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The success of preventive measures of COVID-19 depends on
a correct understanding of the transmission routes of the
virus. Researchers had identified SARS-CoV-2 in the air sam-
pling of the COVID-19 isolation ward and found that viruses in
the aerosol can survive and remain infectious for quite a
while. The culprit of multiple infection events in public
transportation, apartments, shopping malls, restaurants,
choirs, and other places appeared to be airborne trans-
mission. As research showed, the suspension time of aerosol
increased tenfold in a poorly ventilated space( SomsenGA
et al., 2020/05/312020)." With more and more academic
evidence, World Health Organization (WHO) and the Centers
for Disease Control and Prevention (US-CDC) have changed
their positions recently, confirming that airborne trans-
mission is an essential route of COVID-19 transmission.?> To
reduce the air concentration of the virus and the viral
exposure dose of people indoors, researchers also started to
emphasize improving the ventilation and exhaust system as a
core preventive suggestion, rather than maintaining safety
social distance( BazantMZ, 2021).*

* Corresponding author. No. 1, Changde St., Zhongzheng Dist.,
Taipei City, 10002, Taiwan. Fax: +886 2 23831835.
** Corresponding author. No. 17, Xu-Zhou Road, Taipei, 10055,
Taiwan. Fax: +886 2 3366 8114.
E-mail addresses: d09852003@ntu.edu.tw (C.-Y. Chen),
jkchen29@ntu.edu.tw (J.-K. Chen).

https://doi.org/10.1016/j.jfma.2021.08.007

The current guidance reviews and summarizes five
guidelines by WHO, Scientific Advisory Group for
Emergencies-Environmental Modelling Group (SAGE-EMG)
of the British Government, US-CDC, and American Society
of Heating, Refrigerating, and Air-Condition Engineers
(ASHRAE),>° and other relevant literature as well. We aim
to help the readers improve their indoor spaces’ ventilation
to “flatten the curve” and curb the chain of community
transmission. However, the guidance is for reference only
in general. We recommend that the readers consult expe-
rienced experts in heating, ventilation, and air conditioning
(HVAC) systems for specific scenarios and conditions first.

Determine the required ventilation rate of an
indoor space based on the activity type

Humans produce aerosol particles during exhalation, but
the size and numbers of aerosol produced in different ac-
tivities vary, and requirements for ventilation are thus
different. According to the WHO guideline, the minimum
required ventilation rate for ordinary workplaces or public
spaces is 10 L/s per person, i.e., 36 m3/h (CMH). This is also
applicable to medical departments that are not expected
to be exposed to confirmed or suspected COVID-19 cases,
such as non-epidemic clinics or outpatient clinics that do
not treat respiratory infections. A minimum of 15 L/s per
person (i.e., 54 CMH) is required for an indoor space where
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much aerosol is generated through singing, loud speaking,
aerobic exercise, or other activities.’

Example 1

o If there are eight people in the office, the minimum
required ventilation rate is 80 L/s (i.e., 288 CMH).

e If four people are in the karaoke box, the minimum
required ventilation rate is 60 L/s (i.e., 216 CMH).

There is a particular association between the indoor
ventilation volume and the indoor CO, concentration in a
steady state. Therefore, if no suitable instrument is avail-
able to measure the indoor ventilation volume, indoor CO,

concentration can be used as a proxy indicator. According
to the SAGE-EMG guideline, we should control the CO,
concentration to 1000 ppm or below for ordinary indoor
spaces. For indoor spaces where a large amount of aerosol
is generated, we should control the CO, concentration to
800 ppm or below. If the concentration reaches 1500 ppm
or more, it should be listed as a top priority for improve-
ment.® The US-CDC guideline recommends recording the
benchmark indoor CO, concentration when much outside
air is introduced. If the indoor CO, concentration is found to
exceed the benchmark value by 10% or more in the periodic
measurement, the problem of the ventilation system should
be investigated.” However, it should be noted that the in-
door CO, concentration is currently unable to predict the
infected persons, the number of infectious particles, and

Example 2
We had conducted an on-site measurement study of indoor CO, concentration in a meeting room in a university. The volume

of the room is about 78 m? (the length, width, and height of the room are 6.2 m, 4.2 m, and 3 m, respectively). The room is
without windows but equipped with a door and two air outlets for the air conditioning system, as shown in Fig. 1.

Figure 1 Conference room configuration.

In the case of six people closed for use, the change in CO, concentration is shown in Fig. 2 when the initial concentration is
about 1000 ppm. The CO2 concentration increased rapidly in the beginning, reached more than 1400 ppm after about 60 min
(zone 1), and maintained a plateau of about 1440 ppm (zone Il). The estimated ventilation flow was about 167 CMH (zone |
and Il) at this time, which is smaller than the required 36 CMH/person * 6 people = 216 CMH People left the meeting room
after 2 h of presence. With the door opened, it took 1 h for the CO, concentration in an unused conference room to return to
the initial concentration (zone lll). If we set an indoor concentration of 800 ppm as the target, the estimated exhaust
volume must reach about 450 CMH, which is bigger than the required 216 CMH.

Figure 2 Changes in CO, concentration in the conference room.
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whether the HVAC system effectively dilutes or removes
the virus concentration around the virus source.

The advantage of indoor CO, concentration as an alter-
native indicator is that it can reflect the real-time dynamic
changes over time. For Example, in an indoor space with
insufficient ventilation, the indoor CO, concentration will
gradually accumulate and rise, exceeding the standard
after a while. Suppose the minimum requirements for
ventilation volume cannot be met due to insufficient re-
sources or other considerations. In that case, we can
monitor indoor CO, concentration in real-time and ensure
that the risk of indoor air transmission is minimized by
employing intermittent exhaust or limitation of residence
time before exceeding the standard (see Part Ill of this
guideline for details).

However, in an environment where other CO, emitting
sources (such as combustion) indoors and outdoors exist, the
indoor CO, concentration may be inaccurate, and the
ventilation capacity of the room may be underestimated. An
environment equipped with the recirculation device with a
high-efficiency filter, including a portable HEPA filter and a
ceiling-mounted HEPA-UV air filter, can effectively filter in-
door air. However, the indoor CO, concentration will accu-
mulate continuously due to the lack of introducing fresh
outdoor air into the room, leading to underestimating the
ventilation capacity of the room.® Therefore, we do not
recommend using indoor CO, concentration as a proxy indi-
cator for indoor ventilation volume in the above situations.

The following technical requirements for the monitoring
of indoor CO, concentration should be followed:

1. We recommend positioning the CO, sensor at the
height of 1.2—1.5 m from the ground or the height
of the human breathing zone and at least 20 cm
away from the CO, emitting sources (like humans).

2. Provided that the previous point is met, we
recommend that the CO, sensor be placed in the
center of the personnel activity area.

3. Make sure that the indoor air is evenly mixed. One
CO, sensor is sufficient for space smaller than
24 m2. For a space with an area larger than 24 m?,
multiple CO, sensors are needed.

4. Avoid the CO, sensor from direct contact with the
airflow from the HVAC system or make-up air from
windows to prevent underestimating the actual
concentration.

5. Please calibrate and operate the CO, sensor
following the instrument manufacturer’s
instructions.

Method to achieve adequate ventilation rate

The WHO guideline recommends the use of mechanical
ventilation or natural ventilation to achieve adequate
ventilation.> Options for mechanical ventilation include:

1. Installation of mechanical exhaust fans directly on
the wall or window.

2. Installation of an air-conditioning system that can
exhaust outward.

For these two mechanical ventilation methods, please
refer to the rated ventilation volume provided by the
manufacturer. Nevertheless, be aware of the gap between
the rated exhaust volume and the actual performance due
to pipeline resistance. In addition, the exhaust fan and air
conditioning system also have significant restrictions. The
exhaust fan requires additional installation, and it may
compromise the cooling capacity of the operating air-
conditioning system. Standard air-conditioning systems in
Taiwan usually do not exhaust outward, and additional
renovation is also needed. The following technical re-
quirements for mechanical ventilation should be
followed”%:

1. Adequate intake air volume (air supply) corre-
sponding to the exhaust volume is required.

2. If the air-conditioning system can introduce outdoor
air, and the outdoor weather does not significantly
affect the indoor temperature and humidity, it is
recommended to open the outdoor air damper to
reduce HVAC recirculation.

3. If feasible, it is recommended to operate the HVAC
system around the clock as much as possible. When
the building is unused (before use and after use), it
is recommended to operate the system for 2 h with
maximum outdoor airflow. Nevertheless, if the CO,
concentration is below 1000 ppm or 800 ppm, the
system can be shut down.

4. The direction of the exhaust outlet is recommended
to be downward or perpendicular to the outdoor
airflow to prevent strong winds from blowing into
the room.

5. Turn off the “demand-controlled ventilation” (DCV)
setting to ensure that the air supply does not
decrease when the temperature or the number of
people in the room change.

6. If there is a thermostat, set the fan to “on” instead
of “auto” to ensure the fan continuously operates
when heating or air-conditioning is not required.

Subject to weather changes, it is challenging for natural
ventilation to maintain stable ventilation volume. In addi-
tion, the indoor temperature and humidity will be affected
by the outdoor, resulting in insufficient thermal comfort.
Natural ventilation may compromise the cooling capacity of
the operating air-conditioning system. Cross-ventilation
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(open doors and windows) ventilate better than single-
sided ventilation (open windows only). When opening doors
and windows, the formula for the estimated natural
ventilation volume is as follows’:

Natural ventilation volume (m3/hour, CMH)=0.65 x
wind speed (m/s) x minimum ventilation area (m?) x
3600 (s/hour).

Note: If the mosquito screen is installed, the esti-
mated ventilation volume should be halved.

It can be seen that the larger the ventilation area, the
larger the ventilation volume can be obtained. Measures
that enhance natural ventilation effectiveness include
placing an electric fan next to the window that exhausts
outward or combining natural ventilation with sub-optimal
alternatives such as recirculation or intermittent exhaust.

If minimum requirements for ventilation volume cannot
be met by mechanical or natural ventilation due to insuf-
ficient resources or other considerations, the next best
alternative is recirculation. The practical approach to uti-
lize recirculation to assist in diluting the pollutant con-
centration and making up the gap to the required
ventilation volume include®:

1. Portable HEPA filter.
2. Ceiling-mounted HEPA-UV air filter.

Example 3

e In a 6-person reading room (36 CMH/person) or a 4-
person gym (54 CMH/person), the minimum
requirement for ventilation volume is 216 CMH. If
the room is not equipped with mechanical ventila-
tion and natural ventilation cannot be applied, the
ventilation volume of the stand-alone portable HEPA
filter should be at least 216 CMH.

e If the CADR (clean air delivery rate) of a commer-
cially available air purifier is 270 CMH, it can meet
the aforementioned scenario’s required ventilation
volume.

The ASHRAE guideline recommends that the minimum
efficiency reporting value (MERV) of the filtration system be
targeted to 13 or more, providing that the HVAC system’s
performance and user comfort are not affected.®’ On the
other hand, the WHO guideline recommends MERV 14. MERV
13 can capture 50% of particles 0.3—1.0 um in size and 85%
of particles 1—3 pum in size; while MERV 14 can capture 75%
of particles 0.3—1.0 um in size and 90% of particles 1—3 um
in size.’

The US-CDC recommends the *2/3 rule”. The air purifier
should provide a minimum CADR flow rate (unit: ft3/min, i.e.,
CFM) of more than 2/3 times the room area (unit: ft). For
conversion to the metric system, providing that 1 ft is about

0.3048 m, the flow rate (unit: CMH) should be 2/3* (%)2

* (0.3048 m/ft)> * 60 min/h=12.192 times the room area
(unit: m?). For Example, for a room with an area of 300 ft?
(approximately 27.87 m?), the CADR should be 200 CFM
(approximately 339.80 CMH). If the height of this room ex-
ceeds 8 feet (approximately 2.44 m), the required minimum
CADR needs to be divided by 8 feet (or 2.44 m) and then
multiplied by the actual room height.” The ASHRAE guideline
suggests that high-risk spaces such as waiting rooms, prisons,
and shelters may prioritize UV sterilization devices.®’

The following technical requirements for recirculation
should also be followed:

1. The HEPA filter should be placed as close as possible
to the personnel activity area to increase the
collection efficiency. The farther the distance, the
worse the collection efficiency.

2. The ventilation volume provided by recirculation
does not reduce the indoor CO, concentration.
Therefore, it is not recommended to use the indoor
CO, concentration as a proxy indicator of indoor
ventilation volume when applying recirculation.

3. The filtration material should be replaced regularly
and should be deemed contaminated during
replacement. The personnel responsible for
replacement should wear appropriate personal
protective equipment, and the replaced material
should be sealed in a plastic bag before discarding.

Even if adequate ventilation is achieved by mechanical
or natural ventilation or recirculation, there may still exist
localized regions in the room that can be described as
poorly ventilated dead spaces or air-retaining air pockets,
potentially leading to accumulation of viral concentration.
It is suggested that the following approaches can be utilized
to enhance the evenly mixing of indoor air’:

1. Electric fan
2. Ceiling fan
3. Split-type air conditioner

The US-CDC guideline reminds us to avoid placing an
electric fan in a position where (potentially contaminated)
air may flow directly from one person to another. It is
suggested that the fan blows toward unoccupied corners
and wall spaces or the top of occupied areas, and high-
speed settings should be avoided.” The ceiling fan should
blow downward and mix the air with the jet flow, which is
more efficient.
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Alternatives when adequate ventilation
volume is unable to reach

If mechanical or natural ventilation or recirculation is not
feasible or does not work in practice, alternative sugges-
tions include intermittent exhaust and limiting the number
of occupants or residence time.

Intermittent exhaust refers to the use of an exhaust fan
with sufficient ventilation volume to perform a short period
of rapid ventilation (e.g., 10—20 min per hour) so that it can
balance comfort during most of the time and sufficient
ventilation volume. In combination with real-time moni-
toring of indoor CO, concentration and not exceeding the
standard, the intermittent exhaust is a practical way of
ventilation.

When it is entirely impossible to improve the ventilation
of the indoor space with engineering controls, administra-
tive controls can be used to the number of occupants or
residence time. When the number of occupants is reduced,
the total required ventilation volume of the room will
correspondingly decrease. In an indoor space with insuffi-
cient ventilation volume, the indoor CO, concentration will
gradually accumulate and rise, exceeding the standard
after a while. Therefore, if the limited number of occu-
pants is small enough, the indoor CO, concentration may
not exceed the standard during the stay; if the limited
residence time is short enough, it can be stipulated that the
stay should end before the indoor CO, concentration ex-
ceeds the standard. In addition to real-time monitoring of
indoor CO, concentration not exceeding the standard, the
Wells—Riley model can also be applied to estimate the
maximum number of occupants or the maximum residence
time allowed in a specific indoor space in advance.

In short, the Wells—Riley model is a risk assessment
method of airborne transmission suitable for confined in-
door spaces. The basic concept in the model, "quantum of
infection,” refers to the minimum dose for infectious par-
ticles that can cause 63% of susceptible hosts to get
infected. It is not an actual physical unit but a hypothetical
dose calculated based on epidemiological literature,
combining infectious particles numbers produced, infec-
tivity, and respiratory deposition characteristics. The orig-
inal formula of the Well-Riley model can be rewritten as
following after derivation':

(C=Co)qt
Ro=(n—1)* (1—e 30 )

Ry: basic reproduction number.

n: the number of occupants.

t: residence time.

C: indoor CO, concentration, which is affected by n.
Measurement is required.

Cy: outdoor CO, concentration.
required.

¢: quantum generation rate, which is a constant. For
COVID-19, the reference value from existing literature
ranges between 14-48.""

Measurement is

Input the number of occupants and residence time ac-
cording to the current situation or demands, and input the
indoor and outdoor CO, concentration based on the mea-
surement, then the Ry estimate can be calculated based on
the above formula. For Example, the team lead by Profes-
sor Brian Pavilonis of The City University of New York
(CUNY) used this approach to estimate the infection risk of
New York public schools and nail salons.'”> Moreover, the
maximum number of occupants or the longest residence
time in the indoor space can also be estimated backward.
The goal is to make Ry less than 1 or 0.9 to slow down the
indoor air transmission.

Example 4

1. There are 20 people in an office, and the measured
indoor CO, concentration is 650 ppm. The Rgis
calculated to reach 1.49.

2. The company implements a policy for employees to
take turns to come into the office. Ten people work
from home, and ten people are left in the office.
The measured indoor CO, concentration is 500 ppm,
and the Ry can be reduced to 0.57.

3. The office maintains 20 people, but the stay time is
reduced to 4 h, and the Ry can be reduced to 0.76.

Occupants Residence Measured Measured Estimated
(persons) time indoor CO,  outdoor Ro*
(hour) concentration CO,
(ppm) concentration
(ppm)

20 8 650 400 1.49 [0.69—2.25]
10 8 500 400 0.57 [0.26—0.87]
20 4 650 400 0.76 [0.35—1.16]

*Note that the R, estimate is calculated by inputting the
average of the range of g: (14 + 48)/2 = 31. The upper
and lower bound of the R, calculated with the maximum
g value 48 and the minimum q value 14, respectively, is
also provided.

Conclusion

While effective measures for droplet transmission (e.g.,
mask-wearing and social distancing) and contact trans-
mission (e.g., hand washing and surface cleaning) remained
the primary focus for COVID-19 infection control in Taiwan
and most countries in the world, we should not underrate
the importance of containing airborne transmission by
improving the ventilation system. Even in countries with an
adequate level of vaccination, the epidemic could recur
without appropriately addressing issues on indoor ventila-
tion. The governments should acknowledge the scientific
evidence and take measures to establish official regulations
and guidelines for ventilation of indoor spaces to reduce
COVID-19 transmission.
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