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weekly basis to all employees of businesses 
as well as students. The mitigation turned out 
impactful in reducing the incidence, while 
limiting the socio-economical toll of extreme 
measures. 
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Repetitive Testing

Saliva based RT-PCR tests were offered on a 
weekly basis to all employees of businesses 
as well as students. The mitigation turned out 
impactful in reducing the incidence, while 
limiting the socio-economical toll of extreme 
measures. 

However it was unclear if further measures 
are needed as the case numbers were 
increasing and the health system was 
operating close to the surge limit.
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proxy for air exchange rate, thereby 
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respiratory pathogen transmission in 
indoor environment, due to exhaled-
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Proxy for Air Exchange Rate

Carbon dioxide concentration is a 
proxy for air exchange rate, thereby 
providing a risk assessment for 
respiratory pathogen transmission in 
indoor environment, due to exhaled-
breath exposure.

Obviously the risk primarily depends on 
the number of infectious individuals, 
however, the indoor air can significantly 
facilitate or reduce the transmission.  

Air Exchange

InfectiousSusceptible
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300 measurement devices
59 schools
150 classrooms

Learning Spaces

What is the impact of indoor air on school 
outbreaks?

What should be considered as safe level for CO2 
concentration?

Combining school testing and indoor air monitoring
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Descriptives

For each interval, the histogram shows the number 
of sensors that reached a certain maximum CO2 
concentration. The CO2 level exceeds 2’000 ppm in 
almost 60% of the classrooms.

The FOPH has set the objective that CO2 levels in 
classrooms should remain below 1’400 ppm 
throughout the school day, irrespective of the 
ventilation system used (maximum values).

Most authoritative references converge on a value of 
800 to 1’000 ppm being recommended during a 
pandemic (Swiss National COVID-19 Science Task 
Force).
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Strategy for Infection Risk Estimation

Students were tested in pools of (typically) same size, 
on a weekly basis. We identify positive cases in a pool 
as a cluster, once the number of positives, at a given 
time, is three or more.

We didn’t have access to negative tests, nor the 
number of present students. Therefore we focus on 
pool of students.
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The plot shows the cluster of positive cases per pool as 
a function of the time duration spent above the CO2 
threshold value of 1’000 ppm. We observe statistically 
significant correlation between the two.
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The plot shows the cluster of positive cases per pool as 
a function of the time duration spent above the CO2 
threshold value of 1’000 ppm. We observe statistically 
significant correlation between the two.

Pearson’s correlation coefficient of R=0.76 and p value 
of 0.000016 are estimated.

Infection Risk
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We split the schools with respect to their CO2 
concentration. We perform statistical tests on the two 
groups.

Infection Risk
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The risk of outbreak (cluster size larger than 4) is found 
to be 63% lower in schools with better ventilation 
(green). The p-value is 0.0048 (Wald test).
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Comparison with Other Studies

High CO2 values have been reported for schools in 
Switzerland. The median is reported 1’600 ppm in the 
control group.

International Journal of Hygiene and Environmental Health 234 (2021) 113746

Available online 2 April 2021
1438-4639/© 2021 Federal Office of Public Health, Berne, Switzerland. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

From spontaneous to strategic natural window ventilation: Improving 
indoor air quality in Swiss schools 
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A B S T R A C T   

Natural window ventilation is frequently employed in schools in Europe and often leads to inadequate levels of 
human bioeffluents. However, intervention studies that verify whether recommended ventilation targets can be 
achieved in practice with reasonable ventilation regimes and that are also suitable for countries with cold winters 
are practically non-existent. To explore the initial situation in Switzerland we carried out carbon dioxide (CO2) 
measurements during the winter in 100 classrooms, most of which (94%) had natural window ventilation. In 
more than two thirds of those, the hygienic limit value of 2000 ppm specified for CO2 in the Swiss Standard SN 
520180 (2014) was exceeded. To improve ventilation behavior, an intervention was implemented in 23 class-
rooms during the heating season. Ventilation was performed exclusively during breaks (to avoid discomfort from 
cold and drafts), efficiently, and only for as long as was necessary to achieve the ventilation objective of 
compliance with the hygienic limit value (strategic ventilation). The intervention included verbal and written 
instructions, awareness-raising via a school lesson and an interactive tool for students, which was also used to 
estimate the required duration of ventilation. CO2 exposure was significantly reduced in pilot classes (Wilcoxon 
signed-rank test, p = 3.815e−06). Median CO2 levels decreased from 1600 ppm (control group) to 1097 ppm 
(intervention group), and the average proportion of teaching time at 400–1400 ppm CO2 increased from 40% to 
70%. The duration of ventilation was similar to spontaneous natural window ventilation (+5.8%). Stricter 
ventilation targets are possible. The concept of the intervention is suitable for immediate adoption in schools 
with natural window ventilation for a limited period, pending the installation of a mechanical ventilation system. 
The easy integration of this intervention into everyday school life promotes compliance, which is particularly 
important during the COVID-19 pandemic.   

1. Introduction 

In heavily occupied rooms such as classrooms, ventilation is partic-
ularly important for indoor air quality (IAQ). Assuming good outdoor air 
quality and no major source of pollutants in the classroom, human 
bioeffluents are the most significant pollutants (Bekö et al., 2020; Branǐs 
et al., 2005; Jacobs et al., 2013; Tang et al., 2016; Wargocki, 2004). 
Since this type of pollution is unavoidable, good IAQ can only be 
maintained by means of adequate ventilation. Because of the high oc-
cupancy in schools, the recommended ventilation rates are so high that 

pollutants from indoor sources are also reduced to a certain extent 
(Rosbach et al., 2015; Salthammer et al., 1995). Adequate ventilation of 
classrooms thus improves IAQ when outdoor air quality is good. How-
ever, there is a great need for action with regard to ventilation. While the 
use of CO2 concentrations as an indicator of ventilation in occupied 
rooms is well established (Pettenkofer, 1858; Sundell, 2004), numerous 
studies from various countries show that IAQ in classrooms is often 
unsatisfactory, and that the degree of ventilation specified in building 
codes and ventilation standards is often not achieved (Daisey et al., 
2003; Fisk, 2017). In buildings with natural window ventilation, the 
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The study reports a 74% reduction in the risk 
of infection, in schools with mechanical 
ventilation compared to the natural one, in Italy.
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Increasing ventilation reduces
SARS-CoV-2 airborne
transmission in schools: A
retrospective cohort study in
Italy’s Marche region

Giorgio Buonanno1,2, Luca Ricolfi3,4, Lidia Morawska2 and

Luca Stabile1*

1Department of Civil and Mechanical Engineering, University of Cassino and Southern Lazio,
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Introduction: While increasing the ventilation rate is an important measure

to remove inhalable virus-laden respiratory particles and lower the risk of

infection, direct validation in schools with population-based studies is far from

definitive.

Methods: We investigated the strength of association between ventilation

and SARS-CoV-2 transmission reported among the students of Italy’s Marche

region in more than 10,000 classrooms, of which 316 were equipped with

mechanical ventilation. We used ordinary and logistic regression models to

explore the relative risk associatedwith the exposure of students in classrooms.

Results and discussion: For classrooms equipped with mechanical ventilation

systems, the relative risk of infection of students decreased at least by 74%

compared with a classroom with only natural ventilation, reaching values of

at least 80% for ventilation rates >10 L s−1 student−1. From the regression

analysis we obtained a relative risk reduction in the range 12%15% for each

additional unit of ventilation rate per person. The results also allowed to

validate a recently developed predictive theoretical approach able to estimate

the SARS-CoV-2 risk of infection of susceptible individuals via the airborne

transmission route. We need mechanical ventilation systems to protect

students in classrooms from airborne transmission; the protection is greater if

ventilation rates higher than the rate needed to ensure indoor air quality (>10 L

s−1 student−1) are adopted. The excellent agreement between the results from

the retrospective cohort study and the outcome of the predictive theoretical

approach makes it possible to assess the risk of airborne transmission for any

indoor environment.

KEYWORDS

ventilation, airborne transmission, school cohort study, Coronavirus disease, disease
control strategies
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• There is an urgent need to improve our understanding on the link between 
indoor air and population-scale epidemiology: This entails coordinated efforts 
between different organisations of public health and education. 

• Our study points to the unacceptable CO2 level in considered schools during 
heating season. This can be readily improved by interventions such as better 
regulating the natural ventilation, moving to mechanical ventilation, etc.

• Carbon dioxide sensors available on the market are useful tools to get an idea 
about the air exchange quality of the indoor environment. However in order to 
quantitatively analyse the outputs and support evidence-based policies, extra data 
handling modules need to be integrated and validated in the sensor devices. 

Conclusion & Outlook
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