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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 

occupancy 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 
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codes and ventilation standards is often not achieved (Daisey et al., 
2003; Fisk, 2017). In buildings with natural window ventilation, the 
ventilation can be particularly poor. This has consequences, not only for 
health but also to a significant extent for intellectual performance 
(Bakó-Biró et al., 2011; Fisk, 2017; Haverinen-Shaughnessy et al., 2011; 
Strøm-Tejsen et al., 2016; Sundell et al., 2011; Wargocki and Wyon, 
2006; Zhang et al., 2017). 

While society has an obligation to take action, there is no generally 
accepted strategy on how to proceed in order to achieve the goal of good 
IAQ in all schools in a short time. Recommendations have, however, 
been made for European countries to strengthen national and local 
policies for healthy environments within schools, including some gen-
eral guidance on reducing exposure to pollutants or eliminating 
pollutant sources, as well as on adequate ventilation (Kephalopoulos 
et al., 2014; Carrer et al., 2018; ECA Report No 30, 2020). In 
Switzerland, the Federal Office of Public Health (FOPH) is responsible 
for providing information on indoor air pollutants and can make 
appropriate recommendations for their reduction. The present study was 
conducted as part of the FOPH strategy to improve IAQ in Swiss schools. 
Swiss schools are mainly ventilated manually, and the outdoor air 
quality is mostly good (FOEN Report, 2020). Ventilation solutions that 
are more suitable than manual window ventilation are only required in 
cases of excessive ambient noise (average day traffic noise impact 
threshold 60 dB(A) for sensitivity level II, which usually applies to 
schools, Noise Abatement Ordinance NAO, 1986), or in cases of polluted 
outdoor air (limit value of 45 μg/m3 as an annual average for realization 
of window ventilation according to Swiss Standard SN 520180, 2014). 
Replacement of natural window ventilation with mechanical ventilation 
in order to improve ventilation has been sluggish in renovated and even 
new schools. One reason for this could be barriers to the widespread 
adoption of energy-efficient solutions to which mechanical ventilation 
systems are assigned, as they are often perceived as a potential threat to 
comfort, well-being, and performance (Kozusznik et al., 2019). 
Although a sound data basis is currently lacking, we estimate that only 
about 40% of school buildings constructed during the past decade have 
been equipped with mechanical ventilation. For renovated buildings, 
the proportion is likely to be much lower. We therefore assume that 
ventilation in Swiss classrooms is often inadequate, particularly in 
winter because of discomfort due to low outdoor temperatures. 
Accordingly, the strategy has focused on raising awareness from the 
outset, not only among building owners (as builders/operators), but also 
among schools (as occupants/users), as well as giving recommendations 
aimed at improving ventilation. 

The FOPH has set the long-term objective that CO2 levels in class-
rooms should remain below 1400 ppm throughout the school day, 
irrespective of the ventilation system used (maximum values). This 
corresponds to the standard IAQ category RAL 3 (IDA 3 in the with-
drawn European Standard EN 13779 (2007)) and to the minimum 
requirement for mechanically ventilated rooms specified in the Swiss 
Standard SN 546382/1 (2014). In every newly built or renovated school, 
a ventilation concept should be put in place that ensures that this 
specification is met on a permanent basis. Concepts involving 
demand-controlled mechanical ventilation with heat recovery and 
hybrid ventilation should mainly be considered. This measure will be 
slow to take effect and requires long lead times. Above all, it must be 
rigorously implemented in energy-saving building renovations, which 
are an important component of the Swiss Federal Council’s Energy 
Strategy 2050 (Swiss Federal Office of Energy, 2020). The first part of 
the present study – in which CO2 levels were measured during the 
heating season in 100 different classrooms in 96 public school buildings 
(including addition of stories) – was designed to explore the initial sit-
uation and, at the same time, to provide a basis for awareness-raising 
through communication. The aim of the second part was to propose, 
and test in practice, an intervention for winter ventilation that can be 
integrated into everyday school life. The impetus for this was the 
following: recommendations for good indoor air quality in schools are 

often limited to hints or advice and the specification of ambitious CO2 
targets (e.g. ventilation required at a CO2 level of 700 ppm; Kephalo-
poulos et al., 2014). No intervention studies have been reported that 
tested whether such targets can be achieved in practice with reasonable 
ventilation regimes. There is also no solution to the problem of signifi-
cant comfort issues jeopardizing compliance in countries with cold 
winters. The few published intervention studies tested CO2 sensors that 
indicated a need for ventilation, ideally in combination with measures to 
raise awareness of the issue (e.g. Wargocki and Da Silva, 2015). These 
studies took into account the finding that it is not sufficient simply to tell 
school classes to improve window ventilation (Ausschuss für Innen-
raumrichtwerte Ausschuss für Innenraumrichtwerte AIR, 2008; Rovelli 
et al., 2014). However, a disadvantage of using CO2 sensors is that they 
might disturb classes, as the devices demand attention, and they lead to 
massive comfort problems in cold winters. Students close to a window 
are particularly exposed to discomfort; as a result, ventilation times in 
everyday school life are too short and the devices are often ignored (Park 
and Choi, 2019). It was thus decisive for the intervention that cold 
outside temperatures are taken into account, so that ventilation takes 
place exclusively during breaks between lessons, while the classrooms 
are empty. 

The FOPH recommends a CO2 level of 2000 ppm as the hygienic limit 
value, in agreement with the upper limit of CO2 guideline values for 
occupied rooms in the Swiss Standard SN 520180 (2014) and the 
recommendation of the German Committee on Indoor Guide Values 
(Ausschuss für Innenraumrichtwerte Ausschuss für Innenraumricht-
werte AIR, 2008). It is applicable in the absence of substantial sources of 
indoor pollutants apart from human bioeffluents. For communication 
with students, the categories for CO2 levels in schools with natural 
window ventilation were defined as follows: <1000 ppm (‘excellent’), 
1000–1400 ppm (‘good’), 1400–2000 ppm (‘satisfactory’) and >2000 
ppm (‘unacceptable’). 

2. Material and methods 

2.1. Data collection and cross-sectional study (S1) 

A total of 100 different classrooms in 96 public school buildings 
(including addition of stories) were selected for CO2 measurements. 
They were all primary and lower-secondary schools (i.e. compulsory 
education), for which the cantons and communes are responsible. The 
selection is reasonably representative of Switzerland in terms of political 
districts (cantons of Bern, Graubünden, Vaud), size and type of 
commune (8 size categories from <1000 to >100,000 inhabitants, urban 
or rural) and the two most common languages (German and French), 
covering 90% of the official spoken languages (Swiss Federal Statistical 
Office, 2012). Wealthy communities were excluded from selection. The 
aforementioned criteria influence school class size, readiness for reno-
vations, and experience in school building construction. Thirty-two 
classrooms were in buildings located in a rural environment, 43 in a 
suburban and 25 in an urban setting. Almost all the classrooms had a 
single window frontage on the long side of the room, and most of them 
were located on the first (52) or ground floor (31). A nearby motorway 
was reported in 4 cases, a main road in 20 and a side road in 39 cases. 
Site visits showed that for 9 classrooms, the distance to a main road was 
less than 20 m. However, traffic was not heavy in most cases and 
measured NO2 values in the outdoor air were <45 μg/m3 for all build-
ings (n = 100 schoolrooms, median: 26 μg/m3, range: 9–41 μg/m3, 
measuring duration: 14 days during wintertime), i.e. less than the limit 
value for realization of window ventilation according to Swiss Standard 
SN 546382/1 (2014) (Palmes’ tubes, measured at the front of the 
building near the schoolroom window). Delegates of the participating 
communes and schools were nominated, and an interdisciplinary tech-
nical support group was established, comprising experts in local 
administration from the areas of building, education and energy, and 
representatives of the Swiss Lung Association and the Federation of 
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Swiss Teachers. Heads of schools and teachers from all classrooms 
voluntarily agreed to measurements for data acquisition for a 
cross-sectional study on indoor air quality, without being fully aware of 
the impact of ventilation on measurement results. Teachers were asked 
to ignore measurement equipment and behave as usual. 

Classrooms were analyzed for carbon dioxide (CO2) concentrations 
using non-dispersive infrared (NDIR) sensors with 2-beam infrared 
measuring cell and data-logging on four consecutive school days 
(Almemo D6, digital carbon dioxide sensor FYAD 00 CO2B10, 
measuring range: 0 to 10,000 ppm, accuracy: ±(100 ppm + 5% of 
measured value). The devices were calibrated before each series of 
measurements (2-point calibration with nitrogen (0 ppm) and CO2 test 
gas (2700 ppm)) and checked for correct function. Measurements were 
made during the heating season if predicted outdoor temperatures were 
below 15 ◦C, minimizing the possibility of windows being fully open or 
tilted for prolonged periods. However, it was unavoidable that 
maximum outdoor temperatures occasionally exceeded 15 ◦C during a 
single week of measurements (for 5 classrooms, maximum outdoor 
temperature 17.4 ◦C). Data collection frequency was one data point 
every 2 min, and the data were visualized and processed with appro-
priate software (akrobit AMR WinControl 07/14). Periods with vacancy 
or with open windows and doors (air exchange) were identified using a 
mathematical algorithm (dCO2/10 min > 20 ppm is considered to 
indicate occupancy) and by visually checking the shape of the CO2 
curve, together with the curves for temperature and relative humidity. 
During measurements, teachers recorded the number of persons in the 
classrooms. A single expert carried out all CO2 measurements and 
determined the volumes of the classrooms and the numbers, dimensions 
and airtightness of windows. Windows containing rubber seals were 
defined as airtight, whereas those lacking rubber seals were termed 
leaky. Persons responsible for school buildings (caretakers, public 
building authorities) provided additional information concerning the 
type of building and year of construction, renovation events and type of 
ventilation. Buildings constructed in 2000 or later were defined as new 
buildings, since national building codes required airtight building en-
velopes by that date, as opposed to older buildings (up to and including 
1999), for which a minimum air exchange rate through infiltration was 
required (Swiss Standard SN 520180, 1999; Swiss Standard SN 520180, 
1970). 

2.2. Intervention (S2) – determining factors 

In our view, key prerequisites for a change in ventilation behavior in 
schools are increased awareness of the ventilation issue among the 
persons responsible and classes, and the possibility for those concerned 
to take appropriate decisions themselves. On this basis, we organized the 
intervention and developed aids to ensure that, in addition to verbal 
instructions, all teachers and students would receive the same infor-
mation and guidance. 

The general conditions below are applicable for the intervention:  

(i) Ventilation essentially takes place in the empty classroom during 
breaks, as well as before and after a half school day for the 
following reasons: Ventilating during breaks takes comfort into 
account (cold outside temperatures in winter) and strict regu-
larity is ensured by the ringing of the break bell. Ventilation 
before and after the half school day makes it possible not only to 
remove pollutants from indoor materials and earlier occupancy 
but also to start with good IAQ;  

(ii) Ventilation is performed efficiently (all windows opened) not 
only to avoid unnecessary heat losses, but also because of the 
short break-time;  

(iii) The hygienic limit value of 2000 ppm is complied with (CO2 
levels exceeding 2000 ppm for precisely 10% of teaching time per 
school day). The precise target allows ventilation plans to be 

reviewed. The modest target ensures that the requirements are 
not unrealistically high. 

The long intervals between break-time ventilation events and the 
need to comply with the hygienic limit value mean that ventilation plans 
must provide for the best possible IAQ at the beginning of lessons. As a 
result, classes will spend a longer time with excellent CO2 levels 
(400–1000 ppm range) than if, for example, with the same total venti-
lation time, short ventilation events took place when a CO2 sensor 
indicated levels of e.g. 1400 or 2000 ppm. 

The following aids were used:  

a) Illustrated flyer for school classes on the topic of ventilation. 

An explanation of the importance of good IAQ for performance, 
health and well-being is combined with a call for efforts to improve IAQ 
through appropriate ventilation. The flyer shows how to perform 
ventilation efficiently; mentions, as well as the duration of ventilation 
and the number of windows opened, the most important factors influ-
encing ventilation, such as wind, outside temperatures, and window size 
and arrangement; and recommends use of the SIMARIA tool to deter-
mine an appropriate ventilation period for each break.  

b) Lesson on ventilation for school classes. 

The Bern University of Teacher Education and the Swiss Lung As-
sociation (a non-profit, non-governmental organization) developed a 
standardized school lesson to promote understanding of the need for 
ventilation. The lesson was adapted to different school levels. Assign-
ments and experiments were used to illustrate the composition and 
quality of air. For example, the amount of oxygen available to a burning 
candle was limited by covering it with a glass. To impress upon younger 
students the fact that the quality of indoor air is not always satisfactory, 
they were sent outside to collect fresh air in paper bags.  

c) SIMARIA tool for school classes to generate ventilation plans 
and estimate CO2 levels in the classroom. 

In classrooms with natural window ventilation and high occupancy, 
CO2 levels rise sharply during lessons and decline sharply again during 
ventilation. Viewed over a number of lessons, a typical sawtooth pattern 
arises. The curve is actually non-linear and is influenced by numerous 
variables (Fig. 1). To raise students’ awareness of the classroom venti-
lation issue in a straightforward and memorable way, we decided to 
represent the sawtooth curve in a heavily simplified manner (with a 
linear rise and fall) in a simulation tool, which can also be used to 
provide a rough estimate of the ventilation required. 

To ensure that the tool was appropriate for students from third grade 
upwards, we focused on the visualization and considered only the most 
important constant input parameters (volume of classroom, number of 
persons, number of lessons per half day, number of lessons before the 
only long break of a half day, duration of planned ventilation during 
short and long breaks). 

The simple equation used for the tool is as follows: the change of CO2 
level over t minutes is given by: 

dCO2(t) =

⎧
⎪⎪⎨

⎪⎪⎩

t × rCOl
2 ×

P
V
, during lesson,

t × rCOv
2, during ventilation,

(1)  

where P denotes the number of persons in the classroom, V denotes the 
volume of the classroom, and rCOl

2 and rCOv
2 denote the calculated rates 

of change of CO2 levels during lesson and ventilation, respectively. 
Given a point in time t0, the CO2 level at time t0 + t is: 
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CO2(t0 + t) = CO2(t0) + dCO2(t). (2) 

The parameter rCOl
2, as well as the CO2 concentration at the start of 

school, was derived from highly reliable measurement data from the 
cross-sectional study (Table 1). This offered the advantage that all fac-
tors were taken into consideration. For periods without occupancy or 
ventilation (e.g. during midday break), the tool assumes constant CO2 
levels with no leakage (worst-case assumption). The simulation tool 
requires efficient ventilation as well as ventilation before the first lesson 
of the morning and the afternoon (i.e. during midday break). Use of the 
tool is restricted to typical classrooms; it cannot be used for rooms with 
markedly different dimensions, occupancy levels and ventilation con-
ditions (e.g. apartments or offices). 

The output chart shows in a simplified manner how CO2 levels 
change in the course of an entire school day, based on the entries in the 
input screen. A second chart visualizes the effect of the inputs in terms of 
extrapolated air quality, i.e. the proportion of teaching time with good, 

satisfactory or unacceptable values (Fig. 2). By adjusting the duration of 
ventilation for the various breaks, the students can see the direct impact 
on CO2 levels and can produce ventilation plans that meet their re-
quirements. The tool promotes an understanding of how key parameters 
influence CO2 levels in the classroom. If, for example, the omission of a 
break-time ventilation is simulated, it can be seen that CO2 levels for the 
half day concerned are too high as a result (Fig. 2).  

d) Written instructions for teaching staff. 

Teachers received the following written instructions for the inter-
vention (measurement period):  

(i) Doors and windows should be kept shut during lessons.  
(ii) Ventilation should take place during breaks between lessons, as 

well as before and after a half school day.  
(iii) The duration of ventilation is based on the ventilation plans, 

which are generated using the SIMARIA tool and are designed to 
achieve compliance with the hygienic limit value (CO2 levels 
exceeding 2000 ppm for precisely 10% of teaching time per 
school day).  

(iv) Students should stay outside the classroom during ventilation 
whenever possible.  

(v) Ventilation should be performed efficiently, as illustrated in the 
flyer, by opening all windows wide and keeping doors shut in the 
case of single-sided ventilation; otherwise, by opening all win-
dows wide in the classroom as well as the door and all windows 
on the other side of the corridor (cross-ventilation). 

2.3. Intervention study (S2) – practical implementation 

Heads of schools and teachers from a quarter of the 100 classrooms 
participating in the cross-sectional study (S1) responded to our request 
to conduct an intervention study designed to improve CO2 levels in the 
same classrooms as before by means of awareness-raising, ventilation 
instructions and ventilation plans. Nineteen of those who responded met 
the inclusion criteria, i.e. natural window ventilation, classes of 17 
students or more, high attendance on at least 5 half-days during the 4- 
day measurement period, high motivation and voluntary participation 

Fig. 1. Development of CO2 levels in a classroom (volume: 169 m3; occupancy: 16–21 persons) throughout the school day with strict manual window ventilation 
performed during breaks (arrows). 

Table 1 
Characteristics of rooms and parameters of the SIMARIA prototype.  

Variable SIMARIA (prototype)a 

Median Range 

Openable window area (m2) 5.8 1.2–13.8 
Volume (m3) 204.2 178.2–247.3 
No. of persons 21.5 20–26 
Temperature differenceb (◦C) 19.5 12.1–27.2 
CO2 at start of schoolc (ppm) 554.0 386–986 
Rate of change of CO2 during   

lesson (ppm/minute/person/m3) 1.1500 0.75–1.61 
ventilationd (ppm/minute) ¡100   

a Data from 20 classrooms (16 airtight, 4 leaky) with single-sided spontaneous 
natural window ventilation, with high occupancy time (7 of 8 half school days 
during measurement) and high data reliability, i.e. reasonable consistency of 
CO2 curves with teachers’ occupancy records, as well as the absence of perma-
nently open windows or doors. 

b Indoor temperature minus outdoor temperature. 
c CO2 level before the first lesson in the morning, about 150 ppm above out-

door air levels. 
d The CO2 change during ventilation was arbitrarily set at − 100 ppm/min 

since efficient ventilation was defined as a key prerequisite for the use of 
SIMARIA (Perino and Heiselberg, 2009). 
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of teachers. Three schools were in a rural setting, 13 in a suburban and 3 
in an urban setting; one school had a distance of less than 20 m to a main 
road. 

The same classrooms with the previous measurements in the cross- 
sectional study of spontaneous window ventilation (S1) served as the 
control group. 

Four additional classrooms in the city of Zurich were added to the 
intervention group for testing and validation of the SIMARIA prototype 
tool because of high occupancy (mean of 25.3 students, compared to 
20.0 in the original group of 19 classrooms without classes from Zurich). 
Measurements of CO2 concentrations, temperature and relative humid-
ity were carried out as described above. 

Before the measurement week, one of the two (either French- or 
German-speaking) assistants from the Swiss Lung Association visited the 
teachers of the pilot classes to provide personal and written instructions 
(including the flyer for all students). The assistant introduced teachers to 
the SIMARIA prototype tool and showed them how to use it to generate a 
ventilation plan that would result in acceptable CO2 levels each day 
(exceeding 2000 ppm for precisely 10% of teaching time). Teachers set 
up a schedule, either alone or together with their classes that would 
meet the requirements. As the SIMARIA prototype did not yet have a 
user-friendly interface, the assistant offered support where needed. 
Next, the assistant gave pilot classes the standardized school lesson to 
promote understanding of the need for ventilation. Before the mea-
surements began, the classes had approximately 2–3 weeks to famil-
iarize themselves with the topic and the instructions for the 
intervention. 

Shortly before the measurement period, teachers were reminded to 
ventilate their classrooms in strict accordance with the improvement 
procedures on the four consecutive school days, and to keep accurate 
records using a prepared form. 

To assess the outcome of the intervention, only measurements car-
ried out in the same classrooms as in the cross-sectional study were used 
(i.e. the S2 intervention group, n = 19, excluding the Zurich classes). 
Along with the teachers’ records, CO2 measurement data (i.e. CO2 
curves) from the intervention group were visually checked for de-
viations from the planned ventilation behavior (e.g. duration of venti-
lation events regularly too short or too long, missing ventilation, 
evidence of open doors or windows during lessons). Pilot classes that 

had followed the plan closely throughout the 4-day measurement period 
were assigned to a subgroup (intervention group with good compliance, 
n = 10). 

3. Results 

3.1. CO2 exposure in Swiss schools (cross-sectional study S1) 

Table 2 summarizes the CO2 measurement data for 100 classrooms in 
96 public school buildings (including addition of stories), together with 
the corresponding building characteristics. Of the 100 classrooms, 6 
were mechanically ventilated (2 new buildings constructed in 2000 or 
later and 4 old & tight (retrofitted) buildings). Median CO2 values for the 
mechanically ventilated classrooms ranged from 686 to 1320 ppm 
(median 1009 ppm) during lessons over 4 days. In 3 of the 6 classrooms, 
CO2 levels consistently remained below 1400 ppm, thus meeting na-
tional technical standards (Swiss Standard SN 546382/1, 2014); in the 
other 3 classrooms, 1400 ppm was exceeded for 11%, 43% and 47% of 
teaching time and, in two cases, even the 2000 ppm level was exceeded, 
for 5% and 7% of teaching time. 

In comparison, median CO2 levels in the 94 naturally ventilated 
classrooms were about 520 ppm higher (median 1533 ppm, range 
862–2898 ppm). Ventilation of these rooms was performed exclusively 
by opening windows manually; there were no additional installations, 
such as ventilation grids, which could provide continuous background 
ventilation. In 2 of these 94 classrooms, CO2 levels were consistently 
below 1400 ppm during the 4–day measurement period; one of these 
had difficult conditions with regard to occupancy (23 students/160 m3). 
In Switzerland, the Federal Office of Public Health considers CO2 levels 
to be acceptable for existing school buildings with natural window 
ventilation if they are <2000 ppm (hygienic limit value) for more than 
90% of teaching time. This was the case for 29 (31%) of the 94 class-
rooms in the study group. Thus, CO2 levels would not be considered 
acceptable in about two thirds (69%) of the classrooms with natural 
window ventilation. 

We analyzed exposure to different CO2 levels (<1000, 1000–1400, 
1400–2000 and > 2000 ppm) as a proportion of teaching time (Fig. 3). 
Poor IAQ as indicated by high CO2 levels has a known impact on per-
formance and health. As shown in Fig. 3, of the 94 classes, 41 (44%) 

Fig. 2. Output chart of the SIMARIA tool, which is 
available in the Swiss national languages (French, 
German and Italian). The original designations in the 
printscreen have been overwritten with the English 
translation for this paper. For the morning (4 lessons 
on the left), adequate ventilation with levels <2000 
ppm was simulated; for the afternoon (4 lessons on 
the right), the same ventilation periods were planned 
as for the morning, omitting the first ventilation after 
the midday break. Over the entire school day, the 
hygienic limit value is expected to be exceeded for 
14% of teaching time. Simulation for 21 persons, 210 
m3 room volume.   
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were exposed to CO2 levels >2000 ppm for at least 20% of teaching 
time, 28 (30%) for at least 30%, 18 (19%) for at least 40%, and 9 (10%) 
for at least 50%. One class was exposed to CO2 levels >2000 ppm for 
92% of the entire 4 days’ teaching time. Given this situation, it is 
important for schools to be able to implement improved ventilation 
practices immediately. Therefore, the impact on CO2 levels of ventila-
tion behavior guided by instructions and specific ventilation plans was 

investigated in pilot classes (intervention study). 

3.2. Intervention measures as compared with spontaneous natural 
window ventilation in the same rooms (S2) 

3.2.1. CO2 exposure in the intervention and control groups 
Intervention measures took place in 23 classrooms (18 airtight, 5 

Table 2 
Building characteristics and CO2 levels in the cross-sectional study (S1).  

Type of ventilation Type of building Number of classrooms Year built Room volume (m3) Openable window area (m2) 

Median Range Median Range Median Range 

All All 100 1966 1812–2010 204.2 138.9–572.2 6.1 1.2–42.6 
Mechanicala All 6 1985 1914–2010 228.2 204.0–273.4 5.2 2.0–42.6  

Newb 2 2010 2009–2010 228.2 219.5–237.0 4.4 2.0–6.8  
Old & tightc 4 1977 1914–1988 240.3 204.0–273.4 5.2 3.1–42.6 

Natural window All 94 1965 1812–2008 202.1 138.9–572.2 6.1 1.2–16.5  
New 8 2004 2001–2008 216.2 189.8–269.4 6.6 4.6–13.8  
Old & tight 63 1967 1826–1999 202.0 138.9–572.2 5.9 1.2–16.5  
Old & leakyd 23 1951 1812–1976 197.4 141.1–250.0 6.2 2.5–11.8  

Type of ventilation Number of persons (P) Volume per person (m3/P) Indoor temperature (◦C) Outdoor temperature (◦C) Temp. diff. (◦C) 

Median Range Median Range Median Range Median Range Median 

All 20 3–26 10.5 6.6–80.0 22.0 18.6–24.8 3.1 − 3.1 to 9.4 18.7 
Mechanical 20 15–22 11.0 10.0–16.6 23.6 21.4–24.1 0.9 − 3.1 to 5.6 22.7 
Natural window 20 3–26 10.5 6.6–80.0 22.0 18.6–24.8 3.9 − 3.1 to 9.4 18.5  

Type of ventilation Type of building Mediane CO2 levels (ppm) Maximum CO2 levels (ppm) Minimum CO2 levels (ppm) Overall CO2 levels (ppm) 
Median Range Median Range Median Range Minimum Maximum 

All All 1496 686–2898 2707 1025–4853 492 401–1448 401 4853 
Mechanical All 1009 686–1320 1364 1025–2247 466 436–495 436 2247 
Natural window All 1533 862–2898 2754 1282–4853 493 401–1448 401 4853  

New 1757 1012–2115 3406 1962–4666 534 415–614 703 4001  
Old & tight 1556 862–2898 2768 1282–4853 490 401–1448 542 3836  
Old & leaky 1431 879–2311 2669 1509–4299 499 412–634 412 4299  

Type of ventilation Type of building Percentage of teaching timef with CO2 levels (ppm) at: 
<1000 1000–1400 1400–2000 >2000 
Meang Range Mean Range Mean Range Mean Range 

All All 25 0–99 25 0–58 28 0–55 21 0–93 
Mechanical All 59 22–99 24 1–58 15 0–40 2 0–7 
Natural window All 23 0–81 25 0–50 29 0–55 23 0–93  

New 23 4–57 21 10–35 25 8–44 31 0–50  
Old & tight 22 0–81 24 0–50 30 0–55 23 0–93  
Old & leaky 26 3–73 29 11–50 28 2–45 17 0–63  

a Windows could also be opened. 
b Building constructed in 2000 or later. 
c Building constructed before 2000, windows with rubber seals. 
d Building constructed before 2000, windows without rubber seals. 
e Median of average CO2 levels during lessons on four consecutive school days. 
f Total teaching time over four consecutive school days = 100%. 
g Mean of percentage of teaching time for all classrooms. 

Fig. 3. Exposure to different CO2 levels in 94 classrooms with spontaneous natural window ventilation, measured over 4 days in the winter season (cross-sectional 
study S1). 
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leaky, including the large Zurich classes) during wintertime, as 
described in Section 2.3. Although the ventilation objective, involving 
compliance with the hygienic limit value of 2000 ppm CO2, was modest, 
the intervention was very successful (Fig. 4). Reduction of CO2 levels 
and thus exposure to human bioeffluents was highly significant and not 
restricted to those schools closely following instructions throughout the 
4-day measurement period (good compliance); rather, it was observed 
for the entire intervention group (Wilcoxon signed-rank test for positive 
differences: p = 3.815e− 06 for all classrooms participating in both the 
cross-sectional study S1 and the intervention study S2, and p =
0.001953 for the subgroup with good compliance). As shown in Fig. 4, 
median CO2 levels dropped from 1600 to 1097 ppm (1068 ppm for the 
subgroup with good compliance). Moreover, a CO2 decrease from 1418 
to 933 (993) ppm was observed for the 1st quartile, from 2023 to 1346 
(1318) ppm for the 3rd quartile, and from 2898 to 1892 (1381) ppm for 
the median of maxima. In 16 of 19 classrooms, median CO2 levels 
decreased by up to 1000 ppm over the 4-day measurement period. In one 
case, the decline in median CO2 levels amounted to almost 2000 ppm. 

Fig. 5 shows how the intervention and control groups differ in terms 
of CO2 categories during teaching time. The average proportion of 
teaching time at <1000 ppm CO2 changed from 18% to 42%, at 
1000–1400 ppm from 22% to 28%, at 1400–2000 ppm from 29% to 
21%, and at >2000 ppm from 31% to 9%. During the intervention, 
classes spent nearly 70% of time at CO2 concentrations of 400–1400 
ppm and only about 10% at >2000 ppm, as compared to about 40% and 
30% in the control group. The intervention goal of improvement in 
ventilation, with long periods of exposure to low CO2 levels and 
compliance with the hygienic limit value during each school day, was 
thus, on average, achieved. This applies in particular to the classes 
showing good compliance (Fig. 5). 

Consecutive lessons are most challenging, as many lessons start with 
increased CO2 levels from the preceding occupancy. In both the control 
and the intervention group, we used all available 4-lesson sequences 
over the 4-day measurement period to study the effect of the interven-
tion on consecutive lessons. During the first lessons in the morning, 
mean CO2 levels did not differ much between groups, benefiting from 
low minima of 643 ppm (S1, control), 561 ppm (S2, intervention) and 
570 ppm (S2, intervention with good compliance) before the start of 
lessons. Pronounced differences between the control group and the S2 
intervention groups arose in subsequent lessons (Figs. 6 and 7). During 
lessons two, three and four combined, the proportion of teaching time 
spent at CO2 levels below 1400 ppm was 26% in the control group, 60% 
in the intervention group, and 56% in the intervention group with good 
compliance (Fig. 7). The 4th lesson – the most challenging – started on 
average at minima of 1584 ppm (S1), 899 ppm (S2) and 974 ppm (S2 

with good compliance) and reached mean maximum values of 2433 ppm 
(S1), 1960 ppm (S2) and 2131 ppm (S2 with good compliance), with 
2000 ppm being exceeded for 43.5% (S1), 17.8% (S2) and 24.1% (S2 
with good compliance) of teaching time. Overall, intervention measures 
counteracted the tendency for CO2 levels to increase with the number of 
consecutive lessons, leading to extended times with better IAQ and more 
balanced CO2 levels between lessons, which is beneficial to health and 
performance. However, the exceedances of 2000 ppm accumulated in 
the 4th lesson. We therefore modified the interface of the SIMARIA tool 
so that the duration of all school lessons and breaks could be customized 
individually and independently of each other. Classes can thus improve 
IAQ during the critical 4th lesson by increasing the ventilation period 
that precedes it. 

3.2.2. Duration and efficacy of natural window ventilation in the 
intervention and control groups 

As shown above, differences in CO2 levels between the control and 
intervention groups developed after the first lesson. The mean duration 
of ventilation events before lessons two, three and four was only about 2 
min higher in the intervention groups (S2: 34.7 min, S2 good compli-
ance: 35.0 min) than in the control group with spontaneous ventilation 
(S1: 32.8 min). Fig. 8 demonstrates, however, that ventilation efficiency 
was significantly higher. The mean change was − 111 ppm CO2/minute 
in the intervention group, compared to − 72.3 ppm CO2/minute in the 
control group. 

For the final version of SIMARIA, the rate of change of CO2 was 
adjusted, based on the intervention study data (all median data): -110 
instead of − 100 ppm/min during ventilation, and 1.28 instead of 1.15 
ppm/min/person/m3 during lesson, as the intervention study was car-
ried out under controlled conditions and efficient ventilation is a pre-
requisite for use of the tool. 

4. Discussion 

4.1. Cross-sectional study (S1) 

Two thirds of classrooms did not meet the minimum requirements 
for CO2, which is clearly not acceptable from a public health point of 
view. Most of these classrooms, however, had natural window ventila-
tion. While renovations or the construction of new school buildings 
provide opportunities to ensure sustained improvements in ventilation 
by installing mechanical ventilation systems, these opportunities were 
rarely taken (in only 2 of 10 new buildings and 4 of 63 retrofitted old and 
airtight buildings) and where this was the case, the standards were not 
always adequately implemented (deviation from the Swiss Standard SN 

Fig. 4. Median CO2 levels in classrooms with spon-
taneous natural window ventilation (S1) and with 
intervention measures (S2). Measurements for four 
days in: S1 (all classrooms): entire cross-sectional 
study group (n = 94); S1 (control): same classrooms 
as in intervention, measured during cross-sectional 
study (n = 19); S2 (intervention): intervention group 
(n = 19); S2 (intervention cpl): subgroup of interven-
tion group, with good compliance (n = 10). Box plots 
with maximum, 3rd quartile, median, 1st quartile, 
minimum.   
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546382/1 (2014) for 3/6 mechanical ventilation systems). Clearly, there 
is a considerable need for action in the implementation of building codes 
and ventilation standards. 

In schools with natural window ventilation, CO2 levels vary widely; 
overall, values ranged from 401 to 4853 ppm in our study. Key drivers 
were occupancy and active ventilation behavior during lessons (Fig. 9), 
as well as the efficiency of window ventilation (Fig. 8). Other factors that 
influence ventilation efficiency besides fully opening all windows were 
not studied or appeared to be less relevant: for example, average outdoor 
temperatures during the school day had only a minor effect on CO2 
levels, because the ventilation behavior was probably adapted to the 
outside temperatures (Fig. 10, supplementary material). Likewise, 
background ventilation by natural infiltration through leaky building 
envelopes – especially unsealed windows and doors – could have 
influenced results. However, the number of new buildings was small and 
differences were not significant (Fig. 11, supplementary material)). 

In the school setting, additional factors may influence CO2 levels 
strongly. For example, as we have shown, consecutive classes make it 
difficult to ensure long enough ventilation during breaks, so that the 

load of stale air including CO2 from preceding occupancy increases (cf. 
Section 3.2.1). In contrast, frequent teaching in split classes, temporarily 
empty classrooms (e.g. when lessons take place in music rooms or sports 
facilities), and open doors (with classes present or not) favor lower CO2 
values at the start of the following lessons. Discussions with teachers, as 
well as measurement data and teachers’ occupancy records, indicated 
that CO2 levels during the cross-sectional study were affected by all of 
these factors. Such factors could have a great influence on results but are 
not generally discussed in studies. CO2 exposure in the cross-sectional 
study (>1000 ppm during 77% of teaching time in schools with spon-
taneous window ventilation) is broadly comparable to that reported 
from studies in Germany (with similarly cold winters) (Ausschuss für 
Innenraumrichtwerte AIR, 2008; Fromme et al., 2008; Lahrz et al., 
2003). Similar median CO2 concentrations were also reported in other 
studies (1412–1600 ppm vs. 1533 ppm in our study) (Fromme et al., 
2008; Grams et al., 2003; Innenraumlufthygiene-Kommission des 
Umweltbundesamtes, 2008; Lahrz et al., 2003). However, in a Dutch 
study, CO2 exposure was significantly lower than in our cross-sectional 
study (CO2 values > 1000 ppm for 64% of teaching time), despite higher 

Fig. 5. Exposure to different CO2 levels in the same classrooms with either spontaneous natural window ventilation (top: S1, control) or planned ventilation (bottom: 
S2, intervention), measured over 4 days. The line marks 10% of teaching time, i.e. the proportion specified for compliance with the hygienic limit value of 2000 
ppm CO2. 

Fig. 6. Effect of intervention on CO2 levels in 
consecutive lessons. Mean CO2 levels are shown for all 
4-lesson sequences occurring in the 4-day measure-
ment period in classrooms with natural window 
ventilation for: S1 (control), rooms with spontaneous 
window ventilation (30 sequences from 20 class-
rooms); S2 (intervention), intervention group (20 se-
quences from 13 classrooms); and S2 (intervention cpl), 
subgroup of the intervention group with good 
compliance (11 sequences from 7 classrooms).   
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occupancy and very high maximum CO2 values (up to 3500 ppm) in the 
Dutch study, which could be attributed to the above-mentioned factors 
or higher outdoor temperatures (Geelen et al., 2008). 

4.2. Intervention study S2 

At the core of the intervention study were the following measures: 
efficient ventilation, low CO2 levels at the beginning of each morning 
and afternoon, ventilation performed exclusively during breaks, and 
compliance with the hygienic limit value of 2000 ppm. As a result of the 
intervention, the proportion of teaching time that classes spent at low 
CO2 levels (400–1400 ppm) increased from 40% to 70%. This 
improvement was attributable solely to changes in ventilation behavior, 
with almost no change in the duration of ventilation compared to 
spontaneous ventilation (Fig. 8). The altered ventilation behavior was 
thus substantially more effective, with similar heat losses, because the 
overall duration of ventilation events and room temperatures were 
similar for the intervention and control groups (n = 19: median 22.4 ◦C, 
range 20.1–24.6 ◦C, versus 22.1 ◦C, 19.5–23.7 ◦C), and there was no 
increase in low room temperatures (10th and 5th percentiles of 20.4 ◦C 

and 20.2 ◦C for the intervention and 20.5 ◦C and 19.9 ◦C for the control 
group). The SIMARIA tool was one of a number of helpful measures, 
contributing – together with efficient ventilation due to the opening of 
all windows – explicitly to resource-conserving ventilation planning, 
since SIMARIA enables classes to plan the duration of ventilation during 
breaks based on the resulting overall development of CO2 levels during 
the day. This means that, spontaneously, ventilation periods are planned 
that are no longer than is required for a complete air exchange and to 
ensure that the defined ventilation objective is achieved (strategic 
ventilation). 

Overall, the question arises as to how accurate such a tool needs to 
be: in other words, how accurately should it reflect the situation on a 
particular day in a particular classroom? Precise modeling of changes in 
CO2 concentrations with natural ventilation is complex and, for 
simplification, assumptions need to be made for numerous input pa-
rameters. At the same time, parameters such as wind pressure and 
temperature difference are in fact highly variable and have a consider-
able influence on the results (Larsen and Heiselberg, 2008). In the highly 
simplified approach adopted for the SIMARIA tool, we estimated the 
increase and decrease in CO2 levels with the aid of average values 

Fig. 7. Effect of intervention on CO2 exposure in in-
dividual lessons. Exposure to different CO2 levels is 
shown for all 4-lesson sequences occurring over the 4- 
day measurement period in classrooms with natural 
window ventilation for: S1 (control), rooms with 
spontaneous window ventilation (30 sequences from 
20 classrooms); S2 (intervention), intervention group 
(20 sequences from 13 classrooms); and S2 (interven-
tion cpl), subgroup of the intervention group with 
good compliance (11 sequences from 7 classrooms). 
The line marks 10% of teaching time, i.e. the pro-
portion specified for compliance with the hygienic 
limit value of 2000 ppm CO2.   

Fig. 8. Decrease in CO2 levels during window ventilation in the same classrooms: S1: control group with spontaneous window ventilation, S2: intervention group. 
The average duration and average CO2 decrease across all ventilation events is shown for the control (solid lines) and the intervention group (dashed lines). 
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measured during the heating season. The only remaining input param-
eters were room volume, occupancy and information on the duration of 
lessons and ventilation breaks. Since the target group in this case 
comprised students from the third grade upwards, we regarded this 
approach as adequate for awareness-raising and ventilation planning. In 
particular cases, marked deviations from the actual values measured are 
to be expected, which seemed acceptable, given the fact that ventilation 
plans in everyday school life can never be implemented exactly. In fact, 
the intervention study showed that, on average, the CO2 levels aimed for 
with the ventilation plans were achieved, and that consequently, real-
istic planning of ventilation periods during the heating season in 
everyday school life is possible with SIMARIA. 

One might also ask to what extent the comparisons of S1 and S2 are 
legitimate. Situations favoring a reduced CO2 increase during lessons in 
intervention-group classes, or driving a CO2 decrease during ventilation, 
would lead to an overestimation of the effectiveness of intervention 
measures. Despite a slightly higher number of students in the control 
group with spontaneous ventilation (mean and median both 21, versus 
both 20 for the intervention group), the median rate of CO2 increase 
during the 4-day measurement period was clearly higher in the inter-
vention group (1.31 versus 0.83 ppm/min/person/m3, same rooms, 
control), indicating greater difficulty in achieving low CO2 concentra-
tions. Outliers for the rate of decrease during ventilation, which could 
have been due to stormy weather, were not identified (Tukey box plot 
analysis with whiskers of 1.5 times the interquartile range). Besides 
wind, differences between indoor and outdoor temperatures are the 
factor most likely to distort results. Again, smaller differences in tem-
perature during ventilation (median difference between indoor and 
outdoor 16.6 ◦C for S2 versus 21.6 ◦C for S1) and correspondingly more 
difficult conditions were associated with the intervention group S2, 
supporting the effectiveness of the intervention. 

Comparison with the very few other intervention studies is only 
possible to a limited extent: the authors tested improvement instruments 
such as awareness-raising and CO2 sensors with the aim of achieving 
much lower maximum CO2 values (e.g. 1200 ppm), in contrast to our 
study, in which the maximum value of 2000 ppm CO2 was also the target 
value during 10% of teaching time (Geelen et al., 2008; Wargocki and 
Da Silva, 2015). Geelen et al. (2008) extended teaching times at CO2 
levels <1000 ppm, as we did, by about 25%, but starting from a 
significantly better level (36% versus 18%). Despite our modest venti-
lation objectives, we achieved a good median value of about 1000 ppm 

CO2. 
The results of the intervention study demonstrate that most of the 

pilot classes were highly motivated to implement the ventilation plans as 
precisely as possible. This good outcome is probably due to the fact that, 
in carrying out the study, we attached great importance to awareness- 
raising and the schools’ engagement with the topic (communication of 
cross-sectional study, individual discussions with teachers, school 
lesson, flyer, SIMARIA tool), as recommended by Geelen et al. (2008). 
Maintaining such a high level of compliance over many months is an 
immense challenge and requires a long-term change in behavior. The 
prerequisite for this is a high level of acceptance of the measures. It is 
important that they should be both highly flexible and readily 
manageable; for this reason, provision is made for the generation of 
individual ventilation plans and objectives. A more ambitious ventila-
tion objective than that underlying the intervention could also be 
planned, as could ventilation events during lessons. The latter would 
need to be considered in the prevention of aerosol transmissions of, for 
example, SARS-CoV 2 viruses. 

In addition to flexibility, comfort also increases acceptance. The 
school classes must be able to leave the classroom during ventilation in 
cold weather. This was not always ensured in the intervention study. 
While we had established the “strong positive intentions or commit-
ment” and the “necessary skills” which are prerequisites for behavioral 
change, this organizational obstacle would need to be overcome by all 
schools before the proposed ventilation behavior can be permanently 
implemented (Geelen et al., 2008; Gielen and Sleet, 2003). Furthemore, 
behavioral change could be accompanied by occasional control mea-
surements with a CO2 sensor over longer periods, for two reasons: (i) to 
estimate how good the prediction for a specific classroom is and whether 
the duration of ventilation events could be adjusted on very cold days, 
and (ii) to ensure that the ventilation situation is kept in mind. Grimsrud 
et al. (2006) showed that displayed, continuous CO2 monitoring trig-
gered long-lasting improvement. In spite of the promising results ach-
ieved, efforts to improve window ventilation will reach their limits in 
classrooms with high occupancy. This should trigger desperately needed 
discussions with building owners about the ventilation problem in 
schools. 

5. Conclusions 

Our study shows that spontaneous natural window ventilation in 

Fig. 9. Rate of change of CO2 levels versus classroom occupancy, as modified by ventilation during lessons. All lessons are shown for the 100 classrooms over the 4- 
day measurement period in the cross-sectional study group (S1). Ventilation during lessons includes natural window (n = 94) and mechanical ventilation (n = 6). 
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countries with cold winters leads to particularly high CO2 levels. This is 
the case even though, in this study, good IAQ was important to teaching 
staff, and ventilation was generally carried out on a regular basis. With 
the approach to classroom ventilation presented here, awareness-raising 
is of central importance and ventilation is performed exclusively during 
breaks, using flexible ventilation plans. Although the ventilation 
objective was modest, involving compliance with the hygienic limit 
value of 2000 ppm CO2, it was possible to improve CO2 concentrations 
markedly in all lessons. This was possible without increasing the overall 
duration of ventilation compared to spontaneous window ventilation, 
which speaks for its practicality. A regime with fixed breaks for venti-
lation events allows students to leave the classroom during ventilation. 
In countries with cold winters, ventilation will be inadequate unless 
protection is provided against discomfort from cold and drafts. The 
intervention described here presumes that the school buildings are in 
areas with good outdoor air quality. Moreover, it is only suitable as a 
transitional solution, as it requires sustained efforts and significantly 
more ambitious goals are difficult to achieve. For long-term solutions, 
appropriate construction and technical measures are required. Since the 
ventilation concept can be integrated into everyday school life and is 
aimed at long stays with low CO2 levels, it might be helpful during the 
COVID-19 pandemic to reduce aerosol transmission of SARS-CoV-2 vi-
ruses whenever possible in conjunction with intermediate ventilation 
during class and further measures such as wearing masks. 

Declaration of competing interest 

The authors declare no conflict of interest. 

Acknowledgements 

This work was funded by the Federal Office of Public Health (FOPH), 
Switzerland. We thank our colleague Dr Réjane Morand Bourqui (FOPH) 
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