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Abstract
The recent COVID-19 pandemic has made people acutely aware of the importance of indoor air quality (IAQ) and building ventilation 
systems, particularly in densely occupied places like offices and schools. As a result, governments and other public entities are 
increasingly investing in the installation, maintenance, and upgrades of ventilation systems in public buildings. However, little is 
known about the effect of building ventilation systems on actual IAQ and its impact on occupant behavior. This paper exploits 
exogenous closing and opening events of schools during the COVID-19 pandemic, combined with policy measures focusing on 
maximizing ventilation rates inside classrooms, to assess the effectiveness of building ventilation systems in primary schools. We use 
a unique sensor network implemented before the COVID-19 pandemic, consisting of measurement devices installed in 252 classrooms 
across 27 Dutch primary schools, continuously monitoring IAQ indicators such as CO2 levels and fine particle concentrations. Using 
high-frequency data from 2018 to 2022 school years, we compare the IAQ differences between natural and mechanical ventilation 
through a fixed-effect identification strategy. Our results show that mechanically ventilated classrooms perform better with respect to 
CO2 and fine particle levels. However, the post-COVID-19 ventilation measures implemented after school reopening had stronger 
effects on naturally ventilated (NV) classrooms, suggesting behavioral changes at the classroom level. We also investigate the longer 
term effects of these post-COVID-19 ventilation measures and show some evidence of decay in effectiveness, as well as a strong 
seasonal effect, particularly in NV classrooms, which seems the result of a trade-off between ventilation and thermal comfort.
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Significance Statement

The COVID-19 pandemic underscored the importance of measuring and managing indoor air quality (IAQ) in buildings. This study 
assesses the effectiveness of building ventilation systems on indoor carbon dioxide and particle concentrations in Dutch primary 
schools from 2018 to 2022, and the impact of protocols aimed at changing ventilation behavior. Our findings contribute to understand-
ing the impact of ventilation systems on IAQ and highlight the importance of human behavior in affecting real-world outcomes. The 
results can help inform future investments in school ventilation systems, ultimately enhancing the health and well-being, as well as 
the performance, of both students and staff.
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Introduction
The risk of airborne virus transmission in buildings has been of 

public concern throughout the COVID-19 pandemic (1), resulting 

in the temporary closing of both public and private buildings all 

over the world, including schools. This has led to detrimental ef-

fects on both learning outcomes and the mental health of stu-

dents (2, 3). A less intrusive way to minimize the risk of airborne 

virus transmission in schools would be to substantially increase 

classroom ventilation rates (4). To some extent, this can be 

achieved by increasing ventilation rates in mechanically venti-

lated (MV) buildings or by opening windows and doors in buildings 

that lack mechanical ventilation (5). Most of these measures were 

included in post-COVID opening requirements for public spaces, 

especially schools. For example, after reopening, Dutch primary 

schools were required to keep the windows open or to keep venti-
lation systems running at full speed (6). However, many schools, 
both in Europe and North America, remain inadequately venti-
lated due to aging facilities, low-quality ventilation systems, and 
delayed or neglected maintenance (4).

The importance of classroom ventilation—and room ventila-
tion more broadly—is reinforced by recent studies that have ad-
dressed the relationship between indoor air quality (IAQ) and 
cognitive performance. These studies have documented that im-
provements in IAQ have a significant impact on the cognitive per-
formance of test subjects in laboratory settings (7), on the quality 
of thinking in chess tournaments (8), and on the outcomes of vari-
ous cognitive tests (9). These indoor studies complement earlier 
work on the relationship between outdoor air quality and health 
(10, 11).
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Good ventilation depends on both the performance of ventila-
tion systems and on human behavior, such as opening windows 
or doors or increasing the intensity of mechanical ventilation 
(12). Before COVID-19, primary school teachers likely made differ-
ent trade-offs between IAQ and classroom temperature (13), and 
schools made different trade-offs between IAQ and the energy 
cost implications of ventilation intensity (12). To evaluate the ef-
fect of ventilation systems and human behavior on IAQ, this paper 
exploits exogenous closing and reopening events in schools dur-
ing the recent COVID-19 pandemic, combined with a public policy 
protocol focused on maximizing ventilation rates inside class-
rooms after reopening schools. The actual effect of these 
post-COVID measures relies on both mechanical and behavioral 
interventions.

Results
Main effects
Table 1 shows changes in CO2 levels for two post-COVID reopen-
ing periods, when compared with CO2 levels prepandemic. After 
the first reopening, we observed a significant decrease, of 18.5%, 
in daily average indoor CO2 levels and a 22.4% decrease in daily 
peak CO2 levels, when compared with pre-COVID levels. After 
the second reopening, we observe a significant decrease of 
16% in average indoor CO2 levels and an 18% decrease in aver-
age daily peak CO2 levels, again when compared with prepan-
demic levels.

We further analyze the differences between mechanical and 
natural ventilation using the model of Eq. (1) (see Materials and 
methods) and provide results in Table 2. Columns (1) and (3) of 
Table 2 show the effect of reopening period 1 only (from prepan-
demic until December 2020), and columns (2) and (4) show 
changes for both periods. Importantly, for naturally ventilated 
(NV) classrooms, we find a significant decrease, of about 29%, 
in the daily average CO2 level. For MV classrooms, that decrease 
is smaller, but still a sizeable 15%. For daily peak CO2 levels, the 
numbers are somewhat larger, but the pattern is similar: NV 
classrooms have much larger improvements in IAQ with the im-
plementation of the ventilation protocol. After the second re-
opening, the average CO2 level decreased by about 23% in NV 
classrooms when compared with the pre-COVID situation. 
That magnitude is smaller than the decrease after the first re-
opening. We also still observe a significant difference in the de-
gree of CO2 reduction between mechanical and natural 
ventilation: the classrooms with mechanical ventilation show 

a smaller reduction in average daily CO2 levels than the other 
classrooms—some 9%.

Dynamic effects
Next, we examine the monthly changes in IAQ improvement after 
school reopening. Based on findings from recent studies, people 
seem to adapt their response to COVID-19 measures in their daily 
activities and lifestyle (14, 15), such as continuously maintaining 
ventilation, especially when COVID-19 keeps its salience through 
news coverage (16). This would imply that IAQ in classrooms con-
tinues to improve in the short term, as people adapt to govern-
ment measures and the ongoing information flow about 
COVID-19.

However, a competing hypothesis is that people forget about 
the invisible effects of ventilation and the corresponding health 
risks, or that they feel safe because of vaccination. As a result, 
people may revert to their original behavior, no longer strictly fol-
lowing the ventilation protocol that would otherwise enhance 
IAQ. The second scenario seems more likely, especially given the 
overall trend of lower rates of severe illness and higher vaccin-
ation rates in the COVID-19 epidemic after the closing and subse-
quent reopening of schools.

We first examine the dynamics of the change in IAQ levels by 
including the number of weeks after reopening in the baseline re-
gression model. Table 3 demonstrates (under the assumption of 
linear variation) a slight upward trend in CO2 levels. After the first 
reopening (on 2020 May 11) and before the second school closure 
(2020 December 16), the average and peak CO2 levels rose by an 
average of 0.05% per week. At this speed, the improvements in 
IAQ reported above would be reduced to 0 in approximately half 
a year. However, the difference between ventilation types is quite 
significant: MV classrooms have an average weekly increase in 
CO2 level of 0.4%, when compared with a 0.8% weekly increase 
for NV classrooms—it seems that teacher behavior is such that 
windows and doors are increasingly closed again, as time since 
the school closing progresses.

To further explore how the dynamic effect changes, we exam-
ine the change in CO2 levels over consecutive observation periods 
of 90 days after school reopening, as shown in Fig. 1. Here, we do 
not find a monotonic upward or downward trend in CO2 levels. 
Rather, two findings stand out. First, the reduction in CO2 level 
in MV rooms continues to be less than that in NV rooms. 
Second, Fig. 1 shows a clear seasonal effect, with CO2 levels gener-
ally higher in the colder seasons and much lower in the warmer 

Table 1. Estimation results: the effect of the COVID-19 reopening protocol.

Log (Average CO2) Log (Peak CO2)

(1) (2) (3) (4)

Reopening period 1 −0.185*** −0.188*** −0.224*** −0.227***
(0.011) (0.011) (0.013) (0.013)

Reopening period 2 −0.160*** −0.180***
(0.012) (0.014)

Sensor-fixed effect Yes Yes Yes Yes
Daily temperature controlled Yes Yes Yes Yes
Occupant number controlled Yes Yes Yes Yes
Observations 56,211 104,041 56,211 104,041
R2 0.580 0.536 0.593 0.549
Adjusted R2 0.578 0.535 0.592 0.548
Residual SE 0.206 0.213 0.245 0.257

The table shows changes in CO2 levels for both reopening periods, when compared with CO2 levels pre-COVID. The reported numbers should be interpreted as 
percentage effects. For example, after the first reopening, we observed a significant decrease of 18.5% in average indoor CO2 levels and a 22.4% decrease in daily peak 
CO2 levels, when compared with pre-COVID levels. SEs are in parentheses. ***P < 0.01. *P < 0.1. **P < 0.05.

2 | PNAS Nexus, 2024, Vol. 3, No. 1



months. While this seasonal effect is stronger in NV classrooms, it 
is also clearly visible in MV classrooms. This reflects the dynamic 
trade-off between ventilation quality and thermal comfort that 
teachers and their pupils face over the year.

Fine particles
In the analysis above, we use CO2 as the main indicator of IAQ. 
However, fine particle levels are also an important aspect of the 
quality of indoor air, as these have been shown to directly affect 
human health and performance (18). Moreover, the observation 
of fine particles may be an indication of the presence and behavior 
of the aerosols that are material to COVID-19 and other virus con-
tagion, as these are of comparable size (19).

Fine particle levels and CO2 levels may be substitutes or they 
may be complementary. Unlike CO2, which is mostly generated 

indoors (by human metabolism), particle pollutants are partially 
generated not only by indoor activities (e.g. dust) but also by out-
door pollutants (e.g. exhaust from automobiles). If the outdoor 
fine particle level is substantially higher than the indoor fine par-
ticle level, increasing ventilation will improve indoor CO2 levels 
but may worsen indoor fine particle levels, especially in a natural 
ventilation setting. Conversely, if the main source of fine particle 
pollution is indoors, increasing ventilation will improve both CO2 

levels and fine particle pollution.
We again employ Eq. (1) to establish fine particle levels before, dur-

ing, and after school closings, with appropriate controls, Table 4
shows the regression results: column (1) for average daily levels and 
column (2) for peak daily levels. We find that the trend of fine particle 
pollutants after reopening is like that of CO2, i.e. a significant overall 
decrease (13.9% for the first reopening and 18.9% for the second re-
opening, compared with the pre-COVID level), and the decrease of pol-
lutants for classrooms with natural ventilation is larger than that for 
classrooms with mechanical ventilation. However, the effect differ-
ence between mechanical and natural ventilation is insignificant for 
most specifications reported in Table 4. This might be because a par-
tial source of particle pollutants is outdoors. As windows are opened, 
outdoor pollution may offset some of the ventilation gains.

Discussion
Air quality in buildings generally, and schools specifically, has be-
come an important topic during the pandemic, given the airborne 
transmission of COVID-19 particles. More broadly, IAQ has been 
shown to affect human performance and learning outcomes (2, 7). 
This paper exploits exogenous closing and opening events in primary 
schools during the COVID-19 pandemic, combined with public policy 
protocol focusing on maximizing ventilation rates inside classrooms 
after reopening schools, to measure the effectiveness of natural and 
mechanical ventilation on CO2 levels and particulate matter (PM) 
concentrations. The actual effect of these post-COVID measures re-
lies on both mechanical and behavioral interventions, and our inter-
est is to understand the effectiveness of both interventions.

Importantly, our results demonstrate significantly enhanced IAQ 
after school reopening in both NV and MV classrooms, for CO2 levels 

Table 2. Estimation results: protocol effects per ventilation type.

log(Average CO2) log(Peak CO2)

(1) (2) (3) (4)

Reopening period 1 −0.291*** −0.290*** −0.333*** −0.332***
(0.020) (0.020) (0.024) (0.024)

MV × reopening period 1 0.139*** 0.132*** 0.144*** 0.136***
(0.023) (0.023) (0.028) (0.028)

Reopening period 2 −0.231*** −0.243***
(0.021) (0.024)

MV × reopening period 2 0.091*** 0.080***
(0.025) (0.029)

Sensor-fixed effect Yes Yes Yes Yes
Daily temperature controlled Yes Yes Yes Yes
Occupant number controlled Yes Yes Yes Yes
Observations 56,211 104,041 56,211 104,041
R2 0.587 0.540 0.598 0.552
Adjusted R2 0.585 0.539 0.596 0.551
Residual SE 0.204 0.212 0.243 0.256

Columns (1) and (2) show reopening effects for daily average CO2 levels, and columns (3) and (4) show effects for daily peak CO2 levels. Columns (1) and (3) show the 
effects for reopening period 1 only, and columns (2) and (4) show changes for both reopening periods. We distinguish MV and NV classrooms by including the 
interaction between the reopening period dummy and the mechanical ventilation dummy. We control for sensor-fixed effects, as well as daily average temperatures 
and classroom occupant numbers. The reported numbers should be interpreted as percentage effects. For example, after the first reopening, we observed a 
significant decrease of 29.1% in average indoor CO2 levels in NV classrooms, and 15.2% (29.1–13.9%) in MV classrooms. SEs are in parentheses. ***P < 0.01. *P < 0.1.  
**P < 0.05.

Table 3. Estimation results: dynamic effects of the COVID-19 
reopening protocol.

log(Average CO2) log(Peak CO2)

(1) (2) (3) (4)

Number of weeks after  
reopening (NW)

0.005*** 0.008*** 0.006*** 0.010***

(0.001) (0.001) (0.001) (0.001)
NW × mechanical ventilation −0.004*** −0.006***

(0.001) (0.002)
Sensor-fixed effect Yes Yes Yes Yes
Daily temperature controlled Yes Yes Yes Yes
Occupant number controlled Yes Yes Yes Yes
Observations 15,891 15,891 15,891 15,891
R2 0.577 0.582 0.569 0.574
Adjusted R2 0.571 0.576 0.563 0.567
Residual SE 0.164 0.163 0.207 0.206

The table shows the dynamics in daily average CO2 levels (columns 1 and 2) and 
daily peak CO2 levels (columns 3 and 4) after the first school reopening. 
Columns (2) and (4) distinguish mechanical and NV classrooms by including 
the interaction between the week after the first reopening and the mechanical 
ventilation dummy. We control for sensor-fixed effects, as well as daily average 
temperatures and classroom occupant numbers. The reported numbers should 
be interpreted as percentage effects. For example, average CO2 levels increase 
by 0.5% per week after the first school reopening. SEs are in parentheses.  
***P < 0.01. *P < 0.1. **P < 0.05.
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as well as fine particle levels. Compared with MV classrooms, we 
document that NV classrooms improved more strongly. After the 
first school reopening, in May 2020, we observed a 29% drop in CO2 

levels and a 14.6% drop in fine particle levels in NV classrooms. 
This compares to a decrease of 15.2% (CO2) and 6.4% (fine particles) 
observed in classrooms that are MV, after controlling for classroom 
and time-fixed effects, and for time-varying covariates that may in-
fluence air quality classroom (e.g. the number of students).

Our findings have some important policy implications. The 
knowledge about airborne transmission of disease has raised aware-
ness of IAQ as a key factor in preventing the spread of contagious 
diseases. To prevent forced school closings in the future, many 
countries have begun to plan substantial investment projects to in-
crease ventilation, whether through the renovation or installation of 
HVAC (heating, ventilation, and air conditioning) systems, or the up-
dating of building ventilation regulations. Due to the high density of 
children in classrooms and historically inadequate investment in 
the maintenance or installation of air treatment systems, schools 
are among the major targets in many nations’ building portfolios.

However, even after the worries about COVID-19 recede, the sali-
ence of IAQ for learning outcomes will remain, given the importance 
of CO2 in affecting learning outcomes, and ventilation in schools is like-
ly to remain a key policy issue for the foreseeable future. Our findings 
imply not only that installing and improving the functioning of mech-
anical ventilation can significantly affect IAQ, but also that behavioral 
intervention can be a simple and cost-effective complement in schools, 
states, or nations where natural ventilation is still common.

Materials and methods
Sensor infrastructure
In 2018, we created an infrastructure of IAQ sensors, using equip-
ment from Aclima Inc., a San Francisco–based company. We 

Fig. 1. Dynamic effects. The graph depicts the change in CO2 levels relative to the average pre-COVID level, for consecutive observation periods of 90 days 
after the two school reopenings. The graph includes MV classrooms (the dark line started from +9%) and NV classrooms (the light line started from +25%). 
The x-axis shows the beginning and end dates for the 90-day observation periods, and the y-axis is the percentage change of daily (active hour) CO2 levels 
compared with the average level within a 90-day period before the first closing (set as 0). For example, the first point after the first closing on the upper line 
(−9%) indicates that, in 90 days after the first reopening (2020 December 5 to 2020 December 8), the average decrease in CO2 levels in MV classrooms is 9% 
(with an SE of 0.03) compared with the 90-day period before the first closing in MV classrooms. For reference, we added the daily temperature (light gray 
line) to show the seasonality of CO2 level changes. The daily temperature data (17) is provided by Royal Netherlands Meteorological Institute (KNMI, 
Koninklijk Nederlands Meteorologisch Instituut).

Table 4. Estimation results: ventilation measures and fine 
particles.

log(Average PN1+) log(Peak PN1+)
(1) (2)

Reopening period 1 −0.139*** −0.146***
(0.029) (0.026)

Mechanical ventilation ×  
reopening period 1

0.075* 0.055

(0.040) (0.034)
Reopening period 2 −0.189*** −0.114***

(0.043) (0.036)
Mechanical ventilation ×  

reopening period 2
0.056 0.007

(0.056) (0.045)
Sensor-fixed effect Yes Yes
Daily temperature controlled Yes Yes
Occupant number controlled Yes Yes
Observations 103,834 103,834
R2 0.521 0.366
Adjusted R2 0.520 0.364
Residual SE 0.569 0.558

This table shows estimation results for fine particle concentrations: daily 
average PN1+ levels in column (1) and daily average peak PN1+ levels in column 
(2). We distinguish mechanically and NV classrooms by including the 
interaction between the reopening period dummy and the mechanical 
ventilation dummy. We control for sensor-fixed effects, as well as daily average 
temperatures and classroom occupant numbers. The reported numbers should 
be interpreted as percentage effects. For example, after the first reopening, we 
observed a significant decrease of 13.9% in average daily PN1+ levels in NV 
classrooms and 6.4% (13.9–7.5%) in MV classrooms. SEs are in parentheses.  
***P < 0.01. *P < 0.1. **P < 0.05.
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installed sensors in 252 classrooms across 27 primary schools in 
the Limburg province, The Netherlands (2, 20). These schools 
have a combined overall enrollment of more than 5,000 students 
aged 5 to 12. Figure 2 shows the exact location of each school. 
These 27 schools represent a random sample of a larger school 
board with 47 schools under management, all in the same region. 
The school buildings in our sample are mostly built between 1980 
and 2010, but we also observe a school built in 1932, and one built 
as recently as 2016. Seven of the 27 schools are NV, while 20 have 
mechanical ventilation. The information about the ventilation 
type (natural or mechanical ventilation) of each school building, 
as well as metadata about each school and classroom, is provided 
by Movare, the school board responsible for all schools used in this 
research.

Since we installed the sensor network in 2018, we have moni-
tored a range of IAQ metrics, including CO2, fine particles, tem-
perature, relative humidity, indoor light intensity, and sound. 

This study only considers the first two metrics: CO2, measured 
in parts per million (ppm), and fine particles, measured in particle 
(≥1 μm) numbers per liter of air (PN1+). We elected to focus on CO2 

levels because of their relevance for learning outcomes (2), and 
fine particles because their size is comparable with the size of 
the aerosol droplets that are material in indoor COVID-19 conta-
gion (19). For both metrics, we measure both the average concen-
tration during the day, as well as their daily peak levels.

Before deployment, CO2 and PM sensors are calibrated at 
Aclima’s facilities using reference-grade instruments, ensuring 
they meet precision, bias, and R-squared performance metrics. 
We refer to Table S2 for details on the sensor’s performance and 
accuracy metrics. While raw data are gathered at intervals vary-
ing from 1 to 30 s, we utilize a smoothing procedure that aggre-
gates the measurements to a 1-min resolution, using moving 
averages. A cloud-based tool was developed and deployed to 
monitor sensor status and performance, which involves routine 

Fig. 2. Locations of the primary school sample. The 27-school sample is randomly selected from the elementary schools managed by one school board in 
the south of Limburg province, The Netherlands.

Fig. 3. Timeline of COVID-19 school closings and reopening. The observation period covers time before, between, and after the school closings, allowing 
for a solid establishment of the baseline IAQ performance before the school closings, and for a sufficiently long observation of initial post-COVID 
performance, as well as the effects of a decay in ventilation intensity when COVID-19 concerns recede.
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network health assessments, sensor response checks, and data 
analysis to identify and investigate outlier sensors, thereby de-
tecting any failures.

We complement the indoor sensor network with outdoor air 
quality sensors at four schools. This four-school subsample is geo-
graphically dispersed across the locations of our broader sample 
of 27 schools. The outdoor sensors are from PurpleAir and con-
tinuously monitor outdoor fine particle levels (outdoor CO2 levels 
are relatively constant over time and across locations).

Study timeline
We used IAQ observations from September 2018 to July 2022, in-
cluding data for four academic years. Figure 3 provides a timeline 
for our study, highlighting the school closings and reopening 

during the different stages of the COVID-19 pandemic. Before the 
first school closing period, school ventilation was not considered 
a (public) health priority for policymakers, school boards, teach-
ers, and parents. That changed dramatically due to COVID-19, 
and after the first reopening, a national school ventilation protocol 
came into place that prescribed maximum mechanical and nat-
ural ventilation. As a result, school boards could no longer make 
a trade-off between electricity bills and ventilation outcomes, 
and ventilation systems were put to maximum levels. The same 
holds for teachers: outside temperature became less of a barrier 
to opening windows, as they were instructed to keep windows 
open continuously. In that sense, the COVID-19 school closings 
and reopenings amount to a natural experiment that allows us 
to investigate the effectiveness of (active) ventilation measures 
for IAQ.

Fig. 4. Daily average and daily peak CO2 and particle level comparison. The graphs depict CO2 and particle levels before the first school closing (2020 
March 15), after the first reopening (2020 May 12 to 2020 December 15), and after the second reopening (2021 February 7 to 2022 July), both for schools with 
mechanical ventilation and for schools with natural ventilation. The left graph shows daily average levels and the right graph shows daily peak levels.
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The timeline also illustrates that we have a long observation 
period before, between, and after the school closings, allowing 
for a solid establishment of the baseline IAQ performance before 
school closings, and for a sufficiently long period of initial 
post-COVID performance, as well as the effects of a possible decay 
in ventilation intensity when COVID-19 concerns receded.

Descriptive statistics
Table S1 shows average levels and standard deviations for the 
two IAQ variables of interest for this study: CO2 and fine par-
ticles. For both variables, we first show the average daily level, 
followed by the cross-classroom average of the daily peak levels, 
for the full sample period. For all measurements, we consider 
active hours only, i.e. the time during which a classroom is in 
actual use. We determine active hours using an algorithm 
that combines the levels of CO2 and sound in a classroom (2). 
The numbers reported in column (1) of Table S1 suggest that 
the IAQ in the average classroom, regarding the CO2 level, is 
narrowly compliant with Dutch regulations on indoor CO2 lev-
els. For example, before the first COVID-19 lockdown, the CO2 

level for the daily active hour average was about 1,000 ppm. 
Peak levels though, were at 1,476 ppm on average, which is 
clearly above regulatory levels (1,000 ppm for new construction 
and 1,200 ppm for existing buildings).

The averages reported in Table S1 hide a fairly large number 
of outliers and do not distinguish between MV and NV class-
rooms. Figure 4 provides the distribution of CO2 levels, showing 
substantial numbers of observations at very high levels during 
periods in which schools were open. We quite frequently ob-
serve CO2 levels between 1,000 and 3,000 ppm, levels that are 
known to have adverse consequences for cognition, decision- 
making, and learning outcomes (2). With respect to mechanical 
vs. natural ventilation, we document an advantage of mechan-
ical ventilation when compared with natural ventilation, both in 
terms of daily average CO2 concentration and in terms of daily 
peak CO2 concentration. That difference holds both before the 
COVID-19 pandemic and after the reopening of schools. 
However, the difference between mechanical ventilation and 
natural ventilation is economically not very large and became 
even smaller after the schools reopened, e.g. an average of 
911 vs. 1,212 ppm before COVID-19 and 783 vs. 918 ppm after 
school reopening.

Using data from a large-scale sensor network deployed in 252 
classrooms across 27 primary schools, implemented before the 
start of the COVID-19 pandemic, to put these levels into perspec-
tive, existing studies (2, 7, 21) suggest that exposure to CO2 levels 
higher than 1,000 ppm could lead to reduced human perform-
ance, including learning, even after a few hours, and to health 
risks when the exposure is chronic. Some studies even recom-
mend a lower threshold, at 800 ppm.

Mathematical evaluation
To evaluate the efficacy of mechanical ventilation in enhancing 
indoor quality, and the effect of increased ventilation intensity 
after school reopening (both for mechanical and for natural ven-
tilation), we use a fixed-effect approach comparing the IAQ in 
classrooms before and after school closings. We estimate the fol-
lowing empirical model:

Yi,t = σn · Reopeni,t + δ ·MV · Reopeni,t + β · Xi,t + μi + τt + εi,t (1) 

where i indicates the measured classrooms, and t indicates dates. 
Our outcome variable Yi, t includes the set of metrics measuring 

the IAQ in the classroom i at time t. We include metrics measuring 
the CO2 level (in ppm) and the particle level.

As we have two closing periods, the variable Reopeni,t con-
tains two dummy variables indicating whether time t is during 
the first reopening (2020 May 11 to 2020 December 15) or the se-
cond reopening (after 2021 February 8). σ describes the average 
change in Yi,t after the school reopening. We also tested for po-
tential interaction effects between reopening and mechanical 
ventilation. δ captures the marginal change in IAQ, after re-
opening, in MV classrooms when compared with NV class-
rooms. β describes the effect of individual time-varying 
control variables, Xi,t, including the teacher and the number 
of students assigned to each classroom. The classroom-fixed ef-
fects µi should reduce bias resulting from differences between 
the MV and NV classrooms. τt is the date-fixed effect, which con-
trols for seasonal influences (i.e. weather), among others. 
Finally, ϵi,t is the error term, where the residual is grouped at 
the level of each classroom.

The fixed-effect model above captures the overall changes in 
IAQ outcomes before and after policy interventions, i.e. the differ-
ence between the situation before and after school reopening. 
However, as discussed in previous sections, the IAQ outcome de-
pends on a combined effect of mechanical ventilation systems 
and human behavior. In this respect, we can reasonably assume 
that people’s behavior in classrooms can change over time be-
cause of various factors, such as the weather and COVID-19 
awareness. For example, teachers will not keep windows open 
for long during cold weather. In addition, when the number of 
new COVID-19 cases is high, teachers are presumably likely to fol-
low COVID-19 guidelines more strictly, including the opening of 
windows.

To capture this dynamic effect, we modify the previous model 
using an event study method, estimating the effect of changes in 
ventilation intensity in each additional month after school re-
opening:

Yi,t =
N

n=1

σn · Reopen〈m〉
i,t +

N

n=1

δn ·MV · Reopen〈m〉
i,t + β · Xi,t + μi

+ τt + εi,t

(2) 

In this model, σn describes the average change in Yi,t, n periods 
after school reopening. For example, if we take 1 month as one pe-
riod, σ3 describes the change in Yi,t 3 months after reopening. 
Similarly, δn captures the additional changes for MV classrooms 
compared with NV classrooms n periods after school reopening. 
Like Eq. (1), the variable Reopeni,t contains two dummy variables 
indicating the first (2020 May 11 to 2020 December 15) or the se-
cond reopening (after 2021 February 8).
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