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Abstract

Background Indoor air quality (IAQ) impacts well-being and the spread of airborne diseases, particularly in multi-occu-
pancy environments like classrooms. Carbon dioxide (CO,) and particulate matter (PM) levels have been used in continuous
monitoring as indicators of indoor air quality.

Methods We used cost-effective sensors to assess levels of CO2 and PM in two Italian university classrooms (Unit 1 and
Unit 2), differing in size and ventilation, from March 2022 to May 2023. For CO2 and PM monitoring we used respectively
ARANET4 sensors and Optical Particle Counters (OPC) assessing aerosol diameter size distribution between 350 nm and
40 pm in order to evaluate trends in IAQ and the influence of environmental factors including ventilation, occupancy, and
season.

Results The naturally ventilated classroom (Unit 1) exhibited higher CO2 and PM concentrations with greater variability,
whereas the HVAC-supported one (Unit 2) maintained more consistent air quality but faced occasional spikes. Occupancy
also affected CO2 and PM levels, with higher variability in Unit 1 characterized by lower size and generally full occupancy.
Seasonal trends highlighted increased PM levels during colder months due to reduced ventilation in both units.

Conclusions In this feasibility study, variations in building design, ventilation strategies, and occupancy dynamics were
associated with corresponding patterns in IAQ, supporting the use of low-cost, user-friendly sensors as practical tools to
characterize ventilation performance and to inform interventions aimed at safer learning spaces. Implementation of CO2 and
PM measurements as proxy indicators of ventilation adequacy and of potential airborne infection risk, along with outreach
programs and guidelines to educate teachers and students about relevance of IAQ assessment is recommended to promote
occupant health and mitigate risk of airborne disease transmission.
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Introduction

Maintaining good Indoor Air Quality (IAQ) is essential for
well-being in daily living places, as people spend a large
portion of their time inside [1, 2]. Poor indoor air quality
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can lead to a range of issues, from minor discomforts such
as headaches and fatigue, to more serious health concerns,
such as allergy flare ups and respiratory diseases [3—7].
The risk of infection from airborne pathogens is espe-
cially high in multi-occupancy indoor environments, such
as office, classroom, and public transportation, where
many individuals share the same air space for extended
periods [8—10]. Both personal (e.g., viral load, individual
susceptibility, modality of exposure) and environmen-
tal (e.g., airflow patterns, temperature, humidity) factors
contribute to modify infection risk [11]. While personal
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factors are inherently challenging to measure with cost-
effective methods continuously and in real-time, envi-
ronmental factors provide a more practical approach for
continuous monitoring and assessment of infection risk,
evaluating the effectiveness of mechanical or natural ven-
tilation [12, 13].

Carbon dioxide (CO,) and particulate matter (PM) lev-
els have been used as indicators of air quality, with recent
studies highlighting the value of continuous monitoring
to identify spaces with inadequate ventilation — espe-
cially those where people congregate for extended peri-
ods, such as office and classroom [14, 15]. Furthermore,
elevated PM concentrations are linked to increased mor-
tality from stroke, acute respiratory infections and heart
disease [16—18]. After detecting these poorly ventilated
areas, steps can be taken to improve air circulation, thus
enhancing overall indoor air quality and reducing the risk
of exposure to airborne contaminants, including infec-
tious agents.

The spread of COVID-19, which is mainly transmit-
ted through droplets and aerosols, has been greatly facili-
tated within indoor spaces, which have been identified as
the main settings for infection [19, 20]. Not surprisingly,
improved indoor air quality (IAQ), achieved through
better ventilation, has been linked to a reduced risk of
COVID-19 infection [21-24]. However, although the
COVID-19 pandemic prompted and renewed the atten-
tion to ventilation as a public health intervention, the
relevance of indoor air quality to airborne respiratory
infection extends well beyond SARS-CoV-2. Other com-
mon seasonal respiratory pathogens, including rhinovirus,
influenza viruses and respiratory syncytial virus (RSV),
are also transmitted in shared indoor environments, and
their circulation imposes a substantial annual burden of
morbidity, hospitalization and absenteeism in schools and
workplaces [25-28].

The advent of portable, accurate, low-cost sensors has
advanced considerably the capacity to monitor air quality
in real-time. The use of these sensors can be particularly
impactful especially in multi-occupancy spaces, such as
classrooms and offices, where the risk of airborne disease
transmission is higher. These sensors allow for the imme-
diate detection of areas of poor ventilation or where air
quality may be compromised, prompting timely corrective
interventions (such as increasing ventilation or adjusting air
conditioning systems) [29, 30].

For these reasons, we conducted a feasibility study aimed
at evaluating the year-round, real-world implementation of
a low-cost sensor system for both CO, and PM in university
classrooms. The study is intended to characterize the feasi-
bility, the operational challenges and the type of information
that a low-cost monitoring strategy can provide.
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Table 1 Characteristics of classrooms

Location Unit 1 Unit 2
Public health Engineering
department department

Maximum No. of students 25 228

Size (m?) 42.78 235.1

Volume (m?) 141.17 919.24

Heating system Wall Radiator HVAC

Ventilation Window HVAC

Number of doors and 1 door, 3 windows 4 doors, 5

windows windows

Orientation South-West North-West

Methods

Experimental setting

In this study, we employed two types of sensors. To evaluate
CO, levels, we used the ARANET4 sensor (SAF Tehnika
JSC, Riga, Latvia), a wireless indoor low-cost CO, monitor
using Non-Dispersive InfraRed (NDIR) method, a state-of-
art technique for detecting gas concentrations [31]. These
devices are factory-calibrated and according to the manu-
facturer, single CO, readings have an accuracy of + 30 ppm
+ 3% of the reading, and were proved to have a satisfactory
performance from a laboratory intercomparison study [32].

We measured air PM using two Optical Particle Coun-
ters (OPC) OPC-N3 (Alphasense-AMETEK, Cambridge,
UK). These devices use a fan to collect the air (total flow
5.5 L/min and a sample flow 0.2 L/min), while a diode laser
illuminates individual aerosol particles and a photodiode
records the intensity of the scattered light [33]. The intensity
of scattering is used to derive the size of the particle, while
the pulse of light is used to count the particles. OPC-N3 pro-
vides the aerosol size distribution between approximately
350 nm and 40 pum, divided in 24 bins [34], and this infor-
mation is used to calculate the particulate mass concentra-
tion (PM), generally assuming a spherical particle shape and
standard aerosol density and refractive index.

Data measurement

We installed these sensors within two classrooms of the
University of Modena and Reggio Emilia, specifically in the
‘Modena Campus’, one at the Section of Public Health of the
Department of Biomedical, Metabolic and Neural Sciences
(Unit 1: 4°37°52.0"N 10°56°34.5"E) and one at the Engi-
neering Department (Unit 2: 44°37°47.0"N 10°56°55.1"E).
Characteristics of classrooms (location, size, heating sys-
tem) are reported in the Table 1. In particular, main differ-
ences are that Unit 1 has a capacity of 25 students using a
wall radiator heating system, while Unit 2 can accommodate
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up to 228 students and has a central Heating, Ventilation and
Air Conditioning (HVAC) system.

The data measurement campaign started soon after the
end of COVID-19 state of emergency and the re-opening
of school system at full capacity, from March 2022 to May
2023. ARANET4 sensors were placed in Unit 1 from March
18, 2022, to January 13, 2023, and in Unit 2 from Octo-
ber 21, 2022, to July 4, 2023. OPC-N3 devices were active
in Unit 1 from April 11, 2022, to March 15, 2023, and in
Unit 2 from May 4, 2022, to May 3, 2023. The sensors were
mounted on the wall in a location to ensure a comprehensive
coverage of the IAQ of the room and an accurate monitor-
ing of CO, and PM concentrations throughout the academic
semesters. Additionally, indoor air temperature (°C) and rel-
ative humidity (RH%) were measured through the Aranet4
unit.

For CO,, temperature and relative humidity (RH%) data
collection, we used the Aranet4 App, an application specifi-
cally developed to collect and visualize data within a time-
frame of 14 days.

OPCs were connected to a RaspberryPi microcomputer
and both were protected inside a small box, with a proper
inlet for air sampling. The data were collected at 2 s time
resolution, averaged to 1 min, transmitted to a central
server. The cover of the box also had a QR code pointing
to the project webpage (see paragraph on communication
programme).

In each unit, the ARANET4 CO, sensor and the OPC-
N3 PM unit were installed at approximately 1.5 m above
floor level, on the wall opposite the windows and away
from the door, at a distance of at least 2 m from the nearest
occupant in both units. This placement followed standard
and sensor-specific recommendations for indoor air moni-
toring, and was intended to capture air representative of
the occupants’ breathing zone while limiting short-circuit
effects from doors, windows, and air-supply diffusers. The
number of monitoring points per room was constrained by
the availability of OPC-N3 units specifically configured for
the project. Real-time occupancy counts were not collected,;
instead, the fixed teaching schedules of the two classrooms
were used as a structural proxy for occupancy.

Throughout the manuscript CO, is reported in ppm, as
it is the unit used in guidelines and directly reported by
the sensor, while particulate matter is reported in pg/m>,
consistent with regulatory standards. For reference, in air
at 25.0 °C and 1 atm, 1 ppm CO, corresponds to approxi-
mately 1.80 mg/m?>.

Data analysis

The collected CO, and aerosol data was analyzed to iden-
tify trends and patterns in indoor air quality, to generate

reports detailing the frequency and duration of CO, levels
exceeding the established thresholds. We categorized col-
lected data into “weekdays,” referring to days with sched-
uled classes, and “weekends,” which included weekends,
public holidays, and departmental closure periods. We used
R (R version 4.4.1, R Foundation for Statistical Comput-
ing, Vienna, Austria, 2024) and R Studio (R Studio version
2024.04.1+748, Posit Software PBC, Boston, 2024) for all
data analysis and presentation.

Communication program

Along with the monitoring system, we implemented a web-
page with project details and aims. We also provided infor-
mation CO, factsheets at each monitoring location (Fig. 1)
along with QR code with link to project online page and
real-time measurement levels of PM. These factsheets
included a clear outline of the project’s aims and objectives,
guidelines for adequate CO, monitoring, and recommended
actions based on specific CO, thresholds (at 800 ppm and
1400 ppm). Based on these reports and on the guidelines
developed within the AIREAMOS research group (www.
aireamos.org), we developed recommendations to enhance
ventilation practices and improve indoor air quality in the
monitored environments. In particular, indication to increase
ventilation (e.g. opening windows) were provided at CO,
concentrations above 800 and 1400 ppm, this latter also fol-
lowed but an acoustic signal indicating threshold passing.

Results

In the Public Health Department classroom (Unit 1), lec-
tures primarily took place in the afternoon, while in the
Engineering Department classroom (Unit 2) lectures were
held for 89 h a day, starting either at 08:00 or 09:00 AM
and ending at 06:00 or 07:00 PM, from Monday to Friday.
The hourly average values for CO,, relative humidity, and
temperature in both units during weekdays and weekends
and holidays are shown in Fig. 2. Further details on daily
average values, including on particulate matter measure-
ments, are provided in Table 2.

Average weekday CO, levels were similar across both
departments, hovering around 545 ppm — albeit slightly
higher and more variable in Unit 1 (561 ppm, standard devi-
ation-SD=231 ppm) than Unit 2 (537 ppm, SD=96 ppm).
However, a rise in CO, concentrations was observed in both
units, starting around 9:00 AM. In Engineering classroom,
CO, levels peaked at approximately 610 ppm between
11:00 AM and 12:00 PM, remaining above 550 ppm until
7:00 PM. In Public Health classroom, the mean peak level
was slightly lower, going slightly above 540 ppm at 4:00
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INSTALLATION

At least > 1m far from people and sources of heat

1.5 m height

Avoid path of ventilation flows
Away from doors and windows
Avoid heating sources

Ensure no combustion sources in or near room (gas stoves, vehicles idling near

outdoor air intakes)
Install at least one sensor per class

MEASUREMENT

Measure in different zones and select the one with higher concentrations

Measure continuously

Keep CO, levels as low as possible, and if concentrations of 800 ppm is reached
(0.96% of the inhaled air has already been breathed in that room):
increase outdoor ventilation to classroom
And/or ensure filtration system is in place that can remove viruses
At 1400 ppm, acoustic signal will warn you to improve ventilation and/or filtration

Fig. 1 Example of information factsheet at each CO, monitoring station

PM. On weekends and holidays, mean CO, levels in both
units dropped, stabilizing around 456 ppm (SD=30 ppm).

Humidity levels were consistently slightly higher in
Public Health classroom, averaging around 45% and drop-
ping to 42.5% during peak occupancy, whereas Engineer-
ing classroom rarely exceeded 41.0%, being overall more
stable. On weekends and holidays, humidity in Engineering
classroom dropped further, while in Public Health class-
room it was more variable, often higher than on weekdays.
Daily mean values indicate the same trends.

Temperature trends also differed between the two
departments. Engineering classroom saw higher average

@ Springer

temperatures during weekdays, with a steady rise through
the morning that peaked at around 24 °C in the early
afternoon, which coincides with peak levels and CO,
concentrations. The mean daily temperature was 23.7 °C
(SD=2.9 °C) during weekdays. On weekends, tempera-
tures were more stable, fluctuating less and staying consis-
tently at around 22 °C, lower than the weekday maximums.
A similar pattern occurred in the Public Health classroom,
where temperatures reached a maximum of almost 24.0 °C
at 4:00 PM, again reflecting peak classroom use. Average
daily temperature was 23.4 °C (SD=3.7 °C). On weekends
and holidays, temperatures in Public Health classroom
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Fig. 2 Average hourly values across Unit 1 and Unit 2 during both
weekdays and weekends and holidays. Hourly mean values are shown
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Local time

for CO, (ppm), relative humidity (%) and temperature (°C). Solid lines Unit 2: large, HVAC-served classroom)
represent weekdays (lecture days) and dashed lines represent week-

Table 2 Levels of investigated parameters divided by classroom and types of days

Weekdays
|:| Holidays

ends and holidays. Data are aggregated across the whole monitoring
period for each unit (Unit 1: small, naturally ventilated classroom;

Weekdays Weekends and Holidays

Mean (SD) Median (IQR) Range Mean (SD) Median (IQR) Range

Unit 1
CO, (ppm) 561 (231) 482 (458-517) 419-2809 456 (30) 456 (439-477) 401-582
PM,, (ng/m?) 8.2 (15.9) 4.98 (2.39-9.74) 0.1-1821.7 6.0 (7.0) 3.69 (1.74-7.53) 0.2-76.8
PM, 5 (ug/m®) 5.7(5.9) 4.02 (2.19-7.02) 0.1-142.4 49(5.3) 3.29 (1.67-6.01) 0.2-62.0
PM, (ng/m?) 3.4 (3.6) 2.26 (1.25-4.00) 0.1-53.0 3.2(3.6) 1.95 (1.00-3.85) 0.2-31.4
RH (%) 43.7 (10.5) 45.0 (38.0-50.0) 15.0-74.0 40.8 (8.2) 41.0 (26.0-50.0) 20.0-58.0
Temperature (°C) 23.4 (3.6) 24.0 (20.8-27.1) 13.7-32.9 23.2 (4.3) 20.2 (19.4-22.5) 154-322
Pressure (hPa) 1014 (7) 1014 (1009-1019) 996-1035 1014 (8) 1016 (1013-1022) 993-1035

Unit 2
CO, (ppm) 537 (96) 507 (462-588) 410-1131 456 (10) 456 (438-476) 401-582
PM,, (ng/m?) 5.7 (10.9) 2.73 (1.35-5.94) 0.2-706.0 4.1(5.0) 2.42 (1.23-4.63) 0.1-55.2
PM, 5 (ug/m?) 3334 2.29(1.25-4.21) 0.2-122.0 3.7(4.4) 2.24 (1.19-4.03) 0.1-37.5
PM, (ng/m?) 22 (2.1) 1.46 (0.81-2.74) 0.0-22.1 2.7(3.3) 1.58 (0.87-2.87) 0.1-24.3
RH (%) 40.8 (7.5) 40.0 (34.0-44.0) 19.0-59.0 40.8 (8.2) 39.0 (34.0-44.0) 20.0-58.0
Temperature (°C) 23.7(2.9) 22.8(21.4-24.3) 15.8-31.0 232 (4.3) 21.2(19.1-24.1) 154-32.2
Pressure (hPa) 1013 (9) 1013 (1008-1019) 987-1036 1014 (8) 1013 (1009-1019) 993-1035
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were lower and more consistent, dropping to a minimum
0f20.0 °C.

CO, levels showed higher variability between the two
departments when looking at individual measurements
(Supplementary Fig. S1). In Engineering classroom, the
highest recorded value was close to 1130 ppm. In contrast,
Public Health classroom consistently recorded levels higher
than this, especially from late April to mid-May and again
from September onward. Despite some interruptions in data
collection, Public Health classroom showed a more fluctuat-
ing pattern, with the highest recorded value reaching 2809
ppm in mid-November, a period that saw the highest overall
CO, levels in the classroom.

The Public Health classroom consistently showed higher
PM,, levels and larger variability during weekdays, with a
mean of 8.2 pg/m® (SD=15.9 pg/m*), compared to 5.7 pg/
m® (SD=10.9 pg/m?) in the Engineering classroom (Fig. 3).
On weekends and holidays, mean PM, levels and most of

Unit 1
Weekdays

200 300

200

%)

180

Total particle count (cm
Particle count (cm‘s)

160

05 07 09

140

12:00 AM 04:00 AM 08:00 AM 12:00 PM 04:00 PM 08:00 PM

Weekends and Holidays

200 300
L L
150 160
120 140

100

140

Total particle count (cm 3)

130
Particle count (cm‘a)

05 07 09
R
2

110

12:00 AM 04:00 AM 08:00 AM 12:00 PM 04:00 PM 08:00 PM

Fig. 3 Daily trends of total particle count and particle concentration
during weekdays. Hourly aggregated values during weekdays for Unit
1 (small, naturally ventilated classroom) and Unit 2 (large, HVAC-
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their variability decreased across both units, with Public
Health classroom recording 6.0 pg/m® (SD=7.0 ug/m®) and
Engineering classroom recording 4.1 pg/m?® (SD=5.0 pg/
m).

PM, 5 and PM, concentrations followed a similar trend,
with higher values recorded in Public Health classroom dur-
ing weekdays (mean PM, s = 5.7 ug/m®, SD=5.9 pg/m?;
mean PM,=3.4 ug/m®, SD=3.6 pg/m*) compared to Engi-
neering classroom (mean PM, s = 3.3 ug/m®, SD=3.4 pg/
m®; mean PM, =2.2 pg/m®, SD=2.1 pg/m®). On weekdays,
total particle count in Unit 1 gradually decreases from early
morning, reaching a minimum between 12:00 PM and 4:00
PM. Afterward, particle count increases sharply, peaking
in the late afternoon. On weekends and holidays, total par-
ticle concentration exhibits a similar pattern to weekdays
but with more gradual fluctuations throughout the day. In
Unit 2, on weekdays, the diurnal trend of total particle count
shows multiple peaks, with an initial decrease early in the

Unit 2
Weekdays

240
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20.0 30.0
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Total particle count (cm

2
Particle count (cm‘s)
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05 07 09

12:00 AM 04:00 AM 08:00 AM 12:00 PM 04:00 PM 08:00 PM

Weekends and Holidays
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3
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Total particle count (cm™)
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140
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Particle count (cm‘3)

100

240

05 07 09

12:00 AM 04:00 AM 08:00 AM 12:00 PM 04:00 PM 08:00 PM

served classroom). Total particle count is expressed as number of par-
ticles per cm®; particle concentrations are expressed as pg/m* (PM;,
PM, 5, PM, ) derived from the OPC-N3 size distribution
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morning, then a sharp increase around 09:00 AM, reach-
ing peak concentration between 10:00 AM and 12:00 PM.
A second drop occurs in the early afternoon, followed by
a rapid rise around 4:00 PM. On weekends and holidays,
the trend in Unit 2 mirrors the behavior observed in Unit 1:
total particle concentration remains low and stable through-
out the day, with more moderate fluctuations.

The total particulate count, despite occasional interrup-
tion in measurements, displayed a clear seasonal trend in
both units, with higher values observed during the winter
months (Supplementary Fig. S2). In Unit 1, peaks occurred
between September and October, December and January,
and February, which recorded the highest count. Similarly,
Unit 2 displayed an analogous pattern, with multiple peaks
throughout the winter and a maximum value recorded
between December and January.

Discussion

In this study, we conducted continuous indoor air quality
(IAQ) monitoring in two distinct classrooms: one (Unit 1)
smaller, relying on natural ventilation and wall radiators,
and the other (Unit 2) larger, featuring HVAC system and
regular schedule of teaching hours. The monitoring was car-
ried out cost-effectively, using accessible yet highly reliable
sensors, and the collected data was systematically analyzed
to uncover trends and differences in air quality between the
two environments.

As indoor CO, primarily comes from the occupants of
the building and it is removed by ventilation [35], CO, con-
centrations are considered an effective proxy for ventilation
rates [36] and are therefore considered instrumental not
only in identifying spaces with suboptimal air exchange,
but also to provide insights into the control of other indoor-
generated pollutants and aerosols [37]. Inadequate venti-
lation that relies on recirculated unfiltered air, rather than
fresh outdoor air, can increase the potential for airborne
disease spread if an infected person is present [38], with
high CO, levels correlating with higher likelihood of infec-
tion [39, 40]. The slightly higher average CO, levels dem-
onstrated in Unit 1 compared to Unit 2 (561 vs. 537 ppm)
can be attributed to its smaller size and reliance on natu-
ral ventilation via windows and a single door, a setup that
leads to less efficient air exchange, especially when occu-
pancy increases. The room occupancy and characteristics
also explain its greater diurnal fluctuations, as CO, levels
spike more easily in such an environment when windows
are not consistently opened or when the classroom is fre-
quently at full capacity [41]. In contrast, Unit 2 benefits
from an HVAC system and greater spatial volume, which
help dilute CO, and provide more stable air exchange,

despite accommodating a higher number of students (up to
228 compared to 25 in Unit 1).

In one study carried out on Italian primary schools rely-
ing on natural ventilation, CO, levels were notably higher
than those of our Units, ranging from 782 to 4064 ppm,
likely due to the smaller sizes of the classes investigated
and the generally long and permanent occupancy by the
same students for the entire morning [42]. This finding was
also confirmed by another Italian study reporting a clear
relationship between classroom size, occupancy density,
and CO, levels, with larger or less crowded rooms showing
improved air quality [43].

The lower CO, levels in university classrooms compared
to other school grades (primary, middle and high schools)
confirm also the lower risk of COVID-19 infection through
airborne transmission in the first setting as evidenced in a
review compared the likelihood of COVID-19 infection in
different settings, including home, restaurants and concert
halls, finding it low in college classrooms [44]. However,
relying exclusively on CO, concentration targets to assess
or reduce infection risks indoors is likely inadequate, as
infection-related CO, thresholds can differ by more than two
orders of magnitude depending on the setting and activities
involved [40]. For this reason, we integrated two sensors
into each measurement location to capture also particulate
matter along with CO,.

This strategy using OPC-N3 sensors have been suc-
cessfully used within indoor air quality studies, including
domestic aerosol levels during the COVID-19 lockdown
[45] or within a urban cohort study on 72 households [46].
As a matter of that, indoor air quality monitoring of PM
levels are equally important, directly affecting respiratory
and cardiovascular health [47-49]. Specifically, both acute
and long-term exposure to PM, 5 and PM,,, particles with
diameters under 2.5 um and 10 pm, respectively, have
been associated with increased risks of airway inflam-
mation, asthma exacerbation, ischemic heart disease, and
poorer academic performance in younger populations [50,
51]. The most common sources of PM include emissions
from fuel combustion from nearby roads, construction
sites, and natural sources, such as dust from the outdoors
or pollen [52]. The most recent WHO air quality guidelines
on particulate matter do not differentiated between indoor
and outdoor levels [53], setting the upper limit of PM, 5
concentrations at 25 pg/m® for 24-hour and 10 pg/m? for
I-year averages. In our study, average PM,, levels were
higher on weekdays in Unit 1 compared to Unit 2 (8.2 pug/
m® vs. 5.7 pg/m?), likely due to the limited ventilation and
potential particle resuspension from student activity in the
smaller space. Both units exhibited higher PM concentra-
tions during the winter months, particularly in December
and January. This seasonal pattern can be attributed mainly
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to reduced ventilation during colder months, leading to
particle accumulation, and to an increased use of heat-
ing systems, which may contribute to particle movement.
Additionally, levels of outdoor PM levels due to motorized
traffic and heating systems are generally higher in cold sea-
sons [54], thus contributing to higher levels of PM indoor.
Despite such variations, in both units the average values
consistently remained within the guideline limits, with lim-
ited and occasional spikes likely caused by full room occu-
pation, ventilation patterns and the movement of people
inside the space. This issue suggests that placement of sen-
sors should be carefully evaluated to avoid or at least limit
the influence of these factors in measurements [45].
Relative humidity (RH) and temperature also play cru-
cial roles in maintaining a healthy indoor environment. RH
affects not only occupant comfort but also the viability of
airborne pathogens and the resuspension of particulate mat-
ter [55]. Furthermore, levels outside the optimal range of
40-60% can exacerbate respiratory issues if lower (e.g.,
reduced mucociliary clearance efficiency) and encourage
the proliferation of mold and other allergens if higher [56,
57]. In our classes, both units showed levels within this
range, with Unit 1 showing higher average humidity levels
compared to Unit 2 (45.0% vs. 41.0%). The higher relative
humidity in Unit 1 over weekends can be attributed to the
radiators being turned off at night and during weekends,
which also explains the lower temperatures observed on
Monday mornings. Nonetheless, the overall trends of higher
RH in Unit 1 and more stable lower values in Unit 2 per-
sisted across daily mean values, further confirm that ventila-
tion type and heating systems have high and relevant impact
on moisture control. Despite this, both units successfully
demonstrated RH levels within the ideal range considered
ideal to reduce acute symptoms, improve productivity, and
lower the likelihood of respiratory infections [56].
Similarly, temperature impacts occupant well-being
and cognitive performance while influencing ventilation
efficiency and pollutant behavior: high temperatures can
enhance the off-gassing of volatile organic compounds
(VOCs), while cooler temperatures may compromise
thermal comfort and discourage window ventilation [58,
59]. Exposure to excessive cold or excessive heat indoors
are both associated with negative health effects, such as
increases in blood pressure, ischemic stroke or heat exhaus-
tion [60, 61]. In addition, low temperature has been shown
to increase both viability and transmission of viruses, while
high temperatures are linked to smaller and lighter aerosols
[62, 63]. There is also an interplay between temperature and
RH to consider, as a cold and dry air impairs mucus secre-
tion, leading to a less efficient immune response [64]. In our
data, weekday temperatures in Unit 2 averaged 23.7 °C, with
a steady rise through the morning, peaking at approximately
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24 °C in the early afternoon. This coincided with peak CO,
levels and occupancy. In Unit 1, temperatures followed a
similar pattern, peaking at almost 24 °C by 04:00 PM, align-
ing with peak classroom usage. The wall radiators in Unit
1 being turned off during weekends and holidays resulted
in lower temperatures during these periods. This effect was
less pronounced in Unit 2 due to the continuous operation
of the HVAC system, maintaining consistent temperatures
regardless of occupancy. In any case, and despite their dif-
ferences, both units managed to preserve temperatures in the
optimal range during their usage.

There are some limitations to consider. First, guide-
lines and protocols for CO, monitoring in indoor environ-
ments, especially classrooms, are inconsistent and vary
substantially [65], with some studies suggesting that a
single measurement point may be sufficient for rooms with
good ventilation and stable occupancy [66]. Given the dis-
tinct characteristics of our units (such as size and ventila-
tion system), more than one sensor per room could have
been required, placed in different locations and at various
heights, and considering the sensor’s placement relative to
doors and windows. In any case, a single sensor was likely
sufficient for Unit 1, despite its natural ventilation, while
for Unit 2, given its size, two sensors might have improved
accuracy. The reason is that CO, is a gas that tends to be
unevenly distributed across the space and greatly affected
by occupancy [67, 68], making the selection of an appro-
priate number of measurement points and their location a
potential bias during the data gathering phase. An additional
improvement could have been the inclusion of an outdoor
monitoring station to provide a basis for comparing indoor
values with outdoor trends [40], as the apportionment of
indoor PM into infiltrated outdoor particles versus indoor-
generated particles was not possible. This is also one of the
reasons the analysis was primarily descriptive: with only
two units, formal between-room statistical comparisons
could have been driven by building-specific confounders
rather than by ventilation per se, and within-room temporal
models would have required outdoor exposure data and/or
individual-level occupancy.

Although we framed CO, and PM as informative proxy
indicators of ventilation adequacy and of the correspond-
ing potential for airborne transmission, this study did not
include direct measurement of infection outcomes nor the
application of quantitative risk-assessment frameworks
such as the Wells-Riley equation or the rebreathed-fraction
model [69], as the reporting of these models calculations
under such uncertainty would have largely reproduced the
wide range of literature estimates rather than added infor-
mation on these specific classrooms.

Additionally, on several occasions, the sensors stopped
recording, requiring manual intervention to restore
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functionality, which resulted in some data gaps, although
this issue did not affect the average measurements. It is
worth noting that the gaps were not uniformly distributed:
in Unit 1 the longer interruption of the OPC-N3 measure-
ments occurred predominantly between late spring and
early summer, that is, after the end of the teaching semester
(late May), so it is unlikely to bias the estimates of mean
occupancy-driven PM levels; in contrast, CO, missingness
was characterized by more frequent but generally shorter
interruptions distributed throughout the monitoring period:
19 interruptions in Unit 1, and 25 interruptions in Unit 2.
This pattern suggests, at most, a limited potential for bias in
daily and diurnal averages.

This small sample size limits the external validity of
our results, which should not be extrapolated uncritically
to different building types, climates, or educational levels.
We nevertheless argue that the approach is generalizable to
other settings provided that the sensor deployment is paired
with adequate occupant communication and continuous
training on indoor air quality.

In addition to these limitations, this study has some
strengths. First, continuous measurements of multiple
parameters were conducted over an entire year, carefully
accounting for periods of classroom activity and inactivity.
In addition, the inclusion of classrooms with differing struc-
tural characteristics allowed us to evaluate their impact on
indoor air quality. Variations in CO, and PM levels between
the two monitored classrooms highlight exactly how differ-
ent building design, ventilation strategies, and occupancy
dynamics interplay with each other: Unit 2, with its cen-
tralized HVAC, maintained more stable IAQ metrics, yet
it was still vulnerable to spikes in CO, during peak occu-
pancy. Conversely, Unit 1 exhibited greater variability and
higher peaks, driven largely by its reliance on manual ven-
tilation practices.

Our findings underline the importance of continuous
indoor air quality monitoring as a foundation for creating
and maintaining a healthy learning environment in univer-
sities [13] and further strengthen the need to implement
effective education. In our study, each monitoring station
featured a factsheet with a QR code linking to the webpage
of the project, where students could monitor PM and CO,
levels in real time and learn how to respond if limits were
exceeded. This proactive method not only helps to maintain
a healthier indoor environment but also plays a potential role
in preventing the spread of airborne diseases, making the
sensors we employed an affordable and useful tool to pre-
vent infectious diseases and more generally to endure high
indoor air quality. Ideally, classrooms with high occupancy
or specific challenges (such as reliance on natural ventila-
tion with few windows) should be equipped with these cost-
effective and user-friendly sensors to encourage active risk

reduction measures. On this note, our experience with the
communication programme provided an important lesson
on the translatability of low-cost sensor deployments to the
wider built environment. The factsheet and the QR-coded
webpage were a necessary, but likely insufficient compo-
nent: in Unit 1, despite the displayed 800 ppm and 1400 ppm
thresholds and the acoustic signal at 1400 ppm, occupants
typically did not act on the signal during the lecture, with
windows often left closed until concentrations had reached
approximately 2000 ppm or until the lecture ended. This
pattern is consistent with what intervention-based studies:
real-time visual and acoustic feedback can yield reductions
of about 20% in classroom CO, when teachers are explicitly
engaged in the response loop, but the magnitude of the effect
is conditional on the behavioral component being actively
managed [30]. We therefore recommend that future deploy-
ments pair the static information material with continuous,
lecturer-targeted training emphasizing that ventilation must
be increased immediately upon threshold activation rather
than at the next break, and — when not feasible — to employ
other mitigation strategies, ¢.g., redistributing classes across
larger or better ventilated rooms, or staggering attendance to
reduce peak occupancy [26].

Our results, while consistent with recent post-COVID
Italian studies in higher-education settings that report sub-
stantial seasonal CO, excursions in autumn and winter [70],
and with broader school-based work showing that prolonged
exposure in shared environments [25], further indicate
that low-cost CO, and PM monitoring is not only techni-
cally straightforward, but also reliable and easily scalable,
including beyond classrooms to other multi-occupancy set-
tings such as kindergartens, healthcare waiting areas, public
transportations and offices [71, 72].
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