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It is important that efficient measures to reduce the airborne transmission of respiratory infectious diseases (in-
cluding COVID-19) should be formulated as soon as possible to ensure a safe easing of lockdown. Ventilation has
been widely recognized as an efficient engineering control measure for airborne transmission. Room ventilation
with an increased supply of clean outdoor air could dilute the expiratory airborne aerosols to a lower concentra-
tion level. However, sufficient increase is beyond the capacity of most of the existing mechanical ventilation sys-
tems that were designed to be energy efficient under non-pandemic conditions. We propose an improved control
strategy based on source control, which would be achieved by implementing intermittent breaks in room occu-
pancy, specifically that all occupants should leave the room periodically and the room occupancy time should be
reduced as much as possible. Under the assumption of good mixing of clean outdoor supply air with room air, the
evolution of the concentration in the room of aerosols exhaled by infected person(s) is predicted. The risk of air-
borne cross-infection is then evaluated by calculating the time-averaged intake fraction. The effectiveness of the
strategy is demonstrated for a case study of a typical classroom. This strategy, together with other control mea-
sures such as continuous supply of maximum clean air, distancing, face-to-back layout of workstations and re-
ducing activities that increase aerosol generation (e.g., loudly talking and singing), is applicable in classrooms,
offices, meeting rooms, conference rooms, etc.
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1. The need to improve existing control strategies to reduce airborne
transmission

Severe containment measures including lockdown have been intro-
duced in many countries to slow down the spread of COVID-19. The
lockdown has reduced considerably economic activity and will reduce
GDP by several percentage points. WHO, CDC and other organizations
and responsible government bodies have determined that COVID-19 is
mainly spread by large droplets emitted from the nose and mouth and
by physical contact between individuals. However, the possibility of
transmission due to an inhalation of virus-laden airborne expiratory
aerosols should not be excluded. This consideration is especially impor-
tant now that the governments in several countries have started to ease
the restrictions when maintaining the most basic protection measures.
The most important measures have been maintaining a distance
(1-2 m) between people, frequent cleaning of hands using alcohol-
based gel or soap and water, and covering the nose and mouth with a
flexed elbow or disposable tissue when coughing or sneezing. Even
these measures cannot effectively protect people from airborne trans-
mission, especially long-distance and long-term exposure. The debate
on whether the transmission of COVID-19 can be airborne continues.
New research on the possibility of airborne transmission of COVID-19
has been published (Morawska and Cao, 2020; Read, 2020; Lu et al.,
2020; Park et al., 2020; Ghinai et al., 2020).

Ventilation is recognized as an efficient method for reducing the air-
borne transmission of pathogens (Smieszek et al., 2019; Li et al.,, 2007;
Knibbs et al., 2011). The recently updated guidelines for reducing the
risk of airborne infection with COVID-19 therefore recommend a sub-
stantial increase of the ventilation rate, i.e. an increase in the amount
of clean outdoor air supplied to indoor volumes (ASHRAE, 2020;
REHVA, 2020; National Health Commission of China, 2020, etc.). How-
ever, existing ventilation systems in buildings are designed for removal
of heat and pollution loads that exist under normal conditions, i.e. when
there is no pandemic. The air-handling units, ducting and air supply and
exhaust terminals are dimensioned to be economic and energy-efficient
and allow for little increase in the ventilation rate. Ventilation systems
designed to supply large amounts of outdoor air during pandemic will
not operate economically under normal conditions with a greatly re-
duced supply flow rate. Furthermore, they will not be feasible because
of the high initial costs associated with large air handling units, the
large and voluminous ducting systems they require. The outdoor air
supply rate can be increased by installing additional (portable) units,
such as window installed fans and small free-standing air handling
units. In addition, high-efficiency filters, stand-alone air cleaners and ul-
traviolet germicidal irradiation (UVGI) units installed in rooms or in
ducts can be used to provide the equivalent of clean air to rooms.

This study was performed based on an assumption that the risk of
cross-infection is possible in spaces with existing mechanical ventila-
tion systems that are designed for normal conditions (namely not for
pandemics). We analysed some possible operation modes of space ven-
tilation and the importance of several factors for reducing the risk of air-
borne transmission in buildings with mechanical ventilation. We
propose an improved control strategy based on source control without
the need to make changes to existing ventilation systems. The strategy
will be especially useful during the period when COVID-19 lockdown
measures are being relaxed, bringing many employees, pupils and stu-
dents back to their workplaces. The strategy is applicable in spaces
such as classrooms, offices, meeting rooms, conference rooms, etc. The
proposed strategy can also be applied for reduction of occupants' expo-
sure to indoor pollution in general.

2. The process of ventilation and exposure
Ventilation systems are designed to provide a certain amount of

clean air to rooms depending on the number of occupants and the char-
acteristics of the air polluting emissions. Present standards consider

different ventilation categories, i.e. different amounts of supply air per
person, for example 10 L/s person (EN 16798-1, 2019). Furthermore,
some standards recommend supplying additional clean air to remove
the pollution emitted by building materials, e.g. 1 L/s m?. Ventilation
systems can be operated either to continuously supply the maximum
designed airflow rate or to change the supply airflow rate according to
the number of room occupants (which is known as demand control
ventilation). The ventilation operated in most buildings in practice
aims to achieve complete mixing of the clean supply air with the pol-
luted room air. This air distribution is known as mixing ventilation.
When the risk of airborne infection exists, it is recommended to in-
crease the ventilation rate and thus to increase the dilution of the pol-
luted room air with an increased supply of clean air. The ventilation
system should be operated to continuously supply the maximum possi-
ble airflow rate.

Although complete mixing of the air distribution in rooms is the in-
tention, the room airflow interaction is very complex and complete
mixing is seldom achieved (Miiller et al., 2013). Even in the case of uni-
form velocity and temperature distribution, an infected person acts as a
point source of pollution and the concentration of the pollution de-
creases with the distance from the source. Occupant exposure therefore
depends on the distance to the infected person. In this connection,
short-distance and long-distance exposure can be defined. The short-
distance exposure, i.e. when the exposed occupant is close to the in-
fected person, depends on the interaction of the free convection flow
that exists around a human body, the transient flow of breathing and
the background ventilation flow. This airflow interaction in the human
body microenvironment is complex (Melikov, 2015) and has a major
impact on short-distance exposure (Melikov and Ai, 2020). Research
has shown that short-distance exposure in ventilated rooms occurs
when the distance between the exposed occupant and the infected per-
son is less than 1-1.5 m (Ai and Melikov, 2018, Ai et al., 2019). Long-
distance exposure occurs at distances between occupants of more
than 1-1.5 m when the pollution is more or less mixed with the air in
the occupied zone. Long-distance exposure depends mainly on the
room ventilation, especially the ventilation rate and the room airflow
characteristics (air temperature, humidity, velocity, direction, etc.). As
stated above, distancing of more than 1-2 m is recommended by the
WHO and the governments of many countries in order to reduce the
risk of cross-infection. Assuming that this recommendation is respected,
in the following analyses only long-distance exposure is considered.

With a steady-state ventilation air supply and steady-state expira-
tory flows from occupants, there can be at least two typical and distinct
scenarios of airborne cross-infection, depending on the schedule of the
presence of the infected person in a room. The evolutions of the room
concentration of expiratory airborne aerosols for the two scenarios are
schematically shown in Fig. 1. Note that complete mixing of expiratory
airborne aerosols and room air is assumed in this study, and the particle
dynamics of airborne aerosols are not considered. After the infected per-
son enters a room, the room concentration of the expired airborne aero-
sol starts to increase and thus the instantaneous exposure of the
occupants to the aerosols increases. If the infected person stays in the
room for long time, the concentration of expired airborne aerosols
builds up until it reaches steady state (Fig. 1, continuous curve). How-
ever, if after certain time the infected person leaves the room, the con-
centration of aerosols starts to decay (Fig. 1, dotted line). The process
of building-up from a low concentration of aerosols will start again
when the infected person re-enters the room after some time. The
build-up and decay will repeat every time the infected person enters
and leaves the room. Under these transient conditions, the time-
averaged exposure of occupants to expired airborne aerosols will be
lower than the first scenario (Fig. 1, continuous curve). This method of
source control is utilized in the present study. For both scenarios (con-
tinuous and intermittent source generation), the exposure depends on
a number of factors, such as the schedule of the presence of the infected
person in the room, the number of infected persons in the room, the
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Fig. 1. Evolution of the whole room concentration during exposure caused by airborne cross-infection: (a) with a build-up to steady-state room concentration (with continuous presence
of infected person) and (b) with alternating build-up and decay of the room concentration (with intermittent presence of infected person).

length of the periods during which each infected person is absent from
the room, the designed occupant density, ventilation supply flow rate,
volume of the room and number of occupants.

3. Method for the prediction and evaluation of exposure to expired
airborne aerosols in a room

Assuming that the room air and the expired aerosols of the infected
person(s) are well mixed, the development of the room concentration
of pathogens is governed by the mass balance equation. The aforemen-
tioned evolutions of room concentration can be predicted by the solu-
tion of the mass balance equations for the build-up (Eq. (1)) and
decay (Eq. (2)).

C = % + (Cob_ g;) e*ACH(IftOh) (1)
C[ _ CodefACH(tftg_d) (2)

where C; is concentration of expiratory airborne aerosols in the room at
a certain time t, particles/m>; G, is generation rate of airborne particles
from the infected person, particles/h; Qs is the supplied ventilation flow
rate, m>/h; Cop, and Coq concentration of expired airborne aerosols in the
room at the beginning of the build-up (top) and decay (toq4), particles/
m?>; and ACH is the air change per hour, h™!, which is the ratio of the
supplied ventilation flow rate (Qs) to the volume of the room (V;). It
should be noted that the outdoor air is assumed as clean air without ex-
piratory airborne aerosols.

Infection models, such as Wells-Riley model, are not used to evaluate
the risk of airborne cross-infection, because such models account for
ventilation considering only ventilation flow rate. Thus, the models can-
not examine the effect of different ventilation strategies that have the
same ventilation flow rate. Intake fraction is used to evaluate the risk
of airborne cross-infection, which is defined as the proportion of air
mass exhaled by the infected person that is then inhaled by the exposed
person (Bennett et al., 2002). It has to be stated that the intake fraction
correspond to dose. A higher intake fraction does not necessarily means
a higher risk, if accumulation of a certain dose has not been achieved.
However, for engineering applications, it is difficult for ventilation to
be accurately operated and controlled based on dose, because of many
influential factors such as variation of occupant density, schedule and
time. This study therefore assumes that a higher intake fraction repre-
sents a high risk of cross-infection. The time-averaged intake fraction
during a certain period can be written as:

.
" Cin(t)Mindt

IF: [[:;0 m() mn (3)
Cex(t)Mexdt

Lexo

where C;,(t) and Cex(t) are the concentration inhaled by the exposed
person and the concentration exhaled by the infected person at time t,
particles/m>, respectively, where Ci,(t) is assumed to be the same with
room concentration C;and C(t) is the ratio of G, to the pulmonary ven-
tilation rate of the infected person Qp; M;, and M., are the mass flow
rates of the inhaled flow of the exposed person and the exhaled flow
of the infected person, kg/h, respectively; M;, and M., are assumed to
be the same; (i, — tin, 0) and (tex — tex, o) are the exposure period of
the exposed person and the period of time during which the infected
person is present in the room, respectively (in hours).

Egs. (1), (2) and (3) can be used to determine the importance of the
factors defined above and thus to determine the appropriate ventilation
strategy. In the following section, the proposed method of source con-
trol is applied to determine the operation strategy of ventilation in a
typical school classroom that will lead to a reduced risk of airborne
cross-infection.

4. Case study: Classroom ventilation

The basic design conditions of the classroom to be considered follow
the European standard EN16798-1:2019 (2019). The floor area of 81 m?
is designed for 15 people with an occupancy density of 5.4 m?/person.
The supply airflow rate is the sum of the air volume required for each
occupant defined in four categories (Cat I - 10 L/s/person, Cat Il - 7 L/s/
person, Cat IIl - 4 L/s/person, Cat IV - 2.5 L/s/person) plus corresponding
to the categories additional airflow rate (L/s/m? of the floor area) for re-
moval of pollution generated from building materials for three types of
buildings depending on their emission levels. For the source, only an
asymptomatic or pre-symptomatic person, i.e. an infected person with-
out noticeable symptoms but capable of infecting other occupants, is
considered, as it is reasonable to assume that symptomatic people will
stay at home. The rate of generation of aerosols during breathing
(with and without a mask) and while talking at different levels of loud-
ness have been reported (Yan et al., 2018; Asadi et al., 2019). We used
some of the reported data to perform the calculations. The source char-
acteristics used for calculation of the intake fraction are: pulmonary
ventilation - 6 L/min, breathing cycle - 10 cycles/min, and emission -
2554 particles/breath. Note that different people (e.g., super spreaders)
could generate very different numbers of aerosols and the infectivity of
the viruses will be different depending on their type and the stage
reached in the course of the infection. However, in this study the use
of a certain number, 2554 particles/breath, to perform calculations
would not influence the relative differences between analysed modes
of operation.

It has been reported that in order to cause infection a certain mini-
mum number of viruses (i.e., a dose) is needed. The dose depends on
both exposed concentration and exposure time. Considering that the
number of virus-laden aerosols generated during breathing and talking
is not high, an occupant would have to remain in a classroom for a long
period in order to receive a sufficient number of aerosols to result in an
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Table 1
A list of evaluated cases with different boundary conditions; all cases have in total five lessons and four breaks, except for Case 7, which has three lessons and two breaks.
No. of Occupant density Height of ceiling Length of lesson Length of breaks (min) Supply flow rate ACH
occupants (m?/person) (m) (min) (L/s) (h™1)
Case 1 15 54 3.0 30 15 231 (Catl) 34
Case 2 15 54 3.0 30 15 61.8 (Cat V) 0.9
Case 3 15 5.4 3.0 30 15 0 (No ventilation) 0
Case 4 15 54 3.0 30 20 231 3.4
Case 5 15 54 3.0 45 15 231 34
Case 6 15 54 3.0 45 20 231 3.4
Case 7 15 54 3.0 50 30 231 34
Case 8 15 54 3.0 30 15 231 34
Occupants in room during breaks
Case 9 15 54 3.5 30 15 231 (Catl) 2.9
Case 11 15 54 3.0 30 15 231 (Catl) 34
(2 infected occupants
Case 12 30 2.7 3.0 30 15 381 (Catl) 5.6

infection. We therefore performed analyses for a half school day with
five lessons and four breaks in between. The case of a lesson lasting
30 min followed by a 15 min break and a ventilation airflow rate of
10 L/s person +1 L/s/m? for removal of building generated pollution
(Category I, EN16798-1) was used as a reference case. The
time-averaged intake fractions during the five lessons for different
other cases were calculated. The results are presented and compared
in the following.

The list of the evaluated cases with their detailed boundary condi-
tions is given in Table 1. Case 12 represents a possible existing condition.
In this case, the ventilation system for the classroom is designed follow-
ing EN 15251:2007 (2007), which recommended 2 m? floor area per
person (2.7 m?/person was used in this study). Case 2 represents an ex-
treme condition without ventilation supply of outdoor air to the room.
Detailed analyses were performed to identify the importance of the fol-
lowing parameters: 1) supplied ventilation flow rate; 2) source control;
3) length of the lesson; 4) length of the break between lessons; 5) vol-
ume of the room; 6) number of infected persons; 7) design occupancy
density. Furthermore, the effect of an additional supply of clean air (by
for examples windows fans or air cleaners) to the room all the time or
during only the breaks was studied (as listed in Table 2). For simplicity,
the importance of the length of the lessons, the length of breaks and the
additional ventilation air supply are discussed only for category I, i.e.
10 L/s person +1 L/s/m? for removal of building material emissions.
For the purpose of comparison, the corresponding air change rate
(ACH) is listed in Table 1.

The results are shown in Fig. 2. The results shown in Fig. 2(a) confirm
that the intake fraction decreases with an increase in the ventilation
rate. However, in order to be energy efficient, the mechanical ventila-
tion systems in existing buildings are designed to supply only enough
air to ensure occupants' health and comfort when pandemic is not pres-
ent. It is therefore not possible to increase the supply airflow much
above what is prescribed for Cat I to reduce the risk of cross infection.
During a pandemic, additional clean air supply systems (window fans,

Table 2

stand-alone induction units, etc.) can be used. A large increase in the
supply airflow rate will cause some important problems, including in-
crease of draught and noise discomfort. Similar problems exist when ad-
ditional ventilation systems are used. It is generally accepted that source
control is the first step to be considered in ventilation design. Usually,
source control can be applied by removing any symptomatic infected
persons from the room. However, this is not possible in the case of
asymptomatic persons. In this case, source control can be achieved by
asking all occupants to leave the room. As shown in Fig. 2(b), in the
case of classrooms, asking students to leave the room during breaks be-
tween lessons (Case 1) reduced the risk of airborne cross-infection by
35% compared to when the students stayed in the room during the
breaks (Case 8). It is easy to apply this approach in practice, not only
for classrooms in schools, but also for meetings, conferences, etc.

At a constant generation rate, the airborne aerosol concentration in a
room will increase until it reaches steady state. The time-averaged in-
take fraction will therefore depend on the exposure time, especially be-
fore steady state has been reached. The comparison of Case 1 with Case
5 reveals a 14% increase in the intake fraction when the lecture time in-
creases from 30 min to 45 min with a 15 min break between the lessons
(Fig. 2(b)). Any increase in the break time also will help to reduce the
time-averaged exposure. Note that the results are valid only if the in-
fected person leaves the room during the break. If the person stays in
the room (Case 8, or ‘NB’ in Fig. 2(b)), the intake fraction increases by
35%. Obviously, evacuating the room during the breaks is more impor-
tant for reduction of the risk of cross-infection than a decrease in the du-
ration of each lesson. The relative importance of the length of the lesson
and the break duration can be evaluated by comparing the intake frac-
tion for Cases 1 and 4, and Cases 5 and 6, which are ‘30 + 15’ and
‘30 4 20’, and ‘45 + 15’ and ‘45 + 20’, respectively. When the lesson
time is 30 min, increasing the break time by 5 min reduces the intake
fraction by 6% and in the case of 45 min lessons by 4%. It may be con-
cluded that the impact of a reduction of the lesson time and an increase
of the break time on the intake fraction is comparable.

Alist of evaluated cases with different boundary conditions. “A” and “B” denote respectively that increased ventilation was used continuously or only during the breaks (all occupants were

out of the room during breaks in both cases).

No. of Occupant density Height of ceiling Length of lesson Length of breaks Additional supply airflow Total supply airflow ACH

occupants (m?/person) (m) (min) (min) rate (L/s) rate (L/s) (h=1)
Case 1 15 54 3.0 30 15 0 231 34
Case 12 15 54 3.0 30 15 250 (A) 481 71
Case 13 15 5.4 3.0 30 15 750 (A) 981 14.5
Case 14 15 54 3.0 30 15 1250 (A) 1481 219
Case 15 15 54 3.0 45 15 250 (B) 481 71
Case16 15 5.4 3.0 45 15 750 (B) 981 145
Case 17 15 54 3.0 30 15 1250 (B) 1481 219
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Fig. 2. The influence of various parameters on the time-averaged intake fraction during a half day: (a) supply airflow rate, (b) schedule of lessons and breaks when the total length of either
lessons or breaks is different (see Table 1 for detail), where NB denotes No Break or students staying in the classroom during breaks, (c) schedule of lessons and breaks when the total
duration of lessons and breaks together is unchanged, (d) occupant density, (e) room height, i.e. of room volume, and (f) number of infected persons present in the room. Case 1 as
shown in Table 1 was taken as the reference case and the percentages above the bars are percentage increases of intake fraction in comparison to this reference case.

The above analyses were performed at slightly different total lengths
of five lectures with four breaks in between. Analyses were performed
to study the impact of the number (or division) of lessons and breaks
on the intake faction with a fixed total time, selected to be 210 min.
The intake fraction in the case of five lessons of 30 min with four
15 minute breaks in between and in the case of three 50 minute lessons
with two 30 minute break in between is compared in Fig. 2(c). The re-
sults show that with an unchanged total time the intake fraction
is increased by 7% when the number of lectures decreases and their
length increases.

The impact of the number of occupants on the intake fraction will be
different and there are two possibilities when the number of infected
occupants is fixed. The first possibility is that the supply airflow rate re-
mains unchanged but the number of occupants changes. The second
possibility is that the supply airflow rate changes according to any
change in the number of occupants, i.e. a 10 L/s person clean air supply
is maintained when the number of occupants changes. With the first
possibility, the change in the number of occupants with an unchanged
supply airflow rate will not have any impact on the intake fraction.
With the second possibility, increasing the number of occupants with
a corresponding increase in the supply airflow rate (with social distanc-
ing maintained) will lead to a decrease in the intake fraction (Fig. 2(d)).
The results show that an increase in the number of room occupants
from 15 persons to 30 persons (Case 1 and Case 12) while maintaining
a supply airflow rate of 10 L/s person will decrease the intake fraction by
33%. With goal of reducing the intake fraction it is thus better to operate
the ventilation system at the maximum possible supply airflow rate
even when the number of occupants decreases.

The impact of the room volume on the intake fraction can be seen
from the results shown in Fig. 2(e) by comparing Cases 1 and 9
(Table 1). The only difference between the two cases compared in the

0.6 q

0.4 ~

Base

Intake fraction (x1/1000)

0 250A 750A 1250A 250B 750B 1250B
Additional supply flow rate (L/s)

Fig. 3. The influence of additional ventilation on the time-averaged intake fraction during a
half day. The basic case has no additional supply of outdoor air; 250A denotes 250 L/s
additional supply flow rate all the time and 250B denotes 250 L/s additional supply flow
rate during breaks only; the Case 1 as shown in Table 1 was taken as the reference case
and the percentages above the bars are percentage increases in the intake fraction in
comparison to this reference case.
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figure is the height of the ceiling, 3 and 3.5 m, which makes 16.7% differ-
ence in the room volume, which is 283.5 m> and 243 m?, respectively.
The intake fraction decreases by 2.8% when the room volume is in-
creased by approximately 17%. The results suggest that with the same
ventilation rate the risk of cross infection will be lower in spaces with
a larger volume, such as those with a higher ceiling.

The above-mentioned analyses were performed for the case of only
one infected person being present in the room. The presence of more
than one infected person will lead to a proportional change in the intake
fraction, and a proportional change in the risk of airborne transmission
(Fig. 2(f)).

Considering the negative impact of draught and noise on learning
(and on the performance of occupants in general), the importance of
an increase of the supply airflow rate of clean air to the room was stud-
ied in two scenarios: first, the additional air supply took place continu-
ously, i.e. during both lessons and breaks, and second, the additional air
was supplied only during the breaks (when all the occupants were out
of the room). The combinations of parameters studied are listed in
Table 2. The calculations were performed under the condition that dur-
ing the breaks the occupants all leave the room. The results are shown in
Fig. 3.

The results support the common assumption that in general the in-
crease of the supply airflow rate of clean air reduces the intake fraction
and that a continuous supply of additional clean air during both lessons
and breaks is much better than if it occurs only during breaks. This is
demonstrated by the fact that the case in which five times more air is
supplied during the breaks only (1250B; case 17, Table 2), the intake
fraction was much higher than in the case of continuous operation of
ventilation when the increase in the clean air supply rate was only
100% (250A - Fig. 3; Case 12 - Table 2). This means that an additional
outdoor air supply during breaks only can be a method to reduce air-
borne cross infection, but, if possible, a continuous supply of additional
ventilation is much more efficient.

5. Recommendations

Based on the results of the present study the following recommen-
dations on how to reduce the risk of airborne infection in rooms with
mechanical ventilation are made:

- Ventilation systems supplying clean outdoor air should be operated
continuously with the maximum supply airflow rate. It is recom-
mended that steady-state conditions in the room in terms of the
supply airflow rate should exist at the time when occupation begins,
i.e. the ventilation should be in operation before any occupants enter
the room;
Occupants should be asked to leave the room every hour for a short
break of 10-20 min. In the case of classrooms, meeting rooms, con-
ference rooms, etc. all occupants should leave the room periodically.
In the case of open-plan offices the occupants may not all leave at the
same time.
Short room occupation times with long breaks are recommended; a
shorter occupation time prevents the room concentration from
building up to the highest level, and a longer break between periods
of occupation allows the room concentration to decrease as much as
possible and allows the use of additional high-noise ventilation
equipment. Even if the total duration of occupied and break periods
together remains the same, it is recommended to have short occu-
pied and break periods.

- With the same supply airflow rate, a reduction in the number of
room occupants will not reduce the risk of airborne infection while
the number of infected occupants present remains unchanged. An
increase in the number of occupants (provided the recommended
distancing is maintained) with a proportional increase in the supply
airflow rate (i.e. with an additional supply of air) will reduce the in-
take fraction and probably the overall risk of airborne transmission

provided that the number of asymptomatic infected persons present
remains unchanged. However, increasing the number of occupants
should be avoided as it may increase the number of infected persons
present. Source control is very important (e.g. by monitoring occu-
pants temperature) as well as by making occupants more aware of
their responsibility to stay at home if symptomatic.

Supply of additional air to the room with stand-alone air-handling
units, window fans, etc. is recommended, at least during breaks. Pos-
sible draught and noise problems due to the high supply air velocity
will limit the increased supply airflow rate. In this case the additional
equivalent ventilation rate can be complemented with a stand-alone
room air cleaner, efficient filtration of air recirculation, and air disin-
fection. The need to heat any additionally supplied air is another lim-
itation during winter.

A moderate increase of the room volume (room height) in newly
constructed buildings provides a decreased risk of airborne infec-
tion, but not much.

The above recommendations relate to the operation of ventilation. In
addition, the distance between occupants’ workstations should be at
least 1.5 m in order to avoid short-distance airborne cross-infection
(Ai and Melikov, 2018). This requirement should be applied even
when people are not talking. When a separation distance of 1.5 m can-
not be maintained, transparent partitions between occupants seated be-
side each other should be considered. Wearing masks (possibly of
highest-grade) in offices and during meetings is recommended, espe-
cially when it is difficult to take breaks, sufficiently high ventilation
rate cannot be guaranteed, or social distancing cannot be respected. Oc-
cupants should be encouraged to avoid singing, shouting, talking loudly,
reading aloud and being physically active in offices (classrooms) as
much as is reasonably possible. For examples, singing lessons should
be cancelled, and in-class discussion and debate and other forms of
teaching involving a lot of talking should be reduced as much as possi-
ble. Workstations should be arranged as face-to-back (Ai and Melikov,
2018). Occupants should be encouraged to reduce the chance of face-
to-face orientation at all times. In order to reduce exposure to air
contaminated by infected customers, staff in places such as shops, su-
permarkets and restaurants should have a relatively separate and
well-ventilated place to which they can retire periodically and when-
ever there are no customers present.

The effectiveness of using outdoor air supply and intermittent occu-
pancy in combination with air filtration, air cleaning and air disinfection
in reducing the risk of airborne transmission is not evaluated in this
study. We considered complete mixing of air and exhaled aerosols in
rooms. However, airflow pattern and dynamics of aerosols are impor-
tant for the distribution of aerosols and the exposure of each occupant
in rooms. Results of such detailed predictions of airflow pattern and dy-
namics of aerosols are difficult to apply in practice because of many in-
fluential factors, which cannot be controlled, such as location of exposed
and infected occupants, size and number distributions of exhaled aero-
sols, etc.
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