
Introduction

The continuing risk of infection with COVID-19 
(Coronavirus SARS-CoV-2) has led to intensive discus-
sions in many countries about how different rooms 
can be used in the future. It should be noted that there 
will always be a risk of infection in rooms with several 
people, as transmission of the virus cannot be ruled out 
without the use of an unreasonable amount of protec-
tive clothing that goes beyond mouth-nose protection 
in everyday life. Viruses can be transmitted between 
people via three different ways without direct physical 
contact:

•	 Contact surfaces
•	 Droplets
•	 Aerosols

The transmission of viruses via contact surfaces can be 
significantly reduced by regularly cleaning all relevant 
surfaces and disinfecting the hands. Transmission by 

droplets is also significantly reduced by wearing a 
mouth-nose protector. Neither transmission path is 
directly influenced by the use of ventilation systems. At 
temperatures below typical room temperatures, viruses 
may remain active on surfaces for a longer period of 
time (Chan et al. 2011) which is not taken into the 
following considerations, just like the influence of rela-
tive humidity.

The present contribution focuses on the transmis-
sion of viruses by aerosols, since this transmission 
path cannot be prevented by simple measures and is 
responsible for the critical spread of viruses in closed 
rooms. Aerosols are very small particles, which can 
be produced by human respiration, for example. 
Ventilation of the room can directly influence the 
concentration of aerosols contaminated with viruses. 
Therefore, this transmission path is of particular 
importance for safety assessments of rooms and events 
in ventilated rooms.
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A simplified analysis of the complex transportation 
processes by aerosols in ventilated rooms is described, 
which allows an estimation of the risk of infection in 
different rooms and usage situations. This analysis 
explicitly does not deal with medical or individual-
related factors, since the focus is on the technically 
adjustable parameters of different rooms or ventilation 
systems. With the introduced calculation model, it can 
be estimated, which risk of infection exists, standard-
ized to a reference state, and in which rooms special 
precautions for infection protection should be taken.

Based on this approach it can be shown that the air 
exchange rate, the room volume, the length of stay 
and the occupancy of the rooms significantly influence 
the relative risk of infection. Especially in rooms with 
relatively high room occupancy and long durations of 
stay, high air exchange rates generated by mechanical 
ventilation are necessary to reduce the relative risk of 
infection by aerosol-bound transmission of viruses.

Known routes of virus propagation
In the transmission of respiratory diseases, the World 
Health Organization distinguishes significantly between 
the three mechanisms (World Health Organization 
2014):

In direct contact transmission, a virus is transmitted 
through direct skin and mucous membrane contact 
without the virus using another medium for its trans-
port route.

Indirect contact transmission is the transmission of a 
virus to one or more non-infected persons by a process 
known as droplet transmission. In droplet transmission, 
viruses are transmitted by spraying infectious droplets 
from the airways of an infected person onto the mucous 
membranes or conjunctiva of non-infected persons in 
the near field of the infected person.

The larger droplets relevant for droplet infection have 
a significant sink rate, so that they settle on the ground 
or other surfaces within a few seconds (Wells 1934). 
During this flight phase, they cover a distance of about 
1.5 m.

Since the droplets settle quickly on surfaces, transmis-
sion can also occur through contact with contaminated 
surfaces if, after surface contact, the person subse-
quently transports the viruses into the area of their own 
conjunctiva or mucous membranes, for example, via 
their hands (WHO 2014).

In the case of aerosol transmission, viruses can be trans-
mitted from an infected person to a larger number of 
uninfected persons by means of very small droplets or 
particles. Droplets below a critical particle size can evap-
orate during the flight phase to form so-called droplet 
nuclei. These droplet nuclei consist partly only of solid 
residues and have the potential to be transported as 
aerosol in the ambient air for several hours due to their 
low mass and the resulting low sinking speed. WHO 
classifies airborne particles with a particle diameter of 
at least 5 µm as droplets. Particles that consist only of 
solid residues as well as droplets below a particle diam-
eter of 5 µm are summarized as droplet nuclei (World 
Health Organization 2014). In the following, airborne 
droplet nuclei are referred to as aerosols according to 
this classification.

If aerosols are formed from the sputum of people with 
respiratory diseases, there is a risk of infection through 
inhalation of these aerosols, as the small particles may 
be contaminated with viruses. A critical factor in this 
transmission path is that the usual measures such as 
hand hygiene, keeping minimum distances and wearing 
simple mouth-nose covers are only partially or almost 
not effective (World Health Organization 2014). The 
formation of droplets and aerosols is clearly shown in 
Figure 1.

In view of the current SARS-CoV-2 pandemic, the role 
of aerosols in the transmission of the virus is intensively 
discussed in science and studied worldwide.

Recent studies have shown that aerosol transmission in 
combination with unfavorable ventilation conditions 
can lead to transmission of SARS-CoV-2 (Guenther et 
al. 2020; Li et al. 2020). In view of the data available 
to date, scientists expressly warn of the danger posed 
by aerosol transmissions with SARS-CoV-2 (Fineberg 
2020). Possible measures for the containment of 
aerosol transmissions indoors are ventilation measures 

Figure 1. Schematic representation of propagation 
mechanisms according to (Pan et al. 2019).
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that result in a high outdoor air exchange rate, low 
air circulation and a rapid removal of breathable air, 
in particular (Morawska and Cao 2020; Somsen et al. 
2020). In order to quantify the effectiveness of these 
measures more precisely, the effects of ventilation or air 
purification on the contamination of indoor air with 
viruses must be investigated in more detail.

In the following, this paper will focus on the spread of 
viruses through aerosols. This transmission path cannot 
be effectively suppressed by classical measures such as 
regular disinfection of a surface or wearing a mouth-
nose cover.

Spread of viruses in rooms through 
aerosols
The type of airflow in a room plays a central role in the 
spread of viruses indoors. The majority of all mechani-
cally ventilated rooms have mixed ventilation. With 
ideal mixed ventilation, all impurities and particles are 
distributed evenly throughout the entire room volume, 
so that there are no local concentration differences. The 
theory of ideal mixed ventilation assumes that the air 
movements caused by ventilation, thermal forces and 
diffusion are sufficient to distribute all local emissions 
evenly throughout the room volume.

In practice, higher concentrations of pollution can 
occur locally in real mixed ventilation systems.

In addition to mixed ventilation, displacement venti-
lation/layer flow and displacement flow are also used 
in practice. While displacement flows are limited to 
special areas such as a clean room and are therefore 
not considered further in the following, displacement 
flows are often used in particular for rooms with higher 
ceilings.

The propagation of pollutants in the room and the 
main parameters of ventilation efficiency are described 
in the REHVA Guidebook on Ventilation Effectiveness 
(Mundt 2004). The air exchange efficiency is a measure 
for the flushing of a room. The ventilation efficiency 
considers the removal of local emissions.

In this paper, all investigations will refer to the approach 
of an ideal mixed ventilation. An evaluation of a source 
air flow is planned for a later date.

It should be noted that even if a room is freely venti-
lated by open or tilted windows, a mixed or displace-
ment air flow can be generated. In the case of free 

ventilation, however, it is difficult to give an exact 
value for the air exchange. The exchange of air with 
the environment depends on the type of window 
opening and frame geometry as well as wind and 
temperature conditions. A transfer of the results to 
the case of free ventilation is only possible with the 
restrictions mentioned above.

Effect of ideal mixed ventilation in 
case of virus transmission by aerosols
If there is at least one infected person in a room, viral 
aerosols are potentially released into the room air. In 
the case of ideal mixed ventilation, the polluted aerosols 
are distributed throughout the entire room volume and 
the concentration of the aerosols polluted with viruses 
can be calculated from the emission rate of the virus-
carrying particles and the outdoor air volume flow. The 
room air volume only has an effect if the dispersion 
processes are considered transiently. In a stationary 
state, only the fresh air volume flow rate is decisive as a 
room air technical parameter.

For the evaluation of transient effects in room air flows, 
the nominal time constant τn can be used, which indi-
cates the fastest possible time for an air change:

𝜏𝜏𝑛𝑛 =
𝑉𝑉𝑅𝑅
𝑉̇𝑉𝑅𝑅

 	 (1)

As trace gas investigations show, stationary states in 
the room air are reached after about five space-time 
constants.

Risk of infection by aerosol-bound 
viruses in a room
Transmission of infection in a room via aerosols cannot 
be ruled out under the protective measures in use today. 
Although this transmission route is very complex and 
many medical details are only partially known, the 
following section will derive a model in which rooms 
of different sizes and uses can be compared with regard 
to the existing risk of infection. This simplified model 
is subject to restrictions, which will also be discussed in 
the following sections. It should be noted that the decay 
curves of functional SARS-CoV-2 viruses on aerosols 
under different room air conditions are not known. 
Therefore, for all subsequent calculations it is assumed 
that there are no significant differences between 
SARS-CoV-2 viruses in different indoor air conditions. 
This assumption may, however, be inadmissible, espe-
cially in rooms with very different relative humidity, 
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since humidity has been shown to have an influence on 
the decay rate of functional viruses in aerosols (Smither 
et al. 2020). Since the current state of research does not 
allow an exact quantification of this effect, this effect is 
neglected in this paper.

In the literature, approaches can be found that describe 
the risk of infection as a function of the quantity or 
number of inhaled viruses. A well-known approach is 
the Wells-Riley model (Riley et al. 1978). This approach 
was originally developed to model infection chains of 
a measles outbreak in an elementary school. The risk 
of infection is determined here based on a so-called 
“quanta concentration” in the indoor air. A quantum 
describes the amount of virus that must be ingested by 
a person to become infected with a given probability. 
The risk of infection ARInf after Wells-Riley is described 
by equation (2).

𝐴𝐴𝑅𝑅𝐼𝐼𝐼𝐼𝐼𝐼 = 1 − 𝑒𝑒−𝐼𝐼⋅ 𝑞𝑞⋅ 𝑝𝑝⋅𝜏𝜏
𝐿𝐿𝐿𝐿  	 (2)

Here, I corresponds to the number of infected persons 
in a room, q stands for the “quanta emission rate”, 
i.e. the rate of quanta that an infected person emits 
into the indoor air. The pulmonary ventilation rate of 
a person is denoted by p, with τ indicating the time 
that a non-infected person stays in the aerosol-loaded 
environment. The air exchange rate of the room is 
described with the abbreviation LW. The equation is 
based on the assumption that the infected and infec-
tious persons are in the room at the same time and that 
the “quanta concentration” in the ideally mixed room 
air corresponds to the equilibrium concentration for 
the entire period (Riley et al. 1978).

In this approach, the “quanta emission rate” is a 
hypothetical quantity and not a directly measurable 
quantity, since it can usually only be determined 
empirically from the reproduction number in trans-
mission chains in epidemic studies. Reproduction 
rate is an epidemiological variable and describes the 
average number of persons infected by an infected 
person (Robert Koch Institute 2020a). The calcula-
tion of this quantity is therefore subject to a high 
degree of uncertainty, especially since in these studies 
the transmission mechanism cannot always be clearly 
attributed to aerosol transfer (Azimi and Stephens 
2013). Despite this uncertainty, in the current 
SARS-CoV-2 pandemic, this approach has been used 
in several studies to assess the risk of indoor infection 
from aerosol transmission (Dai and Zhao 2020; Sun 
and Zhai 2020; Buonanno et al. 2020).

Simplified evaluation of ventilated 
rooms

For a simplified approach to assessing the risk of infec-
tion in a room contaminated with virus-carrying aero-
sols, the following simplified assumption states that 
the risk of infection increases linearly with the number 
of inhaled viruses. The risk of infection in this model 
is thus proportional to the number of inhaled viruses. 
This consideration corresponds to a linearization of 
the Wells-Riley model, where here the virus quantity 
is not considered in the form of quantum, but as the 
number of viruses. The validity of this linearization 
could not be checked so far. However, the linearization 
is an important assumption in this paper in order to 
avoid quantifying the medical effects that are relevant 
for aerosol transmission. The use of the Wells-Riley 
model would not allow this circumvention. Therefore, 
the risk of infection ARInf can be defined according to 
equation (3) as the product of the number of inhaled 
viruses nV and an infection parameter κInf. The infection 
parameter κInf includes all processes that are decisive for 
triggering an infection, apart from the inhaled virus 
quantity. At this point, no medical or personal effects 
during the transmission process of the virus are consid-
ered for modeling purposes. Neither will it be consid-
ered what other medical circumstances must be taken 
into account for a person to become ill. For comparing 
rooms of different designs and uses, all complex factors 
are compared using the infection parameter κInf for an 
average person as given.

𝐴𝐴𝐴𝐴𝐼𝐼𝐼𝐼𝐼𝐼 = 𝑛𝑛𝑉𝑉 ⋅ 𝜅𝜅𝐼𝐼𝑛𝑛𝑓𝑓 	 (3)

The number of inhaled viruses nV can generally be 
calculated from equation (4) using the temporal inte-
gral of the virus concentration ζ (t) in a room at the 
time t as well as the respiratory volume flow V̇A where 
under stationary boundary conditions during the entire 
duration of the stay τ a mean virus concentration ζ̅ can 
be accepted.

𝑛𝑛𝑉𝑉 =  ∫ 𝜁𝜁(𝑡𝑡) ⋅ 𝑉̇𝑉𝐴𝐴

𝜏𝜏

𝑡𝑡=0
⋅ 𝑑𝑑𝑑𝑑 = 𝜁𝜁̅ ⋅ 𝑉̇𝑉𝐴𝐴 ⋅ 𝜏𝜏 	 (4)

In this model approach, the mean virus concentration ζ̅ 
in a room can be determined according to equation (5) 
from the exhaled aerosol volume flow contaminated 
with viruses ṅAerosol of a person, the volume flow rate 
decisive for the air exchange of the room V̇R, and a 
probability value for the presence of at least one 
infected person PKRP. Concentration effects that occur 
when an infected person enters the room are neglected 
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here. However, the effect of concentration has a greater 
influence especially in the case of short residence times 
compared to the respective nominal time constant. 
In this balance, the number of viruses inhaled by the 
persons in the room is also neglected.

𝜁𝜁̅ = 𝑛̇𝑛𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑙𝑙
𝑉̇𝑉𝑅𝑅

⋅ 𝑃𝑃𝐾𝐾𝐾𝐾𝐾𝐾 	 (5)

The probability PKPR at ninf infected persons in a total 
population np meeting at least one infected person in 
a group with nR people in a room is approximated by 
equation (6) (Consileon Business Consultancy GmbH 
2020; Tabarrok 2020).

𝑃𝑃𝐾𝐾𝐾𝐾𝐾𝐾 = 1 − (1 −
𝑛𝑛𝐼𝐼𝐼𝐼𝐼𝐼
𝑛𝑛𝑝𝑝

)
𝑛𝑛𝑅𝑅

 	 (6)

This leads to the absolute risk of infection ARinf 
according to equation (7):

𝐴𝐴𝐴𝐴𝐼𝐼𝐼𝐼𝐼𝐼 =
𝑛̇𝑛𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑉̇𝑉𝑅𝑅

⋅ (1 − (1 −
𝑛𝑛𝐼𝐼𝐼𝐼𝐼𝐼
𝑛𝑛𝑝𝑝

)
𝑛𝑛𝑅𝑅
) ⋅ 𝑉̇𝑉𝐴𝐴 ⋅ 𝜏𝜏 ⋅ 𝜅𝜅𝐼𝐼𝐼𝐼𝐼𝐼 	 (7)

With this equation, the absolute risk of infection in any 
room can be calculated based on the simplifications 
described. However, an evaluation and interpretation of 
the results remains difficult, since some parameters of 
this equation cannot be given with sufficient certainty. 
Therefore, in the next section the relative risk of infec-
tion in a room is dealt with.

Relative risk of infection by aerosols 
in different rooms
Under normal living conditions, it must be assumed 
that even if recommended precautions and rules of 
conduct are strictly adhered to, an infection with 
COVID-19 in rooms can never be completely ruled 
out. The absolute risk of infection is never zero if there 
are at least two people in a room. For a simplified risk 
assessment, a reference case should therefore be defined 
where all other cases can be evaluated. By means of 
this reference case and assuming that all unknown or 
undetailed medical phenomena are the same in all 
rooms considered, a relative risk of infection can be 
determined instead of the absolute risk of infection, 
which cannot be quantified exactly.

In the following, the average living situation is consid-
ered as the reference environment in this context, 
whereby each inhabitant of a household can be infected 
like the population of all persons in Germany. Thus, 

the transmission of a virus through aerosols in a room 
can be compared with the probability of infection in 
an average apartment. In principle, any reference can 
be selected at this point. The values of the relative risk 
always refer to the selected reference case.

For a typical apartment, the relevant volume flow rate 
can be calculated by equation (8) as the product of the 
floor area Aref, the clear room height href and the air 
exchange rate LWref. 

𝑉̇𝑉𝑅𝑅,𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟 ⋅ ℎ𝑟𝑟𝑟𝑟𝑟𝑟 ⋅ 𝐿𝐿𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟 	 (8)

This results in the air exchange rate LW generally as the 
quotient of air volume flow and room volume:

𝐿𝐿𝑊𝑊 = 𝑉̇𝑉𝑅𝑅
𝑉𝑉𝑅𝑅

= 1
𝜏𝜏𝑛𝑛

 	 (9)

The floor space assumed in Table 1 for the reference 
apartment corresponds to the average living space for 
households in Germany according to the supplementary 
program “Living in Germany” of the 2018 Microcensus, 
whereby two persons present can be assumed with 
approximately 46 m² per capita (Statistical Offices 
of the Federal Government and the States 2019). For 
living spaces, it is assumed that the entire room air is 
exchanged every two hours. Together with a stay of 8 h, 
which was chosen analogous to a typical working day, 
the reference scenario can thus be regarded as a day at 
the weekend or a working day in the home office. To 
calculate the probability of encountering a person who 
is infected, 83 million inhabitants and, at the begin-
ning of August 2020, about 10,000 currently infected 
persons are assumed for Germany, which is calculated 
from the number of all registered cases minus those 
already recovered and deceased (Robert Koch Institute 
2020b). The number of people actually infected is often 
estimated to be many times higher.

Table 1. Assumptions for the reference  
environment of a typical apartment.

Parameter Value

Floor space in m² Aref 93

Room height in m href 2.4

Air exchange in 1/h LWref 0.5

Number of persons present nR,ref 2

Length of stay in h τref 8

Likelihood of  encountering 
at least one infected person

PKPR,ref 0.00024
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If equation (7) is now used for any scenario to be evalu-
ated ARInf and for the reference scenario of a typical 
apartment ARInf,ref, the relative risk of infection RRInf 
can be calculated according to equation (10).

𝑅𝑅𝑅𝑅𝐼𝐼𝐼𝐼𝐼𝐼 =
𝐴𝐴𝐴𝐴𝐼𝐼𝐼𝐼𝐼𝐼

𝐴𝐴𝐴𝐴𝐼𝐼𝐼𝐼𝐼𝐼,𝑟𝑟𝑟𝑟𝑟𝑟
 	 (10)

Used as follows:

𝑅𝑅𝑅𝑅𝐼𝐼𝐼𝐼𝐼𝐼 =
𝑛̇𝑛𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑉̇𝑉𝑅𝑅
⋅ (1 − (1 − 𝑛𝑛𝐼𝐼𝐼𝐼𝐼𝐼

𝑛𝑛𝑝𝑝 )
𝑛𝑛𝑅𝑅
) ⋅ 𝑉̇𝑉𝐴𝐴 ⋅ 𝜏𝜏 ⋅ 𝜅𝜅𝐼𝐼𝐼𝐼𝐼𝐼

𝑛̇𝑛𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑉̇𝑉𝑅𝑅,𝑟𝑟𝑟𝑟𝑟𝑟

⋅ (1 − (1 − 𝑛𝑛𝐼𝐼𝐼𝐼𝐼𝐼
𝑛𝑛𝑝𝑝 )

𝑛𝑛𝑅𝑅,𝑟𝑟𝑟𝑟𝑟𝑟
) ⋅ 𝑉̇𝑉𝐴𝐴 ⋅ 𝜏𝜏𝑟𝑟𝑟𝑟𝑟𝑟 ⋅ 𝜅𝜅𝐼𝐼𝐼𝐼𝐼𝐼

 

 

=
𝑉̇𝑉𝑅𝑅,𝑟𝑟𝑟𝑟𝑟𝑟
𝑉̇𝑉𝑅𝑅

⋅
(1 − (1 − 𝑛𝑛𝐼𝐼𝐼𝐼𝐼𝐼

𝑛𝑛𝑝𝑝 )
𝑛𝑛𝑅𝑅
)

(1 − (1 − 𝑛𝑛𝐼𝐼𝐼𝐼𝐼𝐼
𝑛𝑛𝑝𝑝 )

𝑛𝑛𝑅𝑅,𝑟𝑟𝑟𝑟𝑟𝑟
)
⋅ 𝜏𝜏
𝜏𝜏𝑟𝑟𝑟𝑟𝑟𝑟

 

 

=
𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟 ⋅ ℎ𝑟𝑟𝑟𝑟𝑟𝑟 ⋅ 𝐿𝐿𝑊𝑊𝑟𝑟𝑟𝑟𝑟𝑟

𝑉𝑉 ⋅ 𝐿𝐿𝐿𝐿 ⋅
(1 − (1 − 𝑛𝑛𝐼𝐼𝐼𝐼𝐼𝐼

𝑛𝑛𝑝𝑝 )
𝑛𝑛𝑅𝑅
)

(1 − (1 − 𝑛𝑛𝐼𝐼𝐼𝐼𝐼𝐼
𝑛𝑛𝑝𝑝 )

𝑛𝑛𝑅𝑅,𝑟𝑟𝑟𝑟𝑟𝑟
)
⋅ 𝜏𝜏
𝜏𝜏𝑟𝑟𝑟𝑟𝑟𝑟

 

(11)

This relative risk assessment allows the general infection 
parameter κInf, which cannot be quantified according 
to the current state of knowledge, to be removed 
from the equation, assuming for simplicity that it is 
the same in all considered environments and for all 
persons. Furthermore, assuming that persons with 
the same physiological characteristics are present in 
both environments, both the exhaled aerosol quantity 
ṅAerosol as well as the respiratory volume flow V̇A can 
be shortened. Remaining variables in the equation are 
exclusively technical parameters of the room, the room 
occupancy, and the statistical variables describing the 
current course of infection.

Different room parameters and uses

In order to evaluate the relative risk of infection 
compared to a stay in one’s own living environment, 
boundary conditions for different ventilated compar-
ison environments are defined below. Unless otherwise 
stated, the volume of air in the room refers to the clear 
internal dimensions without taking into account furni-
ture or other fixtures.

No breaks or interruptions are taken into account in the 
times of stay. At this point it should be noted that the 
design values for air exchange rates given in standards 
and guidelines often do not correspond to the actual 
conditions. All values for air exchange rates, retention 
times, and occupancy rates given here are not to be 
understood as generally valid for the respective room 
types, but rather as examples for the assumed example.

The assumptions for the comparative measurements 
in the Table 2 are as follows: A single-family house 
with a similar room height, hygienic air exchange, and 
length of stay as the reference apartment is assumed as a 
further residential building. Together with a floor space 
of 140 m², this results in a volume of approximately 
336 m³, which is assumed here for simplicity as an air 
compound. In order to be able to consider situations 
with several house guests, occupancy rates of up to 20 
persons are considered in the following.

The reference values for a classroom for an exemplary 
school day are based on a field study on air quality 
and acoustics in schools carried out by Heinz Trox 
Wissenschafts gGmbH in the spring and summer of 2019. 
The evaluation of the recorded room geometries results 
in an average floor area of 64 m² with an average clear 
height of 3.27 m, a room volume of about 210 m³, and 
an average of 27 seats. The mechanical ventilation units 
recorded within the scope of the field study had nominal 
volume flows of up to 850 m³/h, which, however, could 
not be operated with the highest fan speed due to the 
increased flow noise during lessons. Accordingly, air 
exchange rates below 4/h can be assumed to be realistic.

Table 2. Assumptions and typical boundary conditions for comparison environments.

Single family 
house

Classroom Multi-person 
office

Open-plan 
office

Lecture Hall 
(large)

Exhibition hall 
(large)

V m³ 390 210 65 1200 10.000 138.000

LW 1/h 0,5 to 4 to 4 to 4 up to 3,5 2 ... 5

nR,max – 20 35 4 33 1000 4000

τ h 8 5 8 8 1,5 2.5
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An office environment with an average 40-hour week 
is considered as representative of a typical workplace. 
Based on the Technical Rules for Workplaces ASR 
A1.2, which concretize the workplace guidelines, 8 m² 
floor space per workstation is assumed. For a multi-
person office with four workstations, a conservative 
estimate results in a floor space of 26 m² and a room 
volume of 65 m³, while maintaining the minimum 
permissible clear room height of 2.75 m for this floor 
space. Open-plan offices with a floor space of 400 m² 
or more and a clear height of at least 3 m are still consid-
ered open-plan offices, resulting in a minimum room 
volume of 1,200 m³. Together with a minimum space 
requirement of 12 m² per workstation, this results in a 
maximum occupation of 33 persons. (Federal Institute 
for Occupational Safety and Health (BAuA) 2013).

A lecture hall and an exhibition hall will be used as addi-
tional non-residential buildings. For an exemplary large 
lecture hall with seating for about 1,000 people, a floor 
space of 935 m² and a volume of about 10,000 m³ is 
assumed. For lecture halls at RWTH Aachen University, 
typically 3 to 3.5 air changes per hour are set.

With an exhibition hall, an environment with a very 
large spatial volume is still considered. The assumed 
comparative environment is based on a large hall of 
the Frankfurt Fair. With side lengths of around 75 and 
160 m and an average clear height of around 13 m, the 
result is a gross floor area of 12,000 m² and an air volume 
of around 156,000 m³. The specified air exchanges were 
taken from the current “Protection and Hygiene Concept 
for the Organization of Trade Fairs and Congresses on 
the Exhibition Grounds of Messe Frankfurt (Status 
18.05.2020)”. With the floor space of 3 m² per person 
or ticket sold, as provided for by current regulations, the 
maximum occupancy of the hall is 4,000 persons.

Comparison of the relative risk of 
infection in different environments
In the following, the infection risk is graphically repre-
sented for the different rooms under variable boundary 
conditions relative to the apartment assumed as the refer-
ence environment. In the diagrams below, the number 
of persons is plotted above the air exchange rate, with 
the relative risk of infection shown in color according 
to a traffic light extended by the color orange. To allow 
comparison of different scenarios by color, the same 
air exchange and risk axes were chosen for all immo-
bile environments in Figure 2. Yellow corresponds to a 
double, and red to at least six times the relative risk of 
infection. The lines superimposed on the color gradients 

indicate the limits of half, equal and double the risk of 
infection compared to the reference environment for 
easier orientation. It is to be pointed out again that the 
visualizations, which represent calculated values based 
on all simplifications mentioned through equation (11), 
apply in each case only to the exemplarily accepted space 
volumes and durations of stay. The influence of latter-
mentioned sizes is not dealt with further here.

In the case of a single-family house, a family of four 
persons is assumed at first, whereby the relative risk 
of infection is already indicated from two persons 
upwards, analogous to the assumed occupation of the 
reference apartment. With an assumed air exchange rate 
of 0.5/h, the risk of infection is already one third higher 
for four persons than in the case of the reference apart-
ment: While both persons have about 46 m² floor space 
and 110 m³ air volume each in the first-mentioned 
environment, 35 m² and 84 m³ per capita remain in 
the considered single-family house. If 20 persons are 
present for a family celebration or on a comparable 
occasion, the relative risk of infection is about 6.6 with 
unchanged ventilation habits. 3.3 air changes per hour 
would be necessary for a relative risk of 1. It should be 
pointed out that the assumption made here of an air 
network in the entire building is not unrestricted in 
reality, so that locally higher infection risks can occur 
within the building.

Classrooms are particularly critical because of their 
sometimes high-occupancy rates and long operation 
times. If half an air exchange per hour is also assumed, 
which is quite realistic under unfavorable outside 
conditions and insufficiently used window ventilation, 
the assumed maximum occupation with 35 persons 
present would result in an almost 12-fold higher risk of 
infection than in the reference environment. Even with 
a very low occupancy of 18 persons, a relative risk of 1 
would still require about three times the air exchange 
rate per hour and thus a volume flow of 630 m³/h. A 
volume flow of this magnitude can only be provided 
all year round by a ventilation system. The flow noise 
caused must be so low that the learning environment 
is not negatively affected. Pure window ventilation will 
not be able to provide sufficient air exchange, especially 
in winter and in noisy outdoor environments.

When comparing the office spaces, the significantly 
more spacious traffic areas for open-plan offices in 
the ASR A1.2 become apparent. Whereas in a multi-
person office with four full occupants, a relative risk of 
1 requires about 2.5 air changes per hour, in an open-
plan office about 1.5 air changes per hour would be 
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Figure 2. Relative risk of infection by aerosols in different immobile  
comparison environments compared to the reference apartment.
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sufficient even with the assumed full occupancy of 33 
people. The minimum number of persons considered 
in the diagram is 11 persons, which is one third of the 
maximum number of persons.

In the case of the large lecture hall, a 3.3-fold air 
exchange per hour is sufficient to achieve a relative 
risk of infection of 1 when fully occupied. Also, lower 
occupancy densities with one tenth of the maximum 
occupancy are shown in order to be able to consider 
a typical examination situation or less numerously 
attended events. In the case of the exhibition hall, the 
risk of infection at typical air exchange rates - even at 
maximum occupancy - is significantly lower than the 
risk in the domestic reference environment. In contrast 
to the room types presented so far, these event rooms 
require much larger room volumes anyway in order 
to ensure a sufficiently large smoke-free layer in case 
of fire, for example. Although the area-related person 
density is not dissimilar to that of a classroom, each 
person has a significantly larger vertical column of 
air at his or her disposal. It should be noted here that 
stand structures can significantly reduce the traffic area 
compared to the gross floor area.

Particularly in large rooms, it must be taken into 
account that the assumption made here of ideal mixed 
ventilation must be critically questioned. A complete 
dilution of the polluted aerosols is not always to be 
expected, so that locally higher concentrations of aero-
sols can occur. However, in this first analysis the storage 
capacity of the room volume is also neglected, although 
for an air exchange rate of 3/h, which can be assumed 
to be realistic in case of a trade fair, the space-time 
constant is 20 minutes. Consequently, the stationary 
values assumed here would only be reached after one 
hour and forty minutes (corresponding to 5·τn). In 
order to clarify the concentration distribution in larger 
rooms, measurements are planned by the Heinz Trox 
Foundation in the autumn of this year.

Summary
In this paper, an approach was developed to calculate a 
relative risk of infection by virus transport via aerosols 
in different rooms and uses compared to an apartment 
as a reference environment. Based on the current ratio 
of COVID-19 infected persons and the total popula-
tion in Germany, the probability of an infected person 
being present in the room was modelled for the respec-
tive room occupancy. With this probability and based 
on room-specific parameters and a hypothetical rate 
of infectious aerosol particles released into the room 

air by an infected person, a model for the equilibrium 
concentration of infectious aerosol particles in the room 
air was established.

The results show that with sufficiently high air exchange 
rates in all comparison environments, a relative risk of 
infection by aerosols smaller than 1 can be achieved. 
The risk of infection from contaminated aerosols is 
lower in this case than in the reference environment of 
a typical apartment. Even if this value does not indicate 
absolute safety, this reference allows a consideration of 
further protective measures. However, it is also clear 
that without adequate ventilation of the rooms, the risk 
of infection is very high.

In classrooms, this analysis shows that, given the high 
occupancy rates and length of stay, high air exchange 
rates are required to maintain relative risk of infection 
in the area at 1. In the short term, at least one CO₂ 
traffic light should be used in practice as an indicator of 
the amount of outside air for each person. For all new 
schools and renovation measures, the installation of a 
sufficiently dimensioned ventilation system is urgently 
recommended. In rooms with a larger room volume 
such as open-plan offices, lecture halls and exhibition 
halls, there is a relative risk of infection of less than 1 
even for comparatively low air exchange rates, since 
the person-related air volumes are very high due to the 
large room air volumes. Additional storage or buffering 
effects, which become more significant with increasing 
room heights, were not considered in this analysis.

In conclusion, it should be emphasized that the method 
presented in this paper allows for the analysis of relative 
risks and thus provides a comparative perspective to the 
public discourse, which often focuses on absolute risk 
and collateral.

Outlook
For more detailed considerations the calculation model 
has to be modified accordingly in a next step. The 
following aspects could be included in future considera-
tions, which extend the scope of the presented model.

Consideration of different infection events
In the previous considerations, it was assumed that the 
persons in the reference household and the comparison 
environment to be considered came from the same 
population. In order to take local hotspots or sources 
of infection into account, different numbers of infected 
persons and different sizes of populations can be assumed 
for the reference and comparison environment.
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Consideration of different activity levels
In the context of this paper, it was assumed for simplic-
ity’s sake that the respiratory volume flows in the refer-
ence and comparison environments did not differ from 
each other, which meant that they cancelled each other 
out and did not have to be further considered. Thus, 
by considering different respiratory flow rates, different 
activity levels and workloads could be approximated. 
Furthermore, new findings on the production rate of 
aerosols contaminated with viruses can be included in 
this analysis, taking into account different metabolic 
rates.

Consideration of different speech components 
and volumes
Furthermore, different speech fractions and volumes 
should be considered by differentiating the exhaled 
aerosol volumes between the reference and compar-
ison environments, since significant differences in the 
respective aerosol exposure are to be expected between 
still and quiet work in a library, a visit to the cinema or 
work in a call center. The increased release of aerosols 
as a result of certain respiratory activities could already 
be demonstrated in the context of a choir rehearsal 
(Hamner et al. 2020). In this context, investigations by 
Asadi et al. could be used (Asadi et al. 2019).

Influence of ventilation efficiency
Depending on the airflow and temperature condi-
tions used, there can be considerable differences in the 
aerosol concentration in a room. Thereby local effects 

in real mixed ventilation systems like stagnation and 
short-circuit flows have to be addressed and evalu-
ated. Additionally, the effect of a source air flow on 
the aerosol dispersion can be considered. The natural 
uplift flow of the supply air introduced near the ground 
with low temperature and low momentum transports 
the contaminated breathing air from the occupied zone 
directly upwards and towards the ceiling near extrac-
tion. This enables a better air quality near the floor. In 
addition, the influence of air filtering and the effective-
ness of additional cleaning methods such as the use of 
UVC sources should be investigated in connection with 
mechanical ventilation.

Transient effects in indoor air flows
Finally, the transient effects of indoor air flows, espe-
cially in large rooms, can be discussed. Here, the storage 
capacity of the available room volume can be considered, 
which especially influences the evaluation of rooms 
with temporary use. In addition, the investigation of 
natural ventilation scenarios with cross-ventilation and 
impulse ventilation is of great importance, since most 
buildings in Germany do not have a mechanical venti-
lation system. 
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