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Who is the
Gesellschaft fur
Aerosolforschung?

The Gesellschaft fur Aerosolforschung (GAeF) was found-
ed in 1972 as a non-profit association of pioneers of aerosol
research in German-speaking countries (Germany, Austria,
Switzerland) and beyond. Its mission is to promote scientific
aerosol research both nationally and internationally. For ex-
ample, the GAeF regularly organizes the European Aerosol
Conference with up to 1000 participants, the last one - online
for the first time - in September 2020. The members of the
society include leading national and international research-
ers as well as many students and PhD students from all aero-
sol research fields (atmospheric environmental aerosol, aero-
sol technology, aerosol measurement technology, medical
aerosol, basic research). The GAeF has about 350 members
from 35 countries and is coordinated with all other Europe-
an societies for aerosol research in the European Aerosol As-

sembly (https://www.info.gaef.de/eaa) and is also globally
networked in the International Aerosol Research Assembly

(IARA, http://www.iara.org).

More information is available at https://www.info.gaef.de
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Executive Summary

Many studies have already shown that viruses can spread via aerosol
particles. An aerosol is a mixture of air with solid or liquid particles dis-
persed init. To understand the role of aerosol particles as a transmission
path of SARS-CoV-2, knowledge of the different processes in an aerosol
is therefore of particular importance. With this paper, GAeF would like to
contribute to a better understanding of the term “aerosol” and the rele-
vant aerosol processes. In the context of this paper only the essential ba-
sics will be discussed. For a deeper understanding of the partly complex
processes, please refer to the literature mentioned at the end of the pa-
per. The paper summarises a large number of studies on the formation
of virus-laden aerosol particles and their spread. Based on this, it can
be concluded that exhaled aerosol particles may play a prominent role
in the spread of viruses in the corona pandemic. Finally, this paper dis-
cusses possible measures to reduce the spread of aerosol particles. The
measures discussed are based on the current public debate including
ventilation, air purifiers, HVAC systems and masks. Advice is given on the
correct and sensible use of these measures.

An aerosol is always dynamic, as particles are newly formed, transport-
ed in or with the air, removed from the air or change in the airborne
state. Aerosol particles have sizes between approx. 0.001 and several
100 micrometres (and not < 5 pm as currently defined in many publi-
cations) and spread relatively quickly with air currents, even over lon-
ger distances. Larger aerosol particles sink to the ground, depending on
their size and density, while small aerosol particles can remain in the air
for a very long time (see Section 3). Every person emits liquid aerosol
particles of various sizes through breathing and when speaking, cough-
ing and sneezing (see Section 4). If a person is infected with a virus, such
as SARS-CoV-2, these aerosol particles can contain viruses that can be
released into the air and inhaled by other people. SARS-CoV-2 has a size
of 0.06 to 0.14 micrometres, but the exhaled liquid aerosol particles are
larger. The liquid aerosol particles can shrink by evaporation, depending
on the ambient conditions (see Section 3.3). Particle size is relevant for

particle transport and particle separation. The highest risk of infection
exists in closed indoor spaces, as aerosol particles can accumulate there.
Here in particular, appropriate measures must be taken to reduce the
concentration of aerosol particles (see Section 5).

Against the background of aerosol science, the GAeF classifies the cur-
rent measures to contain the pandemic as follows:

* In principle, no measure can work on its own! According to the cur-
rent state of knowledge, the interaction of the most varied measures
is the best way to minimise the risk of infection.

Keeping distance is important, because with increasing distance, di-
rectly exhaled viruses are diluted and the probability of infection de-
creases. The often prescribed minimum distance can be used as a
guide, but it should be increased and supplemented by other mea-
sures (see below), especially for longer meetings and also indoors
with reduced air movement.

Masks help to filter some of the exhaled particles (and viruses). This
reduces the concentration of exhaled particles (and viruses) in a
room and thus the risk of infection. It should be noted here that the
exhaled aerosol particles are relatively large due to adhering mois-
ture and can therefore also be efficiently retained by simple masks
(see Figure 6). However, since these particles shrink with longer dwell
time in the room air, simple mouth-nose masks are less efficient for
self-protection. Respiratory masks are required for this purpose,
which show a high degree of separation even for fine particles, e.g. of
classes FFP2, N95 or KN95. These are efficient for both self-protection
and protection of others unless they have an exhalation valve. Masks
with an exhalation valve, on the other hand, are only for self-protec-
tion and therefore contradict the solidarity concept that fellow hu-
man beings are protected by collective mask wearing (see Section 6).




Face shields which are used without additional masks are largely
useless with regard to aerosol particles, as the air with particles (and
viruses) flows unfiltered around the shields. In everyday clinical prac-
tice, facial shields are worn in addition to masks to prevent droplet
infection via the mucous membranes of the eyes. Mobile or perma-
nently installed Plexiglas barriers are also largely ineffective against
the spread of aerosols indoors. These can only prevent the small-
scale spread of an aerosol in the short term, e.g. in the checkout area
of a supermarket, but offer no protection in the longer term. Face
shields and Plexiglas panels essentially serve as spit and splash pro-
tection against large droplets.

Outdoors, there are practically no infections caused by aerosol trans-
mission. However, droplet infections can still occur, especially in
crowds, if minimum distances are not observed and/or masks are
not worn. In closed rooms, ventilation is essential to replace the ex-
haled air in a room with fresh air from outside. Frequent airing and
cross-ventilation is just as effective as leaving the window open all
the time. From an energy point of view, however, it is more efficient
to ventilate the room, especially in winter. CO, monitors can help to
monitor indoor air quality. They indicate when it is necessary to venti-
late and when the air in a room has been sufficiently changed during
ventilation. However, they can only be used as an indicator and even
if the proposed CO, limit concentrations are met, they do not prevent
direct infection by people in the immediate vicinity.

Air purifiers can make a useful contribution to reducing the concen-
tration of particles and viruses in a room. When procuring air pu-
rifiers, care must be taken to ensure that they are adequately di-
mensioned for the room and application in question in order to
significantly reduce the particle and virus load. The air throughput of
the unit is more important than the pure efficiency of the filter. For
energy and cost reasons, the use of highly efficient filters can even be
counterproductive (see Section 5.2). Permanently installed ventila-
tion systems can also be useful, provided they filter the air to reduce
the particle and virus load in a room. To avoid infections, it is advis-
able to operate them with 100 % fresh air if possible (see Section 5.3).

From the point of view of the Gesellschaft fur Aerosolforschung, there is
a considerable need for research, especially at the interdisciplinary bor-
ders to research fields of epidemiology, infectiology, virology, ventilation
technology and fluid mechanics. The implementation of targeted stud-
ies should be made possible at short notice with special funding and re-
search programmes (see Section 7).

This paper was written originally in German by members of the Ge-
sellschaft fur Aerosolforschung and is supported by a large number of in-
ternational aerosol experts (see Section 8). Both the English and German
version as well as all images in the paper are available for free down-
load at the following link: https://www.info.gaef.de/positionspapier. The
“Gesellschaft fur Aerosolforschung e. V.” must be named as the source,
whenever an image is used.
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The present position paper is addressed to
representatives of the media, authorities, ad-
ministration and politics, as well as to the inter-
ested public. With this paper, the Gesellschaft
far Aerosolforschung (GAeF, https://www.
info.gaef.de) would like to contribute to the
management of the pandemic caused by the
SARS-CoV-2 virus by aiding the understand-
ing of possible transmission routes. In the
context of research into transmission paths,
aerosol transmission has been discussed for
some time as an important route of infection
in addition to smear and droplet infection [T,
2]. The virus can survive for several hours in

an airborne state [3]. From the GAeF's point
of view, however, some things are mixed up
in the public discussion. As the possible trans-
mission routes are close to measures to pre-
vent transmission, GAeF would like to con-
tribute the necessary expert knowledge in a
generally understandable way. The topic is
viewed purely from the perspective of aero-
sol research and no medical, epidemiological,
virological or conclusions on infectiology are
drawn. In our view, increased cooperation be-
tween the various disciplines is necessary to
clarify the transmission routes, even beyond
the current pandemic.

The word aerosol is an artificial word, com-
posed of the ancient Greek word anp (aér) for
“air” and the Latin word solutio for “solution.
Physically speaking, an aerosol is a heteroge-
neous mixture of particles together with the
gas or gas mixture surrounding them (here:
air, see Figure 1). The airborne particles can
be solids such as soot or mineral dust as well
as liquid droplets. In a stable aerosol, the lig-
uid or solid components are homogeneous-
ly distributed as suspended particles. Cor-
respondingly, for example, our ambient air
together with the fine dust’ suspended in it
is an aerosol. In this paper, the term “aerosol
particles” or “particles” for short is therefore
used for all airborne particles. Often, howev-
er, especially in the current public discussion,
the term aerosol is used incorrectly when only
referring to aerosol particles (e.g. [4]). Since
the majority of air consists of gaseous mole-
cules such as nitrogen and oxygen, the solid
or liquid particles are the special feature of
aerosols. Aerosol particles are so small and
light that they can float in the air for a certain
time depending on their size. Aerosol parti-
cles can remain in the outside air for many
hours or days and thus be transported over
long distances.

One litre of air normally contains many mil-
lions of aerosol particles, which influence,
among other things, the climate and the for-
mation of clouds [5] as well as chemical reac-
tions in the atmosphere [6]. In higher concen-
trations, they can also affect human health
[7] as fine dust. In the course of a day, an
adult person inhales an average of about one

1 Particles with a so-called “aerodynamic diameter”
smaller than 10 um (PM10) or 2.5 um (PM2.5) are also
known as fine dust

hundred billion particles. The effect of aero-
sol particles depends on their number, size,
mass and chemical composition. These prop-
erties, in turn, are influenced in different ways
by a wide variety of natural and man-made
sources [8]. The size range of aerosol particles
is not precisely defined, but is typically speci-
fied for particle diameters from about 1 to 2
nanometres (nm, millionths of a millimetre,
i.e.0.001-0.002 pm) to >100 micrometres (um,
thousandths of a millimetre) [9, 10]. The ma-
jority of atmospheric aerosol particles (such
as soot or ammonium sulphate particles) are
smaller than 1 pm. Mineral dust or sea salt
particles, but also bacteria are usually larg-
er than 1 pm. The size of pollen is between
10 pm and 60 pm. SARS-CoV-2 viruses have
sizes between about 0.06 pm and 0.14 pym
[11], and may also be slightly smaller [12]. For
comparison: human hairs have diameters be-
tween 20 pm and 80 pm.

Viruses are formed in or on tissue. They can-
not detach themselves individually from a
surface. Consequently, viruses typically do
not exist as individual particles, also called vi-
rions, in an aerosol, but are transported in the
air in larger solid or liquid particles. Particu-
larly in the medical literature and also in the
public discussion on SARS-CoV-2, the mislead-
ing and arbitrary distinction between aerosol
particles with diameters <5 pm and droplets
with diameters > 5 pm is frequently found,
which assumes a different behaviour of aero-
sol particles and droplets. This differentiation
of aerosol particles and droplets is not useful
either with regard to the transport behaviour
[13, 14] (see Section 3.1) or the infectiousness
of the particles (see Section 4), especially since
the liquid components of the aerosol particles
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evaporate quickly. In any case, the size distri-
bution of the particles is decisive. In the liter-
ature, there are various classifications of size
classes, which are, however, often determined

by the measurement technology used and not
exclusively by the particle behaviour relevant
to the infection.

Figure 1: Definition of an aerosol: air with liquid and/or solid particles dispersed therein

3. COVID-19-relevant funda-
mentals of aerosol physics

3.1 Fundamentals of
particle motion

The relevance of aerosol physics for the un-
derstanding of the infection process was re-
cently highlighted by Drossinos and Stilianakis
[13]in an editorial for the journal Aerosol Sci-
ence and Technology. An essential compo-
nent of aerosol physics is the movement of
aerosol particles, which is highly dependent
on the size of the particles [4, 9]. Since aerosol
particles do not always have a defined geo-
metrical shape, the geometrical diameter of
a sphere is only used to describe the particle
size in the simplest and idealised case. In or-
der to take into account the influence of the
particle geometry (aerodynamic resistance)
and the chemical composition (density of the
particle), the size of particles is usually spec-
ified as the socalled aerodynamic diameter.
The aerodynamic diameter is defined as the
diameter of a spherical particle with a density
of 1 gram per cubic centimetre (e.g. a drop of
water), whose behaviour corresponds to that
of a real particle moving in the air flow.

Aerosol particles are transported with the of-
ten turbulent air flow and are thus quickly dis-
tributed both indoors and outdoors. In order
to understand particle transport, it is also nec-
essary to describe the particle movement rel-
ative to the air flow, which is determined by
the forces acting on the particles in an aero-
sol. Depending on the temperature, air mole-
cules are in constant thermal movement with
random direction and speed and thus collide

with the aerosol particles distributed in the
air. This causes them to transfer energy and
momentum and thus leads to frequent chang-
es in the speed and direction of movement of
the particles. This so-called Brownian molec-
ular movement results in diffusive transport
[15, 16], which increases as the particle diam-
eter decreases and is particularly relevant for
particles with diameters of less than 0.1 pym.
In this particle size range, diffusion is the most
important transport mechanism over short
distances, which is important for particle fil-
tration [17] or particle deposition, i.e. the de-
positing/removal of particles, for example in
the lungs [18]. For particles larger than ap-
prox. 0.1 pm, diffusion plays an increasingly
subordinate role as the particle size increases,
and gravity becomes more important. When-
ever particles move relative to the surround-
ing air, a braking frictional force acts in the op-
posite direction to the movement, due to the
aerodynamic resistance. Thus, when aerosol
particles sink due to gravity in still air, a stable
sedimentation speed is quickly established,
which depends on the particle geometry and
density, i.e. the aerodynamic diameter of the
particles. In still air, a 1 ym spherical aerosol
particle with the density of water would take
about 7.5 hours to sink to the ground from
a height of 1 meter. A 10 pm particle would
need only about six minutes. Some exam-
ples of the time it takes for particles to sink
one metre under gravity alone are shown in



Figure 2. This deposition rate assumes that
the particle size does not change during trans-
port. Exhaled liquid aerosol particles, on the
other hand, typically release water and shrink
as a result. For a better understanding of this
process, please refer to Section 3.3.

The numbers in Figure 2 refer to still air. How-
ever, particles are also transported by air
movement outdoors and indoors (advection
and turbulent transport) and may therefore
remain in the air much longer than shown in
the figure if upwardly directed forces coun-
teract the gravitational force. Through the so-
called advection (horizontal transport) with
the air flow, aerosol particles can be transport-
ed over very long distances outdoors. With
the turbulent air movement, aerosol particles
are also transported vertically. Indoors, typi-
cal flow velocities of around 0.1 m/s can keep

particles up to an aerodynamic diameter of 20
pgm in suspension for a long time [19] and dis-
tribute them quickly throughout the room. In
the process, exhaled air, which may contain
particles laden with viruses, is mixed with the
room air and rapidly diluted. If, however, the
room air is not exchanged (ventilation) or fil-
tered (ventilation system or air cleaner), it ac-
cumulates over time. In contrast, the exhaled
particle concentration in the outside air is
quickly diluted and removed, so that no accu-
mulation occurs. Only for particles with diam-
eters well over 100 pm can a ballistic trajecto-
ry be assumed to describe the transport, so
that these particles sediment quickly and are
no longer airborne. This describes the spread
of particles that are ejected at high speed
when coughing or sneezing, as with a thrown
ball (see Section 4.2 and Figure 3).

Time aerosol particles
with a density of 1 g/cm3
need to settle 1 m

0.1 um

20 mins

6.1 mins

Figure 2: Exemplary illustration of the gravity-induced sedimentation of spherical parti-

cles with a density of 1 g/cm3 in still air
*representation not to scale

3.2 Particle deposition

Various processes result in aerosol particles
being removed from the air. Particle depo-
sition, i.e. the deposition of aerosol particles
on the ground or on surfaces, plays a very
important role. For larger particles (typically
> 1 um) gravity is relevant for the deposition,
i.e. the sinking of the particles to the ground.
At high relative humidities, even originally

small particles can, due to their chemical com-
position, absorb and accumulate moisture
and thus sediment faster [20, 21]. Conversely,
liquid particles shrink at low humidity. Small-
er particles (approx. < 0.1 pm), on the other
hand, can be deposited on surfaces due to
Brownian molecular movement. If air flows
are directed at obstacles, larger particles



cannot follow the change in direction due to
their inertia, these large particles are deposit-
ed on the obstacle by the impact [9]. If aerosol
particles can follow the air flow around an ob-
stacle but are deposited because of their size
and proximity to the obstacle, this is called in-
terception [9]. These separation mechanisms
are specifically exploited in particle filters to
remove particles from the air [17]. Particle fil-
ters are explained in Section 5.1.

Depending on the local conditions, parti-
cle deposition is typically lowest in a particle
size range of about 0.1 - 0.3 pm (the propor-
tions are shown graphically in the particle fil-
tration section of Figure 5). This means that
these particles remain in an airborne state for
a very long time and can float in the air for
more than 24 hours in closed rooms without
air exchange.

Aerosol particles are in constant exchange
with the surrounding water vapour. This is
particularly true for liquid aerosol particles,
which often consist largely of water. The par-
ticles strive for an equilibrium with the water
vapour in the air. How much water an aerosol
particle contains depends on its composition
and relative humidity. This applies in partic-
ular to exhaled liquid particles that are par-
ticularly relevant in the context of COVID-19.
In the respiratory tract there are warm and
humid conditions (relative humidity of about
100 %), so that aerosol particles have a high
water content there. After exhalation, water
evaporates from the particles. This process
was described by Wells in 1934 [22]. The par-
ticles dry and shrink at a rate that depends
on the particle surface, air temperature and

relative humidity [23]. For particles of the
same composition, the larger surface to vol-
ume ratio means that smaller particles evap-
orate faster [24]. Drewnick et al. [25] have cal-
culated that an initially 100 ym diameter pure
water droplet needs 15 s at a relative humid-
ity of 50 % to shrink by evaporation to the
size of a SARS-CoV-2 virus (0.14 ym), a 10 pm
water droplet 0.1 s and a 1 pm droplet only
0.003 s. At 90 % relative humidity, the water
droplets need about four to five times as long.
This change in size influences both transport
and filtration properties. Therefore, the size
change of the particles after exhalation must
be taken into account. While the exhaled par-
ticle size - that is the size of the particle imme-
diately after exhalation - is relevant for depo-
sition in a mask during exhalation, the size
reduced by drying must be taken into account
for the duration of the aerosol particles’ stay
in the ambient air and for their deposition in
masks for self-protection, in air purifiers and
in ventilation systems.

Aerosol particles are released in the hu-
man respiratory tract. Obviously, this hap-
pens when sneezing and coughing. However,
particles are also generated during normal
breathing, speaking, singing, whispering and
shouting. The particle sizes mentioned below
refer to freshly exhaled particles, but they can
shrink due to evaporation after exhalation
(see previous Section 3.3).

A much discussed mechanism of viral infec-
tion with respiratory involvement is pure
breathing. Since we breathe 24 hours a day
and an adult inhales and exhales between 10
and 25 m3 of air each day [9], even low aerosol
concentrations during release are sufficient
to release considerable quantities of poten-
tially viral aerosol particles into the environ-
ment. Compared to the typical particle con-
centrations prevailing in indoor and outdoor
areas, however, these quantities are small, so
that the exhaled particles make only a negli-
gible contribution to the fine dust concentra-
tion. A healthy person breathes out between
one hundred and several hundred aerosol
particles per litre? of air during normal resting
breathing, which are produced in the periph-
eral lung during inhalation by “reopening col-
lapsed airways”. The phenomenon was first
described in 1988 by Gebhart et al. [26], and
Johnson and Morawska [27] confirmed the
mechanism in 2009. Olin et al [28, 29, 30, 31]
then investigated in detail what these exhaled
particles are made of and found that they are
2 11=1000cm3

mainly lung fluid (surfactant), with viruses also
found in the particles. Hohlfeld et al. [32, 33,
34] were able to determine the particle size,
which is between 0.2 and 0.4 pm. However,
since many studies on exhaled aerosol par-
ticles only measure from a size of 0.3 pm or
0.5 pm due to metrological restrictions, many
publications report number concentrations
for exhaled particles that are clearly too low.
Current studies have shown that the number
of exhaled particles can rise dramatically to
values of several tens to hundreds of thou-
sands of particles per litre of air in the case
of a respiratory tract infection. However, this
does not necessarily happen in every infected
person. After the infection has subsided, they
only exhale a few particles per litre of air [35,
36].

Another mechanism for spreading viruses via
the airborne pathway is speaking and singing
[37, 38]. In these activities, several thousand
to a hundred thousand aerosol particles per
litre are produced by the vibration of the vo-
cal cords and the movement of the tongue,
teeth and lips [39]. However, these particles
are usually larger than those generated by
breathing. Asadi et al. [40] found that the par-
ticles have a size of about 1 ym and that more
particles are produced with increasing vol-
ume. Previously unpublished studies by Jen-
sen et al. showed particle sizes around 2 pm?.

3 Personal communication with Prof. Dr. Keld A.
Jensen, NRCWA, Copenhagen, Denmark



In 2008, the group led by Patricia Fabian and
Donald Milton from the University of Massa-
chusetts was able to detect influenza viruses
in exhaled aerosol particles [41]. The authors
showed that 87 % of the exhaled aerosol par-
ticles had sizes of less than 1 pm. Later, Milton
et al [42] again detected influenza viruses in
the air exhaled by infected patients. In 35 out
of 37 influenza-infected patients, they found
significant amounts of influenza viruses in the
small particle size range caused by normal
breathing, while they could only detect viral
RNA when coughing in 16 out of 37 patients.
The amounts of virus material collected were
also many times smaller than those found
in the small aerosol particles during normal
breathing.

Lindsley et al [43] were also able to detect sig-
nificant amounts of influenza A viruses in the
exhalate. Although the authors found slight-
ly more viruses in coughing than in normal
breathing, they noted that coughing occurs
much less frequently than breathing, and
therefore the spread of viruses probably oc-
curs much more frequently and effectively
through normal breathing.

Fabian et al. [44] also found rhinoviruses in
the exhalation of infected patients. These
were mainly found in the smallest particles
that could be measured. The fact that the
spread of different viruses occurs through
the normal breathing of infected persons has
now also been proven by various other re-
search groups. For SARS-CoV-1 viruses, the re-
sults can be found in the studies by Wang et
al [45] and Gralton et al [46]. Mitchell et al [47]
found rhinovirus, RSV, influenza A, influenza
B, parainfluenza viruses 1, 2 & 3 and human

metapneumovirus, Yip et al [48] influenza A
viruses. Shiu et al [49] found influenza A RNA
in aerosol in ambient air in a children’s ward
in a patient's room. It can be assumed that the
findings of these investigations can also be
transferred to SARS-CoV-2 viruses.

Morawska and Cao [50] point to the many ob-
servations which make it extremely plausible
that the SARS-CoV-2 epidemic is also influ-
enced at least to a large extent by the trans-
mission of exhaled viruses and that this must
be taken into account in the measures to con-
tain the pandemic.

Van Doremalen et al [3] investigated how
long SARS-CoV-2 viruses remain active in an
aerosol. They found half-lives of between 1
and 1.1 hours. Smither et al. [51] found half-
lives of between about half an hour and three
hours in daylight, depending on the humidity.
In darkness, however, the viruses were stable
for a long time. Brlek et al. [52] were able to
show that athletes in a squash hall in Slove-
nia became infected with SARS-CoV-2 after an
infected person played squash there. Fears et
al. [53] showed that airborne SARS-CoV-2 vi-
ruses can remain infectious for over 16 hours
under certain circumstances.

Ma et al. [36] found in a study that there are
individuals who exhale up to 400,000 virus-
es per minute. Numerous studies have also
found viruses and virus RNA in the air in hos-
pital rooms and even in hospital corridors, al-
though they found no virus in exhalation in
75 % of patients. Lednicky et al [54] were able
to detect infectious SARS CoV-2 viruses in air-
borne aerosol particles at a distance of 4.8 m
from a Covid-19 patient in hospital. Zhou et al.
[55] found SARS-CoV-2 viruses in the exhaus-
tive respiratory condensate of two of the nine
patients examined who were to be discharged
from hospital after suffering from covid-19

disease. The concentration was about 100 vi-
ruses per litre of respiratory air.

In a study of infection chains, Qian et al. [56]
found that COVID-19 infection is essentially an
indoor phenomenon and that almost no in-
fections occur outdoors, i.e. outside enclosed
spaces. Out of more than 7000 observed and
documented infections, only one single infec-
tion occurred outdoors. This is probably due
to the fact that a rapid dilution of virus-lad-
en aerosol particles is to be expected in out-
door areas, which reduces the risk of infec-
tion (see Section 3.1). However, especially in
large crowds with small distances between
people, an infection cannot be ruled out even
outdoors.

Based on the large number of available stud-
ies and findings, it can be assumed that ex-
haled aerosol particles also play a promi-
nent role in the spread of the viruses in the
corona pandemic. Sections 5 and 6 therefore
deal with how the spread of viruses can be
contained.

When coughing, sneezing, talking or sing-
ing, drops larger than 100 pm in diameter
are emitted, which, as explained above, no
longer behave like aerosol particles. Howev-
er, these can play an important role in direct
droplet transfer. Due to their much larger vol-
ume compared to aerosol particles, they can
contain more viruses, which means that drop-
let infection often plays a dominant role. The
trajectory of such particles is strongly depen-
dent on the emission speed and direction.
Figure 3 shows examples of trajectories of
200 pm droplets for ejection velocities such as
those that can occur in particular when cough-
ing. When sneezing, the ejection velocities are
often even higher, so that the particles can be
transported even further. For the calculation
it was assumed that the drops are ejected at
a mouth height of 1.70 m and that the drop
size does not change during transport. It can
be seen that the distance rule of 1.5 m is very
sensible with regard to such particles, or per-
haps even rather tight. Face visors or poorly
fitting masks, which are only slightly effective
for small aerosol particles, can be effective for
these large droplets. It should be noted that
for droplets larger than 100 um the dilution
is irrelevant, so with regard to direct droplet
infection it is not important whether the per-
sons are outside or inside.
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Figure 3: Trajectories of droplets with a diameter of 200 pm and the density of water
ejected at different velocities at a height of 1.70 m (based on [57])

5. Ways to reduce the
concentration of viruses in

indoor air

There are various ways of reducing the con-
centration of viruses in room air. While mea-
sures such as ventilation and filtration aim to
reduce the concentration of viruses, the irra-
diation of air or filters with UV light is used to
inactivate viruses.

An effective process for reducing the concen-
tration of particles in a room - and thus in a
similar way to the concentration of virus-con-
taining aerosol particles - is dilution with
cleaner, less particle-laden, i.e. virus-free air.
In outdoor areas, dilution takes place con-
stantly through natural air movements. In-
doors, dilution can be achieved by efficient
ventilation. For this purpose, windows should
be opened and air movement should be pro-
vided. The most effective way to do this is by
airing the room from side to side, i.e. apart
from the windows in the room, skylights and/
or doors should be opened, as well as win-
dows and doors in adjoining rooms. The ven-
tilation time required depends on the size of
the room, the number and size of the win-
dows and the difference in temperature be-
tween inside and outside. If necessary, the ex-
change of air can be forced mechanically, e.g.
by a fan. It should be borne in mind that al-
though the outside air is virus-free as a rule,
it is not free of other air pollutants. Although
the concentration of viruses can be lowered
by ventilation, the general air quality in the in-
terior may even deteriorate.

The need for ventilation can be monitored,
for example, by continuously measuring the
carbon dioxide (CO,) concentration in the in-
terior. Sufficiently accurate CO, monitors
(also known as CO, traffic lights) are commer-
cially available at low cost. Since CO, is pro-
duced during respiration in the same way as
virus-contaminated aerosol particles, the CO,
concentration can, under certain conditions,
also be taken as an indicator for the concen-
tration of exhaled aerosol particles. However,
this only applies in cases in which no active
filtering of the indoor air, e.g. with air purifi-
ers (see Section 5.2) or ventilation systems in
recirculation mode (see Section 5.3), is per-
formed. In these cases, aerosol particles are
extracted from the air, but not the CO,. This
would mean that ventilation would tend to
be too frequent, which can be unfavourable
from an energy point of view. However, the
risk of infection would tend to decrease. The
CO, concentration at which ventilation should
start is currently under discussion. Accord-
ing to the Commission on Indoor Air Hygiene
of the German Federal Environment Agency,
a CO, concentration of less than 1000 ppm
(0.1 vol%) indicates hygienically adequate air
exchange under normal conditions [58]. The
German Social Accident Insurance (Deutsche
Gesetzliche Unfallversicherung) advises that
this value should be kept as low as possible in
day-care centres [59]. The natural CO, concen-
tration in outside air is approx. 410 ppm and
cannot fall below this value indoors either.



Although ventilation can reduce the particle
concentration and viral load indoors, it cannot
prevent direct droplet infection between two
people if the distance is too small.

Further possibilities for reducing the concen-
tration of particles and viruses exist in filtra-
tion solutions, which are described below.

51 Fundamentals of air
filtration

Particulate filters are usually made of nonwo-
vens. According to EN 29092, nonwovens are
networks of three-dimensionally arranged fi-
bres. Aerosol particles are separated in filters
by different mechanisms. The frequently en-
countered idea that particle filters function
like “sieves” or “fishing nets” and thus only re-
tain large particles is fundamentally wrong,
because very small particles in particular can
be filtered out with very high efficiency due to

their Brownian molecular movement [60, 61].
If an aerosol flows through the open areas
between the fibres in a filter, three different
mechanisms lead to the separation of parti-
cles on the fibres [9]: Impaction, interception
and diffusion [17], see Figure 4 and Section
3.2.

These three mechanisms have different ef-
fects on particles of different sizes. Impac-
tion, i.e. inertial separation of particles, is the
dominant separation mechanism for particles
>1 pm. The influence of interception also in-
creases with increasing particle size. The dif-
fusion due to Brownian molecular movement,
on the other hand, increases with decreasing
particle size and is the essential and highly
efficient separation mechanism in filters for
particle sizes <0.1 pm. As soon as a particle
hits a fibre, it sticks to it. It is largely impossi-
ble for particles separated in a filter or on oth-
er surfaces to detach again, as unrealistically
high forces would be required to do so [62].

Impaction

Fibre

cross section

Interception

Figure 4: Particle collection mechanisms in a fibre filter (based on [61])

The superposition of these three separation
mechanisms results in a typical U-shaped sep-
aration curve (see Figure 5). Depending on
filter and inflow velocity, the resulting min-
imum separation efficiency (also known as
most penetrating particle size, MPPS) is typically
between 0.1 pm and 0.3 pm. Conversely, this
means that particles of all other sizes, even
very small ones, are separated even more ef-
ficiently. With conventional room air filters,
the minimum efficiency is 30-90 % depending
on the filter class. With highly efficient HEPA
(High Efficiency Particulate Air) filters accord-
ing to EN 1822-1 or ISO 29463, the minimum
filter efficiency is at least 99.95 %, depend-
ing on the filter class. These standard-compli-
ant specifications always refer to the nominal
flow rate* of the filters. If a filter is operated
with a lower volume flow, large particles are
separated with lower efficiency due to de-

4 Flow rate for which this filter is designed. This is
typically specified in the data sheet of the filter.

creasing impact, whereas small particles are
separated with higher efficiency because they
have more time for diffusive separation. The
separation minimum therefore migrates to
larger particles. When operating a filter with
a flow rate higher than the nominal flow rate,
the reverse is true.

In general, a denser, thicker or multi-layer fil-
ter medium is required to achieve a higher
degree of separation. However, this also in-
creases the flow resistance (pressure loss)
of the filter [63] and thus, e.g. in the case of
breathing masks, the breathing resistance
and, when operating filters for air purifiers or
ventilation systems, the energy requirement.

So-called electret filters are a special feature
in this context. Their fibres are electrically
charged during manufacture [64, 65]. Some
airborne particles carry a natural electrical



charge [66] and can thus be removed from
the air with greater efficiency than with pure-
ly mechanical filtration. However, uncharged
particles are also polarised in the resulting
electrical field within the filter and are thus
also increasingly separated [64, 67]. These
two electrical effects have different effects on
different particle sizes, so that the separation
curve of an electret filter usually has several
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local minima [68, 69]. Since the introduction
of electrically charged fibres has no noticeable
influence on the pressure drop, electret filters
are particularly interesting for applications in
which a high pressure drop is to be avoided,
while at the same time achieving high separa-
tion efficiency [70]. They are used, for exam-
ple, in breathing masks [71, 72] or for house-
hold room air cleaners [73].

Exhaled aerosol particles

Particle diameter dp (um)

Figure 5: Filtration efficiency of a highly efficient air filter as a function of particle diameter
(based on [60]); the total efficiency of the filter (black curve) is determined by the sepa-
ration mechanisms diffusion (green curve), interception (blue curve) and impaction (red
curve); the course of the separation efficiency of filters with lower efficiency is similar, but
lower and may not reach (almost) 100 % for very small and very large particles

During the operation of air filters, particles
are deposited on or in the fleece, causing the
free pore-like air volumes to narrow. Due to
the denser filter medium, the filter efficiency
increases with increasing operating time, but
also the pressure drop [74] and thus the en-
ergy requirement and breathing resistance. In
the case of electret filters, the loading of the
filter is also accompanied by an electrical dis-
charge of the filter [75, 76]. The influence of
decreasing charge on the separation efficien-
cy is generally greater than the increase in
mechanical efficiency due to particle separa-
tion, so that the overall separation efficiency
of electret filters decreases during operation
[76]. The discharge of the filters is also accel-
erated by air humidity [77, 78] and especial-
ly by solvent vapours [79, 80, 81]. The storage
and service life of electret filter is therefore
more limited than that of non-charged filters.
However, a possible discharge during storage
is described in the scientific literature as low
[82] to negligible [83]. Currently there is no
technical solution to recharge electret filters
after use.

5.2 Effectiveness of air
purifiers

Air purifiers are mobile devices that can be
positioned anywhere in a room. They are
equipped with a fan that draws in the air from
the room, passes it through filters and returns
the cleaned air to the room. In terms of par-
ticle concentration, they thus have virtually
the same effect as ventilation with clean out-
side air by reducing or keeping the particle
concentration low over time [84]. Air purifiers
have become increasingly popular as house-
hold appliances in recent years. In the context
of the COVID 19 pandemic, larger air purifiers,
often referred to as professional air purifiers,

e.g. for classrooms or industrial workplaces,
have also come onto the market. The advan-
tages of air purifiers compared to ventilation
are that no heat escapes from the room, es-
pecially in the cold season, and their effective-
ness is independent of the particle concen-
tration in the outside air. For this reason, air
purifiers are regarded as an additional com-
ponent for minimising the risk of infection, es-
pecially in rooms where regular ventilation is
not possible [1]. Disadvantages of air purifi-
ers are possible additional acquisition costs,
power consumption and noise emissions of
the fan. Noise emissions in particular can sig-
nificantly reduce acceptance in everyday life
[85]. Another disadvantage is that air is only
circulated and not exchanged. However, this
does not happen with closed windows either.
In contrast to ventilation and the associated
input of oxygen, the concentration of exhaled
CO, therefore accumulates in the room. In ad-
dition, just as with ventilation, direct droplet
infection between two people cannot be pre-
vented if the distance is too small.

Most air purifiers have non-woven filters to
separate particles [86]. In the case of house-
hold appliances, these are often electret fil-
ters to achieve a low flow resistance. This has
the advantage that more air can be circulated
with the same power consumption but lower
noise emission. However, regular filter chang-
es are necessary, as the initial efficiency can
drop considerably due to discharge of the fil-
ters [81]. Newer “professional” air purifiers,
on the other hand, often have highly efficient,
but uncharged filters of HEPA classes H13 or
H14° with correspondingly higher pressure
drop. Many air purifiers also contain activat-
ed carbon to separate gaseous pollutants and

5 The filter designations are taken from the European
standard EN1822-1. According to the international

standard ISO 29463, E11 filters are designated

ISO 15 E H131SO 35 Hand H14 SO 45 H



odours [87]. However, the activated carbon
has no significant influence on particle sepa-
ration. In some cases, additional functions are
also offered for the inactivation of micro-or-
ganisms by UV light, plasma or ozone. It has
been known for decades that UV irradiation of
viruses can lead to their inactivation [88] and
is used in many air purifiers [89, 90]. The effi-
ciency of UV irradiation to inactivate other co-
rona viruses has already been demonstrated
[91]. However, the studies listed in the review
by Helling et al. [91] were not carried out on
airborne viruses but on viruses deposited on
surfaces. The radiation dose is decisive for ef-
ficient inactivation. Hel3ling et al. assume that
a dose 0f 0.0037 J/cmz2is required to inactivate
90 % of the viruses. Hamzavi et al. [92] report
that a dose of 1 J/cm? is required to inactivate
99.9 % of the viruses on respirators. While vi-
ruses deposited on filters with the aid of UV
radiation can thus be efficiently inactivated,
it is currently unclear whether the findings
can be transferred to airborne viruses. The
method also harbours potential risks: UV rays
cause damage to human skin when irradiat-
ed directly. In addition, UV radiation can lead
to the formation of ozone in the room air. Ac-
cordingly, such methods should not be used
if there are people in the room who could be
exposed to UV radiation or ozone.

Evidence provided by manufacturers on the
effectiveness of their air cleaners should al-
ways be critically reviewed. Current testing
standards for air purifiers, such as the Chi-
nese GB/T 18801:2015 or the US ANSI/AHAM
AC-1:2015, do not include standardised test
methods for testing the effectiveness of UV
radiation or the use of ozone or plasma. There
is currently no European testing standard for
air purifiers. An international IEC standard to
replace the national standards is currently in
preparation.

The effectiveness of air purifiers is usually as-
sessed by means of the Clean Air Delivery Rate
(CADR), which is determined in a standardised
way by means of decay rates in a test cham-
ber [93]. The CADR indicates how many cu-
bic metres of cleaned air the air purifier pro-
vides per hour and thus corresponds to the
product of filter efficiency and volume flow
rate that the unit circulates. However, espe-
cially in the case of household appliances, the
CADR is usually only given for the highest fan
speed, which is usually not used at all or only
for a short time due to noise. The correspond-
ing information on lower fan speeds is often
not available for these appliances. In addition
to the manual setting of the fan speed, many
domestic air cleaners have automatic modes
that control the air flow independently based
on particle concentration measurements tak-
en by the unit. Since, in the case of typical par-
ticle pollution indoors, virus-containing parti-
cles make up only a small proportion of the
total particles and the built-in sensors cannot
distinguish between virus-containing and vi-
rus-free particles, the automatic mode should
not be used when using air cleaners to pre-
vent infections.

The decisive factor is therefore not only the
highest possible filter efficiency, but always
the combination with sufficient air turnover.
For example, the same cleaning performance
(CADR) can be achieved with an H13 filter with
99.95 % separation efficiency as with an E11
filter with 95 % separation efficiency at an air
flow rate that is about 5 % higher. Howev-
er, since the pressure drop of the H13 filter
is typically about twice as high as that of the
E11 filter [94], about twice as much power is
required. In addition, an air purifier with an
H13 filter is more complex and more expen-
sive. If an H14 filter with a minimum efficiency
of 99.995 % is used, this balance is even less
favourable. The use of H13 and H14 filters

therefore has no technical advantages and is
neither economically nor energetically sensi-
ble. It can also be counterproductive to retro-
fit existing air purifiers with highly efficient fil-
ters, if the reduction of the volume flow rate
due to the higher pressure drop exceeds the
gain in filter efficiency and the CADR ultimate-
ly even decreases [95]. The use of highly effi-
cient filters in air cleaners is therefore often
at the expense of energy efficiency and noise
emissions or at the expense of effectiveness
and is therefore not generally recommended.
Exceptions may be air purifiers that extract air
in the direct vicinity of a (potentially) infected
person and return the purified air back into
the room. There are also more recent devel-
opments of highly efficient H13 filters made
of PTFE membranes, which have a significant-
ly reduced pressure drop compared to con-
ventional non-woven filters, so that high air
flow rates can also be achieved with an H13
filter.

Basically, two scenarios are conceivable for
the operation of air purifiers: If, during op-
eration, persons in the room (e.g. during
school lessons or meetings), among whom
an infected person is present, exhale viruses
or virus-containing particles, an equilibrium
concentration of viruses in the room is estab-
lished over time, assuming a homogeneous
distribution® [96]. The higher the CADR of the
air purifier, the lower the equilibrium concen-
tration, but it can never be exactly zero. If the
viruses are evenly distributed in the room,
the resulting equilibrium concentration de-
pends only on the quantity of viruses exhaled
(source) and the quantity of viruses removed
per unit of time (sink). The latter depends
only on the CADR, not on the room volume.

6 This assumption is not always given in reality,
because in unfavourable flow situations it may not be
possible to achieve homogeneous mixing in a short
time.

Kriegel et al. [97] calculated that at a CADR
of 750 m3/h, the risk of infection per hour of
time spent in a room with an infected person
can be reduced to 10 %. The risk of infection
is thus minimised, but other protective mea-
sures, such as ventilation or wearing masks,
must never be completely neglected [98]. On
the other hand, air purifiers can be used, e.g.
during school breaks or between meetings in
an empty room, to reduce an existing initial
concentration. The higher the air exchange
rate’, the faster this is achieved. This is the
quotient of CADR and room volume. The test
standards mentioned above recommend
about three to six air changes per hour. The
higher value is also currently recommend-
ed in the context of the COVID 19 pandemic
[99]. For a 2.5 m high room with an area of 20
m?2 (50 m3 room volume), an air purifier with a
CADR of 300 m3/h would be required. In prin-
ciple, even higher air exchange rates result in
an even faster decrease in particle concentra-
tion but are still associated with higher energy
consumption and noise emissions. It is there-
fore always necessary to find a suitable com-
promise for the respective application.

When positioning air purifiers in the room, it
should be ensured that they can freely draw
in the room air and blow the purified air back
into the room, otherwise the purified air can-
not be distributed evenly throughout the
room [100]. Accordingly, air purifiers should
not be positioned behind objects or furniture
or under tables. The decrease of the aerosol
concentration over time strongly depends on
the aerodynamic flow conditions in the room
under consideration, the position of the in-
stalled unit in the room and its volume flow.
In very large rooms, flow obstacles on the

7 Strictly speaking, the term air exchange rate is not
correct in this context because the air is circulated and
not exchanged. Nevertheless, it is commonly used to
describe this situation.



ceiling can also have a negative effect on the
uniform distribution of the air [99]. As an al-
ternative to a single unit with high CADR, sev-
eral units with lower CADR can be used [96],
whereby care should be taken to ensure that
one unit does not directly draw in the purified
air discharged by another unit. The use of sev-
eral air purifiers can also lead to the exhaled
air of individual persons being sucked in more
directly, thus reducing the distribution of vi-
ruses in the room.

In contrast to mobile air purifiers, ventilation
systems are fixed installations installed in
buildings to improve indoor air quality. They
are often referred to as heating, ventilation
and air conditioning (HVAC) systems. Depend-
ing on the design, HVAC systems can be de-
signed as pure fresh air or circulating air sys-
tems or as a combination of both. In the case
of a pure recirculating air system, the combi-
nation of volume flow and the filter used is al-
ways relevant for the effectiveness of the air
purification (as with air purifiers), whereas for
pure fresh air systems the efficiency of the
filter is of greater importance, since the air
passes through it only once and the purified
air then displaces the indoor air. However,
this only applies to general air pollutants. If,
on the other hand, the virus concentration in
the outside air is considered negligible, then
the choice of filter for reducing the virus load
in a room with a fresh air system is irrelevant.
Fresh air systems have the advantage that
gases emitted in the interior, such as exhaled
carbon dioxide, are removed from the room.
However, pure fresh air systems are less fa-
vourable from an energy point of view, since
air drawn in from outside must be tempered

to the indoor conditions, e.g. in a heat ex-
changer [101].

Filters used in HVAC systems are tested and
classified according to the international stan-
dard ISO 16890. This classification into the
filter groups ISO ePM1, ISO ePM2.5 and ISO
ePM10 as well as ISO Coarse mainly aims at
the separation efficiency for different fine
dust fractions of typical urban or rural out-
door air. Filters classified as ePMx must have
a minimum separation efficiency of 50 % for
the respective fine dust fraction. The separa-
tion efficiency determined in standard tests is
added to the respective filter class. An HVAC
filter of class “ISO ePM2.5 65 %" separates at
least 65 % of PM2.5. As electret filters are of-
ten used for HVAC systems, the minimum ef-
ficiency always refers to the average value of
the charged and uncharged filter.

A combination of an ISO Coarse and a higher
efficiency filter is often used, with the coarse
dust filter protecting the fine filter. To sup-
ply rooms with particularly high air quality
requirements, e.g. clean rooms or operating
theatres, EPA (E10 - E12), HEPA (H13 or H14)
or ULPA (U15 - U17) filters in accordance with
EN 1822-1 and ISO 29463 standards can be
used instead of ISO ePM filters, but their use
is always associated with increased energy
consumption due to the higher air flow resis-
tance for the same air flow rate.

In the context of the current COVID 19 pan-
demic, ventilation systems are of particu-
lar importance. It has been known for some
time that the recirculation of air in a ventila-
tion system can lead to an accumulation of
pathogens in a room if it is not adequately fil-
tered [102]. In spring 2020, the outbreaks of
COVID-19 in the Westphalian meat industry
produced precisely this scenario, since the air
for cooling was recirculated without filtration

[103]. The outbreak in a restaurant in Guang-
zhou, China, is also attributed to the air be-
ing circulated by an air conditioning system
without filtration [104]. Similarly, on the cruise
ship Diamond Princess, the corona virus is be-
lieved to have spread via the ventilation sys-
tem with inadequate filtration, leading to high
rates of infection, although passengers were
quarantined in their cabins [105].

Based on these findings, the use of recircula-
tion is now generally not recommended and
instead the supply of 100 % fresh air with the
highest possible volume flow and heat ex-
change is recommended [1]. Accordingly, on
20 October 2020, the German federal gov-
ernment launched a funding programme in
which a total of 500 million euros will be pro-
vided for the conversion and upgrading of
ventilation and air-conditioning systems in
public buildings and places of assembly [106].
This programme explicitly calls for the conver-
sion of air recirculation systems into air sup-
ply systems. From the point of view of GAeF,
these measures make sense, but a sense of
proportion should be maintained in the op-
eration of the systems and in the selection
of filters. The introduction of viruses or other
pathogens with the outside air is unlikely, so
that the use of highly efficient, e.g. H13 or H14
filters is not necessary and should be avoided
from the point of view of energy saving and
climate protection. In recirculation mode, a
distinction must be made between whether
the system supplies a single room or several
rooms. For a single room the use of a highly
efficient filter is not necessary (see discussion
of air purifiers in Section 5.2). If, on the other
hand, the system supplies several rooms, then
the use of highly efficient filters can be useful
to prevent the possible spread of viruses from
one room to another. In hospitals, for exam-
ple, there is usually a two-stage filtration sys-
tem. The first stage usually separates mainly

coarse particles. For all sensitive zones such
as operating theatres and isolation rooms,
there is then a second stage with stricter re-
quirements, in which filters with higher effi-
ciency are used for smaller particles.

An exhaust air system for classrooms recent-
ly developed by the Max Planck Institute for
Chemistry in Mainz, which can be produced
by the pupils themselves with quite sim-
ple means, provides for the extraction of air
above the pupils’ heads, since exhaled air ris-
es due to thermal effects [107]. Fresh air is
supplied directly using outside air. A compa-
rable extraction system could also be useful
for conventional ventilation systems. With this
concept, very good values were achieved for
the extraction of test particles with simulated
heat convection at the point of generation at
about two air changes per hour [78].

In general, ventilation systems require regu-
lar maintenance and filter replacement. As a
rule, the filters are only checked via the pres-
sure drop of the filters. In the case of elec-
tret filters, however, the pressure drop may
not be the right measure for a filter change,
but rather the loss of filter efficiency. Perma-
nent monitoring of the filter efficiency can
be achieved by means of low-cost dust sen-
sors [108], which have been available for sev-
eral years, but are not currently state of the
art. Such a development is particularly desir-
able for large ventilation systems that supply
rooms used by many people, such as hotels,
exhibition centres or lecture halls.



6. Effectiveness of masks

The German Federal Institute for Drugs
and Medical Devices (BfArM) basically di-
vides masks into three categories [109]:

Filtering facepieces

which include FFP1, FFP2 and FFP3 respi-
rators, butalso equivalent half-masks such
as KN95 from China and N95 from the USA

Medical face masks of classes

Type |, Type Il and Type IIR
hese include mouth and nose guards and
surgical masks

Mouth and nose covers

which include so-called everyday fabric or
community masks

The standards applicable to filtering facepiec-
es and medical face masks are listed in Ta-
ble 1 with the main test conditions. There are
currently no testing standards for community
masks, only proposals from various standard-
isation bodies. A selection is also listed in Ta-
ble 1.

Category | Standard/Guideline in. max. pressure drop Test aerosol Validity Comments
efficiency | inhalation/exhalation | (median diameter)

|350 Pa, at 8

250 Pa, at 8

Filtering facepiece

8
8
B
=
=
]
=

NacCl (0,08

Test of the entire
NacCl (0,075
Nacl (0,075

Test of filter media
samples (49 cm? for
efficiency, 4,9 cm?
for pressure drop)

Water droplets > 1 pm
ng bacteria at |Europe

Table 1: Overview of common testing standards for different particle-filtering half masks
and medical viewing masks, as well as documents from various standardisation commit-

tees for the testing of mouth-nose-coverings

The use of a mouth-nose cover is currently
recommended in many areas and is compul-
sory in most European countries when using
public transport and in many countries, e.g.
in Germany and Austria (with interruptions)
since spring 2020 also when entering a shop.
If suitable masks are used properly and over
a large area, they can effectively contain the
spread of viruses via the air [110, 111, 112,
113]. Nevertheless, there is a great need
among the population for more information
on which mask type provides what protection
against the transmission of the virus. At pres-
ent, the three types of masks listed above are
available to the public for protection against

particles containing viruses. Particle separa-
tion in masks depends only on the particle
size (see Figure 4), but not on whether the par-
ticles are biologically active or inactive [114].
It should be noted here that freshly exhaled
aerosol may have a different size distribution
from ambient aerosol due to the higher air
humidity. It is therefore important to consid-
er not only the self-protection provided by the
individual mask, but also the external protec-
tion.

In general, any mask is better than no mask
at all, especially with regard to the protection
of others, i.e. the protection of fellow human



beings [115]. It must be taken into account
that masks are essentially designed to re-
tain potentially virus-laden particles when ex-
haled. However, they also offer a certain de-
gree of self-protection during inhalation, even
if this is usually much less, because the lig-
uid particles shrink between exhalation and
inhalation. In order to ensure a high degree
of protection when several people meet, it is
very important that everyone uses the most
efficient mask possible and wears it correct-
ly, i.e. as close as possible to the mouth and
nose. Figure 6 shows the deposition efficien-
cies of an FFP2, two medical type Il masks and
some fabric masks. It can be seen that an FFP2
mask has the highest efficiency and the fab-
ric masks the lowest. The two Type Il masks
behave very differently for particles smaller
than 0.3 pm. For micrometer sized particles,
however, these masks are very efficient. Fab-
ric masks, on the other hand, only show high
separation efficiencies with a particle size of
several micrometres.

In order to protect itself effectively against vi-
ruses, the mask must filter fine particles well
and also fit tightly. At the same time, masks
are not a panacea, but must always be used in
accordance with the hygiene guidelines, which
include keeping your distance and the usual
hygiene measures. In addition, care should
be taken not to touch the mask when remov-
ing it, as otherwise viruses may get onto the
hands and spread via smear infection.

There are also face shields, but these have no
filtering effect whatsoever and only stop par-
ticles of several micrometres in size, which
are ejected at high speed when coughing or
sneezing, for example, by impaction. Smaller
particles, on the other hand, are retained in-
adequately or not at all [116]. Face visors are
only used as protection against spitting and
splashing of large droplets. These visors are
therefore only recommended as an addition-
al measure, e.g. for medical and nursing staff,
to protect their own eyes from large, possibly
infectious droplets [117, 118]. A similar effect
could be achieved with protective goggles.

FFP2:
Type Il
Fabric mask: o

o
o

r
(=]

~—~
%
~
>~
o
C
.
o
= 40
)
c
o
S
O
b
-
[

0.01 0.1
Particle diameter dp (um)

Figure 6: Separation efficiency of different mask types as a function of particle size, mea-
sured with optical aerosol spectrometers; the separation of very small particles in FFP2
and type Il masks was also determined by means of electrical mobility analysis (filled sym-
bols); data sources: FFP2 - Prof. Dr. H.J. Schmid, University of Paderborn, Type Il - Prof. Dr.
E. Weingartner, FH Nordwestschweiz and Dr. C. Asbach, IUTA, fabric masks: Prof. Dr. P.
Tronville and Dr. J. Marval, Politecnico di Torino, Prof. Dr. E. Weingartner, FH Nordwest-

schweiz and Dr. C. Asbach, IUTA

6.1 Filtering facepieces

Filtering facepieces come from the field of oc-
cupational health and safety and are avail-
able, for example, to medical personnel for
their work. They serve as self-protection
against the inhalation of harmful particles,
ranging from coarse dust to ultra-fine parti-
cles, depending on the protection level [119].
Masks certified accordingly must meet strict
test standards that provide for different test

aerosols (see Table 1). Viruses such as SARS-
CoV-2 do not float through the air as free par-
ticles, but always with an envelope of lung
fluid, saliva and/or mucus as exhaled drop-
lets [120]. Even if this envelope shrinks over
time through evaporation, the virus will not
be completely exposed, even at low relative
humidity. The diameter of these droplets is
therefore much larger (see Section 4) than the



diameter of the virus and also larger than the
media diameter of the test mucus prescribed
by the standards. It can therefore be assumed
that the actual filtration efficiency for these
particles is much higher than that of the MPPS
of the applicable standard.

It is important that particle filtering half
masks have a valid certificate. Manufactur-
ers of FFP half masks must have their prod-
ucts tested in accordance with the mandato-
ry EN 149:2001+A1:2009 standard before they
are placed on the European market. Only test
equipment that fully complies with all the re-
quirements of the standard may be used to
demonstrate compliance. This is important
because, due to the shortage of masks in
spring 2020, there are many falsely advertised
or completely counterfeit products on the
market that do not provide the specified pro-
tection. The user can recognise a tested and
approved mask by the CE mark, the subse-
quent four-digit Notified Body Number (NBnr)
of the testing laboratory and the mention of
the applicable standard, e.g. EN 149:2001 on
the product and packaging. A list of misla-
belled masks has been published by the CDC

on their website (https://www.cdc.gov/niosh/
npptl/usernotices/counterfeitResp.html).

However, even the best respiratory masks
with high separation efficiency only offer
good self-protection against virus-contain-
ing particles if there is non-permeable con-
tact between the skin of the person wearing
them and the mask. However, people’s fac-
es differ considerably, for example in shape,
size and nose type. As a result, not every re-
spiratory protective mask will fit every person
tightly and provide adequate protection [121].
In addition, there are many different models
with different cuts, shapes and sizes in every
protection level. A poor and insufficiently tight
fit considerably reduces the protection of the

wearer and can be responsible for illness de-
spite a certified mask with high deposition ef-
ficiency. The ISO standard 16975-3 now exists
for checking the seal of masks, and in some
countries, such as the UK and the USA, a man-
datory seal test is therefore required for all
workers who have to wear a respiratory pro-
tective mask at work, e.g. in hospitals or nurs-
ing homes. Only a fit test can check whether
a particular model and size of mask matches
the individual face of the wearer and wheth-
er the mask can actually be used for self-pro-
tection. Specially adapted aerosol measuring
techniques are used for this purpose. To pass
this test, the mask must be put on correctly,
the nose clip pressed on correctly and the ap-
propriate mask shape and size must be se-
lected. As an example, the British regulatory
authority HSE created guideline INDG479 to
be a national regulation for the tightness test
for respiratory protective devices [122]. For
extensive implementation, the accreditation
programme “Fit2Fit” (https://www.fit2fit.org)
was also developed there in cooperation with
interest groups by HSE as proof of the compe-
tence of suppliers of fit testing to guarantee a
particularly high safety standard.

Some breathing masks have a valve to facil-
itate exhalation. They do not filter the air as
it is exhaled and therefore contribute to the
spread of viruses. Although the valves are de-
signed in such a way that the exhaled air is dis-
charged downwards [123], small particles can
still remain in the air for long periods of time,
for example due to turbulent flow or Brown-
ian molecular motion. Masks with exhalation
valves are unsuitable for external protection
and should therefore not be used in the con-
text of pandemic control.

Although the maximum dust-holding capaci-
ty of the masks is typically not reached during
normal use to protect against infection, the

masks can be used for a wide range of appli-
cations. However, regardless of possible con-
tamination of the mask, the useful life of the
masks is limited, as they are usually made of
electret filter material [75]. Accordingly, an ex-
piry date for the maximum storage period is
often indicated on the packaging of respirato-
ry protection masks. When worn, the filter ef-
ficiency decreases over time as the filter ma-
terial loses its electrical charge, e.g. due to the
humidity of the exhaled air. At the same time,
these masks cannot be reused, as the high ef-
ficiency of the mask with simultaneously low
breathing resistance is only achieved by the
electret material. Grinshpun et al. also found
that sterilisation of masks both in autoclaves
and with an ethanol solution significantly re-
duced filter efficiency and also increased
breathing resistance [124].

These disposable masks come from the medi-
cal sector and are subject to the Medical Prod-
ucts Act. According to EN 14683, “Type II" or
“Type IIR" hygiene masks must achieve a min-
imum bacterial filter effect of 98 % and “Type
I” masks 95 % (see Table 1). Since bacteria are
relatively large compared to viruses (several
micrometres in diameter), the filtering perfor-
mance of hygiene masks for fine particles, e.g.
viruses, is often lower than that of breathing
masks. In addition, these masks do not seal
tightly against the face, so that leakage flows
occur during breathing which are not filtered.
The effect of these leakage flows is not tak-
en into account in the deposition curves in
Figure 6, since these measurements were per-
formed with tight filter holders.

If micrometre-sized virus-containing droplets
are ejected by sneezing or coughing, hygiene
masks retain a relatively large proportion of

these, thus ensuring appropriate protection
against foreign bodies. They thus help to re-
duce the risk of infection for people in the vi-
cinity. In a study of 37 influenza-infected pa-
tients, Milton et al. [42] investigated whether
respiratory masks retain particles that are
produced during coughing. This was quite
successful for the coarse aerosol particle frac-
tion (defined here as >5 pm), because viral
material was only detected in 4 of 37 patients
when the patients wore surgical masks. This
was not true for the fine aerosol particle frac-
tion. In 29 of the 37 patients, viruses were still
found even when wearing a respiratory mask.
However, the amount of virus exhaled could
be reduced by 55 % by wearing a surgical
mask. In addition, wearing a mask, especially
when coughing or sneezing, spreads the air-
flow over a larger area and reduces the speed
of the exhaled particles and their range. A
good fit of the mask on the face, i.e. over the
mouth and nose, is crucial.

Mouth and nose covers are fabric masks, also
known as community or everyday masks,
and consist of one or more layers of fabric
with usually unspecified filter properties. The
masks can be used several times and are part-
ly washable. Measurements of the filtration
efficiency on various commercially available
fabric masks show a mixed picture: Only a
few products have a comparable or higher ef-
ficiency than hygiene masks, while other fab-
ric masks allow smaller particles between 0.1
and 0.5 pm to pass through to a high degree
[125, 126]. It is only with very small particles (<
0.1 um) that the filter efficiency of these sub-
stances also improves again due to diffusion
separation (see Section 5.1). Drewnick et al.
[126] investigated the suitability of different
materials that can be found in the household
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as filter media for everyday masks. Of the tex-
tile materials investigated, silk was the least
efficient and two-layer tricot fabric the most
efficient. The two-layer tricot fabric achieved
a separation efficiency of about 75 % at a par-
ticle size of 1 ym. The authors also tested
the material of a vacuum cleaner bag, which
showed by far the highest efficiency, in MPPS
at approx. 0.1 pm of >90 %.

The efficiency of fabric masks cannot usu-
ally be assessed by the purchaser. In gener-
al, however, two or multi-layer masks show
higher particle separation than single-layer
masks, denser fabrics separate particles bet-
ter than looser materials, and non-woven fab-
rics show better separation behaviour than
woven fabrics. However, since thinner, loos-
er materials have lower breathing resistance,

the differences between the materials can
be largely compensated for by increasing the
number of layers of fabric, so that the deposi-
tion values of surgical masks can be achieved
[126, 25].

Currently there are no valid standards on how
to test and classify fabric masks. However, ini-
tiatives have been launched in Switzerland
[127] and Italy [128, 129] to remedy this sit-
uation. The French standardisation authority
AFNOR also recommends that fabric masks
be tested according to EN149 in conjunction
with EN 13274-7:2019, i.e. comparable to FFP
masks [130]. At the European level, a work-
shop (CWA 17553) of the European standards
authority CEN has reached a consensus on
how to test fabric masks [131]. The criteria of
these specifications are listed in Table 1.

From the point of view of the Gesellschaft fur
Aerosolforschung, there is an acute need for
research in order to better understand infec-
tion via the aerosol path on the one hand,
and to be able to take improved measures to
contain the pandemic to protect the popula-
tion from the pandemic on the other. Many
of these research fields require the concert-
ed cooperation of the different scientific disci-
plines involved.

The most urgent open research needs from
the GAeF's point of view are:

+ Cooperation between the aerosol re-
search fields and medical-epidemiological
research as well as ventilation technology
and fluid mechanics should be promoted
in order to combine expertise from all ar-
eas in the best possible way.

* In the course of these collaborations, par-
allel research into transmission paths is
crucial, in addition to dealing with the
consequences of the pandemic, since re-
search can only be conducted ,in situ”in a
pandemic situation.

* Since the particle size distribution is rele-
vant for almost all areas of transmission,
it should be better recorded by suitable
measuring methods and influencing pa-
rameters (e.g. relative humidity and tem-
perature of the environment) should also
be recorded. These data represent an im-
portant basis for computer-aided model-
ling of the infection process.

+ For research in the period after the pan-
demic, suitable model systems must be

found and the transferability of results
with different virus strains investigated.

Respiratory problems and reduced lung
volume are often reported as symptoms
and late complications of Covid-19 dis-
ease. The influence of air pollution on
these symptoms and the general course
of the disease needs further research.

This should be supported by the use of
theoretical simulation models and accom-
panying model experiments on the spread
and transmission of aerosol-bearing vi-
ruses and other aerosol-borne pathogens
to evaluate possible protection, hygiene,
ventilation and air purification measures.

More knowledge about the ,acute phase”
with the highest aerosol production and
highest virus production would help to
better adapt quarantine measures.

The duration of infectivity of aerosol-car-
ried viruses and other aerosol-carried
pathogens has not been sufficiently re-
searched so far. This probably also re-
quires the development of new methods,
in particular to be able to assess infectiv-
ity in comparison to other transmission
routes. The latter also includes the ques-
tion of the minimum virus doses required
for infection.

The effectiveness of UV radiation against
airborne viruses has hardly been re-
searched so far. In particular, there is a
lack of information on the exposure re-
quired (intensity x exposure time) to inac-
tivate airborne viruses. This is particularly



important in the context of air purifiers
or ventilation systems without separating
filters, where there are usually only very
short residence times. Furthermore, pos-
sibilities to test this on a real scale are cur-
rently still lacking.

Ventilation concepts, especially for
schools but also for other public buildings
and places of assembly, must be evalu-
ated with regard to this and other aero-
sol-borne diseases, in order to minimise
economic damage. Aspects of energy effi-
ciency and, accordingly, climate protection
must also be taken into account.

Possible by-products of air purification
systems such as ozone or volatile organic
compounds and their effect on secondary
aerosol formation in indoor spaces should
be investigated both experimentally in lab-
oratory studies and in real indoor spaces.

Indoor air quality in general is an import-
ant field of research to be strengthened, in
addition to outdoor air quality monitoring,
as people spend a large part of their time
indoors (typically over 90 % in Europe).

+ Systematic investigations on the tight fit
of masks of all mask types, in particular
during exhalation, and under realistic con-
ditions, are still largely lacking.

In order to be able to deal with these and oth-
er research topics in a timely and comprehen-
sive manner, the efforts already undertaken
should be expanded and research resources
should be made available at short notice. The
allocation of these research funds should be
based in particular on interdisciplinary issues,
with the aim of developing a congruent and
continuous catalogue of measures for future
pandemic situations. Measured against the
global economic losses of the current pan-
demic, it should become clear what advan-
tage early and broad-based scientific studies
can offer for the future.

This position paper of the Gesellschaft fur Aerosolforschung was written by the following
authors:

Dr. Christof Asbach, Institut fur Energie- und Umwelttechnik e. V. (IUTA), Duisburg, Germany;
president of GAeF - Prof. Dr. Andreas Held, Technische Universitat Berlin, Germany; vice-pres-
ident of GAeF - Prof. Dr. Astrid Kiendler-Scharr, IEK-8: Troposphere, Forschungszentrum Julich
GmbH, Julich, Germany; former President of GAeF - Dr. Gerhard Scheuch, GS-Bio-Inhalation
GmbH, Gemunden, Germany - Prof. Dr. Hans-Joachim Schmid, University of Paderborn, Ger-
many - Dr. Sebastian Schmitt, TSI GmbH, Aachen; Treasurer of GAeF - Dr. Stefan Schumacher,
Institut fur Energie- und Umwelttechnik e. V. (IUTA), Duisburg, Germany - Dr. Birgit Wehner,
Leibniz-Institute for Tropospheric Research (Tropos), Leipzig, Germany; Secretary General of
GAeF - Prof. Dr. Ernest Weingartner, University of Applied Science Northwestern Switzerland,
Windisch, Switzerland - Prof. Dr. Bernadett Weinzierl, Universitat Wien, Vienna, Austria; former
vice-president of GAeF

The paper was made available to all members of the Gesellschaft fur Aerosolforschung in Ger-
man and English for information and comment before publication. The following experts in the
field of aerosol research support this paper. Persons marked with * have contributed to the pa-
per by commenting and supplementing it:

Prof. Dr. Urs Baltensperger, Paul Scherrer Institute, Villigen PSI, Switzerland - Dr. Sébastien
Bau?*, Institut national de recherche et de sécurité (INRS), Nancy, France - Dr. Paulus Bauer*,
Universitat Wien, Vienna, Austria - Daniel Becker*, Georg-August-University of Géttingen, Ger-
many - Klaus Beckert, ENVILYSE GmbH, Essen, Germany - Nicholas Beres, Universitat Wien, Vi-
enna, Austria - Dr. Bernd Benker*, CUTEC - Clausthaler Umwelttechnik Forschungszentrum,
Clausthal-Zellerfeld, Germany - Oliver F. Bischof*, TSI GmbH, Aachen, Germany und IEK-8: Tro-
posphere, Forschungszentrum Julich, Germany - Prof. Dr. Pratim Biswas, President of IARA, Uni-
versity of Miami, FL, USA - Dr.-habil. Andrei Bologa, Karlsruhe Institute of Technology, Eggen-
stein-Leopoldshafen, Germany - Dr. Harald Bresch*, Bundesanstalt fur Materialforschung und
-prufung (BAM), Berlin, Germany - Dr. Ulrich Bundke, IEK-8: Troposphere, Forschungszentrum
Julich, Germany - Dr. Julia Burkart, Universitat Wien, Vienna, Austria - Prof. Dr. Heinz Burtscher*,
University of Applied Science Northerwestern Switzerland, Windisch, Switzerland - Dr. Ana Isa-
bel Calvo Gordaliza, Universidad de Ledn, Spainn - Prof. Dr. Jose L. Castillo*, UNED-Facultad de
Ciencias, Madrid, Spain - Prof. Dr. Daren Chen, Virginia Commonwealth University, Richmond,
VA, USA - Gang Chen, Paul Scherrer Institute, Villigen PSI, Switzerland - Dr. Charles Clement*,
University College London, UK - Dr. Martine Collaud Coen, Meteoswiss, Payerne, Switzerland -
Dr. José Carlos Moran Cofre*, Normandie Université, UNIROUEN, INSA Rouen, CNRS, CORIA,
Rouen, France - Dr. Guy Coulson, National Institute of Water and Atmospheric Research, Auck-
land, New Zealand - Prof. Dr. Joachim Curtius*, Goethe-University of Frankfurt am Main, Ger-
many - Dr. Florian Dahlkotter, TSI GmbH, Aachen, Germany - Dr. Carmen Dameto, Universitat



Wien, Vienna, Austria - Prof. Dr. Knut Deppert, Lund University, Lund, Sweden - Dr. Karoline Die-
hl, Johannes Gutenberg-University, Mainz, Germany - Prof. Dr. Mohamed Diouri*, Université
Mohamed Premier, Oujda, Morocco - Dr. Florian Ditas, Hessisches Landesamt fur Naturschutz,
Umwelt und Geologie (HLNUG), Wiesbaden, Germany - Dr. Jeannine Ditas, Deutscher Wetterd-
ienst, Offenbach, Germany - Prof. Dr. Achim Dittler*, Karlsruhe Institute of Technology, Karl-
sruhe, Germany - Maximilian Dollner*, Universitat Wien, Vienna, Austria- Dr. Yannis Drossinos¥,
Joint Research Center, European Commission, Ispra, Italy - Prof. Dr. Derek Dunn-Rankin, Uni-
versity of California, Irvine, CA, USA - Prof. Dr. Uli Dusek, Energy and Sustainability Research In-
stitute, Groningen, The Netherlands - Sebastian Dusing, Leibniz-Institut for Tropospheric Re-
search (Tropos), Leipzig, Germany - Prof. Dr. Paulo Fialho, Institute for Volcanology and Risk
Assessment, University of the Azores, Portugal - Prof. Dr. Heinz Fissan, University of Duis-
burg-Essen, Duisburg, Germany - Prof. Dr. Mathias Forjan*, Fachhochschule Technikum Wien,
Vienna, Austria - Prof. Dr. Roberto Fraile, Universidad de Ledn, Spain - Dr. Andrew Freed-
man, Aerodyne Research, Inc., Billerica MA, USA - Dr. Franz Friebel, Eidgendssische Technische
Hochschule, Zurich, Switzerland - Pedro L. Garcia-Ybarra*, Universidad Nacional de Educacion
a Distancia Senda del Rey 9, Madrid, Spain - Dr. Josef Gasteiger*, Universitat Wien, Vienna,
Austria - Prof. Dr. Michael J. Gatari, University of Nairobi, Kenia - Dr. Georgios Gkatzelis, IEK-8:
Troposphere, Forschungszentrum Julich, Germany - Daniel Gohler*, TOPAS GmbH, Dresden,
Germany - Dr. Dmitry Golentsov, GAeF Member, Russia - Dr. Irena Grgi¢, National Institute of
Chemistry, Ljubljana, Slovenia - Prof. Dr. Sergey A. Grinshpun*, University of Cincinnati, OH,
USA - Dr. Stephan Grosse*, TOPAS GmbH, Dresden, Germany - Dr. Martin Gysel-Beer, Paul-Scher-
rer-Institute, Villigen PSI, Switzerland - Barbara Harm-Altstadter*, Technical University Braun-
schweig, Germany - Dr. Michael Heim, Mann + Hummel GmbH, Ludwigsburg, Germany - Dr. Sil-
via Henning, Leibniz Institute for Tropospheric Research (Tropos), Leipzig, Germany - Prof. Dr.
Hartmut Herrmann, Leibniz Institute for Tropospheric Research (Tropos), Leipzig, Germany -
Dr. Markus Hermann, Leibniz Institute for Tropospheric Research (Tropos), Leipzig, Germany -
Dr. Lars Hillemann*, TOPAS GmbH, Dresden, Germany - Dr. Dieter Hochrainer, Pensioner (for-
mer secretary general of GAeF), Oberkirchen, Germany - Prof. Dr. Werner Hofmann, University
of Salzburg, Austria - Prof. Dr. HelImuth Horvath*, Universitat Wien, Vienna, Austria - Dr. Chris-
toph Huglin*, Eidgendssische Materialprufungs- und Forschungsanstalt, Dubendorf, Switzer-
land - Tim Hulser, Institut fur Energie- und Umwelttechnik e. V. (IUTA), Duisburg, Germany -
Prof. Dr. Ruprecht Jaenicke*, Johannes Gutenberg-University, Mainz, Germany - Prof. Dr. Keld
Alstrup Jensen*, National Research Center for the Working Environment (NRCWE), Copenha-
gen, Denmark - Dr. Gregor Jereb*, University of Ljubljana, Ljubljana, Slovenia - Prof. Dr. Jingkun
Jiang, Tsinghua University, Peking, China - Prof. Dr. Markus Kalberer, University of Basel, Swit-
zerland - Dr. Anna Jackiewicz-Zagorska, Warsaw Univeristy of Technology, Warsaw, Poland - Er-
win Karg*, Helmholtz Zentrum Munchen - German Research Center for Environmental Health,
Munich, Germany - Prof. Dr. Konrad Kandler*, Technical University of Darmstadt, Darmstadet,
Germany - Dr. Matthias Karl, Helmholtz Zentrum Geesthacht - Center for Materials and Coastal
Research, Geesthacht, Germany - Prof. Dr. David B. Kittelson, University of Minnesota, Minne-
apolis, MN, USA - Dr. Martin Knoch*, PARI Pharma GmbH, Starnberg, Germany - Dr. Wolfgang
Koch*, Fraunhofer Institute for Toxikology und Experimental Medicine (ITEM), Hannover, Ger-
many - Prof. Dr. Athanasios G. Konstandopoulos, Aristotle University and Centre for Research &
Technology-Hellas, Thessaloniki, Greece - Dr. Martina Kramer*, |EK-7: Stratosphere,

Forschungszentrum Julich, Germany - Dr. Alois Krasenbrink, Joint Research Centre, European
Commission, Ispra, Italiy - Dr. Wolfgang G. Kreyling*, Institute for Epidemiology, Helmholtz-Ze-
ntrum Munchen, Munich, Germany - Dr.-Ing. Thomas Krinke, TSI GmbH, Aachen, Germany - Dr.
Ana Krofli¢*, Kemijski institut, Ljubljana, Slovenia - Prof. Dr. Markku Kulmala*, University of Hel-
sinki, Finland - Prof. Dr. Einar Kruis, University of Duisburg-Essen, Duisburg, Germany - PD Dr.
Andreas Kurten*, Goethe University of Frankfurt am Main, Germany - Dr. Carsten Kykal*, TSI
GmbH, Aachen, Germany - Peter Lauer*, MAN Energy Solutions SE, Augsburg, Germany - Prof.
Dr. Chung-Te Lee, National Central University, Zhongli, Taoyuan, Taiwan - Dr. Martin Lehmann*,
Mann + Hummel GmbH, Ludwigsburg, Germany - Prof. Dr. Kari Lehtinen, University of Eastern
Finland, Finland - Nikoleta Lekaki - The Cyprus Institute, Nicosia, Cyprus - Dr.-Ing. Christian Lub-
bert*, Friedrich-Alexander-Universitat Erlangen-Nurnberg, Erlangen, Germany - Dr. Janet Marie
Macher, University of California, Berkeley, CA, USA - Prof. Dr. Lutz Madler, Leibniz-Institut fur
Werkstofforientierte Technologien und Universitat Bremen, Germany - Prof. Dr. Willy Maenhaut,
Ghent University, Belgium - Nina Maherndl| , Universitat Wien, Vienna, Austria - Dr. Christoph
Mahnke*, IEK-8: Troposphere, Forschungszentrum Julich, Germany - Dr. Anne Maisser, The Cy-
prus Institue, Nicosia, Cyprus - Dr. Alexander Mangold, Royal Meteorological Institute of Bel-
gium, Brussels, Belgium - Dr. Jesus Marval, Politecnico di Torino, Turin, Italy - Andreas Massling,
Aarhus University, Roskilde, Denmark - Dr. Roger O. McClellan, DVM, MMS, DSc (Honorary), In-
dependent Advisor, Inhalation Toxicology and Human Risk Analysis, Albuquerque, NM, USA -
Dr. Amewu A. Mensah, Environmental and Health Protection, Department of Air Quality, City of
Zurich, Switzerland - PD Dr. Thomas Mentel*, IEK-8: Troposphere, Forschungszentrum Julich,
Germany - Prof. Dr. Maria Messing*, Lund University, Lund, Sweden - Dr. Emilio Milla*, Madrid,
Spain - Dr. Rob L. Modini, Paul Scherrer Institute, Villigen PSI, Switzerland - Dr. Ali Mohama-
di-Nasrabadi, Institut fur Energie- und Umwelttechnik e. V. (IUTA), Duisburg, Germany - Prof.
Dr. Claudia Mohr, Stockholm University & Bolin Centre for Climate Research, Stockholm, Swe-
den - Dr. Otmar Mohler, Karlsruhe Institute of Technologie, Karlsruhe, Germany - Prof. Dr. Peter
Molnar, Sahlgrenska University Hospital and University of Gothenburg, Goteborg, Sweden -
Vaios Moschos, Paul Scherrer Institut, Villigen PSI, Switzerland - Prof. Dr. Ben Mullins, School of
Public Health, Curtin University, Perth, Australia - Erny Niederberger, Swisens AG, Horw, Swit-
zerland - Prof. Dr. Reinhard Niessner, Technische Universitdt Minchen, Germany - Richard
Pastéka, Brno University of Technology, Brunn, Czech Republic - Dr. Hanns-Rudolph Paur*,
Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany - Dr. Markus Pesch, Grimm Aerosol
Technik Ainring GmbH & CO.KG, Ainring, Germany - Christian Peters*, TOPAS GmbH, Dresden,
Germany - PD Dr. Andreas Petzold, IEK-7: Troposphere, Forschungszentrum Julich, Germany -
Prof. Dr. Wolfgang Peukert*, Friedrich-Alexander-Universitat Erlangen-Nurnberg, Erlangen,
Germany - Christian Pilz, Leibniz-Institute for Tropospheric Research (Tropos), Leipzig, Germa-
ny - Dr. Calle Preger*, Lund University, Lund, Sweden - Pragati Rai, Paul Scherrer Institute, Villi-
gen PSI, Switzerland - Dr. Jurgen Reith, TSI GmbH, Aachen, Germany - Prof. Dr. Francisco José
Olmo Reyes, Universidad de Granada, Spain - Dr. Andreas Rudolph*, TOPAS GmbH, Dresden,
Germany - Prof. Dr. Imre Salma, E6tvos University, Budapest, Hungary - Dr. Daniel Sauer,
Deutsches Zentrum fur Luft- und Raumfahrt e. V. - German Aerospace Center (DLR), Oberp-
faffenhofen, Germany - Dr. Mark Scerri, L-Universita ta’ Malta, Msida, Malta - Dr. Helmut Schaf-
fernicht*, Overath, Germany - Prof. Dr.-Ing. Annette Schafmeister, University of Applied Science
Biberach, Germany - Dr. Jurg Schlatter, Liebefeld, Switzerland - Prof. Dr. Julia Schmale*, Ecole



Polytechnique Fédérale de Lausanne, Switzerland - Dr. Otmar Schmid, Helmholtz Zentrum
Munchen, Neuherberg/Munich, German - Prof. Dr. Eberhard Schmidt, Bergische Universitat
Wuppertal, Germany - Prof. Dr. Andreas Schmidt-Ott*, Technische Universiteit Delft, The Neth-
erlands - Dr. Johannes Schneider*, Max Planck Institute for Chemistry, Mainz, Germany - Manu-
el Schéberl, Universitat Wien, Vienna, Austria - Dr. Christiane Schulz, Leibniz Institute for Tropo-
spheric Research (Tropos), Leipzig, Germany and Max-Planck-Institute for Chemistry, Mainz,
Germany - Dr. Stephen E. Schwartz*, Brookhaven National Laboratory, Upton, NY, USA - Dr.
Martin Seipenbusch, ParteQ GmbH, Malsch, Germany - Nikolina Leona Serdarevi¢*, Technische
Universitat Berlin, Germany - Dr. Stefan Seeger*, Bundesanstalt fir Materialforschung und -
prufung, Berlin, Germany - Prof. Dr. Michael Shapiro*, Technion - Israel Institute of Technology,
Haifa, Israel - Dr. Pourya Shahpoury*, Environment and Climate Change Canada (ECCC), Toron-
to, Canada - Timur Sograbi, Ural Federal University, Ekaterinburg, Russia - Prof. Dr. Georgios A.
Sotiriou, Karolinska Institutet, Stockholm, Sweden - Jurgen Spielvogel, TSI GmbH, Aachen, Ger-
many - Dr. Gerald Spindler, Leibniz Institute for Tropospheric Research (Tropos), Leipzig, Ger-
many - Prof. Dr. Michael Stintz, Technische Universitat Dresden, Germany - Dr. Frank Stratmann
Leibniz Institute for Tropospheric Research (Tropos), Leipzig, Germany - Prof. Dr. Wladyslaw W.
Szymanski, Universitat Wien, Vienna, Austria - Dr. Gerhard Steiner, Grimm Aerosol Technik Ain-
ring GmbH & CO.KG, Ainring, Germany - Prof. Dr. Eduard Tamm, University of Tartu, Estonia -
Prof. Dr. Alexandra Teleki, Uppsala University, Uppsala, Sweden - Marilena Teri, Universitat
Wien, Vienna, Austria - Dr. Ana Maria Todea*, Institut fur Energie- und Umwelttechnik e. V.,
Duisburg, Germany - Dr. Torsten Tritscher, TSI GmbH, Aachen, Germany - Una Trivanovic, Eid-
gendssische Technische Hochschule (ETH), Zurich, Switzerland - Prof. Dr. Paolo Tronville*, Po-
litecnico di Torino, Turin, Italy - Dr. Janek Uin, Brookhaven National Laboratory, Upton, NY, USA
- Dr. Marko Vana, University of Tartu, Estonia - Prof. Dr. Reinhard Vehring, University of Alberta,
Edmonton, Kanada - Dr. Silvia Lopez Vidal, RAMEM SA, Madrid, Spain - Prof. Dr. Yrjo Viisanen,
Finnish Meteorological Institute, Helsinki, Finland - Dr. Bernhard Vogel, Karlsruhe Institute of
Technology, Karlsruhe, Germany - Patrick Weber, IEK-8: Troposphere, Forschungszentrum
Julich, Germany - Prof. Dr. Stephan Weinbruch, Technische Universitat Darmstadt, Germany -
Dr. Frederik Weis, Palas GmbH, Karlsruhe, Germany - Prof. Dr. Peter Wiesen*, Bergische Uni-
versitat Wuppertal, Germany - Prof. Dr. Paul Winkler, Universitat Wien, Vienna, Austria - Dr.
Richard Winterhalter, Bayerisches Landesamt fir Gesundheit und Lebensmittelsicherheit, Mu-
nich, Germany - Peter Wlasits, Universitat Wien, Vienna, Austria - Dr. Sabine Wurzler*, Landesa-
mt fur Natur, Umwelt und Verbraucherschutz NRW (LANUV), Recklinghausen, Germany - Prof.
Dr. Valery Zagaynov, National Research Nuclear University MEPhI, Moskau, Russia - Prof. Dr.
Shamil Zaripov*, Kazan Federal University, Kazan, Russia - Prof. Dr. Thomas Zeuch*, Georg-Au-
gust-Universitat Gottingen, Gottingen, Germany - Prof. Dr. Paul Zieger*, Stockholm University,
Stockholm, Sweden - Volker Ziegler*, Grimm Aerosol Technik Ainring GmbH & CO.KG, Ainring,
Germany

[3]

(4]

(7]

(8]

[10]
[11]

[12]

[13]

[16]

L. Morawska, J. Tang, W. Bahnfleth, P. Bluyssen, A. Boerstra, G. Buonanno, J. Cao, S. Dancer, A.
Floto, F. Franchimon, C. Haworth, J. Hogeling, C. Isaxon, J. Jimenez, J. Kurnitski, Y. Li, M. Loomans,
G. Marks und L. e. a. Marr, ,How can airborne transmission of COVID-19 indoors be minimised?,”
Environment International, Bd. 142, p. 105832, 2020.

Y. Li, H. Qian, J. Hang, X. Chen, L. Hong, P. Liang, J. Li, S. Xiao, J. Wei, L. Liu und M. Kang, ,Evidence
for probable aerosol transmission of SARS-CoV-2 in a poorly ventilated restaurant,” medRxiv (pre-
print), p. https://doi.org/10.1101/2020.04.16.20067728 , 2020.

N. van Doremalen, D. Morris, M. Holbrook, A. Gamble, B. Williamson, A. Tamin, J. Harcourt, N.
Thornburg, S. Gerber, J. Lloyd-Smith, E. de Wit und V. Munster, ,Aerosol and surface stability of
SARS-CoV-2 as compared with SARS-CoV-1,” New England Journal of Medicine, Bd. 382, pp. 1564-
1567, 2020.

J. Seinfeld und S. Pandis, Atmospheric Chemistry and Physics: From Air Pollution to Climate Chan-
ge, Bd. 3rd edition, Wiley, 2016, p. 1152.

V. McNeill, ,Atmospheric Aerosols: Clouds, Chemistry, and Climate,” Annual Review of Chemical
and Biomolecular Engineering, Bd. 8, pp. 427-444, 2017.

T. Hoffmann, C. Zetzsch und M. Rossi, ,,Chemie von Aerosolen,” Chemie in unserer Zeit, Bd. 41,
pp. 232-246, 2007.

P. Bruckmann und T. Eikmann, ,Feinstdube und menschliche Gesundheit,” Chemie in unserer
Zeit, Bd. 41, pp. 248-253, 2007.

J. Schnelle-Kreis, M. Sklorz, H. Hermann und R. Zimmermann, ,Atmosphadrische Aerosole: Quellen,
Vorkommen, Zusammensetzung,” Chemie in unserer Zeit, Bd. 41, pp. 220-230, 2007.

W. Hinds, Aerosol Technology: Properties, Behavior, and Measurement of Airborne Particles, New
York: Wiley, 1999,

M. Kulmala, ,How particles nucleate and grow,” Science, Bd. 302, pp. 1000-1001, 2003.

Y.-H.Jin, L. Cai, Z.-S. Cheng, H. Cheng, T. Deng, Y.-P. Fan, C. Fang, D. Huang, L.-Q. Huang, Q. Huang,
Y. Han, B. Hu, F. Hu, B.-H. Li, Y.-R. Li, K. Liang, L.-K. Lin, L.-S. Luo, J. Ma, L.-L. Ma, Y.-Z. Peng, Y.-B. Pan
und e. al., ,A rapid advice guideline for the diagnosis and treatment of 2019 novel coronavirus
(2019-nCoV) infected pneumonia (standard version),” Military Medical Research, Nr. 7, p. 4, 2020.

J. Jiang, Y. Fu, L. Liu und M. Kulmala, ,Transmission via aerosols: Plausible differences among
emerging coronaviruses,” Aerosol Science and Technology, Bd. 54, pp. 865-868, 2020.

Y. Drossinos und N. Stilianakis, ,What aerosol physics tells us about airborne pathogen transmis-
sion,” Aeroosl Science and Technology, Bd. 54, pp. 639-643, 2020.

L. Bourouiba, , Turbulent Gas Clouds and Respiratory Pathogen Emissions - Potential Implications
for Reducing Transmission of COVID-19,” JAMA, Bd. 323, pp. 1837-1838, 2020.

A. Einstein, ,Uber die von der molekularkinetischen Theorie der Warme geforderte Bewegung
von in ruhenden Flussigkeiten suspendierten Teilchen,” Annalen der Physik, Bd. 322, pp. 549-560,
1905.

M. Smoluchowski, ,Zur kinetischen Theorie der Brownschen Molekularbewegung und der Suspen-
sionen,” Annalen der Physik, Bd. 326, pp. 756-780, 1906.



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

R. Brown, Air Filtration - An integrated approach to the theory and applications of fibrous filters,
Exeter: Pergamon Press, 1993.

J. Heyder, J. Gebhart, G. Rudolf, C. Schiller und W. Stahlhofen, ,Deposition of particles in the hu-
man respiratory tract in the size range 0.005-15 pm,” Journal of Aerosol Science, Bd. 17, pp. 811-
825, 1986.

V. Vuorinen, M. Aarnio, M. Alava, V. Alopaeus, N. Atanasova, M. Auvinen, B. H. Balasubramanian,
E. P., R. Grande, N. Hayward, A. Hellsten, S. Hostikka, J. Hokkanen, O. Kaario, A. Karvinen, I. Kivisto,
M. Korhonen und e. al., ,Modelling aerosol transport and virus exposure with numerical simu-
lations in relation to SARS-CoV-2 transmission by inhalation indoors,” Safety Science, Bd. 130, p.
104866, 2020.

A. Ahlawat, A. Wiedensohler und S. Mishra, ,An overview on the role of relative humidity in airbor-
ne transmission of SARS-CoV-2 in indoor environments,” Aerosol and Air Quality Research, Bd. 20,
pp. 1856-1861, 2020.

K. Lin und L. Marr, ,Humidity-dependent decay of viruses, but not bacteria, in aerosols and dro-
plets follows disinfection kinetics,” Environmental Science and Technology, Bd. 54, pp. 1024-1032,
2020.

W. Wells, ,On Air-borne Infection. Study Il. Droplets and Droplet Nuclei,” American Journal of Hy-
giene, Bd. 20, pp. 611-618, 1934,

D. Parienta, L. Morawska, G. Johnson, Z. Ristovski, M. Hargreaves, K. Mengersen, S. Corbett, C.
Chao, Y. Li und D. Katoshevski, ,Theoretical analysis of the motion and evaporation of exhaled
respiratory droplets of mixed composition,” Journal of Aerosol Science, Bd. 42, pp. 1-10, 2011.

D. Kincaid und T. Longley, ,A water droplet evaporation and temperature model,” Transactions of
the ASAE, Bd. 32, pp. 457-463, 1989.

F. e. a. Drewnick, ,Abscheideeffizienz von Mund-Nasen-Schutz Masken, selbstgenahten Ge-
sichtsmasken,potentiellen Maskenmaterialiensowie ,Community Masken*,” 20 05 2020. [Online].
Available: https://www.mpic.de/4670174/filtermasken_zusammenfassung.pdf. [Zugriff am 25 11
2020].

J. Gebhart, ). Anselm, J. Heyder und W. Stahlhofen, ,The Human Lung as Aerosol Generator,” Jour-
nal of Aerosols in Medicine, Bd. 1, pp. 196-197, 1988.

G. Johnson und L. Morawska, ,,The mechanism of breath aerosol formation,” Journal of Aerosol
Medicine and Pulmonary Drug Delivery, Bd. 22, pp. 229-237, 2009.

B. Bake, E. Ljungstrom, A. Claesson, H. Carlsen, H. M. und A. Olin, ,Exhaled Particles after a Stan-
dardized Breathing Maneuver,” Journal of Aerosol Medicine and Pulmonary Drug Delivery, Bd. 30,
pp. 267-273,2017.

B. Bake, P. Larsson, G. Ljungkvist, E. Ljungstrém und A. Olin, ,Exhaled particles and small airways,"
Respiratory Research, Bd. 20, pp. 1-14, 2019.

P. Larsson, E. Mirgorodskaya, L. Samuelsson, B. Bake, A. Almstrand, A. Bredberg und A. Olin,
~Surfactant protein A and albumin in particles in exhaled air,” Respiratory Medicine, Bd. 106, pp.
197-204, 2012.

S. Kokelj, J. Kim, M. Andersson, E. G. B. Bake und A. Olin, ,Intra-individual variation of particles
in exhaled air and of the contents of Surfactant protein A and albumin,” PLoS One, Bd. 15, p.
e0227980, 2020.

K. Haslbeck, K. Schwarz, . Hohlfeld, J. Seume und W. Koch, ,Submicron droplet formation in the
human lung,” Journal of Aerosol Science, Bd. 41, pp. 429-438, 2010.

[34]

[35]

[36]

[43]

[44]

K. Schwarz, H. Biller, H. Windt, W. Koch und J. Hohlfeld, ,Characterization of exhaled particles from
the healthy human lung - A systematic analysis in relation to pulmonary function variables,” Jour-
nal of Aerosol Medicine and Pulmonary Drug Delivery, Bd. 23, pp. 371-379, 2010.

K. Schwarz, H. Biller, H. Windt, W. Koch und J. Hohlfeld, ,Characterization of exhaled particles
from the human lungs in airway obstruction,” Journal of Aerosol Medicine and Pulmonary Drug
Delivery, Bd. 28, pp. 52-58, 2015.

G. Scheuch, ,Breathing is enough: For the spread of influenza virus and SARS-CoV-2 by breathing
only,” Journal of Aerosol Medicine and Pulmonary Drug Delivery, Bd. 33, pp. 230-234, 2020.

J. Ma, X. Qi, H. Chen, X. Li, Z. Zhang, H. Wang, L. Sun, L. Zhang, J. Guo, L. Morawska, G. S., P. Biswas,
R. Flagan und M. Yao, ,COVID-19 patients in earlier stages exhaled millions of SARS-CoV-2 per
hour,” Clinical Infectious Dieseases, p. https://doi.org/10.1093/cid/ciaa1283, 2020.

F. Gregson, N. Watson, C. Orton, A. Haddrell, L. McCarthy, T. Finnie, N. Gent, G. Donaldson, P.
Shah, J. Calder und e. al., ,Comparing the Respirable Aerosol Concentrations and Particle Size
Distribu-tions Generated by Singing, Speaking and Breathing,” ChemRxiv (preprint), p. https://
chemrxiv.org/articles/preprint/Comparing_the_Respirable_Aerosol_Concentrations_and_Partic-
le_Size_Distributions_Generated_by_Singing_Speaking_and_Breathing/12789221/1, 2020.

D. Murbe, M. Fleischer, J. Lange, H. Rotheudt und M. Kriegel, ,Aerosol emission is increased in
professional singing,” (Preprint), pp. https://depositonce.tu-berlin.de/handle/11303/11490, 2020.

C. Stadnytskyi, C. Bax, A. Bax und P. Anfinrud, ,The airborne lifetime of small speech droplets and
their potential importance in SARS-CoV-2 transmission,” PNAS, Bd. 117, pp. 11875-11877, 2020.

S. Asadi, A. Wexler, C. C. S. Barreda, N. Bouvier und W. Ristenpart, ,Aerosol emission and supe-
remission during human speech increase with voice loudness,” Scientific Reports, Bd. 9, pp. 1-10,
2019.

P. Fabian, J. McDevitt, W. DeHaan, R. Fung, B. Cowling, K. Chan, G. Leung und D. Milton, ,Influenza
virus in human exhaled breath: An observational study,” PLoS One, Bd. 3, p. €2691, 2008.

D. Milton, M. Fabian, B. Cowling, G. M. und J. McDeuvitt, ,Influenza Virus Aerosols in Human Exha-
led Breath: Particle Size, Culturability, and Effect of Surgical Masks,” PLoS Pathology, Bd. 9, p.
1003205, 2013.

W. Lindsley, B. F. und D. e. a. Beezhold, ,Viable influenza A virus in airborne particles expelled
during coughs versus exhalations,” Influenza and OtherRespiratory Viruses, Bd. 10, pp. 404-413,
2016.

P. Fabian, J. McDevitt, W. Lee, E. Houseman und D. Milton, ,,An optimized method to detect influ-
enza virus and human rhinovirus from exhaled breath and the airborne environment,” Journal of
Environmental Monitoring, Bd. 11, pp. 314-317, 2009.

B. Wang, A. Zhang, J. Sun, H. Liu, J. Hu und L. Xu, , Study of SARS transmission via liquid droplets in
air," Journal of Biomedical Engineering, Bd. 127, pp. 32-38, 2005.

J. Gralton, E. Tovey, M. Mclaws und W. Rawlinson, ,Respiratory virus RNA is detectable in airborne
and droplet particles,” Journal of Medical Virology, Bd. 85, pp. 2151-2159, 2013.

A. Mitchell, B. Mourad, E. Tovey, L. Buddle, M. Peters, L. Morgan und B. Oliver, ,Spirometry filters
can be used to detect exhaled respiratory viruses,” Journal of Breath Research, Bd. 10, p. 046002,
2016.

L. Yip, M. Finn, A, Granados, K. Prost, A. McGeer, J. Gubbay, J. Scott und S. Mubareka, ,Influenza
virus RNA recovered from droplets and droplet nuclei emitted by adults in an acute care setting,”
Journal of Occupational and Environmental Hygiene, Bd. 16, pp. 341-348, 2019.



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]
[63]

[64]

[65]

E. Shiu, W. Huang und D. Ye, ,Frequent recovery of influenza A but not influenza B virus RNA in
aerosols in pediatric patient rooms,” Indoor Air, Bd. 30, pp. 805-815, 2020.

L. Morawska und ). Cao, ,Airborne transmission of SARS-CoV-2: The world should face the reality,”
Environment International, Bd. 139, p. 105730, 2020.

S. Smither, L. Eastough, J. Findlay und M. Lever, ,Experimental aerosol survival of SARS-CoV-2 in
artificial saliva and tissue culture media at medium and high humidity,” EMerging Microbes &
Infections, Bd. 9, pp. 1415-1417, 2020.

A. Brlek, S. V. S. Vidovi¢, K. Turk und Z. Simonovi¢, ,Possible indirect transmission of COVID-19 at
asquash court, Slovenia, March 2020: case report,” Epidemiology and Infection, Bd. 148, pp. 1-3,
2020.

A. Fears, W. Klimstra, P. Duprex, A. Hartman, S. Weaver, K. Plante, D. Mirchandani, J. Plante, P.
Aguilar, D. Fernandez, A. Nalca und e. al., ,Persistence of Severe Acute Respiratory Syndrome
Coronavirus 2 in Aerosol Suspensions,” Emerging Infectious Dieses, Bd. 26, pp. 2168-2171, 2020.

J. Lednicky, M. Lauzardo, Z. Fan, A. Jutla, T. Tilly, M. Gangwar, M. Usmani, S. Shankar, K. Mohamed,
A. Eiguren-Fernandez, C. Stephenson, M. Alam, M. Elbadry, J. Loeb, K. Subramaniam, T. Waltzek,
K. Cherabuddiund e. al., ,Viable SARS-CoV-2 in the air of a hopsital room with COVID-19 patients,”
medRxiv (preprint), p. https://doi.org/10.1101/2020.08.03.20167395, 2020.

L. Zhou, M. Yao, X. Zhang, B. Hu, X. Li, H. Chen, L. Zhang, Y. Liu, M. Du, B. Sun, Y. Jiang, K. Zhou, J.
Hong, N. Yu, Z. Ding, Y. Xu, M. Hu, L. Morawska, S. Grinshpun, P. Biswas, R. Flagan, B. Zhu, W. Liu
und Y. Zhang, ,Breath- air- and surface-borne SARS-CoV-2 in hospitals,” Journal of Aerosol Scien-
ce, p. in press (https://doi.org/10.1016/j.jaerosci.2020.105693), 2020.

H. Qian, T. Miao, L. Liu, X. Zheng, D. Luo und Y. Li, ,Indoor transmission of SARS-CoV-2,” medRxiv
(preprint), p. https://doi.org/10.1101/2020.04.04.20053058doi, 2020.

S. Das, J.-e. Alam, S. Plumari und V. Greco, ,Transmission of airborne virus through sneezed and
coughed droplets,” AIP Physics of Fluids, Bd. 32, p. 097102, 2020.

Kommission Innenraumhygiene des UBA, ,Richtiges Liften reduziert Risiko der SARS-CoV-2-In-
fektion,” Umweltbundesamt, 13 08 2020. [Online]. Available: https://www.umweltbundesamt.
de/presse/pressemitteilungen/richtiges-lueften-reduziert-risiko-der-sars-cov-2. [Zugriff am 02 12
2020].

Deutsche Gesetzliche Unfallversicherung, ,Kitas richtig Laften mit Hilfe der CO2-App,” Deutsche
Gesetzliche Unfallversicherung (DGUV), 30 09 2020. [Online]. Available: https://www.dguv.de/de/
mediencenter/pm/pressearchiv/2020/quartal_3/details_3_406030.jsp. [Zugriff am 02 12 2020].

A. Todea, F. Schmidt, T. Schuldt und C. Asbach, ,Development of a method to determine the frac-
tional deposition efficiency of full scale HVAC and HEPA filter cassettes for nanoparticles >3.5 nm,"
Atmosphere, Bd. 11, p. 1191, 2020.

C. Wang und Y. Otani, ,Removal of nanoparticles from gas streams by fibrous filters: A review,"
Industrial & Engineering Chemistry Research, Bd. 52, pp. 5-17, 2013.

J. Israelachvili, Intermolecualr and Surface Forces (3rd edition), Amsterdam: Elsevier, 2011.

X. Wang, K. Kim, C. Lee und J. Kim, ,Prediction of air filter efficiency and pressure drop in air filtra-
tion media using a stochastic simulation,” Fibers and Polymers, Bd. 9, pp. 34-38, 2008.

S.-C. Wang, ,Electrostatic forces in fibrous filters - a review,” Powder Technology, Bd. 118, pp. 166-
170, 2001.

R. Thakur, D. Da und A. Das, ,Electret Air Filters,” Separation & Purification Reviews, Bd. 42, pp.
87-129, 2013.

[67]

[68]

[69]

[70]

[78]

[79]

[80]

[82]

N. A. Fuchs, ,On the stationary charge distribution on aerosol particles in a bipolar ionic atmo-
sphere,” Pure and Applied Geophysics, Bd. 56, pp. 185-193, 1963.

F. Romay, B. Liu und S. Chae, ,Experimental study of electrostatic capture mechanisms in com-
mercial electret filters,” Aerosol Science & Technology, Bd. 28, pp. 224-234, 1998.

R. Lathrache und H. Fissan, ,Fractional penetrations for electrostatically charged fibrous filters in
the submicron particle size range,” Particle Characterization, Bd. 3, pp. 74-80, 1986.

M. Kerner, K. Schmidt, S. Schumacher, V. Puderbach, C. Asbach und S. Antonyuk, ,Evaluation
of electrostatic properties of electret filters for aerosol deposition,” Separation and Purification
Technology, Bd. 239, p. 116548, 2020.

J. Van Turnhout, W. Hoenefeld, J. Adamse und L. Van Rossen, ,Electret filters for high-efficiency
and high-flow air cleaning,” IEEE Transactions on Industry Applications, Bd. IA 17, pp. 240-248,
1981.

L. Janssen und ). Bidwell, ,Performance of four class 95 electret filters against diesl particulate
matter,” Journal of the International Society for Respiratory Protection, Bd. 23, pp. 21-29, 2006.

G. Bostock, ,Electret filter for respiratory protection,” in Electret Filters, Production and Proper-
ties, Proceedings of the International Workshop on Electret Filters, Production and Properties,
Warsaw, Poland, January 29 and 30, 1999, 1999, pp. 59-68.

S. Schumacher, D. Spiegelhoff, U. Schneiderwind, H. Finger und C. Asbach, ,,Performance of new
and artificially aged electret filters in indoor air cleaners,” Chemical Engineering & Technology, Bd.
41, pp. 27-34, 2018.

D. Bémer und S. Calleé, ,Evolution of the efficiency and pressure drop of a filter media woth loa-
ding,” Aerosol Science and Technology, Bd. 33, pp. 427-439, 2000.

L.Janssen, J. Bidwell, H. Mullins und T. Nelson, ,Efficiency of degraded electret filters: Part | - Labo-
ratory testing against NaCl and DOP before and after exposure to workplace aerosols,” Journal of
the International Society for Respiratory Protection, Bd. 20, pp. 71-80, 2003.

M. Lehtimaki und K. Heinonen, ,Reliability of Electret Filters,” Building and Environment, Bd. 29,
pp. 353-355, 1994,

A. Viraneva, T. Yovcheva, E. Gencheva und G. Mekishev, ,Low pressure and humidity influences
on the electret surface potential decay,” Journal of Physics: Conference Series, Bd. 253, p. 012069,
2010.

E. Motyl und B. towkis, ,Effect of air humidity on charge decay and lifetime of PP electret nonwo-
vens,” Fibres & Textiles in Eastern Europe, Bd. 14, pp. 39-42, 2006.

H.-J. Choi, E.-S. Park, J.-U. Kim, S.-H. Kim und M.-H. Lee, ,Experimental study on charge dacy of
electret filter due to organic solvant exposure,” Aerosol Science & Technology, Bd. 49, pp. 977-
983, 2015.

J. Kim, J. Hinestroza, W. Jasper und R. Barker, ,Effect of solvent exposure on the filtration perfor-
mance of electrically charged polypropylene filter media,” Textile Research Journal, Bd. 79, pp.
343-350, 2009.

S. Schumacher, R. Jasti und C. Asbach, ,Einfluss von Entladungsmethode und Aerosolmaterial auf
die Abscheideeffizienz von Elektretfiltern,” Gefahrstoffe - Reinhaltung der Luft, Bd. 78, pp. 316-
322, 2018.

T. Lin, C. Tseng, Y. Huang, H. Lin, C. Lai und S. Lee, ,Effectiveness of N95 facepiece respirators in
filtering aerosol following storage and sterilization,” Aerosol and Air Quality Research, Bd. 20, pp.
833-843, 2020.



[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

D. Viscusi, M. Bergmann, E. Sinkule und R. Shaffer, ,Evaluation of the filtration performance of 21
NO95 filtering face piece repsirators after prolonged storage,” American Journal of Infection Cont-
rol, Bd. 37, pp. 381-386, 2009.

D. Ciuzas, T. Prasauskas, E. Krugly, A. Jurelionis, L. Seduikyte und D. Martucevicius, ,Indoor air
quality management by combined ventilation and air cleaning: An experimental study,” Aerosol
and Air Quality Research, Bd. 16, pp. 2550-2559, 2016.

J. Pei, C. Dong und J. Liu, ,Operating behavior and corresponding performance of portable air
cleaners in residential build-ings, China,” Building and Environment, Bd. 147, pp. 473-481, 2019.

J. Siegel, ,Primary and secondary consequences of indoor air cleaners,” Indoor Air, Bd. 26, pp.
88-96, 2016.

H.J. Kim, B. Han, Y. ). Kim, Y. H. Yoon und T. Oda, ,Efficient test method for evaluating gas removal
performance of room air cleaners using FTIR measurement and CADR calculation,” Building and
Environment, Bd. 47, pp. 385-393, 2012.

E. Budowsky, S. Bresler, E. Friedman und N. Zheleznova, ,Principles of selective inactivation of
viral genome,” Archives of Virology, Bd. 68, pp. 239-247, 1981.

J. Kim und J. Jang, ,Inactivation of airborne viruses using vacuum ultraviolet photocatalysis for a
flow-through indoor air purifier with short irradiation time,” Aerosol Science and Technology, Bd.
52, pp. 557-566, 2018.

K. Shiraki, H. Yamada, Y. Yoshida, A. Ohno, T. Watanabe, T. Watanabe, H. Watanabe, H. Watanabe,
M. Yamaguchi, F. Tokuoka, S. Hashimoto, M. Kawamura und N. Adachi, ,Improved photocatalytic
air cleaner with decomposition of aldehyde and aerosol-associated influenza virus infectivity in
indoor air,” Aerosol and Air Quality Research, Bd. 17, pp. 2901-2912, 2017.

M. HeRling, K. Hones, P. Vatter und C. Lingenfelder, ,Ultraviolet irradiation doses for coronavirus
inactivation - review and analysis of coronavirus photoinactivation studies,” GMS Hygiene and
Infection Control, Bd. 15, pp. 1-8, 2020.

I. Hamzavi, A. Lyons, I. Kohli, S. Narla, A. Parks-Miller, J. Gelfand, H. Lim und D. Ozog, ,Ultravio-
let germicidal irradiation; Possible method for respiratordisinfection to facilitate reuseduring the
COVID-19 pandemic,” Journal of the American Academy of Dermatology, Bd. June 2020, pp. 1511-
1512, 2020.

H. Finger, U. Schneiderwind und C. Asbach, ,Bewertung mobiler Raumluftreinigungsgerate,” Ge-
fahrstoffe - Reinhaltung der Luft, Bd. 75, pp. 497-502, 2015.

W. Jeon, B. Lee, H. Yun, J. Kim, S. Kang und Y. Seo, ,Characterization of pressure drop through
two-stage particulate air filters,” Science and Technology for the Built Environment, Bd. 26, pp.
835-843, 2020.

J. Kimund M. Lee, ,Effect of filter collection efficiency on the clean air delivery rate in an air clea-
ner,” Indoor Air, Bd. (accepted for publication), 2020.

J. Curtius, M. Granzin und J. Schrod, , Testing mobile air purifiers in a school classroom: Reducing
the airborne transmission risk for SARS-CoV-2,” medRxiv (preprint), p. https://www.medrxiv.org/
content/10.1101/2020.10.02.20205633v2, 2020.

M. Kriegel, U. Buchholz, P. Gastmeier, P. Bischoff, I. Abdelgawad und A. Hartmann, ,Predicted
infection risk for aerosol transmission of SARS-CoV-2,” medRxiv (preprint), p. https://doi.org/10.1
101/2020.10.08.20209106, 2020.

L. Marr, S. Miller, K. Prather, C. Haas, W. Bahnfleth, R. Corsi, J. Tang, H. Herrmann, K. Pollitt, J. Bal-
lester und J. Jimenez, ,FAQs on Protecting Yourself from COVID-19 Aerosol Transmission,” 07 11

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

2020. [Online]. Available: https://tinyurl.com/FAQ-aerosols . [Zugriff am 16 11 2020].

C. Kahler, T. Fuchs und R. Hain, ,Kénnen mobile Raumluftreiniger eine indirekte SARS-CoV-2 Infek-
tionsgefahr durch Aerosole wirk-sam reduzieren?,” 05 08 2020. [Online]. Available: https://www.
unibw.de/Irt7/raumluftreiniger.pdf. [Zugriff am 11 11 2020].

M. Klpper, C. Asbach, U. Schneiderwind, H. Finger, D. Spiegelhoff und S. Schumacher, ,Testing
of an Indoor Air Cleaner for Particulate Pollutants under Realistic Conditions in an Office Room,”
Aerosol and Air Quality Research, Bd. 19, pp. 1655-1665, 2019.

J. Joo, Q. Zheng, G. Leeg, J. Kim und S. Kim, ,,Optimum energy use to satisfy indoor air quality
needs,” Energy and Buildings, Bd. 46, pp. 62-67, 2012.

P. Azimi und B. Stephens, ,HVAC filtration for controlling infectious airborne disease transmission
in indoor environments: Predicting risk reductions and operational costs,” Buidling and Environ-
ment, Bd. 70, pp. 150-160, 2013.

T. Guenther, M. Czech-Sioli, D. Indenbirken, A. Robitailles, P. Tenhaken, M. Exner, M. Ottinger, N.
G. A. Fischer und M. Brinkmann, , Investigation of the superspreading event preceding the largest
meat processing plant-related SARS-Coronavirus 2 outbreak in Germany (July 17, 2020),” 2020.
[Online]. Available: https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3654517. [Zugriff am
06 11 2020].

J. Lu, J. Gu, C. Xu, W. Su, Z. Lai, D. Zhou, C. Yu, B. Xu und Z. Yang, ,COVID-19 outbreak associated
with air conditioning in restaurant, Guangzhoum China, 2020,” Emerging Infectious Diseases, Bd.
26, pp. 1628-1631, 2020.

O. Almilaji und P. Thomas, ,Air recirculation role in the infection with COVID-19, lessons le-
arned from Diamond Princess cruise ship,” 09 Juli 2020. [Online]. Available: https://doi.
org/10.1101/2020.07.08.20148775 . [Zugriff am 06 11 2020].

B.f.W. u. E.und B. f. W. u. A., ,Gemeinsame Pressemitteilung: 500 Millionen Euro fur Raumluft-
technische Anlagen in 6ffentlichen Gebaduden und Versammlungsstatten zur Eindammung des
Corona-Virus,” 19 10 2020. [Online]. Available: https://www.bmwi.de/Redaktion/DE/Pressemit-
teilungen/2020/10/20201019-500-millionen-euro-fuer-raumlufttechnische-anlagen-in-oeffentli-
chen-gebaeuden-und-versammlungsstaetten-zur-eindaemmung-des-corona-virus.html. [Zugriff
am 06 11 2020].

T. Klimach und F. Helleis, ,Vorlaufige Dokumentation Abluftanlage fur Klassenrdume,” 10 11 2020.
[Online]. Available: https://www.mpic.de/4782901/doku_lueftung_mpic_10112020.pdf. [Zugriff
am 12 11 2020].

C. Asbach, B. Hellack, S. Schumacher, M. Bassler, M. Spreitzer, T. Pohl, C. Monz, S. Bieder, T. Schult-
ze und A. Todea, ,Anwendungsmadglichkeiten und Grenzen kostengunstiger Feinstaubsensoren,”
Gefahrstoffe - Reinhaltung der Luft, Bd. 78, pp. 242-250, 2018.

Bundesinstitut fur Arzneimittel u. Medizinprodukte, ,Hinweise des BfArM zur Verwendung von
Mund-Nasen-Bedeckungen, medizinischen Gesichtsmasken sowie partikelfiltrierenden Halb-
masken (FFP1, FFP2 und FFP3) im Zusammenhang mit dem Coronavirus (SARS-CoV-2 / Covid-19),”
1211 2020. [Online]. Available: https://www.bfarm.de/SharedDocs/Risikoinformationen/Medizin-
produkte/DE/schutzmasken.html. [Zugriff am 28 11 2020].

L. Lee, E. Lam, C. Chan, S. Chan, M. Chiu, W. Chong, K. Chu, M. Hon, L. Kwan, K. Tsang, S. Tsoi und
C. Wu, ,Practice and technique of using face mask amongst adults in the community: a cross-sec-
tional descriptive study,” BMC Public Health, Bd. 20, p. 948, 2020.

D. Chu, E. Akl, S. Duda, K. Solo, S. Yaacoub und H. Schiinemann, ,Physical distancing, face masks,
and eye protection to prevent person-to-person transmission of SARS-CoV-2 and COVID-19: a



[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

systematic review and meta-analysis,” The Lancet, Bd. 395, pp. 1973-1987, 2020.

W. Lyu und G. Wehby, ,Community Use Of Face Masks And COVID-19: Evidence From A Natural
Experiment Of State Mandates In The US,” Health Affairs, Bd. 39, pp. 1419-1425, 2020.

C. Leffler, E. Ing, J. Lykins, M. Hogan, C. McKeown und A. Grzybowski, ,Association of Country-wide
Coronavirus Mortality with Demographics, Testing, Lockdowns, and Public Wearing of Masks,” The
American Journal of Tropical Medicine and Hygiene, pp. https://doi.org/10.4269/ajtmh.20-1015,
2020.

R. Eninger, A. Adhikari, T. Reponen und S. Grinshpun, , Differntiating between physical and viable
penetrations when challenging respirator filters with bioaerosols,” Clean - Soil, Air, Water, Bd. 36,
pp. 615-621.

V. Cheng, S. Wong, V. Chuang, S. So, J. Chen, S. Sridhar, K. To, J. Chan, I. Hung, P. Ho und K. Yuen,
»The role of community-wide wearing of face mask for control of coronavirus disease 2019 (CO-
VID-19) epidemic due to SARS-CoV-2,” Journal of Infection, Bd. 81, pp. 107-114, 2020.

W. Lindsley, J. Noti, F. Blachere, J. Szalajda und D. Beezhold, ,Efficacy of face shields against cough
aerosol droplets from a cough simulator,” Journal of Occupational and Environmental Hygiene,
Bd. 11, pp. 509-518, 2014.

M. Ferioli, C. Cisternino, V. Leo, L. Pisani, P. Palange und S. Nava, ,Protecting healthcare workers
from SARS-CoV-2 infection: practical indications,” Frontiers in Clinical Practice - Respiratory Infec-
tions, Bd. 29, p. 200068, 2020.

P. Peng, P. Ho und S. Hota, ,Outbreak of a new coronavirus: what anaesthetists should know,"
Britisch Journal of Anaesthesia, Bd. 124, pp. 497-501, 2020.

R. Eninger, T. Honda, T. Reponen, R. McKay und S. Grinshpun, ,What does respirator certification
tell us about filtration of ultrafine particles?,” Journal of Occupational and Environmental Hygiene,
Bd. 5, pp. 286-295, 2008.

L. Marr, J. Tang, J. Van Mullekom und S. Lakdawala, ,Mechanistic insights into the effect of humidi-
ty on airborne influenza virus survival, transmission and incidence,” Journal of the Royal Society,
Interface, p. https://doi.org/10.1098/rsif.2018.0298, 2019.

S. Grinshpun, H. Haruta, R. Eninger, T. Reponen, R. McKay und S. Lee, ,Performance of an N95
filtering facepiece particulate respirator and a surgical mask during human breathing: two pa-
thways for particle penetration,” Journal of Occupational and Environmental Hygiene, Bd. 6, pp.
593-603, 2009.

Health and Safety Executive, ,Guidance on respiratory protective equipment (RPE) fit testing,”
2020 03 2019. [Online]. Available: https://www.hse.gov.uk/pubns/indg479.pdf. [Zugriff am 28 11].

S.Verma, M. Dhanak und J. Frankenfield, ,Visualizing droplet dispersal for face shields and masks
with exhalation valves,” Physics of Fluids, Bd. 32, p. 091701, 2020.

S. Grinshpun, M. Yermakov und M. Khoudoun, , Autoclave sterilization and ethanol treatment of
re-used surgical masks and N95 respirators during COVID-19: impact on their performance and
integrity,” Journal of Hospital Infection, Bd. 105, pp. 608-614, 2020.

E. Weingartner, ,Masken auf dem Prufstand: Wie gut schitzen sie vor feinen Aerosolen?” [On-
line]. Available: https://www.fhnw.ch/de/die-fhnw/hochschulen/ht/institute/forschungsprojekte/
beurteilung-der-filterwirkung-von-materialien-fuer-ein-und-mehrwegmasken. [Zugriff am 11 11
2020].

F. Drewnick, J. Pikmann, F. Fachinger, L. Moormann, F. Sprang und S. Borrmann, ,Aerosol filtrati-
on efficiency of household materialsfor homemade face masks: Influence of materialproperties,

[127]

[128]

[129]

[130]

[131]

particle size, particle electrical charge,face velocity, and leaks,” Aerosol Science and Technology,
p. https://doi.org/10.1080/02786826.2020.1817846, 2020.

SNV, ,Uberblick ber Normung von Community-Masken,” 01 11 2020. [Online]. Available: https://
www.snv.ch/de/news/news-details/ueberblick-ueber-normung-von-community-masken.html.
[Zugriff am 11 11 2020].

UNI, ,UNI/PdR 90.1:2020: Maschere di comunita - Parte 1: Requisiti, tipologia e marcatura,” 01
07 2020. [Online]. Available: http://store.uni.com/catalogo/uni-pdr-90-1-2020. [Zugriff am 29 11
20201.

UNI, ,UNI/PdR 90.1:2020: Maschere di comunita - Parte 1: Requisiti, tipologia e marcatura,” 01
07 2020. [Online]. Available: http://store.uni.com/catalogo/uni-pdr-90-2-2020. [Zugriff am 29 11
2020].

AFNOR, ,AFNOR SPEC S76-001: Barrier masks - Guide to minimum requirements, methods of
testing, making and use,” 27 03 2020. [Online]. Available: https://masques-barrieres.afnor.org/
home/PdfMasque?token=eed57dce-d956-445f-8fa6-8943d105f7e7&culture=en-GB. [Zugriff am
01 12 2020].

European Committee for Standardization, ,CEN Workshop Agreement (CWA 17553): Community
face coverings - Guide to minimum requirements, methods of testing and use,” Juni 2020. [On-
line]. Available: ftp://ftp.cencenelec.eu/EN/Researchinnovation/CWA/CWA17553_2020.pdf. [Zu-
griff am 28 11 2020].



*30

GAeF

Gesellschaft fiir Aerosolforschung
Association for Aerosol Research

Contact and press enquiries: ition ier f
Further information on the GAeF: www.info.gaef.de

17 December 2020



mailto:positionspapier@gaef.de
http://www.info.gaef.de

	Who is the Gesellschaft für Aerosolforschung?
	Executive Summary
	1. Goal of this paper
	2. What is an aerosol? 
	3.	COVID-19-relevant fundamentals of aerosol physics
	4.	When and how are viruses or virus-containing aerosol exhaled? 
	5.	Ways to reduce the concentration of viruses in indoor air
	6.	Effectiveness of masks  
	7.	Current research needs
	8.	Authors and signatories
	9.	Bibliography

