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A B S T R A C T

Indoor air quality (IAQ) in classrooms significantly impacts the comfort, health, and cognitive performance of 
students and teachers. The COVID-19 pandemic heightened awareness of IAQ, leading to increasing adoption of 
mechanical ventilation systems in schools. This study investigates IAQ across 24 primary schools (11 equipped 
with mechanical ventilation) in the French-speaking region of Switzerland. Concentrations of carbon dioxide 
(CO2), particulate matter (PM), and volatile organic compounds (VOCs) were monitored during four week-long 
campaigns spanning from autumn 2021 to winter 2023, partially encompassing the COVID-19 pandemic until 
February 2022 and heating energy shortages in winter 2023. Supplementary measurements of radon and 
nanoparticles were performed at selected locations. During school hours, the median concentrations of CO2 and 
PM2.5 were 560 ppm and 4 µg/m3, respectively (interquartile ranges: 450–780 ppm and 2–6 µg/m3, respec
tively). Total VOCs (TVOCs) concentrations averaged 41 ± 66 ppb (mean ± standard deviation; integrated 
measurement including nighttime and weekends). In autumn and winter, classrooms with mechanical ventilation 
had 20–30 % lower CO2 and TVOC levels compared to naturally ventilated ones. Notably, naturally ventilated 
classrooms had significantly higher TVOC but lower CO2 levels in winter 2022 than in winter 2023, presumably 
due to more frequent window opening and cleaning practices tied to COVID-19 regulations. Commonly identified 
VOCs included acetaldehyde, formaldehyde, acetone, and ethanol. The findings underscore the effectiveness of 
mechanical ventilation in improving IAQ in schools, while highlighting the influence of seasonal and contextual 
factors on pollutant levels.

1. Introduction

Children in Europe spend a significant portion of their time at school, 
averaging 27–30 hours per week in primary schools [1], with 65 % of 
this time spent in sedentary activities inside the classroom [2]. Due to 
their developing immune and respiratory systems, children are partic
ularly vulnerable to environmental toxicants [3]. Therefore, classroom 
air quality has a large impact on the health of school children. Exposure 

to air pollutants such as volatile organic compounds (VOCs) and par
ticulate matter (PM2.5 and PM10) in schools is more strongly correlated 
with asthma-related symptoms than household exposure [4]. A 
large-scale investigation involving 64 school buildings in five Central 
European countries, encompassing 1084 children, revealed a significant 
correlation between air pollution levels in classrooms and the frequency 
of nasal obstruction, sore throat, irritative cough, and dermal symptoms 
[5]. Another study in France involving 108 primary schools and 6590 
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children linked rhino conjunctivitis with formaldehyde exposure and 
asthma with PM2.5, acrolein, and NO2 [6]. Several other studies from 
Portugal [7], China [8], Malaysia [9], and India [10] confirmed the 
significant association between poor classroom air quality and respira
tory conditions, while evidence suggests that the impact also extends to 
teachers [11] and other staff [12].

The air quality and ventilation conditions in classrooms also affect 
students’ academic performance [13] and cognitive development [14]. 
Studies have found that children in schools located near industrial areas 
with high outdoor air pollution levels have lower attendance and test 
scores [15–17]. High CO2 levels in classrooms have been associated with 
reduced attentional processes [18] and lower concentration levels [19]. 
A quasi-natural experiment found that school IAQ renovations, 
including ventilation enhancement and mold remediation, significantly 
improved standardized test scores [20], while a systematic review 
established quantitative relationships between CO2 levels, ventilation 
rates, and student performance [21].

Given its importance for both health and academic performance, 
classroom air quality has received growing attention. In 2008, the 
Federal Department of the Environment in Germany published guide
lines for ensuring good air hygiene in schools, highlighting contaminant 
sources and calling for preventative actions [22]. The World Health 
Organization (WHO) also published measures to reduce the health risks 
from exposure to indoor air contaminants in schools, kindergartens, and 
day-care centers in 2022 [23], following earlier recommendations on 
monitoring indoor air quality in schools in 2011 [24]. However, 
numerous field studies have reported high pollutant concentrations, 
including fine particulate matter and ultrafine particles [25], polycyclic 
aromatic hydrocarbons [26], and other air pollutants in school envi
ronments [27–29].

In Switzerland, the Federal Office of Public Health published results 
from a 3-year investigation revealing that the majority of classrooms 
equipped with manually operated windows without mechanical venti
lation had high indoor CO2 concentrations averaging 1600 ppm during 
occupied hours, emphasizing the importance of proper ventilation [30]. 
While mechanical ventilation is often considered an effective solution to 
improve school air quality, its performance varies according to the 
system’s design and operation and may sometimes suffer from imperfect 
air distribution [31,32]. Moreover, ventilation without adequate air 
filtration only addresses pollutants from indoor sources [33,34]. Moni
toring specific pollutants is thus important for a comprehensive assess
ment of the air quality in classrooms [35,36].

Furthermore, the COVID-19 pandemic led many governments and 
authorities to implement enhanced ventilation and air quality protocols 
in schools [37], while the recent energy shortages resulted in heating 
challenges and consequently building operational adjustments. The 
real-world impact of those measures on school air quality remains un
clear. Given the prevalence of respiratory conditions in Switzerland, 
where approximately 20 % of the population suffers from pollen al
lergies and asthma affects 14 % of adults and 10 % of children [38], 
assessing and improving school IAQ is a public health priority.

The SCOL’AIR project was launched to enhance learning conditions 
in Swiss primary schools by addressing the challenges surrounding 
classroom air quality. In addition to comprehensive monitoring of 
various pollutants, the project aims to identify the human, economic, 
and technical factors contributing to suboptimal air quality and to 
develop efficient and sustainable solutions tailored to individual 
schools. This paper provides an overview of IAQ conditions across 24 
primary schools in French-speaking Switzerland, focusing on descriptive 
statistics of pollutant concentrations in classrooms and the effectiveness 
of mechanical ventilation. The study also explores the impacts of 
COVID-19 regulations and energy shortages on classroom air quality.

2. Methodology

2.1. Investigated school buildings

In each of 24 schools in the canton of Fribourg, Switzerland, two 
classrooms—one on the lower floor and one on the upper floor—were 
selected for air quality monitoring. Among the schools, 12 were built 
before 2000 and rely solely on natural ventilation through operable 
windows. The remaining 11, built after 2000, are equipped with me
chanical ventilation systems that were installed between 2010 and 2021 
(10 using double-flow systems where fresh air from an external air 
intake passes through a heat exchanger and one using a simple exhaust 
system). One additional school comprised both a newly constructed 
building equipped with mechanical ventilation and a historical building 
without it, and air quality was monitored in both buildings. The per
centage of participating schools that are located in rural, suburban, and 
urban areas is around 60 %, 20 %, and 20 %, respectively. The distri
butions of ventilation types, building ages, and levels of urbanization are 
representative of the region’s school building stock (Fig. 1). Detailed 
information about the school buildings is available in Table S1 in the 
supporting information (SI).

Ten out of the 11 mechanical ventilation systems were double-flow 
with heat or energy recovery. Schools had varying operating schedules 
for their mechanical ventilation systems; however, all operated the 
systems from at least 7AM to 5PM. Most schools extended these hours, 
with two running their systems continuously, 24/7, throughout the 
entire year. The nominal airflow rates were designed to induce a slight 
overpressure. Although most ventilation systems were equipped with 
modulating fans to enhance energy efficiency by allowing fan speed 
modulation, only two schools made such adjustments based on indoor 
CO2 levels. An additional three schools adopted speed modulation based 
on fixed schedules, such as using a higher flow rate during active class 
hours and a lower flow rate before and after school. Also, the flow rate 
was not reduced in cold winters to avoid low relative humidity in any of 
the schools, despite the recommendation by Swiss standard SIA 382/1 
[39]. Detailed information about the mechanical systems is shown in 
Table S2 in the SI.

2.2. Study design

The whole study lasted 18 months and consisted of four individual 

Fig. 1. Age, level of urbanization, and ventilation type of the investigated 
school buildings. One school had both a historical building with natural 
ventilation and a newly built building with mechanical ventilation.
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week-long measurement campaigns in each school in different seasons: 
Fall 2021, Winter 2022, Summer 2022, and Winter 2023. The four 
campaigns were designed to capture seasonal variations in indoor air 
quality, which also coincided with distinct social-contextual differences. 
For example, fall 2021 and winter 2022 were marked by stricter COVID- 
19-related regulations, such as mandatory periodical ventilation, while 
winter 2023 was impacted by heating energy shortages.

Due to limited availability of instruments, measurements at different 
schools were performed sequentially rather than concurrently. At each 
school, the measurement always started on Wednesday afternoon, when 
students had a half-day off, to facilitate sensor deployment and 
continued until the end of the following Thursday, totaling 8 complete 
days of measurements per school. Data were collected at three locations 
per school simultaneously, including two classrooms on different floors 
and an adjacent outdoor location. All school authorities have provided 
written consent to participate in the study. The President of the Asso
ciation of Fribourg Municipalities also signed a written acceptance form.

2.3. Air quality monitoring

Real-time concentrations of CO2, particulate matter (PM1, PM2.5, 
PM10), air temperature, and relative humidity were continuously 
monitored in all classrooms during each campaign. CO2 was measured 
indoors using the Rotronic CO2 Display (nondispersive infrared tech
nology, ± 30 ppm + 5 % of the measured value) at 2-minute intervals, 
placed at convenient locations such as on a shelf. PM was measured both 
indoors and outdoors using the Atmotube PRO portable air quality 
monitor at 1-minute intervals. For indoor measurement, the monitors 
were placed in the center of the classrooms near the ceiling using a 
hanger, while outdoor monitors were deployed close to the classrooms 
away from clear sources. The PM sensor in the Atmotube PRO, Sensirion 
SPS30, has an accuracy of ±5 μg/m³ + 5 % of the measured value for 
PM1 and PM2.5 and ±25 μg/m³ for PM10 within the 0–100 μg/m³ range. 
Both Rotronic and Atmotube PRO recorded air temperature and hu
midity with high consistency (regression r2 > 0.95), and the results from 
Rotronic were used for higher data completeness.

Also, during each campaign, individual VOCs and aldehydes were 
sampled both indoors and outdoors using Kit-COVA dual passive sam
plers (Anasorb 747 for VOC and Silicagel-DNPH for aldehydes, TOXpro 
SA, Switzerland) in compliance with the ISO 16017–2 [40] and ISO 
16000–4 [41] standards at all schools. Within each classroom, one VOC 
and one aldehyde passive samplers were deployed using the same 
hanger as for the Atmotube PRO monitor. For outdoor sampling at each 
school, one set of the two samplers was deployed at a convenient place 
close to the classrooms and away from obvious VOC emission sources 
(typical sensor deployment is shown in Figure S1 in the SI). After the 
sampling period of one week, those samplers were returned to Advanced 
Chemical Sensors Co. Ltd, Florida, US, for analysis. VOCs were analyzed 
using gas chromatography (GC) coupled with a mass spectrometer (MS) 
for identification and specific quantification, while aldehydes were 
quantified by high performance liquid chromatography (HPLC) with UV 
detection. TVOC concentration (in toluene equivalent) was then calcu
lated according to the total amount of VOC compounds detected.

Classroom radon concentrations were monitored over one week 
during Autumn 2021 and Winter 2022 in 16 of 24 schools using the 
Radon Scout monitor (range: 1–10,000,000 Bq/m³; 30-minute intervals; 
±6 % accuracy). Measurements were taken in lower-level classrooms 
(typically on the ground floor, or first floor when ground-floor rooms 
were not in use). In our prior tests, this sensor demonstrated high 
sensitivity and consistency relative to reference instruments [42,43]. In 
Switzerland, official radon assessment requires ≥3-month passive 
measurements during the heating season, but results are typically 
confidential due to Federal Office of Public Health (FOPH) data privacy 
rules. Consequently, we report continuous measurements of at least five 
days (120 hours) as a rapid-assessment proxy, per FOPH guidance [44]. 
We note, however, that such short-term monitoring may not represent 

annual average radon levels.
Additionally, further CO2 and TVOC measurements for up to three 

weeks were performed in four schools (two equipped with mechanical 
ventilation) to explore potential behavioral changes due to the teacher 
and students’ awareness of air quality monitoring. The additional VOC 
sampling was conducted using Tenax sorbent tubes (the first week had 
both Kit-COVA and Tenax samplers) for exploring the performance of 
different adsorbents (detailed comparison will be presented in another 
study). Tenax tubes were then analyzed using a thermodosorption unit 
(TD-100, Markes International, UK) linked to a gas chromatographic 
system coupled to a mass spectrometer (GC–MS Agilent 7890B, US). The 
VOC analytical procedure used an ISO/CEI 17,025:2017 accredited 
method. Two of the schools had nanoparticle measurements both in
doors and outdoors using the Testo DiSCmini for four consecutive weeks 
during each campaign. This instrument measures the number and 
average diameter of nanoparticles in the range from 10 to 700 nm 
(modal value 10–300 nm) based on the electrical charging of aerosols. 
Those supplementary measurements aimed to provide additional in
formation about air quality in and around the classrooms using available 
instruments.

2.4. Statistical analyses

The time-resolved concentrations of CO2 and PM were summarized 
by monitoring location and campaign before comparing the differences 
between mechanically and naturally ventilated classrooms and 
exploring seasonal variations across campaigns. Since their concentra
tions within a classroom show high skewness, Mann-Whitney U test was 
selected to compare medians. Further, to account for data clusters from 
the same monitoring location, we also used linear mixed models, with 
ventilation type and campaign as fixed effects and monitoring location 
as a random intercept, to confirm the differences in CO2 and PM2.5 
concentrations across classrooms and campaigns.

The time-integrated measurements of VOCs had only one data point 
for individual or total VOCs per location per campaign. The Kolmogor
ov–Smirnov test suggested that the distribution of TVOC concentrations 
within the same ventilation type during a given campaign follows a 
normal distribution. Therefore, Welch’s t-test, which accounts for un
equal variances, was chosen to compare the differences in mean TVOC 
concentrations across ventilation system type and campaigns.

For Mann-Whitney U test and Welch’s t-test, a p-value smaller than 
0.05, after Bonferroni correction, was considered statistically signifi
cant. The statistical tests were performed using the SciPy package 
(v1.14.1), while the linear mixed models were developed using the 
statsmodels package (v0.14.4), both in Python.

3. Results

The campaign-level average concentrations of different pollutants 
during the usual monitoring periods of one week are shown in this 
section, except for nanoparticle measurements at two selected schools 
where all data were pooled. The extended measurements of CO2 and 
VOCs at four selected schools for exploring potential behavioral changes 
are discussed in the Discussion section. For time series data, only data 
collected during typical school hours (7–16 h) on weekdays were 
included in the analysis, while integrated sampling of VOCs includes 
nighttime and weekends. Further, measurement locations where less 
than 50 % of data could be retrieved (due to sensor failures or human 
errors, such as sensors being unplugged by school maintenance 
personnel) were excluded. As a result, around 90 % of classrooms had 
valid real-time CO2 data, 40–60 % had valid real-time PM data, and 100 
% had valid integrated VOC data from passive samplers. The data 
included in the analysis all demonstrated high completeness (all indi
vidual VOC samples were successfully processed, while time series of 
CO2 and PM covered >99 % and >80 % of the monitoring duration, 
respectively). Further details about data completeness are available in 
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Table S3 in the SI.

3.1. CO2 concentration during school hours

The indoor CO2 concentration in the classrooms during school time is 
summarized by the measurement campaigns in Fig. 2. The median CO2 
concentration over a week was mostly in the range of 500–700 ppm 
during autumn and winter in classrooms with mechanical ventilation 
(median=560 ppm, IQR=520–620 ppm); however, it was consistently 
higher in classrooms using natural ventilation (median=670 ppm, 
IQR=590–810 ppm; p < 0.05 in winter 2022 and p < 0.0001 in winter 
2023, Mann-Whitney U test). This difference was particularly large in 
winter 2023 when Switzerland, like other countries, faced an energy 
shortage that required voluntary heating energy cuts, potentially lead
ing to a deliberate reduction in manual aeration through window 
opening. Further, a comparison of median indoor CO₂ concentrations in 
naturally ventilated classrooms revealed a significant increase from 
winter 2022 to winter 2023 (670 ppm vs. 860 ppm; p < 0.01, Mann- 
Whitney U test). The highest weekly median concentration during 
school hours was close to 1300 ppm in winter 2023. In summer, the 
indoor CO2 levels were substantially lower across both ventilation types, 
with weekly medians ranging from 400 to 600 ppm (median = 460 ppm, 
IQR = 430–490 ppm for mechanically ventilated classrooms and median 
= 480 ppm, IQR = 460–520 ppm for naturally ventilated classrooms).

A linear mixed-effects model with random intercepts for classroom 
showed that naturally ventilated classrooms had on average 140 ppm 
higher CO₂ than mechanically ventilated ones (95 % confidence interval, 
CI = [80, 190], p < 0.001), and CO₂ was 90 ppm higher in winter 2023 
than winter 2022 (95 % CI = [80, 90], p < 0.001).

Fig. 3 shows the time-resolved (at two-minute intervals) indoor CO2 
concentration during the four campaigns averaged across different 
classrooms with the same ventilation type. The three peaks in CO2 
concentration correspond to typical class schedules. In French-speaking 
Swiss cantons, primary schools typically have two sessions in the 
morning (e.g., 8:15–10:00 and 10:30–12:00), with a 15–30-minute 
break between them, and one longer session in the afternoon (e.g., 
13:30–15:30 or 16:00). For mechanically ventilated classrooms, CO2 
concentration usually started from around 400 ppm at the beginning of a 
school day and peaked at approximately 800 ppm during autumn and 
winter. The maximum concentration was similar during the two classes 

in the morning and slightly lower in the afternoon. Naturally ventilated 
classrooms had an identical pattern of three elevations but had a 
consistently higher maximum value reaching 1000–1200 ppm depend
ing on the year and season. In schools using natural ventilation, the 
starting concentrations of CO2 during a school day were also marginally 
higher than those in schools equipped with a mechanical ventilation 
system, potentially due to interflow between indoor spaces or residual 
from the previous day. In comparison, the nominal supply and return 
flow rates of the mechanical ventilation systems in most schools have 
been designed to put classrooms under a slight overpressure and thus 
can reduce interflow. In summer, indoor CO2 concentration followed 
similar varying trends that aligned with class schedules but remained 
within a narrower range of 400–700 ppm for both ventilation types.

3.2. Particulate matter concentrations during school hours

The median concentration of PM2.5 in the majority of classrooms 
during the four campaigns was below 10 μg/m3 except for a few cases 
where it reached close to 20 μg/m3 (Fig. 4). For reference, the WHO air 
quality guidelines recommend 5 μg/m3 for the yearly average. Me
chanically ventilated classrooms exhibited slightly lower PM2.5 levels 
compared to naturally ventilated classrooms with the exception of 
autumn 2021, where results were potentially biased due to limited data 
available (only three mechanically ventilated schools). The median 
PM2.5 concentrations were 3 and 5 µg/m3 for mechanically and naturally 
ventilated classrooms, respectively (IQR = 2–4 and 3–7 µg/m3, respec
tively), averaged across the four campaigns. The difference between 
ventilation types was statistically significant only in winter 2023 (Mann- 
Whitney U test, p < 0.01). When comparing the two winters, no sig
nificant differences were found, potentially due to the high data vari
ability, despite the presence of COVID-19 ventilation mandates in winter 
2022 and energy shortages in winter 2023.

Mixed-effects modeling revealed statistically significant differences 
in indoor PM2.5 concentrations associated with both ventilation type and 
measurement campaign. Classrooms with natural ventilation exhibited 
on average 2 μg/m3 higher PM2.5 levels compared to mechanically 
ventilated ones (p = 0.002), suggesting reduced filtration or outdoor air 
influence in naturally ventilated settings. Significant temporal variation 
was also observed: compared to the reference campaign, PM2.5 levels 
were 2 μg/m3 lower during winter 2023 than winter 2022 (p < 0.001). 
The model accounted for classroom-level clustering with a group-level 
variance of 4 μg/m3, indicating moderate between-classroom 
variability.

The concentrations of PM1 and PM10 showed similar seasonal and 
ventilation-related variations, with campaign-level medians in the range 
of lower than 15 μg/m3 and 25 μg/m3, respectively (PM1 median = 1 
and 3 μg/m3 for mechanically and naturally ventilated classrooms, 
respectively; PM10 median = 4 and 6 μg/m3 for mechanically and 
naturally ventilated classrooms, respectively; Figures S2 and S3 in the 
SI). Notably, PM1 and PM10 concentrations in naturally ventilated 
classrooms were significantly higher in winter 2022 than in winter 
2023, potentially due to lower data variability.

Outdoor PM2.5 concentrations, categorized by urban, suburban, and 
rural contexts, are summarized by campaigns in Figure S4 in the SI. The 
outdoor levels ranged between 5 and 20 μg/m3 on average with a me
dian of around 10 μg/m3, and schools located in rural areas generally 
had lower concentrations.

Fig. 5 shows the indoor/outdoor (I/O) ratio of PM2.5, calculated by 
aligning real-time indoor and outdoor PM2.5 measurements at the same 
schools. The I/O ratio at most schools was below 1, indicating that PM2.5 
was predominantly sourced from outdoor emissions. The high I/O ratio 
during autumn 2021 in mechanically ventilated schools can be attrib
uted to a small sample size of three mechanically ventilated schools and 
one classroom with notably higher indoor concentration, presumably 
from an indoor combustion source (e.g., school visits found indirect 
evidence such as a used candle), leading to insignificant differences after 

Fig. 2. Median classroom CO2 concentration summarized by campaign and 
ventilation type (A=autumn, W=winter, S=summer, MEC=mechanical, 
NAT=natural). Mann-Whitney U test was used to compare differences between 
mechanical and natural ventilation as well as between winter 2022 and winter 
2023, where ns=not significant, *=p < 0.05, **=p < 0.01, and ****=p <
0.0001 after Bonferroni correction.
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Bonferroni correction. Differences between mechanical and natural 
ventilation were not significant (Mann-Whitney U test, p > 0.05); 
However, among naturally ventilated classrooms, the comparison be
tween winter 2022 and winter 2023 showed significantly lower PM2.5 I/ 
O ratio in winter 2023, likely due to less window opening during the 
energy crisis.

It is notable that the particle concentrations were monitored using 
low-cost optical particle counters. The accuracy of PM2.5 measurement 
using the specific model of sensors has been evaluated and considered 
usually comparable to reference-grade instruments, although differ
ences exist between units [45]. However, PM1 and PM10 measurement 
using such low-cost optical particle counters may suffer from limited 

Fig. 3. Time-resolved classroom CO2 concentration during school hours in different campaigns, averaged across all classrooms with the same ventilation type. 
Shades show the 95 % confidence interval.

Fig. 4. Median classroom PM2.5 concentration summarized by campaign and 
ventilation type (A=autumn, W=winter, S=summer, MEC=mechanical, 
NAT=natural). Mann-Whitney U test was used to compare differences between 
mechanical and natural ventilation as well as between winter 2022 and winter 
2023, where ns=not significant and **=p < 0.01 after Bonferroni correction. †
data available from only three mechanically ventilated schools.

Fig. 5. Indoor/outdoor ratio of classroom PM2.5 concentration summarized by 
campaign and ventilation type (A=autumn, W=winter, S=summer, 
MEC=mechanical, NAT=natural). Mann-Whitney U test was used to compare 
differences between mechanical and natural ventilation as well as between 
winter 2022 and winter 2023, where ns=not significant after Bonferroni 
correction. † data from only three mechanically ventilated schools due to 
availability.
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accuracy. Also, data collection was affected by the monitors’ 
battery-related issues at some schools, and thus the results presented 
here only represent approximately 60 % of the investigated schools with 
relatively high data completeness (Table S3 in the SI).

3.3. VOCs and their concentrations during school hours

Fig. 6 shows the concentration of TVOCs obtained from the Kit-COVA 
passive sampler (one measurement per location per campaign), aver
aged by campaign and ventilation type. Mechanical ventilation resulted 
in consistently lower TVOC concentrations throughout the four cam
paigns. However, only the difference during autumn 2021 and winter 
2023 reached statistical significance (Welch’s t-test, p < 0.001) due to 
large variations between individual classrooms. The indoor levels of 
TVOC in some schools in autumn 2021 and winter 2022 were consid
erably higher, presumably because of frequent use of cleaning products 
according to COVID-19-related recommendations. The comparison be
tween winter 2022 and winter 2023 shows a significant reduction in 
TVOC concentration back to summer-similar levels in the latter year 
without strict COVID-19 cleaning measures, regardless of the ventilation 
type.

The outdoor concentration of TVOCs was much lower than that in
doors, always remaining below 15 ppb. The differences between urban 
and rural areas were small, but seasonal variations were stronger, with 
summer 2022 showing the highest outdoor TVOC concentrations 
(Figure S5 in the SI). The I/O ratio of TVOCs calculated from comparing 
samples from the same school further confirmed the presence of strong 
indoor TVOC sources (Fig. 7). The I/O ratio was typically greater than 
20, sometimes reaching over 70 in autumn 2021, in both mechanically 
and naturally ventilated schools. Also, classrooms showed significantly 
higher I/O ratios of TVOCs in winter 2022 than in winter 2023, likely 
due to the cleaning practices related to the COVID-19 pandemic 
(Welch’s t-test, p < 0.05). The I/O ratio was the lowest in summer but 
still much greater than 1, indicating indoor VOC sources.

The Kit-COVA dual passive samplers use Anasorb 747 for VOCs and 
Silicagel-DNPH for aldehydes and rely on chemical desorption with 
carbon disulfide, resulting in a limit of quantitation (LOQ) of a few units 
in µg/m3. The analysis in this study included 204 types of individual 
VOCs and aldehydes in total, among which 70 different compounds were 
detected in at least one classroom (Figure S6 in the SI). Six compounds 
were found ubiquitously in over 95 % of classrooms across different 

campaigns, including acetaldehyde, acetone, butyraldehyde, ethanol, 
formaldehyde, and propionaldehyde. The maximum and minimum 
number of detected compounds per classroom during a single campaign 
were 33 and 5, respectively. Fig. 8 shows the concentrations of indi
vidual VOCs that were detected in at least 25 % of classrooms, 
comparing ventilation types and the differences between winter 2022 
and winter 2023, respectively. The individual VOCs are sorted by their 
prevalence among classrooms. The most common VOCs in the investi
gated schools include acetaldehyde, formaldehyde, acetone, and 
ethanol. Most of them can be linked with cleaning products [46,47], 
furniture [48], or human bio-effluents [49,50]. The mean indoor con
centrations of formaldehyde and acetaldehyde across all classrooms and 
campaigns were 12.9 and 5.9 ppb, respectively (maximum levels of 40.7 
and 35.2 ppb, respectively). For reference, the concentration limit for 
8-h exposure to formaldehyde based on respiratory and asthma-like 
symptoms varies from 7 ppb (California EPA [51]) to 40 ppb (Health 
Canada [52]), and the levels detected in the classrooms fell within this 
range. Classrooms with natural ventilation typically had higher con
centrations of various VOC types, with isopropyl alcohol, ethyl acetate, 
and alpha-pinene showing particularly large differences, reaching levels 
approximately 10 times higher than those in mechanically ventilated 
classrooms.

A comparison between winter 2022 and winter 2023 showed 
generally higher concentrations of commonly detected VOCs when 
frequent indoor cleaning was required according to COVID-19-related 
recommendations (Fig. 8). The most significant increase was associ
ated with ethanol, isopropyl alcohol, butyl ether, d-limonene, alpha- 
pinene, and 2,2-dimethyldecane, all frequently found in cleaning and 
disinfection products [46,47], other than 2,2-dimethyldecane which is 
often linked with fuels. VOCs in cleaning products have been linked with 
increased health risks such as asthma and other respiratory effects, 
primarily in those using the products professionally, but sometimes in 
building occupants [53]. There were also a few types of VOCs showing 
the opposite trend, such as a lower concentration of propionaldehyde, 
benzaldehyde, and n-pentane during winter 2022.

3.4. Concentrations of nanoparticles and radon during school hours

The study also included nanoparticle and radon measurements at 
selected sites during some campaigns. Nanoparticles in the size range of 

Fig. 6. Classroom TVOC concentration summarized by campaign and ventila
tion type (A=autumn, W=winter, S=summer, MEC=mechanical, NAT=na
tural). Welch’s t-test was used to compare differences between mechanical and 
natural ventilation as well as between winter 2022 and winter 2023, where 
ns=not significant, *=p < 0.05, and ***=p < 0.001 after Bonferroni correction.

Fig. 7. Indoor/outdoor ratio of classroom TVOC concentration summarized by 
campaign and ventilation type (A=autumn, W=winter, S=summer, 
MEC=mechanical, NAT=natural). Mann-Whitney U test was used to compare 
differences between mechanical and natural ventilation as well as between 
winter 2022 and winter 2023, where ns=not significant, *=p < 0.05 after 
Bonferroni correction.
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10 to 700 nm were monitored at two schools, and the results are shown 
in Fig. 9. The concentration varied considerably over time, spanning 
from 102 to more than 105 particles/cm3. The median concentration at 
both locations was approximately 5 × 103 particles/cm3 during different 
campaigns, with similar distribution patterns. The size of the nano
particles was mostly smaller than 100 nm, with the mean diameter be
tween 30 and 60 nm (Figure S7 in the SI). No direct impact of 
mechanical ventilation was found at the two schools. Such concentra
tion levels were comparable to those in previous studies. For example, 
one study reported ultrafine particle (smaller than 100 nm) concentra
tions of 10.4 × 103 and 5.7 × 103 particles/cm3 in urban and rural 
Portuguese primary schools [54], while another study, also conducted in 

Portugal, measured median concentrations of 1.56–16.8 × 103 parti
cles/cm3 in classrooms [55]. However, it is notable that due to the small 
sample size of only two schools, the results from the two schools may not 
represent other schools in Switzerland.

Radon concentrations were monitored in 16 schools at 30-minute 
intervals during the first or second campaign, depending on instru
ment availability. Most schools had a median concentration of around 
50 Bq/m3, but a few exhibited high median values, approaching or 
exceeding 100 Bq/m3 (Fig. 10). According to WHO, a national reference 
level of 100 Bq/m3 and a maximum level of 300 Bq/m3 is recommended 
to limit health risks [56]. The International Commission on Radiological 
Protection (ICRP) and the European Union [57] also set similar con
centration limits. From the perspective of median concentration, the 
measured radon levels in the classrooms were below the thresholds, but 
there were temporary peak concentrations reaching 500 Bq/m3 in some 
schools. Average Radon concentrations were summarized in Table S4 in 
the SI. It is notable that such week-long measurement can only provide a 
quick estimate, and the results may not be sufficiently representative of 
the annual average exposure levels [43,58].

Fig. 10
In compliance with the Swiss Radiation Protection Ordinance [59], a 

separate investigation dedicated to radon exposure was performed be
tween October 2021 and March 2022 in all 24 schools. The investigation 
used passive dosimeters that have been approved by the Swiss Federal 
Office of Public Health (FOPH) [44]. At four schools, all naturally 
ventilated and among the oldest buildings, concerning radon concen
trations exceeding 300 Bq/m3 were detected. Further monitoring and 
analysis are currently in progress at those schools, including assessment 
that aims to balance occupants’ exposure, remediation efforts, and 
relevant costs according to the guidance of FOPH and the Norwegian 
Radiation and Nuclear Safety Authority (DSA).

Fig. 8. Indoor concentrations of selected VOCs (detected from at least 25 % of classrooms) averaged across classrooms and campaigns, sorted according to the 
detection rate. Left = comparison between ventilation types (MEC=mechanical, NAT=natural) and right = comparison between winter 2022 (W22) and winter 2023 
(W23). X-axis in logarithmic scale.

Fig. 9. Classroom nanoparticle (10–500 nm) concentration summarized by 
campaign and ventilation type (A=autumn, W=winter, S=summer, 
MEC=mechanical, NAT=natural).
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4. Discussion

Air pollutant concentrations from the 48 classrooms in 24 schools 
across four campaigns are summarized in Table S4. The results highlight 
the effectiveness of mechanical ventilation in reducing indoor CO2 and 
TVOC levels, which sometimes also extended to PM levels. The magni
tude of these differences depended on the season and context (e.g., 
COVID-19 measures in autumn 2021 and winter 2022, and the energy 
shortage in winter 2023). By estimating the ventilation system perfor
mance and pooling results of individual pollutants, this section discusses 
the effectiveness of mechanical ventilation on improving air quality in 
primary schools in Switzerland, as well as the potential occupant 
behavior change related to air quality monitoring.

4.1. Air change rate estimation

As evidenced by several studies in the literature in France [60], 
Belgium [61], and Netherlands [62], dysfunctions of mechanical 
ventilation systems have been commonly observed. To evaluate the 
effective air change rate in the 24 schools during the IAQ measurement 
campaigns, we adopted a machine learning model previously developed 
by the authors to estimate air change rate based on natural CO2 decays 
[63,64]. The model automatically recognizes significant elevations and 
decays from CO2 time series data and then extracts individual decay 
periods to estimate air change rate. Although decays during class breaks 
were also captured, we only selected the last longer decay after the last 
class of the day to avoid uncertainties caused by potential partial oc
cupancy during shorter breaks. The principle of how the model works is 
illustrated in Figure S8 in the SI.

The estimated air change rate summarized by campaign and venti
lation type is shown in Fig. 11. It is found that in autumn and winter, 
mechanically ventilated classrooms had significantly higher air change 
rates than naturally ventilated ones, with the median reaching 1–1.5/h. 
In comparison, classrooms relying on natural ventilation had air change 
rate below 1/h during those seasons. In summer, the estimated air 
change rate was considerably higher for both ventilation types, and the 
median value was in the range of 2–3/h despite of ventilation type. The 
comparison between the two winter campaigns suggests a significantly 
lower air change rate in winter 2023 for both ventilation types, indi
cating less ventilation due to energy concerns. The air change rate 
estimation per school is shown in Figure S9 in the SI.

4.2. Pollutant concentrations in classrooms with different ventilation 
types

Mechanical ventilation in primary school classrooms lowered the 
average concentrations of various indoor air pollutants at an aggregated 
level. However, ventilation can have mixed effects on IAQ that while 
diluting indoor-sourced pollutants, it can potentially also introduce 
outdoor air pollution into indoor spaces [65,66]. To investigate the 

Fig. 10. Classroom radon concentration based on one-week monitoring during A21-W22 (MEC=mechanical, NAT=natural).

Fig. 11. Estimated classroom air change rate summarized by campaign and 
ventilation type (A=autumn, W=winter, S=summer, MEC=mechanical, 
NAT=natural). Mann-Whitney U test was used to compare differences between 
mechanical and natural ventilation as well as between winter 2022 and winter 
2023, where ns=not significant, **=p < 0.01, and ****=p < 0.0001 after 
Bonferroni correction.

Fig. 12. Mean concentrations of indoor CO2, PM2.5, and TVOCs in individual 
classrooms during different campaigns (where all three measurements are 
available). Red dashed lines show CO2, TVOC, and PM2.5 thresholds of 800 
ppm, 150 ppb, and 5 µg/m3, respectively.
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overall effects of mechanical ventilation at the individual classroom 
level, Fig. 12 shows the mean concentrations of CO2, TVOCs, and PM2.5 
where data on the three pollutants were all relatively complete (>80 % 
of data retrieved), with each scatter representing a classroom during an 
individual campaign. All classrooms equipped with mechanical venti
lation (blue circles and diamonds) had mean indoor CO2 concentrations 
during school time lower than 800 ppm, indicating a satisfactory 
ventilation rate [67,68]. Also, most of these classrooms had relatively 
low TVOC concentrations, below 150 ppb, and acceptable PM2.5 con
centrations lower than 5 µg/m3 according to the WHO guideline [69].

Classrooms using natural ventilation exhibited similar levels of CO2 
and TVOCs in summer. However, their concentrations can be much 
higher in winter, with CO2 reaching 1200 ppm and TVOCs reaching 300 
ppb. The weekly average concentration of PM2.5 during school hours 
was less dependent on season or ventilation type, varying between 0–12 
μg/m3. The findings suggest that schools could achieve adequate air 
quality in summer by simply natural means (e.g., operating windows), 
but this approach is limited in winter due to thermal comfort and 
heating energy considerations. Also, classrooms equipped with me
chanical ventilation could still suffer from elevated levels of particles in 
case of a poorly installed or maintained filtration system or the presence 
of indoor particle sources.

To put the results into context, typical classroom CO2 concentration 
in naturally ventilated classrooms during school days in the literature 
includes a median of 1086 ppm from 60 classrooms of primary school in 
Scotland [70], an average concentration of 1726 ppm during occupied 
hours from two naturally ventilated primary schools in Poland [71], and 
a mean of 908 ppm in spring and 2206 ppm in winter from three schools 
in Italy [72]. Results from mechanically ventilated classrooms are less 
available. An example from Taiwan reported a median of 1120 ppm in 
86 classrooms after the installation of an outdoor air ventilation system 
[32]. Regarding TVOCs, a case study of a newly built primary school in 
Slovakia exhibited average TVOC concentrations of 2256 and 2847 
µg/m3 (approximately equivalent to 600 – 750 ppb) in two classrooms, 

while measurements from 16 air-conditioned elementary schools in the 
United Arab Emirates had an average of 815 µg/m3 (approximately 
equivalent to 210 ppb). Indoor particle concentration in classrooms 
depended heavily on outdoor air pollution [73,74]. Further, the indoor 
air temperature and relative humidity in both summer and winter in 
different classrooms are shown in Figure S10. In winter, classrooms with 
mechanical ventilation showed slightly higher air temperature in the 
range of 22–24 ◦C and similar relative humidity range of 20–40 % 
compared to naturally ventilated classrooms, indicating appropriate 
ventilation rates. Overall, the current results from the naturally or me
chanically ventilated classrooms in Swiss primary schools showed lower 
concentrations of typical air pollutants, with sometimes large differ
ences in TVOC and PM2.5 concentrations.

4.3. Impact of potential behavior change due to air quality monitoring

In four of the 24 schools, the measurement continued for three 
consecutive weeks to investigate short-term temporal variations in 
pollutant concentrations. Also, the prominent display of the CO₂ monitor 
(Figure S11 in the SI), along with the visibility of other sensors during 
the campaigns, may have influenced occupant behavior—prompting 
more frequent window and door opening by teachers and students due 
to increased awareness of air quality and ventilation, despite no explicit 
instructions being given. Fig. 13 shows the changes in weekly average 
CO2 and TVOC (collected using Tenax samplers and calculated accord
ing to the total amount of individual VOCs) concentrations, respectively, 
separated by the ventilation type. Among naturally ventilated class
rooms, the indoor CO2 concentration showed a moderate decrease of 50 
ppm in the median value as well as a more substantial decrease in 
extreme values, where the highest weekly average concentration drop
ped from close to 1000 ppm to around 850 ppm. No obvious change was 
found among mechanically ventilated classrooms. Also, none of those 
changes reached a significance level of p < 0.05 in the Welch’s t-test. The 
mean concentration of indoor TVOCs also experienced a slight yet 

Fig. 13. Changes in weekly average indoor CO2 (top) and TVOC (bottom) concentrations at four schools where three-week monitoring was conducted.
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consistent decrease (mean dropped from around 400 to around 350 ppb) 
in classrooms with natural ventilation but no appreciable change in 
classrooms using mechanical ventilation. Again, all changes were 
insignificant. These results indicate that conducting IAQ monitoring 
campaigns can potentially encourage positive behavior changes (such as 
opening windows more often) toward improved air quality. However, 
such changes are usually case-specific and highly inconsistent, limiting 
any significant impact at the group level.

5. Conclusions

This study investigated indoor air quality (IAQ) across 48 classrooms 
in 24 primary schools in the Canton of Fribourg, Switzerland. Overall, 
concentrations of CO2, PM2.5, and TVOCs were generally low, with 
weekly school-hour averages typically below 1000 ppm, 10 µg/m3, and 
100 ppb, respectively. Only a few classrooms exceeded these thresholds 
during one or more campaigns. The most abundant VOCs included 
acetaldehyde, acetone, butyraldehyde, ethanol, formaldehyde, and 
propionaldehyde. One-week quick radon measurement in 16 selected 
schools revealed mean concentrations between 50–100 Bq/m3, with 
occasional peaks up to 500 Bq/m3.

Classrooms equipped with mechanical ventilation systems consis
tently exhibited 20–30 % lower CO₂ and TVOC levels than those relying 
on natural ventilation, particularly in autumn and winter. However, 
their effect on particulate matter levels was inconsistent. Seasonal 
comparisons revealed notable differences between winter 
2022—characterized by intensified ventilation and cleaning due to 
COVID-19 protocols—and winter 2023, during energy shortages. In 
naturally ventilated classrooms, winter 2022 showed higher VOC levels 
but lower CO₂, likely due to more frequent window opening and 
cleaning.

These findings highlight the benefits of mechanical ventilation in 
maintaining high classroom air quality, even when baseline IAQ is 
relatively good. Nonetheless, achieving optimal IAQ requires a balanced 
approach that considers health, energy use, and operational costs. 
Future studies should aim to refine IAQ management strategies that 
ensure a healthy classroom environment year-round while minimizing 
energy use and operational demands.
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