, 2.0–3.0, 3.0–4.0, 4.0–5.0, 5.0–7.5, 7.5–10.0,
10.0–15.0, 15.0–20.0, and >20.0 lm. The final results
are expressed in particles with sizes within the ranges

0.3–1.0 and 1.0–20.0 lm by summing the results of the
measuring channels within the size ranges.

The sampling of aldehydes and VOCs was performed
with passive samplers (Radiello, Fondazione Salvator
Maugeri, Padova, Italy) that were exposed from Mon-
day morning (8:00 am) to Friday afternoon (5:00 pm)
in the classrooms and outdoors. Aldehydes were sam-
pled by diffusion on cartridges impregnated with 2,4-di-
nitrophenylhydrazine (2,4-DNPH)-coated Florisil.
DNPH reacts with carbonyls to form corresponding sta-
ble 2,4-DNPhydrazone derivatives. DNPhydrazones
were extracted in acetonitrile, and four aldehydes (form-
aldehyde, acetaldehyde, butyraldehyde, and hexalde-
hyde) were analyzed by high-performance liquid
chromatography and ultraviolet detection at a wave-
length of 360 nm (Waters Corporation, Guyancourt,
France). Volatile organic compounds were sampled by
adsorption on graphitized charcoal tubes (Carbograph
4, Radiello, Fondazione Salvator Maugeri). The VOC
samples were thermally desorbed (ATD 400; Perkin
Elmer, Villepinte, France), and nine VOCs (benzene,
ethylbenzene, toluene, m,p-xylenes, o-xylene, styrene,
tetrachloroethylene, trichloroethylene, and 1,4-dichloro-
benzene) were quantified by gas chromatography cou-
pled with a flame ionization detector and a mass
spectrometer (Saturn 200; Agilent, Les Ulis, France).
Passive tube sampling rates were determined by Fond-
azione Salvator Maugeri (Italy) and were adjusted based
on the average temperature during the sampling week
using the equations provided by the manufacturer. For
benzene, the sampling rate was adjusted according to
the equation provided by Pennequin-Cardinal et al.
(2005). The limits of detection (LOD) and limits of
quantification (LOQ) for each compound are presented
in Table 1. A field blank for PM2.5, aldehyde, and VOC
sampling was performed for each school to check for
contamination during transport and manipulation.

Questionnaires

Two questionnaires were designed and administered to
gather specific information about each studied school.

Fig. 1 Location of the Auvergne region (dark orange) in central France (left) and the 17 studied schools in the Clermont-Ferrand area
(right)
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The technical characteristics of the school building
were provided by the director of each school. The tea-
cher described the type of activities and the number of
classroom occupants with a frequency of 30 min for
each day of the sampling week.

Air exchange rates and VRs

Air exchange rates (AERs) (air change per hour, /h)
and VRs (air liters per second per person, l/s per
person) were calculated for all classrooms using the
build-up method, which relies on a computerized tool
developed by H€anninen (2013) based on CO2 concen-
trations. The AERs and VRs were calculated consider-
ing only the occupied periods. The number of students
and teachers present during each analyzed build-up
event was assessed through the questionnaires. When
information was missing from the questionnaire, a the-
oretical number of students and teachers in the class-
room was used.

Night-time AERs (nAERs) were calculated from
monitored CO2 concentrations using the decay method
described in Ramalho et al. (2013). This method,
which was developed in SAS software version 9.1.3
(Brie-Comte-Robert, France), automatically detects
and calculates the AER for each decrease sequence
observed after 7:00 pm, assuming no metabolic pro-
duction of CO2, a constant outdoor concentration of
400 ppm, and a homogeneous distribution of the
indoor concentration. The method automatically per-
forms a linear regression on the log-transformed con-
centration difference between the indoor and outdoor
concentrations for each decrease event. The slope of
the regression corresponds with the value of the AER
during the event. Linear regressions of less than 1 h
and with a determination coefficient of less than 0.9
were discarded. The value determined for each class-
room represents the time-weighted average of all valid
nAERs calculated over the school week.

The weekly averaged AER (wAER) was calculated
by the weighted average of the AER and nAER based
on a cumulative occupied period of 32 h and on an
unoccupied/night period of 72 h, respectively, for a
total of 104 h in the school week.

Air stuffiness index

Rib�eron et al. (2011) developed an air stuffiness index,
called ICONE (Indice de CONfinement d’air dans les
Ecoles), which is a communication tool for occupants.
The ICONE index is used to evaluate air stuffiness dur-
ing occupied periods. The index considers the fre-
quency and intensity of CO2 concentrations compared
with the defined threshold values of 1000 and
1700 ppm. These values were chosen to frame the
threshold value of 1300 ppm required in France by the
Departmental Health Regulations (RSDT, 1978). CO2

concentrations measured during children’s normal
classroom attendance over a complete school week are
used to calculate the ICONE index. Normal classroom
attendance is defined when at least half of the usual
number of children are present. Children occupancy
periods associated with normal attendance ranged
from 4 to 24.5 h during the week, with a mean value of
14.6 � 5.3 h. Occupancy periods of less than 5 h are
discarded. Subsequently, CO2 values are classified
according to their levels: n0—values < 1000 ppm, n1—
values between 1000 and 1700 ppm and n2—val-
ues > 1700 ppm. The ICONE air stuffiness index is
then calculated by applying Equation 1, where f1 is the
proportion of CO2 values between 1000 and 1700 ppm
(f1 = n1/(n0 + n1 + n2)) and f2 is the proportion of CO2

values above 1700 ppm (f2 = n2/(n0 + n1 + n2)).

ICONE ¼ 2:5

log10ð2Þ
� �

log10ð1þ f1 þ 3f2Þ ð1Þ

The final results for characterizing a given classroom
are rounded to the nearest integer. The air stuffiness
level of the room is then expressed by a score, which
ranges from 0 to 5, where 0 corresponds to non-stuffy
air (the CO2 concentration is always below 1000 ppm,
which represents the most favorable conditions), and 5
corresponds to extremely stuffy air (the CO2 concentra-
tion is always above 1700 ppm, which represents the
worst conditions). ICONE scores between 0 and 5 cor-
respond to an air stuffiness gradient: 0—none, 1—low,
2—average, 3—high, 4—very high, and 5—extreme air
stuffiness (Ramalho et al., 2013). As such, the ICONE
score represents a method of assessing occupants’
exposure to air stuffiness. The higher the score, the
higher the risk of exposure to elevated concentrations
of other pollutants when specific pollutant sources are
present or activated. In 2012, the ICONE air stuffiness
index was integrated into the framework for the

Table 1 Limits of detection (LOD) and limits of quantification (LOQ) of aldehydes and vola-
tile organic compounds (VOCs)

Compounds LOD (lg/m3) LOQ (lg/m3)

Aldehydes
Formaldehyde 0.6 1.1
Acetaldehyde 0.3 0.4
Butyraldehyde 0.05 0.2
Hexaldehyde 0.1 0.2

VOCs
Benzene 0.4 1.1
Ethylbenzene 0.4 1.3
Toluene 0.3 0.9
m,p-xylenes 0.5 1.5
o-xylene 0.2 0.6
Styrene 0.1 0.3
Tetrachloroethylene 0.4 1.2
Trichloroethylene 0.4 1
1,4-dichlorobenzene 0.4 1.2
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mandatory monitoring of IAQ in public buildings in
France (MEDDTL, 2012).

Statistical treatment

An analysis of variance of the results was performed
using nonparametric statistics at a significance level of
0.05. The Mann–Whitney U-test was used for binary
independent groups, and the Kruskal–Wallis test was
used for multiple independent groups. Correlations
between variables were expressed by Spearman correla-
tion coefficients because the continuous data distribution
was neither normal nor log-normal. For analysis pur-
poses, values below the LOD were replaced by LOD/2,
and values below the LOQ were replaced by (LOD +
LOQ)/2. All statistical analyses were conducted using the
XLSTAT 2014 software (Addinsoft, Paris, France).

Results and discussion

Table 2 presents the mean values of all the studied
parameters in the studied classrooms according to the
sampling season, the type of classroom, and the type of
ventilation, along with their statistical differences.
Descriptions of the indoor climate parameters are
available in the Supporting Information.

Ventilation indicators

The CO2 concentration data were analyzed by different
means to provide six different ventilation indicators,

including (i) the indoor CO2 concentration distribu-
tion, (ii) AERs, (iii) nAERs, (iv) wAERs, (v) VRs, and
(vi) ICONE, the air stuffiness index.

CO2 concentrations. Table 3 shows the overall results
of the CO2 concentration measurements for the studied
classrooms during the period of occupancy. The mean
CO2 concentration in the 50 studied classrooms was
1290 ppm during the occupied period, with a median
of 1250 ppm and a maximum of 2220 ppm.

A number of standards and guidelines for CO2 con-
centration have been established for school environ-
ments. The European Standard EN15251 (European
Committee for Standardization, 2007) and REHVA
Guidebook 13 (d’Ambrosio Alfano et al., 2010) pro-
posed performance-based standards that limit CO2

concentration to 1500 ppm during a full school day.
The American Society of Heating, Refrigeration, and
Air Conditioning Engineers (ASHRAE) recommenda-
tions (US) specify an upper CO2 limit of 700 ppm
above the outdoor concentration for occupied class-
rooms, which generally corresponds to 1000–1100 ppm
based on an average outdoor concentration between
300 and 400 ppm (NOAA, 2014). The French Depart-
mental Health Regulations (RSDT, 1978) mandate
that concentrations do not exceed 1300 ppm at any
time in rooms in which smoking is prohibited.

Overall, the studied classrooms presented CO2 con-
centration above 1000, 1300, and 1500 ppm during
65%, 46%, and 35% of the occupied period, respec-
tively.

Table 2 Mean values (�standard deviation) of the indoor air quality parameters assessed in the classrooms according to the sampling season, type of school and type of ventilation. Bold
values indicate significant P-values (Mann-Whitney U test)

Pollutant/parameter All

Season Type of school Type of ventilation

Heating Non-heating P-value Nursery Elementary P-value Mechanical Natural P-value

Mean CO2 (ppm) 1300 � 400 1200 � 400 1400 � 400 0.168 1200 � 400 1300 � 400 0.140 1000 � 200 1400 � 400 0.016
AER (per hour) 1.4 � 0.6 1.5 � 0.7 1.2 � 0.4 0.065 1.4 � 0.6 1.3 � 0.6 0.397 1.8 � 0.5 1.2 � 0.6 0.001
nAER (per hour) 0.2 � 0.1 0.2 � 0.1 0.1 � 0.05 0.015 0.1 � 0.1 0.2 � 0.1 0.032 0.2 � 0.1 0.2 � 0.1 0.340
wAER (per hour) 0.5 � 0.2 0.6 � 0.2 0.4 � 0.1 0.066 0.5 � 0.1 0.5 � 0.3 0.586 0.7 � 0.1 0.5 � 0.2 0.024
VR (l/s per person) 2.9 � 1.6 3.3 � 1.8 2.4 � 1.0 0.119 3.2 � 1.8 2.7 � 1.6 0.213 4.2 � 1.7 2.4 � 1.4 <0.001
ICONE > 3 (%) 29 20 41 0.136 25 31 0.688 0 36 0.032
Temperature (°C) 23.0 � 1.5 22.5 � 1.5 23.6 � 1.3 0.012 22.5 � 1.3 23.3 � 1.6 0.141 22.3 � 1.1 23.3 � 1.6 0.032
Spec. humidity (g/kg) 6.5 � 1.9 5.3 � 1.0 8.3 � 1.4 <0.001 6.4 � 2.2 6.6 � 1.7 0.870 5.8 � 1.8 6.8 � 1.9 0.220
Formaldehyde (lg/m3) 25 � 15 19 � 9 31 � 17 0.003 28 � 17 23 � 13 0.346 18 � 7 28 � 16 0.042
Acetaldehyde (lg/m3) 6.3 � 2.1 5.5 � 1.9 7.1 � 2.1 0.010 6.5 � 2.4 6.1 � 2.0 0.634 4.8 � 1.6 6.9 � 2.1 0.002
Butyraldehyde (lg/m3) 14 � 9 10 � 4 18 � 11 <0.001 17 � 12 12 � 5 0.049 12 � 3 15 � 11 0.642
Hexaldehyde (lg/m3) 12 � 7 7.0 � 4.7 17 � 7 <0.001 13 � 7 11 � 8 0.287 7.6 � 4.5 13 � 8 0.020
Benzene (lg/m3) 2.1 � 2.2 2.8 � 2.6 1.0 � 0.3 <0.001 1.3 � 0.4 2.2 � 2.2 0.537 1.5 � 0.3 2.2 � 2.4 0.392
Toluene (lg/m3) 5.2 � 5.1 6.1 � 6.4 3.8 � 1.7 0.781 3.4 � 1.5 5.0 � 5.3 0.287 2.4 � 0.7 5.8 � 5.5 0.008
Ethylbenzene (lg/m3) 2.2 � 1.3 2.4 � 1.5 1.9 � 0.9 0.272 4.8 � 0.7 2.1 � 1.3 0.906 1.5 � 0.2 2.4 � 1.4 0.130
m,p-xylenes (lg/m3) 4.4 � 3.5 4.6 � 3.5 4.1 � 3.7 0.968 3.7 � 3.0 3.9 � 2.9 0.118 1.9 � 0.2 5.0 � 3.7 0.001
o-xylene (lg/m3) 1.6 � 2.1 1.5 � 1.7 1.8 � 2.5 0.412 1.2 � 1.9 1.2 � 1.4 0.180 0.3 � 0.2 1.9 � 2.2 0.001
Styrene (lg/m3) 1.5 � 0.7 1.6 � 0.9 1.2 � 0.2 0.250 1.2 � 0.2 1.5 � 0.7 0.420 1.2 � 0.2 1.5 � 0.8 0.439
PM2.5 (lg/m

3) 22 � 8 23 � 9 21 � 7 0.395 21 � 9 23 � 7 0.230 19 � 6 24 � 8 0.178
PN[0.3–1] (particles/cm

3) 53 � 32 61 � 38 44 � 21 0.218 63 � 37 46 � 27 0.218 61 � 36 51 � 32 0.476
PN(1–20) (particles/cm

3) 19 � 31 19 � 26 20 � 38 0.565 24 � 38 15 � 25 0.603 33 � 45 16 � 27 0.325

AER, air exchange rate; nAER, night-time AER; wAER, weekly averaged AER; VR, ventilation rate; PM, particulate matter; PN, Particle number concentration.
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Air exchange rates. Figure 2 presents the AERs for the
studied classrooms during 459 analyzed CO2 build-up
events. A mean of 9 build-up events was analyzed per
classroom, and each event had a mean duration of
43 min.

The mean AER during the occupied period varied
between 0.3 and 3.1/h among all studied classrooms,
with a mean value of 1.4 � 0.6/h. The night AER var-
ied between 0.03 and 0.54/h among all studied class-
rooms, with a mean value of 0.16 � 0.13/h. The
wAER varied between 0.20 and 1.0/h among all stud-
ied classrooms, with a mean value of 0.52 � 0.22/h.

Ventilation rates. Figure 3 presents the VRs for the
studied classrooms, which were determined from the
AER calculations described above. The VRs varied
between 0.6 and 8.2 l/s per person among all studied
classrooms, with a mean value of 2.9 � 1.6 l/s per per-
son. These VRs are within ranges of values previously
reported in the literature (Canha et al., 2013; Sundell
et al., 2011).

Global standards and guidelines related to minimum
classroom VRs are inconsistent. For instance, in the
US, ASHRAE recommends a minimum VR of 7 l/s
per person (ASHRAE, 2007) for teaching facilities. In
Europe, the European Standard EN15251 (2007) and
REHVA Guidebook 13 (2010) specify a minimum VR
of 3 l/s per person in all occupied teaching and learning

spaces. However, European countries have specific VR
guidelines that vary substantially, from 4.2 to 12 l/s
per person (Brelih and Sepp€anen, 2011). For instance,
in France, the minimum recommended VR ranges
between 4.2 and 5.0 l/s per person for classrooms
equipped with mechanical ventilation (Ramalho et al.,
2005; RSDT, 1978), depending on the type of activity
being performed and on the numbers and ages of the
children.

From the 51 studied classrooms, 37% (n = 19) pre-
sented mean VRs above 3 l/s per person (EN15251/
REHVA guideline), and 9% (n = 9) presented mean
VRs above 4.2 l/s per person, which is the minimum
requirement by the French guidelines.

Among the 14 classrooms that were equipped with a
mechanical ventilation system, 79% (n = 11) showed
mean VRs above 3 l/s per person, and 43% (n = 6)
presented mean VRs above 4.2 l/s per person. Among
the 37 naturally ventilated classrooms, only 22%
(n = 8) presented mean VRs higher than 3 l/s per per-
son, and only 11% (n = 4) presented mean rates higher
than 4.2 l/s per person.

In nursery classrooms, 43% (9 of 21) had mean VRs
higher than 3 l/s per person, and 19% (4 of 21) had
mean rates higher than 4.2 l/s per person. For elemen-
tary classrooms, 33% (10 of 30) had mean VRs higher
than 3 l/s per person, and 20% (6 of 30) had mean
rates higher than 4.2 l/s per person.

Air stuffiness index. Figure 4 shows the ICONE scores
for the 42 classrooms for children occupancy periods
greater than 5 h.

No extreme air stuffiness (ICONE score = 5) was
found in any of the classrooms. Twelve classrooms (of
42; 28.5%) had very high air stuffiness (ICONE
score = 4), 12 (28.5%) had high air stuffiness (ICONE
score = 3), 10 (24%) had average air stuffiness

Table 3 Distribution of the CO2 concentrations (ppm) during the occupied period over the
sampling week (n = 50 classrooms)

CO2 concentration (ppm) Mean Min P5 P25 Median P75 P95 Max

Weekly mean 1290 530 730 970 1250 1670 1900 2220
Minimum 440 360 380 410 430 460 570 600
Maximum 2440 580 1080 1880 2320 3180 3890 4310
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Fig. 2 Air exchange rates (per hour) of the studied classrooms (C) at the 17 schools (S) during the occupied period. MV, mechanically
ventilated; NV, naturally ventilated
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(ICONE score = 2), and only 8 (19%) had no or little
air stuffiness (ICONE score = 0 or 1).

Figure 5 shows the ICONE profiles in this study
compared with the profiles that were calculated in 310
schools and day care centers distributed throughout
France (Ramalho et al., 2013). The ICONE profiles
obtained in the present study are similar to those
described previously for both types of schools. Elemen-
tary schools have higher percentages of high air stuffi-
ness (ICONE score ≥ 3) (present study: 69%; previous
study: 67%) compared with that of nursery schools
(present study: 38%; previous study: 29%).

Influence of various parameters on ventilation indica-
tors. As summarized in Table 2, apart from nAER, all
the studied ventilation indicators presented significant
differences between classrooms with different types of
ventilation, with mechanical ventilation showing

higher VRs and AERs along with lower mean CO2

concentrations during occupancy and ICONE scores,
compared with natural ventilation. Mechanically venti-
lated classrooms presented VRs that were almost two
times higher than naturally ventilated classrooms, as
previously observed in other international studies
(Chatzidiakou et al., 2012; Santamouris et al., 2008).
No difference in nAER was found between naturally
and mechanically ventilated classrooms. This can be
explained by the fact that mechanical ventilation sys-
tem are generally turned off during the night. As such,
nAER represents mostly outdoor air infiltration. The
nAER was significantly higher in elementary schools
compared to nursery schools, which could indicate that
nursery schools have tighter envelopes than elementary
schools. This difference may be associated with the
construction date of the building, whereby the nursery
schools were constructed (median date: 1977) more
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recently on average than elementary schools (median
date: 1967). The nAER was also found to be higher
during the heating season compared to the non-heating
season, which may be explained by greater stack effect
during winter.

Gaseous pollutants

Table 4 summarizes the concentrations of VOCs and
aldehydes measured in the classrooms and outdoors
during a full school week, which includes both occu-
pied and non-occupied periods.

Volatile organic compounds. The mean concentrations
were always higher indoors compared to outdoors for
all of the VOCs. For chlorinated hydrocarbons, both
indoor and outdoor concentrations were at least 60%
of the time, below the LOD. Because trichloroethylene,
tetrachloroethylene, and 1,4-dichlorobenzene were
measured at concentrations that were less than 30%
above the limit of quantification, they were excluded
from the statistical analysis. Among the aromatic
hydrocarbons, toluene, ethylbenzene, m,p-xylenes, and
styrene were detected and quantified in all classrooms.
Benzene was detected in all samples but quantified in
only 68% of them. No significant differences in VOC
concentrations were found between the types of class-
room (all P-values > 0.050 with the Mann–Whitney
U-test), as shown in Table 2. Only benzene presented
significantly higher concentrations in the heating sea-
son compared with the non-heating season
(P < 0.001). Concentrations of toluene, m,p-xylenes,
and o-xylene were significantly lower in mechanically
ventilated classrooms compared with naturally venti-
lated classrooms (P-values < 0.050). The I/O ratios
found for the BTEX compounds (benzene, toluene,
ethylbenzene, and xylenes) were slightly above one,
which is similar to those described by Stranger et al.
(2008) in Flemish schools.

Aldehydes. Formaldehyde, acetaldehyde, and butyralde-
hyde were detected and measured in all 51 classrooms,
but hexaldehyde was only detected in 90% of the class-

rooms. All of the aldehydes showed higher concentra-
tions indoors compared to outdoors. Significantly higher
concentrations were measured during the non-heating
season for all of the aldehydes (P < 0.050; Table 2). This
finding can be attributed to higher indoor temperatures
and specific humidities, which enhance the emission of
pollutants from materials and furniture (Sarigiannis
et al., 2011). Only butyraldehyde showed significant dif-
ferences in the mean concentration between classroom
types, with higher values in the nursery compared to ele-
mentary schools. Compared to naturally ventilated class-
rooms, mechanically ventilated classrooms had
significantly lower mean concentrations of formaldehyde,
acetaldehyde, and hexaldehyde (P-values < 0.050). The
indoor/outdoor ratio was always >8 for all aldehydes,
which indicated that all of these pollutants likely had
common indoor sources and/or shared a common out-
door sink, for example, photolysis and photochemistry.

Particulate matter

PM2.5 mass concentrations. Among the 51 studied
classrooms, PM2.5 concentrations could not be
assessed in six classrooms because of instrument mal-
function (four classrooms) or because the sampling
flow rate was outside of the acceptable range (two
classrooms). Figure 6 shows the PM2.5 concentrations
in 45 classrooms. The mean indoor PM2.5 concentra-
tion was 22 � 8 lg/m3, with values ranging from 10 to
47 lg/m3. The mean PM2.5 concentration of
23 � 9 lg/m3 and 21 � 7 lg/m3 was measured during
the heating and non-heating seasons, respectively. No
significant difference was observed according to the
sampling season, type of classroom, or type of ventila-
tion (P > 0.050).

All classrooms had indoor concentrations above
10 lg/m3, which is the limit established by the WHO
for PM2.5 in ambient air over long exposure periods
(annual mean) (WHO, 2006). The WHO also estab-
lished a limit of 25 lg/m3 per 24 h, which was exceeded
in 31% of the classrooms in this study.

The indoor PM2.5 concentrations assessed in this
study are similar to concentrations previously observed
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in 24 schools in the Netherlands (mean of 23 � 6 lg/m3,
Janssen et al., 2001), 108 schools in France (mean of
20 lg/m3, Annesi-Maesano et al., 2012), and 64
schools in Germany (mean of 22 lg/m3, Fromme
et al., 2007). A small number of studies reported lower
mean values compared to those in this study, including
studies in Sweden (mean of 8 lg/m3, Moln�ar et al.,
2007), the US (mean of 17 � 14 lg/m3, John et al.,
2007), and Portugal (mean of 10 lg/m3, Almeida et al.,
2011). Other studies in the literature have reported
higher values compared to those in this work (Annesi-
Maesano et al., 2013). For example, a mean concentra-
tion of 44 lg/m3 was measured in schools in Beijing,

China (Liu et al., 2004). In several studies, PM2.5 con-
centrations were ten times greater than the present val-
ues, including a study in India in the winter (Habil and
Taneja, 2011).

Particle number concentrations. Figure 7 shows the
median particle number concentration measured in 25
classrooms based on occupancy. Concentrations were
higher during occupied periods for both types of parti-
cles. Nevertheless, the difference between the occupied
and non-occupied periods was greater for particles with
diameters of 1–20 lm than for those with diameters of
0.3–1 lm. Overall, a mean of 53 � 32 particles/cm3

Table 4 Concentrations of major volatile organic compounds and aldehydes in classrooms and outdoors (lg/m3; n = 51)

Pollutants (lg/m3) ≤LOD % LOD–LOQ % ≥LOQ % Mean � s.d. Min P5 P25 P50 P75 P95 Max IAQ guideline
Mean I/O
ratio � s.d.

Benzene
Classrooms 0 32 68 2.1 � 2.2 <LOQ <LOQ <LOQ 1.4 1.6 7.7 8.5 1.7 lg/m3 a,b

ALARA c
1.3 � 0.3

Outdoors 0 53 47 1.7 � 1.9 <LOQ <LOQ <LOQ <LOQ 1.5 6.7 6.7
Toluene

Classrooms 0 0 100 5.2 � 5.1 1.7 1.9 2.1 3.2 5.2 17.1 24.4 15 mg/m3 c,d

300 lg/m3 c,e
2.1 � 1.1

Outdoors 0 27 73 2.9 � 3.9 <LOQ <LOQ <LOQ 1.7 2.3 15.4 15.4
Ethylbenzene

Classrooms 0 0 100 2.2 � 1.3 1.2 1.2 1.3 1.7 2.6 5.0 6.0 – 2.0 � 2.2
Outdoors 0 80 20 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 3.2 3.2

m,p-xylenes
Classrooms 0 0 100 4.4 � 3.5 1.6 1.7 1.9 2.8 7.1 11.0 14.9 20 mg/m3 c,d

200 lg/m3 c,e
1.8 � 1.5

Outdoors 0 27 73 2.5 <LOQ <LOQ <LOQ 1.7 2.3 7.8 7.8
o-xylene

Classrooms 20 27 54 1.6 � 2.1 <LOD <LOQ <LOQ 0.7 1.8 5.7 8.9 20 mg/m3 c,d

200 lg/m3 c,e
1.8 � 1.0

Outdoors 20 67 13 <LOQ <LOD <LOQ <LOQ <LOQ <LOQ 3.2 3.2
Styrene

Classrooms 0 0 100 1.5 � 0.7 0.9 1.0 1.1 1.3 1.4 3.3 4.0 2 mg/m3 c,d

250 lg/m3 c,e
2.1 � 2.1

Outdoors 0 67 33 0.4 <LOQ <LOQ <LOQ <LOQ 0.8 1.1 1.1
Tetrachloroethylene

Classrooms 74 12 14 1.1 � 2.3 <LOD <LOQ <LOD <LOD <LOQ 5.4 11.5 250 lg/m3 a,e n/a
Outdoors 53 47 0 <LOQ <LOD <LOQ <LOD <LOD <LOQ <LOQ <LOQ

Trichloroethylene
Classrooms 73 12 15 2.3 � 6.4 <LOD <LOD <LOD <LOD <LOQ 20.8 28.2 23 lg/m3 a,b 1.5 � 0.4
Outdoors 60 33 7 1.3 <LOD <LOD <LOD <LOD <LOQ 14.9 14.9

1,4-dichlorobenzene
Classrooms 39 32 29 1.8 � 3.9 <LOD <LOD <LOD <LOQ 3 9.4 9.9 – n/a
Outdoors 93 7 0 <LOQ <LOD <LOD <LOD <LOD <LOD <LOQ <LOQ

Formaldehyde
Classrooms 0 0 100 25.1 � 14.8 6.8 10.4 15.7 19.2 30.7 62.4 66.2 100 lg/m3 a,d

30 lg/m3 c,d
20 � 4

Outdoors 6 6 88 1.8 <LOD <LOD 1.6 1.9 2.1 2.6 2.6
Acetaldehyde

Classrooms 0 0 100 6.3 � 2.1 2.7 4.3 4.3 6.1 8.1 10.2 10.7 200 lg/m3 c,e 8.2 � 1.9
Outdoors 6 0 94 1.3 <LOD <LOQ 1.1 1.3 1.7 1.9 1.9

Butyraldehyde
Classrooms 0 0 100 14.1 � 9.1 2.9 4.9 10.3 12.3 14.9 31.3 53.0 – 59 � 1
Outdoors 18 0 82 3.6 <LOD <LOD 2.3 4.2 5.3 6.1 6.1

Hexaldehyde
Classrooms 10 0 90 11.7 � 7.4 <LOQ <LOQ 6.3 10.9 15.2 27.0 29.1 – 54 � 1
Outdoors 29 18 53 0.4 <LOD <LOD <LOQ 0.3 0.5 1.4 1.4

LOD, limit of detection; LOQ, limit of quantification; s.d., standard deviation; P, percentiles; ALARA, as low as reasonably achievable.
aWorld Health Organization (2010).
bLifetime exposure with acceptable risk at 10�5.
cINDEX project (Koistinen et al., 2008; Kotzias et al., 2005).
dShort-term exposure.
eLong-term exposure.
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(range: 19–144 particles/cm3) was measured for particles
with a diameter between 0.3 and 1 lm, whereas for par-
ticles with a diameter between 1 and 20 lm, a lower
mean value, namely 19 � 31 particles/cm3 (range: 1–
105 particles/cm3) was observed.

These results are similar to those observed by Blon-
deau et al. (2005) in eight French classrooms. Large
particles presented higher concentrations during occu-
pied periods compared with non-occupied periods, and
this difference between periods was higher than for fine
particles, the concentrations of which did not exhibit
any important variation between types of sampling
periods. This pattern is associated with the indoor gen-
eration of large particles by the occupants themselves,
which can occur during school activities that create
blackboard dust or resuspension of settled particles
(Blondeau et al., 2005; Canha et al., 2014).

The comparison of fine and large particle concentra-
tions based on the sampling season, type of classroom,
and type of ventilation is shown in Table 2. For both types
of particles, the mean concentrations were not significantly
different (P > 0.050) in any of the studied cases.

Relationships between ventilation indicators and indoor air parameters

Table 5 presents the Spearman correlations between
the ventilation indicators and the studied indoor air
parameters. The Spearman correlations during the
heating and non-heating seasons are presented in
Tables S4 and S5, respectively.

Relationships between indoor air parameters. Strong cor-
relation coefficients above 0.5 with P-values below
0.001 were found between all aldehydes and both the
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SH and average indoor temperature. The correlations
with SH were still significant during the heating and
non-heating seasons but not with the indoor tempera-
ture. The association between aldehydes (specifically,
formaldehyde) and humidity has already been reported
in literature (Kim et al., 2013). Formaldehyde is widely
used as an adhesive to manufacture building materials,
furniture, and other wood-based household products
(Yamashita et al., 2012). Increased humidity might
enhance emissions of aldehydes from building materi-
als and furniture (Pegas et al., 2011).

Benzene was negatively correlated with aldehydes,
particularly butyraldehyde, but positively correlated
with toluene and fine particles with a diameter of less
than 1 lm. Toluene, ethylbenzene, xylenes, and styrene
presented strong significant correlations between each
other (Rs > 0.5, P-values < 0.001), which may indicate
a common source.

Particulate matter (PM2.5) was correlated with xyl-
enes and fine particles with a diameter of less than
1 lm but not with larger particles.

Relationships between ventilation indicators. All of the
ventilation indicators exhibited significant correlations
with each other, with high correlations found between
AER, wAER, and VR (Rs > 0.90, P < 0.001) and
between the mean CO2 concentration and ICONE
score (Rs = 0.99, P < 0.001). nAER was only corre-
lated with wAER. Although all of the indicators are
based on indoor CO2 monitoring, each one provides
specific information regarding ventilation conditions in
the classroom.

Air exchange rate is related to the efficiency of air
renewal for a given volume of space and represents the
best assessment of the ventilation constant, which can
be interpreted both as an indoor sink and an outdoor
source. However, because AER was only calculated
during occupancy periods, it does not represent the
ventilation constant during night-time, which may rep-
resent 75% of the school week. Weekly averaged AER
takes both unoccupied and occupied periods into con-
sideration and should be used for comparison with
weekly averaged data. Night-time AER is more related
to outdoor air infiltration through the building enve-
lope compared with the other indicators (mechanical
ventilation system turned off during night).

Ventilation rate represents the amount of airflow
rate available for each occupant. VR is typically used
for the design of the mechanical ventilation system and
is useful for checking compliance with standards and
guidelines.

The mean CO2 concentration during occupancy
depends on both metabolic production and ventilation
conditions. This indicator can represent the level of
accumulation that an indoor pollutant might reach
when its sources are activated during occupancy peri-
ods, including particle resuspension. The ICONE index

is a score based on the frequency of particular CO2

thresholds being exceeded. The same average CO2 con-
centration might lead to different scores for two mea-
surements with completely different variances. The
ICONE index represents a score related to the expo-
sure of occupants to air stuffiness.

During the non-heating season, neither the CO2

average nor the ICONE index were correlated with the
other ventilation indicators, in contrast to what was
observed during the heating season. This result indi-
cates that these two parameters may be poor ventila-
tion indicators during the non-heating season and may
only represent the density of occupation.

The amount of time that the windows were open
during the school week was considered as an additional
ventilation indicator. However, because of information
being poorly reported by the teachers, the duration
could not be calculated, and hence, it was not used in
this study. Another ventilation indicator that could
have been used is the measurement of AER using a tra-
cer gas technique (e.g. SF6 injection). This method is
accurate; however, the measurement is performed
under specific conditions that may not represent the
changes in ventilation conditions that might occur dur-
ing a school week.

Relationships between ventilation indicators and indoor air
pollutants. Weekly averaged data (i.e. VOC and alde-
hyde concentrations) were compared with wAER,
which was calculated over the same timescale. Only
three pollutants (formaldehyde, acetaldehyde, and hex-
aldehyde) were significantly and negatively correlated
with wAER. The observed correlations were also sig-
nificant during the heating season but not during the
non-heating season. This result might indicate that for
the heating season, the primary sources of these pollu-
tants are located in the classrooms and an increase in
the average AER lowers their respective indoor con-
centration. During the non-heating season, other fac-
tors, such as humidity, might compete with the
dilution effect provided by an increase in the air
exchange rate and could explain the lack of correlation.
VOCs were not related with wAER for any season.
Therefore, it can be assumed that the primary contri-
bution to their indoor concentration comes from
sources that are unaffected by changes in ventilation
conditions, most likely outdoor sources.

Particulate matter and PN concentrations were com-
pared with the indicators that represent ventilation
conditions during occupancy periods, that is, the mean
CO2 concentration, ICONE index, AER, and VR.
Fine particles below 1 lm in diameter were never cor-
related with any ventilation indicator for any season.
PM2.5 and PN1–20 were primarily positively correlated
with CO2 and the ICONE index but also to a lesser
degree, with VR. The correlations remained significant
in both seasons for PM2.5 but not for PN1–20. These
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correlations suggest that in schools, the CO2 concen-
tration or ICONE index could serve as a proxy for the
presence of occupants, and hence, for their activities
that could release particles in indoor air. As such, these
two indicators cannot be completely related to ventila-
tion whenever they are compared with human activity-
related pollutants.

It should be noted that nAER was strongly corre-
lated with all of the four aldehydes (most notably, with
formaldehyde, Rs < �0.74, P < 0.001) and SH despite
different time scales. Because nAER is also dependent
on the season, the observed correlations are related to
seasonal effects. During the heating season, nAER was
significantly correlated with all aldehydes except butyr-
aldehyde, whereas during the non-heating season, only
formaldehyde remained correlated with nAER. These
specific correlations may indicate that weekly averaged
aldehyde concentrations are mostly driven by night-
time periods.

It is important to consider the time scale of both the
measurement and the ventilation indicators when
determining correlations. The CO2 concentration and
ICONE index are indicators of both ventilation and
occupancy conditions. Therefore, they should be better
correlated with pollutants that vary in concentration
according to specific human activities. The other venti-
lation indicators will correlate negatively with pollu-
tants that have major indoor sources and not with
pollutants that primarily are from the outdoors.

Intraschool variability

Measurements between classrooms from the same
school were assumed to be independent in our analysis.
However, this assumption may not be completely true
when, for example, the primary sources of pollutants
are outdoors or when all classrooms of a given school
share the same ventilation system. On the other hand,
indoor sources may be different between classrooms,
and each teacher may exhibit a different behavior
regarding opening windows. In these cases, the mea-
surements between classrooms of the same school may
not be correlated. Furthermore, the variability between
classrooms may change depending on the season and
the airing habits. To assess the degree of dependency
between classrooms, intraschool and interschool vari-
ability [expressed as relative standard deviation (RSD)]
were calculated for each parameter in the 17 schools
(Table S6). The mean intraschool RSD was lower than
the interschool variability for most of the measured
parameters, except for the CO2, ICONE index, and
wAER. However, the intraschool variability varies
greatly between schools. Nevertheless, intraschool
RSD was always lower than interschool RSD for ben-
zene, toluene, ethylbenzene, xylenes, styrene, PN0.3–1,
butyraldehyde, and SH. This result suggests that for
these parameters, the major sources of variation are

not related to a particular classroom, and rather, these
parameters affect the entire school. For these parame-
ters, a strong dependency exists between classrooms of
a given school. In these cases, school-averaged data
can be used for statistical analyses; however, for all
other parameters, it will lead to a significant loss in
information.

Conclusions

This study measured the IAQ using a multipollutant
approach and ventilation in 51 classrooms. Different
ventilation indicators, such as the mean CO2 concen-
tration (ppm), AER, nAER or wAER (per hour), VR
(l/s per person), and the ICONE air stuffiness index,
were used to assess classroom ventilation and to study
their associations with measured IAQ parameters. The
use of one or several indicators depends on the sam-
pling period considered and the assigned objectives
(e.g. compliance with guidelines, communication to
occupants).

This study has improved the knowledge on correla-
tions between ventilation conditions and IAQ. These
correlations vary according to the location of the main
source of each pollutant, outdoor vs. indoor, and when
indoor, whether the source is associated with occupant
activity or continuous emission.

These findings need to be confirmed with further
studies that consider a larger set of classrooms. With
this in mind, in 2013, the OQAI began a nationwide sur-
vey of 300 randomly selected French schools, including
600 classrooms. The sampling and analytical protocols
that were implemented in the 17 schools of this study
were shown to be feasible and relevant, and they are
currently being deployed in the national survey.
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rooms monitored during the heating season (from
2010-01-11 to 2010-04-02); (B) Detailed information of
the 21 classrooms monitored during the non-heating
season (from 2010-04-26 to 2010-06-25); (C) Building
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Table S2. Temperature (°C) weekly means in the class-
rooms according to sampling periods and seasons
(n = 44).
Table S3. Relative Humidity (%) weekly means in

classrooms’ indoors according to sampling periods and
seasons (n = 44).
Table S4. Spearman correlations in the classrooms stu-
died during the non-heating period (significant correla-
tions in bold, P-value < 0.050).
Table S5. Spearman correlations in the classrooms stu-
died during the heating period (significant correlations
in bold, P-value < 0.050).
Table S6. Intraschool and interschool variability
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Data S1. Indoor Climate Parameters.
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