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The relationship between ventilation rates in schools and the
indoor airborne transmission potential of COVID-19
Seamus Harrington a, Mark Mulville a and Spyros Stravoravdis b

aSchool of Surveying and Construction Innovation, TU Dublin, Dublin, Ireland; bSchool of Architecture, University of
Liverpool, Liverpool, UK

ABSTRACT
The requirement for natural ventilation strategies in classrooms to
perform in respect to both their inherent and adaptive capacity is
necessary to mitigate the risk of transmission associated with infectious
airborne pathogens such as COVID-19. This paper assesses the
performance of ten classrooms considering (a) the designed versus
actual ventilation capacity; (b) the probability of airborne disease
transmission by unit time resulting from calculated ventilation rates and
(c) the reduction of transmission risk associated with mask wearing by
all occupants. Monitored air changes per hour (ACH) range from 0.26–
1.7, demonstrating that none of the classrooms meet designed
ventilation rate whilst in operation. If the designed ventilation rate of 5
ACH were to be achieved, it would represent an infection risk of less
than 1% during standard class durations and 5% over an 8-hour school
day. The minimum achieved ventilation rate represents an infection risk
of 7–12% (per class) and 75–100% (per school day) dependent on
classroom specific parameters. Protection is afforded by the wearing of
masks within the indoor school setting. During specified class durations
in settings with sub-optimal ventilation rates, probability of infection
can be reduced from 7–12% to 1–5%. Over an 8-hour school day,
probability of infection can be reduced from 75–100% to 18–43%.
These reductions are possible dependent on mask choice.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the pathogen that is responsible for
COVID-19, an infectious pneumonia that first appeared in late 2019 in Wuhan, China (Huang et al.,
2020; Zhu et al., 2020). Infection is thought to be facilitated via large-drop transmission from the
mouth or nose of an infected person to the mouth, nose, or eyes of the recipient, fomite transmission
via physical contact with droplets deposited on surfaces which are subsequently ingested, or air-
borne transmission via the inhalation of aerosolised droplets (Bazant & Bush, 2021; Wei & Li,
2016). Therefore, the respiratory activities of an infected person, such as breathing, talking, sneezing,
and coughing are major sources of respiratory pathogens (Stadnytskyi, Anfinrud, & Bax, 2021; Wei &
Li, 2016) with the expulsion of up to 40,000 droplets at a velocity of 100 m/s during a sneeze (Cole &
Cook, 1998).
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It is understood that whilst the airborne transmission potential of COVID-19 is not universally
acknowledged (Ram et al., 2021), it is widely accepted that aerosol transmission routes can facilitate
the inhalation of small droplets exhaled by an infected person (Buonanno, Stabile, & Morawska, 2020;
Jayaweera, Perera, Gunawardana, & Manatunge, 2020; Lednicky et al., 2020; Li, Leung, & Tang, 2007;
Miller et al., 2021; Morawska & Cao, 2020; Morawska & Milton, 2020; Wang & Du, 2020). Immediately
after droplets are expired, the liquid content starts to evaporate, and some droplets become so small
that transport by air current affects them more than gravitation (Morawska et al., 2009). These
become droplet nuclei, which suspend in the air or are transported away by room airflow (Li
et al., 2007) which can potentially infect susceptible members of the population. Theoretical
models of airborne disease transmission (Riley, Murphy, & Riley, 1978; Wells, 1955) have been
applied to demonstrate the spread of COVID-19 (Buonanno et al., 2020; Liao, Chang, & Liang,
2005; Rudnick & Milton, 2003), establishing that the rate of transmission is inversely proportional
to the ventilation rate per susceptible occupant (Mikszewski, Stabile, Buonanno, & Morawska,
2021; Sun & Zhai, 2020; Wells, 1955).

Current ventilation design guidelines within Irish schools are based on a minimum ventilation rate
per person (Department of Education and Science, 2004). Ventilation refers to the process of intro-
ducing and distributing outdoor and/or properly treated recycled air into a building or a room
(Etheridge & Sandberg, 1996) and is the process by which concentrations of potentially harmful pol-
lutants are diluted and removed from a space (CIBSE, 2006). Inadequate ventilation has previously
been identified as an issue within schools (Fisk, 2017) but historically, little attention has been
paid to contaminant levels in indoor environments such as school classrooms (Ding, Zhang, & Bluys-
sen, 2022). Conversely, Li et al. (2007) notes that there is strong and sufficient evidence of the associ-
ation between ventilation, the control of airflow direction in buildings, and the transmission and
spread of infectious diseases. Specifically, there is a positive association between the frequency of
virus detection in air filters, and the background-adjusted carbon dioxide (CO2) concentrations of
1000 parts per million (ppm) and above (Myatt et al., 2004).

The purpose of this research is to assess the ability of classrooms within the built environment to
perform in respect to their designed ventilation strategy, which is necessary requirement to mitigate
the risk of transmission associated with infectious airborne pathogens such as SARS-CoV-2. Trans-
mission is considered in respect to the occupant demographic and the activities performed
within the classroom. This includes the number, sex, and CO2 generation potential of occupants. Pan-
demic control measures that were introduced by the Department of Education (Department of Edu-
cation, 2020) in respect to COVID-19 prevailed are also considered. This included ensuring that
windows and doors remain open for the duration of the school day and that students and staff
wear masks at all times. This blanket approach, variations of which have been adopted worldwide,
corresponds with limiting egress of potentially infectious respiratory droplets whilst offering protec-
tion to the mask wearer by reducing ingress of virus-laden aerosol (Stadnytskyi et al., 2021).

This study seeks to assess (a) the designed versus actual ventilation capacity of classrooms within
the built environment; (b) the probability of airborne disease transmission by unit time resulting
from calculated ventilation rates and (c) the reduction of transmission risk associated with mask
wearing by all occupants.

Materials and methods

Classroom typology

Irish post primary schools are typically ventilated by natural means through the adoption of generic
repeat designs (Dolan, 2007; Sheppard, 2011) that adopt the use of passive energy measures to
achieve a comfortable internal environment. This approach is in-line with the ventilation strategy
set out in Technical Guidance Document 002 (Mechanical & Electrical Building Services Engineering
Guidelines For Post Primary School Buildings) which considers that classroom ventilation shall be
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natural ventilation by means of permanent wall vents and windows with opening sections (Depart-
ment of Education and Science, 2004). It is a requirement of the Department of Education that ven-
tilation strategies in schools are designed in accordance with the prevailing Building Regulations and
the Chartered Institute of Building Services Engineers (CIBSE) Design Guides (Department of Edu-
cation and Science, 2004), and are designed to suit the class environment having regard to the
high levels of occupancy generally (Department of Education and Science, 2004). There are 730
such schools in the Republic of Ireland catering for c. 405,003 students (Central Statistics Office,
2021).

This study involved the monitoring of ten naturally ventilated classrooms within two post-primary
schools in Dublin. The selected schools are considered to be representative of the wider available
stock of post-primary school buildings, which are naturally ventilated by design (Department of Edu-
cation and Science, 2004; Dolan, 2007; Sheppard, 2011). Natural ventilation can be characterised by
the use of a single-sided or cross ventilation strategy and is facilitated by both background venti-
lation and occupant-led purge strategies (such as opening windows and doors). Both strategies
are adopted by the schools under review.

School A is a single sex (male) post-primary school occupied since 1965. Students are aged from
13 to 18 years. The school operates a ‘home room’ policy where students remain in-situ, whilst the
teachers move from classroom to classroom. Classrooms in the school are single-aspect and naturally
ventilated utilising a cross-ventilation strategy. Each monitored classroom follows the same design
(Figure 1; Table 1), windows along the length of an external wall with the entrance/egress door on
the opposite wall. One-third of each window incorporates an opening section (middle section) with
the remainder being fixed panels of glass.

School B is a single sex (male) post primary school occupied since 1967. Students are aged from
13 to 18 years. In this instance, the teachers remain stationary whilst the students move from class-
room to classroom. Classrooms in that school are single-aspect and naturally ventilated utilising a
single-sided ventilation strategy. Each monitored classroom follows the same design (Figure 2;
Table 1); high level, clerestory windows in a vertical vaulted section above the roof valley line
with the entrance/egress door below on the same wall. Figure 2 is indicative of the glazing
layout. Classrooms have eight or nine sections of glazing (depending on room length) with every
other section of glazing a top-hung openable sash.

Figure 1. School A – classroom design.
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CO2 concentration, temperature and occupancy levels were monitored daily in each classroom,
over a six-week period during the heating season. Both schools within the study were following
Department of Education advice in respect to COVID-19 guidelines (Department of Education,
2020) that were in force at the time.

Devices

ELSYS ERS CO2 sensors were utilised for data collection. Each wall mounted sensor measures CO2

levels, temperature, humidity, light, and motion within the indoor environment. The CO2 sensor
has an internal automatic calibration routine. This routine calibrates the sensor to set 400 parts
per million (ppm) to the lowest value that has been read in the last period of approximately eight
days. Each sensor has a calibrated range of 0–2000ppm and an extended range of 0–10,000 ppm.
Accuracy within the calibrated range is ± 50 ppm / ± 3% of reading. Accuracy within the extended
range is ± 10% of reading. Accuracy is met at 10–40°C, 0–60%RH, after minimum three performed
automatic baseline corrections, preferably spanning eight days in-between. To facilitate this
research, data collection commenced 24 days post fitting of the last sensor, thereby ensuring the
accuracy of all sensors.

One sensor was used per classroom. Each sensor was placed on the wall opposite the windows at
2.0 m off the finished floor level and in the middle of the wall. The decision in respect to the height of
each sensor was made due to the age of the students and the consideration that the devices may be
tampered with at a lower level. There are no display screens and students were not made aware of

Table 1. Classroom sizes and occupancy details.

Room
ID

Mean
occupancy

Floor area
(m2)

Room volume
(m3)

Floor area per occupant
(m2)

Room volume per occupant
(m3)

A1 27 50.26 170.39 1.86 6.31
A2 20 47.25 160.18 2.36 8.01
A3 25 58.43 198.07 2.34 7.92
A4 24 47.98 158.81 2.00 6.62
A5 20 48.67 162.55 2.43 8.13
B1 24 44.66 148.07 1.86 6.17
B2 22 43.94 145.00 2.00 6.59
B3 23 44.31 147.38 1.93 6.41
B5 20 44.49 150.54 2.22 7.53
B5 20 54.82 178.46 2.74 8.92

Figure 2. School B – classroom design.
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their significance or measurement capabilities. It is of note that no sensor was tampered with over
the duration of the study. It is considered that the positioning of the sensors above the breathing
zone avoided the collection of non-uniform measurements of CO2 in air directly exhaled by building
occupants.

Data was collected wirelessly at 10-minute intervals, 24 h per day in all monitored classrooms. To
facilitate analysis, dataset A was cleaned to span from 07:40 (1 h prior to school commencement) to
16:40 (1 h post school completion) each school day for a six-week period (18 November 2021–17
December 2021). These dates and times are referred to as the ‘occupied period’ in respect to this
study. Dataset B (collected during the same period) was cleaned to span from 16:40 to 07:40.
These dates and times are referred to as the ‘unoccupied period’.

Ventilation rates

Ventilation rates are calculated using CO2 as a tracer gas. CO2 is a by-product of human metabolism
and exists in high levels in exhaled air. It cannot be filtered, adsorbed, or absorbed (Awbi, 2020),
therefore it is a suitable reference point when considering actual internal air change rates. Analysis
of the rate of CO2 concentration decay, which is directly dependent on the natural ventilation
capacity of the classrooms, will allow an estimate of the ventilation rate. One complete air change
is said to occur when 63% of airborne contaminants have been replaced with outdoor air (Fernstrom
& Goldblatt, 2013a; Huang et al., 2021; Nardell, Keegan, Cheney, & Etkind, 1991), this rises to 97% at
six air changes per hour (ACH) (Jimenez, 2020) demonstrating the importance of appropriate venti-
lation rates in indoor settings. The following equation (Huang et al., 2021) is used to calculate the
ventilation rate in ACH per classroom from peak CO2 levels:

ACHT63% = 60
T2 − T1

(1)

where: T1 = initial time where indoor CO2 is at peak level; T2 = time (min) when excess CO2 is reduced
by 63%

Indoor CO2 at peak level (CS) is the sum of ambient CO2 (CR) and excess CO2 (CE) generated by the
room occupants. CO2 measurement starts at peak level, therefore T1 is always 0. The time that is
needed to remove 63% CE (T2) is the time point where the indoor CO2 level is:

C63%E = CS–63%CE where CE = CS–CR

Ambient CO2 levels (CR) were calculated during unoccupied periods that were not immediately
preceded by an occupied period, such as a bank or public holiday at the start of a week, to ensure
that accurate data could be assumed. Mean levels during these periods vary from 386 ppm to
417 ppm. For this research, ambient CO2 levels have been set at 400 ppm.

CO2 generation

Active CO2 generation within each classroom is calculated using formulas proposed by Coley and
Beisteiner (2002). Male teacher CO2 generation, VCO2 , is signified by the letter k (female teacher
CO2 generation is considered to be 0.9k). As the focus of this section of the study is optimum occu-
pancy levels in each classroom, the increased CO2 generation rate of a male teacher will be used as
an indicator of the worst-case scenario.

The formulae are as follows:

Male teacher:VCO2 = k (2)

Male pupil:
−0.78(A− 5)+ 53

40
k (3)
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where:

k = 0.148am
273+ tr
273

( )

and VCO2 = carbon dioxide generation rate (l/h); A = pupil age (years); m =metabolic rate (W/m2) of
the standard adult; a = body surface area (m2); Tr = room temperature (◦C)

Metabolic heat production is largely dependent on activity. The in-class activity for a teacher con-
sists of a mixture of specific activities which have varying metabolic rates. The rates for class-based
activities are as follows (CIBSE, 2015):

. Walking = 2.0

. Standing, relaxed = 1.2

. Reading, seated = 1.0

Assuming that during a typical class, a teacher is walking for 20% of the time, standing for 20% of
the time and reading/seated for 60% of the time, the metabolic rate is as follows:

(0.2× 2.0)+ (0.2× 1.2)+ (0.6× 1.0) = 1.24.

A metabolic rate of 1.24 corresponds with heat generation of 72.33 W/m2 (CIBSE, 2015).
Body surface area (BSA) (a) is calculated from the Mosteller formula, which has proven to be the

most accurate of BSA formulas (Orimadegun & Omisanjo, 2014; Sigurdsson & Lindberg, 2020). The
Mosteller formula uses height and weight to calculate BSA and is as follows:�����������

H X
W

3600

√
(4)

where: H = height in cm., W =weight in kg.
Height and weight by age are retrieved from UK World Health Organisation growth charts (Royal

College of Paediatrics and Child Health, n.d.).
CO2 generation rates and BSA are calculated using the formulae referenced above. Mean moni-

tored temperature (Tr) was calculated as 17 degrees Celsius (School A) and 19 degrees Celsius
(School B). Table 2 demonstrates the CO2 generation rate in litres per hour (l/h) for both teacher
and students during classes of 40-minute (School A) and 60-minute (School B) durations.

Risk of indoor airborne transmission

The rate of transmission of airborne infectious disease is inversely proportional to the ventilation rate
per susceptible occupant (Wells, 1955). The Wells–Riley equation (Riley et al., 1978), is commonly
used to model the risk of indoor airborne transmission of infectious diseases. It is subject to limit-
ations as it (a) assumes steady-state conditions and (b) requires measurement of outdoor air

Table 2. BSA and CO2 generation rate of children.

Age
Height
(cm)

Weight
(kg)

Body
surface
area (m2)

CO2 generation
rate of children by
age (l/h) (per 60-
minute class)

CO2 generation
rate of adult male
teacher (l/h) (per
60-minute class)

CO2 generation
rate of children by

age (per 40-
minute class)

CO2 generation
rate of adult male
teacher (per 40

min class)

12 149.10 39.90 1.29 24.30 20.45 16.20 13.63
13 156.20 45.30 1.40 23.91 20.45 15.94 13.63
14 163.80 50.80 1.52 23.51 20.45 15.67 13.63
15 170.10 56.00 1.63 23.11 20.45 15.41 13.63
16 173.40 60.80 1.71 22.71 20.45 15.14 13.63
17 175.20 64.40 1.77 22.31 20.45 14.87 13.63
18 177.00 66.90 1.81 21.91 20.45 14.61 13.63
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supply rates. Steady state implies that an infectious particle has an equal chance of being anywhere
within a building indoor air environment, regardless of when and where it was generated. This is
unlikely to be absolutely true, as the concentration of infectious particles at the breathing zone
may vary depending on the air distribution pattern within the room and the location of the infector.
This research considers active CO2 loading and subsequent decay within occupied classrooms as
indicators of the room specific ventilation rate. Calculations of probability of airborne infection
are made on a classroom-by-classroom basis, as opposed to the complete building. CO2 sensors
are positioned above the breathing zone, therefore the well-mixed steady-state assumption is con-
sidered acceptable.

The Wells-Riley equation is as follows:

P = C
S
= 1− exp − Ipqt

Q

( )
(5)

where: P = probability of infection for susceptibles; C = number of disease cases; S = number of sus-
ceptibles in the population; I = number of infectors in the population; p = breathing rate per person
(m3/s); q = quantum generation rate by an infected person (quanta/s); t = total exposure time (s); Q =
outdoor air supply rate (m3/s)

Classroom air supply rates (Q) are converted from measured ACH using the following equation:

l/s = (ach x v)
3.6

(6)

where: l/s = litres per second supply; ach = air changes per hour; v = volume of classroom.
The Wells–Riley equation is based on the concept of a ‘quantum of infection’. A quantum is

defined as the hypothetical infectious dose unit that may consist of one or more airborne particles
which are assumed to be randomly distributed throughout the air of confined spaces (Guo et al.,
2021). One quantum will cause infection in 63% of susceptibles (Hella et al., 2017; Riley et al.,
1978). Few studies have identified quanta/s for COVID-19 as it is typically back-calculated post pan-
demic from epidemiological studies (Riley et al., 1978). Dai and Zhao (2020) inferred a quantum gen-
erator rate by a COVID-19 infector with a fitted correlation between the reproductive (R) number and
quantum generator rate for several typical infectious diseases (tuberculosis, MERS, SARS, influenza,
and measles). This resulted in an assumed q value for COVID-19 of 48 quanta/h in a classroom
setting. As the focus of this research is to assess the effectiveness of the ventilation strategy
within the classroom, the q value of 48 quanta/h is adopted.

The breathing rate for children is assumed to be 0.38 m3/h (Fontes, Reyes, Ahmed, & Kinzel, 2020).
One infector is considered present within each classroom, with the remaining occupants susceptible
to infection. The total exposure time is each class duration. ACH are applied on a sliding scale from 0
to 6 ACH, which is representative of the collected data. Mean levels of classroom occupancy are cal-
culated for each school.

Risk reduction associated with the wearing of masks

Andrejko (2022), building on earlier work by Fennelly and Nardell (1998), found that consistent use of
masks in indoor public settings was associated with significantly lower adjusted odds of a positive
test result compared with not wearing any face mask or respirator. Findings were published by
way of an adjusted odds ratio that can be applied to each mask type, namely cloth masks (adjusted
odds ratio = 0.44), surgical masks (adjusted odds ratio = 0.34) or an N95/KN95 respirators (adjusted
odds ratio = 0.17). These findings are similar to other studies (Brooks & Butler, 2021; Chughtai,
Seale, & Macintyre, 2020) and demonstrate that consistently wearing a face mask or respirator in
indoor settings reduces the risk of acquiring COVID-19.

As noted, the COVID-19 protection measures adopted by all schools aim to reduce transmission
through mask wearing. Sze To and Chao (2010) demonstrate that is possible to incorporate a
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parameter in the Wells-Riley equation that would indicate the benefits of mask wearing, as the Iqpt/
Q term within the Wells-Riley equation refers to the intake dose with a single unit of quantum. There-
fore, the effect of protection offered can be considered by multiplying this term by a fraction, R (Fen-
nelly & Nardell, 1998; Nazaroff, Nicas, & Miller, 1998).

The modified Wells-Riley equation is as follows:

P = C
S
= 1− exp −R

Ipqt
Q

( )
(7)

where: R = 1 when no respirator is used.

Results and discussions

Designed versus actual air change rate

Natural ventilation is facilitated by both background ventilation and occupant-led purge strategies.
As such, it is important to consider the designed v. actual air change rate within the monitored
classrooms. This is calculated during the unoccupied period when no active CO2 loading is
taking place, so that we can understand the ventilation capacity of each classroom. During the
unoccupied period, the windows and doors were closed in School A with the relatively inaccess-
ible high-level windows remaining open and the doors closed in School B (see Figure 2). Both
Schools reported low temperatures as a result of complying with the aforementioned Department
of Education COVID-19 protection measures that were active during the monitored period. It is
suggested that, outside of specific COVID-19 measures, all windows are not generally opened
during the heating season and that the effective air change rates that are achieved fall somewhere
between those reflected in Table 3 and plotted in Figures 3 and 4. The results demonstrate that
the ventilation requirements of 5 ACH (Department of Education, 2021a) are never achieved in
either scenario, therefore highlighting the existence of a significant performance gap. It is note-
worthy that the monitored classrooms in School A display a significant level of airtightness
when unoccupied, with all windows and doors closed. It demonstrates the absence of uncon-
trolled infiltration channels and re-enforces the need for active, occupant-led behaviours
(opening doors and windows) on a daily basis to ensure that the maximum attainable ventilation
rate is achieved.

It is important to note that the design requirements refer to sedentary environments (see section
2.4) and do not apply to areas or occasions of substantial physical activity (CIBSE, 2015). The
minimum requirement for 27 occupants of 3 l/s per person based on CIBSE requirements (CIBSE,
2016) is achieved for one classroom, though this is when all available windows are open.

Table 3. Designed v. Actual ACH.

Room
ID

Volume
(m3)

Mean
measured ACH

when
unoccupied

Actual l/s
supplied based on
mean measured

ACH when
unoccupied

l/s requirement
based on

Department of
Education guidelines
of 5 ACH per hour

CIBSE minimum 3 l/s
per person
minimum

requirement based
on 27 occupants

CIBSE 8 l/s per
person rapid
ventilation

requirement based
on 27 occupants

A1 170.39 0.68 32.18 236.65 81 216
A2 160.18 0.53 23.58 222.47 81 216
A3 198.07 0.60 33.01 275.10 81 216
A4 158.81 0.26 11.47 220.57 81 216
A5 162.55 0.48 21.67 225.76 81 216
B1 148.07 1.47 60.46 205.65 81 216
B2 145.00 1.51 60.82 201.39 81 216
B3 147.38 1.63 66.73 204.70 81 216
B4 150.54 1.31 54.78 209.09 81 216
B5 178.46 1.70 84.27 247.86 81 216
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Measured CO2 levels

It is not possible to correlate CO2 levels with overall indoor air quality, as many indoor pollutants are
not linked to human occupancy patterns. However, studies have indicated that respiratory symp-
toms may occur when indoor CO2 is above 1000 ppm (Azuma, Kagi, Yanagi, & Osawa, 2018;
Simoni et al., 2010), reinforcing the position that this value is considered an indicator of adequate
ventilation per person, within an internal environment (ASHRAE, 2022). The focus of this research
study is the inherent and adaptive capacity of the designed ventilation strategy within the moni-
tored classrooms to remove infectious disease particles from indoor air, therefore 1000 ppm is con-
sidered an appropriate threshold level upon which to base findings.

Classrooms in School A are identified as A1–A5 with School B as B1–B5. Both schools incorporate a
class free period on Wednesday afternoon. Whilst some after school activities were scheduled at this
time, they were sporadic in both nature and attendance. As such, data collected onWednesday after-
noons has been removed from the analysis. Bank holidays that arose during the monitoring period
were also removed. Figure 5 demonstrates the peak and mean CO2 levels (per day per classroom)
over the 6-week monitoring period. It demonstrates that mean levels are generally in excess of
the recommended 1000 ppm for classroom settings (CIBSE, 2004). These results are a matter of
concern as high CO2 levels indicate inadequate ventilation at a time when all windows and doors
were open. It is accepted that natural ventilation is dependent on external conditions, though the
consistent high CO2 levels suggest it is an unsuitable strategy to adopt within educational settings.

Figure 3. School A – ACH when unoccupied with windows and door closed.

Figure 4. School B – ACH when unoccupied with doors closed and windows open.
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It is further considered that the monitored levels will rise when the requirement to open windows
and doors ceases.

Figure 6 demonstrates the percentage of CO2 measurements in respect to time spent in excess of
1000 ppm in all 10 classrooms over the duration of the occupied period. 61% of total CO2 measure-
ments collected during the occupied period are above 1000 ppm. This is similar to the results of
other studies (Al-Hubail & Al-Temeemi, 2015; Bakó-Biró, Clements-Croome, Kochhar, Awbi, & Wil-
liams, 2012; Choe et al., 2020; Coley & Beisteiner, 2002; Corsi, Torres, Sanders, & Kinney, 2013;
Dijken, Bronswijk, & Sundell, 2005; Fisk, 2017; Fromme et al., 2008) across differing jurisdictions
(Ireland, UK, Germany, South Korea, America, Kuwait and the Netherlands) irrespective of ventilation
strategies. It is accepted that these studies did not incorporate the specific COVID-19 protection
measures utilised within this research, however, they do seem to suggest that there is a significant
variation in the designed performance and operational ability of ventilation strategies within indoor
school settings.

Ventilation performance when occupied

The effective air change rates for the occupied period (during times of active CO2 loading) in both
schools are plotted in Figures 7 and 8. Mean ACH of 1.37 (School A: 71% of all calculated ACH≤ 2)
and 0.94 (School B: 86% of all calculated ACH≤ 2) are calculated for this period. These results are
lower than the 5 ACH Department of Education requirement (Department of Education, 2021a) or

Figure 5. Daily peak and mean CO2 levels over the monitored period.

Figure 6. All classrooms – % time that CO2 levels are under & over 1000 ppm.
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4.5–5 ACH CIBSE volume-based requirement for classrooms (CIBSE, 2004). These results are
enhanced by the adoption of Department of Education advice in respect to COVID-19 guidelines
(Department of Education, 2020) that were in force at the time, which ensured that all windows
and doors remained open for the duration of the school day. However, it should be noted that
this is considered to be an occupant-led purge strategy that should provide 8 l/s per person rapid
ventilation.

This represents a significant risk, as numerous studies have shown that exhaled air from infected
patients contains respiratory disease pathogens, including rhinovirus, influenza, and tuberculosis
(Fabian, McDevitt, Lee, Houseman, & Milton, 2009; Issarow, Mulder, & Wood, 2015; Lindsley et al.,
2016) in the form of infectious particles that can be transmitted via inhalation of exhaled air (Fern-
strom & Goldblatt, 2013; Stadnytskyi et al., 2021). Failure to adequately ventilate such pathogens
within classrooms creates a risk for all occupants.

Body surface area and CO2 generation rate

CO2 generation levels for all monitored classrooms are detailed in Table 4. Classrooms in School A are
specific to year groups (1st year, 2nd year, 3rd year, etc.), therefore age can be associated with each
calculation. Classrooms in School B are utilised by all students at differing times, therefore the mean
age of 15 is used for each calculation. It is accepted that the weight, activity, and diet of the occu-
pants will affect the indoor CO2 generation rates, and that each of these parameters can only be

Figure 7. School A – ACH when occupied.

Figure 8. School B – ACH when occupied.
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estimated based on the average student. Certain activity levels are assumed in respect to metabolic
activity.

The CO2 generation level of students is calculated as a fraction of that of a male teacher (k) who is
assumed to be walking for 20% of the time, standing for 20% of the time and reading/seated for 60%
of the time during a typical class. This assumption is accepted as the activity within a classroom is
considered to generally be sedentary in nature.

CO2 generation rates are calculated based on 60-minute classes in School A and 40-minute classes in
School B. Overall occupancy levels for each classroom are not excessive. Department of Education
requirements for adequate teaching spaces seek a minimum of 1.95m2 per student within general class-
rooms (Department of Education, 2021b). Classrooms within this study range from 1.86m2 to 2.84m2 per
student (see Table 1). The results demonstrate that the CO2 generation rates within the monitored class-
rooms are not excessive and would be appropriate should the designed ACH be achieved.

Risk of airborne infection

Figures 9 and 10 demonstrate the probability of airborne infection during 60-minute classes in
School A and 40-minute classes in School B respectively. It is demonstrated that if the designed 5
ACH were to be achieved, it would represent an infection risk of less than 1% during both class dur-
ations. However, the minimum calculated ACH represents an infection risk of 10-12% in School A and

Table 4. Occupant generated CO2 by class duration.

Classroom

Mean
occupancy

level
Age of
students

CO2 generation
rate of children
by age (l/h)

Total CO2 generation
rate by students A1-5
- 40 min class B1-5 -

60 min class

CO2 generation rate of
adult male teacher (l/h)
A1-5 - 40 min class B1-

5 - 60 min class

Background
CO2 level
(PPM)

A1 27 14 23.51 407.51 13.63 400.00
A2 20 17 22.31 282.59 13.63 400.00
A3 25 15 23.11 369.76 13.63 400.00
A4 24 13 23.91 366.62 13.63 400.00
A5 20 16 22.71 287.66 13.63 400.00
B1 24 15 23.11 531.53 20.45 400.00
B2 22 15 23.11 485.31 20.45 400.00
B3 23 15 23.11 508.42 20.45 400.00
B4 20 15 23.11 439.09 20.45 400.00
B5 20 15 23.11 439.09 20.45 400.00

Figure 9. School A – probability of infection during standard 60-minute class at reduced ACH levels.
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7-8% in School B. Figures 11 and 12 demonstrate the probability of airborne infection during an 8-
hour day in School A and School B respectively. It is demonstrated that were the designed 5 ACH
achieved, it would represent an infection risk of 5% whilst the minimum calculated ACH represents
an infection risk of 75-100% in School A and 85-100% in School B.

Overall, the probability of infection rises as ACH reduces. All graphs have been overlaid with the
calculated mean ACH (secondary axis) during the occupied period(s). As noted, the majority of all
calculated rates were 2 ACH or lower (School A – 71%; School B – 86%). This demonstrates a signifi-
cant infection risk in classrooms where the actual ventilation performance does not meet the
designed requirements. The percentage probability of airborne infection in classrooms A3 and B5
is lower due to these rooms availing of greater volume at an occupancy level that remains relatively
consistent with the other classrooms.

These findings are significant when it is considered that one quantum will cause infection in 63%
of susceptibles (Hella et al., 2017; Riley et al., 1978). Therefore where ventilation rates are low it is
necessary for classrooms to be vacated fully after each use and all break periods, whilst ensuring

Figure 10. School B – probability of infection during standard 40-minute class at reduced ACH levels.

Figure 11. School A – probability of infection during an 8-hr school day at reduced ACH levels.
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that all windows and doors remain open, to maximise the ventilation capacity of each individual
classroom and to reduce infection risk.

Reduction of transmission risk associated with mask wearing

The Department of Education COVID-19 protection measures that were in place over the duration of
this research requested that (a) all occupants wear masks whilst (b) those with symptoms remain at
home, undertake a polymerase chain reaction (PCR) test and, if positive, adhere to isolation require-
ments for a defined period of time (Department of Education, 2020). However, it is estimated that at
least 50% or more of transmissions of COVID-19 are from individuals who never develop symptoms
or those who are in the pre-symptomatic phase (Johansson et al., 2021). Wearing of masks within
school settings is advised as a protective measure to negate against this unknown unknown.

The adjusted odds ratios, proposed by (Andrejko, 2022), were applied to the modified Wells-Riley
equation to calculate the effect of protection offered by differing mask types. Figure 13 demon-
strates the probability of infection per susceptible occupant in a 60 or 40-minute class in School
A and B respectively, whilst Figure 14 demonstrates the probability of infection in each classroom
during an 8-hour day. Both are calculated at adjusted odds ratios of R = 0.44 (cloth mask), R = 0.34

Figure 12. School B – probability of infection during an 8-hr school day at reduced ACH levels.

Figure 13. Probability of infection at adjusted odds ratios during standard 60-minute (School A) and 40-minute (School B) class.
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(surgical mask), and R = 0.17 (N95/KN95 respirators) and based on one infector being present in each
room. The probability is calculated for each classroom within each school at each ratio, with the
resulting data aggregated by school and ratio.

The results demonstrate that protection is afforded by the wearing of masks. During specified
class durations in settings with sub-optimal ventilation rates, the probability of infection can be
reduced from 7–12% to 1–5%. Over an 8-hour school day, probability of infection can be reduced
from 75–100% to 18–43%. There is a significant difference when compared with the previous discus-
sion, which relied solely on ventilation within the classrooms to reduce the possibility of airborne
infection. It is demonstrated that protection is afforded by all masks, with N95/KN95 respirators per-
forming best to prevent infection risk to susceptible occupants. Similar results were reported by
Stadnytskyi et al. (2021) finding that a carrier’s mask results in 25% leakage of respiratory droplets,
therefore the risk that a bystander inhales particles from a masked carrier drops fourfold. If the
exposed contact also wears a mask, with an estimated ingress filtering efficiency of 50%, the aggre-
gate infection probability is reduced eightfold.

Conclusion

The requirement for natural ventilation strategies in classrooms within the built environment to
perform in respect to both their inherent and adaptive capacity is necessary to mitigate the risk
of transmission associated with infectious airborne pathogens. This is also linked to the main and
larger goal of keeping schools open and occupants safe during the present, and potential future,
pandemic(s). Irish schools are generally ventilated by natural means through the adoption of
generic repeat designs (Dolan, 2007; Sheppard, 2011) therefore it is considered that the findings
of this research study can be extrapolated to apply to all schools (including those in other countries)
where the same design conditions, occupancy rates, and ventilation strategies exist.

This research has demonstrated that the designed ventilation rate is rarely achieved. This is
similar to the results of other studies (Al-Hubail & Al-Temeemi, 2015; Bakó-Biró et al., 2012;
Choe et al., 2020; Coley & Beisteiner, 2002; Corsi et al., 2013; Dijken et al., 2005; Fisk, 2017;
Fromme et al., 2008) and creates a significant infection risk in respect to transmission potential
of infectious airborne pathogens such as COVID-19. It is suggested that classrooms be vacated
fully after each use and during all breaktimes with active occupant-led measures (opening all
windows and doors) introduced, so that the ventilation capacity of each room is maximised. Con-
sideration should be given to the introduction of balanced mechanical ventilation systems that (a)
incorporate suitably sized filters to mitigate the transmission potential of contagious airborne dis-
eases, (b) continuously monitor the quality of the indoor air and (c) have the capacity to modulate
airflow in response to same.

Figure 14. Probability of infection at adjusted odds ratios in both Schools during 8-hour day.
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Protection is afforded by the wearing of masks within the indoor school setting. Consideration
should be given to the routine adoption of this measure as a school specific risk management strat-
egy in respect to the control of airborne infection transmission within education settings, as and
when required.

Notwithstanding the focus of this research study, there appears to be an underlying issue with the
consistency of indoor air quality when relying solely on natural ventilation strategies. This impacts
the quality of indoor air in educational settings and has implications for learning, as high levels of
CO2 have previously been linked to poor concentration and negatively affect memory among stu-
dents (Bakó-Biró et al., 2012; Clements-Croome, Awbi, Bakó-Biró, Kochhar, & Williams, 2008;
Dorizas, Assimakopoulos, & Santamouris, 2015; Myhrvold, Olsen, & Lauridsen, 1996).
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