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ARTICLE INFO ABSTRACT

Keywords: Ventilation is of critical importance to containing COVID-19 contagion in indoor environments. Keeping the
Demand-controlled ventilation ventilation rate at high level is recommended by many guidelines to dilute virus-laden respiratory particles and
COVID-19

mitigate airborne transmission risk. However, high ventilation rate will cause high energy use. Demand-
controlled ventilation is a promising technology option for controlling indoor air quality in an energy-efficient
manner. This paper proposes a novel COz-based demand-controlled ventilation strategy to limit the spread of
COVID-19 in indoor environments. First, the quantitative relationship is established between COVID-19 infection
risk and average CO3 level. Then, a sufficient condition is proposed to ensure COVID-19 event reproduction
number is less than 1 under a conservative consideration of the number of infectors. Finally, a ventilation control
scheme is designed to make sure the above condition can be satisfied. Case studies of different indoor envi-
ronments have been conducted on a testbed of a real ventilation system to validate the effectiveness of the
proposed strategy. Results show that the proposed strategy can efficiently maintain the reproduction number less
than 1 to limit COVID-19 contagion while saving about 30%-50% of energy compared with the fixed ventilation
scheme. The proposed strategy offers more practical values compared with existing studies: it is applicable to
scenarios where there are multiple infectors, and the number of infectors varies with time; it only requires CO2
sensors and does not require occupancy detection sensors. Since CO, sensors are very mature and low-cost, the
proposed strategy is suitable for mass deployment in most existing ventilation systems.

CO,, concentration
Event reproduction number
Ventilation control scheme

respiratory droplets containing virus reach the eyes, mouth and nose of a
susceptible person and then cause infection. Airborne transmission oc-
curs when a person inhales infectious droplet nuclei (aerosols) sus-

COVID-19 is a contagious respiratory disease caused by the novel pended in the air. Fomite transmission happens when a person touches
SARS-CoV-2 virus [1]. Until Feb 11, 2022, COVID-19 pandemic has surfaces contaminated by virus and then touches eyes, mouth, and nose

caused 404,910,528 infected cases including 5,783,776 deaths world- [12]. (;01:1tact and alrporne .transm1551'on. arc.3 considered dominant
R R i K transmission modes while fomite transmission is not [12].

wide [2]. Many countries are currently experiencing a huge wave of SRS o K e

. . . ; . . Ventilation is important in limiting airborne transmission of COVID-

infection with the new variant of SARS-CoV-2 called Omicron [3], which L . o

R .. K . 19 in indoor environments [13]. Through the ventilation, outdoor fresh

is proven to be much more transmissible than the previous strains [4-6]

and can reduce vaccine efficacy [7-9]. The surge of COVID-19 infection air is intentionally introduced into the space to dilute and replace in-
cases puts considerable pressure on health systems and societies. Evi- fectious aerosols. Demand-controlled ventilation (DCV) is a widely-used

dence shows that COVID-19 will continue and last for a long period [10, ventilation framework which can achieve energy-efficient control of
11]. Thus, developing efficient control strategies to prevent virus 1nd0.(ir .alr qual%tyd (IAQ). [}14712.]' Ugder th; bcv gameWOTk, th.e
transmission and mitigate the infection risk is still essential at the pre- ve1'1t1 ation rate is }Tnamlca yoa J,uStf? according to ,t e actua ,Ventl'
sent stage lation demand. That is, the ventilation is enhanced during the periods of

Modes of COVID-19 transmission include contact transmission, high demand and reduced to conserve energy during the periods of low

. . . . mand.
airborne transmission, and fomite transmission [12]. Contact trans- demand . L. L

Lo . . . . In the context of controlling COVID-19 transmission risk in indoor
mission occurs when a person is in close contact with the infector;
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Nomenclature

C Indoor CO; concentration (unit:ppm)

Cavg Average indoor CO, concentration (unit:ppm)

Cw Upper bound for the average indoor CO, concentration
(unit:ppm)

Cout CO,, concentration of outside air (unit:ppm)

d Deviation ratio

D Dose of virus quanta inhaled by the susceptible person
(unit:quanta)

E Power consumption of the ventilation system (unit:W)

ER, Average virus quanta emission rate by each infector (unit:
quanta/h)

I The number of infectors

Virus deposition rate onto surfaces (unit:1/h)

Indoor virus quanta concentration (unit:quanta/mB)

The number of occupants

Infection probability (risk) of the susceptible person
Outdoor ventilation rate (unit:m3/h)

Lower bound for the outdoor ventilation rate (unit:m>/h)
COVID-19 reproduction number

Exposure time

Volume of the building zone (unit:m®)

COVID-19 population prevalence rate

Average CO, generation rate by each occupant (unit:m®/h)
Occupants’ inhalation rate (unit:m3/h)

Virus inactivation rate (unit:1/h)

Damper angle

2= =

&

T2 A<

environment, the ventilation demand can be measured by the viral
emission load. The viral emission load can be expressed in terms of the
infectious dose emission rate or the quanta emission rate [17]: (a) The
‘infectious dose’ refers to the quantity of the pathogen. And the infec-
tious dose emission rate is the number of pathogens released by the
infector(s) per unit time. The well-known dose-response model [18]
adopts the ‘infectious dose’ for risk assessment of respiratory diseases.
(b) The ‘quantum’ is a hypothetical infectious dose unit, which is
defined as the dose of pathogens required to cause infection in 63% of
susceptible individuals. The quanta emission rate is the number of
quanta generated by the infector(s) per unit time. The quanta emission
rate describes the pathogen’s infectivity as well as the infectious source
strength of the outbreak [17]. The Wells-Riley model [19] uses the
‘quanta emission rate’ for risk assessment of respiratory diseases. In the
existing literatures, several ventilation strategies have been developed
to control the COVID-19 infection risk based on the viral emission load.
Kurnitski et al. [20] proposed a ventilation design method based on the
Wells-Riley model to calculate the required outdoor air ventilation rate
to control the COVID-19 infection risk in indoor spaces. The outdoor air
ventilation rate can be determined with the quanta emission rate and the
given probability of infection. Schibuola et al. [21] proposed a ventila-
tion scheme to limit the COVID-19 contagion in school environment via
increasing ventilation rates. Methods proposed in Refs. [20,21] can
efficiently determine the proper ventilation rate to control the
COVID-19 infection risk. The above methods are designed with the
assumption that there is one infectious person in the building zone.
However, in the real scenario, it is very likely that there are multiple
infectors in the building zone and the number of infectors is changing,
especially when the disease prevalence rate in the population is high. In
Ref. [22], Wang et al. proposed a DCV strategy based on the occupant
density detection algorithm considering both energy efficiency and
infection control. This strategy applies YOLO algorithm [23] for occu-
pancy detection based on video frames from surveillance cameras. This
strategy can detect the real-time zone occupancy and then determine the
possible number of infectors to calculate required ventilation rate.
However, this strategy requires camera devices as well as advanced
occupancy detection algorithms. The additional hardware cost and
privacy concerns may limit its application in many scenarios [24].

The ventilation methods based on viral emission load require the
knowledge of the number of infectors, which is usually not available in
real-world scenarios. In addition to the viral emission load, the virus
quanta concentration [25] can be a more direct indicator of the venti-
lation demand when controlling indoor infection risk. However, directly
detecting and measuring the airborne virus concentration is extremely
difficult and slow, and often involves a complicated sample collection
process [26,27]. Fortunately, several researches reported that indoor
CO5 can be used as a good proxy for pathogen concentration and
infection risk of airborne transmission diseases since CO5 is co-exhaled

with aerosols containing pathogens by infectors. Rudnick et al. [28]
derived the relationship between COy-based rebreathed fraction and
infection risk of airborne transmission diseases. Using this relationship,
infection risks of several diseases such as measles, influenza, and
rhinovirus were evaluated. Based on Rudnick’s work [28], Cammarata
et al. [29] developed a new model for estimating infection risk using CO5
as the indicator, which could consider the sanitization and
non-continuous conditions. Peng et al. [30] derived analytical expres-
sions of COq-based risk proxies for COVID-19 and applied them to
various typical indoor environments. Measurements of indoor COgz
concentration can be achieved by various low-cost COy sensors [31].
Thus, choosing the indoor CO5 as the indicator of virus concentration for
infection control would be potential and suitable for mass deployment in
practice.

Several COq-related ventilation strategies have been proposed to
control the infection risk of airborne transmission diseases. Zivelonghi
et al. [32] developed a natural ventilation strategy to mitigate aerosol
infection risk in school buildings based on CO, monitoring. Rivas et al.
[33] studied the natural ventilation impact on exposure to SARS-CoV-2
in terraces using the indoor CO2 concentration as the proxy for risk
assessment. In Ref. [34], Stabile et al. developed ventilation procedures
to minimize the airborne transmission of viruses in classrooms. A novel
feedback control strategy using CO» concentrations is proposed for
naturally-ventilated classrooms. Schibuola et al. [21] proposed a
ventilation scheme to limit the COVID-19 contagion in school environ-
ments via increasing ventilation rates. The procedure to assess the
COVID-19 infection risk in indoor spaces based on COy monitoring is
also developed. Zhang et al. [35] proposed an occupancy-aided venti-
lation strategy using the COs-based risk proxy. The optimal occupancy
schedule can be determined to minimize the loss of work productivity
while satisfying the constraint on infection risk. Gilio et al. [36] con-
ducted a surveillance activity based on real-time CO2 monitoring to
evaluate the effectiveness of some ventilation protocols and suggested
tailored corrective actions to limit the infection risk.

The above studies investigated various COz-based ventilation stra-
tegies to control the infection risk. However, these studies do not involve
the design of the demand-controlled ventilation strategy for the infec-
tion risk control. Demand-controlled ventilation (DCV) strategy is a
smart ventilation strategy which can achieve energy-efficient control of
IAQ. Developing COy-based DCV strategy in the context of controlling
COVID-19 transmission risk would be of great significance for limiting
COVID-19 contagion and reducing building energy consumption.
Although the idea that CO5 concentration can be used as the indicator of
infection risk has been well studied in the existing literatures, how to
design a practical COg-based demand-controlled ventilation strategy
based on this idea to limit the spread of COVID-19 remains a question.
To fill this research gap, this paper designs a novel CO2-based demand-
controlled ventilation strategy to limit the spread of COVID-19 in indoor
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environment. Compared with existing studies, the proposed CO»-based
DCV strategy has the following advantages:

1) The proposed strategy is designed based on the demand-controlled
scheme. It can flexibly adjust the outdoor ventilation rate accord-
ing to the actual changing demand, which can achieve energy-
efficient control of IAQ to limit the COVID-19 contagion.

The proposed strategy is COo-based. CO» can indicate the pathogen
concentration and infection risk regardless of the number of infectors
in the building zone. This allows the proposed strategy to be applied
to more practical scenarios where there are multiple infectors, and
the number of infectors varies with time.

The proposed strategy does not require the occupancy detection to
estimate the number of infectors. It only requires CO; sensors. Since
CO,, sensors are very mature and low-cost, the proposed strategy is
suitable for mass deployment in most existing ventilation systems.
The proposed strategy incorporates a more conservative consider-
ation for the number of infectors, which can ensure safer control of
infection risk.

2

—

3

-

4

-

The main contributions of this study can be summarized as follows:

1) A novel COs-based demand-controlled ventilation strategy is pro-
posed to achieve energy-efficient control of infection risk in indoor
environment. The proposed method fills the current research gap in
how to design a practical COy-based DCV strategy to limit the spread
of COVID-19 in indoor environment.

2) The quantitative relationship between CO2 concentration and
infection risk is established considering a more conservative esti-
mation of the number of infectors. Based on this relationship, the
sufficient condition to ensure the reproduction number less than 1 is
derived.

3) A practical control scheme is designed for the ventilation system to
ensure the derived sufficient condition can be satisfied.

4) Case studies of different indoor environments have been conducted
on an experimental platform of a real ventilation system to verify the
effectiveness of the proposed strategy.

The rest of the paper is organized as follows: Section 2 describes the
proposed CO»-based demand-controlled ventilation strategy to limit the
spread of COVID-19 in indoor environments. Section 3 firstly introduces
the validation testbed and then describes the testing scenarios used in
this study. The experimental results and relevant discussions are pre-
sented in Section 4 and 5, respectively. Finally, this paper is concluded
in Section 6.

2. Methods
2.1. Modeling airborne COVID-19 transmission risk

2.1.1. COVID-19 quanta concentration model with time-varying outdoor
air ventilation rate

The quantity “quanta” is a commonly-used measure to quantify the
viral load, which is defined as the dose of airborne droplet nuclei
required to cause infection in 63% of susceptible occupants. The evo-
lutions of indoor virus quanta concentration over time can be expressed
by:

mm:_@m

7+l+k>n(l‘)+w

1%

o (€]
where n(t) represents the quanta concentration (unit: quanta/m?>), V is
the volume of the room (unit: m?) q(t) is the outdoor ventilation rate
(unit: m3/h), I(t) is the number of infectors, k is the virus deposition rate
onto surfaces (unit: 1/h), 4 is the virus inactivation rate (unit: 1/h). Eq.
(1) assumes that the supplied outdoor fresh air can be well mixed with
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the indoor air. Besides, we do not consider using the air cleaner device to
remove indoor viral load. ER, is the average quanta emission rate for
each infectious subject (unit: quanta/h). Details about the estimation of
ER, in different indoor environments can be found in Appendix A in the
supplementary materials. In practice, the elimination of infectious par-
ticles caused by deposition and inactivation is often small compared
with removal by ventilation. Thus, coefficients A and k can be neglected.
Then, eq. (1) becomes:

dnle)

=~ alon(0) + ER (1) @

Neglecting 1 and k is a conservative assumption which slightly re-
duces the total loss rate of the indoor virus in the simulated model. The
ventilation rate determined based on eq. (2) will be slightly more than
required in the actual system. It should be noted that we consider the
time-varying ventilation rate in eq. (2) since q(t) should be dynamically
adjusted according to the actual ventilation demand in DCV systems.
Most existing studies [30,34,37] considered the constant ventilation
rate in eq. (2), which is not applicable to DCV systems. Considering
time-varying ventilation rate makes eq. (2) a linear time-variant dif-
ferential equation, which can be solved by the variation of parameters
[38]. The details of the solving process for eq. (2) are presented in Ap-
pendix B in the supplementary materials. The solution of the eq. (2) is
given by:

ER, " (' 4s
() =" K L ) ar @)

2.1.2. Airborne infection risk model and acceptable risk levels
The airborne transmission probability of an infectious respiratory
disease can be evaluated using the following model [17]:

p=1—e? (%) 4

where p is the infection probability of the susceptible person, D is the
virus quanta inhaled by the susceptible person exposed to a certain
quanta concentration for a certain period T (i.e., the exposure time). D
can be calculated by multiplying the integration of n(t) over time with
the inhalation rate of the exposed person (denoted by y, unit: m3/h):

T
D:y/O n(t)dt 5)

The basic reproduction number R can be used to determine the
acceptable infection probability level which can limit COVID-19 trans-
mission in the population [39]. For a given exposure scenario, R is the
ratio between the number of new (secondary) infection cases and the
number of infectors in the room. R > 1 indicates that the disease can
spread in the population. When the value of R becomes larger, the dis-
ease will spread more quickly. To contain the COVID-19 transmission in
the population, the value of R should be less than 1.

The number of new infection cases equals the product of p and the
number of susceptible persons N; in the room. N equals N — I. Thus, the
reproductive number R for a specific scenario can be estimated by:

_pN-I) p(l—0a)
1 a

R (6)
Considering that R should be less than 1, the acceptable infection risk
level is:

o

p<m )

It should be noted that close contact with the infector will lead to
higher risk of exposure to COVID-19 through short-range droplet
transmission [40]. This can be overcome by keeping sufficient physical
distance. At 1.5 m distance from the infector, the virus concentration
will decrease to a constant level depending on emission and removal
mechanism [20]. Since this study does not consider short-range droplet
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transmission, in practice, the proposed ventilation strategy hereinafter
should be applied together with physical distancing measures.

2.1.3. Validation of the COVID-19 transmission risk model using real cases

Several literatures reported the SARS-CoV-2 transmission events
happening in real life and the essential data related these events. These
real-world transmission events can be used to validate the above COVID-
19 transmission risk model and the estimated virus quanta emission data
in Appendix A. The details of these real-world events are summarized in
Table 1:

The values of y and ER, in these events are as follows: the values of y
for these three events are 1.1 m>/h. The values of for the 1st, 2nd, and
3rd event are 42.1 quanta/h, 42.1 quanta/h, and 195.5 quanta/h,
respectively. Estimation details for these parameters can be found in
Appendix A.

With the COVID-19 transmission risk model in this study and the
above estimated parameters, the number of cases infected by the single
index case can be predicted. In the following table, the predicted values
are compared with the real number of infections reported.

It can be seen from Table 2 that the predicted number of infected
persons is close to the real number of infected persons which demon-
strates that the COVID-19 transmission risk model in this study can
accurately reflect the real scenario.

2.2. Relationship between the infection risk and the average CO; level
during the exposure time

In previous works, most assumed that there is only one infector in
each building zone [20,21]. However, this is not always the case in
real-world scenarios. For instance, when there are more than 50 occu-
pants in the room, with the population prevalence rate a higher than 2%,
it is very likely that the number of infectors I in the room is more than
one. [ is usually estimated as the product of @ and N. «a is usually esti-
mated according to the daily COVID-19 statistics [45]:

NN(’WDM

TP fu) ®

where Ny, is the number of daily new COVID cases, f,, is the fraction of
unreported COVID cases, P is the population, and D, is the duration of
the infectious period of the COVID-19.

In this study, we consider the latest COVID-19 situation in Singapore.
Npew is chosen as 2950, which is the average number of daily new cases

Table 1
Details of the real-world COVID-19 transmission events.

Event details 1st event [41] 2nd event 3rd event [43]
[42]
Event date Jan 24, 2020 Feb 20, 2020 Mar 10, 2020
Event location A restaurant in A meeting A choir rehearsal
Guangzhou, room in hall of the Skagit
China Germany Valley Chorale
Number of primary 1 1 1
cases
Number of secondary 9 >11 33-53
infected cases
during the event
Number of occupants 21 14 61
in total
Volume of the space/  127° 189" 810
m3
Outdoor ventilation 0.6 0.2 0.35-1.05 [44]
rate/h™!
Exposure time/h 1.25 9.5 2.5

# The space where the air is recirculated and mixed [44].

b The space height is assumed to be 2.7 m.

¢ The space was naturally ventilated with all windows closed during the
meeting and the outdoor airflow rate can be assumed as 0.2 h~* which is solely
provided by infiltration [44].
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in Singapore from Apr 19, 2022 to Apr 25, 2022 according to the COVID-
19 statistics published by the Ministry of Health, Singapore [46].
Singapore has transitioned into the phase of living with COVID-19 since
Aug 2021 and treats COVID-19 as endemic, which could be similar to the
scenarios in US. Thus, we choose f,, as 75%, which was estimated by the
CDC in US (CDC estimates that from Feb 2020 to Sep 2021, 1 in 4.0 (95%
UI 3.4-4.7) COVID-19 infections were reported (UI denotes the uncer-
tainty interval) [47]).The population of Singapore is 5.69 million. The
duration of the infectious period D is 10 days [48]. Based on the above
data, the population prevalence rate a of the COVID-19 considered in
this study can be calculated and it equals 2.07%.

It should be noted that the actual number of infectors may not be
strictly equal to aN. For example, when aN = 2.4, there could be two or
three infectors in the room. As for the ventilation design, we prefer more
conservative settings to ensure that the indoor pollutants can still be
maintained below the threshold value even in the worst case. Therefore,
we can assume that the actual number of infectors in the room I equals:

1= [aN] )

where [.-] is the ceiling function. [x] maps x to the least integer greater
than or equal to x. It should be noted that eq. (9) is a more conservative
consideration of the number of infectors compared to directly using
I = aN. Using eq. (9) is more suitable for the practical scenario due to
the following reasons: First, it would be possible that the actual number
of infectors can sometimes exceed aN. If the ventilation scheme is
designed assuming I = aN, the supplied fresh air may be inadequate
during some period, causing the indoor virus concentration higher than
the specified threshold. Second, from the probabilistic view, there is
little chance that the number of infectors in the room exceeds [aN] for a
long time. In most cases, the number of infectors will be less than or
equal to [aN]. Thus, assuming the number of infectors to be [aN] is
conservative enough.

We introduce a new variable, the deviation ratio d, which is defined
as the ratio of [aN] to aN. Then, combining eq. (3) and eq. (3), we can
obtain:

() =" /0 9B (N (1) de (10)

Similar to eq. (1), the evolutions of indoor CO3 level C(t) (unit: ppm)
over time can be expressed by:

dC(1)

=
dt

= —q(t)(C(t) = Cous) + 0N (1) x 10° 1mn
where C,; is the CO, concentration in outdoor environment, which
approximately equals 400 ppm. ¢ is the average CO2 generation rate by
each occupant (unit: m3/h). Details about the estimated values for ¢ in
different indoor environments can be found in Appendix C in the sup-

plementary materials. The solution of eq. (11) is given by:

4 4
C(t) = Cou = le06 / LN @y (12)
0

Since d in eq. (10) is not a constant variable, we cannot directly
establish the proportional relationship between n(t) and C(t) — Coy-.
Suppose the upper bound of d is d,.x, then, with the established COVID-
19 transmission risk model in Section 2.1 and the CO5 dynamics model
eq. (12), we can derive the following constraint for the indoor CO5
concentration to ensure the reproduction number is less than 1 to limit
the COVID-19 contagion:

o x 10° 1—a
1 13
VER @t T ”(1 - 2a> 13)

Cavg < CIAb = Cum +

where C,y is the average CO, concentration during the exposure period
[0,T] (i.e., Cayg = fOT C(t)dt/T) and Cy, is the required CO; upper bound.
The detailed derivation process for eq. (13) is given in Appendix D. Thus,
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Table 2
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Comparison results between the real number of infected persons and the predicted number of infected persons by the COVID-19 transmission risk model in this study.

Predicted infection risk/% Number of susceptible persons

Predicted number of infected persons Real number of infected persons

1st event 53.2% 20
2nd event 100% 13
3rd event 46.9%-85.0% 60

11 9
13 >11
28-51 32-52

the relationship between the infection risk and the average CO; level
during the exposure time can be established via eq. (13).

To calculate the value of C,,, we should know the value of d,.x. The
following figure shows values of d as a function of N given different
prevalence rates:

As shown in Fig. 1, when there are large number of occupants in the
room, the value of d is close to 1. The value of d increases significantly
when there are less occupants. For instance, when N < 20 with a = 1%,
the value of d is higher than 4. When the value of aN is close to zero, the
value of d tends to be infinite. However, in most cases, the value of d is
not that large. Setting a large value for d,,, is unnecessary and leads to
very low setpoint of CO, level. This may result in over-ventilation and
waste much energy. According to Fig. 1 and the definition of d, we can
know that d < 2 always holds when N > (20()’1. The value of d,;,x can be
set as 2. Then, maintaining the indoor CO4 level equal to or lower than
Cyp (calculated by eq. (13), with dp,x = 2) can ensure R < 1 for cases
when N > (20) .

For the cases when N < (2a)" %, the value of d is larger than 2. Since
the value of aN is less than 0.5, it is most likely that there is no more than
one infector in the room. Thus, under these cases, it can be assumed that
there is only one infector in the room. According to Ref. [20], the
required outdoor ventilation rate per infector gp; for a given infection
rate p can be calculated by:

VER,T
9pi =
In (f)
P

To ensure R < 1 (i.e., p < a/(1 — )), for the cases when N < (2a) ",
the outdoor ventilation rate should be higher than gj:

(14

_ YER,T
= ln( l—(x)

1-2a

(15)

The established COs-infection risk relationship in this section is
similar with those in existing studies such as [28,30]. The main differ-
ence between the established one and those in existing studies lies in
how to consider and determine the number of infectors in this rela-
tionship. The existing studies either assumed the known number of in-
fectors (mostly I = 1) [28] or estimate the number of infectors via I =
aN [30]. We adopt a more conservative consideration I= [aN] and
re-derived the CO»-infection risk relationship. In the following section,
we will derive the sufficient condition to ensure R < 1 based on the

established relationship in Section 2.2 and then design a novel control
scheme for the actual ventilation system.

2.3. Proposed COz-based ventilation strategy to mitigate COVID-19
transmission risk

The control rules discussed in Section 2.2 can be recapitulated as the
following proposition:

Proposition 1. When N > (2a)"%, if condition A is satisfied, then R < 1;
When N < (2a)"", if condition B is satisfied, then R < 1.Where:

condition A: the indoor CO; level C is maintained equal to or lower
than Cy, (calculated by eq. (13), with dy.x = 2),

condition B: the outdoor ventilation rate g is maintained equal to or
higher than q, (calculated by eq. (15)).

It should be noted that condition B also includes the condition that g
equals qp. qp is the required outdoor ventilation rate for one infector to
make the reproduction number R just equal to 1. Maintaining g = qj, can
only ensure R =1 (instead of R < 1) if there is one infector in the
building zone all the time. However, when N < (2a) * (i.e., aN < 0.5), it
would be less likely that there is one infector in the building zone all the
time from the probabilistic point of view. Thus, maintaining g = q;, can
still ensure R < 1 when N < (2a) .

Condition A and condition B are not contradictory. To maintain C
below an upper bound, the airflow rate should be kept at a relatively
high level. On the other hand, increased outdoor ventilation rate will
decrease the indoor CO5 level. Either the set of condition A is included in
the set of condition B, or the set of condition B is included in the set of
condition A. Based on this, we can propose a new proposition with a
stricter and more conservative condition to ensure R < 1:

Proposition 2.
R<1.

“both condition A and condition B are satisfied” is the sufficient
condition to ensureR < 1. Proposition 2 combines two circumstances in
proposition 1 and does not require knowing the exact number of occu-
pants. It requires that both condition A and condition B should be
satisfied all the time regardless of the number of occupants. Based on
Proposition 2, we can design the ventilation strategy which does not
require occupancy detection.

If both condition A and condition B are satisfied, then

4 T T T T T T T T T T
o=1%
a=2%

3L a=5%

o 2}
1L
0 | | | | | | | | | |
0 10 30 50 70 90 110 130 150 170 190

Total number of occupants

Fig. 1. The values of d (d = [aN]./aN) as a function of N, given different prevalence rates a.
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Fig. 2 shows the framework of the proposed ventilation strategy.
First, the CO2 upper bound and the airflow lower bound are calculated
by the eq. (13) and eq. (15), respectively. Subsequently, these parame-
ters are input to the controller. The controller measures the real-time
airflow rate and CO, concentration, and compares them with the cor-
responding bound values. Then, the controller calculates the required
change of damper angle and adjusts the damper angle to the expected
value, ensuring that both condition A and B can be satisfied. The detailed
flowchart of the calculation algorithm in Fig. 2 is shown in Fig. 3. It
should be noted that the range of the damper angle is from 0° to 90° (0°
corresponds to the fully open state and g reaches the maximum; 90°
correspond to the fully closed state and q is 0). The controller keeps
monitoring the real-time outdoor ventilation rate and CO, concentration
and adjusts the damper angle. The monitoring interval in this study is set
as 30 s.

To ensure that both condition A and B can be satisfied, we can design
the algorithm to control the indoor CO; level and the outdoor ventilation
rate based on the following schemes:

a) A CO3-PID control loop is implemented to maintain the indoor COy
level C at the Cy,. This is to ensure condition A can be satisfied. If C >
Cuw, reduce the damper angle to increase q and vice versa. It should
be noted that lower CO; setpoint can ensure lower infection rate but
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lead to higher energy consumption. Maintaining C just at Cy, is a
good compromise between energy saving and limiting the COVID-19
contagion.

b) In the process of the CO,-PID control, g is being monitored all the
time. As long as q is lower than gy, deactivate the CO,-PID control
and reduce the damper angle to increase q until g > qp. Due to the
increase in g, C may be significantly lower than C,;. This is to ensure
condition B can be satisfied. When q > qp, the CO2-PID control is
activated again.

As for the airflow controller, using a proportional controller is
enough to achieve good performance since the adjustment of damper
angle will directly affect the airflow rate passing through it (e.g.,
increasing the damper angle will immediately lead to a decrease in the
airflow rate). As for the CO5 controller, since the CO5 dynamics have
inertia and are more complex, a PID controller is adopted to ensure good
control performance. The above schemes are illustrated in Fig. 3.

However, we found that some oscillations may occur if the algorithm
is designed only based on the schemes shown in Fig. 3. The oscillation
process is illustrated in Fig. 4. As shown in Fig. 4, when q < gy, the CO»-
PID is deactivated, and the damper angle is reduced to increase q until
q > qp- When q returns to the value higher than gy, the CO,-PID is
activated. If the indoor CO5, level is lower than C,;, the CO5-PID will then

Scenario parameters
» Breathing rate per person: y
» CO; generation rate per person: o
» Virus quanta generation rate per
infected person: ER,
» Average exposure time: 7

| Official COVID-19 statistics |
report

P> Population prevalence rate: a

» Reproduction number threshold: R

Calculate control parameters

- CO; upper bound (eq.(13))

2yER,al 1-2a

| 6 - . ER,T
L Cu=Cu M1n[1 “] N e |

Airflow lower bound (eq.(15))

" R (1-a)/ (1-20))

Initialization
k=1 600]= 6,

Measure the real-time airflow rate g[k]
Measure the real-time CO, concentration CO,[k]

v

Algorithm:
Calculate the variation of damper angles Ag[k]

v

Adjust the damper angle to:
Ok] = min (max (01K — 11+ Adtk), o),9o)

Yes

Fig. 2. Basic framework of the proposed ventilation strategy.
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Fig. 3. Control scheme for the ventilation system to ensure both condition A and condition B can be satisfied.
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Fig. 4. Illustration of the oscillation process of g and damper angle. The trajectories of ¢ and damper angle are obtained from the experiments in which the control

algorithm implemented is based on the schemes shown in Fig. 3.

increase the damper angle to reduce g so that C can be increased and
maintained at Cy,. This may cause q to fall below g, again. The above
process will repeat, causing significant oscillation of q and damper
angle. In addition, as shown in Fig. 4, q will be lower than q; at most
time during the oscillation. This means that condition B cannot be
satisfied.

To remedy the above problem, we further improved the control
scheme. Fig. 6 shows the improved control scheme for the ventilation
system to ensure both condition A and condition B can be satisfied. A
new indicator called flag is introduced. The initial value of flag is 0.
When q falls below qp, flag = flag+ 1. When C rises above C, flag = 0.

1) flag > 0 means that g falls below gj, and C has remained below C,;
after q falls below qp. In this stage, if the CO2-PID is activated to
maintain the indoor CO,, level at Cy, g has to be reduced to increase
the CO4 level back to Cy, and the value of ¢ may be lower than qp,.
Thus, the CO»-PID should not be activated during this stage and the
damper angle should be adjusted according to the change of q (i.e.,
adjust the damper angle to maintain the q at qp).

2) flag = 0 means that C starts to rise above C,; and maintaining g = qy
is not enough to ensure C < Cy,. Thus, the CO5-PID should be acti-
vated again. And the damper angle should be adjusted according to
the change of CO5 (i.e., adjust the damper angle to maintain C =
Cup).
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With the above improvements, the oscillations can be eliminated and
the value of g can be kept above qy,. In Fig. 5, the trajectory of q obtained
in the experiment using the improved control scheme (shown in Fig. 6) is
compared with that using the original control scheme (shown in Fig. 3).
We can see from Fig. 5 that the improved control algorithm can effi-
ciently solve the problem of oscillation.

3. Experimental setup
3.1. Validation testbed

We set up a validation testbed (shown in Fig. 7) which consists of an
experimental system connected to a virtual building zone to verify the
effectiveness of the proposed ventilation strategy. The experimental
ventilation system includes a variable speed centrifugal fan, a duct
network, duct terminals and dampers. The supply fan pumps the air, and
the duct network distributes the air flow into different terminals. In this
study, only one terminal is used. The damper with a control board is
installed in each terminal to control the supplied airflow. The control
board has an STM32F103 microcontroller which uses the Cortex-M3
core with a maximum CPU speed of 72 MHz. The control algorithm
for the ventilation system (illustrated in Fig. 6) is implemented by the
microcontroller to calculate the desired change of damper angle. The
damper can rotate from 0° (corresponding the fully open state) to 90°
(corresponding the fully closed state) driven by a servo motor with an
angular resolution of +0.18°. Additionally, the supply fan is also
equipped with a similar control board which has an STM32F103 mi-
crocontroller. This microcontroller implements the PID control algo-
rithm to keep the fan pressure at the fixed setpoint. The averaging pitot
tube (APT) [49] is adopted in this study to measure the airflow rate in
each terminal. The APT is installed in each damper and its measurement
error is within 0.6%.

The IAQ dynamics in the virtual building zone are simulated in
Matlab. The control board in the terminal needs to read the real-time
CO5 concentration value from the simulated indoor environment in
Matlab. In our validation testbed, the control board interfaces with the
host computer (where the Matlab software is installed) via the Modbus
protocol. The simulation model of the SARS-CoV-2 quanta concentration
variation is given by eq. (16), which is the discrete version of eq. (2)

qlklnlk] =~ ER,I[k]
v

nlk+1] —nlk] = %

At + At (16)

where At is the simulation step size and it is set as 10 s in this study. g[k]
is the airflow measured in the real ventilation system. Similarly, the
simulation model of the CO, concentration variation is given by:

Clk+ 1] - Clk] :ﬂ‘f](cm fC[kDAHﬂV[k]At a7

Ilk] equals [aN[k]] according to eq. (9). N[k] is determined according to
the given occupancy profile in the corresponding scenario.
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Fig. 8 shows the experiment framework of the proposed ventilation
strategy. In each control step, the ventilation control strategy obtains the
real-time values of CO; and airflow and calculates the adjustment angle
of the damper. Then the servo motor adjusts the damper angle to the
calculated value. The variation of n during the experiment is recorded.
After the experiment, the records of n are used to assess the infection risk
of the testing scenarios.

3.2. Description of the testing scenarios

In this study, we consider three typical indoor environments as the
testing scenarios: library, restaurant, and gymnasium. Details about
these testing scenarios can be found in Table 3:

The values of breathing rate y are retrieved from the literature [20].
Details about the estimation of ER; and ¢ can be found in Appendix A
and C in the supplementary material.

Fig. 9 shows the simulated occupancy profile for each testing sce-
nario. The profiles are generated to imitate the occupancy patterns in
real building scenarios. First, the profile includes high occupancy pe-
riods and low occupancy periods. Second, the profile contains some
random fluctuations due to the uncertainty in real scenarios. The time
range for each testing scenario is from 7:00 to 21:00. In the simulation,
the number of infectors is determined according to the occupancy profile
(using eq. (9)).

This study assumes CO5 generation rate for each occupant is constant
for each scenario, which implies that the metabolic rate for each occu-
pant is also constant. However, for the building scenario like gyms and
stadiums, occupants’ metabolic rates are usually higher than other
scenarios and may fluctuate significantly, depending on the level of
activities occupants take part in. Assuming a constant CO, generation
rate may reduce the control accuracy of the proposed strategy in these
scenarios.

The study in Ref. [50] provides a novel metabolic rate prediction
modeling method, in which a computer vision algorithm is designed to
monitor occupants’ activities based on the videos acquired from the
camera. A neural network is established to predict the occupant’s
metabolic rate. As for gyms and alike building scenarios, this metabolic
rate prediction method [50] can be integrated into the proposed strategy
to overcome the problem of fluctuating metabolic rates. It is expected
that integration of the metabolic rate prediction into our proposed
strategy could improve its ventilation control performance in gyms and
alike building scenarios.

If there is no camera installed or the information from surveillance
cameras is not available, the information of occupants’ activities for
different time periods may be obtained from the activity/class schedules
for the gym/stadium. Then, the average occupants’ metabolic rate for
each activity can be obtained from Ref. [51] in which the metabolic
rates for various kinds of physical activities are provided. CO, genera-
tion rates for different time periods can be calculated using eq. (7) in
Ref. [50] with the obtained metabolic rates. Finally, the required CO,
upper bound values for different time periods can be calculated
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50001 J P
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Fig. 5. Trajectories of q obtained in the experiment. The simulated scenario is the library (details can be found in Section 3).
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Algorithm:
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Fig. 6. Improved control scheme for the ventilation system to ensure both condition A and condition B can be satisfied.
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Fig. 7. Schematic of the validation testbed. The testbed includes an experimental ventilation system connected to a virtual building zone. In the virtual building
zone, IAQ dynamics are simulated in Matlab. It should be noted that the airflow used in the simulation is the airflow measured in the real ventilation system.

according to eq. (13).

4. Results

4.1. Infection control performance of the proposed ventilation strategy

The proposed ventilation strategy is tested under three different
scenarios: library, restaurant, and gym. Details of testing scenarios can

be found in Table 3. The R threshold is set as 1. Testing results under
these three scenarios are plotted in Figs. 10 and 11. Results of time
evolution of airflow and CO; concentration are shown in Fig. 10. Results
of time evolution of virus quanta concentration n, infection rate p and R-

value are shown in Fig. 11. In Fig. 10, the curve in blue (i.e., time

evolution of airflow) is the measured curve (measured from the exper-

imental ventilation system) while the curve in red (i.e., time evolution of
CO, concentration) is the simulated curve (simulated via the IAQ
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Fig. 8. Experiment framework of the proposed COs-based ventilation strategy. n denotes the SARS-CoV-2 quanta concentration.

Table 3
Description of the testing scenarios used in this study.

Scenario Area/m? Height/m Maximum Occupancy T/h y/m3eh ! o/m3eh ! ER,/quantash '
Library 300 3 100 8 0.54 0.0173 10.2
Restaurant 350 3 150 1 1.1 0.0248 42.1
Gymnasium 500 3 100 1 3.3 0.05 19.2

@ T: Occupants’ exposure time in the given scenario.
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Fig. 9. Occupancy profiles for the testing scenarios.

dynamics model based on the measured airflow). In Fig. 11, all curves
are the simulated curves (simulated via the IAQ dynamics model based
on the measured airflow).

The infection rate is calculated according to the eq. (4) and eq. (5):

p=1—e7) m0a (g as)

The R-value is calculated according to eq. (7), using the infection rate
p and prevalence rate a. The prevalence rate a is 2.07% (details about
the calculation of a are presented in Section 2.3). It should be noted that
p is calculated based on the integration of n over a certain time period (i.
e., the exposure time T). For example, in the library scenario (T = 8 h),
the value of p at 18:00 is calculated based on the integration of n from
10:00 to 18:00; the value of p at 9:00 is calculated based on the inte-
gration of n from 7:00 to 9:00 (the occupants start to be present in the
zone from 7:00).

It can be seen from Fig. 10 that the proposed strategy can satisfy both
condition A and B in each testing scenario. That is, the indoor CO,
concentration can be maintained lower than or equal to the required
CO2 upper bound while the airflow can be maintained higher than or
equal to the required airflow lower limit. For example, in the library
scenario, the airflow rate is maintained at the lower limit (2160 m3/h)
from 7:00 to 9:00. During this period, the CO5-PID is deactivated, and
the indoor CO5 concentration is lower than the upper bound (600 ppm).
Since 9:00, the number of occupants increases. The CO, concentration
starts to increase and exceeds the upper bound. This activates the CO»-
PID to maintain the CO, concentration at the upper bound. As shown in

10

Fig. 10 (a), the airflow significantly increases from 9:00. The CO5 con-
centration slightly exceeds the upper bound for several minutes and then
quickly falls back to the upper bound. At 12:00, the number of occupants
drops obviously, leading to the reduction in CO, generation. To main-
tain the CO; concentration at the upper bound, the CO»-PID increases
the damper angle to reduce the airflow rate until the airflow rate falls
below the lower limit. Then, the CO»-PID is deactivated, and the damper
angle is adjusted to maintain the airflow rate at the lower bound. The
following process is similar and not be described again.

From Fig. 10, we can also find that the trend of the airflow trajectory
is similar to the trend of the occupancy profile. The airflow rate is
increased during high occupancy periods and vice versa, which means
that the proposed strategy can efficiently adjust the ventilation ac-
cording to the actual demand.

As shown in Fig. 11, the trajectory of the R-value in each scenario is
below the threshold (i.e., less than 1). The highest R-value which occurs
in these three scenarios (library, restaurant, and gym) is 0.744, 0.860,
and 0.859, respectively. This demonstrates that the proposed ventilation
strategy can efficiently control the infection risk and limit the disease
contagion.

The following table compares airflow requirements between the
proposed strategy and the EN16798-1:2019 standard [52] in which the
airflow rate is calculated according to the occupancy and space area.

Table 4 shows that the required airflow rate of the proposed strategy
is higher than that of existing standards. Thus, when applying the pro-
posed strategy to the actual systems which are designed according to
existing standards like EN16798-1:2019, the airflow rate required to
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Fig. 10. Time evolution of the
(library: 2160 m3/h, restaurant:

implement the proposed strategy may not be achieved due to the ca-
pacity limit of these systems. Under these circumstances, the proposed
strategy should be implemented together with several safe management
measures, such as, reducing the maximum occupancy, reducing occu-
pants’ exposure time, compulsory to wear masks indoors, etc. These
measures can help to further reduce occupants’ infection risk.

4.2. Evaluation of energy saving potential of the proposed ventilation
strategy

In this section, energy consumption of the proposed strategy is
compared with that of the fixed ventilation control (abbreviated as FVC
hereafter) strategy. Under the FVC scheme, the outdoor ventilation rate
is fixed regardless of the number of occupants. Generally, the ventilation
rate of the FVC strategy is designed based on zone maximum occupancy.
Similar to this principle, in this study, the number of infectors I, when
the occupancy reaches maximum is estimated according to eq. (9). Then,
the required ventilation rate for the FVC is calculated by multiplying I,

11

airflow and CO, concentration in different scenarios: (a) library, (b) restaurant, (c) gym. The corresponding airflow lower limit
2269 m®/h, gym: 3105 m®/h) and the CO, upper bound (library: 600 ppm, restaurant: 673 ppm, gym: 803 ppm) are also shown.

with the required outdoor ventilation rate per infector (eq. (15)).
The power consumption of the ventilation system can be calculated
by eq. (20) [53].:

hau — hin ?
M +E, (i)
qd

copr

In eq. (19, the first term is the power consumed by the chiller system
while the second term is the power consumed by the fan system. q is the
outdoor ventilation rate. h,, denotes the specific enthalpy of the out-
door air and h;, denotes the indoor specific enthalpy. COP is the coef-
ficient of performance, and it is assumed to be 2.5 [53]. In this study, h;,
is assumed to be 48.7 kJ/kg which corresponds to the indoor tempera-
ture of 24 °C and the indoor relative humidity of 50%. h,,, is assumed to
be 79.3 kJ/kg which corresponds to the outdoor temperature of 28 °C
(the mean annual temperature of Singapore) and the outdoor relative
humidity of 84% (the mean annual relative humidity of Singapore). g4 is
the design ventilation rate, which is assumed to be 1.2 times of the
required ventilation rate for the FVC scheme. E; is the power

E= (19)
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Fig. 11. Time evolution of the virus quanta concentration, infection rate, and R-value in different scenarios: (a) library, (b) restaurant, (c) gym. The R-value

threshold is also shown.

consumption of the fan system when the ventilation rate reaches gq. In
different indoor environments, the required ventilation rate is different
and thus the scale of the fan system will be different. The values of E; in
this study are estimated according to the datasheets on an official
website [54] of a manufacturer of industrial fan products. The values of
qq in the studied indoor environments (library, restaurant, and gymna-
sium) are 7800 m>/h, 11000 m®/h and 11000 m®/h, respectively. And
the values of E; for these indoor environments are 11 kW, 15 kW and 15
kW, respectively.

We can calculate the energy consumption by integrating the power
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consumption (eq. (19)) over the simulated time period (i.e.,
7:00-21:00). Results of the energy consumption of the proposed venti-
lation strategy and the FVC strategy are shown in Fig. 12:

As shown in Fig. 12, the proposed ventilation strategy can signifi-
cantly reduce energy consumption compared with the FVC strategy.
Specifically, in the studied indoor environments (library, restaurant and
gymnasium), the proposed strategy can save 53.2%, 28.9% and 40.1% of
the energy compared with the FVC strategy, respectively. This demon-
strates that the proposed ventilation strategy can achieve energy-
efficient control of IAQ to limit COVID-19 contagion.
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Table 4

Airflow rate per person (unit: m®/h) under the proposed strategy and the
EN16798-1:2019 standard when the number of occupants reaches 70% of the
design (maximum) number of occupants.

Scenario Proposed ventilation EN16798-1:2019 standard [52]
trat
strategy CategoryI  Category Category
I 111
Library 84.6 57.6 40.3 23.0
Restaurant ~ 90.0 52.8 37.0 21.1
Gym 123.7 72 50.4 28.8
900 ‘ ‘ ,
I Fixed ventilation strategy
800\ | Proposed ventilation strategy 1
< 700p 661 683 ]
2
=~ 600
c
he]
a 500
1S
3
2 400
o
O
> 300
[l
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2
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100

Restaurant
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Fig. 12. Energy consumption of the proposed ventilation strategy and the fixed
ventilation strategy during the simulated time period (7:00-21:00). The energy
saving potential of the proposed strategy compared with the fixed ventilation
strategy is also marked in the figure.

We also calculated energy consumption of the conventional
occupancy-based DCV strategy (abbreviated as O-DCV) that enforces
minimum required airflow rate g (calculated by eq. (15)) for each
infector. Under the O-DCV strategy, the number of infectors I at different
times is assumed to be known and the airflow rate g is calculated as ¢ =
Ix qp. Table 5 compares energy consumption between the O-DCV
strategy and the proposed COz-based DCV strategy:

Table 5 shows that energy consumption of the O-DCV is 15%-30%
lower than that of the proposed strategy. This is because O-DCV assumes
I'is known and the airflow rate is accurately determined according to I, i.
e., the supplied airflow is just enough for diluting infectious pathogens
emitted by infectors. However, the proposed strategy assumes I is un-
known and adjusts the airflow according to measured CO,, which adopts
the conservative estimation for I. The supplied airflow for the proposed
strategy may be slightly more than required, causing more energy
consumption compared to O-DCV. This slight over-ventilation can pro-
vide safer guarantee for R < 1 to limit COVID-19 contagion.

Table 5
Energy consumption of the proposed strategy and the O-DCV strategy during
simulation time period (unit: kWh).

Proposed CO,-based DCV Conventional O-DCV

Library 223 190
Restaurant 470 324
Gym 409 311
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5. Discussions

When applying the proposed DCV strategy in actual ventilation
systems, several important practical issues should be considered. In this
section, we firstly elaborate engineering application potentials of the
proposed DCV strategy and then present detailed discussions on several
practical issues relevant to this strategy, such as COy measurement
problems, occupants’ thermal comfort, impact on overall system design,
as well as limitations of the proposed strategy. In addition, we also
provide possible solutions to some of these issues.

5.1. Engineering application potentials

COVID-19 puts considerable pressure on health systems and soci-
eties. It would be of significance to develop practical and efficient
ventilation strategies to limit COVID-19 transmission in indoor envi-
ronments. This study proposes a novel CO,-based demand-controlled
ventilation strategy in the context of controlling COVID-19 infection
risk. The proposed strategy can efficiently maintain the reproduction
number less than 1 while saving 30-50% of energy compared with the
fixed ventilation scheme. The proposed strategy only requires CO;
sensors and does not require occupancy detection sensors, which makes
it suitable for mass deployment in most existing ventilation systems.
Additionally, the proposed strategy is CO,-based. COy can indicate
pathogen concentration and infection risk regardless of the number of
infectors in the space. This allows the proposed strategy to be applied to
more practical scenarios where there are multiple infectors, and the
number of infectors varies with time.

5.2. CO, measurement

The CO; measurement will be very important for the proposed
method. This study adopted the well-mixed assumption for CO,. How-
ever, in actual building zones, indoor CO, concentration is unevenly
distributed. The non-uniformity of the CO5 distribution will be more
obvious in the larger building zones. Under these scenarios, the uneven
CO, distribution as well as its diffusion and mixing mechanics may result
in the time delay and loss of accuracy for the CO3 measurement. For this
study, several strategies could be adopted to mitigate the adverse effects
of uneven CO3 on the CO; measurement. According to Ref. [55],
considering the scenario with only one CO, sensor installed, we suggest
that the CO5, sensor can be installed at the exhaust duct [55]. indicates
that the relative error between the CO, concentration measured in the
exhaust duct compared with the average CO, concentration within the
breathing zone is less than 5% under the mixing ventilation scenario,
which can meet the requirements of sensor accuracy in several standards
[56,57].

The results in Fig. 6 in Ref. [55] also show that the curves of transient
trends of the CO, measured in the exhaust duct and the average CO,
within the zone almost coincide with each other, which means that CO,
measurement delay is small and can be neglected for the building zone
with relatively small size. However, for the large building zone,
although the CO; concentration measured at the exhaust duct can reflect
the average COy concentration in the building zone, the measurement
delay due to the air mixing process would become obvious and cannot be
neglected. For these scenarios, to mitigate the measurement delay
problem, we could install multiple CO; sensors at different points in the
building zone and use the average value of these sensors. Several studies
have already adopted this method to ensure the accurate monitoring of
indoor CO, concentration [58,59].

5.3. Thermal comfort
In addition to controlling infection risk, occupants’ thermal comfort

cannot be neglected when designing actual ventilation systems. The
DCV strategy in this paper is proposed for the dedicated outdoor air
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system (DOAS) to deliver proper outdoor fresh air to dilute virus-laden
respiratory particles for limiting COVID-19 transmission as well as
maintaining good IAQ. Generally, the DOAS can handle most latent
loads as well as part of sensible loads for the building zone: the outdoor
fresh air is dehumidified in the air handling unit and then delivered to
each building zone; sensible cooling is the byproduct of the dehumidi-
fication process, which can meet a portion of sensible loads. A parallel
terminal system (such as the fan-coil unit, the active thermosiphon beam
(ATB) terminal unit [60]), which is independent of the DOAS, is
required to handle the other portion of sensible loads (mostly) and latent
loads [61]. In practice, the DOAS, controlled by the ventilation strategy
proposed in this paper, should operate with the ATB terminal unit to
limit the COVID-19 transmission while ensuring occupants’ thermal
comfort.

Additionally, the selection and placement of the supply air outlets of
the DOAS should be carefully considered in the actual design to ensure
the fresh air is delivered without introducing unacceptable noise or
causing the sensation of a draft on the occupant. For instance, the outlet
size should be determined according to the required ventilation rate for
each building scenario to ensure the supply air velocity is in the suitable
range (i.e., 3-5 m/s [62,63]).

5.4. Impact on the system design

The proposed strategy is a novel ventilation strategy to limit COVID-
19 contagion in indoor environments, which may be different from
existing ventilation strategies in some respects. Impact of this strategy
on the overall system design needs to be considered. These impacts and
possible modifications/retrofits to existing systems are discussed in this
subsection.

First, in the context of controlling COVID-19 transmission risk, more
outdoor air needs to be conditioned before delivered to the space. From
results in Table 4, we can know that the outdoor ventilation rate is
higher than that required for IAQ control in conventional systems. Due
to the capacity limit, especially during extreme weather periods (e.g.,
very hot and humid weather in Singapore), more sensible/latent loads
need to be handled and the DOAS may only handle limited parts of these
loads. Under these circumstances, the capacity limit of the DOAS may be
compensated by increasing the capacity of the parallel terminal system
which is independent of the DOAS. For instance, the space could equip
with more ATB terminal units [60] to provide more capacity for
handling additional sensible/latent loads.

Second, the ventilation demand estimated in this study may lead to
overdesign problem at the system level. This is mainly due to the
overestimation of the number of infectors I in the space. In this study, we
adopted a conservative consideration for I, i.e., I = [aN]. When the
proposed strategy is applied to the ventilation system connected to
single large zone which has relatively large design number of occupants
(such as restaurants, where there could be multiple infectors), the
overestimation problem is not obvious. However, when applied to the
system connected to several small zones (e.g., 10-person office rooms,
where there could be only one or zero (mostly) infector according to
community prevalence rate), the proposed strategy assumes at least one
infector is present, which may cause overdesign problems. Under these
scenarios, the airflow lower limit qj; can be further reduced by multi-
plying a reduction factor A(A< 1). 1 = aN(die)sign if aNg;ign <1 (Ngzsign is the
design (maximum) number of occupants for the ith room). Multiplying
din by A= aNEile)sign
(A <1) in this room, instead of one infector. This assumption is
reasonable from the probablistic view: when the number of occcupants

(i)
reaches N design’

implies the assumption that there is at least 4 infector

the expected value for the number of infectors present in

the room during a period is astsign. Given this, since infection risk is

evaluated by the integration of n during exposure period, this assump-
tion can ensure R < 1 for the exposure period.
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5.5. Limitations of the proposed strategy

This paper focuses on designing a CO,-based demand-controlled
ventilation scheme in the context of limiting COVID-19 contagion.
However, there are several limitations:

First, the proposed strategy is designed based on the well-mixed
assumption for CO; and infectious pathogens, which means they are
evenly distributed in the space. However, in large building zones, CO5
and infectious pathogens are usually unevenly distributed. For our
study, the uneven CO; distribution as well as its diffusion and mixing
mechanics may result in the time delay and loss of accuracy for the CO,
measurement. Detailed discussion about CO, measurement problems
and possible solutions are presented in Section 5.2.

Second, one of the inputs of the proposed strategy is the prevalence
rate of COVID-19. However, this parameter is highly uncertain in real-
world scenarios: It needs to know the number of infections in popula-
tion, but large portion of infections are not reported, especially those
who are asymptomatic. Researchers, including CDC, have conducted
several studies [47,64-66] on the prediction for unreported ratio using
epidemiological models, to better reflect the full burden of COVID-19.
To adapt the current study to general use, the unreported ratio used to
calculate the prevalence rate should be updated according to the latest
report from the CDC/the department of health or the latest related
studies, which could reflect the current epidemiological scenario more
accurately. In addition, the ratio of unreported cases can be also esti-
mated based on the test positivity rate using a simple nowcasting model
[67]. This nowcasting model is developed specially for the epidemio-
logical scenarios in US. Modifications may be required when applying
this model to other regions.

Third, when estimating the quanta emission rate, this study assumes
that the viral load in sputum (denoted by v;) is constant. However, v;,
(unit: RNA copies/mL) can vary by several orders of magnitude
depending on the stage of the disease and the individual [68]. [69]
pointed out that the relationship between CO, concentration and the
number concentration of released droplets could be established with
reasonable uncertainty but the relationship between CO; concentration
and RNA concentration is more complicated and may include much
uncertainty due to large variability in viral loads. In this study, we
adopted a conservative assumption, i.e., chose a relatively high value for
the viral load v;, = 10° which may cause higher ventilation rate to dilute
pathogens.

6. Conclusions

This paper presents a novel CO»-based DCV strategy in the context of
controlling COVID-19 transmission in indoor environments. Case studies
of different indoor environments have been conducted on an experi-
mental platform of a real ventilation duct system to verify the effec-
tiveness of the proposed strategy. Results show that the proposed
strategy can efficiently maintain R < 1 to limit COVID-19 contagion
while saving about 30%-50% of energy compared with the fixed
ventilation scheme. In future studies, we intend to incorporate more
practical factors into the ventilation control framework: 1) To overcome
CO4 measurement problems (i.e., loss of accuracy, measurement delay)
caused by the uneven CO; distribution in large building zones, we aim to
design the COy-based DCV strategy which considers uneven spatial
distribution of the CO; and indoor pollutants, to maintain good IAQ and
limit the spread of COVID-19 in large building zones. 2) Since ventila-
tion control from the aspect of limiting COVID-19 transmission is
different from the conventional control scheme, problems regarding the
impact on overall system design should be further studied. For instance,
proper estimation methods of the number of infectors should be pro-
posed for different scenarios, which should ensure the DCV strategy
designed based on these estimations can achieve efficient infection
control while not causing severe overdesign problems.
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