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Abstract: The COVID-19 pandemic has pointed to the need to increase our knowledge in fields
related to human breathing. In the present study, temperature, relative humidity, carbon dioxide
(CO2) concentration, and median particle size diameter measurements were taken into account. These
parameters were analyzed in a computer classroom with 15 subjects during a normal 90-minute class;
all the subjects wore surgical masks. For measurements, Arduino YUN, Arduino UNO, and APS-3321
devices were used. Natural ventilation efficiency was checked in two different ventilation scenarios:
only windows open and windows and doors open. The results show how ventilation affects the
temperature, CO2 concentration, and median particle diameter size parameters. By contrast, the
relative humidity depends more on the outdoor meteorological conditions. Both ventilation scenarios
tend to create the same room conditions in terms of temperature, humidity, CO2 concentration, and
particle size. Additionally, the evolution of CO2 concentration as well as the particle size distribution
along the time was studied. Finally, the particulate matter (PM2.5) was investigated together with
particle concentration. Both parameters showed a similar trend during the time of the experiments.

Keywords: particle size; carbon dioxide concentration; CO2; classroom air composition; natural
ventilation; Arduino; SCD30; APS; school health; COVID-19

1. Introduction

The COVID-19 pandemic has greatly impacted both the global economy and the health
of individuals [1]. As a result, it is essential to thoroughly examine possible methods of con-
tagion in different situations. The most effective measures to prevent SARS-CoV-2 transmis-
sion are those that reduce interaction between humans such as social distancing, quarantine
strategies, and transport restrictions [2]. Although Oliver et al. [3] mention that various
vaccines have been developed, according to Engelbrecht et al. [4] and Renardy et al. [5],
their availability for the whole population could fall behind as new waves of the virus
emerge all around the world.

Consequently, Wang et al. [6] concluded that isolation measures are unsustainable
in the long term because they slow economic growth and limit academic, industrial, and
commercial activities. Therefore, other measures need to be implemented that allow for
interaction in indoor atmospheres under restrictive scenarios, i.e., ventilation and CO2 mea-
surement. For instance, Schiobula et al. [7] explained how monitoring CO2 and ventilation
could be used to reduce the risk of COVID-19 contagion in indoor school environments.

According to Alcamí et al. [8], SARS-CoV-2 transmission methods include respiratory
droplets, airborne transmission, direct contact between an infected person and another
person, and indirect contact or fomites (which means that an infected person has touched
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a surface or has deposited droplets there). However, Zhang et al. [9] demonstrated that
transmission through aerosols or airborne transmission is the main source.

Regarding the transmission risk, indoor environments pose a major SARS-CoV-2
infection risk. In fact, Qian et al. [10] concluded that most outbreaks in China in February
2020 happened in closed environments such as homes, public transport vehicles, and
shopping or entertainment venues.

According to Bartyzel et al. [11], a good ventilation system should be implemented
to avoid high transmission in an indoor environment. This is even more crucial in envi-
ronments where many people need to coexist for several hours. Poor air quality is usually
understood as an excessively high concentration of particulate matter (PM). However,
CO2 is also a critical component with respect to the quality of indoor air and should be
reduced via ventilation. This phenomenon is intensified in classrooms, which are usually
crowded, overheated, and poorly ventilated. This results in a possible increase in carbon
dioxide (CO2), which could be dangerous if the concentration level exceeds the value of
0.15 percentage value of CO2 (1500 ppm) or even lower levels (1000 ppm). According to
Persily [12], indoor carbon dioxide concentrations are important and have played a role in
discussions related to ventilation and indoor air quality (IAQ). The relevance of CO2 con-
centrations to ventilation and IAQ standards is based on their correlation to indoor levels
of bio-effluents and associated odors and to ventilation rates per person. Hou et al. [13]
summarized the main studies focusing on the indoor air quality of classrooms. They also
studied the correlation of CO2 and PM2.5 (indoor and outdoor ratios) concentrations in
classrooms, relating the data to the ventilation rates in classrooms and the classroom occu-
pancy. Rumchev et al. [14] also concluded that populations with a high rate of poverty are a
greater risk of suffering problems related to lung health due to the lack of basic ventilation
equipment such as chimneys and even windows.

In order to maintain desirable air quality in indoor classrooms, Morawska et al. [15]
recommend taking very simple measures such as avoiding overcrowding, ensuring high
ventilation rates and installing supplementary ventilation systems with air cleaners. In
the study of Pulimeno et al. [16], more comprehensive measures were also proposed
to achieve optimal IAQ, such as keeping equipment that produces particles and VOCs
outside the classroom, monitoring the classroom temperature with thermostats, and, when-
ever possible, performing annual monitoring of the indoor PM and radon concentrations.
Morawska et al. [15] also recommended installing high performance filter systems for air
conditioners and air purifiers.

With the purpose of measuring the air quality and the efficiency of ventilation,
Dinh et al. [17] noted that CO2 should be measured as an indicator. If ventilation is con-
trolled by the monitoring of CO2 levels in indoor environments, people can be prevented
from acquiring many diseases, especially those related to respiratory viral infections. CO2
is an important parameter to measure because it is a marker of the air that has been exhaled
and can be linked to the probability of infection through the Well-Riley equation. CO2
particles are denser than air; however, they are carried with the flow as virus particles
would be. CO2 being higher than a certain level indicates that the ventilation is inadequate,
and measures should be taken. Bhagat et al. [18] determined that one of the most efficient
strategies for reducing exposure risk seems to be displacement ventilation. When this
strategy is designed properly, it helps with vertical stratification and removes polluted
warm air near the ceiling. Additionally, wearing face coverings is an effective measure as it
reduces the direct ejection of droplets and bio-aerosols. Furthermore, they recommended
avoiding mixed ventilation strategies, since that can distribute air through a room and
does not provide clean zones. Wang et al. [19] discussed the feasibility of displacement
ventilation in schools along with a heat recovery pump. Through this system, classroom
air quality has been enhanced, while the energy consumption of the building is reduced.
Computational fluid dynamics software (CFD) was used to demonstrate the technical
feasibility of this development. Li et al. [20] introduced an innovative alternative ventilator,
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replacing one part of the window frame with a ventilator whose core component is a
cross-flow fan (CFF).

However, Dominguez-Amarillo et al. [21] agreed that there are many issues that
impede adequate ventilation. Many buildings have low radiant temperatures due to the
limited performance of thermal building envelopes. Therefore, users limit the voluntary
ventilation times; this can even worsen in SARS-CoV-2 confinement scenarios during
colder periods. Satish et al. [22] realized that, at other times, the aim is just reducing energy
consumption, which leads to low rates of ventilation.

In recent years, new numerical techniques have been developed and found to be useful
in investigating physical parameters that involve public health. The most used numerical
techniques include CFD technology; see Chillon et al. [23]. Several researchers revealed
important information about the exhalation of microparticles during different breathing
actions. In this manner, Dbouk et al. [24] demonstrated that 2 m is a safe face-to-face
distance between humans to prevent COVID-19 infections only in no stream situations.
The same authors corroborated in [25] that using face masks greatly reduces the number of
released droplets in the environment. Using face masks also increases droplets’ evaporation
ratio, due to the fact that droplet clouds are less dense. According to Feng et al. [26], relative
humidity (RH) does not affect the droplets’ trajectories but interferes with their evaporation.
Aliabadi et al. [27] mentioned that small droplets evaporate more quickly at low RH.
Vuorinen et al. [28] added that complete droplet evaporation leads to the appearance of a
solid residue. These residues accumulate, forming a suspended cloud called an aerosol.
These aerosols travel on air streams. Yang et al. [29] recommended controlling indoor RH
to control this manner of spreading droplets. On the other hand, Shao et al. [30] suggested
designing effective ventilation strategies to disperse aerosol clouds safely.

The aim of the present work is to investigate CO2 concentration in addition to ambient
temperature, relative humidity, particles size, PM2.5 and particle concentrations in a class-
room under different ventilation scenarios and conditions. The acquired data contributes
as a guideline to define ventilation strategies and to improve IAQ in academic installations.
The first scenario has 15 people inside the classroom, all of them wearing surgical masks
the whole time. The second studies the same parameters with the room empty. The same
ventilation conditions were reproduced during both experiments for 90 min, separated
into four time stretches. During the first and the third time stretches no ventilation existed.
During second time lapse, windows were opened. For the last time stretch, ventilation was
increased by opening windows and doors.

2. Materials and Methods

The experiments were all conducted in computer room 1.3 of the Faculty of Engineer-
ing at the University of the Basque Country UPV/EHU of Vitoria-Gasteiz. The classroom
area is 91.8 m2. Data were collected on two different days in November 2020. The first
collection was on Friday 27th in the morning, and the second on Monday 30th in the after-
noon. The morning experiment was carried out with 15 people inside (14 students and the
teacher). The age of the subjects was 19 to 23 for the student subgroup, and the teacher was
44 years old. The participants were 10 males and five females, arbitrarily distributed, but
complying with the order of May 19th SND/422/2020 relative to the COVID-19 pandemic.
According to this order, participants wore surgical or clinical masks the whole time, and
the distances between them were as large as possible: around 1.5 m between students
who shared a desk and around 2 m between students who were sitting at different desks,
laterally measured. During the experiment, students attended a practical computer class
lesson and were able to interact with each other but without leaving their workstations.
At the end of the event, desks, keyboards, mice, and screens were disinfected in the same
manner as they were at the beginning. The afternoon experiment was conducted with the
classroom empty.

In both cases, the ventilation was natural: opening doors and/or windows. The
outdoor conditions were similar in both cases, with the only difference being the wind speed
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and direction. During the experiment with the populated classroom, the average wind
velocity was 12.4 m/s in a southeasterly direction. At the time of the second experiment,
when the classroom was empty, the wind speed was 6 m/s in the northwest direction.
Windows were facing west. Data were collected by the Basque meteorology service,
EUSKALMET, from the nearest weather station. For more details, see Table 1.

Table 1. Experimental parameters and weather conditions.

No. Measurement
Day

Measurement
Period Classroom Ventilation

System
Classroom
Occupancy

Temperature
Outside

Relative Humidity
Outside

1 27 November 2020 9:29–10:59 Info 1.3 natural 15 6 ◦C 79%
2 30 November 2020 17:04–18:34 Info 1.3 natural 0 7 ◦C 100%

CO2 concentration, temperature, and relative humidity measurements were carried
out with two SCD30 sensors. These modules can measure the temperature, humidity,
and CO2 concentration in the air using NDIR technology. The CO2 sensor ranges from
400 ppm to 10,000 ppm, and has an error of ±(30 ppm + %3 MV). The temperature
sensor ranges from −40 ◦C to 70 ◦C. Between 0 ◦C and 50 ◦C, the sensor has an error of
±(0.4 ◦C + 0.023 × (T[◦C] − 25 ◦C)). The humidity sensor ranges from 0% to 100% and, at
25 ◦C, has an error of ±3% RH. The sensors take measurements at intervals of 2 s. The
SCD30 sensors (Sensirion AG, Stäfa, Switzerland) were calibrated using the SparkFun
SCD30 library with the default parameters and following the instructions found in the
sensors’ datasheet. The automatic self-calibration (ASC) routine was performed for the
recommended time period of seven days, with at least 1 h a day of fresh air. Both sensors
remained connected to the power supply for the whole duration of the ASC.

Each SCD30 sensor was connected to an Arduino (YUN REV2 or UNO R3). Data were
transferred from the sensor to the Arduino following the I2C protocol (see Figure 1). As
previously stated, the SCD30 sensor sent data every 2 s; however, measurements were
taken every 6 s. The Arduinos were programmed with the SparkFun library, specially
conceived for the SCD30 sensor.
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Each Arduino was connected via USB to a computer. Data were transferred from
the Arduino to the computer every 6 s via the serial port. The transferred data were
then processed on the computer using the Matlab environment. Furthermore, a GUI was
developed on Matlab that graphically displays the temperature, humidity, and CO2 in
real time for each sensor. Once the experiment was concluded, the data were saved in an
Excel file.

Between different techniques of particle sizing, the aerodynamic approach was chosen
for the current study. Therefore, an Aerodynamic Particle Sizer (APS) spectrometer was
used to measure the aerosol microparticles’ sizes inside the classroom. This device model
(APS-3321; TSI Incorporated, MN, USA) was successfully used in Aramendia et al. [31]
for measuring the nebulized particle size distributions. The aerosol, drawn into the APS
inlet, is immediately split into a sample flow through the inner nozzle, and a sheath flow
through the outer nozzle. This device generates a signal every time a particle crosses
two laser beams placed within the inlet nozzle, providing high-resolution measurements
for droplets between 0.5 and 20 µm (see Figure 2). The acceleration of droplets, due to
inertia, is smaller for larger droplets. Therefore, the APS theory operation to calculate this
acceleration is based on the time between the peaks of the signal produced by the two
laser beams, also known as the time of flight. Then, the APS memory, which must initially
be calibrated, converts each time-of-flight measurement recorded to the corresponding
aerodynamic particle diameter, described as the diameter of a spherical particle with a
density of a water droplet (1000 kg/m3) that has the same settling velocity as the measured
particle. Pfeifer et al. [32] noticed that the sizing error rarely exceeds 10%.
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Figure 2. Aerodynamic Particle Sizer (APS) operation scheme and a detailed view with aerosol droplets crossing the
overlapping breams and generating the double-crested signal.

Collected data were acquired, analyzed, and stored by means of the APS 3321 process-
ing software package AIM (TSI Incorporated). Chen et al. [33] described the mathematical
models that AIM software used to calculate the quantity of suctioned particles and their
size. APS converts each time-of-flight measurement into its corresponding aerodynamic
particle diameter (Da). The relationship between this parameter and the geometric particle
diameter (Dg) is given by Equation (1):

Dg = Da

√
ρ0

ρ
(1)

where ρ is the density of the measured particles and ρ0 is the unit density (1 g/cm3).
The primary measurement of the APS 3321 is the concentration (N), expressed as

particles/cm3, where the total number of particles per unit volume of air sampled is
measured for a given channel; see Equation (2):

N =
u

∑
l

n (2)
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where u and l are the upper and lower channel boundary, respectively, and n is the number-
weighted concentration per channel.

The Mass Median Aerodynamic Diameter (MMAD), which measures the aerodynamic
diameter that divides the aerosol size distribution in half, has also been obtained to evaluate
the concentration of particulate matter (PM). In particular, we assessed PM2.5, known as
fine particles, i.e., those that have diameter values less than 2.5 µm and are related with
health issues.

The duration of the experiments depended on the duration of the ongoing lecture in
the classroom, which mostly ranged from 1 h to 2.5 h. Moreover, the program was designed
in a flexible way. Indeed, the GUI allowed the user, via a toggle button, to start and end the
experiment as needed.

Figure 3 illustrates the layout of the Info 1.3 room. The dimensions of the room are
900 cm × 1020 cm × 264 cm; it contains six 68.5 cm × 117.5 cm windows and two 78 cm ×
200 cm doors.
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3. Results

The experiment consisted of two sets of measurements in the same room, shown in
Figure 3. The first set was performed while the room had 15 persons inside, and the second
set was performed while the room was empty. Both sets of measurements were completed
using the same procedure: for the first 13 min, the room’s windows and doors were closed.
For the following 27 min, the windows were open, while the doors remained closed. For
the next 33 min, the windows and doors were shut. Finally, the windows and doors were
open for the remainder of the experiment. Each set of measurements lasted 1 h 30 min and
data were collected with two SCD30 sensors and an APS. The two SCD30 took a sample
every 6 s, while the APS took a sample every 2 min.
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3.1. Temperature and Humidity

Figure 4 illustrates the temperature (T) measurements on the left side and relative
humidity (RH) on the right side, in the four different scenarios mentioned above (doors and
windows closed, only windows open, doors and windows closed, and doors and windows
open). This graph shows measurements taken during both experiments (15 people inside
the room versus empty room). Both T and RH data were obtained via a SCD30 device.

In the case of people inside, the first 13 min represents the time from the entrance of
the 15 subjects into the room, previously ventilated and with the doors and windows closed,
until the opening of windows at minute 13. During this period, the temperature sensor
showed an increasing line, with increments of 1 ◦C, going up to T = 26.5 ◦C. A relative
humidity meter showed irregular lines full of peaks and valleys around RH = 41.1%. In
the empty room, T increased gently, in 0.5 ◦C increments, to T = 24.8 ◦C. On the other hand,
RH showed a decreasing trend that was more continuous and less variable than during the
scenario with people inside, decreasing by increments of 1.2% to RH = 36.8%.

In minute 13 windows were opened getting a ventilation area of 4.83 m2. In the
case of people inside, temperature immediately decreased progressively for 2.2 ◦C. RH
also experimented a sudden decrease of 2%, to RH = 39%, and afterwards it started to
oscillate softly gently until recover RH = 40% in minute 40. In terms of empty room
scenario, temperature showed a similar trending as in people inside scenario. Temperature
decreased 3.7 ◦C grades. As far as humidity is concerned, in contrast with the case with
people in room, it strongly increased for almost 3% in only seven minutes after windows
were opened. In next 20 min, until minute 40, relative humidity continued increasing
2% more.

In the third time stretch, the windows were closed again from minute 40 to minute
73. For the case with people in the room, the temperature increased by 3.8 ◦C during
the 33 min. The humidity decreased from RH = 40% to RH = 38.1%. In the empty room
scenario, the temperature increased by 3 ◦C in the same pattern as in the scenario with
people in the room, with the same temperature difference at each moment. In contrast, the
humidity suffered an abrupt decrease of almost 5%.

In the last ventilation experiment time stretch, from minute 73 to minute 90, the doors
and windows were open. For the people inside scenario, the temperature experienced a
more abrupt decrease of 2.5 ◦C, reaching 24.5 ◦C. This seemed to be the natural temperature
of the room while it was being ventilated with people inside. The relative humidity
decreased in 1 min from RH = 38.1% to RH = 37.6%, and recovered during the next 1 min,
reaching RH = 39.9%. In the empty room case, the temperature dropped 5 ◦C in 12 min. In
contrast, the relative humidity rose rapidly, increasing by 8% in 12 min.

3.2. CO2 Concentration and Median Particle Diameter

Figure 5 shows, on the left side, the evolution of the CO2 concentration in parts per
million (ppm) and the median size of particles (in µm) on the right side. CO2 measurements
were taken using a SCD30 device and particle size measurements were taken via APS-3321.
During the first 13 min, from the entry of the 15 subjects into the room in a no-ventilation
situation until the opening of windows, a quick and linear increase of CO2 was observed,
from 904 ppm until 1140 ppm. Additionally, an increase in the median particle size was
observed, from 0.71 µm to 0.76 µm. Both measures, CO2 concentration and median particle
size, were absolute maximum measures in the recorded series. In the empty room scenario,
as expected, the measured concentrations of CO2 were a quasicontinuous value that varied
between 597 and 624 ppm. These small variations could be generated by the people who
set up the APS device in the first instance and by the entrance of the person who opened
the windows at minute 13. As for particle diameters, a continuous trend was observed,
with a usual value of 0.63 µm.
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During the next 27 min, until minute 40, the windows were completely open. In the
case where people were in the room, 2 min after the windows were opened, a marked
decrease in the CO2 concentration was observed. This decrease was exponential from
1140 ppm until it reached a horizontal asymptote near 535 ppm from minute 30 onwards. In
terms of the particle diameter, the median value decreased from the mentioned 0.76 µm at
minute 13 to 0.69 µm at minute 18, with some small valleys and peaks appearing thereafter.
In the case of an empty room, a gradual CO2 decrease was detected. The concentration
gradually decreased from 622 ppm to 543 ppm. This decrease showed a large number of
small peaks and valleys, which were interpreted as interior–exterior gas exchange. Note
that the effect of opening the windows on the linear increase in the median particle diameter
was remarkable: it went from 0.63 µm to 0.65 µm.

At minute 40, the windows were closed again, cutting off the room from airflow for
33 min, until minute 73. During this time, a linear increase with some irregularities was
shown. The CO2 concentration increased from 535 ppm to 1070 ppm. With respect to
the median particle diameter value, it increased irregularly from the minimum (0.68 µm)
at minute 40 to 0.74 µm at minute 73. There was only existed a brief period that could
be considered stable during the three measurements, at minutes 52 to 64 with a value of
0.73 µm. In the empty room experiment, the CO2 concentration was completely stable, at
548 ppm. The median particle size decreased slowly and continuously from 0.65 µm to
0.63 µm.

During the last 17 min, minutes 73 to 90, both doors and windows were open. In the
experiment with people in the room, a steep decrease in the CO2 concentration, with small
peaks, was seen. In just 3 min, the concentration decreased from 1070 ppm to 601 ppm. This
value continued decreasing but in a less pronounced way, until the asymptotic minimum
of 546 ppm. It is important to note that this value was reached in both ventilation scenarios.
In terms of the median particle diameter, a pronounced reduction in size was observed,
from 0.74 µm to an exponential decrease of around 0.68 µm. For the empty room case,
the trends in the windows-open scenario were repeated, i.e., a gradual decrease in the
CO2 concentration, with pronounced oscillations between 550 ppm and 458 ppm. When
doors and windows were open, the oscillations were much more pronounced and irregular.
The particle median diameter value showed a small increase from 0.63 to almost 0.64 µm,
reaching the value at the end of the second time stretch, with only windows open.
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A guideline was marked in the maximum recommended value. According to Schools
Indoor Pollution & Health Observatory Network in Europe (SINPHONIE) [34], this value
should not cross the value of 1000 ppm. During the carried experiment, this value was
exceeded twice, both in the everything closed scenarios.
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An exponential fitting was performed on CO2 measures in the scenario with people in
the room while the doors were closed and the windows open, or the doors and windows
open (minute 13 to minute 40, and minute 73 to minute 90). Fittings are described by
Equation (3):

f (x) = a·ebx, (3)

where a and b are the coefficients of the fitting equation and f (x) corresponds to the
CO2 concentration over time, represented by x. Table 2 presents the main parameters of
both fittings.

Table 2. Fitting parameters and confidence values.

FIT a b Confidence Bound R2 RMSE

FIT 1 24.83 −1.897 95% 0.9897 15.33
FIT 2 11.13 −2.271 95% 0.9595 24.34

Pandemic-related problems have created a great necessity of knowledge increasing
about COVID-19 spreading. Dbouk et al. [24] studied the relationship between RH and
particle sizes supposing that larger droplets are denser in virus population. Yang et al. [35]
demonstrated that larger droplets have more axial penetration. On the other hand, according
to van Doremalen et al. [35] viruses remain for hours in expelled aerosols. Lelieveld et al. [36]
mentioned that 80–90% of exhausted particles during breathing actions are considerable
as aerosol. Zheng et al. [37] declared CO2 concentration values as occupancy measure,
and Lazović et al. [38] found a relationship between CO2 concentration and suspended
micro particles. According to the study carried out by Setti et al. [39] in the north of Italy,
the relation between high levels of CO2 and virus spreading was not obvious. With this
background and obtained results in the current study, it seems interesting to deepen in the
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possible CO2 concentration and contagiousness with the aim to identify potentially risk
scenarios so indoor as outdoor.

3.3. Particulate Matter 2.5 and Particle Concentration

Figure 6 represents the evolution of particulate matter 2.5 (PM2.5) measured in mg/m3

on the left axis and particle concentration in number of particles (cm3) on the right axis. In
both cases, the observed trends were similar. This was an increase in concentrations of PM2.5
and particles in ventilation situations and decreases in situations with a lack of ventilation.
At higher ventilation rates, with windows and doors open, the increasing gradients were
higher than at slower ventilation rates or in no-ventilation situations. Figure 6 illustrates
how, in the scenario with people inside, the PM2.5 and particle concentration values
showed some irregularities between them. In contrast, in the empty classroom scenario,
similar trends in PM2.5 and particle concentration values over time were seen in the four
proposed ventilation situations. Note that, in outdoor ventilation situations, PM2.5 values
tend to be the same as outdoor measured values, as assessed by the Basque meteorology
service, EUSKALMET. According to the nearest meteorological station, PM2.5 values were
6·10−3 mg/m3 when people-inside experiment (November 27) and 14·10−3 mg/m3 when
the experiment was carried out in an empty classroom (November 30).

1 
 

 

Figure 6. Cont.
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Figure 6. PM2.5 concentration (mg/m3, red line) and particle concentration (amount per cm3, blue line). First time stretch:
closed room; second time stretch: windows open; third time stretch: closed room; fourth time stretch: windows and doors
open. (a) People in room; (b) empty room.

4. Conclusions

In the current study, temperature, relative humidity (RH), CO2 concentration, and
median particle diameter size relationships were investigated in a classroom of 91.8 m2.
The measurements were carried out in two different scenarios: with 15 people inside the
classroom and with an empty classroom. Each experiment lasted 90 min. The 1.5 h was
divided into four time stretches: for the first 13 min, the classroom had no ventilation. For
the next 27 min, natural, continuous ventilation was maintained by opening the windows.
During the next 33 min, the room was again without ventilation. For the last 13 min,
doors and windows were completely open, increasing the natural ventilation ratio to
the maximum.

The results lead us to draw several conclusions:

• The temperature showed the same behavior in both cases (people in room and empty
room). In the empty room case, the temperature was 1.5–3 ◦C lower. Natural ventila-
tion cooled the room by 2–4 ◦C, depending on the occupancy and ventilation rate.

• The relative humidity results revealed a tendency towards equilibrium. The equilib-
rium point varied according to the ventilation conditions. After opening the windows,
the RH readjusted to reflect the external conditions. This reconditioning is more
significant at higher ventilation rates.

• In terms of CO2 concentration, a linear time increase was observed in the no-ventilation
situation with people inside. This can be explained by the fact that the main CO2
source was the subjects. In both ventilation situations, an asymptotic decrease 570 ppm
of CO2. Note that this value is close to the continuous one in the empty room scenario.
In 15 min of ventilation with windows open, the CO2 minimum value was reached,
versus within 5 min with both doors and windows open.

• The particles’ median diameter size showed a similar trend to the CO2 concentration.
The median particle diameter size increased during no-ventilation situations and
decreased significantly during ventilation states, especially at higher ventilation ratios.

• Finally, particulate matter PM2.5 and particle concentration were studied. Both pa-
rameters follow a similar trend during the time of experiment. Initially, with a no-
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ventilation, a decrease in both PM2.5 and particle concentration were observed. On the
other hand, when natural ventilation was applied, a noticeable increase was found.
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11. Bartyzel, J.; Zięba, D.; Nęcki, J.; Zimnoch, M. Assessment of Ventilation Efficiency in School Classrooms Based on Indoor–Outdoor

Particulate Matter and Carbon Dioxide Measurements. Sustainability 2020, 12, 5600. [CrossRef]
12. Persily, A.K. Indoor Carbon Dioxide Concentrations in Ventilation and Indoor Air Quality Standards. In Proceedings of the 36th

AIVC, Conference on Effective Ventilation in High Performance Buildings, Madrid, Spain, 23–24 September 2015.
13. Hou, Y.; Liu, J.; Li, J. Investigation of Indoor Air Quality in Primary School Classrooms. Procedia Eng. 2015, 121, 830–837.

[CrossRef]
14. Rumchev, K.; Zhao, Y.; Spickett, J. Health Risk Assessment of Indoor Air Quality, Socioeconomic and House Characteristics

on Respiratory Health among Women and Children of Tirupur, South India. Int. J. Environ. Res. Public Health 2017, 14, 429.
[CrossRef] [PubMed]

15. Morawska, L.; Tang, J.W.; Bahnfleth, W.; Bluyssen, P.M.; Boerstra, A.; Buonanno, G.; Cao, J.; Dancer, S.; Floto, A.; Franchimon, F.;
et al. How Can Airborne Transmission of COVID-19 Indoors Be Minimised? Environ. Int. 2020, 142, 105832. [CrossRef] [PubMed]

16. Pulimeno, M.; Piscitelli, P.; Colazzo, S.; Colao, A.; Miani, A. Indoor Air Quality at School and Students’ Performance: Recom-
mendations of the UNESCO Chair on Health Education and Sustainable Development & the Italian Society of Environmental
Medicine (SIMA). Health Promot. Perspect. 2020, 10. [CrossRef]

17. Dinh, T.-V.; Lee, J.-Y.; Ahn, J.-W.; Kim, J.-C. Development of a Wide-Range Non-Dispersive Infrared Analyzer for the Continuous
Measurement of CO2 in Indoor Environments. Atmosphere 2020, 11, 1024. [CrossRef]

18. Bhagat, R.K.; Wykes, M.S.D.; Dalziel, S.B.; Linden, P.F. Effects of Ventilation on the Indoor Spread of COVID-19. J. Fluid Mech.
2020, 903. [CrossRef]

http://doi.org/10.3390/ijerph17113827
http://www.ncbi.nlm.nih.gov/pubmed/32481629
http://doi.org/10.1016/j.jobb.2020.10.001
http://doi.org/10.15585/mmwr.mm6950e2
http://doi.org/10.1016/j.onehlt.2020.100202
http://doi.org/10.1016/j.jtbi.2020.110461
http://doi.org/10.1016/j.xinn.2020.100062
http://doi.org/10.1016/j.enbuild.2021.110882
http://doi.org/10.1073/pnas.2009637117
http://www.ncbi.nlm.nih.gov/pubmed/32527856
http://doi.org/10.1111/ina.12766
http://doi.org/10.3390/su12145600
http://doi.org/10.1016/j.proeng.2015.09.037
http://doi.org/10.3390/ijerph14040429
http://www.ncbi.nlm.nih.gov/pubmed/28420188
http://doi.org/10.1016/j.envint.2020.105832
http://www.ncbi.nlm.nih.gov/pubmed/32521345
http://doi.org/10.34172/hpp.2020.29
http://doi.org/10.3390/atmos11101024
http://doi.org/10.1017/jfm.2020.720


Int. J. Environ. Res. Public Health 2021, 18, 5425 13 of 13

19. Wang, Y.; Zhao, F.-Y.; Kuckelkorn, J.; Spliethoff, H.; Rank, E. School Building Energy Performance and Classroom Air Environment
Implemented with the Heat Recovery Heat Pump and Displacement Ventilation System. Appl. Energy 2014, 114, 58–68. [CrossRef]

20. Li, J.; Hou, Y.; Liu, J.; Wang, Z.; Li, F. Window Purifying Ventilator Using a Cross-Flow Fan: Simulation and Optimization. Build.
Simul. 2016, 9, 481–488. [CrossRef]

21. Domínguez-Amarillo, S.; Fernández-Agüera, J.; Cesteros-García, S.; González-Lezcano, R.A. Bad Air Can Also Kill: Residential
Indoor Air Quality and Pollutant Exposure Risk during the COVID-19 Crisis. Int. J. Environ. Res. Public Health 2020, 17, 7183.
[CrossRef]

22. Satish, U.; Mendell, M.J.; Shekhar, K.; Hotchi, T.; Sullivan, D.; Streufert, S.; Fisk, W.J. Is CO2 an Indoor Pollutant? Direct Effects
of Low-to-Moderate CO2 Concentrations on Human Decision-Making Performance. Environ. Health Perspect. 2012, 120, 1671.
[CrossRef]

23. Chillón, S.A.; Ugarte-Anero, A.; Aramendia, I.; Fernandez-Gamiz, U.; Zulueta, E. Numerical Modeling of the Spread of Cough
Saliva Droplets in a Calm Confined Space. Mathematics 2021, 9, 574. [CrossRef]

24. Dbouk, T.; Drikakis, D. On Coughing and Airborne Droplet Transmission to Humans. Phys. Fluids 2020, 32. [CrossRef] [PubMed]
25. Dbouk, T.; Drikakis, D. On Respiratory Droplets and Face Masks. Phys. Fluids 2020, 32. [CrossRef] [PubMed]
26. Feng, Y.; Marchal, T.; Sperry, T.; Yi, H. Influence of Wind and Relative Humidity on the Social Distancing Effectiveness to Prevent

COVID-19 Airborne Transmission: A Numerical Study. J. Aerosol Sci. 2020, 147, 105585. [CrossRef]
27. Aliabadi, A.A.; Rogak, S.N.; Green, S.I.; Bartlett, K.H. CFD Simulation of Human Coughs and Sneezes: A Study in Droplet

Dispersion, Heat, and Mass Transfer. In Proceedings of the Volume 7: Fluid Flow, Heat Transfer and Thermal Systems, Parts A
and B, ASMEDC, Vancouver, BC, Canada, 1 January 2010; pp. 1051–1060.

28. Vuorinen, V.; Aarnio, M.; Alava, M.; Alopaeus, V.; Atanasova, N.; Auvinen, M.; Balasubramanian, N.; Bordbar, H.; Erästö, P.;
Grande, R.; et al. Modelling Aerosol Transport and Virus Exposure with Numerical Simulations in Relation to SARS-CoV-2
Transmission by Inhalation Indoors. Saf. Sci. 2020, 130, 104866. [CrossRef]

29. Yang, X.; Ou, C.; Yang, H.; Liu, L.; Song, T.; Kang, M.; Lin, H.; Hang, J. Transmission of Pathogen-Laden Expiratory Droplets in a
Coach Bus. J. Hazard. Mater. 2020, 397, 122609. [CrossRef] [PubMed]

30. Shao, S.; Zhou, D.; He, R.; Li, J.; Zou, S.; Mallery, K.; Kumar, S.; Yang, S.; Hong, J. Risk Assessment of Airborne Transmission of
COVID-19 by Asymptomatic Individuals under Different Practical Settings. J. Aerosol Sci. 2021, 151, 105661. [CrossRef]

31. Aramendia, I.; Fernandez-Gamiz, U.; Lopez-Arraiza, A.; Rey-Santano, C.; Mielgo, V.; Basterretxea, F.; Sancho, J.; Gomez-Solaetxe,
M. Experimental and Numerical Modeling of Aerosol Delivery for Preterm Infants. Int. J. Environ. Res. Public Health 2018, 15, 423.
[CrossRef]

32. Pfeifer, S.; Müller, T.; Weinhold, K.; Zikova, N.; Martins dos Santos, S.; Marinoni, A.; Bischof, O.F.; Kykal, C.; Ries, L.; Meinhardt,
F.; et al. Intercomparison of 15 Aerodynamic Particle Size Spectrometers (APS 3321): Uncertainties in Particle Sizing and Number
Size Distribution. Atmos. Meas. Tech. 2016, 9, 1545–1551. [CrossRef]

33. Chen, L.; Mao, J.; Zhao, H.; Zhou, C.; Gong, X. Size Distribution and Concentration of Aerosol Particles in Yinchuan Area, China.
Phys. Geogr. 2019, 40, 538–553. [CrossRef]

34. Csobod, E.; Annesi-Maesano, I.; Carrer, P.; Kephalopoulos, S.; Madureira, J.; Rudnai, P.; De Oliveira Fernandes, E.; Barrero,
J.; Beregszászi, T.; Hyvärinen, A. SINPHONIE–Schools Indoor Pollution and Health Observatory Network in Europe-Final Report;
Publications Office of the European Union: Luxembourg, 2014; ISBN 978-92-79-39407-2. EUR 26738. [CrossRef]

35. van Doremalen, N.; Bushmaker, T.; Morris, D.H.; Holbrook, M.G.; Gamble, A.; Williamson, B.N.; Tamin, A.; Harcourt, J.L.;
Thornburg, N.J.; Gerber, S.I.; et al. Aerosol and Surface Stability of SARS-CoV-2 as Compared with SARS-CoV-1. N. Engl. J. Med.
2020, 382, 1564–1567. [CrossRef]

36. Lelieveld, J.; Helleis, F.; Borrmann, S.; Cheng, Y.; Drewnick, F.; Haug, G.; Klimach, T.; Sciare, J.; Su, H.; Pöschl, U. Model
Calculations of Aerosol Transmission and Infection Risk of COVID-19 in Indoor Environments. Int. J. Environ. Res. Public Health
2020, 17, 8114. [CrossRef] [PubMed]

37. Zheng, H.-L.; Deng, W.-J.; Cheng, Y.; Guo, W. Characteristics of PM2.5, CO2 and Particle-Number Concentration in Mass Transit
Railway Carriages in Hong Kong. Environ. Geochem. Health 2017, 39, 739–750. [CrossRef]

38. Lazovic, I.; Jovasevic-Stojanovic, M.; Zivkovic, M.; Tasic, V.; Stevanovic, Z. PM and CO2 Variability and Relationship in the
Different School Environments. CI CEQ 2015, 21, 179–187. [CrossRef]

39. Setti, L.; Passarini, F.; De Gennaro, G.; Barbieri, P.; Pallavicini, A.; Ruscio, M.; Piscitelli, P.; Colao, A.; Miani, A. Searching for
SARS-COV-2 on Particulate Matter: A Possible Early Indicator of COVID-19 Epidemic Recurrence. Int. J. Environ. Res. Public
Health 2020, 17, 2986. [CrossRef]

http://doi.org/10.1016/j.apenergy.2013.09.020
http://doi.org/10.1007/s12273-016-0281-8
http://doi.org/10.3390/ijerph17197183
http://doi.org/10.1289/ehp.1104789
http://doi.org/10.3390/math9050574
http://doi.org/10.1063/5.0011960
http://www.ncbi.nlm.nih.gov/pubmed/32574229
http://doi.org/10.1063/5.0015044
http://www.ncbi.nlm.nih.gov/pubmed/32574231
http://doi.org/10.1016/j.jaerosci.2020.105585
http://doi.org/10.1016/j.ssci.2020.104866
http://doi.org/10.1016/j.jhazmat.2020.122609
http://www.ncbi.nlm.nih.gov/pubmed/32361671
http://doi.org/10.1016/j.jaerosci.2020.105661
http://doi.org/10.3390/ijerph15030423
http://doi.org/10.5194/amt-9-1545-2016
http://doi.org/10.1080/02723646.2019.1613325
http://doi.org/10.2788/99220
http://doi.org/10.1056/NEJMc2004973
http://doi.org/10.3390/ijerph17218114
http://www.ncbi.nlm.nih.gov/pubmed/33153155
http://doi.org/10.1007/s10653-016-9844-y
http://doi.org/10.2298/CICEQ140212020L
http://doi.org/10.3390/ijerph17092986

	Introduction 
	Materials and Methods 
	Results 
	Temperature and Humidity 
	CO2 Concentration and Median Particle Diameter 
	Particulate Matter 2.5 and Particle Concentration 

	Conclusions 
	References

