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Abstract: The impact of the COVID-19 pandemic has caused an increase in knowledge in certain
fields such as human breathing and respiratory diseases. In the current study, enclosed-space
characteristics were assessed due to the great debate generated because of the pandemic. Temperature,
relative humidity, carbon dioxide (CO2) concentration, particulate matter (PM) concentration and
cumulative particle concentration percentage per size fraction were measured in three buildings
under the occurrence of activities with different intensity levels. For the measurements, Arduino
UNO, Sensiron SCD30 and APS-3321 devices were used. Natural ventilation was controlled via
windows and/or doors, and the influence of air conditioning was studied in one of these rooms, in
which medium- to high-intensity activities were conducted. All experiments revealed a decrease
in temperature associated with an increase in the relative humidity when CO2 decreased. As
a consequence, drastic decreases occurred a few minutes after windows and doors were opened. In
no-ventilation intervals, the observed linear increase changed into an asymptotic trend below the
1000 ppm limit recommended by Sinphonie guidelines. Additionally, the opposite behavior was
observed between particles above and below a certain size. This experiment is of interest to further
investigate critical ventilation rate versus volume of air per individual.

Keywords: aerodynamic particle size; carbon dioxide concentration; enclosed space; natural ventilation;
particulate matter

1. Introduction

Three years of uncertainty due to the COVID-19 pandemic resulted in problems
ranging from global economic issues to severe damage to the health of individuals [1].
To combat this virus, several vaccines were produced by pharmaceutical companies. In
studies on the development of an effective and safe vaccine against the virus, protein
S was considered the best antigen to be included [2]. The virus mutated as expected
after variant B.1.1.7 was detected in England and variant B.1.617.2 identified in India
exhibited a different behavior to vaccines [3]. Once variant B1.1.529 emerged, concerns
regarding the effectiveness of available vaccines and antibody-based therapeutics were
raised [4–6]. At the same time, quarantine measures, restrictions on transport of individuals,
interpersonal distancing and mask use were proven to be the most effective measures to
prevent SARS-CoV-2 transmission [7]. In addition, other measures must be monitored
while allowing interaction in enclosed spaces under restrictive conditions, i.e., carbon
dioxide (CO2) measurement and ventilation [7,8]. The reduction in the transmission
risk in indoor classrooms at schools due to effective CO2 concentration monitoring and
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taking ventilation actions was explained [8]. To this must be added, as the results of the
research of Shao et al. [9], that a reliable design of the ventilation system reduces the
risk of particle accumulation; conversely, an unfortunate design creates an environment
where the concentration of infection is high. Taking the design of the ventilation system as
an important parameter, William et al. [10] concludes that between Conventional Overhead
Distribution (COHD) and Underfloor Air Distribution (UFAD), the latter catches better
aerosols, thus reducing the risk of transmission. Looking to the future, Song et al. [11]
works on a study on the development of custom ventilation in each space and the control
of CO2 concentration. Additionally, the analysis of the risk of infection by transmission
of the virus in the air has been studied [12–15]. SARS-CoV-2 transmission can occur via
airborne transmission, respiratory aerosol droplets and direct–indirect contact processes
between two individuals [16]. However, the main source of transmission involves aerosols
or airborne transmission, as demonstrated by Zhang et al. [17]. Regarding the risk of
SARS-CoV-2 transmission, enclosed spaces or environments suppose a higher risk, for
example, crowded residential buildings, public transport vehicles, entertainment venues
and shopping malls [18]. To avoid a high transmission risk in an enclosed environment, it
is crucial to implement an efficient ventilation system [19]. This is even more important
in environments where many people gather for long periods, i.e., working in an office.
An excessively high concentration of particulate matter (PM) is usually considered to
indicate poor-quality air. Nevertheless, regarding to the quality of indoor air, another
critical component that must be reduced via ventilation is CO2. Enclosed spaces such as
classrooms, which are typically full of people, poorly ventilated and overheated, tend to
intensify this effect. This could lead to a scenario where the carbon dioxide concentration
could adversely affect the health of individuals, e.g., a concentration exceeding 1500 ppm or
a level lower than 1000 ppm, according to Schools Indoor Pollution and Health Observatory
Network in Europe (Sinphonie) guidelines [20]. Indoor concentrations of carbon dioxide
play an important role when examining indoor air quality (IAQ) and ventilation [21]. The
relevance of the measures of CO2 concentration reduction, ventilation control and IAQ
standards resides in their association with bio-effluents and odors in enclosed spaces and
the ventilation-per-individual ratio level. Indoor and outdoor correlations between CO2
and PM2.5 ratios were further assessed, thereby correlating measured data with classroom
occupancy and ventilation rates [22]. In addition to that, the Energy performance of
buildings—Ventilation for buildings EN16798-1 [23] is recognized as a well-known standard
for PM2.5 and PM10 concentration limits regarding indoor air quality, e.g., considering
25 µg/m3 as a limit for both particle matter diameters for acceptable IAQ that should be
taken into account when assessing and designing indoor spaces.

In order to maintain proper indoor air quality levels in a classroom under certain
parameters, simple actions such as preventing overcrowding, employing suitable ven-
tilation rates and installing ventilation systems including air cleaners were highly rec-
ommended [24]. The authors recommended prioritizing the use of air purifiers and air
conditioners according to filter systems. Whenever possible, annual monitoring of indoor
PM and random concentrations could be a good strategy [25]. In addition, more feasible
measurements were proposed to gain better IAQ conditions. For instance, equipment
producing volatile organic compounds (VOCs) or particles should be located outside,
and the classroom temperature should be maintained within the target range with the
aid of thermostats. Dinh et al. [26] observed the relevance of CO2 as an indicator to be
measured with the intention of controlling the indoor air quality and measuring the ven-
tilation efficiency. By controlling ventilation in enclosed environments and monitoring
CO2 levels, individuals could prevent becoming ill, particularly considering respiratory
viral transmission. CO2 dioxide concentration is a key parameter because the content in
exhaled air can be correlated with the risk of infection and the probability of transmission
through the Wells–Riley equation [27]. Particles in general, and carbon dioxide molecules
in particular, are denser than air. However, in terms of transport via air flow, they exhibit
the same capability as that of virus particles. Therefore, CO2 concentrations above a cer-
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tain level suggest inadequate ventilation, and actions must be taken. The displacement
ventilation strategy was proposed by Bhagat et al. [28] as the most efficient approach to
reduce the risk of exposure to infection. Once displacement ventilation is well designed,
this could aid vertical stratification and mitigate the accumulation of heated and polluted
air close to the ceiling. In addition, the use of masks is another action that can produce
a drastic decrease in the amount of ejected or exhaled droplets and, therefore, also the
number of bioaerosols in air. Furthermore, they suggested preventing mixed ventilation
since this could provoke air distribution throughout the enclosed space and diminish clean
areas. The feasibility of this ventilation strategy in classrooms with a heat recovery pump
was examined by Wang et al. [29]. As a result, the indoor air quality was improved, and
a reduction in the energy consumption of the school was noted. Simulation was performed
via a computational fluid dynamics software to technically prove the feasibility of this
strategy. Li et al. [30] used an innovative ventilator that replaced part of a window frame
with a ventilator containing a crossflow fan at the core. Many other issues causing poor
ventilation were considered by Dominguez-Amarillo et al. [31]. Buildings with low radiant
temperatures as a consequence of their thermal envelopes provide a limited performance.
This could adversely impact individuals, which could result in forced ventilation reduction,
creating even riskier conditions under confinement during the pandemic, in cold climates
and during longer periods of time. Satish et al. [32] observed that ventilation limitation
sometimes aimed to only reduce the consumption of energy, leading to low and ineffective
ventilation rates. Rumchev et al. [33] studied locations with a high rate of poverty and
concluded that a higher risk of respiratory diseases could mainly be attributed to the lack
of minimum ventilation equipment, even chimneys and occasionally windows.

The aim of this study is to investigate indoor air quality in enclosed spaces. Three
scenarios are presented: First, a classroom with and without students involved in low-
intensity activities was considered, denoted as measurements 1 and 2. Secondly, a library
with a children’s area, meeting room and conference room were used for data acquisition,
considering this a medium-intensity scenario, denoted as measurements 3, 4 and 5. Fi-
nally, the third scenario included sports facilities with high-intensity activities, denoted
as measurements 6 and 7. In each experiment or measurement, the concentration of CO2,
relative humidity, temperature, particle size, particle matter (PM2.5, PM10 and PM20) and
the percentage of accumulated particle mass concentration were monitored and captured
to achieve a comprehensive study. In addition, the analysis of the risk of infection from
airborne virus transmission was also included as an empirical study. Lastly, recommenda-
tions for building design and conclusions are given in order to lower the risk of infection
and maintain an adequate IAQ for enclosed spaces.

2. Materials and Methods

The experimental measurements presented in this article encompassed a total of seven
events monitored at three locations in Vitoria-Gasteiz city between 15 December 2021 and
28 December 2021. The first two measurements occurred at the University of the Basque.
Three measurements were realized at the Ignacio Aldecoa public library. Data for the
last two measurements were acquired in the Mendizorroza sports facilities. Regarding
the measurements inside enclosed spaces, data acquisition was performed with an aero-
dynamic particle sizer spectrometer (APS-3321) and two Arduino boards connected to
two Sensiron SCD30 sensors, all of which were connected via USB to a laptop for data
collection. Outside weather conditions were extracted from the public and freely accessible
webpage of EUSKALMET considering the closest station to the measurement locations,
and the same station was used for three of the measurements located on the university
campus of the Faculty of Pharmacy.

2.1. Measurement Definition

The duration of the experiments depended on the duration of the ongoing activi-
ties, extra time was added before the experiments and once equipment setup was final-
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ized, and a “back to calm” interval was considered after the experiments. The duration
of all experiments ranged from 1 h 57 min to 2 h 22 min. The ventilation method in
all the experiments was natural ventilation by opening doors and/or windows. The last
two experiments were performed in the Mendizorroza sports facilities with air condition-
ing. Regarding people, all the experiments were conducted in the same way. The enclosed
spaces were empty at the starting point, and people entered the spaces for a certain activity
and left after they were finished. The activity intensity levels were low in measurements 1,
2, 4 and 5 since all people attended a lecture or meeting in a sitting and relaxed position.
Measurement 3 involved the low- to medium-intensity activity of singing toward the end.
Medium-intensity gym activities occurred in the sixth experiment as people engaged in
exercise, and high-intensity aerobic activities combined with exercise were observed in
the seventh experiment. The experiments were all conducted with participants wearing
surgical or clinical masks the entire time, except for the third experiment, in which several
children did not wear masks at all. Table 1 presents a summary of the measurement condi-
tions, and Table 2 lists the physical and natural ventilation characteristics of the enclosed
spaces; in both tables, Vent. denotes ventilation. Measurements 1 and 2 were performed
with the same individuals, students in a 20–22 age range. For measurement 3, there were
14 children in a 6–10 years range and 26 adults in a 30–45 range. Measurements 4 and
5 involved individuals of more than 65 years old, and measurements 6 and 7 involved
individuals in a broader age range, from 18 to 55.

Table 1. Measurement condition summary.

M.
No. Location Day Period Vent.

System
Occupancy

* (Xi-Xm-Xe)
Activity
Intensity

Level
Mask

1 UPV/EHU
A206 classroom 15 Dec 2021 11:07–13:29 natural 0-15-0 Low YES

2 UPV/EHU
A206 classroom 16 December 2021 11:21–13:43 natural 0-1-0 Low YES

3 Library
children’s area 22 December 2021 17:34–19:31 natural 0-40-0 Low/medium 14 Children

NO

4 Library
assembly hall 23 December 2021 10:53–13:13 natural 0-49-0 Low YES

5 Library
conference room 23 December 2021 17:38–19:56 natural 0-31-0 Low YES

6 Gym
training room 27 December 2021 18:01–20:00 natural

(A/C ON) 0-14-0 Medium YES

7 Gym
spinning room 28 December 2021 18:55–21:15 natural

(A/C ON) 0-22-0 Medium/high YES

* For Occupancy column in Table 1: Xi-Xm-Xe stands for number of individuals X. “Xi” at the initiation of the
measurements, “Xm” maximum during the measurement and “Xe” at the end of the measurement. Typically,
nobody at the start and at the end of measurements.

Table 2. Enclosed space specifications.

M.
No.

Ceiling
Height

[m]

Floor
Area
[m2]

Enclosed
Space

Volume
[m3]

Window
Type

Vent.
Area
Min.
[m2]

Vent.
Area

Windows
[m2]

Vent.
Area

Doors
[m2]

Vent.
Area
Max.
[m2]

Floor
Area per
Person

[m2]

1 4.0 57.2 229 Turn 0.0 4.2 3.4 7.5 3.8
2 4.0 57.2 229 Turn 0.0 4.2 3.4 7.5 57.2
3 5.0 315.8 1579 Centre

Tilt 0.5 2.4 - 2.4 7.9

4 3.3 305.5 1008 Centre
Tilt 0.0 - 1.8 1.8 6.2

5 3.4 79.7 271 Centre
Tilt 0.2 0.2 - 0.2 2.6

6 3.3 149.0 492 Bottom
Tilt 2.4 2.4 2.0 4.3 10.6

7 3.0 116.8 350 Bottom
Tilt 2.4 0.4 2.4 2.8 5.3
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The list of measurements in chronological order of performance is as follows:

1. University Classroom A206–Scenario 1: During class with students.
2. University Classroom A206–Scenario 2: Quasi-empty class.
3. Ignacio Aldecoa Library—Children’s area.
4. Ignacio Aldecoa Library—Assembly Hall
5. Ignacio Aldecoa Library—Conference Room.
6. Mendizorroza sports facilities—Training Room
7. Mendizorroza sports facilities—Spinning Room

For a more detailed view of the enclosed spaces, please refer to the 2D drawings
included in the Supplementary Material of the current article. Table 3 presents the outside
weather conditions during the experiments collected by the Basque meteorology service,
EUSKALMET, from the nearest weather station located on the university campus of the
Faculty of Pharmacy. Extended data including outdoor environment conditions can also be
found in the Supplementary Material.

Table 3. Outside weather conditions.

M.
No.

Closest
Weather
Station

Station
Distance

[m]

Temperature
[◦C]

Relative
Humidity

[%]

Patm
[mbar]

Wind Speed
[km/h]

Wind Main
Component

1 Pharmacy 250 2–5 97–90 961 1–2 N
2 Pharmacy 250 2–4 94–87 962 1–3 NE
3 Pharmacy 500 5–4 88–94 952 2–3 NW
4 Pharmacy 500 7–9 82–79 954 3–2 W
5 Pharmacy 500 7.5 90–92 951 1–2 NW
6 Pharmacy 1250 13 66–63 945 25–28 SW
7 Pharmacy 1250 14–13 70–72 954 12–9 SW

2.2. Instrumentation and Methodology

Two Sensiron SCD30 sensors (Sensirion AG, Stäfa, Switzerland) were used for data
collection of the CO2 concentration in the air using NDIR technology, relative humidity and
temperature. Each of these sensors, hereafter referred to as Sensor 1 (S1) and Sensor 2 (S2),
provides the same measurement ability. The CO2 sensor mounted on these devices exhibits
an error of ± (30 ppm + %3 MV), and the measurement value ranges from 400 ppm to
10,000 ppm. Between 0 ◦C and +50 ◦C, the installed temperature sensor exhibits an error
of ± (0.4 ◦C + 0.023 × (T [◦C] − 25 ◦C)), and the measurement value ranges from −40 ◦C
to +70 ◦C. The associated humidity sensor exhibits an error of ±3% RH at 25 ◦C, and the
measurement value ranges from 0% to 100%. Regarding the environmental conditions, the
carbon dioxide sensor exhibits a limited operating range, varying between 0 ◦C and +50 ◦C
for the temperature and below +95% for the humidity. The SCD30 sensors were calibrated
using the SparkFun SCD30 library with default parameters and following the instructions
found in the datasheet provided by the fabricant. Each SCD30 sensor was connected to
an Arduino UNO R3 board. Data were transferred from the sensor to the Arduino board
following the I2C protocol, as shown in Figure 1, where the purple cable is the Vin cable,
orange is the GND cable, green is the SCL cable, and blue is the SDA cable. The Arduino
program was used with the SparkFun library, specifically conceived for the SCD30 sensor.

Each Arduino board was connected via USB to the laptop. Data were transferred from
the Arduino board to the computer every 6 s via the serial port. The transferred data was
processed on a laptop in the MATLAB 9.13 R2022b environment.

An aerodynamic particle sizer (APS) spectrometer was used to measure the aerosol
microparticle size distribution inside the classroom. The device (model APS-3321; TSI,
Shoreview, MN, USA) uses the technique whereby time-of-flight values of individual
particles are measured in an accelerating flow field with a single, high-speed timing
processor. Coincidence detection was achieved using a patented, double-crest optical
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system, and particle size binning was based on an internally stored calibration curve. The
particle size ranged from 0.5 to 20 µm regarding the aerodynamic size and 0.37 to 20 µm in
regard to optical detection.
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The APS was successfully used by Aramendia et al. [34] for measuring nebulized
particle size distributions, providing high-resolution measurements for droplets between
0.5 and 20 µm. Pfeifer et al. [35] noted that the sizing error rarely exceeded 10%. Chen
et al. [36] described the mathematical models used in AIM 12.1 software (TSI Incorporated)
to calculate the quantity of suctioned particles and their size. The spectrometer was also
connected via USB to the laptop, and collected data were acquired, analyzed and stored on
the laptop along with data measured by the SCD30 sensors. A typical layout of the setup is
shown in Figure 2. AIM software was also adjusted to collect data every 6 s. Data were
assessed for PM2.5, referred to as fine particles, i.e., particles with a diameter smaller than
2.5 µm, which are related to health issues. Nevertheless, PM10 and PM20, which are more
notably associated with contaminants suspended in the atmosphere, were studied.
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APS is the aerodynamic particle sizer and laptop (hardware for instrument data storage).

2.3. Measurement Repeateability Limitations

In order to repeat the measurements performed, it should be taken into account the
information presented in this article and in the Supplementary Information files, where
there is graphic description of the spaces, volume, areas, dimensions and location of
windows, doors and instruments on them. It must be mentioned that outside air and
weather conditions repeatability could be important for the results, but it has been kept out
of the current study as they are highly difficult to obtain. However, due to a major impact
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of the indoor conditions, it is considered to be enough for a starting point of repeatability
and comparison from future researchers.

3. Results

For each measurement described in Section 2, three figures are presented in the
following subsections of the current section. First, Figures 3, 6, 9, 12, 15, 18 and 21 show the
CO2 concentration (CO2C) in particles per million (ppm) and particle number concentration
(PNC) in the number of particles per cubic centimeter (particles/cm3). Second, Figures
4, 7, 10, 13, 16, 19 and 22 show the temperature (T) in degrees Celsius (◦C) and relative
humidity (RH) as a percentage (%). Then, Figures 5, 8, 11, 14, 17, 20 and 23 show the
particle mass concentration or particulate matter (PM) concentration under three particle
sizes in micrometers, including PM2.5 (smaller than 2.5 µm), PM10 (smaller than 10 µm)
and PM20 (smaller than 20 µm; the maximum size detected by the APS), all in micrograms
per cubic meter (µg/m3). The same table presents the aerodynamic diameter (Da), which is
the mean value of the aerodynamic diameter (µm) of the particles measured in the sample.
Additionally, the mass median aerodynamic diameter (MMAD) is presented, which is the
aerodynamic diameter size (µm) that divides the sample distribution mass in half. Note
that Parseval’s theorem was considered to avoid losing effects of interest from the captured
data. Fourier transform was performed to eliminate high-frequency signal noise. Note that,
where not specified, the presented T, RH and CO2 data are related to the S1 sensor closest
to the APS.

3.1. University Classroom—Scenario 1: During Class with Students

Figure 3 shows the carbon dioxide and particle number concentrations inside the
classroom. Before starting the measurement, a 15 min ventilation process was performed
with people inside the classroom. As soon as the measurement was started, all windows
and doors were closed, and the carbon dioxide concentration increased from 700 ppm to
above 1000 ppm within 20 min, which is the maximum level recommended by Sinphonie
guidelines, and it could reach up to 1027 ppm. In addition, the PNC value decreased from
44 particles/cm3 to 34 particles/cm3. Then, one more alumnus entered the room, and win-
dows were opened during the following 16 min, raising the PNC value to 88 particles/cm3

while air was renewed, and CO2C decreased to 625 ppm. Once again, all windows and
doors were closed for 20 min, and the carbon dioxide level increased to 969 ppm, while
PNC decreased to 47 particles/cm3. At this time, all windows and doors were opened.
Approximately 5 min after this, the PNC value reached its maximum of 81 particles/cm3,
then decreased to 60 particles/cm3 after 7 min. Moreover, CO2C reached its minimum
value of 683 ppm 5 min after all windows and doors were opened, and then it remained
stable until all windows and doors were again closed after 7 min. Just before closing, the
already mentioned alumni left the room. Again, during the subsequent 20 min intervals at
the all-closed stage, CO2C increased to 1000 ppm, while PNC decreased to 50 particles/cm3.
After this interval, only the doors were opened until the end of the class. During this 30 min
interval, the carbon dioxide level gradually decreased to 847 ppm and then increased to
a 961 ppm peak, finally declining to the 910 ppm level, which might be due to people pass-
ing through the hall. Note that there was a 5 min lack of captured data due to disconnection
of the sensors, after which they were reinitiated. However, PNC only increased at this
stage, finally reaching 80 particles/cm3. To finish the measurement, a back-to-calm stage
was performed, and for 25 min after the class had ended, the measurement continued at
the all-closed stage with the room empty. In this interval, both PNC and CO2C slightly
and slowly decreased. The first parameter peaked at 868 ppm, while the second parameter
reached a peak of 68 particles/cm3.
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Figure 3. CO2 concentration [ppm] for S1 and S2 and particle concentration [particles/cm3].

Figure 4 shows the T and RH inside the classroom. As soon as the measurement
started, all windows and doors were closed, and T increased within 20 min from 18.5 ◦C
to 21 ◦C. Moreover, RH remained almost stable at approximately 36%. Then, one more
alumnus entered the room, and the windows were opened during the following 16 min.
At first, RH decreased to 34.5% and then increased to 37%. Moreover, T decreased to
17 ◦C. Thereafter, and once again, all windows and doors were closed for 20 min, and T
increased to 21 ◦C, while RH decreased to 35.5%. At this time, all windows and doors were
opened. Approximately 5 min afterwards, RH reached its minimum of 33%, then increased
to 34% after 7 min. In addition, T reached its minimum value of 20 ◦C approximately 5 min
after all windows and doors were opened, and then it remained stable until all windows
and doors were again closed after 7 min. This effect is due to the heating of the building,
specifically of the hall area. Just before closing, the already mentioned alumni left the room.
Again, within another 20 min interval at the all-closed stage, T increased to 22 ◦C, while RH
slightly increased to almost 35%. After this interval, only the doors were opened until the
end of the class. During this 30 min interval, RH gradually decreased to 33% at the end of
the stage, with a peak of 35.3% after 15 min. In contrast, T increased to 22.5 ◦C at the end of
the stage, with a valley of 20.8 ◦C after 15 min. This alteration in values was not considered
in the analysis since this might be due to the 5 min disconnection period of the sensors and
reinitiation stabilization time. Nevertheless, to finish the measurement, the back-to-calm
stage was implemented, and for 25 min after the class ended, the measurement continued
at the all-closed stage with the room empty. In this interval, T continued to increase to
23.4 ◦C, and RH remained completely stable at 33%.

Figure 5 shows the PM2.5, PM10, PM20, Da and MMAD inside the classroom. As soon
as the measurement started, all the windows and doors were closed, and within 20 min,
PM20 fluctuated between 20 µg/m3 and 25 µg/m3, even reaching 19 µg/m3. Moreover, Da
increased from 0.78 µm to 0.83 µm and then decreased to 0.81 µm. Then, one more alumnus
entered the room, and the windows were opened during the following 16 min. PM20
first varied between 19 µg/m3 and 33 µg/m3 before increasing to 68 µg/m3. Moreover,
Da decreased to 0.71 µm and then increased to 0.77 µm. Thereafter, all windows were
again closed during 20 min, and PM20 again decreased to 19 µg/m3 and then increased
to 31 µg/m3. In addition, Da slowly increased to 0.78 µm during the first 10 min and then
rapidly increased to 1.00 µm. At this time, all windows and doors were opened, and PM20
again decreased to 7 µg/m3 and then increased to 16 µg/m3, while Da decreased to 0.70 µm
and then increased to 0.74 µm. It was remarkable how particles with sizes larger than
10 µm almost disappeared at the valley points of PM20 = 7 µg/m3 and Da = 0.70 µm. Just
before closing, the already mentioned alumni left the room. During the subsequent 20 min
interval at the all-closed stage, PM20 again increased to 45 µg/m3 and then decreased to
37 µg/m3, while Da increased to 0.90 µm during the first 10 min and then slowly decreased
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to 0.88 µm. After this interval, only the doors were opened until the end of the class. During
this 30 min interval, Da decreased to 0.77 µm after 15 min and remained stable until the
end of the stage. In contrast, PM20 again decreased to an 18 µg/m3 value after 15 min, after
which it increased to 34 µg/m3 at the end of the stage. At the back-to-calm stage, and for
25 min after the class ended, the measurement continued at the all-closed stage with the
room empty. In this interval, PM20 again decreased to 13 µg/m3 during the first 20 min
and then increased to 21 µg/m3, while Da slightly decreased to 0.74 µm during the first
20 min and then increased to 0.78 µm.
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Figure 4. Temperature [◦C] and relative humidity [%] for S1 and S2.
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3.2. University Classroom A206–Scenario 2: Quasi-Empty Class

Figure 6 shows the carbon dioxide and particle number concentrations inside the
classroom. Before starting the measurement, a 5 min ventilation process was performed
with the classroom empty. As soon as the measurement was started, all the windows
and doors were closed, and the carbon dioxide concentration increased from 800 ppm
to 873 ppm within 1 min. Moreover, PNC slightly decreased from 39 particles/cm3 to
34 particles/cm3. Then, one alumnus entered the room, and the windows were opened
during the following 16 min, raising PNC to 80 particles/cm3 while air was renewed, and
CO2C decreased to 515 ppm. Once again, all the windows were closed for 20 min, and the
carbon dioxide level increased to 602 ppm, while PNC decreased to 40 particles/cm3. At
this time, all the windows and doors were opened. After approximately 5 min, PNC reached
its maximum of 63 particles/cm3, decreasing to 51 particles/cm3 after 7 min. Moreover,
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CO2C reached its maximum value of 688 ppm 5 min after all windows and doors were
opened, and then it slightly decreased to 662 ppm 7 min after all the windows and doors
were again closed. Just before closing, the single alumnus left the room. Again, during
another 20 min interval at the all-closed stage, CO2C increased within 1 min to 698 ppm
and then slightly decreased to 686 ppm, while PNC decreased to 43 particles/cm3, reaching
a peak of 57 particles/cm3 after 4 min. After this interval, only the doors were opened
until the end of the class. During this 30 min interval, the carbon dioxide level smoothly
increased to 718 ppm and then decreased to 680 ppm. However, PNC only increased at this
stage, reaching 100 particles/cm3 at the end of it. To finish the measurement, a back-to-calm
stage was performed, and for 25 min after the class was ended, the measurement continued
at the all-closed stage. In this interval, PNC asymptotically decreased to 80 particles/cm3,
while CO2C slightly increased to 694 ppm and then decreased to reach a final value of
681 ppm. Note that the carbon dioxide maximum level recommended by the Sinphonie
guidelines was not reached.
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Figure 6. CO2 concentration [ppm] for S1 and S2 and particle concentration [particles/cm3].

Figure 7 shows the T and RH inside the classroom. As soon as the measurement started,
all the windows and doors were closed, and T increased within 20 min from 18.9 ◦C to
20.6 ◦C. Moreover, RH decreased from 37% to 34%. Then, one alumnus entered the room,
and the windows were opened during the following 16 min. At first, RH decreased to
32.4%, and it then increased to 37.2%. In addition, T decreased to 15.3 ◦C. Thereafter, all the
windows were again closed for 20 min, and T increased to 20 ◦C, while RH decreased to
33%. At this time, all the windows and doors were open. RH reached its minimum of 33%
after 8 min, then increased to 34% 4 min. Moreover, T only decreased to 19 ◦C after this
12 min interval when all the windows and doors were closed again. Just before closing, the
single alumnus left the room. Again, during another 20 min interval at all-closed stage, T
increased to 20.6 ◦C, while RH decreased to 32.7%. After this interval, only the doors were
open until the end of the class. During this 30 min interval, RH gradually decreased to 32%
at the end of the stage, with a peak of 33% after 9 min. In contrast, T increased to 21 ◦C at
the end of the stage, with a subpeak of 20.8 ◦C after 12 min. To finish the measurement, at
the back-to-calm stage, and for 25 min after the class ended, the measurement continued at
the all-closed stage with the room empty. In this interval, T continued to increase to 21.7 ◦C,
and RH remained completely stable at 32%.

Figure 8 shows the PM2.5, PM10, PM20, Da and MMAD inside the classroom. As soon
as the measurement started, all the windows and doors were closed, and within 20 min,
PM20 ranged from 15 µg/m to 19 µg/m3. Moreover, Da increased from 0.79 µm to 0.88 µm
and decreased to 0.80 µm. Then, one alumnus entered the room, and the windows were
opened during the following 16 min. PM20 oscillated, decreasing to 13 µg/m3 before
increasing to 15 µg/m3. Moreover, Da decreased to 0.70 µm and then increased to 0.72 µm.
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Then, all the windows were again closed during 20 min, and PM20 again decreased to
8.3 µg/m3 and then increased to 10 µg/m3. Moreover, Da slowly decreased to 0.71 µm
and then slightly increased. At this time, all the windows and doors were opened, and
PM20 again decreased to 8.2 µg/m3 and then increased to 9.7 µg/m3, while Da continued
to increase to 0.74 µm and then decreased to 0.73 µm. It should be mentioned that particles
with sizes greater than 10 µm were rarely present during the measurement. Just before
closing, the single alumnus left the room. During the subsequent 20 min interval at the
all-closed stage, PM20 decreased slowly to 9.1 µg/m3 and then slightly increased at the
end of the stage to 9.3 µg/m3, while Da increased to 0.74 µm with fluctuations within the
range between the previous and last values. After this interval, only the doors were open
until the end of the class. During this 30 min interval, Da decreased slowly to 0.71 µm. In
contrast, PM20 again increased to 15.4 µg/m3 and then slightly decreased to 14.9 µg/m3 at
the end of the stage. At the back-to-calm stage, and for 25 min after the class ended, the
measurement continued at the all-closed stage with the room empty. In this interval, PM20
again decreased to 10.4 µg/m3 during the first 17 min and then increased to 15.5 µg/m3,
while Da slightly decreased to 0.70 µm during the first 17 min and then increased to 0.78 µm.
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Figure 7. Temperature [◦C] and relative humidity [%] for S1 and S2.
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Figure 8. PM2.5, PM10 and PM20 [µg/m3] with Da [µm] and MMAD (median) [µm].

3.3. Ignacio Aldecoa Library—Children’s Area

Figure 9 shows the carbon dioxide and particle number concentrations inside the
children’s area. During the period before starting the measurement, four people were
inside the area arranging chairs for the show as well as the required instrumentation for the
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measurement. Additionally, seven windows were partially opened during this period, and
the door was kept fully open. Once the measurement started, only one of the doors was kept
open, keeping the other one closed for the rest of the time until the end of the measurement.
At this time, with seven windows partially opened, the carbon dioxide concentration
increased from 515 ppm to 565 ppm within 21 min. In addition, PNC remained stable at
approximately 21 particles/cm3. At this time, parents and children started entering the
room and sitting on the floor for 14 min, raising PNC to 31 particles/cm3, while CO2C first
increased to 639 ppm and then decreased to 563 ppm. Then, the show started, and within
5 min, the dioxide carbon level at sensor 2 (S2) exceeded and mainly stayed above the
sensor 1 (S1) level. Therefore, the S1 level increased to 680 ppm during this 7 min interval,
whereas the S2 level increased to 608 ppm. Moreover, PNC decreased to 27 particles/cm3.
At this time, three of the partially opened windows were fully opened. PNC remained
stable at approximately 28 particles/cm3. S1 reached its maximum value of 662 ppm
5 min after opening, and then it decreased to 655 ppm after 5 min. Moreover, S2 reached
its maximum value of 710 ppm 7 min after opening, and then it decreased to 659 ppm
after 3 min. Again, at this moment, these three windows were closed during the 23 min
interval. S1 increased to 772 ppm, and S2 increased to 842 ppm, with some oscillations.
However, PNC decreased in an asymptotic way to 16 particles/cm3. After this interval,
these three windows were again open until the end of the show. During this 17 min interval,
the carbon dioxide level at S1 decreased to 714 ppm after 11 min, and that at S2 decreased
to 760 ppm. During the last 6 min of this interval, people started singing, and S1 increased
to 740 ppm, while S2 increased to 864 ppm. Moreover, PNC only increased at this stage,
reaching 24 particles/cm3 at the end. To finish the measurement, a back-to-calm stage
was performed, and for 23 min after the show had ended, the measurement continued
under ventilation. In this interval, while people left, PNC increased to 38 particles/cm3,
while CO2C slightly and smoothly increased to 694 ppm and then decreased to a final
value of 527 ppm. Note that at this final stage, the S1 and S2 levels became more similar to
those observed before the start of the show. Note that the carbon dioxide maximum level
recommended by the Sinphonie guidelines was not reached.
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Figure 9. PM2.5, PM10 and PM20 [µg/m3] with Da [µm] and MMAD (Median) [µm].

Figure 10 shows the T and RH inside the children’s area. Once the measurement
started, only one of the doors was kept open, keeping the other one closed for the rest of
the time until the end of the measurement. At this time, with seven windows partially
opened, T remained stable for 21 min, ranging from 19.6 ◦C to 19.4 ◦C. Moreover, RH was
maintained at approximately 38.5%. At this time, parents and children started entering
the room and sitting on the floor for 14 min, and RH first decreased, then increased and
finally decreased to 39%, both sensor readings ran parallel, and T decreased by 18.6 ◦C.
However, it must be noted that the temperature run was also parallel, but at S2, a more
notable change was observed involving peaks and valleys, with an approximately 0.5 ◦C
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to 1 ◦C difference captured. Then, the show started, and within 2 min, T at sensor 2 (T2)
became lower than the sensor 1 (T1) level. Therefore, T1 decreased to 18.5 ◦C, and T2
decreased to 18 ◦C. Then, both increased, namely, T1 increased to 18.8 ◦C and T2 increased
to 19.1 ◦C. Moreover, RH at S2 (RH2) increased to 41% after 7 min and then decreased to
40.4%, while RH at S1 (RH1) remained almost stable at approximately 39%. At this time,
three of the partially opened windows were fully opened. T1 first increased to 19.1 ◦C and
then decreased to 18.9 ◦C, while T2 first increased to 19.4 ◦C and then decreased to 19 ◦C.
Both RH1 and RH2 decreased, namely, RH1 decreased to 38.8% and RH2 decreased to
39.3%. Again, at this moment, these three windows were closed during the 23 min interval.
T1 increased to 20.5 ◦C, and T2 increased to 19.9 ◦C. During the first 10 min, both RH1 and
RH2 first increased to 40% and then decreased to 38.5%; then, RH1 first increased to 39.7%
and then decreased to 38.8%, while RH2 remained almost constant at 38.8%. After this
interval, these three windows were opened again until the end of the show. During this
17 min interval, T1 decreased to 19 ◦C after 11 min, and T2 decreased to 19.3 ◦C. During
the last 6 min of this interval, people started singing, and T1 and T2 remained stable at
the above values. Moreover, RH1 and RH2 reached 39.3% after 11 min, after which RH1
first increased to 41% and then decreased to 40%, while RH2 remained almost stable at
approximately 39.2%. To finish the measurement, a back-to-calm stage was performed, and
for 23 min after the show had ended, the measurement continued under ventilation. In this
interval, and while people left, T1 and T2 ran parallel for the first 7 min and decreased to
17.8 ◦C, after which they kept decreasing, namely, T1 decreased to 16.7 ◦C and T2 decreased
to 16 ◦C. Different effects occurred at the same time regarding RH; RH2 remained stable
at approximately 40.5% for the first 7 min, while RH1 first decreased to 38.7% and then
increased to 40%. Then, they exhibited parallel trends until the end of the measurement,
when RH2 increased to 43%, while RH1 increased to only 41%.
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Figure 10. Temperature [◦C] and relative humidity [%] for S1 and S2.

Figure 11 shows the PM2.5, PM10, PM20, Da and MMAD inside the children’s area.
It should be mentioned that PM2.5 was maintained without notable variation between
3 µg/m3 and 5 µg/m3 during all measurements. Once the measurement started, only one
of the doors was kept open, keeping the other one closed for the rest of the time until
the end of the measurement. At this time, with seven windows partially opened, PM20
fluctuated between 10 µg/m3 and 11 µg/m within 21 min, reaching a 26 µg/m3 peak value.
Moreover, Da increased from 0.77 µm to 0.86 µm and then decreased to 0.79 µm. It was
remarkable how particles with sizes greater than 10 µm almost disappeared at the valley
point close to the end of this stage. At this time, parents and children started entering the
room and sitting on the floor for 14 min, and PM20 oscillated, reaching 25 µg/m3 before
decreasing to 20 µg/m3. Moreover, Da first increased to 0.82 µm and then decreased to
0.80 µm. Then, PM20 oscillated, reaching 18 µg/m3 before increasing to 20 µg/m3 after
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7 min. Moreover, Da slightly increased to 0.81 µm. At this time, three of the partially
opened windows were fully opened. PM20 continued to increase to 25 µg/m3, while Da
first increased to 0.82 µm and then decreased to 0.81 µm. Again, at this moment, these
three windows were closed during the next 23-min interval. T1 increased to 20.5 ◦C, and T2
increased to 19.9 ◦C. PM20 oscillated, increasing to 25 µg/m3, then decreasing to 20 µg/m3

after 10 min and then first increasing to 32 µg/m3 and then decreasing to 25 µg/m3 at the
end of this interval. Da increased to 0.92 µm after 20 min and then decreased to 0.89 µm.
After this interval, these three windows were opened again until the end of the show.
During this 17-min interval, Da decreased to 0.82 µm after 5 min, increased to 0.92 µm
after 9 min and then decreased to 0.90 µm at the end of the stage. PM20 oscillated, first
decreasing to 20 µg/m3, then increasing to 46 µg/m3 after 15 min and finally decreasing
to 44 µg/m3 at the end of this stage. To finish the measurement, a back-to-calm stage was
performed, and for 23 min after the show had ended, the measurement continued under
ventilation. In this interval, and while people left, Da gradually decreased to 0.77 µm, while
PM20 oscillated, first decreasing to 22 µg/m3, then increasing to 32 µg/m3 after 18 min and
finally decreasing to 12 µg/m3 at the end of the measurement.

Buildings 2024, 14, x FOR PEER REVIEW  15 of 31 
 

20 μg/m3 after 10 min and  then  first  increasing  to 32 μg/m3 and  then decreasing  to 25 

μg/m3  at  the  end  of  this  interval. Da  increased  to  0.92  μm  after  20 min  and  then de‐

creased to 0.89 μm. After this interval, these three windows were opened again until the 

end of the show. During this 17‐minute interval, Da decreased to 0.82 μm after 5 min, in‐

creased  to 0.92 μm after 9 min and  then decreased  to 0.90 μm at  the end of  the stage. 

PM20 oscillated, first decreasing to 20 μg/m3, then increasing to 46 μg/m3 after 15 min and 

finally decreasing to 44 μg/m3 at the end of this stage. To finish the measurement, a back‐

to‐calm stage was performed, and  for 23 min after  the show had ended,  the measure‐

ment continued under ventilation.  In  this  interval, and while people  left, Da gradually 

decreased to 0.77 μm, while PM20 oscillated, first decreasing to 22 μg/m3, then increasing 

to 32 μg/m3 after 18 min and finally decreasing to 12 μg/m3 at the end of the measure‐

ment. 

 

Figure 11. PM2.5, PM10 and PM20 [μg/m3] with Da [μm] and MMAD (median) [μm]. 

3.4. Ignacio Aldecoa Library—Assembly Hall 

Figure 12 shows the carbon dioxide and particle number concentrations inside the 

assembly hall. Half an hour before starting the measurement, two people were inside the 

area  setting up  the  instrumentation  for  the measurement. The door was  fully opened, 

and no windows or other doors were used. Five minutes before  the measurement, 35 

persons gradually  entered  the hall,  sitting  randomly  in  the  chairs. Once  the measure‐

ment  started,  the  carbon dioxide  concentration at S1  increased within 9 min  from 650 

ppm to 750 ppm, and that at S2 remained stable at approximately 600 ppm. During all 

the measurements,  the  carbon  dioxide  level  at  S1  clearly  stayed  above  the  S2  level. 

Moreover, PNC decreased from 33 particles/cm3 to 29 particles/cm3. At this time, 11 more 

persons had  entered  the  area. The  conference  started,  and  the door was  closed  at  the 

same time. During the following 23 min, PNC decreased to 22 particles/cm3, while CO2C 

increased to 818 ppm at S1 and 700 ppm at S2. Then, 5 more persons entered, and during 

the following 1 h and 5 min conference period, ventilation remained stable, and people 

remained inside the area: PNC decreased to 14 particles/cm3, while during 45 min, CO2C 

increased  to 952 ppm at S1 and 815 ppm  at S2. At  the  end of  this  interval, CO2C de‐

creased to 940 ppm at S1 and increased to 819 ppm at S2. At this time, 5 persons left, and 

after 15 min, PNC increased to 17 particles/cm3, while CO2C at S1 decreased to 932 ppm 

and that at S2 decreased to 811 ppm. Again, at this moment, 4 more persons left, and af‐

ter 8 min, PNC decreased  to 15 particles/cm3. During  this  interval, S1 was above 1000 

ppm, the maximum level recommended by the Sinphonie guidelines, and it reached up 

to 1027 ppm. Moreover, almost at  the end, S2  first  increased  to 839 ppm and  then de‐

creased  to 816 ppm. To  finish  the measurement,  a back‐to‐calm  stage was performed, 

and  for 20 min after  the  conference had  ended,  the measurement  continued as before 

17:36 17:48 18:00 18:12 18:24 18:36 18:48 19:00 19:12 19:24

Time [hh:mm]

0

10

20

30

40

50

60

70

80

90

100

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

Figure 11. PM2.5, PM10 and PM20 [µg/m3] with Da [µm] and MMAD (median) [µm].

3.4. Ignacio Aldecoa Library—Assembly Hall

Figure 12 shows the carbon dioxide and particle number concentrations inside the
assembly hall. Half an hour before starting the measurement, two people were inside the
area setting up the instrumentation for the measurement. The door was fully opened, and
no windows or other doors were used. Five minutes before the measurement, 35 persons
gradually entered the hall, sitting randomly in the chairs. Once the measurement started,
the carbon dioxide concentration at S1 increased within 9 min from 650 ppm to 750 ppm,
and that at S2 remained stable at approximately 600 ppm. During all the measurements,
the carbon dioxide level at S1 clearly stayed above the S2 level. Moreover, PNC decreased
from 33 particles/cm3 to 29 particles/cm3. At this time, 11 more persons had entered
the area. The conference started, and the door was closed at the same time. During the
following 23 min, PNC decreased to 22 particles/cm3, while CO2C increased to 818 ppm
at S1 and 700 ppm at S2. Then, 5 more persons entered, and during the following 1 h and
5 min conference period, ventilation remained stable, and people remained inside the area:
PNC decreased to 14 particles/cm3, while during 45 min, CO2C increased to 952 ppm at
S1 and 815 ppm at S2. At the end of this interval, CO2C decreased to 940 ppm at S1 and
increased to 819 ppm at S2. At this time, 5 persons left, and after 15 min, PNC increased
to 17 particles/cm3, while CO2C at S1 decreased to 932 ppm and that at S2 decreased to
811 ppm. Again, at this moment, 4 more persons left, and after 8 min, PNC decreased
to 15 particles/cm3. During this interval, S1 was above 1000 ppm, the maximum level
recommended by the Sinphonie guidelines, and it reached up to 1027 ppm. Moreover,
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almost at the end, S2 first increased to 839 ppm and then decreased to 816 ppm. To finish
the measurement, a back-to-calm stage was performed, and for 20 min after the conference
had ended, the measurement continued as before under ventilation. In this interval, during
which people left within a few minutes, PNC slightly decreased to 16 particles/cm3. S1
dramatically decreased to 775 ppm and then increased to 800 ppm at the end of the
measurement, while S2 exhibited the same trend. However, it first decreased to 704 ppm
and then increased to a final value of 739 ppm.
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Figure 12. CO2 Concentration [ppm] for S1 and S2 and particle concentration [particles/cm3].

Figure 13 shows the T and RH inside the assembly hall. Once the measurement started,
for 9 min, T1 increased from 19 ◦C to 19.5 ◦C, while T2 increased from 17 ◦C to 17.5 ◦C.
RH1 decreased from 42% to 41%, and RH2 remained stable at approximately 44%. It must
be noted that T1 and RH2 remained above T2 and RH1, respectively, during the whole
measurement. At this time, 11 more persons had entered the area. The conference started,
and the door was closed at the same time. During the following 23 min, T1 increased
to 21 ◦C, while T2 increased to 18.5 ◦C. RH1 decreased to 39%, and RH2 decreased to
42.4%. Then, 5 more persons entered, and during the following 1 h and 5 min conference
period, stable ventilation continued, and people remained inside the area: T1 increased to
21.8 ◦C, while T2 increased to 19.4 ◦C. RH1 decreased to 38%, and RH2 was maintained at
approximately 42.3%. At this time, 5 persons left, and after 15 min, T1 and T2 maintained
approximately the same values. RH1 increased to 38.9%, and RH2 increased slightly to
42.6%. Again, at this moment, 4 more persons left, and after 8 min, all levels remained
approximately stable. To finish the measurement, a back-to-calm stage was performed, and
for 20 min after the conference had ended, the measurement continued as before under
ventilation. In this interval, in which people left within a few minutes, T1 decreased to
21.6 ◦C, while T2 increased to 19.8 ◦C. RH1 decreased to 38.5%, and RH2 was maintained
at approximately 41.5%.

Figure 14 shows the PM2.5, PM10, PM20, Da and MMAD inside the assembly hall.
It should be mentioned that PM2.5 was maintained without notable variation between
2.5 µg/m3 and 5 µg/m3 during all the measurements. Once the measurement started, for
9 min, PM20 ranged from 28 µg/m3 to 29 µg/m3, even reaching a 33 µg/m3 peak value.
Moreover, Da decreased from 0.86 µm to 0.80 µm. At this time, 11 more persons entered
the area. The conference started, and the door was closed at the same time. During the
following 23 min, PM20 decreased to 12 µg/m3. Da first increased to 0.81 µm and then
decreased to 0.79 µm. It was remarkable how particles with sizes greater than 10 µm
almost disappeared at the end of this stage. Then, 5 more persons entered, and during
the following 1 h and 5 min conference period, ventilation remained stable, and people
remained inside the area; PM20 decreased to 7.3 µg/m3 after 5 min and then remained
stable until the end of the interval. In contrast, Da remained stable at 0.80 µm during the
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whole period. At this time, 5 persons left, and after 15 min, both PM20 and Da slightly
increased and then returned to their previous values. Again, at this moment, 4 more
persons left, and after 8 min, PM20 increased to 13 µg/m3, while Da increased to 0.87 µm.
To finish the measurement, a back-to-calm stage was performed, and for 20 min after the
conference had ended, the measurement continued as before under the same ventilation
conditions. In this interval, in which people left within a few minutes, PM20 first increased
to 21 µg/m3, then decreased to 14 µg/m3 and finally increased to 27 µg/m3 at the end of
the measurement. Da first increased to 0.94 µm and then decreased to 0.86 µm at the end. It
should be noted that particles with sizes greater than 10 µm returned to their initial state at
this final stage, similar to the starting point of the measurement.
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Figure 13. CO2 Concentration [ppm] for S1 and S2 and particle concentration [particles/cm3].
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Figure 14. PM2.5, PM10 and PM20 [µg/m3] with Da [µm] and MMAD (median) [µm].

3.5. Ignacio Aldecoa Library—Conference Room

Figure 15 shows the carbon dioxide and particle number concentrations inside the
conference room. Half an hour before starting the measurement, one person was inside
the area setting up the instrumentation for the measurement. The door was fully opened,
and the windows were closed. Once the measurement started, the door was closed, the
carbon dioxide concentration at S1 increased in 4 min from 553 ppm to 572 ppm, and that
at S2 remained stable at approximately 570 ppm. During the measurement, the carbon
dioxide level at S1 clearly stayed above the S2 level. Moreover, PNC decreased from
14 particles/cm3 to 13 particles/cm3. At this time, 4 more persons entered the area; during
the following 4 min, S1 increased to 595 ppm, and S2 increased to 581 ppm. PNC remained
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at the same value of 13 particles/cm3. Then, 2 more persons entered, and 4 min after two
windows were partially opened, PNC was maintained at 13 particles/cm3, while CO2C
increased to 733 ppm at S1 and 680 ppm at S2. At the end of this interval, 5 min later, it
decreased to 660 ppm at S1 and to 620 ppm at S2, while PNC increased to 27 particles/cm3.
At this moment, 10 more people entered the area, and during the next 10 min, the carbon
dioxide level at S1 increased to 880 ppm, while that at S2 increased to 820 ppm. PNC
reached a peak of 33 particles/cm3 before it decreased to 27 particles/cm3. Then, 15 more
people entered, and the conference started. During the following 1 h and 25 min, the
conference continued to remain stable in terms of ventilation and people inside the area.
PNC decreased to 20 particles/cm3 in 15 min and was maintained at that level. During
this 15 min interval, both S1 and S2 had already exceeded 1000 ppm, the maximum level
recommended by the Sinphonie guidelines. At the end of the conference, S1 increased to
2002 ppm, and S2 increased to 1965 ppm. To finish the measurement, a return-to-calm stage
was performed, and for 26 min after the conference had ended, the measurement continued
as before regarding to ventilation. In this interval, in which people left within a few minutes,
PNC increased to 48 particles/cm3, and at the end, it decreased to 45 particles/cm3. S1
constantly decreased to 813 ppm, while S2 did the same but decreased to 744 ppm.
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Figure 15. CO2 concentration [ppm] for S1 and S2 and particle concentration [particles/cm3].

Figure 16 shows the T and RH inside the conference room. Once the measurement
started, the door was closed, and for 4 min, T1 increased from 20.1 ◦C to 20.6 ◦C, while
T2 increased from 19.4 ◦C to 19.9 ◦C. RH1 slightly decreased from 43.6% to 43%, and RH2
remained stable at approximately 41%. It must be noted that T1 and RH2 remained above
T2 and RH1, respectively, during the whole measurement. At this time, 4 more persons
entered the area in 4 min. Then, 2 more persons entered, and 4 min after the two windows
were partially opened, the temperature and relative humidity values were maintained. At
the end of this interval, 5 min later, T1 decreased to 20 ◦C, while T2 decreased to 19.2 ◦C.
RH1 increased to 42.4%, and RH2 increased to 44.4%. At this moment, 10 more persons
entered the area, and in the next 10 min, T1 increased to 20.4 ◦C, while T2 increased to
19.6 ◦C. RH1 increased to 43.5%, and RH2 increased to 45.5%. Then, 15 more persons
entered, and the conference started. During the following 1 h and 25 min, the conference
continued to remain stable in terms of ventilation and people inside the area. After the first
15 min, T1 increased to 22.2 ◦C, while T2 increased to 21.2 ◦C. RH1 decreased to 42.3%, and
RH2 decreased to 44.2%. However, by the end of this period, T1 decreased to 22.2 ◦C, while
T2 decreased to 21.2 ◦C. RH1 increased to 45.4%, and RH2 increased to 47.9%. To finish the
measurement, a return-to-calm stage was performed, and for 26 min after the conference
had ended, the measurement continued as before regarding ventilation. In this interval,
in which people quickly left, T1 decreased to 18.3 ◦C, while T2 decreased to 17.1 ◦C. RH1
increased to 46.3%, and RH2 increased to 49.6%.
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Figure 16. Temperature [◦C] and relative humidity [%] for S1 and S2.

Figure 17 shows the PM2.5, PM10, PM20, Da and MMAD inside the conference room.
It should be mentioned that PM2.5 was maintained without notable variation between
1.6 µg/m3 and 5 µg/m3 during all the measurements. Once the measurement started,
the door was closed for 4 min. At this time, 4 more persons entered the area in 4 min.
Then, 2 more persons entered, and 4 min after the two windows were partially opened,
PM20 increased from 12 µg/m3 to 21 µg/m3. Moreover, Da decreased from 0.75 µm to
0.90 µm. At the end of this interval, 5 min later, PM20 increased to 32.5 µg/m3. Moreover,
Da decreased to 0.81 µm. At this moment, 10 more persons entered the area, and in the next
10 min, PM20 first increased to 43 µg/m3 and then decreased to 41 µg/m3. Moreover, Da
increased to 0.85 µm. Then, 15 more persons entered, and the conference started. During
the following 1 h and 25 min, the conference remained stable in terms of ventilation and
people inside the area. PM20 decreased to 18.5 µg/m3 in 15 min, and Da first increased to
0.86 µm and then decreased to 0.84 µm. It was noted that particles with sizes greater than
10 µm almost disappeared at this moment. During the rest of the interval, Da continued
to slowly decrease to 0.76 µm. In contrast, PM20 stabilized at approximately 11 µg/m3

before it increased to 17 µg/m3 at the end of the stage. To finish the measurement, a return
to the calm stage was performed, and for 26 min after the conference had ended, the
measurement continued as before regarding ventilation. In this interval, in which people
quickly left, PM20 first in-creased to 19 µg/m3 and then decreased to 10 µg/m3 before
finally reaching a 12 µg/m3 reading value. Da only once decreased to 0.69 µm and then
increased to 0.74 µm at the end.
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3.6. Mendizorroza Sports Facilities—Training Room

Figure 18 shows the carbon dioxide and particle number concentrations inside the
training room. Half an hour before starting the measurement, the door was closed, and
the windows were partially opened while one person was inside the area setting up the
instrumentation for the measurement. During the measurement, the carbon dioxide lev-el
at S1 generally stayed above the S2 level before the activity. However, during the activity
and until the end of the measurement, this tendency switched with the S2 level remaining
above the S1 level. During the whole measurement, PNC varied between a 10 particles/cm3

and 13 particles/cm3 without notable variation. The air-conditioning system was switched
on during the measurement. Once the measurement started, the door kept opening and
closing each time people entered the room, and the carbon dioxide concentration at S1
oscillated in this 30 min interval from 592 ppm to 556 ppm; it first increased to 595 ppm,
then decreased to 541 ppm and finally reached 582 ppm. Moreover, S2 remained stable
at approximately 580 ppm for the first half of this period, after which it first increased
to 600 ppm, then decreased to 543 ppm and finally reached 581 ppm. At this time, the
training class started, and for the following 60 min, the room remained stable in terms of
ventilation and the number of people inside the area. The dioxide carbon levels at S1 and
S2 increased to 608 ppm for the first 6 min of warm-up, the S1 and S2 levels then increased
to 675 ppm 6 min later, and the S1 level oscillated between 686 ppm and 830 ppm over the
next 36 min and during the medium-intensity exercises and pauses before stretching. At
the final 12 min stage, it decreased to 700 ppm. Moreover, the S2 level oscillated between
656 ppm and 817 ppm before returning to 700 ppm at the end of this interval. At this
moment, the class ended, the door was opened, and people left. During the following
15 min, S1 and S2 decreased to 575 ppm. To finish the measurement, a back-to-calm stage
was performed, and for 15 min, the door was closed, and S1 again decreased to 550 ppm,
while S2 decreased to 540 ppm. Note that the carbon dioxide maximum level recommended
by the Sinphonie guidelines was not reached.
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Figure 18. CO2 concentration [ppm] for S1 and S2 and particle concentration [particles/cm3].

Figure 19 shows the T and RH inside the training room. During the measurement, the
T2 level generally stayed above the T1 level before starting the activity. However, during
the medium-intensity activity part of the class, this tendency switched, with the T1 level
staying above the T2 level. At the stretching stage and until the end of the measurement,
the T2 level remained above the T1 level. Regarding the relative humidity, RH2 remained
above or at least matched RH1 during the whole measurement. Therefore, only T1 and
RH2 values are detailed. Once the measurement started, the door kept opening and closing
each time people entered the room, and T1 decreased from 19.7 ◦C to 18.6 ◦C and finally
increased to 19.2 ◦C. RH2 decreased from 52.4% to 50.6% to 52.3%. At this time, the
training class started, and for the following 60 min, the room remained stable in terms of
ventilation and the number of people inside the area. T1 increased to 20.6 ◦C and then
decreased to 19.4 ◦C. RH2 increased to 57.6% and then decreased to 53.2%. At this moment,
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the class ended, the door was opened, and people left; during the following 15 min, T1
increased to 19.9 ◦C. RH2 first increased to 57.6% and then decreased to 50.1%. To finish the
measurement, a back-to-calm stage was performed, and for 15 min, the door was closed,
and T1 and RH2 returned to the previous values of 19.9 ◦C and 50.1%, respectively, at the
end of the measurement.
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Figure 19. Temperature [◦C] and relative humidity [%] for S1 and S2.

Figure 20 shows the PM2.5, PM10, PM20, Da and MMAD inside the training room.
It should be mentioned that PM2.5 was maintained between 6.6 µg/m3 and 8.6 µg/m3

without notable variation during the entire measurement period. Once the measurement
started, the door kept opening and closing each time people entered the room, and PM20
increased from 14 µg/m3 to 20 µg/m3. Da increased from 1.10 µm to 1.15 µm. Six minutes
before the end of the interval, almost no particles with sizes greater than 10 µm were present.
At this time, the training class started, and for the following 60 min, the room remained
stable in terms of ventilation and the number of people inside the area. PM20 first increased
to 22.6 µg/m3 and then decreased to 11.5 µg/m3 20 min before the end of the stage, and
then it again increased to 22.4 µg/m3. Da decreased to 1.06 µm 20 min before the end of
the stage and then increased to 1.15 µm at the end of the stage. It must also be mentioned
that at 20 min before the end of the stage, the valley points of both PM20 and Da coincided
with an absence of particles with sizes greater than 10 µm. At this moment, the class ended,
the door was opened, and people left. During the following 15 min, PM20 decreased to
17.4 µg/m3, and Da decreased to 1.13 µm. To finish the measurement, a return-to-calm
stage was performed, and for 15 min, as the door remained closed, PM20 decreased to
14.5 µg/m3, and Da decreased to 1.10 µm.
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Figure 20. Temperature [◦C] and relative humidity [%] for S1 and S2.
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3.7. Mendizorroza Sports Facilities—Spinning Room

Figure 21 shows the carbon dioxide and particle number concentrations inside the
spinning room. Half an hour before starting the measurement, the door was opened and the
windows were closed while one person was inside the area setting up the instrumentation
for the measurement. During the measurement, the carbon dioxide level at S2 generally
stayed above that at S1, but this tendency switched, with that at S1 staying above the
S2 level when people left at the last stage of the measurement. Moreover, PNC varied
between 10 particles/cm3 and 13 particles/cm3 without notable variation before a window
was partially opened. Then, PNC gradually increased to 27 particles/cm3 until the end
of the class, and then it smoothly decreased to 22 particles/cm3. Air conditioning was
applied during the measurement, and the door was kept open. Once the measurement
started, people gradually entered the room until the class started, and the carbon dioxide
concentration at S1 increased in this 41 min interval from 309 ppm to 1161 ppm. Moreover,
the S2 level increased from 618 ppm to 1229 ppm in this 41 min interval. Both S1 and
S2 were above 1000 ppm, the maximum level recommended by the Sinphonie guidelines
before the class started. At this time, the training class started, and during the following
41 min, the room remained stable in terms of ventilation and the number of people inside
the area. However, during the 18-min period after the window was partially opened, the
carbon dioxide level at S1 varied between 1176 ppm and 1493 ppm during the high-intensity
exercise period. Moreover, S2 also oscillated but varied between 1176 ppm and 1468 ppm.
At this moment, the class ended, and stretching occurred during the following 13 min.
S1 and S2 decreased to 959 ppm and 995 ppm, respectively. To finish the measurement,
a back-to-calm stage was performed, and within 35 min, S1 decreased to 714 ppm, while
S2 decreased to 704 ppm.
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Figure 21. CO2 concentration [ppm] for S1 and S2 and particle concentration [particles/cm3].

Figure 22 shows the T and RH inside the spinning room. Before starting the activity,
the T2 level generally stayed slightly above the T1 level. However, during the high-intensity
activity part of the class, this tendency switched, with that at T1 staying above the T2 level.
This effect was more notable just after the window was opened and until the end of the
measurement. Regarding the relative humidity, RH2 was above or at least matched RH1
before the window was opened. Once the measurement started, people gradually entered
the room until the class started. T1 and T2 increased from 19.9 ◦C to 20.8 ◦C. RH1 increased
from 59% to 59.2%, and RH2 increased from 59% to 59.5%. At this time, the training class
started, and during the following 41 min, the room remained stable in terms of ventilation
and the number of people inside the area. However, during the 18-min period after the
window was partially opened, T1 increased to 20.9 ◦C when the window was opened and
then decreased to 20 ◦C to finally reach 21 ◦C, while T2 also increased to 20.9 ◦C when
the window was opened and then decreased to 20.6 ◦C to finally reach 21.4 ◦C. RH1 and
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RH2 increased to 65% when the window was opened and then again to 70%. At this
moment, the class ended, and stretching occurred over the next 13 min. T1 increased to
21.4 ◦C, ending at 20.9 ◦C, and T2 increased to 21.7 ◦C, ending at 21.4 ◦C. Moreover, RH1
increased to 74.5%, ending at 73.2%, and RH2 increased to 73.3%, ending at 73%. To finish
the measurement, a back-to-calm stage was performed, and within 35 min, T1 decreased to
20.5 ◦C and T2 increased to 20.7 ◦C. During this period, RH1 decreased to 68%, and RH2
decreased to 67.4%.
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Figure 22. Temperature [◦C] and relative humidity [%] for S1 and S2.

Figure 23 shows the PM2.5, PM10, PM20, Da and MMAD inside the spinning room. It
should be mentioned that both PM2.5 and Da did not notably vary until the class ended. At
the end of the class, stretching occurred for the following 13 min, and PM20 increased from
13 µg/m3 to 29 µg/m3 and then decreased to 18 µg/m3. Da first increased from 0.96 µm
to 0.98 µm and then decreased to 0.93 µm. To finish the measurement, a return-to-calm
stage occurred, and within 35 min, PM20 decreased to 8 µg/m3. Moreover, Da decreased to
1.15 µm.

Buildings 2024, 14, x FOR PEER REVIEW  24 of 31 
 

to finally reach 21.4 °C. RH1 and RH2 increased to 65% when the window was opened 

and  then again  to 70%. At  this moment,  the class ended, and stretching occurred over 

the next 13 min. T1 increased to 21.4 °C, ending at 20.9 °C, and T2 increased to 21.7 °C, 

ending  at  21.4  °C. Moreover, RH1  increased  to  74.5%,  ending  at  73.2%,  and RH2  in‐

creased  to 73.3%, ending at 73%. To  finish  the measurement, a back‐to‐calm stage was 

performed, and within 35 min, T1 decreased to 20.5 °C and T2 increased to 20.7 °C. Dur‐

ing this period, RH1 decreased to 68%, and RH2 decreased to 67.4%. 

 

Figure 22. Temperature [°C] and relative humidity [%] for S1 and S2. 

Figure 23 shows the PM2.5, PM10, PM20, Da and MMAD inside the spinning room. It 

should be mentioned that both PM2.5 and Da did not notably vary until the class ended. 

At the end of the class, stretching occurred for the following 13 min, and PM20 increased 

from 13 μg/m3 to 29 μg/m3 and then decreased to 18 μg/m3. Da first increased from 0.96 

μm to 0.98 μm and then decreased to 0.93 μm. To finish the measurement, a return‐to‐

calm stage occurred, and within 35 min, PM20 decreased  to 8 μg/m3. Moreover, Da de‐

creased to 1.15 μm. 

 

Figure 23. PM2.5, PM10 and PM20 [μg/m3] with Da [μm] and MMAD (median) [μm]. 

4. Discussion and Measurement Comparison 

In  this  section,  the  current  study  is  compared  to  that performed by Chillon et al. 

[37]. Similar instrumentation was used, and the obtained results are compared to those 

obtained in their measurement study in which a classroom with natural ventilation was 

 S
1 

T
 [º

C
] 

 a
nd

  
S

2 
T

 [º
C

]

 S
1 

R
H

 [%
]  

an
d 

 S
2 

R
H

 [%
]D
oo

r 
O

pe
n 

(2
 in

si
de

)

(6
 in

si
de

)

(1
0 

in
si

de
)

(1
3 

in
si

de
)

S
pi

nn
in

g 
C

la
ss

 S
ta

rt
(2

2 
in

si
de

)

P
ar

tia
lly

 o
pe

ne
d 

w
in

do
w

S
pi

nn
in

g 
C

la
ss

 E
nd

&
 S

tr
et

ch
in

g 
S

ta
rt

S
tr

ec
ch

in
g 

E
nd

&
 P

eo
pl

e 
Le

av
e

 P
M

 2
.5

 / 
P

M
10

 / 
P

M
20

 [
g/

m
3
]

 M
M

A
D

 [
m

]

 D
a 

[
m

]

D
oo

r 
O

pe
n 

(2
 in

si
de

)

(6
 in

si
de

)

(1
0 

in
si

de
)

(1
3 

in
si

de
)

S
pi

nn
in

g 
C

la
ss

 S
ta

rt
(2

2 
in

si
de

)

P
ar

tia
lly

 o
pe

ne
d 

w
in

do
w

S
pi

nn
in

g 
C

la
ss

 E
nd

&
 S

tr
et

ch
in

g 
S

ta
rt

S
tr

ec
ch

in
g 

E
nd

&
 P

eo
pl

e 
Le

av
e

Figure 23. PM2.5, PM10 and PM20 [µg/m3] with Da [µm] and MMAD (median) [µm].

4. Discussion and Measurement Comparison

In this section, the current study is compared to that performed by Chillon et al. [37].
Similar instrumentation was used, and the obtained results are compared to those obtained
in their measurement study in which a classroom with natural ventilation was investigated
during a class with students. In both studies, the layout of the classroom was similar
in terms of dimensions, system and areas of ventilation, location of windows and doors,
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number of persons in the classroom, mask-wearing pattern and presence of university stu-
dents of the same age range. A similar method of ventilation was followed in both studies.
The steps included all windows and doors closed, only windows opened, all windows
and doors closed, windows and doors opened, and all windows and doors closed at the
end of the measurement. Note that in the current study, an extra cycle, consisting of only
opened doors followed by all windows and doors closed until the end, was performed.
While Chillon et al. [37] used a classroom with a surface area of 91.8 m2, a height of 2.64 m
and a volume equal to 242 m3, the current study occurred in a classroom with a surface
area of 57.2 m2, a height of 4 m and an inside volume of 229 m3. Their ventilation area
on the window side was 4.83 m2, and the value was 3.12 m2 for the doors, with a total
ventilation area of 7.95 m2. In the current study, the window ventilation area was 4.2 m2,
the door ventilation area was 3.4 m2, and the total ventilation area was therefore 7.5 m2.
The current study occurred in a classroom with a 62% smaller surface area but only a 6%
smaller volume. At the same time, the total ventilation area was 5% smaller, 14% smaller
for the windows and 8% larger for the doors. In contrast, the same number of 15 people
wearing masks in the classroom during both measurements suggests a similar volume level
of human inhalation and exhalation. This also indicates very similar source levels of CO2
during the measurements. Regarding the outside conditions, their measurement occurred
at 6 ◦C with a 79% relative humidity, while the current measurement was performed in
a 2 ◦C to 5 ◦C temperature range and a 97% to 90% relative humidity range.

In terms of the PM2.5 and particle concentrations, significant differences are observed
between both studies. In Chillon et al. [37], PM2.5 ranged from 2.5 to 3.7 µg/m3, and
the particle concentration ranged from 6 to 11.5 particles/cm3. However, in the current
study, PM2.5 ranged from 8 to 12 µg/m3, and the particle concentration ranged from
34 to 88 particles/cm3. Notably, the current study measured three times more PM2.5 and
approximately seven times more particles in the classroom air. Both studies revealed
similar effects regarding the closed and ventilation stages. At the all-closed stage, there was
an increase in both the PM2.5 and particle concentrations, while there was a decrease at the
ventilation stages and under the scenarios with only the windows opened or with both the
windows and doors opened. Regarding the CO2 levels, the opposed behavior to that of the
PM2.5 and particle concentrations during the all-closed and ventilation events was observed
in both studies. Eventually, a similar level of increase in the carbon dioxide concentration
per minute was observed in both studies and at the all-closed stage. However, in their
study, a maximum level of 1140 ppm was reached, while a maximum of 1027 ppm was
reached in the current study. Thus, the same linear trend of the increment in the carbon
dioxide level at the all-closed stage could be determined.

The current study revealed a linear increment of 16.4 ppm/min at the first all-closed
stage and a 17.2 ppm/min increment at the second stage (Figure 3). These values are similar
to those obtained by Chillon et al. [37], at 18.1 ppm/min and 16.2 ppm/min, respectively.
Note that the carbon dioxide level also exhibited a very similar asymptotic behavior at
both the only windows opened and windows plus door opened stages in both studies.
However, the asymptotic value of the carbon dioxide level differed between the studies.
This depends not only on the initial level of carbon dioxide at the start of the measurements,
which is 700 ppm in the current study and 904 ppm in their study, but also depends on the
duration of each of the ventilation stages. Note that the duration of each stage is different.
In the work of Chillon et al. [37], the first all-closed stage lasted 13 min, the second stage
with only the windows opened lasted 27 min, the third stage with all the windows and
doors closed lasted 33 min, and the fourth stage with the windows and doors opened lasted
17 min, for a total of 90 min. In the current study, the durations of the same four stages
were 20 min, 16 min, 20 min and 12 min, respectively, for a total time of 68 min.

This study is based on experimentally measured environments monitoring what is
produced in different activities of different intensity levels, with different volume ratios per
person and with different ventilations to obtain a sample and appreciate the effectiveness
of the ventilations carried out. The monitoring time was established based on the duration



Buildings 2024, 14, 1007 24 of 28

of the activities and the epicenter of these measurements to monitor what we have tried to
define here as the period of return to calm after the end of the activity with the space empty
of people. In these measurements, the duration of the activities was greater than 45 min
and less than 2 h. Typically, due to the pandemic, air renewal with the outside is carried out
through natural ventilation prior to and after the activities. In addition, it is expected that
these good practices will continue in the future. Therefore, it is useful to make them part
of the study, measuring as they are produced, without altering their state or their initial
and final conditions. At the same time, it has been observed when opening windows that
the transient states regarding the carbon dioxide measurements last less than 45 min or
30 min, and in some cases even less time. We have also observed that the transient state in
all-closed scenarios can take longer to become stationary, i.e., measurement 3.4, where the
stationary state was established after approximately 60 min.

An overall effect regarding the height of the carbon dioxide sensors is observed. It
indicates that measured values of CO2 concentrations are almost equal when the sensors
are at the same height, namely, for measurements l and 2. For the rest of the measurements,
the difference in height of the location of the used couple of sensors is a constant value
for each measurement, since they are fixed during the measurements, and its value stays
between 0.45 m and 0.75 m. However, typically the difference in their measures is not con-
stant. The only notorious cases when it is constant is for the low-intensity scenario captured
during measurements 4 and 5, when the sensor located at 1.1 m height measures higher
concentrations of CO2 compared to the sensor located at 0.6 m height. These measurements
were performed with people sitting on chairs; therefore, the 1.1 m height sensor presented
100–150 ppm higher dioxide carbon concentration level than the one located at 0.6 m height.
These particular cases are low-intensity activities and individuals did not move during
the measurements, resulting in a higher mouth height around 1.1 m. The rest of the mea-
surements with different height locations of the sensors were measurements 3, 6 and 7. For
measurement 3, with low-medium intensity, due mainly to the movement of the children,
some parents standing up and sitting down in order to get them back, there is no constant
pattern for the difference in the captures of both sensors. However, the sensor at 1.3 m
presented around 100 ppm higher level than the one located at 0.7 m, which could be due
to the movement of the children, who were rarely taller than 1.4 m. For measurement 6,
with medium-intensity, due to the activity requiring movements below 1 m height, such
as lying down and squatted positions for some exercises, there is no constant pattern in
the difference, but the sensor at 1 m height from the floor captured values around 50 ppm
higher than the other sensor. For measurement 7, with high-intensity and people sitting on
bikes and with their mouths typically above 1.75 m, a higher concentration level of around
100 ppm was presented by the sensor located at 1.75 m height in comparison with the one
located at 1.25 m.

As a consequence of the type of ventilation investigated, measurements 3, 6 and
7 were excluded from the comparison for different reasons. In addition, it should be
mentioned that various ventilation methods differ in energy consumption. HRV and
ERV systems save energy by preconditioning air, while DCV adjusts based on needs. PV
integration can further reduce reliance on traditional energy sources, as studied by Kalmár
et al. [38]. Table 4 presents the data with the differences from this work highlighted. During
measurements 6 and 7, air conditioning was applied, and they involved activities not of the
low-intensity type. In measurement 3, no all-closed stage occurred, and it did not involve
low-intensity activities. Measurement 2 occurred in an almost empty room (one person
inside) and contained one all-closed stage.
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Table 4. Difference summary of the linear increment trend of the carbon dioxide level at the all-closed
stage during measurements 1, 2, 4 and 5.

M.
No. Measurement

Min
CO2

[ppm]

Max
CO2

[ppm]

Closed
Time
[min]

CO2
Function
f(t) Type

No. of
Persons

Inside
Volume

[m3]

Inside
Volume/Person

[m3]
∆CO2/Time
[ppm/min]

(Inside
Volume/Person)
/(∆CO2/Time)
[m3·min/ppm]

1 1 700 1027 20 Linear 15 229 15.3 16.4 0.9
2 2 522 605 20 Linear 1 229 229 4.2 55.1
4 4 700 820 23 Linear 49 1008 20.6 5.2 3.9
5 5 700 1200 25 Linear 31 271 8.7 20.0 0.4

Measurements 4 and 5 revealed nonlinear behavior at the all-closed stage, as presented
in Table 4. This should be further investigated in regard to enclosed spaces without
ventilation to maintain the CO2 concentration below the recommended level to prevent the
risk of transmission.

According to extensive literature on the issue of airborne virus transmission, the
probability of infection risk is investigated and usually represented by the well-known
Wells–Riley model [39–41]. Figure 24 shows the corresponding probability of infection
risk for all the measurements obtained in this work. The expression used to represent
probability of infection risk (P) is the following Equation (1):

P = 1 − e(−q·Y·t) (1)

where q is the quanta generation rate (1/h) and in this case is 10, a value fixed by the
referenced works [39–41]. Y is the passive scalar, maximum and minimum levels of CO2,
and t is the exposure time (h).
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Figure 24 shows a direct relationship between high levels of carbon dioxide and the
probability of infection risk. There is a difference in how quickly this increase occurs, as
a consequence of the relationship between the situations when the level of CO2 increases
and how quickly this occurs for each measurement. From measurements 1 and 2, there is
a reduction in the probability of infection risk when ventilation scenario occurs. However,
this effect did not take place for the rest of the measurements. This means that the probabil-
ity of infection risk after a long period of no ventilation or once it reaches the maximum
value barely presents any reduction.

5. Conclusions

In the current study, the temperature, relative humidity, carbon dioxide concentration
and particle size cumulative concentration and their relationships were investigated in
several enclosed spaces used for activities with low to high intensities under natural
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ventilation conditions, with air conditioning employed during medium- and high-intensity
activities, and with people wearing surgical masks. After assessing the acquired data
during these experiments, several conclusions could be obtained, as follows:

• Drastic decreases in the CO2 concentration are observed within a few minutes of
ventilation after no-ventilation intervals. This leads to a drop in temperature that is
always associated with an increase in relative humidity.

• The no-ventilation scenario with people inside the enclosed space forces the carbon
dioxide concentration to linearly increase for the first 20 min.

• In the case of the interior building environment containing a lower particulate matter
concentration than that in the outside environment, the natural ventilation strategy
simultaneously combining windows and doors more quickly increases the particulate
matter concentration in the enclosed space over the strategy involving only windows.

• When the sensors are at the same height, the measured carbon dioxide values are
almost equal. The only notorious case is when the sensor located at 0.6 m measures
higher concentrations of CO2 in low intensity scenarios compared to the sensor located
at 1.1 m height. The rest of the measurements present higher level of concentration
for the sensor being at the height of the mouth of the individuals. Therefore, sensors
must be properly situated and approximately at the height where the mouths of the
individuals are expected to be. Including sensors at different heights has shown to be
efficient in corroborating this effect.

• Medium- and high-intensity activities do not show a notable difference due to the
excessive movement of air produced by air conditioning and movement of people, as
reported by Bhagat et al. [28]. Further measurements should be made in order to clarify
the effects of high-intensity activities with the help of more sensors and repeating the
activity, e.g., with air conditioning on and off. Moreover, other ventilation systems
could be studied to compare them, even filtering, but cost of these systems cannot be
afforded for typical buildings as schools, libraries or gyms.

• The less the pollutants, the shorter the time required to get rid of them. Therefore,
designing a building in advance with proper location of the windows, doors and
other overtures on the enclosed spaces preventing the entrance of pollutants from the
outside is shown as the most effective way of reducing such pollutants.

• Measurement 6, located in the training room, indicated a difference from the rest of
the enclosed-space measurements in this study. Notably, another room was present on
the other side of the windows, whereas the outside environment applied among the
rest of the measurement spaces. This particularity, which isolated the indoor ambient
and outdoor environments, prevented particulate matter from entering the enclosed
space where the activity occurred, maintaining a stable and low level even with the
windows or both the windows and doors opened.

• Designing buildings with an air chamber between windows and the outdoors would
be an efficient strategy to reduce PM concentrations, e.g., having an external crystal
envelope around it, as presented in in results of measurement 6 and in the 2D drawing
included in the Supplementary Material of the current article. It must be clarified that
in this case, there is a crystal curtain in front of the windows, which is only connected
to the building by structural beams at each floor and to the top roof by a hermetic
metallic-crystal coverture that prevents from wind, rain and snow effects. Thus, this
strategy is recommended to maintain adequate IAQ conditions.

• Natural ventilation from window to window crossing the area of the enclosed space
is presented as a very efficient way of reducing CO2 concentrations in a short period
of time. Therefore, it is advisable to design a building providing enclosed spaces this
capability in order to also maintain adequate IAQ conditions.

• There is a relationship between high levels of carbon dioxide and the probability of
infection risk. Moreover, the probability of infection risk after a long period of no ven-
tilation or once it reaches the maximum value of 100% barely presents any reduction.
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