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A B S T R A C T   

The importance of building ventilation in avoiding long-distance airborne transmission has been 
highlighted with the advent of the COVID-19 pandemics. Among others, school environments, in 
particular classrooms, present criticalities in the implementation of ventilation strategies and 
their impact on indoor air quality and risk of contagion. In this work, three naturally ventilated 
school buildings located in northern Italy have undergone monitoring at the end of the heating 
season. Environmental parameters, such as CO2 concentration and indoor/outdoor air tempera-
ture, have been recorded together with the window opening configurations to develop a two-fold 
analysis: i) the estimation of real air change rates through the transient mass balance equation 
method, and ii) the individual infection risk via the Wells-Riley equation. A strong statistical 
correlation has been found between the air change rates and the windows opening configuration 
by means of a window-to-volume ratio between the total opening area and the volume of the 
classroom, which has been used to estimate the individual infection risk. Results show that the 
European Standard recommendation for air renewal could be achieved by a window opening area 
of at least 1.5 m2, in the most prevailing Italian classrooms. Furthermore, scenarios in which the 
infector agent is a teacher show higher individual infection risk than those in which the infector is 
a student. In addition, the outcomes serve school staff as a reference to ensure adequate venti-
lation in classrooms and keep the risk of infection under control based on the number of the 
students and the volume of the classroom.   

1. Introduction 

School buildings, due to their high occupancy density, deserve special attention in terms of Indoor Environmental Quality (IEQ), 
and in particular in terms of Indoor Air Quality (IAQ), to ensure the well-being of students and teachers as well as good performance [1, 
2]. Actually, several past studies have found a correlation between poor IAQ conditions in the classrooms and both a reduction in 
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learning performance [2,3] and an increase in health problems such as headaches, respiratory symptoms, asthma, etc., [4–6]. 
Building ventilation is mandatory to ensure proper IAQ levels since the replacement of exhaust air with fresh outdoor air dilutes the 

concentration of air pollutants harmful to human health [7]. Among the indoor air pollutants, CO2 is widely used to estimate the 
outdoor-indoor air exchanges in buildings, although it has some limitations [8]. In the past two decades, several studies monitoring 
CO2 concentrations in school buildings in different countries have pointed out low ventilation rates [9]. 

In Europe, the lack of ventilation is a common issue in naturally ventilated schools which constitute 86% of the scholastic building 
stock, as reported by the SINPHONIE project [10]. Furthermore, according to the document entitled “School Environment: policies and 
current status” [11] issued by the World Health Organization (WHO), the ventilation problem in the educational environment is 
accentuated during the cold months due to the lack of heating systems in these buildings. In fact, thermal comfort was considered a 
priority over ensuring adequate IAQ by teaching staff and pupils during these periods [12]. 

On the other hand, the COVID-19 pandemic has relied on building ventilation as the main measure to reduce the spread of the virus 
in indoor environments since its role in controlling long-distance airborne transmission -which is the dominant route of transmission 
[13]-, has been widely acknowledged [14]. 

Based on this, the Federation of European Heating, Ventilation and Air Conditioning Associations (REHVA) [15], in the absence of 
any ventilation standard related to the infection risk design criterion, has suggested referring to the European standards EN 
16798–1:2019 [16], assuming the indoor environmental category II for low polluted building (7 l/s per person + 0.7 l/s per m2) for the 
ventilation design of classrooms. Similarly, the WHO has recommended a minimum outdoor airflow value of 10 l/s per person 
(supplied through natural or mechanical ventilation) in the document “Roadmap to improve and ensure good indoor ventilation in the 
context of COVID-19” [17] for non-residential buildings. 

In this context, several studies have analyzed the effects of the COVID-19 pandemic on the IEQ of naturally ventilated classrooms. 
Some of them, have evaluated the air changes per hour (ACH) of different natural ventilation strategies through tracer gas mea-
surements, demonstrating that some window opening configurations are capable of both respecting the reference limits and drastically 
reducing the probability of airborne transmission [18–20]. However, the tracer gas method assesses the ACH during non-occupied 
periods setting fixed boundary conditions [21]. 

To date, there is still a lack of studies that address the impact of COVID-19 on ventilation conditions and its variations through time 
due to different window opening configurations and under variable occupancy periods. In this regard, the present research aims to 
address this breach of knowledge by presenting the assessment of the natural ventilation strategies implemented in real school 
classrooms of northern Italy during the winter of 2022, under COVID-19 measures. Besides, the correlation between the window 
opening configurations and the probability of infection is hereby presented as a novelty to the body of research. To do so, the ACH rates 
achieved by over-ventilating the classrooms are estimated through the Transient mass balance equation (TMBE) method which is 
suitable for assessing the ventilation performance variations in classrooms [21]. Then, an evaluation of the airborne infection risk was 
carried out to link the natural ventilation strategies with the relative probability of contagion. In addition, since studies on naturally 
ventilated schools under COVID-19 measures have shown internal temperatures below the thermal comfort (e.g., Refs. [22–24]), the 
thermal conditions that occurred during the investigation have also been checked. 

The soundness of this work relies on the monitoring of environmental parameters of classrooms, representative of the most pre-
vailing geometries within Italian school building stock, under over-ventilation strategies, during real occupancy and operation 
conditions. 

The paper is structured as follows: Section 2 presents the materials and methods followed to carry out the monitoring in the three 
schools and the description of the models to assess ACH rates and infection risk from the onsite collected data; Section 3 reports the 
results and discussion of the outcomes and confronts them with other works in the field; and Section 4 provides for the conclusions of 
the work and gives an overview of further lines of research. 

2. Materials and methods 

This section reports the steps followed to assess the impact of natural ventilation strategies implemented in real school classrooms 
in northern Italy. The methodology is presented in the following four sections: (i) description of the case-study school buildings; (ii) 
analysis of the collected data through the monitoring; (iii) determination of the air changes rates; and (iv) assessment of the infection 
risk. 

2.1. Case studies 

Considering the limited number of acquired sensors and their availability in proximity of the end of the heating season, the 
measurement was designed to be carried out consecutively in three schools in the city of Milan, foreseeing a contemporaneous 
comparison between two classrooms in the same building. The case-study buildings belong to the municipality of Milan and are 
naturally ventilated, as almost all school buildings, excluding very few recent buildings, in Italy. Two primary schools (A and B) and a 
secondary school (C) participated in the study. The case studies are representative of the most common classroom pattern of the Italian 
school stock, i.e., the one referred to the 85% of the existing buildings, built based on the approach adopted after the World War II, 
having a height of around 3 m and a floor surface around 50 m2, with a depth (walls perpendicular to the façade) between 6 and 7 m; 
the same range in depth is also common in the classrooms of the historical schools, in which, differently, the floor surface reveals a 
wider range, from 40 to 60 m2, and the height usually reaches 4.5 m [25]. Two classrooms were monitored in each school, namely 
hereafter as A1C and A4B (for a first year and a fourth-year classrooms of School A); B4A and B5C (for a fourth year and a fifth-year 
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classrooms of School B) and C3B and C3D (for two third-year classrooms of School C). Fig. 1 shows the location of the case studies in 
the city of Milan and Table 1 reports the main characteristics of the analyzed classrooms in each school. 

2.2. Data collection and assumptions 

The monitoring of the three schools was carried out for three different weeks at the end of the heating season between March and 
April 2022. Starting from school A, monitored from 12/03 to 18/03, school B and C were subsequently monitored from 19/03 to 25/03 
and from 31/03 to 06/04 respectively. Teachers were asked to declare any operation of the windows and changes in the occupancy of 
the classroom throughout the duration of the daily lessons. 

In each case, indoor air temperature, CO2 concentration, and outdoor air temperature were recorded on a sub-hourly basis for one 
week (i.e., including the weekend). As assumed also by other studies [26,27], the variation of the outdoor CO2 concentration was not 
measured, adopting a constant value of 400 ppm, which is also the value suggested by EN 16798-1 [16] in absence of measured data. It 
has to be noted that this is an approximation, because the external CO2 concentrations actually change depending on the location and 
on the variation of the environmental conditions during the day [28,29]. Another approximated assumption, also adopted in other 
studies [30,31], can be referred to the local wind data, which were assumed as not relevant and aleatory for single side openings’ 
spaces within the dense urban context of Milan. In fact, from all the available weather stations placed in the city, data on wind speed 
taken from the nearest weather stations to the surveyed schools, presented daily average values ranging between 1 m/s and 2.3 m/s 
during lesson hours [32]. As a matter of fact, and in line with other authors [27], since wind speed did not exceed 2 m/s over 79% of the 
whole measured time, wind speed and direction had a slight influence on the natural ventilation of the specific case studies. 

A description of the tools employed to record the data is provided in the following sections. 

2.2.1. Equipment to collect environmental parameters 
The measuring instrumentation was provided by Capetti Elettronica s.r.l. [33], composed of wireless dataloggers for registering 

environmental parameters every 10-min and sending them to the control unit (base station) for storage and generation of the dataset. 
The sensors used non-dispersive infrared (NDIR) technology to measure CO2 concentrations, and different transducers for recording air 
temperatures (NTC10KΩ for indoor air temperature, PT1000 for outdoor air temperature). A summary of the main characteristics of 

Fig. 1. Location of the case-study school buildings in the city of Milan.  
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the sensors used in the measurements is reported in Table 2. 
The measurement devices were installed in the three schools during non-occupation periods, so as not to interfere with the course of 

the lessons. Since it was not possible to place dataloggers over the occupied area of the classrooms, and given the limited availability of 
equipment, each classroom was equipped with two devices installed on the walls at the height of 1.5 m from the ground and away from 
radiators and windows, as recommended by EN ISO 16000–26 [34]: one on the blackboard wall and the other one on the opposite wall 
(Figs. 2, 3). For the assessment, the average values of the 10-min recordings of the two opposed dataloggers in each classroom were 
used in this study. Regarding the outdoor measurements, each school was equipped with two outdoor dataloggers installed in available 
protected spaces. Again, the average of the values recorded every 10 min for each pair of devices in each school has been assumed. 

2.2.2. Operation of windows 
The monitoring took place during the period under the recommendations of the Italian Government to ventilate the classrooms as 

much as possible, without precise indications, to avoid the spread of SARS-CoV-2 [35]. For this reason, in addition to the collection of 
environmental data, teachers were asked to record the operation of windows and the occupancy of the classroom for all the duration of 
the lessons and to transcribe the information into a table. The operation of the windows distinguished between full and partial opening, 
was aimed at evaluating the useful opening area during the survey. It was intended as “full opening” when the windowpanes (either 
one or the two of them) were opened at their maximum, while “partial opening” indicated that only part of a windowpane remained 
open (i.e., in tilt mode for tilt-and-turn windows or partly opened in sliding ones). Table 3 shows detailed information on the types of 
windows found in the classrooms and their operation modes. Window typologies are named with a letter (A, B, C, D) based on their 
opening style. Besides, Figs. 4, 5, 6, 7 provide for a graphical description and a picture of the real windows. 

To assess the impact of the window operation modes over the recorded indoor environmental parameters, an overall ratio referred 
to as window opening ratio Aw/Vc, between the total windows opening surface area Aw (m2) and the volume of the classroom Vc (m3) 
is calculated for each window opening configuration in the analyzed classrooms. Table 4 shows the resulting Aw/Vc ratios obtained, 
thanks to the information declared by the teachers during the whole measurement period. 

2.3. Model for the estimation of air change rates 

The Transient Mass Balance Equation (TMBE) is a method to estimate the air change rates of an indoor environment. To do so, it 
assumes the occupant-generated CO2 as a tracer gas, and can be used for dynamic occupancy patterns and for different times of the day 
[21,36]. According to this, the present work uses this method to evaluate the air change rates in the classrooms, following the example 
of other works in the field [23,27,30,31]. 

Considering an occupied classroom, the air change rates are evaluated based on the concentration of the CO2 entering the room, of 
the CO2 leaving the room, and of the CO2 generated by the people. Hence, the CO2 mass balance equation can be written as Eq. (1): 

V •
dC(t)

dt
=G + Q • Cout − Q • C(t) (1)  

where C(t) is the internal CO2 concentration measured at time t (Kg m− 3); Cout is the external CO2 concentration (Kg m− 3); G is the 
occupant generation of CO2 (Kg s− 1); Q is the internal-external airflow rate (m3 h− 1) and V is the volume of the classroom (m3). 

The mass balance equation of CO2 is a differential equation that can be solved by integrating it over a time interval Δt = t− t0 
resulting in Eq. (2): 

C(t)=Cout +
G

λ • V
+

(

C0 − Cout −
G

λ • V

)

• e− λ•Δt (2) 

Table 1 
Description of the main characteristics of the analyzed classrooms.  

Classroom N◦ of students Floor area [m2] Depth [m] Height [m] Volume [m3] 

A1C 20 49 7.0 2.9 142 
A4B 23 52 7.0 2.9 151 
B4A 24 50 6.2 3.0 150 
B5C 24 48 6.2 3.0 144 
C3B 20 49 6.0 3.2 157 
C3D 22 49 6.0 3.2 157  

Table 2 
Characteristics of the measurement equipment.  

Sensor ID Installation Variables Limit measurement range Accuracy Number 

WSD00TH2CO Indoor CO2 (PPM) 
Temperature (◦C) 

0 ÷ 5000 PPM 
− 10 ÷ +60 ◦C 

±50 PPM 
±0.2 ◦C 

4 

WSD12-THEE Outdoor Temperature (◦C) − 40 ÷ +80 ◦C ±0.1 ◦C 2  
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Fig. 2. Installation scheme of the indoor dataloggers.  

Fig. 3. Indoor placement of the internal dataloggers: on the wall opposite the blackboard (a), on the blackboard wall (b) (pictures referred to 
classroom B4A). 

Table 3 
Detailed description of window operation modes and useful opening areas in the classrooms.  

Classroom Window typology Number of windows Window useful opening area [m2] Full opening [m2] Partial opening [m2] 

A1C Type A 2 3.25 1.62 0.50 
A4B Type A 2 3.25 1.62 0.50 
B4A Type B 2 2.00 2.00 0.54 
B5C Type B 2 2.00 2.00 0.54 
C3B Type C 5 2.30 2.30 0.70 
C3D Type D 5 2.13 2.13 0.65  

Fig. 4. Shape and typology of the windows found in classroom A1C. Type A: tilt-and-turn windows with two casements.  

S. Ferrari et al.                                                                                                                                                                                                         



Heliyon 9 (2023) e19120

6

where λ is the air change rate (h− 1), given by the ratio between the internal-external airflow rate Q and the volume of the classroom V ; 
C0 is the internal CO2 concentration measured at time t0 (Kg m− 3); Δt is the time interval between the measure of C(t) and C0. 

For the derivation of Eq. (2) G, Q, and Cout were considered constant during the time interval Δt. 
To evaluate air change rates in the present study, Eq. (2) was solved iteratively with a numerical method written in Python [37], 

considering 10-min average values of the indoor CO2 concentrations recorded onsite (Δt = 10 min) and calculating the generation rate 
G on the basis of the presences recorded. 

For non-occupied periods G = 0, because there is no internal generation of CO2, and therefore Eq. (2) can be rewritten as Eq. (3), 
directly giving the air change rates in the interval Δt: 

λ=
3600
Δt

• ln
(

C(t) − Cout

C0 − Cout

)

(3)  

2.3.1. Input parameters 
C(t), C0, Cout, and G. 
To estimate C(t), C0, and Cout parameters, the data on the CO2 concentrations need to be expressed in Kg m− 3. Since the monitoring 

equipment recorded CO2 concentrations in part per million (PPM), Eq. (4) has been used to convert the data into the proper measure 
[27,38]: 

Fig. 5. Shape and typology of the windows found in classrooms B4A and B5C. Type B: Sliding windows.  

Fig. 6. Shape and typology of the windows found in classroom C3D. Type C: Tilt-and-turn windows with one casement.  

Fig. 7. Shape and typology of the windows found in classroom 3CB. Type D: Vertical pivot windows.  
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ρ(CO2)=
10− 6 • (CO2) • 12.187 • MCO2

273.15 + T(CO2)
(4)  

where ρ(CO2) is the density of the CO2 level measured (Kg m− 3); CO2 is the CO2 concentration level (ppm); MCO2 is the CO2 molecular 
mass (Kg); and T(CO2) is the temperature of the CO2 concentration (◦C). 

The calculation of the CO2 generation rate G, was done based on the children’s age, the body surface area, and the metabolic rate, 
using the formulas reported in the ASHRAE Handbook of Fundamentals [39], where the production of CO2 is related to the volume of 
the consumed oxygen (O2) as shown in Eq. (5): 

VO2 =
0.00276 • Ab • M
0.23 • RQ + 0.77

(5)  

where VO2 is the consumption rate of O2 (l s− 1); Ab is the surface area of the human body (m2); M is the metabolic rate (Met); RQ is the 
respiratory quotient, i.e., the ratio between the produced volume of CO2 and the consumed volume of O2, set as 0.83 [15]. Once VO2 is 
calculated, the CO2 generation rate G is evaluated with Eq. (6): 

G= 1.98 • RQ • VO2 (6)  

where 1.98 is the density of CO2 (kg/m3) at a temperature of 290 K. 
The surface area of the human body, Ab, was evaluated with the formula proposed by DuBois [40] which relies upon the age of the 

subject as can be seen in Eq. (7): 

Ab = 0.202 • Wb
0.425 • Hb

0.725 (7)  

where Wb is the body weight (Kgf), and Hb is the body height (m). 
Children’s height and weight were derived from the anthropometric data about European population in a school age reported in 

Ref. [41] using average values. The metabolic rate depends on the physical activity carried out by the subject. For children carrying out 
classroom activity (e.g., sitting quietly, studying, taking notes, and writing) a value of 1.4 Met can be used [42], while for adults that 

Table 4 
Window opening ratio over the classroom volume (Aw/Vc) for each window opening configuration declared by the teachers.  

Classroom Window typology Full opening windows Partial opening windows Aw/Vc [m− 1] 

A1C Type A 
Tilt-and-turn windows with two casements 

– 1 0.004 
1 1 0.015 

A4B – 2 0.007 
2 – 0.022 

B4A Type B 
Sliding windows 

– 2 0.007 
1 1 0.017 

B5C – 2 0.080 
1 1 0.018 

C3B Type C 
Tilt-and-turn windows with one casement 

– 1 0.004 
– 3 0.013 
– 4 0.018 
1 2 0.023 
2 2 0.038 
2 3 0.042 
4 1 0.062 

C3D Type D 
Vertical pivot windows 

– 1 0.004 
– 2 0.008 
– 3 0.012 
– 4 0.016 
1 3 0.025 
2 2 0.034 
3 1 0.043  

Table 5 
CO2 generation rates, G, calculated based on the age of the occupants and their metabolic rate.  

Classroom Age range Metabolic rate [Met] G per subject [cm3 s− 1] 

A1C 6–7 1.4 2.66 
A4B 9–10 1.4 3.38 
B4A 9–10 1.4 3.38 
B5C 10–11 1.4 3.71 
C3B 13–14 1.4 4.69 
C3D 13–14 1.4 4.69 
Teacher / 1.7 7.82  
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develop a combination of sitting, standing, and walking activities, it is suggested to use a value of 1.7 Met [43]. 
The CO2 generation rates G per subject, calculated with Eq. (6), range from 2.66 to 4.69 cm3 s− 1 for children and 7.82 cm3 s− 1 for 

the teacher (as reported in Table 5). These values are in line with those obtained in other similar studies: 3.34 to 5.89 cm3 s− 1 in 
Ref. [26]; 2.95 cm3 s− 1 (for children aged 6 to 7), 3.75 cm3 s− 1 (for children aged 9 to 10), 3.91 cm3 s− 1 (for children aged 10–11), 5.05 
cm3 s− 1 (for children aged 13 to 14), and 7.85 cm3 s− 1 (for adults) [36]. Hence, the values reported in Table 5 were multiplied by the 
number of people registered in the different time intervals Δt and then inserted in Eq. (2) to solve the mass balance equation of CO2. 

In Italy, the first regulation on air quality in school buildings dates back to 1975 [44], reporting different ACHs depending on the 
order of the school. Alternatively, the recent European Standard EN 16798 [16] bases the required air renewal on the number of people 
per classroom surface area, while the WHO [17] relies on the number of people. Hence, to compare the air change rates obtained in the 
case studies with the ones stated by the three documents 2.3, a compilation of the calculated limit values in resulting ACH rates (h− 1) 
for each analyzed classroom is presented in Table 6. 

2.4. Model for the estimation of the infection risk 

The Wells-Riley equation [45] is a commonly used method to quickly assess the airborne infection risk in indoor environments 
assuming a steady-state and well-mixed airborne pathogen concentration [46]. This model is based on the concept of the “number of 
quanta”, which is a hypothetical infectious dose that can infect susceptible people (as detailed in the next section 2.4.1). It considers 
that the infectious particles in the air follow the Poisson distribution, so the risk of infection P (probability of being infected) is given by 
Eq. (8): 

P=
C
S
= 1 − e

−

(
I•q•p•t

λ•V

)

(8)  

where C is the number of cases that develop the infection; S is the number of susceptible people; I is the number of infectors; q is the 
quanta emission rate of one infector (quanta h− 1); p is the pulmonary ventilation rate (m3 h− 1); t is the time of exposure (h); λ is the air 
change rate (h− 1); and V is the room volume (m3). 

2.4.1. Quanta emission rate 
The quanta emission rate of an infector is a critical parameter to evaluate in the Wells-Riley equation. 
This study adopts the approach proposed by the authors of [47] which bases the estimation of the quanta emission rate on the viral 

load in the expiratory particles. The viral load model assumes that the droplets emitted by the infector have the same viral load in the 
sputum. Therefore, knowing the concentration of the virus in the sputum and the quantity of droplets emitted (which are different for 
each expiratory activity), the quantum emission rate q could be evaluated through a mass balance equation as shown in Eq. (9) [48]: 

qj =Cv • Ci • p •
∑4

i=1

(
Ni,j • Vi

)
(9)  

where Cv is the viral load in the sputum (RNA copies mL− 1); Ci is the conversion factor defined as the ratio between one infectious 
quantum and the infectious dose expressed in viral RNA copies (quanta per RNA copies) (i.e., it represents the probability of a pathogen 
surviving inside the host to initiate the infection; thus Ci = 1 implicitly assumes that infection will occur for each pathogen received by 
the exposed people); Ni is the droplet concentration with the i-th droplet diameter (part. cm− 3); Vi is the volume of the i-th droplet 
diameter. Since different expiratory activities lead to different droplet size distributions, j indicates the expiratory activity carried out 
by the infected person. 

The viral load in the sputum Cv for SARS-CoV-2 patients, was measured from past studies reporting values between 103-1011 RNA 
copies mL− 1 for both symptomatic and asymptomatic people [49]. Furthermore, during the course of the disease this value changes in 
the same patient [50], and typically reaches values between 108 and 109 RNA copies mL− 1 [51–53]. 

2.4.2. Simulated scenarios 
The present study assesses the individual infection risk of susceptible subject exposed in classroom environments in the presence of 

an asymptomatic SARS-CoV-2 infected subject. To that aim, the probability of infection P was calculated through Eq. (8), considering 
the presence of one infector (I = 1). Two main scenarios were evaluated: i) scenario 1, with an infected student in a resting condition; 
and ii) scenario 2, with an infected teacher in a standing condition. In the first case, the considered exposure time t, entails the entire 

Table 6 
Minimum air change rates in resulting ACH rates (h− 1) set by the different regulative documents for the analyzed classrooms.   

Analyzed classrooms 

Regulation A1C A4B B4A B5C C3B C3D 

DM 1975 [44] 2.5 2.5 2.5 2.5 3.5 3.5 
EN 16798 [16] 4.2 4.7 4.8 5.0 4.0 4.2 
WHO [17] 4.8 5.5 5.7 6.0 4.5 4.9  
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duration of the lessons (7 h for school A and B, since in both cases only 1 h was excluded due to the lunch time; and 5 h for school C), 
while in the second case, t was assumed as 2 h of lessons. In both cases, for the pulmonary ventilation rate p, values estimated in 
Ref. [54] were used. 

In a further step, the quanta emission rate q was evaluated through Eq. (9), using an average value of the viral load in the sputum 
(Cv = 1 × 108 RNA copies mL-1), and Ci equal to 0.02 quanta RNA copies− 1 (corresponding to the average value of the infectious doses 
reported for SARS-CoV-2 in Ref. [55]). 

Since different expiratory activities, i.e., oral breathing and speaking, lead to different droplet size distributions [48], to consider 
realistic scenarios an average value of q was considered taking into account both expiratory activities. Thus, in scenario 1, breathing 
activity was considered to last 80% of the time, with a remaining 20% for speaking activity, while, in scenario 2, both activities 
endured 50% of the time. Table 7 reports a detailed explanation of the considered scenarios. 

To set a limit value for the probability of infection P, an acceptable individual infection risk was estimated. According to Ref. [56], 
to keep the infection under control, it is essential to set a limit value for the basic reproduction number R0 which, in presence of only 
one infectious individual (I = 1), is defined as Eq. (10): 

R0 =P • S (10) 

Since the same authors have set a limit value of R0 < 1 for SARS-CoV-2, the acceptable individual infection risk could be estimated 
based on the maximum number of people expected in the classroom [57]. Thus, Eq. (11) has been used to set a limited probability of 
infection Plimit (hereafter referred to as individual infection risk) for each classroom, as reported in Table 8: 

Plimit =
1

max. occupation in classroom
(11)  

3. Results and discussion 

The results of this study are structured in the following three sections: Section 3.1 shows the results of the monitored parameters 
crossed with the occupation of the classrooms and the operation of the windows; Section 3.2 presents a statistical comparison between 
the air change rates obtained by the proposed model and the windows opening configurations; and Section 3.3 displays the infection 
risk evaluation in the analyzed classrooms based on the air change rates obtained through the different windows opening 
configurations. 

3.1. Effect of windows operation on the indoor parameters of the analyzed classrooms 

Fig. 8 reports a typical week of measurement in one of the monitored classrooms, as an example, where the indoor parameters 
recorded by dataloggers 1 and 2 are plotted. It can be observed that values have followed very similar trends. In particular, the CO2 
concentration during the unoccupied period of the weekend reveals almost the same value. Since this period is not affected by indoor 
CO2 generation, the recorded values, slightly higher than 400 PPM, support the outdoor standard value assumption as a first 
approximation for this study. 

More in detail, Fig. 9 (A, B) reports the absolute differences between the data recorded by the two data sensors in each classroom. 
The average CO2 concentration differences set at 36 PPM, 69 PPM, 68 PPM, 148 PPM, 32 PPM, and 54 PPM for classrooms A1C, A4B, 
B4A, B5C, C3B, and C3D, respectively. For what concerns the indoor air temperature, the average differences stay in 0.34 ◦C, 1.93 ◦C, 
0.86 ◦C, 0.20 ◦C, 0.41 ◦C, and 0.91 ◦C by the same order for each of the analyzed classrooms. 

Considering that the accuracy of the sensors stays between ±50 PPM and ±0.2 ◦C, no significant spatial variations of the pa-
rameters were detected. Hence, within the limits of having only two detection points, it is assumed that the condition of well-mixed air 
stated by the Wells-Riley equation is fulfilled. 

3.1.1. CO2 concentration and indoor air temperature 
Figs. 10, 11, and 12 plot together the sub-hourly variation of CO2 concentrations and indoor air temperature for the different 

window opening ratios Aw/Vc obtained in each classroom during the occupied periods (i.e., from 8:30 a.m. to 16:30 p.m. in schools A 
and B, and from 8:10 a.m. to 13:10 p.m. in school C). The periods where the classrooms were empty (e.g., due to moving the children to 
the dining hall, the garden, or the gym) have been marked in the charts as “no occupation”. The standard regulation for IAQ [16] states 
that for cases in which no data on outdoor CO2 concentrations is available, the quality of indoor air can be considered acceptable 
whenever indoor CO2 concentrations set under a difference of 800 PPM with respect to an assumed outdoor value of 400 PPM. 

Table 7 
Detailed description of the simulated scenarios.   

Scenario 1 (Infected student) Scenario 2 (Infected teacher) 

Activity Resting (20% speaking, 80% breathing) Standing (50% speaking, 50% breathing) 
Pulmonary ventilation rate 0.41 [m3/h] 0.60 [m3/h] 
Exposure time 5-7 [h− 1] 2 [h− 1] 
Quanta emission rate 8.12 [quanta h− 1] 25.40 [quanta h− 1]  
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Accordingly, a CO2 concentration limit of 1200 PPM was set in the charts as a reference for IAQ assessment. It must be noted that the 
small CO2 oscillations reported in the charts are likely due to short openings of the windows or temporary leaving of the classroom by 
some pupils that were omitted by the teachers in the compilation of the declaration tables. 

For what regards the observations on indoor air temperatures, the static range between 20 and 24 ◦C reported in the EN 
16798–1:2019 for category II [16] has been assumed as a reference for thermal comfort. 

Table 8 
Individual infection risk limit Plimit obtained in each analyzed classroom.  

Classroom Maximum occupation Plimit [%] 

A1C 21 4.7 
A4B 23 4.3 
B4A 24 4.2 
B5C 24 4.2 
C3B 20 5.0 
C3D 22 4.5  

Fig. 8. Example of CO2 concentration and indoor air temperature measurements in two points of a classroom (B4A).  

Fig. 9. Absolute differences on CO2 concentration (A) and indoor air temperature (B) between the dataloggers in each classroom.  
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3.1.1.1. School A. From Fig. 10 it can be observed that, during the monitored period to which School A was submitted, outdoor air 
temperatures ranged between 8 ◦C and 17 ◦C throughout the occupied period of the building. In this school, students left the class-
rooms to go to the dining hall during the lunch break, hence classroom A1C was empty from 11:30 p.m. to 12:30 p.m. and classroom 
A4B from 13:30 p.m. to 14:30 PM. 

In classroom A1C, one of the windows was left partially open (top-hung inward opening) during the lessons, while the other 
window was intermittently fully opened (side-hung inward opening) reaching seldom window opening ratios of 0.004 m-1 and 0.015 
m-1, respectively. The classroom door was declared to be opened most the time. Indoor CO2 concentrations exceeded the limit set by 
the standard [16] only on two days of the week for a total of 3.43% of the lesson hours. The recorded internal air temperature remained 
around 21 ◦C, setting within the established thermal comfort range [16]. On the other hand, in classroom A4B, the window operation 
did not follow a continuous and homogeneous pattern, remaining completely closed 48% of the time. In addition, the door was 
declared as kept closed most of the time. CO2 concentrations set over 1200 PPM around 33% of the time, with a maximum peak of 2150 
PPM. The indoor air temperature was always within the range of thermal comfort, with an average value of 23 ◦C. 

Fig. 10. Trend of indoor CO2 concentration (CO2), indoor air temperature (Tin), outdoor air temperature (Tout), and window opening ratios (Aw/ 
Vc) during the occupied period in School A classrooms A1C (A) and A4B (B). 
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3.1.1.2. School B. The monitoring of School B took place under outdoor air temperature oscillations between 8 ◦C and 21 ◦C. The 
window opening configurations foresaw a constant partial opening of the two windows, alternating with the full opening of one of the 
windows, reaching Aw/Vc values of 0.007 m-1 and 0.017 m-1 in classroom B4A and values of 0.008 m-1 and 0.018 m-1 in classroom 
B5C. The doors were declared as open most of the time. Furthermore, the classrooms were already equipped with CO2 sensors that 
warned the necessity of air exchange via a red light whenever the internal CO2 concentration settled between 800 and 1000 PPM. In 
this case, the lunch break, lasting from 12:30 p.m. to 14:30 p.m., was made in the classroom because no dinning hall was present in the 
building. The classrooms remained empty for the hours in which students had music and gymnastics lessons, or due to breaks in which 
they went out to the school garden. 

CO2 concentrations in classroom B4A never reached the stated limit of 1200 PPM. Actually, the peaks of CO2 concentrations only 
reach values slightly above 1000 PPM, as can be seen from Fig. 11. This is thanks to the correct use of the CO2 sensors that were already 
available in the classrooms, where upon reports of excessive CO2 concentrations, the teachers operated additional windows for a few 
minutes to induce air renovation. During the reported days, average daily indoor air temperatures fell within 21–23 ◦C. In classroom 
B5C, an average CO2 concentration of 954 PPM was observed, punctually exceeding the limit in three days for only 5.31% of the lesson 

Fig. 11. Trend of indoor CO2 concentration (CO2), indoor air temperature (Tin), outdoor air temperature (Tout), and window opening ratios (Aw/ 
Vc) during the occupied period in School B classrooms B4A (A) and B5C (B). 
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hours. The presence of the CO2 sensor alerting of excessive levels of CO2 can be observed too, resulting in a timely opening of the 
windows. Daily average values of indoor air temperature stayed between 20 and 23 ◦C. Fig. 11 shows the recorded data related to 
school B. 

3.1.1.3. School C. School C was monitored under outdoor air temperature variations from 8 ◦C to 15 ◦C. As in the other two schools, 
some windows remained partially open during the lessons while others were intermittently fully opened. Students had two breaks of 
10 min after the second and the fourth hour that was spent in the classroom to avoid crowding the corridors. 

Both classrooms C3B and C3D present similar indoor conditions as shown in Fig. 12. The CO2 concentration limit was never 
reached, with average CO2 concentrations of 694 PPM and 753 PPM recorded in classroom C3B and C3D, respectively. For what 
concerns the indoor air temperature, thermal comfort was ensured most of the time with average values between 21 and 22 ◦C. 

In general, it can be observed that all the strategies have guaranteed CO2 concentration below the limit established in the Standard, 
with infrequent peaks slightly higher than 1200 PPM, in the three case studies. The worst situation was found in classroom A4B, where 
several peaks of CO2 concentration up to 2150 PPM were spotted. Indeed, that classroom reported the lowest weekly average window 

Fig. 12. Trend of indoor CO2 concentration (CO2), indoor air temperature (Tin), outdoor air temperature (Tout), and window opening ratios (Aw/ 
Vc) during the occupied period in School C classrooms C3B (A) and C3D (B). 
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opening ratio, with several hours in which windows remained closed and with the door closed most of the time. Notwithstanding this, 
the weekly average CO2 concentration in this classroom (1062 PPM) stayed under the limit, and only 30% of the lesson hours were 
characterized by values beyond the limit. Table 9. Week specific values for each classroom. Table 9 shows a summary of the 
measurements. 

Similar results were obtained in Refs. [20,22–24,58], where monitoring was carried out in schools during the context of COVID-19 
pandemics. As in this study, the consequence of having adopted international guidelines to over-ventilate school buildings has led to 
record indoor CO2 concentrations well below the limit established by the Standard, with daily average values ranging between 600 and 
1100 PPM. 

From the charts in Figs. 10, 11, and 12 it can be said that the effect of the COVID-19 pandemics, which brought about greater 
awareness in indoor air quality, had a positive effect in terms of indoor CO2 concentrations (that were found to be lower than expected) 
due to the increase of the windows opening during the end of the heating period in Milan, without affecting the average indoor thermal 
comfort, excluding the possible local discomfort of the pupils placed near the windows. Despite the recording of weekly average values 
of CO2 concentrations ranging between 694 and 1062 PPM, indoor air temperatures stayed within 21–23 ◦C while average outdoor 
temperatures fluctuated from 12 ◦C to 15 ◦C. Differently, in Refs. [22,24], up to 80% of the lesson hours were found to be in thermal 
discomfort, with average indoor air temperature values of 18 ◦C due to low outdoor air temperatures (weekly average values between 5 
and 7 ◦C). Likewise, in Ref. [58], though at a lower extent, 18-11% of lesson hours were found to be in thermal discomfort, with weekly 
outdoor air temperatures in the range of 9–12 ◦C. 

Certainly, the thermal and energy aspects of naturally ventilated heated schools remain to be properly investigated. For instance, a 
study carried out in 9 schools in Pamplona (Spain) during January 2021 found a 31% of increase in heating energy consumption 
compared to the same month before the outbreak of the pandemics. This was due to an increase in the use of heating to obtain adequate 
indoor temperatures beside the natural over-ventilation of the classrooms [24]. 

3.2. Air change rates 

Air change rates are assessed through Eq. (2) for occupied periods and Eq. (3) for non-occupied periods during the lesson hours. In 
the following, daily values of ventilation rates are evaluated. Table 10 reports a comparison between the daily air change rates ob-
tained in the classrooms and the corresponding air change rates prescribed in the technical regulations (see Section 2.3.2, Table 6). 

As can be seen from Table 10, the air change rates set in the Italian regulation [44] are always satisfied, with values up to three 
times higher than those required. On the contrary, the values prescribed by the Standard EN 16798-1 [16] and by the WHO [17] in case 
of pandemics, are not always fulfilled. 

Classroom A4B, with daily average window opening ratio between 0.004 and 0.008 m-1, results in daily air change rates under 4 
ACH, staying below the values recommended by the Standard [16]. In fact, since the windows remained closed during part of the 
lessons together with having the door closed most of the time, cross-ventilation was not allowed. However, in classrooms where doors 
have been left open most of the time, and with slightly higher window opening ratios (between 0.007 and 0.010 m-1), air change rates 
ranged between 4 and 6 ACH. Despite this, the observed window opening ratios are not always sufficient to guarantee the air change 
rates of the Standards. Actually, in classrooms B4A and B5C that count with 24 students, the Standard values are not respected for most 
of the week, while classroom A1C with 19 students almost always fulfills the Standard [16]. With even higher window opening ratios 
(from 0.016 m-1 to 0.026 m-1), air change rates up to 12 h− 1 are reached, also achieving 10 l/s pp recommended by the WHO in case of 
pandemic [17]. 

It has to be noted that the obtained ACH rates are conservative, compared to typical winter conditions, because they are derived 
from a survey carried out at the end of the heating season, where an average indoor-outdoor temperature difference of about 9 ◦C was 
found. In fact, with the same opening ratio, an increase in temperature difference leads to an increase in the incoming air flow rate. On 
the other hand, larger temperature differences negatively affect indoor thermal comfort leading to an overuse of the heating system. 

More in general, it should be mentioned that neither the uncertainty about the level of accuracy of the information provided by the 
teachers nor the possible effect of the air entering from interzones, i.e., at the corridors conditions, are accounted for by the obtained 
results as these two aspects cannot be detailed through the assumed model (TMBE). 

3.2.1. Air change rates with different window opening ratios 
Comparing the frequency distribution of the air change rates obtained for each window opening configuration in the classrooms, a 

statistical correlation with the window opening ratio (Aw/Vc) was found. The linear regression was defined with the average air 
change rates obtained by the window opening ratio registered in the classrooms (Fig. 13). In addition, the values within the 2nd and 
the 3rd quartile of the respective frequency distribution were also plotted. The results confirm that the more the increase in window 
opening ratio, the more the air change rates increase, as also found in Ref. [27]. The observed regression presents a strong statistical 
correlation, accounting the previously mentioned uncertainties of the study, between the air change rates and the window opening 
ratio, with an R2 of 0.88. Looking at Fig. 13, a typical classroom with a 50 m2 surface, a 150 m3 volume and an occupation of 25 
individuals, would need an average window opening ratio of almost 0.01 m-1 (corresponding to 1.5 m2 of window opening area), to 
respect a ventilation rate of 5 ACH required for this case in the standard EN 16798 [16]. 

It has to be noted that the variations of ACH rates around the average value of each window opening ratio can refer to the variation 
of outdoor conditions [59], in this case limited to average outside temperatures between 11 ◦C and 15 ◦C. Also, the wind speed and 
direction variation, despite less relevant for single-sided ventilated spaces placed in the dense urban context of Milan, can have some 
impact. 
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3.3. Individual infection risk 

This section presents the evaluation of the individual infection probability obtained in the analyzed classrooms and the impact of 
the different window opening configurations over the potential infection of susceptible people present in the same space. 

3.3.1. Weekly individual infection risk 
The individual infection probability was evaluated through Eq. (8), using the average weekly air change rates and the volume of 

each classroom. Fig. 14 presents the results of the individual infection probability P for each classroom in the simulated scenarios. As 
can be seen from the chart, Scenario 2 (i.e., with an infected teacher) provides a slightly higher risk of infection than Scenario 1 (i.e., 
with an infected student), even if the exposure time is smaller in the first case. This result was expected since the quanta emission rate 

Table 9 
Week specific values for each classroom.   

Unit A1C A4B B4A B5C C3B C3D 

Maximum occupation [pp] 19 23 24 24 20 22 
Volume [m3] 142.10 150.22 150.90 142.80 159.09 160.00 
CO2 concentration (CO2)        
Maximum [PPM] 1446.55 2149.00 1111.30 1375.70 1145.00 1101.00 
Average [PPM] 769.47 1062.07 835.21 953.70 694.00 753.00 
Minimum [PPM] 441.55 412.25 519.05 621.45 498.00 450.00 
Standard deviation [PPM] 191.50 392.08 137.74 145.30 116.11 193.16 
Window opening ratio (Aw/Vc)        
Maximum [m− 1] 0.015 0.022 0.010 0.010 0.062 0.043 
Average [m− 1] 0.009 0.006 0.010 0.010 0.017 0.017 
Minimum [m− 1] 0.004 0.000 0.009 0.009 0.004 0.010 
Standard deviation [m− 1] 0.010 0.007 0.000 0.000 0.004 0.007 
Average indoor air temperature (Tin) [◦C] 21.42 23.16 21.52 21.82 21.16 22.55 
Average outdoor air temperature (Tout) [◦C] 12.85 12.55 15.74 15.21 11.93 11.70 
Average ΔT (Tin-Tout) [◦C] 8.39 10.43 6.31 6.24 9.42 11.36 
CO2 > 1200 PPM [%] 3.27 33.06 0.00 5.31 0.00 0.00  

Table 10 
Daily window opening ratios (Aw/Vc) obtained in the classrooms and related air change rates. Comparison with Standards and recommendations.  

Classroom Occupation Volume Day Aw/Vc ACH Comparison with Standards and recommendations 

DM 1975 [44] EN 16798 [16] WHO [17] 

A1C 19 142.1 Monday 0.009 5.0 ✓ ✓ ✓ 
Tuesday 0.007 3.2 ✓ ✕ ✕ 
Wednesday 0.007 5.1 ✓ ✓ ✓ 
Thursday 0.009 5.2 ✓ ✓ ✓ 
Friday 0.010 5.4 ✓ ✓ ✓ 

A4B 23 150.2 Monday 0.005 3.3 ✓ ✕ ✕ 
Tuesday 0.008 3.4 ✓ ✕ ✕ 
Wednesday 0.007 3.7 ✓ ✕ ✕ 
Thursday 0.006 2.8 ✓ ✕ ✕ 
Friday 0.004 3.1 ✓ ✕ ✕ 

B4A 24 150.9 Monday 0.009 4.6 ✓ ✕ ✕ 
Tuesday 0.009 4.4 ✓ ✕ ✕ 
Wednesday 0.010 4.3 ✓ ✕ ✕ 
Thursday 0.010 5.0 ✓ ✓ ✕ 
Friday 0.010 6.7 ✓ ✓ ✓ 

B5C 24 142.8 Monday 0.010 4.9 ✓ ✕ ✕ 
Tuesday 0.010 4.4 ✓ ✕ ✕ 
Wednesday 0.009 4.0 ✓ ✕ ✕ 
Thursday 0.010 4.2 ✓ ✕ ✕ 
Friday 0.010 5.1 ✓ ✓ ✕ 

C3B 20 159.9 Thursday 0.016 9.7 ✓ ✓ ✓ 
Friday 0.019 9.5 ✓ ✓ ✓ 
Monday 0.023 12.9 ✓ ✓ ✓ 
Tuesday 0.023 7.6 ✓ ✓ ✓ 
Wednesday 0.018 12.9 ✓ ✓ ✓ 

C3D 22 160.0 Thursday 0.026 10 ✓ ✓ ✓ 
Friday 0.021 10.1 ✓ ✓ ✓ 
Monday 0.019 7.2 ✓ ✓ ✓ 
Tuesday 0.010 5.4 ✓ ✓ ✓ 
Wednesday 0.011 4.3 ✓ ✓ ✕ 

✓ limit respected; ✕ limit not respected. 
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expired from a speaking adult subject for 50% of the time is much higher than a breathing pupil subject for 80% of the time, and it is in 
line with the results of other authors [60]. The risk of infection decreases progressively as the air change rates increase, passing from a 
value of 5.98% with 3.27 ACH to a value of 1.79% with 10.50 ACH. 

Table 11 reports a comparison of the obtained individual infection probability in the classrooms with the recommended limit Plimit. 
It can be observed that obtained the weekly air change rates are not always enough to set the contagion under control. A value of 3.27 
ACH is not sufficient in any of the two scenarios considered, while a value of 4.52 ACH is enough in Scenario 1. From this analysis it can 
be concluded that at least 5 ACH should be guaranteed in the classroom to keep the risk of contagion under control. 

3.3.2. Infection risk related to the window opening ratio 
The equation of linear regression that relates the air change rates and the window opening ratio reported in Fig. 15 is used to define 

a correlation between them and the individual infection probability P. To that aim, the following system of equations shown in Eq. (12) 
was used, and the results can be observed in Fig. 15. 

⎧
⎪⎨

⎪⎩

λ = 227.26
Aw

Vc
+ 3.11

P = 1 − e
−

(
I•q•p•t

λ•V

) (12) 

Since the individual infection risk also depends on the volume of the room (V), a range of classroom volumes were considered 
starting from a minimum of 120 m3 (considering a small class of 40 m2 and a height of 3 m) up to a maximum of 270 m3 (considering a 
large class of 60 m2 and a height of 4.5 m). Again, the two scenarios previously considered are hereafter assessed too, with a single 
difference in Scenario 1 (i.e., with an infected student), where 5 h of consecutive exposure were considered, assuming a continuous 

Fig. 13. Impact of window opening ratio (Aw/Vc) on air change per hour.  

Fig. 14. Comparison of individual infection probability (%) of Sars-CoV-2 for Scenario 1 (i.e., with an infected student) and Scenario 2 (i.e., with an 
infected teacher). 
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school day. In addition, different limit values for individual infection risk have been marked in the chart, based on regular numbers of 
people that may be present in a classroom, to wit 30, 25, 20, and 15 individuals. 

As expected, the higher the window opening ratios, the higher the air change rates, and the lower the individual infection prob-
ability. Furthermore, in accordance with the Wells-Riley equation, the higher the volume of the classroom, the lower the concentration 
of the virus, resulting in a lower individual infection probability. In fact, after a certain amount of supplied fresh air, it is possible to 
achieve a small reduction in the individual infection risk, which is in line to what reported in a recent study [54]. This can be seen in 
Fig. 15, where after a certain value, the individual infection risk series becomes a horizontal asymptote as the window opening ratio 
increases. The recommended individual infection risk limits (marked with black dashed lines) confirm that the greater the number of 
susceptible people, the greater the window opening ratio should be to guarantee a risk infection under the recommended limit. 

In line with the results obtained in Section 3.3.1, Scenario 2 (i.e., with an infected teacher) brings to higher individual infection 
probability than Scenario 1 (i.e., with an infected student) where, for classrooms bigger than 170 m3, the recommended individual 
infection risk limits are not overcome. In fact, Scenario 2 always surpasses the recommended individual infection risk limits. For 
instance, considering a classroom with 25 individuals, window opening ratios of 0.015 m-1, 0.007 m-1, 0.003 m-1, are required for a 
volume of 120 m3, 170 m3, and 220 m3, respectively (these window opening ratios correspond to 1.8 m2, 1.2 m2, and 0.6 m2 of window 
opened area, respectively). If the number of individuals is reduced, these values decrease as well. In line with the results of previous 
sections, the airborne transmission probability of an infected student is lesser than that of an infected teacher, even if the time of 
exposure is more than two times higher. Thus, the chart in Fig. 15 could serve school staff to know when and how much they need to 
open the windows based on the classroom volume and the number of students present to avoid the risk of contagion. 

4. Conclusions 

The paper presents a protocol for evaluating the impact of natural ventilation strategies in school environments over the IAQ of the 
classrooms and the risk of contagion among the teacher and the pupils. It presents the analysis of results obtained from a short-term 
monitoring carried out at the end of the heating season in three naturally ventilated school buildings in a northern Italian urban 
context, under the measures of over-ventilation of indoor spaces due to the COVID-19 pandemic. CO2 concentrations, besides indoor 
and outdoor air temperatures, were recorded and used to estimate real air change rates in the analyzed classrooms, correlated to 
different window operation strategies declared by the occupants. The study delves on the impact of these ventilation rates on the IAQ 
and reports an innovative method to assess infection risk based on the window opening ratio. 

Table 11 
Comparison between the individual infection risk (%) and the recommended individual infection risk limit (%).  

Classroom Number of susceptible individuals Aw/Vc [m− 1] ACH [h− 1] P Scenario 1 [%] P Scenario 2 [%] Plimit [%] 

A1C 20 0.008 4.8 3.35 4.33 5.00 
A4B 22 0.006 3.3 4.64 5.98 4.55 
B4A 23 0.010 5.2 3.04 3.93 4.35 
B5C 23 0.010 4.5 3.54 4.57 4.35 
C3B 19 0.020 10.5 0.99 1.79 5.26 
C3D 21 0.017 7.4 1.40 2.52 4.76  

Fig. 15. Individual infection probability (%) as a function of the window opening ratio (Aw/Vc) and different classroom dimensions. Dashed lines 
represent Scenario 1 (i.e., with an infected student), while continuous lines represent Scenario 2 (i.e., with an infected teacher). 
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Accepting the assumptions and uncertainties detailed in the description of the study, and being aware that only 6 case studies have 
been assessed, the following outcomes can be highlighted:  

• Despite the limitations of the Wells-Riley equation, which rely on the well-mixed hypothesis for the spread of the virus, the very 
similar trends of the recorded data from two opposite walls of the considered spaces guarantee the use of the model as a useful tool 
to quickly assess infection risk scenarios in classrooms.  

• The collected data on indoor parameters suggest that CO2 concentrations remained below the levels suggested by the European 
standard, with weakly average values between 694 and 1062 PPM.  

• The recommended daily air change rates by the Italian regulation were always satisfied, whereas the values reported in the EN 
16798-1 standard (about 5 ACH for a standard classroom with a 50 m2 surface, a 150 m3 volume and an occupation of 25 in-
dividuals) were not achieved unless the window opening ratio of the classroom reached 0.010 m-1.  

• As observed, to maintain the individual risk of infection under the recommended limits, an air change rate of 5 ACH is needed for 
the worst scenario where the infector agent is the teacher.  

• A strong statistical correlation (R2 = 0.88) was found between the window opening ratio and the air change rates. 

Moreover, the generated graph representing the defined correlation between the individual infection probability and the window 
opening ratio could serve a school staff of similar contexts (in terms of climate, classrooms pattern, and dense urban site with negligible 
presence of wind) to define, in first analysis, a natural ventilation strategy that both provides adequate ventilation and controls 
airborne transmission based on the classroom volume and the number of individuals.Finally, for what regards the thermal conditions, 
as the monitoring was carried out at the end of the winter season, the indoor temperatures recorded during lesson hours were found to 
be acceptable, settled within the range of 21–23 ◦C, with outdoor temperatures within 12–15 ◦C, while having the heating system 
activated and opened windows. However, external temperatures typical of the winter season of the considered climatic context would 
have negatively influenced thermal comfort leading to an overuse of the heating system. As far as the results obtained are concerned, 
with the same opening of windows, the lowering of the external temperatures would have led to an increase in the air flow. Having 
therefore verified the ventilation conditions at the end of the winter season, this study provides conservative ACHs and windows 
opening values to guarantee standard levels of IAQ in classroom. 

Anyway, in the current context towards greater energy efficiency of buildings, considering the implementation of mechanical 
ventilation systems with heat recovery remains a key option to properly control both IAQ and thermal comfort in indoor school spaces. 

The findings reported in this study should be considered in the light of some limitations. Since the empirical results obtained are 
based on a few classrooms, with similar layout and floor area, the extension of the outcomes in other classroom configurations should 
be applied with caution. Besides, as it is well known in the scientific literature, the opening type, size, and position of windows, as does 
the room layout, affect the amount of incoming fresh air. Analyzing the collected data on an average basis, only based on the window 
opening ratio of the selected case studies, the influence of these parameters does not emerge in the results. 

Another limitation is not having measured wind speed and direction in the close vicinity of the windows of the studied classrooms. 
Indeed, the wind data taken from close weather stations are valid within a nearby area. These parameters could vary due to obstacles 
and the morphology of surrounding constructions, especially in urban contexts. However, while recording local values entails a more 
detailed analysis when calculating ventilation rates, it also restricts the validity of the results to the individual case study, limiting a 
wider replication. Indeed, this paper was aimed at providing results that could be assumed as a first reference by school staff, without 
having to worry about opening the windows according to their typology and the specific outdoor wind conditions at each time step. 

Future research could adopt the proposed method increasing the number of case-study classrooms (other layout, floor area, opening 
type, and size and position of windows) and extending the period of measurement to rigid winter conditions. For more detailed 
evaluations, the real time external CO2 concentrations should be recorded together with an increase of the number of indoor mea-
surement points. The method could also be implemented by considering detailed wind data recorded in the close vicinity of the 
windows of the case studies, and extending the assessment to other urban contexts where wind effect may be significant, also by 
accounting the possible interzones transport of air and CO2 to explore its contribution. 
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