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Abstract: Ventilation is an effective solution for improving indoor air quality and reducing airborne transmission.
Buildings need sufficient ventilation to maintain a low infection risk but also need to avoid an excessive ventilation rate,
which may lead to high energy consumption. The Wells-Riley (WR) model is widely used to predict infection risk and
control the ventilation rate. However, few studies compared the non-steady-state (NSS) and steady-state (SS) WR models
that are used for ventilation control. To fill in this research gap, this study investigates the effects of the mechanical
ventilation control strategies based on NSS/SS WR models on the required ventilation rates to prevent airborne
transmission and related energy consumption. The modified NSS/SS WR models were proposed by considering many
parameters that were ignored before, such as the initial quantum concentration. Based on the NSS/SS WR models, two
new ventilation control strategies were proposed. A real building in Canada is used as the case study. The results indicate
that under a high initial quantum concentration (e.g., 0.3 g/m’) and no protective measures, SS WR control
underestimates the required ventilation rate. The ventilation energy consumption of NSS control is up to 2.5 times as
high as that of the SS control.
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cities. Since airborne transmission of COVID-19

1 Introduction

Airborne transmission of respiratory diseases
can cause global public health emergencies such as
the ongoing COVID-19 pandemic, caused by the
severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2). More than 178 million cases of
COVID-19 and 3 million deaths have been
confirmed from December 2019 to June 2021 [1].
Reducing the spread of COVID-19 is a top priority
worldwide and particularly in densely populated

was confirmed in April 2021 [2-5], ventilation, as
an engineering method, is an effective solution in
reducing the spread of COVID-19. MORAWSKA
et al [4] suggested that ventilation should be
recognized as of reducing airborne
transmission, and that the ventilation rate should be
increased.

There are three types of ventilation in
buildings: natural ventilation, mechanical
ventilation, and hybrid ventilation (both natural
ventilation ventilation)  [6].

a means

and mechanical
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Mechanical ventilation is more widely used in
buildings than natural ventilation because it is easier
to control, which plays a vital role in reducing
airborne transmission [6—7].

Ventilation virus-laden  droplets
suspended in the air. However, determining the ideal
ventilation rate becomes a critical problem for
mechanical ventilation. On the one hand, the
ventilation rate must be high enough to remove the
contaminated air. Many previous studies have
shown that the common mechanical ventilation
system aimed at maintaining indoor air quality
(IAQ) cannot reduce the infection risk to an
acceptable range, and the ventilation rate must be
increased [8 — 10]. On the other hand, maintaining
the mechanical ventilation rate very high consumes
much more energy. The high ventilation rates not
only consume too much electricity to operate the
fans, but also increase the cooling and heating
related energy consumption when it is too hot or
cold outside [9]. Except for healthcare buildings,
other non-residential buildings always need to
balance the impacts of ventilation between energy
consumption and preventing COVID-19 [11].

For achieving a proper engineering control,
mathematical models that are used to calculate
airborne infection risk are required. The Wells-Riley
(WR) model has been extensively used to assess
COVID-19 outbreaks, by relating the ventilation
rate to infection risk. The WR model, which does
not require costly experimental and on-site studies,
uses the quantum concept to implicitly consider
infectivity [12]. A quantum is defined as the number
of infectious airborne particles required to infect a
person and can include one or more airborne
particles; it can only be obtained by backward
calculation from an outbreak case. Furthermore, it is
easy to incorporate more influencing factors into the
WR model, such as wearing masks and social
distancing [13]. AGANOVIC et al [14] modified the
WR model to consider the impacts of relative
humidity on the infection risk. GUO et al [15]
integrated a coefficient, called spatial flow influence
factor (SFIF), into the WR model to assess the
spatial distribution of infection risk. ZHANG
et al [12] used a dilution ratio to modify the WR
model for considering the spatial distribution of
infection risk. Based on the WR model, many
studies have proposed mechanical
system control strategies to reduce the infection

removes

ventilation

risks of airborne disease. HOU et al [10] suggested
that the outdoor ventilation threshold to prevent
COVID-19 transmission in a classroom has a 3-8
air change rate (ACH) with 500 ppm (parts per
million, 10°) CO,. Based on a SS WR model, DAI
et al [8] recommended a 1200 - 4000 m’h
ventilation rate per infected individual for up to
three hours of exposure. However, the studies that
used the WR model for assessing COVID-19
transmission only considered either the NSS or SS
conditions but rarely compared them.

Most of the existing studies only utilized the
SS WR models for evaluating the risk of COVID-19
or proposing control strategies to reduce the
infection risks. Also, although some papers
investigated the infection risk under both NSS/SS
conditions [12, 16], they do not make a clear
comparison highlighting the differences between the
NSS/SS WR models in COVID-19. For example,
one of the important differences between the NSS/
SS WR models is that the NSS WR model can be
affected by the initial virus quantum concentration,
but no previous studies discussed this point for
COVID-19. Since the SS WR model cannot take the
initial quantum
consideration, a ventilation control system based on
this model may fail to prevent airborne
transmission. Therefore, it is essential to quantify
the difference between the NSS/SS WR models. The
conditions that make the results from the SS WR
model acceptable should be investigated. The
impacts of the common factors, such as the
exposure time and protective measures, on the
difference between the NSS/SS WR models should
be analyzed. Furthermore, the impact of the
difference of these two models on HVAC energy
consumption is also unclear due to how the required
ventilation rates are calculated. The energy
consumption of the HVAC system controlled by the
NSS/SS WR models should be evaluated and
compared.

In summary, few previous studies conducted a
thorough investigation to identify the difference in
required ventilation rates between NSS/SS WR
models and evaluate the impact of these rates on
energy consumption. To fill in this research gap, this
study began with the development of the
mathematical formulations of the NSS/SS WR
models. Using COVID-19 as an example, several
factors were integrated in the WR model, such as

virus concentration into
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the effects of protective measures (i.e., wearing
masks and social distancing), initial infection rates,
and initial virus quantum concentration. Then, two
new ventilation control strategies were developed,
based on the NSS/SS WR models and IAQ. A real
building was selected for the case study. The
building features and measured data from the case
study were used to investigate the theoretically
required ventilation rates and evaluate the impacts
of two new ventilation control strategies on fresh air
supply rate and energy consumption.

2 Methodology

2.1 Non-steady-state and steady-state Wells-Riley

models

This study aims to use the NSS/SS WR models
to control the ventilation rate and reduce the
infection risk of COVID-19 to a target value.
Figure 1 presents the schematic of the parameters
used in the NSS/SS WR models, including the
ventilation  rate, quantum generation rate,
pulmonary rate (breath rate), exposure time, etc.
Two common protective measures, wearing masks
and social distancing, are considered in both
models. This section first presents the NSS/SS WR
models. Then, considering that the number of
infected  occupants and  initial = quantum
concentration are difficult to determine in practice,
the initial infection rate and the method to estimate
initial quantum concentration from CO, are
introduced.

Assuming that there is no quantum outdoors,
the quantum concentration in the building depends
on the quantum generated by people and the

quantum loss rate. The quantum concentration is

Outdoor CO, concentration C,,, 107)

2417
calculated by [17]:
dC,  n.lq
db v ~4C 1

where C, is the indoor quantum concentration, g/m’;
t is the time, h; 7, is the mask filtration

efficiency, %; [ is the number of infected
individuals; ¢ is the generation rate of virus quanta,
g/h; V is the volume of indoor space, m’; Ay 1s the
first-order loss rate for quanta, h™', which can be the
summed effects of wventilation, deposition onto
surfaces, and virus decay [18]. In this study, only
the effects of ventilation and deposition on the
surfaces due to social distancing were considered
[19], which were validated. The other effects, e.g.,
virus deposition, were not verified and may be
negligible compared with the effects of ventilation
and deposition [14]. According to Ref. [19], the first-
order loss rate for quanta can be ventilation rate, 4,
multiplied by a social distancing index (i.e.,
Ay=Py2).

Assuming the initial quantum concentration is
C,, before people enter the building, Eq. (1) can be

solved:

Nwlq
IV

q

C, 0=

. 1
+ e—/uqt(Cq’O _ 7]m q ) (2)
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When the steady state is achieved, the indoor
quantum concentration is:

_ Nalq

€= @)

According to the WR model, the infection risk,
P, is related to the amount of inhaled quantum.
Therefore, under the exposure time 6, P, of the
susceptible people is:

Ventilation rate A, ACH

Indoor volume ¥, m?
Indoor quantum concentration C,, q/m?
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Figure 1 Schematic of parameters used in non-steady-state/steady-state Wells-Riley model for infection risk
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0
P=1 —exp—pnmJOCq(z‘)dt 4)

where p is the pulmonary rate, m’/h.

Substituting Eq. (2) and Eq. (3) into Eq. (4),
the NSS (Eq. (5a)) and SS WR (Eq. (5b)) models
are obtained:

2

LV 0
AVC
n?nplqé')
P =1—exp(— (5b)
‘ LV

It should be noted that the initial quantum
concentration C,, cannot be measured directly.
Considering that the CO, is co-exhaled with
quantum by the COVID-19 infected individuals, C,,
is estimated by the indoor CO, concentration in this
study. Many studies have proposed this method of
using CO,
estimating the virus concentration [20 —22]. When
there is no other source generating CO,, the amount
of exhaled CO, from all occupants can be calculated
through the indoor-outdoor CO, concentration
difference. When the number of occupants who are
infected is known, the exhaled amount of CO, and
virus from the infected individuals can be estimated.
It is easy to calculate the fraction of the CO,amount
from the infected individuals to the CO, from all
occupants, which is related to the quantum
concentration (See the following Egs. (6) and (7)).

Considering that indoor air is well mixed at the
initial conditions, the indoor and outdoor CO,
concentration difference, AC (i.e., AC=C,—-C,), is:

GN

=7 (6)
where G is the CO, generation rate per person, m’/h;
N is the number of occupants; A is the loss rate
coefficient of CO, (equal to the air change rate).
Assuming that the initial infection rate in the
population is B (i.e., I=BN), with Eq. (3), the
relationship  between  the initial quantum
concentration of COVID-19 and CO, is described
by:

concentration as a substitute for

AC

_ N.BgAC
q.0 PdG (7)
Substituting Eq. (7) into Eq. (5a), the NSS WR
equation is converted to the following equation.

C

With the initial infection rate, Eq. (5b) can also be
presented as Eq. (8b):

2
Pl:l_exp{_mpmvw{l_l(l_e-m)'

AV A0
AVAC
(1— = )H (82)
1| nupBNgO
P=1 exp( G (8b)

2.2 Control strategies based on WR models

Based on two WR models, a potential
ventilation control strategy is proposed and named
NSS/SS-TAQ control.

First, through solving Egs. (8a) and (8b), the
required ventilation rates can be obtained from the
NSS/SS WR models (hereafter named as ACH,
and ACHg), which reduce the infection risk to a
target infection risk. In this study, the basic
reproductive number is used to determine the target
infection risk, which is the number of secondary
infections caused by one infected individual [13,
21]. When the basic reproductive number is less
than one, i.e., the number of secondary infections
caused by one infected individual is less than one,
the disease cannot spread in the population.
Therefore, the relationship between target infection
risk and initial infection rate is:

B
13 )
Then, considering that the IAQ must be
maintained in real buildings, the ventilation rate
cannot be lower than the ventilation for IAQ (the air
change rate for ventilation hereafter is referred as
ACH,,,). From Eqgs. (5a) and (5b), there is no
ventilation demand for preventing transmission
when there are no occupants. However, in a real
building, outdoor air can be provided to prevent
odours, even though there are no occupants [23].
Therefore, a comparison between ACH,,, and
the required ventilation rates from the two WR
models should be conducted. Finally, the actual
ventilation rate that fulfills the IAQ and target
infection risk requirements is obtained (hereafter
named ACH,,,, and ACHg,,,). Information about
the ventilation control strategy for IAQ and new
control strategies for both IAQ and infection risk is
summarized in Table 1.

P=
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Table 1 Comparison of ventilation control strategies based on IAQ and WR models

Control strategy Corresponding air change rate

Description

1AQ ACH,,,

SS-IAQ ACHj, ,=max (ACH, ACH,,,)

NSS-IAQ ACH,, ,,,~max (ACH,, ACH,, )

Supplies fresh air based on the IAQ demand.

Supplies fresh air based on the IAQ demand and reduces the infection

rate to a target value calculated by SS WR.

Supplies fresh air based on the IAQ demand and reduces the infection

rate to a target value calculated by NSS WR.

2.3 Case study
2.3.1 Building and HVAC system

A real 16-storey high-rise institutional building
was selected for a case study to analyze infection
risk and energy simulation. The air-conditioned
volume of this building is about 155000 m’. This
occupied period is from 5:00 AM to midnight. The
fresh air is supplied by a centralized balanced
ventilation system during this occupied period. The
current ventilation control strategy is based on the
IAQ. For each floor, the CO, sensors are installed in
the return air ducts. The fresh air flow rate is
controlled based on the
concentration. It is constant (around 11.3 m’/s;
0.3 ACH) if the CO, concentration is lower than
650x10°. When the CO, concentration is greater
than 650107, the fresh air supply rate increases. A
maximum fresh air rate (around 35.7 m’/s;
0.8 ACH) is supplied once the CO, concentration
reaches 850x10°. The indoor air temperature is
maintained at 23 °C.

measured  CO,

The major equipment of the ventilation and
cooling system is summarized in Table 2. The
heating system is also installed, but this study
mainly focused on the ventilation and cooling
system, and thus the
investigated. Mathematic models were applied to

heating system is not
simulate the power of chillers, pumps, cooling
towers, and fans, when the inputs of outdoor
conditions, building cooling load, and required
ventilation rate are known. The outdoor conditions
(outdoor temperature and wet-bulb temperature) and
building cooling load were considered as the known
inputs, which were measured in the case study
building (see 2.3.3). The required

ventilation rate is based on the new control

Section

strategies proposed in Section 2.2. The energy
simulation needs to calculate the power demand of
fans and pumps, the power of cooling towers, and
the cooling load allocated to fresh air and chiller
system.

Table 2 Energy models and detailed information about
the ventilation and cooling system.

Equipment Detailed information

Centrifugal chiller capacity and power:
1969 and 347 kW
Screw chiller capacity and power:
260 and 62 kW

Two chillers

Four fans and five
pumps

Pumps’ total nominal power: 105 kW
Specific fan power: 3.76 kW/(m’-s™)

Two cooling towers Nominal power: 26.8 kW

For the chiller:

C(;P,. zao_,+a1_i.im + 0§+ s ; ;Z +

aA’ifii 05, T+ 06 G i+ 0,15+

as Gl (10)
Toi=PoitBrilaw+BoiToot BiGeni+ Baidens (11
PSS 12

Where Pch9 COPi7 q.chia T

.» 0, and B, represent the
power, coefficient of performance, cooling load,
condensing water temperature of the ith chiller, and
correlation coefficients, respectively.

For fans and pumps:

3
Nep Q L0
Prp= ; P nom.i F/P) (13)
QF/PA,nom,i
P.=S0 (14)
Qw,i=yO,i+yl,iq.chti+yz,iqih,i+qih.i (15)

where Py, P/Q,... S, O, and y,; and y, represent the
power of fans or pumps, nominal power/flow rate of
fans or pumps, specific fan power, water flow rate,
and correlation coefficients, respectively. As the
results shown in Section 3.1, the ventilation rate
under NSS/SS-IAQ control may exceed the existing
maximum fan flow rate. When the ventilation rate is
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lower than the existing maximum fan flow rate
(35.7 m/s; 0.8 ACH), the fan energy consumption
will be calculated using Eq. (13). The fan energy
consumption will be calculated using Eq. (14),
when the ventilation rate is higher than the existing
maximum fan flow rate.

For the cooling towers:

N('T
Peo= : PCT,mm,f(Rcri)3 (16)

RCT‘i:d T, ‘+d1,i (17)

0,i+ ci,i

where P, R, and d, represent the power of the
cooling tower, the rotation speed ratio, and
correlation coefficients, respectively.

The relationships between the building cooling
load, fresh air cooling load, and chiller system
cooling load are:

q‘CL:q‘ch+q‘oa (18)
qoa=Op. (¢, AT+h AW) (19)

where Gc, 4o O, po €, hy, AT and AW represent
building cooling load, fresh air-cooling load, fresh
air flow rate, air density, specific heat, water latent
heat, indoor and outdoor temperature, and humidity
difference, respectively.

Information about the ventilation and cooling
system is briefly listed in Table 2. The other
information, including the correlation coefficients
and accuracy of the sensors, can be found in
previous energy simulation studies conducted by us
[24 —25]. The validation of these energy models is
presented in Section 3.2.2. The key measured data
from the centralized HVAC system, such as building
cooling load, outdoor temperature and humidity are
presented in Section 2.3.3.

The measured data from the CO, sensors and
fresh airflow rate sensors from the 1st to 15th floors
are used to estimate the variation in the number of
occupants on each floor and provide a baseline case
for IAQ control. All these devices are monitored
and controlled by a building automation system
(BAS). The detailed data used in this study are
introduced in Section 2.3.3.

2.3.2 Ventilation settings

Table 3 lists the input parameters for different
ventilation settings. Compared with Case 1, the
settings of Cases 2—5 aim to investigate the impacts
time,

of quantum generation rate, exposure

protective measures, and initial infection rate on
ACH,, and ACHg. The other two parameters,
pulmonary rate (p) and CO, generation rate (G), are
selected as 0.5 m’/h and 0.0297 m*/h from Ref. [26-
27]. The building volume to occupant ratios should
also be investigated (See Egs. (5a) and (5b)).

Table 3 Cases for ventilation calculation

Quantum Protect Initial
Case generation rate/ Time/h otee infection
-1 measure
(q'h™) rate
1 857 2 .=05P=31 0.0l
2 500 2 1], =0.5,P=3.1 0.01
3 857 8 1],=0.5, P=3.1 0.01
4 857 2 11.=1,P=1 0.01
5 857 2 11,=0.5,P=3.1 0.1

Note: For each case, three different ratios of building volume to
occupant are evaluated, 52, 78 and 155 m*/person, i.e., 100%, 67%
and 33% occupancy.

For each case, three different building volume
to occupant ratios (here and after referred to
as V/N) are evaluated: 52, 78 and 155 m’/person.
These three ratios represent 100% occupancy
(i.e., this building with 155000 m’ volume is fully
occupied by 3000 occupants), 67% occupancy
(2000 occupants), and 33% occupancy (1000
occupants). The  different initial
concentrations based on the CO, concentration are
also studied. The results are shown in Section 3.1.

Taking COVID-19 as an
quantum generation rates are selected. The previous
studies show that the quantum generation rates of
COVID-19 vary within a large range from 14 to
1190 g/h [17, 28]. In this study, 857 g/h and 500 g/h
are chosen to represent the high-risk and moderate-
risk scenarios [19]. Since it is difficult to monitor
the accurate exposure time for each occupant, the

quantum

example, two

exposure time is selected based on the following
assumptions. The reference suggests that a
classroom may have a 2-h exposure time [8], which
is considered a mild-risk scenario. The standard
hours of work for an office building can extend to 8
h in Canada [29]. Although it is rare to continuously
stay in a space for 8 h in a real scenario, the 8-h
exposure is selected and can be considered the high-
risk scenario. Two situations are considered for the
protective During the COVID-19
pandemic, public buildings usually enforce a strict
rule on wearing masks and social distancing.

measures.
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Therefore, 50% of the mask filtration efficiency (#,,)
and 0.32 social distancing index (2 m social
distance) are selected from Refs. [8, 19]. However,
in real scenarios, these two protective measures may
not be followed. Under the scenario that nobody
wears masks, and nobody follows social distancing,
both of the mask filtration efficiency and social
distancing index are one. For example, wearing
masks for many hours may cause headaches and/or
breathing difficulties and the development of facial
skin lesion [9]. The initial infection rates are
developed based on different regions in North
America [30].

2.3.3 Data for ventilation and energy consumption

simulation

To show the difference of ACHyy,,, and
ACHg,,, in the real operation (i.e., based on the
NSS/SS-TAQ control in Section 2.2), six months of
data (from June to August in 2019 and 2020) were
collected from the BAS system. Since the data in
2020 reflect the real energy consumption during the
COVID-19 pandemic, they were used to validate the
energy models (Section 3.2.2). However, due to the
frequent shutdown of this building in 2020, the
2019 data were used to simulate the ventilation and
cooling energy consumption (Sections 3.2.1 and
3.2.2). During the shutdown period in 2020, this
building was not occupied, hence there is no
requirement for infection risk reduction. For the
whole measured period (from June to August in
2019 and 2020), the inputs were summarized in
Table 4.

A specific day (August 21, 2019 from 5: 00
AM) is selected to show the hourly ACH,,,, and
ACHg,,, (Section 3.2.1) and the hourly energy
consumption (Section 3.2.2). Figure 2 shows the
inputs for the calculation, including the CO,
concentration variation range, ventilation rate under
the current IAQ control, the number of occupants,

Table 4 Summary of the measured data

building cooling load, outdoor temperature, and
humidity on August 21, 2019. The hourly
ventilation rate under the current IAQ control,
outdoor temperature, and humidity were directly
measured by the BAS system. The building cooling
loads were calculated from the measured chilled
water temperature difference and water flow rate.
The BAS system recorded all the CO, levels for the
Ist—15th floors. The CO, concentration ranges are
presented by three values: max, min, and average,
which are the measured hourly maximum,
minimum, and average CO, levels on the 1st—15th
floors.

The number of occupants on each floor was
calculated from the measured CO, concentration
and fresh air supply rate by following an equation
that was validated in previous occupancy detection
studies [27, 31] .

Ve =) | Vi (Ci=Ca)

N GAt G

(20)

where the superscript n represents the current step;
the subscript i represents the indoor spaces (i.e.,
floors 1-15 in this study); G is the CO, generation
rate per person, 0.0297 m’/h; V, is the ith indoor
space volume, m’; C/. is the CO, concentration in the
indoor space at time n, 10, CZ, is the outdoor CO,
concentration at time n, which is assumed to be
constant at 400 x10™° [27]; At is the time step, 0.1 h.
A high initial quantum concentration scenario
is also considered, where the CO, level is 1000x107°
at 5:00 AM [32-33]. A ventilation failure may lead
to a very high CO, level before occupants enter the
building [34]. For example, in the European Heating
and Ventilating Associations Guidebook 13, the
upper limit for the CO, level is 1500x107 in schools
[32]. The results in Section 3.1 show that the initial
quantum concentration (i.e., CO, concentration) has
a great impact on the ACH,. However, because the
IAQ control usually limits the maximum CO, level

Year Level  Temperature/°C  Humidity ratio/(g-kgg,) Hourly occupant ~ CO, concentration/10° Cooling load/kW
Min 8 3 2 386 0
2019 Avg 22 9 113 480 654
Max 32 16 669 1142 1369
Min 7 4 — — 0
2020 Avg 22 10 — — 601
Max 34 18 — — 1336
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Figure 2 Measured data for a specific day: (a) Building
CO, variation range and ventilation rates based on the
IAQ control; (b) Building cooling load and the number of
occupants; (c) Outdoor temperature and humidity ratio

in this building to lower than 1000x10° (see
Figure 2(a)), the difference between the hourly
ACHyg,,, and ACHg,,, is small. A high initial
quantum concentration scenario is used to highlight
the difference between ACH 5, and ACHgg .

3 Results and discussion

3.1 Parametric study on required ventilation
rates

Figure 3 presents and compares ACH,y and
ACHg under different cases (see Table 2).
Figure 3(a) shows that the initial quantum
concentration greatly impacts ACH,,. When the
initial quantum concentration, C,,, is zero, ACH
is obviously lower than A, However, when C,,
increases, ACH,, increases quickly, and is
greater than ACHg when C,, is around 0.02 gq/m’
(400x10™°). Also, when the number of occupants
decreases, the difference between ACH,, and
ACHg increases. For example, when the initial
quantum concentration is zero, the difference
between the NSS/SS WR models increases from
0.19 ACH to 0.28 ACH when the building volume
to occupant ratio (V/N) increases from 52 to
155 m’/person.

By comparing Figures 3(a) and (b), it can be
seen that when the quantum generation rate,
q, decreases, the difference between ACH,
and ACH increases. For example, when J/N=
52 m’/person, the difference between ACH, and
ACHg is 0.22 ACH when ¢ is 500 g/h, vs. 0.19
ACH when ¢ is 857 g/h. Also, it should be noted
that in Case 2, when there are fewer than 1000
occupants and C,, is lower than 0.005 g/m’ (see
Figure 3(b), V/N=155 m’/person), ACH, is close to
zero. This indicates that the infection risk is low
enough even without ventilation. Figure 3(c) shows
that the increased exposure time shrinks the
difference between the NSS/SS models. For
example, when the exposure time increases from 2 h
to 8 h, the biggest difference between ACH,  and
ACHg reduces from 0.19 ACH at zero C,,to 0.04
ACH. This shrinkage is calculated using Egs. (8a)
and (8b). Without considering the effects of the
initial virus concentration, Eq. (8a) will be equal to
Eq. (8b) for an infinite exposure time. In other
words, with the same target infection risk, as the
exposure time increases, ACH,,will be closer
to ACHg,.

Figure 3(d) shows that the protective measures
(i.e., wearing masks and social distancing)
significantly affect the required ventilation rates.
When C,, is zero, the difference between ACH,
and ACHg can reach 0.6 ACH, which is higher than
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that in Case 1 (see Figure 3(a)). Without the
protective measures, C,, has a significant impact on
ACH,. When C,, is around 0.3 g/m’ (around 1000x
107), the ventilation difference between the NSS/SS
models goes up to 14 ACH, which is much greater
than the difference in the other four cases (Cases 1-
3 and 5). This is because the function of the
protective measures is to reduce the amount of virus
in the air. Without the protective measures, the virus
needs to be completely removed by ventilation (i.e.,
the amount of virus that needs to be removed is
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Figure 3 Required ventilation rate for COVID-19
obtained from non-steady-state and steady-state
Wells-Riley models: (a) Case 1; (b) Case 2;
(c) Case 3; (d) Case 4; (e) Case 5

greater without protective measures). Therefore,
with a high C,,, ACH, is much higher than ACH.
However, the effects of initial infection rates on the
ventilation difference between the NSS/SS models
are slight. Figure 3(e) shows that the difference is
close to the difference presented in Figure 3(a). For
example, under the conditions of V/N=52 m’/person
and C,=0, the differences between ACH,, and
ACHg are both around 0.19 ACH for Case 1 and
Case 5. In Egs. (8a) and (8b), the change in the

initial infection rate, B, will not change the term that
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has the main difference between Eqgs. (8a) and (8b).

From Figure 3, the main difference between
ACH, and ACHg depends on the initial quantum
concentration, C,,. When C,, is high, the ACH,
can be much larger than the ACHy e.g., in
Figure 3(d), the ACHy is fixed at 16, 11 and
5ACH, while ACH, reaches 30, 25 and 20 ACH
when the C,, reaches 0.3 g/m’. Using the NSS WR
model is safer than the SS WR model, because the
impact of C,, is considered in the NSS WR model
(see Eq. (8b)), and the existence of C,, increases the
infection risks.

To highlight this point and analyze the risk, the
actual infection risk of ACHg under a NSS
condition is presented in Figure 4 based on Case 4
settings (i.e., substitute the ACHin Figure 3(d) into
the NSS WR model, Egs. (5a) and (8a)). Figure 4
shows that when C,, is higher than zero, the actual
infection risk is higher than the target value. This
result indicates that it is better to use the NSS WR
model to control mechanical ventilation systems;
Otherwise, the infection risk cannot be controlled
ideally. For example, when C,, is 0.3 g/m’, the
actual infection risk under ACHy=5 condition is
3.5%, which is higher than the target infection
risk (1%).

Initial quantum concentration difference/(q-m™)
40 0.06 0.12 0.17 023  0.29
T T T T
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3| = V/N=78 m>/person
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200 400 600 800 1000
Initial CO, concentration difference/10™

Figure 4 Actual infection risk of ACH, in Case 4

These results match the previous studies, and
further showed that the difference of required
ventilation rates between NSS/SS WR models can
reach extremely high (up to 14ACH) under some
cases. In the previous study, HARRICHANDRA
et al [16] estimated the infection risk for 12 nail
salons by using both NSS/SS conditions. Two
scenarios were considered, NSS/SS scenarios, and
the exposure time in the NSS scenarios (2.5 h) was
longer than in the SS scenarios (1 h). It was found
that the infection risk calculated from the SS WR

model was 20% higher than that from the NSS WR
model. However, this study did not investigate the
NSS/SS WR models under the same conditions and
did not analyze the impacts of different factors, such
as social distancing, on the required ventilation rates
calculated by the NSS/ SS WR models.

In this study, in Figure 3(b), when the initial
quantum concentration, C,,, is zero, ACH,y 1is
obviously lower than ACHg. This result indicates
that the SS WR model overestimates the infection
risk under the conditions of Case 2, matching the
results in Ref. [16]. In Figure 3(d), ACH, is higher
than ACHgwhen the C,, is 0.288 g/m’. This result
indicates that the SS WR model underestimates the
infection risk under the conditions of Case 4 with a
high C,,

3.2 Effects of control strategies on required
ventilation rates and energy consumption
3.2.1 Effects strategies

ventilation rates

The specific day (August 21, 2019) is used to
show the ventilation rates under the NSS/SS-IAQ
control. Two representative ventilation settings,
Case 1 and Case 4, are selected for calculating
ACH, and ACHg. As shown in Section 3.1, Case 1
shows a large relative difference at zero C,,, and
Case 4 can have a large difference on ACH,y and
ACHg when C,, increases. Figure 5 presents the
hourly ACHy,,, and ACHg,,, under the Case 1
and Case 4 settings on the specific day. Under
Case 1 setting, the values of ACH.y,, and
ACHg,,, are almost the same. The largest relative
difference is less than 10% between ACHg,,, and
ACHg,,, at a very low ventilation rate (around
1 m’/s) during the night. By comparing with ACH,,,
in Figure 2(a), it can be found that ACHg,,, and
ACHg,,, are individually equal to ACH,,
indicating that ACH,,, dominates the ventilation

of control on required

control. This is caused by the low number of
occupants. In Figure 2(b), at the highest point, V/N
is around 350, which leads to much lower ACH,
and ACHg than ACH,,, Therefore, ACH,,, is
sufficient to fulfill the safety requirement without
extra ventilation rates.

Compared with Case 1 (Figure 5(a)),
Figure 5(b) shows that the relative differencein
Case 4 is higher than that in Case 1. However, the
absolute difference in the ventilation rate is small,
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Figure S Ventilation rates and relative difference under
the measured scenario on the specific day: (a) Case 1;
(b) Case 4

because the difference of ACH ., and ACHg,,,
exists only when the ventilation rate is low. During
the morning, ACH g, 18 higher than ACHg . The
largest relative difference appears at 5:00 AM, when
ACHyg,,o (14 m’/s; 0.3 ACH) is around twice that
of ACHg,, (6.7 m’/s; 0.16 ACH). During the
afternoon and evening, ACHy,,, is lower than
ACHg,,,, with about a 1 m’s (around 30%)
difference.

Figure 6 presents ACH,,,, and ACHg,,,
calculated from Case 1 and Case 4 under a high
initial quantum concentration scenario (See 2.3.3).
In Figure 6(a), the difference between ACH,  and
ACHg remains small. However, in Figure 6(b), for
three hours during the morning (5: 00 AM to
8:00 AM), the difference between ACH,g,,, and
ACHg,,, is very big, reaching 36 m’/s and
ACHyg,4 1s three times higher than ACHg,,,, at the
highest points. Whereas, in the afternoon and
evening, the difference between ACH,,,, and

Figure 6 Ventilation rates and relative difference under a
high initial quantum concentration scenario on the
specific day: (a) Case 1; (b) Case 4

ACHg,,, remains small. This change can be
explained by Figures 3(a) and (d). Since the NSS
WR model in Case 1 is not sensitive to the initial
quantum concentration, a high initial quantum
concentration cannot lead to a large difference. In
Case 4, a high initial quantum concentration will
cause a huge increase in ACH,. However, due to
an initial high ventilation rate, the quantum
concentration in the building (i.., CO, concentration
in the building) reduces quickly and the difference
between ACH,,, and ACHg,,, continues to
shrink.

The results in Figures 5 and 6 highlight the
IAQ effects on the two new ventilation
control strategies (i.e., NSS-IAQ/SS-IAQ control
strategies). Under the existing ventilation control
strategy based on [AQ, the difference between
ACH 50 and ACHg,,, 1s quite small, because this
strategy limits the building CO, level to around
460x107° (i.e., a low initial quantum concentration).
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However, assuming that all floors have initial 1000x
10° CO, concentration, ACHy,,, is much higher
than ACHg,,,, indicating that the SS WR model
may underestimate the ventilation rate.

These results indicate that it is safer to use the
NSS WR model in the ventilation control since it
considers the initial concentration. Also, it is
important to keep the building at a low CO, level
even it is not occupied.
3.2.2 Effects of control

consumption

strategies on energy
This section presents the impacts of new
ventilation control strategies (Section 2.2.) on
energy consumption. The setup and boundary
conditions of the simulation are presented in
Section 2.3. This section begins with validation of
the energy models. Figure 7 presents the difference
between the measured and calculated energy
consumption of the chiller and ventilation systems
from June to August 2020. The largest relative error
for the chiller system and fans was 2.8% (August)
and 8.5% (June) respectively, but both were lower
than the suggested relative error of 15% in the
Ref. [35]. The accuracy of the energy models was
also evaluated by the hourly CV(RMSE) and
NMBE. According to ASHRAE guideline-14, the
hourly CV(RMSE) and NMBE  between
measurement and simulation should be less than
30% and +10% respectively [36]. In this study, the
hourly CV(RMSE) and NMBE of the chiller system
were 7% and 2%, and the hourly CV(RMSE) and
NMBE of the fans were 15% and 2%; these are
lower than the values in ASHRAE guideline-14.
Therefore, the energy models are validated.

200
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= —+ Simulated chiller system
= -0- Measured fans
S 150 -+- Simulated fans
=
.S
£ 100 F
a
g
3
gf; 50 -
g P===---- U [ 5
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Figure 7 Difference between monthly measured

ventilation and cooling energy usage and simulated
ventilation and cooling energy usage during the COVID-
19 pandemic in 2020

Figure 8 presents the ventilation and chiller
cooling energy consumption based on ACH\g .o
and ACHg,,, of Case 4 with a high initial quantum
concentration on the specific day. The differences
between NSS/SS-IAQ strategies on
ventilation and chiller cooling energy consumption

control

are significant during the morning. For example, the
ventilation energy consumption of the NSS-IAQ
control strategy is 125 kW-h higher than that of the
SS-TAQ control strategy at 6:00 AM. However, the
cooling energy consumption under the NSS-IAQ
control strategy is 23.5 kW-h lower than that under
the SS-IAQ control strategy due to the difference
between ACH\ ., and ACHgg,,o. Higher ACH 40
leads to a higher ventilation energy consumption
than the wventilation energy consumption under
SS-TAQ control strategy. However, in Figure 2(b),
during the morning, the outdoor temperature and
humidity ratio are

lower than the indoor

environment setpoints (23 °C and 11.6 g/kg,.). The
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Figure 8 Energy consumption between SS-IAQ and NSS-
IAQ control
initial quantum concentration on the specific day:
(a) Ventilation; (b) Chiller cooling

strategies of Case 4 with a high
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high ventilation rate introduces more outdoor cool
air into the building, and thus reduces the cooling
loads for the chiller system.

Figure 9
consumption difference

evaluates the total energy
between NSS/SS-IAQ
control strategies in Case 1 and Case 4 from June to
August in 2019 (Note: No high initial quantum
concentration). For comparison, the energy
consumption with only TAQ control is also
presented. The different long-term effects between
NSS/SS-IAQ on the required ventilation rate and
chiller cooling energy consumption are small. For
example, the ventilation energy consumption of the
NSS-IAQ control strategy is only around 1% lower
than that of the SS-IAQ control strategy in Case 4,
while there is almost no difference on the chiller
cooling energy consumption for these two control
strategies. Figure 5 shows that the difference
between ACH 5, and ACHgg 5015 small due to the
low initial quantum concentration limited by TAQ
control. Section 3.1 explained that when the initial

quantum concentration is zero, ACH,, can be
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Figure 9 Energy consumption differences between
ventilation settings: (a) Ventilation; (b) Chiller cooling

slightly lower than ACHg,. Therefore, in the long-
term case study operation, the differences between
NSS/SS-IAQ control strategies on the required
ventilation rate and chiller cooling energy
consumption are small. These results indicate that
the building TAQ should be well controlled, e.g., the
indoor CO, level is maintained below 460x10™ in
the case study.

From the results in Figures 5, 6 and 8, only
when the occupants do not have any protective
measures (e.g., Case 4) and the initial quantum
concentration is high, the difference between
ACHyg,,o and ACHg,,, is large. The ventilation
energy consumption between ACH.y,, and
ACHg,,, has a relatively large difference. For the
other settings (e.g., Case 1), the difference between
ACH 0 and ACHg,,, 1s small. From Eq. (5a) and
Eq. (5b), the main difference between the NSS/SS
WR model is related to the protective measures and
initial quantum concentration. In summary, the
difference between ACH\,,, and ACHg,,, depends
on the situation. The results of Figure 4 indicate that
the NSS WR model is safer than the SS WR model,
because the ACH( cannot reduce the actual
infection risk to the target value in Case 4.
Therefore, the NSS WR model is
recommended for the ventilation control strategy.

more

4 Conclusions

This paper first investigated the differences
between the non-steady-state (NSS) and steady-state
(SS) Wells-Riley (WR) models. The NSS/SS WR
models were established, which included factors
that were ignored in the previous study, such as the
initial quantum concentration. Then,
ventilation control strategies based on the NSS/SS
WR models were proposed. Using a real building
for the case study, the differences in the ventilation

two new

rates and energy consumption under the two new
ventilation control strategies were evaluated. The
major conclusions are summarized below:

1) Without considering the initial quantum
concentration, the required ventilation rate
calculated with the NSS WR model is always lower
than the required ventilation rate calculated with the
SS WR model, but the difference is small. For this
study, the largest difference reached 0.6 ACH.

2) If the occupants do not follow any protective
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measures wearing masks and social

(e.g.,
distancing), the high initial quantum concentration
can lead to large differences between the NSS/SS
WR models for the required ventilation rate, which
indicates that the SS WR model may underestimate
the ventilation rate required to reduce the risk of
infection. In the case study, under a 0.3 g/m’ initial
quantum concentration condition (i.e., CO,
concentration of 1400x10°), the required ventilation
rate calculated with the NSS WR model was 14
ACH (607 m’/s) higher than that calculated with the
SS WR model.

3) It is recommended to keep the building at a
low CO, level even it is not occupied. In the case
study, if the initial CO, concentration is 1000x107°
before occupants enter the building and without
protective measures, it will lead to a large difference
in the required ventilation rate (36 m'/s; up to
220%) and related ventilation energy consumption
(125 kW-h; up to 150%) between NSS/SS WR
controls. However, if the initial CO, concentration is
450x107° before occupants enter the building, the
difference is very negligible.

This study focuses on the difference between
the NSS/SS WR models. Some methods that can
further improve the prediction accuracy of WR
models are not considered. For example, it is easy to
integrate the new coefficients to improve the WR
model and consider the spatial effects. Furthermore,
this study only discusses ventilation and cooling
energy consumption. During the winter when the
outdoor temperature is low, the impacts of the
ventilation control strategies based on the WR
models on the heating energy consumption should
be investigated future.
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