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ABSTRACT

Airborne transmission of SARS-CoV-2 through virus-containing aerosel particles has been established as an
important pathway for Covid-19 infection. Suitable measures toyprevent such infections are imperative, especially in
situations when a high number of persons convene in closed rooms. Here we tested the efficiency and practicability of
operating four air purifiers equipped with HEPA filters in a high school classroom while regular classes were taking
place. We monitored the aerosol numbereoncentration for particles > 3 nm at two locations in the room, the aerosol
size distribution in the range from.20 nm.to10 pum, PM,, and CO, concentration. For comparison, we performed
similar measurements in a neighboring classroom without purifiers. In times when classes were conducted with
windows and door closed, the,aerosol concentration was reduced by more than 90 % within less than 30 minutes
when runningthe,purifiers{(air exchange rate 5.5 h™"). The reduction was homogeneous throughout the room and for
all particle sizes. The measurements are supplemented by a calculation estimating the maximum concentration levels
of virus-containing aerosol from a highly contagious person speaking in a closed room with and without air purifiers.
Measurements and calculation demonstrate that air purifiers potentially represent a well-suited measure to reduce the
risks of airborne transmission of SARS-CoV-2 substantially. Staying for two hours in a closed room with a highly
infective person, we estimate that the inhaled dose is reduced by a factor of six when using air purifiers with a total air

exchange rate of 5.7 h™’.
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1. Introduction

Currently the transmission risks for viruses of the type SARS-CoV-2 pose a substantial challenge for all
situations where people gather in closed rooms, be it in schools, shared offices, meeting rooms,
restaurants, bars, etc. Especially in schools, where presence is obligatory and a high density of people in a
room is frequently reached, a high level of responsibility rests with the authorities to ensure a safe
environment for the school students and teachers.

Currently three transmission pathways are mainly considered important for Covid-19: direct transmission
by droplets, airborne transmission by virus-containing aerosol particles and transmission via fomites
(WHO, 2020). The direct infection by droplet transmission is well established as,a transmission pathway
for SARS-CoV-2 (WHO 2020). Here it is assumed that large droplets (usually<defined as droplets larger
than 5 to 20 um; Gralton et al., 2011; WHO 2020) are transferredfrom one infected person to another, for
example, by coughing, sneezing or speaking (see, e.g., Drassines.and Stilianakis 2020; Vourinen et al.
2020). The droplets are assumed to be large enough.to sediment to the ground quickly. Therefore, they do
not travel more than 1.5 or 2 m horizontally. Prather‘et al. (2020) highlight the fact that also droplets
much larger than 5-20 pm are able to stay airborne for many minutes and that the delineation between
fast-settling droplets and aerosols should, rather be made at 100 pum diameter. Morawska and Milton
(2020) recently compiled the evidence for airborne transmission. Their paper was accompanied by an
open letter signed by 237 'seientists supporting the view that the airborne transmission did not receive
sufficient attention.so far., The scientific evidence in favor of the airborne transmission pathway includes,
for example, the,description of infections that occurred over distances of many meters, such as several
infections that occurred in a restaurant in China (Li et al. 2020), or 53 out of 61 attendees becoming
infected during a choir rehearsal (Miller et al. 2020). Furthermore, aerosol samples containing viable
SARS-CoV-2 were collected 4.8 m away from a Covid-19 patient in a hospital ward (Lednicky et al.
2020). Van Dormalen et al. (2020) showed that SARS-CoV-2 remains viable in aerosols with a half-life

of 1.1 hours, and some virus remained viable for more than 3 hours. Despite of the mounting evidence in



favor of airborne transmission an exact delineation of droplet and airborne transmission pathways is
difficult (Beggs 2020; Jayaveera et al. 2020; Tellier et al. 2019). For most infections it is not possible to
reconstruct the details of the transmission. It is by now well-known that infected persons frequently stay
completely asymptomatic or develop only mild symptoms that are not associated with a potential Covid-
19 infection. Furthermore, infected persons are highly contagious shortly before symptoms of the disease
occur (pre-symptomatic; WHO 2020). Currently there are no well-established numbers to, quantify the
fraction of infections that are caused by the different pathways of infection (e.g., Jayaweera‘et al:*2020).
These fractions are also expected to change depending on the effectiveness of measures,and, precautions
that are introduced to reduce the transmission. Additionally, it is not known how many virus-containing
aerosol particles have to be inhaled by a susceptible person to trigger an.infection. Lelieveld et al. (2020)
summarize the current knowledge, concluding that a dose of 100-1000 wviral RNA copies have to be
inhaled as the mean dose that causes an infection in 50% of susceptible subjects (D50).

People emit substantial amounts of aerosols and droplets when:speaking, which could potentially contain
the virus (Asadi et al. 2019, 2020; Stadnytskyi et al. 2020). The amount of emitted aerosol particles
increases with loudness. Furthermore, it was found that so-called super-emitters exist: 20% of the tested
persons emitted far more particles than thesaverage (8 out of 40 persons; Asadi et al. 2019). This led to the
hypothesis that these super-emitters could‘also act as super-spreaders that are responsible for clusters with
many infections occurring @t single.events (Asadi et al. 2020; Endo et al. 2020). The particles emitted
when speaking have an average dry size of about 1 um. It is not well known, in how far the particles
emitted during speaking contain viruses if the speaker is infected with SARS-CoV-2. Lelieveld et al.
(2020) argue that in case of highly infective emitters about 3% of the particles <5 pm contain virus RNA.
But this number is currently not well-established. Stadnytskyi et al. (2020) report higher aerosol
emissions from speaking than Asadi et al. (2019). When saying the words ,,stay healthy®, it was estimated
that at least 1000 droplet cores that contain virions are emitted per minute with an average diameter of
about 4 um. The differences might be explained by the particularly high aerosol emissions when

pronouncing the “th” in “stay healthy”.



In schools and universities talking with a loud voice for longer periods during classes and lectures occurs
frequently. Therefore, the aerosol transmission pathway could be of special importance. Longer periods of
loud speaking by an infected asymptomatic or pre-symptomatic teacher, professor or student could lead to
a high level of virus-containing aerosol particles in closed, unvented or insufficiently vented rooms even
without coughing or sneezing. Simulations by Beggs (2020) show that speaking in an office room can
lead to similar levels of virus-containing aerosols as occasional coughing, and these levels could be high
enough so that sufficient virus-containing particles are inhaled by other persons in the same reom o cause
an infection.
For a relative humidity far below 100 % droplets emitted during speaking will lose a large fraction of
their water content rapidly and much smaller droplet cores will remain“(e.g., Mikhailov et al. 2004).
Droplet cores with sizes below about 10 um will remain airborne for minutes to hours and these particles
are transported in a room by thermal convection, turbulencesandiother air movements. Therefore, the
particles are distributed throughout a classroom within minutessand they can accumulate in a closed room
over hours. Mobile air purifiers offer the possibility to reduce the aerosol load in closed rooms
substantially (Offermann et al. 1985; Shaughnessy and Sextro 2006). If the air in a closed room is
drawn continuously through a filter, the risk of an infection from respirable aerosols will likely be
reduced (Offermann et al. 1985; Miller-Leiden et al. 1996). The Clean Air Delivery Rate (CADR) is
used as a metric to characterize the efficacy of air purifiers (Kiipper et al. 2019; Shaughnessy and
Sextro 2006). It is_given as the product of the device’s particle removal efficiency 1 and the
volumetric(flow rateV through the device. It can also be calculated by subtracting the natural
particle decay rate knq: in @ room from the decay rate measured with the air purifier in operation
Kpurifier and multiplying by the volume of the room (Kiipper et al. 2019):

CADR = (kpyrifier — knat)Vroom (1)
In order to clean the air as efficiently as possible from virus-containing aerosols, the CADR of the purifier

should be as high as possible.



The experiments conducted in this study will test if air purifiers offer an efficient and realistic way to
reduce the aerosol load during day-to-day operation in a high school classroom. The reduction of aerosol
particles in general will also lead to a reduction of potentially virus-containing aerosols. The risk of
infection through inhaled aerosol particles would therefore likely be reduced.

So far, only a few investigations on the operation of air purifiers under real life conditions exist. Kiipper
et al. (2019) study their performance in an office room environment. A few studies have tested air
purifiers in classrooms, e.g. as a measure to reduce exposure to PM for children with asthma,(Jhun et al.
2018), the efficiency to remove ultrafine particles, black carbon, PM,s and PMy, was tested, (Polidori et
al. 2013), or PM, s and PMy, alone (Park et al. 2020).

Especially in a densely seated classroom it is necessary to take precautionary'measures to prevent aerosol
infections with SARS-CoV-2. This can be achieved by frequent venting by opening the windows or by
filtration with air purifiers. Most schools in Germany aresnot equipped with pre-installed ventilation
systems or Heating, Ventilation and Air Conditioning systems (HVAC). Venting is usually done by
opening the windows during the breaks. By venting, the room air is diluted and exchanged with outside
air within a few minutes. The exact exchange rates depend on numerous conditions such as wind speed
and direction, temperature difference between outside and inside air, window size, etc. The venting
reduces the infection risks considerably, but during winter time in Germany it is questionable whether it is
feasible to vent every classroom several times per hour, each time for 3 to 10 minutes, as officially
recommended by the German commission for indoor air hygiene (IRK 2020a, 2020b). This would lead to
uncomfortably cold, classrooms, substantially increased heating costs and high CO, emissions from the
additional heating. Therefore, cleaning the air in addition to venting could be an important safety measure
to reduce the concentration of potentially virus-laden aerosols in classrooms.

Note that we will not study the role of face masks as a measure to reduce the transmission of aerosols or
droplets. For a discussion of this subject, see, e.g., Drewnick et al. (2020) or Lelieveld et al. (2020).
Furthermore, we will only study the role of air purifiers for the aerosol transmission pathway. It should be

noted that in cases of a direct droplet or aerosol transfer between two persons in close proximity (’face-to-
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face”) the transmission risks cannot be substantially reduced by the operation of air purifiers that are
located at some distance in the same room.

In this study we investigate if the operation of mobile air purifiers in classrooms can reduce the aerosol
load fast, efficiently and homogeneously. A simple calculation is provided to estimate the average
concentration of virus-containing aerosol in the closed room if an infected person is present that emits a
high amount of virus-containing aerosol via speaking. Also the uptake of virus-containing aerosol via
inhalation is estimated as a function of time. It is demonstrated that the uptake depends eritically on
whether or not air purifiers are operated in the room. Furthermore, we assess if(thesoperation of air

purifiers is hindered by other factors such as noise level or cleaning and maintenance of the purifiers.

2. Methods

This section describes the air purifiers that were used in our tests. Furthermore, the instrumentation for
characterizing the aerosol is described, as well as the design of the tests that were conducted.

2.1 Air purifiers

The tests were performed with commercially-available mobile air purifiers (Philips Model 2887/10),
which are offered as regular household appliances. The air purifiers are equipped with HEPA filters (High
Efficiency Particulate Air Filter) that remove more than 99.97% of the particles in the size range of 0.1 to
0.3 um according to the manufacturer/(DOE STD 3020 2015). Note that these filters are electret filters for
which the filter efficiency decreases over time (Asbach et al., 2020; Schumacher et al. 2017). The volume
flow through the purifier can be adjusted in five stages: ‘sleep’, 1, 2, 3 and ‘turbo’. According to the
manufacturer the' CADR is at least 333 m*/h when operated in ‘turbo‘ mode and the device is designed for
rooms of up to'79 m?. Note that the room size specified by the manufacturer is given with respect to the
reduction of allergens and not with respect to SARS-CoV-2 reduction. Table 1 shows the measured

volume flows for the higher flow regimes (stages 2, 3 or ‘turbo’) that were used during our tests.



To reduce the risks of aerosol transmission, the volume flow through the purifier should be set as high as
possible. Furthermore, we determined the energy consumption and the noise level during operation at
these stages. The noise level was determined using two simple mobile phone apps (“Dezibel X” and “dB
Meter”). We measured 1 m above the instrument but outside the main airflow exiting the instrument using
the internal microphone of an iphone 8. The two apps agreed within 0.5 dB. The air purifier’s
dimensions are 24,0 cm x 35,9 cm x 55,8 cm.

The purifier includes a simple pre-filter for coarse dust and aerosol (metal screen with meshywidth ~0,5
mm), as well as an active charcoal filter with screens with mesh width of ~0,7 mm. Fellowing the
recommendation of the German commission for indoor hygiene we avoided air purifiers that rely on the
use of ozone generators, ionizers, UV light, etc. (IRK 2020a, 2020b).

When installing and positioning the air purifiers in the class roomsseveral aspects should be considered.
When just a single purifier is installed, the positioning shouldhideally be at a central place in the room
(Kahler et al. 2020). If several purifiers are installed, the instruments should be distributed evenly in the
room. Kipper et al., 2019, show that also a,placement in the corners is possible as long as the flows
towards the air intake and from the clean air outlet are not obstructed. Especially any blocking of free
circulation, e.g. by placing the air purifier underneath a table, is reducing the efficiency of the purifier
substantially. Obviously all safety aspects need to be considered, for example, emergency exits must not

be blocked when installing thesmabile air purifiers.

2.2 Instrumentation

Measurement of aerosol number concentration by condensation particle counters

For measuring the aerosol concentration several ultrafine Condensation Particle Counters (TSI, uCPC
model 3776) were employed. The uCPCs allow a precise measurement over a wide range of particle
concentrations (0.1 cm™ to more than 100 000 particles cm™). Ultrafine particles starting from a size of
2.5 nm are detected. The sampling was performed directly from the room air without using any additional

sampling lines. The uCPCs use butanol as the working fluid for growing the aerosol particles to sizes at
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which they can be detected optically. The exhaust air of the uCPCs was transferred to the outside by use

of an exhaust line. The sample flow was set at 1,5 I/min. The measurement uncertainty is about +5%.

Measurement of aerosol size distribution and total aerosol mass (PM)

The aerosol size distribution is measured over a wide range from 10 nm to 10 um by applying a
combination of a Scanning Mobility Particle Sizer (SMPS, consisting of an electrostatic classifier TSI
model 3082 with Differential Mobility Analyzer TSI model 3080 and uCPC TSI model 3776)and an
Optical Particle Sizer (OPS, TSI model 3330). The SMPS measures the aerosol size distribution in the
size range 10 to 300 nm. The OPS measures the size distribution in the size range fram 300 nm to 10 um
applying 16 size bins. The approximate total mass (PMyg) is derived from the size measurements and

assuming a mean particle density of 1.6 g/cm? (Pitz et al. 2003).

CO,-sensor
A CO, sensor (NDIR) is used for monitoring the CQ, mixing ratio (Trotec model BZ30). The sensor
measures the CO, mixing ratios in the range fromQ to 10 000 ppm CO,. The uncertainty is given by the

manufacturer as =75 ppm. The instrument/also records the temperature and relative humidity.

2.3 Measurement site and study design
A sketch of the placement of the air purifiers and the measurement instruments in the classroom is shown

in Figure 1.(The classroom (room B109 of Leibnizschule Wiesbaden) is located in the second floor. It has
a length of 8.24 m, width of 6.18 m, a ceiling height of 3.66 m and a total volume of about 186.4 m?.
Small additional recess volumes from the door and window area were not considered. Two rows of
windows are located on one side of the room (Figure 1). Up to five windows of size 0.70 m x 1.36 m were
fully opened for venting the room. In addition, the door (0.93 m x 1.99 m) was fully opened when

venting. The room offers 27 places for the school students and a place for the teacher. For our tests, also a



scientist was present to conduct and monitor the measurements. Three or four air purifiers were operated
in the room simultaneously. For some of our measurements air purifier #2 (see Figure 1) was turned off.
At the back side of the room the uCPC, SMPS, OPC and the CO,-sensor were placed on a table. The
second uCPC was operated on a desk located next to the teacher’s desk at the front side of the room. The
air purifiers were placed directly on the floor and were distributed across the room as indicated in Figure
1.

For comparison we also conducted measurements in a neighboring classroom (B110), “butswithout
operating any air purifiers. Here the air was monitored continuously with a uCPC and an,OPS. The room
dimensions were very comparable (8.25 m x 6.32 m x 3.69 m, total volume ~192.4m®). This room also
has six windows of which up to five were fully opened for venting, Also in this class typically 27
students, one teacher and one scientist were present.

The two rooms are oriented perpendicular to each other, resultingiin a difference between the rooms as
the windows of the room without air purifiers were facing towards a busy road, while the windows of the
other room opened towards a quiet side way of this road. Consequently, aerosol number and mass
concentrations in the room facing the street were higher most of the time, even when purifiers were turned
off in the other room.

The air purifiers were operated at the sehool from Monday, 14 September, until Friday, 18 September
2020. During this time 8 single lessons (45 min each) and two double lessons (90 min each) were held at
the class room with the air purifiers and the measurement instrumentation running, while 18 lessons were
held at the reference room, respectively. On Friday, only the purifiers were operated for 5 lessons without
the aerosol instruments running in order to obtain a judgement on the noise levels produced by the
purifiers alone without influence from the measurement instrumentation. Air purifier settings were varied
by operating 3 purifiers at stage 3 on Monday and Tuesday, and then 4 purifiers at stage 3 for 4 lessons

and at ‘turbo’ stage for 1 lesson.



2.4 Method for estimation of the concentration of virus-containing aerosol and inhaled dose
The decrease of the aerosol concentration in the classroom through filtering after particles enters from

outside while venting the room by opening the window is not directly comparable to the situation of
aerosol emissions by an infective person in the room. An infective person in a closed room that is
continuously speaking acts like a continuous point source of aerosol particles containing virus RNA. In
order to assess how the concentration of RNA-containing aerosol particles changes in a closed room with
and without air purifiers, we performed a calculation with simplifying assumptions. We._assumed an
infected pre-symptomatic or asymptomatic person at a stage when he/she is highly contagious;e.g., in the
hours before symptoms occur. This person was assumed to be frequently talking with:a loud voice (50%
of time, e.g., a teacher, lecturer or a student reading or presenting). In ©rderyto make our calculation
comparable to a similar approximation that was recently published by Lelieveld et al. (2020), we based
our calculation on the same assumptions. Note that several of these ‘assumptions are currently highly
uncertain for SARS-CoV-2 and may change in the future. [Especially the amount of RNA-containing
particles that form an infectious dose as well as the\fraction of exhaled particles that contain virus RNA
are uncertain.

Following the arguments of Lelieveld etfal.(2020) we assumed an infectious dose D50 of 316 particles as
the amount of virus RNA that has, tosbe inhaled by a host to cause an infection at 50% probability.
Furthermore, we assumed thatwaerosel particles are deposited in the respiratory system of the host at 50%
probability. Breathing/and speaking by an infective individual releases 0.06 and 0.6 particles cm?,
respectively, into the exhaled air (Asadi et al. 2019; Lelieveld et al. 2020; Stadnytsky et al. 2020). These
assumptions describe rather the case of a super emitter (highly contagious, speaking a lot, emitting a high
amount of particles with virus-RNA) compared to a more average case of an infected student that is not
talking for a large fraction of the time. The speaking/breathing ratio is assumed to be 0.5 and the
respiration rate per person is 10 liters per minute. We assumed the concentration of virus RNA present in
the exhaled particles to be 5 x 10° per ml for a ‘highly infective’ person (Lelieveld et al. 2020). The

particles are exhaled with an average wet diameter of 5 um when exiting the mouth, but due to the rapid
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evaporation at lower humidity the particle size quickly reduces to 1-2 um. The 1/e-lifetime for viable
SARS-CoV-2 in aerosol is assumed to be 1.7 hours (van Dormalen et al. 2020). With these assumptions
Lelieveld et al. (2020) derived an emission of 198 000 particles per hour from the emitting person and
about 3% of the particles emitted during breathing and speaking contain virus RNA. For a classroom of
180 m® volume with a low air exchange rate of 0.35 h™* and without face masks being used, their model
predicts a steady-state concentration of RNA-containing aerosol of 0.034 I™%. For the highly infective case,
a susceptible person in the room for 2 hours will take up a dose of 22 RNA-containing particles,
representing a 4.7% risk of becoming infected. In a room with 25 persons, this leads to an overall risk of
70% that at least one of the other 24 persons becomes infected. For an air exchange rate of 5.7 h™ the risk
per person reduces to 0.7% and 16.5% that at least one of the persons in the'room becomes infected. All
the details of the assumptions, parameters and equations used are discussed.in Lelieveld et al. (2020).

We performed a similar calculation as derived by Lelieveld etwal. (2020) as we assumed the situation of a
classroom for two hours without any ventilation and comparedsit to a situation with air purifiers running
(air exchange rate 5.7 h™). Similar to Lelieveld et al."(2020) we did not perform a detailed flow
calculation of the air movements, turbulent‘mixing and dilution processes, etc. Instead, we assume an
instantaneous homogeneous mixing, of the emitted aerosol in the room, which seems to be a justifiable
assumption based on the regularly almostidentical concentration measurements of the two uCPCs located
at different positions in the room (see Results and Discussions below and Figure S1). For the typical
classroom we assumed a volume of 180 m® and a volume flow rate of the four air purifiers totaling 1026
m*/h and for.simplicity assuming a 100% filter efficiency (CADR = volume flow rate). For comparison
we also performed calculations assuming that the room is vented by opening the windows every 20
minutes (Fig. S2 and S3).

To confirm the validity of our estimation experimentally we performed a set of test measurements in a
seminar room (128 m®) without people. Here we placed an aerosol generator in the middle of the room,
producing a constant output of NaCl solution droplets. We then ran two experiments monitoring the

number concentration of particles >3 nm with 3 uCPCs at different locations in the room and measuring
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the particle concentration >300 nm with 2 OPS instruments. In the first experiment all windows and the
door were closed, we removed the pre-existing particles in the room by operating several air purifiers
down to a total level <100 particles per cm™ and then we switched off the purifiers and started the aerosol
generator remotely. We observed the steady increase of particle concentration in the room over a period
of 50 minutes. In the second case we continued to operate 3 purifiers when switching on the aerosol

generator.

3. Results and Discussion

3.1 Aerosol measurements and air purifier performance

Figure 2 shows a representative measurement of the total aerosol“number concentration (UCPC), the
number concentration of large particles (0.3 to 10 um, OPS), and.the total aerosol mass (PMo, OPS) for
the two rooms during a school lesson with windows andidoors closed. The total number concentration in
the room without purifiers decreased slowly over timesand was reduced by about 30% at 12:06 when a
window was opened and additional particles.entered the room from the outside. The decrease in particle
concentration while the room was closed'was mainly caused by diffusion of the particles to the surfaces in
the room, as well as coagulation processes and sedimentation losses. A fraction of this decrease was also
caused by the respiration of.the 29,persons in the room as a fraction of the aerosol particles was inhaled
and deposited in the upper and-lower respiratory tracts of the people in the room. The overall reduction
was also found to varysfrom lesson to lesson (with the time constant of the exponential decay varying
between 47 ands71"minutes) mainly because the loss processes are dependent on the particle size, the
humidity in the room, the charging state of the aerosol, the presence of electrostatically charged surfaces
in the room, and other factors.

The aerosol concentration decreased considerably more in the room with the air purifiers. The four
purifiers were operated at stage 3 yielding a total volume flow of 1026.4 m*h and an air exchange rate of

55 h™. The aerosol concentration decreased by more than 95% within 37 minutes following an
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exponential decay rate. Both uCPCs measured almost identical values (red and black line in Figure 2a).
This shows that the room was well mixed and the reduction of particles in the room was very
homogeneous. This was very reproducible and we did not notice any parts of the room to be excluded
from the action of the four purifiers. From the average of the three lessons where the four purifiers were
operated at stage 3, the exponential decay of the total aerosol concentration as measured by the uCPCs,
the decay constant is derived as 0.107 + 0.01 min™. Similarly from the decays in the other class room
without purifiers an average value for the natural decay constant without air purifiers is determined as
0.020 + 0.01 min™. By using equation (1) the experimental CADR is derived for the' fourpurifiers as 973
+ 150 m*/h. This is about 5% lower than the calculated CADR of 1025.3 m*/h from the measured volume
flow of 4 x 256.4 m*/h and the stated filter efficiency of 99.97% but,within the uncertainty of our
measurements.

The total number concentration as well as the total mass from the OPS measurements in the two rooms
are shown in the lower panels of Figure 2. The number concentration of particles in the range 0.3 to 10
pum decreased exponentially with a similar time constant as the total number concentration measured by
the uCPC. In the room without purifiers_the,number of particles in the range 0.3 to 10 um remained
almost constant.

The total aerosol mass was reduced from about 35 pg/m® at the beginning of the lesson to about 6 pg/m?
after about 37 minutes, while‘the total mass reduced to 20-25 pg/m® in the room without purifiers. Note
that a window was.opened for about 1 minute at 12:06, leading to an increase in particle mass and total
particle number.concentration. The particle mass and particle number of larger particles measured with
the OPS was ‘systematically higher in the room without purifiers, as explained above. The OPS total
number concentration for the reference room (blue line, Figure 2, middle panel) did not show a clear
reduction like the uCPC data for this lesson (blue line, upper panel) and the OPS mass data (blue line,
lower panel). This is caused by the fact that the OPS total number concentration is dominated by the

smallest size channel which stayed constant over this lesson, while a slight reduction was seen in the
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largest size-channels, which have a dominating influence on the total mass concentration. Nevertheless,
we cannot offer a full explanation why the smallest size channel of the OPS stayed constant during this

particular measurement.

Figure 3 shows a composite plot of uCPC measurements from various school lessons in a closed
classroom. All measurements were normalized to a starting level of 10 000 particles cm™. The blue line
shows a typical slow decrease when no purifiers were used. The decays of the total particlesnumber
concentration for the tests with air purifiers were highly reproducible for the different air exchange rates
with 3 and 4 air purifiers. A halving of the particle concentration was reached in 10.0, 7.0 or 5.4 minutes

(green, black and red lines, respectively), depending on the total flow of the'purifiers.

Figure 4 shows the measurements of the SMPS instrument forparticle sizes between 10 and 300 nm. The
concentration levels (indicated by the color coding) decreased markedly for all sizes over time. Similarly,
for all size bins measured with the OPS, the size resolved particle concentrations were decreasing evenly
over time (Figure 5). The homogeneous reduction:with respect to all particle sizes was confirmed by the
fact that the mean particle size stayed constantat a value of ~0.4 um (pink dashed line).

Overall it can be stated that the use of air'purifiers with HEPA filters decreased the aerosol load strongly
within the time intervals between venting by opening the windows. The homogeneous reduction of all
particle sizes indicates thatjin case of an infectious person being present in the room, also the virus-
containing aerosol particles emitted by this person from speaking or breathing will be reduced in the room

air.

The concentration of virus-RNA containing aerosol particles for the case of a highly infective person
(same assumptions as Lelieveld et al. 2020) is shown in Figure 6. We compare the situation with and
without operating the air purifiers. It can be seen that a steady state concentration of about 0.006 particles

per liter is quickly reached when the air purifiers are switched on, while without purifiers the
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concentration increases steadily reaching 0.069 I™ after 2 hours. The inhaled dose for a susceptible person
in the room increases over time. It reaches a value of 21 virus RNA units after 2 hours. With the purifiers
running, the inhaled dose is 3.3 particles after 2 hours. These results are very comparable to the
calculations obtained from the model by Lelieveld et al. (2020). As our results for the concentration levels
and inhaled dose are within about £10% of the results calculated with the model of Lelieveld et al. (2020),
we assume that the infection risks stated above can also be applied for our results.

After 2 hours, the concentration of aerosol particles containing virus RNA in the room is more'than 10
times higher ‘without purifiers’ compared to ‘with purifiers’. The difference between, the two cases
increases over time and it becomes larger if higher ventilation rates of the purifiers are realized. Similarly,
the difference between the inhaled dose increases over time. After oneshour the difference between the
cases with and without purifiers is a factor of 3.5 and it becomes.asfactor.of 6.3 after 2 hours. Note that
the steady-state concentration does not depend on the room sizex It'is just given by the ratio of the particle
source rate over the removal rate. A comparison of the effect of frequent venting by opening windows
every 20 minutes to the use of air purifiersds shown,in the Supplemental Online Material. If a highly
efficient venting is achieved and reducing'thereby 99% of the exhaled aerosols, the venting is about
as efficient as the use of air purifiers: Ideally both measures are combined, yielding a dose after 1 hour
that is 82% lower than in the case of a.closed room.

This estimate is thought to illastratesthe profound differences in a room without ventilation vs. a room
equipped with purifiersiwith HEPA filters. Although several of the numbers used for this estimation are
uncertain, wewexpect,the finding to be robust that the difference in concentration levels and inhaled dose
between ‘with’ and ‘without’ purifiers increases over time. The longer other susceptible persons are in a
closed room together with an infective person, the higher the risks of airborne transmission even if the

persons are separated by more than 2 m distance.
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The results from our measurements in a seminar room to test the validity of our estimates of the
development of the aerosol concentration are shown in Figure 7. When assuming a constant emission
from the aerosol generator of 1.8 million particles per second, then the measured concentrations in the
room are well described by the simple model for both cases, with and without the purifiers running.
Especially in the case without purifiers the circulation and mixing in the room is not as strong and the
uCPC measurements show differences in the concentration levels, indicating that the room air is not well-
mixed throughout. Nevertheless, all three uCPCs measure the strong increase over timeand the’model
describes the increase well. Although the emissions by the aerosol generator are (orders of magnitude
higher than the emissions by a person from speaking, these experiments show that the basic assumptions
of a nearly well-mixed room (see e.g., Shaughnessy and Sextro 2006) are approximately correct, even in a

case when the room is not actively ventilated.

3.2 Carbon dioxide

Typical CO, mixing ratios as measured during a schoel lesson with closed windows and doors are shown
in Figure 8. The CO, mixing ratio increased by 48 ppm per minute. At the end of the lesson a value above
2700 ppm was reached. It was repeatedly observed that even after several minutes of venting the room
with open windows, the CO, concentration did not fall below 1000 ppm. Therefore, already at the
beginning of the lesson, the'mixing ratio in the room was around 1000 ppm. The current recommendation
by the German Environment Agency is that rooms should be vented at concentrations above 1000 ppm
and have to be vented at values above 2000 ppm, as such high values cause headache and tiredness (UBA
2009). For classrooms with a high density of persons this implies that also during lessons venting has to

take place. This is independent of the use of air purifiers.

3.3 Noise levels
Besides the simple measurement of the noise levels (Table 1) we also conducted a survey among the

school students and teachers. Care had to be taken that the noise level from the aerosol measurement
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instruments did not influence the impression of the noise level from the air purifiers. Therefore, we
conducted some lessons with the purifiers switched on but without aerosol measurements. During the 5
lessons before the survey was conducted four purifiers were operated at stage 3. The students (age 14 to
15) did not consider the noise level as disturbing. From the 26 students that participated in the survey,
58% felt “not disturbed at all”, 27% felt “not disturbed” and 15% were neutral with respect to the noise
level. From the 6 teachers that participated in the survey, 1 felt “strongly disturbed”, 2 felt “somewhat
disturbed”, 1 was neutral, 1 felt “not disturbed” and 1 was “not disturbed at all” (see FigureiS4)=Only a
very small number of teachers was included in the survey, so these numbers might niot be significant, but
the noise produced by the purifiers at the necessary high ventilation rates needs(to be.considered carefully
before the procurement of purifiers. It should also be noted that the individual level of disturbance may
change with the length of exposure time and it is probably dependention/the distance of the individual

seating places from the purifier.

3.4 Cold drafts

None of our surveys revealed that the students or teachers were disturbed by cold drafts or the enhanced
air circulation in the room. Here it should be noted that the tests were conducted during a phase of
relatively high outside temperatures of 22'to 29 °C. As the purifiers blow the filtered air directly upwards,

also persons that are seated(close to a purifier are usually not affected by strong drafts.

3.5 Cleaning,and maintenance

When running the air purifiers for a longer time (e.g., several hours of daily operation for several months
during winter) a proper and regular cleaning and maintenance needs to be included. A visual inspection of
the filters at the end of the week of operation in the classroom showed that the pre-filter and the active
charcoal filter already had aggregated substantial amounts of coarse dust (see Figure S5). No deposits
were visible on the HEPA filter from inspection with the naked eye. Many of the commercially sold air

purifiers issue a warning signal when the filters need to be cleaned or exchanged. Nevertheless, safety
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precautions need to be observed when filters are cleaned or changed as the aerosol deposited on the filters
may still contain infectious aerosol. Here it seems advisable that the filters are cleaned at a different place.
If the HEPA filters are protected from the coarse dust (>10 um), the HEPA filters should be operational
for many months. Note that the commercial purifiers tested here did not contain proper pre-filters to fully
retain the coarse dust particles >10 um. Ideally two additional pre-filter stages with filter classes F7 and
F9 should be included in a proper purifier system.

3.6 Co-Benefits

Our measurements as well as previous studies (e.g., Chen et al. 2015; Park et al.(2020; Polidori et al.
2013) demonstrate that operating air purifiers continuously in a closed room also reduces the amount of
particulate matter (PM,s and PMy,) considerably. The WHO recommends that the average exposure
levels to PM, 5 should be below 10 pg/m® because higher exposuresincreases the risks of ischaemic heart
disease, chronic obstructive pulmonary disease, lung cancerscerebrovascular disease leading to stroke,
and various other diseases. Long-term exposure to highylevels of PM,s reduces the life expectancy
considerably and such high PM levels are among the leading health risk factors in many parts of the world
(Lelieveld et al. 2019). Therefore, the average PM,s levels that students and teachers are exposed to
should be kept below 10 pg/m®. Installingair purifiers would greatly help to reduce the average exposure
to PM,s. Similarly, exposure levelsytowarious airborne allergens would be reduced (e.g., Park et al.

2017).

4. Summary and Conclusions

Air purifiers ‘can reduce the aerosol load in a classroom in a fast, efficient and homogeneous way. In
situations when windows and doors are closed for a longer period of time a large reduction in the inhaled
dose of particles containing virus RNA is achieved and therefore the risk of aerosol infection is likely to
be lowered. Staying for two hours in a closed room together with a highly infective person, we estimate
that the inhaled dose via airborne transmission is reduced by a factor of six when using air purifiers with

an air exchange rate of 5.7 h™. The air purifiers should be equipped with HEPA filters (DOE STD 3020
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2015, H13 or H14), and a high CADR of around 1000 m*h or higher should be applied. In order to
achieve high air exchange rates and homogeneous mixing in the entire room it can be of advantage to
install several smaller purifier units. In addition to the HEPA filters, the purifiers need to be equipped
with pre-filters to remove the coarse dust efficiently and the pre-filters need to be cleaned or exchanged
regularly. If applied in school rooms, the noise levels from operating the air cleaners need to be
considered. While large ventilation rates are desirable, the noise level needs to be sufficiently low in order
to not disturb the ongoing classes.

In summary, the operation of mobile air purifiers in classrooms seems feasible as a_practical measure that
can quickly be implemented during an epidemic. In order to reduce the risks of aeresol transmission for
SARS-CoV-2 air purifiers can form an important additional measure of precaution, especially in cases
where no fixed ventilation systems are installed and when windews:cannot be opened properly. The
implementation and maintenance costs need to be compared tosthe substantial advantages of reducing the
amount of infections and Covid-19 cases, the reduced needs-for contact tracing and the avoidance of
major disruptions caused by school closures. Nevertheless, air purifiers do not replace other measures for
the reduction of transmission such as wearing face masks, hygiene measures and social distancing. The
purifiers should be considered as efficient additional measures. An important co-benefit of a standard
operation of air purifiers is that average levels of particulate matter (PM) are considerably reduced
leading also to a long-term health benefit.

Rooms with a high densityfof people require frequent ventilation to reduce the CO, mixing ratio. CO,
monitors should bewsed in order to ensure that CO, limits are not exceeded and that ventilation measures
are sufficient to reduce the CO, levels in the room.

While our study focuses on school classrooms, these results can in principle be transferred to similar
situations in closed rooms that are occupied by more than a single person, such as meeting rooms,

restaurants, bars, shared offices, waiting rooms and others.

19



Acknowledgments

We thank the Leibnizschule Wiesbaden for support and cooperation. We would like to thank the dean,
Rainer Guss, the classes 9c and 9d, their teachers, as well as Dr. Bundschuh for permitting us to conduct
the measurements and for comprehensive support of the measurements and participation in the surveys.
We thank the Ministry of Education and Religious Affairs for support. We thank Dr. A. Kirten, S.
Richter and T. Keber for valuable input, discussion and technical support. We thank Prof. H:-M. Seipp,

Univ. GieRen, Prof. H.-J. Schmid, Univ. Paderborn, and M. Westerhoff for discussion.
Funding

The project was conducted without external financial support. We declare ne’competing interest. We also

did not receive any other support from manufacturers or any other stakeholders.

ORCID

Joachim Curtius 0000-0003-3153-4630

20



References

Asadi, S., N. Bouvier, A. S. Wexler, and W. D. Ristenpart. 2020. The coronavirus pandemic and
aerosols: Does covid-19 transmit via expiratory particles? Aerosol Sci. Technol. 54:635-638. doi:
10.1080/02786826.2020.1749229.

Asadi, S., A. S. Wexler, C. D. Cappa, S. Barreda, N. M. Bouvier, and W. D. Ristenpart. 2019. Aerosol
emission and superemission during human speech increase with voice loudness. Scient.'Rep. 9:1-10.
doi: 10.1038/s41598-019-38808-z.

Asbach, C. et al.. 2020. Position paper of the Gesellschaft fiir Aerosolforschung on understanding the
role of aerosol particles in SARS-CoV-2 infection, doi: 10.5281/zenodo.4350494.

Beggs C. B. 2020. Is there an airborne component to the transmission,of .COVID-19?: a quantitative
analysis study. MedRXiv. doi: 10.1101/2020.05.22.20109991.

van Doremalen, N., et al., 2020. Aerosol and surface stability 0f SARS-CoV-2 as compared with SARS-
CoV-1. N. Engl. J. Med. 382:1564-1567. doi: 10.1056/NEJMc2004973.

Drewnick F., J. Pikmann, F. Fachinger, L. ‘Moormann, F. Sprang, and S. Borrmann S. 2020. Aerosol
filtration efficiency of household materials for homemade face masks: influence of material
properties, particle size, particle’electrical charge, face velocity, and leaks, Aerosol Sci. Technol.
55:63-79. doi: 10.1080/02786826.2020.1817846.

Drossinos, Y., and N._Stilianakis,” 2020. What aerosol physics tells us about airborne pathogen
transmission, Aerosol.Sci. Tech., 54:639-643. doi: 10.1080/02786826.2020.1751055.

Endo, A., Centre forthe Mathematical Modelling of Infectious Diseases COVID-19 Working Group, S.
Abbott, A.J. Kucharski, and S. Funk. 2020. Estimating the overdispersion in COVID-19 transmission
using outbreak sizes outside China. Wellcome Open Res. 5:67. doi:

10.12688/wellcomeopenres.15842.3.

21



Gao, X., et al. 2019. Effects of filtered fresh air ventilation on classroom indoor air and biomarkers in
saliva and nasal samples: A randomized crossover intervention study in preschool children. Environ.
Res., 179:108749. doi: 10.1016/j.envres.2019.108749.

Gralton, J., E. Tovey, M. L. McLaws, and W. D. Rawlinson. 2011. The role of particle size in
aerosolised pathogen transmission: a review. The Journal of Infection 62:1-13. doi:
10.1016/j.jinf.2010.11.010.

IRK (Kommission fir Innenraumlufthygiene). 2020a. Das Risiko einer Ubertragung von SARS<CoV-2
in Innenrdumen lasst sich durch geeignete LuftungsmalRnahmen reduzieren; Stellungnahme der
Kommission Innenraumlufthygiene am Umweltbundesamt, 12 Aug. 2020,

https://www.umweltbundesamt.de/sites/default/files/medien/2546/dokumente/irk stellungnahme luef

ten sars-cov-2 0.pdf.

IRK  (Kommission fir Innenraumlufthygiene). 2020b., “Einsatz mobiler Luftreiniger als
luftungsunterstiitzende MaBnahme in Schulen wahrend der*SARS-CoV-2 Pandemie, Stellungnahme
der Kommission Innenraumlufthygiene (IRK) “am Umweltbundesamt, 16 Nov. 2020,

https://www.umweltbundesamt.de/dokument/stellungnahme-IRK-luftreiniger.

Jhun, 1., J. M. Gaffin, B. A. Coull, M. E..Huffaker, C. R. Petty, W. J. Sheehan, S. N. Baxi, P. S. Lai, C.-
M. Kang, J. M. Wolfson, et al, 2017. School Environmental Intervention to Reduce Particulate
Pollutant Exposures for Children with Asthma. The Journal of Allergy and Clinical Immunology: In
Practice. 5:154-159.e3. doi: 10.1016/j.jaip.2016.07.018.

Jayaweera, M., H.\Perera, B. Gunawardana, and J. Manatunge. 2020. Transmission of COVID-19 virus
by droplets and aerosols: A critical review on the unresolved dichotomy. Environ. Res. 188:109819.
doi: 10.1016/j.envres.2020.109819.

Kéhler, C. J., T. Fuchs, B. Mutsch, and R. Hain. 2020. School education during the SARS-CoV-2
pandemic - Which concept is safe, feasible and environmentally sound? MedRxiv. doi:

10.1101/2020.10.12.20211219.

22


https://www.umweltbundesamt.de/sites/default/files/medien/2546/dokumente/irk_stellungnahme_lueften_sars-cov-2_0.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/2546/dokumente/irk_stellungnahme_lueften_sars-cov-2_0.pdf
https://www.umweltbundesamt.de/dokument/stellungnahme-IRK-luftreiniger

Kipper, M., C. Asbach, U. Schneiderwind, H. Finger, D. Spiegelhoff, and S. Schumacher. 2019. Testing
of an indoor air cleaner for particulate pollutants under realistic conditions in an office room. Aerosol
and Air Quality Research 19:1655-1665. doi: 10.4209/aaqr.2019.01.0029.

Lednicky, J. A., M. Lauzardo, Z. H. Fan, A. Jutla, T. B. Tilly. M. Gangwar, M. Usmani, S. N. Shankar,
K. Mohamed, A. Eiguren-Fernandez, et al. 2020. Viable SARS-CoV-2 in the air of a hospital room
with COVID-19 patients. Int. J. Infect. Dis. 100:476-482. doi: 10.1016/j.ijid.2020.09.025.

Lelieveld, J., K. Klingmdller, A. Pozzer, U. Péschl, M. Fnais, A. Daiber, and T./Miinzels 2019.
Cardiovascular disease burden from ambient air pollution in Europe reassessed using novel hazard
ratio functions European Heart Journal 40:1590-1596. doi: 10.1093 /eurheartj/ehz135.

Lelieveld, J., F. Helleis, S. Borrmann, Y. Cheng, F. Drewnick, G. Haug, T. Klimach, J. Sciare, H. Su,
and U. Poeschl. 2020. Model Calculations of Aerosol Transmissioniand Infection Risk of COVID-19
in Indoor Environments. Int. J. Environ. Res. Public Healthy17:8114. doi: 10.3390/ijerph17218114.

Li, Y., H. Qian, J. Hang, X. Chen, L. Hong, P. Liang, J. Li, S=Xiao, J. Wei, L. Liu, and M. Kang. 2020.
Evidence for probable aerosol transmission ofy,SARS-CoV-2 in a poorly ventilated restaurant.
MedRXiv. doi: 10.1101/2020.04.16.20067728.

Mikhailov, E., S. Vlasenko, R. Niessner,«and'U. Pdschl. 2004. Interaction of aerosol particles composed
of protein and salts with water vapor:"hygroscopic growth and microstructural rearrangement, Atmos.
Chem. Phys. 4:323-350: doi: 10.5194/acp-4-323-2004.

Miller, S., W. Nazaroff, J¢Jimenez, A. Boerstra, G. Buonanno, S. Dancer, J. Kurnitski, L. Marr, L.
Morawska and'€. Noakes. 2020. Transmission of SARS-CoV-2 by inhalation of respiratory aerosol in
the Skagit Valley Chorale superspreading event. Indoor Air. doi: 10.1111/ina.12751.

Miller-Leiden , C. Lohascio , W. W. Nazaroff and J. M. Macher. 1996. Effectiveness of In-Room Air
Filtration and Dilution Ventilation for Tuberculosis Infection Control, Journal of the Air & Waste
Management Association 46:869-882. doi: 10.1080/10473289.1996.10467523.

Morawska, L., and D. K. Milton. 2020. It is Time to Address Airborne Transmission of COVID-19,

Clinical Infectious Diseases. doi: 10.1093/cid/ciaa939.
23



Offermann, F. J., R. G. Sextro, W. J. Fisk, D.T. Grimsrud, W.W. Nazaroff, A. V. Nero, K. L. Revzan,
and J. Yater. 1985. Control of respirable particles in indoor air with portable air cleaners. Atmos.
Environ. 19:1761-1771.

Park, H.-K., K.-C. Cheng, A. O. Tetteh, L. M. Hildemann, and K. C. Nadeau. 2017. Effectiveness of air
purifier on health outcomes and indoor particles in homes of children with allergic diseases in Fresno,
California: A pilot study. Journal of Asthma 54, 341-346, doi: 10.1080/02770903.2016.1218011.

Park, J-H., T. J. Lee, M. J. Park, H. Oh, and Y. M. Jo. 2020. Effects of air cleanersyand-<school
characteristics on classroom concentrations of particulate matter in 34 elementary sechools in Korea.
Building and Environment 167:106437. doi: 10.1016/j.buildenv.2019.106437.

Pitz, M., J. Cyrys, E. Karg, A. Wiedensohler, H.-E. Wichmann, and J. ‘Heinrich. 2003. Variability of
Apparent Particle Density of an Urban Aerosol. Envir. “Sci. Tech. 37:4336-4342. doi:
10.1021/es034322p.

Polidori, A., P. M. Fine, V. White, and P. S. Kwon. 2013:, Pilet study of high-performance air filtration
for classroom applications. Indoor Air 23;185-195,doi+ 10.1111/ina.12013.

Prather, K. A., L. C. Marr, R. T. Schooley, M."A. McDiarmid, M. E. Wilson and D. K. Milton. 2020.
Airborne transmission of SARS:CoV-2. Seience 370:303-304. doi: 10.1126/science.abf0521.

Schumacher S., D. Spiegelhoff, U. Schneiderwind, H. Finger, and C. Asbach. 2019. Performance of New
and Artificially Aged Electret Filters in Indoor Air Cleaners, Chem. Eng. Technol. 41:27-34. doi:
10.1002/ceat.201700105:

Science Media Center/(SMC). 2020. Expert Reaction to Questions about COVID-19 and Viral Load.

https://www.sciencemediacentre.org/expert-reaction-to-questionsabout-covid-19-and-viral-load/,

Accessed date: 1 Oct. 2020.
Shaughnessy, R. J. and R. G. Sextro. 2006. What Is an Effective Portable Air Cleaning Device? A
Review, Journal of Occupational and Environmental Hygiene 3:169-181. doi:

10.1080/15459620600580129.

24


https://www.sciencemediacentre.org/expert-reaction-to-questionsabout-covid-19-and-viral-load/

Stadnytskyi, V., C. E. Bax, A. Bax, and P. Anfinrud. 2020. The airborne lifetime of small speech
droplets and their potential importance in SARS-CoV-2 transmission. Proc. Nat. Acad. Sci.
117:11875. doi: 10.1073/pnas.2006874117.

Tellier, R., Y. Li, B. J. Cowling, and J. W. Tang. 2019. Recognition of aerosol transmission of infectious
agents: a commentary. BMC Infect. Diseases 19:101. doi: 10.1186/s12879-019-3707-y.

UBA (Umweltbundesamt). 2009. Leitfaden fiir die Innenraumlufthygiene in Schulgebduden. Dessau-

Roflau. https://www.umweltbundesamt.de/publikationen/leitfaden-fuerinnenraumhyaqiéne-in-

schulgebaeuden.

Vuorinen, V, M. Aarnio, M. Alava, V. Alopaeus, N. Atanasova, M. Auvinen, N. Balasubramanian, H.
Bordbar, P. Eréstd, R. Grande, et al. 2020, Modelling aerosol transport and virus exposure with
numerical simulations in relation to SARS-CoV-2 transmissionyby-inhalation indoors. Safety Science
130:104866. doi: 10.1016/j.ssci.2020.104866.

WHO (World Health Organization), Scientific Brief., 9, July’ 2020. Transmission of SARS-CoV-2:

implications for infection prevention precautions, https://www.who.int/news-

room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-

precautions.

25


https://www.umweltbundesamt.de/publikationen/leitfaden-fuerinnenraumhygiene-in-schulgebaeuden
https://www.umweltbundesamt.de/publikationen/leitfaden-fuerinnenraumhygiene-in-schulgebaeuden
https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions
https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions
https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions

Captions

Table 1: Technical properties of the air purifiers (Philips 2887/10) operated at a range of volume flows.

ventilation flow volume flow noise level power
stage (1 m above purifier) consumption

2 186.7 m°/h ~39 dB 9.2W

3 256.6 m’h ~48 dB 16.9 W

‘turbo’ 365.2 m’/h ~54 dB 42.8 W
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Figure 1: Sketch of the classroom indicating the position of the air purifiers (#1 to 4) and the

measurement instrumentation at two:locations A and B.
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particles flowed in from outside. Particle concentrations are averaged over 1 minute intervals. Middle
panel: Number concentration of larger particles (0.3 to 10 um, OPS measurement) in the classrooms with
(red) and without (blue) air purifiers. Bottom panel: The particle mass concentration PM,, in the rooms
with and without air purifiers. Values are more scattered due to low counting statistics for the largest

particles that contribute most to the derived mass concentration.
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Figure 3: Reduction=in-aerosol particle concentration in a closed classroom without air purifiers (blue
line) and with 3+or 4 aif purifiers operating at stage 3 (3 x 257 m*/h per purifier, green lines; 4 x 257 m*/h
per purifier, black lines) or stage ‘turbo’ (4 x 365 m%h, red line). Data are normalized to a starting value
of 10 000 particles cm™. Data are displayed for the time intervals until door or windows were opened

again.
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effectively and homogeneouslyQ
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Figure 5: Total (black line) and size resolved decrease of particle concentrations for seven aerosol size
bins of the OPS in the size range 0.3 to 5 m (same lesson as in Figure 2). The mean particle diameter

(dashed pink line) remains constantindicating that all sizes decrease at the same rate.
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Figure 6: Estimated concentration of aerosel particles containing virus-RNA in a closed classroom (180
m?), in which we assume that a highly infeCtive person emits on average 0.6 particles cm™ of exhaled
breath through loud speaking 50%.0f time and 0.06 cm™ by breathing (red line without purifiers, blue line
with purifiers) with an airexchange rate of 5.7 h™. The dashed lines show estimates of the inhaled dose of

virus-RNA units that is taken up by a person in the same room for two hours.
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Figure 7: Left panels: Measurement of particle increase in a closed roem”without people, with and
without purifiers. An atomizer is operated as a continuous particle source of NaCl solution droplets. 3
UCPCs and 2 OPS instruments measured at different positions.in the room. Assuming an emission rate of
1.8 million particles s* a good agreement is reached between the model calculations and the
measurements. Right panel: Sketch of the position ofithe aerosol generator (red), the three uCPC and OPS

instruments (blue) and the position of the air purifiers (green) in the seminar room.
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Figure 8: CO, mixing ratio as measured in class during.a school day. Even after venting the room for
several minutes with door and windows wide.open, CO, levels do not drop below 1000 ppm. With classes
proceeding in the closed room, CO, levels quickly rise to mixing ratios of 2500 to 2800 ppm at the end of

the lesson.
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