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Abstract

During the COVID-19 pandemic, an increasing amount of evidence has suggested that
the virus can be transmitted through the air inside buildings. The ventilation system used to
create the indoor environment would facilitate the transmission of the airborne infectious
diseases. However, the existing ventilation systems in most buildings cannot supply sufficient
clean outdoor air for diluting the virus concentration. To reduce the airborne infection risk and
minimize energy consumption, especially in existing buildings with well-mixed ventilation
systems, this investigation used an ultraviolet-C (UV-C) air disinfection device (Rheem's third
generation products, RM3) with 99.9% disinfection efficiency to clean air carrying the
COVID-19 virus (severe acute respiratory syndrome coronavirus 2, SARS-CoV-2) which
could help promote environmental sustainability and create healthy cities. This investigation
assessed the impact of the RM3 UV-C units on the infection risk, the number of RM3 UV-C
units required, and the strategy for decreasing the infection risk, with the use of
computational-fluid-dynamics (CFD) numerical simulations. An actual office building with a
combination of individual offices and workstations was selected as an example for the
research. According to the numerical results, the best strategy would be to use a combination
of 100% outside air and UV-C in heating, ventilation and air-conditioning (HVAC) ducts with
air disinfected by the RM3 UV-C units. The infection risk in the office building could thus be
reduced to a negligible level. These findings could provide theoretical basis and engineering
application basis for COVID-19 epidemic prevention and control.

KEYWORDS: Airborne transmission;, COVID-19; Infection risk; Indoor environment; CFD;
Ultraviolet-C disinfection device

1 Introduction

Since the outbreak of COVID-19 in 2019, more and more evidence has suggested that
the virus can be transmitted through the air from a sick patient and that the virus in small
aerosol droplets can survive in the air for hours (Doremalen et al., 2020; Liu et al., 2020;
Morawska and Cao, 2020). Some studies have also indicated that the ventilation systems
(Ding et al., 2020; Pei et al., 2021) used to create the indoor environment in buildings would
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affect the transmission of airborne infectious diseases (Blocken et al., 2021; Li et al., 2007).
For example, in a Dutch nursing home, 17 out of 21 residents and 13 out of 34 healthcare
workers wearing surgical masks in the same ward were infected. In addition, to save energy,
this ward was ventilated using recirculated air without filtration when the CO2 concentration
was lower than 1000 ppm. However, the occupants of six other wards ventilated by outside air
in the same facility were not infected. The researchers’ findings indicated that the airborne
transmission (Crema, 2021; Rahmani, 2020; Yao et al., 2020) resulted from an inadequate
supply of outside air (Man et al., 2020). The outside air supply rate to offices, conference
rooms, shops, libraries, restaurants, etc., was much lower than that in hospitals, and thus the
infection probability in those spaces would be higher. The epidemiologic analysis,
experimental measurements, and simulation results from Li et al. (2021) indicate the high
probability of airborne transmission in a poorly ventilated and crowded restaurant. Moreover,
people spend more than 87% of their daily lives inside buildings (Klepeis et al., 2001). It is
particularly important to improve air quality indoors (Agarwal et al., 2021; Cao et al. 2020)
and reduce indoor exposure to airborne infectious diseases (Kenyon et al., 1996; Moser et al.
1979; Olsen et al. 2003) in the existing buildings.

To improve indoor air quality during the COVID-19 pandemic, the most common
recommendation has been to supply sufficient outdoor air to minimize the infection risk of
COVID-19 in buildings (ASHRAE, 2020; CDC, 2020; European Centre for Disease
Prevention and Control, 2020). More fresh air needs extra energy to handle outdoor air, such
as heating, cooling and (de)humidifying. However, not all the ventilation systems in buildings
can handle the heating and cooling load with 100% outside air. There are no ventilation
standards for the amount of outdoor air required in buildings for the control of SARS-CoV-2
infection (ASHRAE Standard, 2019). Other studies (Feng et al., 2021; Rahmani et al., 2021;
Xu et al., 2020) have proposed intermittent occupancy with ventilation (Melikov et al. 2020),
a decrease in occupancy density (Wang et al. 2021), or a reduction of working hours (Zhang
et al., 2020). All these measures could help in principle, but they are not permanent solutions.
The purpose of the present investigation was to provide a simple and energy saving method
for reducing the SARS-CoV-2 infection risk with minimal changes to existing ventilation
systems, so as to create a healthy indoor environment and enable people to return to work.

One promising technique is the use of local air cleaning systems (Morawska and Milton,
2020) in combination with ventilation. Therefore, this investigation aims to using an
ultraviolet-C (UV-C) disinfection device to clean air carrying SARS-CoV-2. To assess the
virus airborne transmission mechanism and the performance of the device, this study
calculated the infection risk with the spatial distribution of SARS-CoV-2 in a large office
building.

2 Methods

To investigate the infection risk of SARS-CoV-2 in a large office building and the
performance of the disinfection device, this study would firstly validate the numerical
simulation method with experimental data. Then the validated simulation method was used to
solve N-S equation for the flow field and Eulerian method was used to predict the spatial
distribution of the SARS-CoV-2 virus concentration. With the SARS-CoV-2 virus
concentration, this investigation further adopted the Wells-Riley equation to evaluate the
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spatial distribution of the infection risk and explore the effect of air disinfection device on
reducing the probability of infection.
2.1 Airflow and turbulence model

The investigation used computational fluid dynamics (CFD) to calculate the spatial
distributions of airflow (Chen et al. 2021; Ren and Cao, 2021), air temperature, and
SARS-CoV-2 concentration (Ren and Cao, 2020; Ren et al. 2021) in an office building.
Accurate prediction of indoor airflow distribution is essential for studying the spatial
distribution and transmission of airborne infectious diseases. The indoor air distribution in this
study was predicted by CFD solving the Reynolds-averaged Navier-Stokes (RANS) equations
closed with the renormalization group (RNG) k-¢ model (Choudhury, 1993). This turbulence
model has the best perforpance among many evaluated in the literature (Chen, 1995; Zhang et
al., 2007) for airflow in the indoor environment.

To predict the spatial distribution of SARS-CoV-2 in a large office building, both Euler’s
method (Guo et al., 2021; Liu et al., 2021; You et al., 2019; Zhang and Chen, 2007) and
Lagrangian method with CFD are widely used. However, Lagrangian method may not be easy
to achieve a stable solution for different factors, such as the number of the released virus,
uncertainty, and random factors (Zhang and Chen, 2007). So, this investigation used the
Eulerian method for the further study.

2.2 Eulerian method

The Eulerian method treats the particle (droplet or virus) phase as a continuum phase and
solves the spatial distribution of SARS-CoV-2 virus by solving the following scalar transport
equation:
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where @ is the SARS-CoV-2 quanta concentration, 7 is time, x; and x; are coordinates in the i
and j directions, respectively, p is air density, U is air velocity, ['s is the diffusion coefficient,
and So is the quantum generated by an index patient. Here “quanta” are the hypothetical
infectious dose units proposed by Wells (1955) and used to signify the strength of the
infection produced by an infected patient. The quanta are usually back-determined from the
outbreak cases. This investigation used ANSYS 2019R3 Fluent, a widely used commercial
CFD program, to predict indoor air distributions (Cao, 2018; Feng et al. 2019) and quanta
concentration. Since it is commercial software, the source code cannot be modified directly.
User defined function (UDF) always needs to be written by users according to requirements
and connected with the software through the interface provided by the software. For solving
Eq. (1), this study ignored the Brownian diffusivity and adopted the homogeneous assumption
which assume the Stokes number of a particle equal zero. The turbulent Schmidt number was
set at 1.0 (You et al., 2019). All the above assumptions were used in previous studies (Guo et
al., 2021; Liu et al., 2021; You et al., 2019; Zhang and Chen, 2007). This study first employed
the finite volume method to discretize the RANS equations closed with the RNG k-¢ model
and Eq. (1), and then solved the discretized equations with the SIMPLE algorithm (Patankar
and Spalding, 1972). To simulate the buoyancy effect, Boussinesq approximation (Boussinesq,
1903) was adopted in this investigation. All the CFD simulations were conducted on a
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computer cluster with 128 processor cores (processor base frequency: 2.0 GHz) and 256 GB
of memory.
2.3 Wells-Riley equation

To assess the quantitative infection risk, the spatial distribution of SARS-CoV-2 quanta
calculated by CFD was used in the Wells-Riley equation and the dose-response model (To and
Chao, 2009). The Wells-Riley equation was first proposed by Riley et al. to assess the
infection risk during the measles pandemic in 1978 (Riley et al., 1978). Liu et al. (2021) used
a modified Wells-Riley equation to study the impacts of different dividers on the infection risk
in restaurant environments. However, their results shows that this method will make the virus
stay in the partition space and infect the next person. Guo et al. (2021) only developed a new
rapid method to access the spatial distribution of infection risk based on the fixed air flow
pattern when the occupants’ locations are variable. This investigation tried to propose an
energy saving equipment to deal with the SARS-CoV-2 virus and predict the infection risk by
employing the Wells-Riley equation. Dai and Zhao (2020) estimated the quanta value for
COVID-19 that was used for this study.

Under the assumption of a fully mixed state, the Wells-Riley equation estimates the
average infection risk probability P and average quanta concentration @ay in the office
building as a whole through Egs. (2) and (3). Both P and ®ay are affected mainly by the clean
air ventilation rate Q.

P = 1 —elart1/Q (2)
Pavg = Iq/Q 3)

where I represents the number of index patients; ¢ the quanta produced by each patient (h'!); p
the pulmonary ventilation rate of each susceptible person (m?/h), in a seated position or doing
light activity, p = 0.3 m*/h; #1 the duration of exposure (h); and Q the ventilation rate of clean
air supplied to the room (m?/h). The quanta range for COVID-19 estimated by Dai and Zhao
(2020) was 14-48 h'!, and this investigation used the median value of 31 h''. This study
assumed that each susceptible person was exposed for 8 hours in an office and that the office
space had four infected occupants.

To solve the individual infection risk probability for each person, this study needed to
determine the local average quanta concentration @x¢ in the breathing zone 6 of person k.
Based on the CFD simulation results, this investigation calculated the local average quanta
concentration ®@o by means of Eq. (4). The breathing zone 6 was assumed to be a spherical
space centered at the nose of each person, with a radius of 0.2 m which was determined
according to Shi et al. (2019) study.

Z”:md)k i+ Volyii
Dro = (4)
’ Yii=1 Vol

where @riiand Volkii are the quanta concentration and volume of cell ii in the breathing zone 6,
respectively; and m is the total number of cells in the breathing zone. With the average quanta
concentration in each susceptible person’s breathing zone, this investigation then estimated
the infection risk for each susceptible person Px through the following equation:
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2.4 RM3 UV-C unit for localized air disinfection

An effective method for reducing the infection risk for each susceptible person is to
increase the number of air changes per hour (ACH) in an indoor space. However, this
approach causes a steep rise in HVAC operating costs. The same objective can be achieved by
installing localized air disinfection devices.

The localized air-cleaning techniques include air purifiers with fibrous filter, electrostatic
removal system (Mo et al., 2020), UV system, etc. HEPA filters are commonly used for
particles filtration (Ding et al. 2020). However, the first two methods have re-aerosolization
and electric breakdown risks. Heilingloh et al. (2020) studied the sensitivity of SARS-CoV-2
to ultraviolet light, their results shows that ultraviolet light can quickly inactivate
SARS-CoV-2. Casini et al.’s (2019) study shows that UV-C can effectively reduce the
probability of infection on high-touch surfaces. Feng et al. (2021) also indicated that UV is
the most reliable and safe method which is suitable for different indoor environment, such as
hospital, office building, school, et al. All these studies (Feng et al., 2021; Heilingloh et al.,
2020; Nakpan et al. 2019) indicated that UV-C can be used to against SARS-CoV-2, so this
investigation developed an RM3 UV-C units with ultraviolet germicidal irradiation (UVGI)
technology to sanitize the recirculating air for reducing the infection risk during the epidemic
period.

The UVGI light in this investigation employed the short-wavelength UV-C range, from
100 to 280 nm, as the principal mode for disinfecting from the SARS-CoV-2 virus. It works
by permanently destroying the DNA structure of the pathogens, rendering them non-virulent.
Fortunately, the SARS-CoV-2 has been found to be particularly susceptible to radiation in this
range (Narita et al., 2020). Note that, UV-C light, although being fatal to microorganisms,
does not pose significant health risks to humans (Buonanno et al. 2017). The aim of using the
RM3 UV-C unit was to kill 99.9% of the viruses (kill efficiency # = 99.9%) with the UVGI
light. To achieve a given kill efficiency, the required UV irradiance / can be determined from
First et al. (1999):

1-p= 2 =ek" (6)

No

where N; represents the number of virus particles that survived the RM3 UV-C unit; N, the
number of virus particles exposed; K the UV-C inactivation rate constant (cm?uW-s); I the
UV irradiance (uW/cm?); and 1 the exposure time (s). Buonanno et al. (2020) thought that all
coronaviruses would respond similarly to the UV-C light, and thus the inactivation rate
constant K for SARS-CoV-2 could refer to the K of human coronavirus 229E (HCoV-229E)
or human coronavirus OC43 (HCoV-0OC43).

The RM3 UV-C air disinfection unit, shown in Fig. 1(a), draws in the surrounding air at
the base and discharges treated air at the top. The height of RM3 UV-C unit is 2.29 m (7.5 ft)
and the diameter of the main body is 0.2 m (8 inch). It can handle 200 CFM of air with the
kill efficacy of 99.9%. Fig. 1(b) depicts the simplified RM3 UV-C unit model used for the
CFD simulation. Fig. 1(c) illustrates the operation of an RM3 unit when integrated with the
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ventilation system in an office.
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Fig. 1. (a) Physical model of RM3 UV-C air disinfection unit, (b) simplified model of the
RM3 unit used for CFD simulation, and (¢) an RM3 UV-C unit installed in an office with
mixing ventilation.

The unit designed in such a way has two main advantages. One is that the unit works on
the principle of a unidirectional downward flow as shown in Fig. 1(b), thus it can exert a
downward push on the microdroplets to force them to drop to the floor before landing on
surfaces or being inhaled by occupants. Another one is that it can prevents stirring up of
microdroplets that have dropped to the floor level. Compared with the displacement
ventilation system (Kong et al., 2021) with higher contamination discharge efficiency, the
RM3 UV-C air disinfection unit design is most effective in a well-mixed ventilation
configuration.

Since the shortwave UV-C in the RM3 unit can effectively eradicate the pathogens in the
return air, it can inhibit the transmission of airborne diseases to occupants in close proximity
in the office space. Thus, the 6-feet social distancing rule (Feng et al., 2020) could be reduced
in indoor environments.



3 Results

This section describes our validation of the CFD simulation results and our use of the
CFD tool to study the performance of ventilation systems and RM3 UV-C units in buildings.
3.1 CFD Validation

This investigation validated the CFD simulations by comparing the numerical results
with measured data from Srebric and Chen (2002), where flow characteristics were typical for
office buildings. The experiment was conducted in a full-scale environmental chamber, as
shown in Fig. 2, with a mixing ventilation system. The dimensions of the chamber were 5.16
m X 3.65m X 2.43 m. Outdoor air was supplied through a square diffuser installed in the
ceiling and exhausted through an outlet near the floor at a ventilation rate of 4.9 ACH. The air
supply velocity and temperature were 5.2 m/s and 14.5 °C, respectively. The temperature of
the wall, floor, ceiling, and window were 24 °C, 24.23 °C, 24.32 °C, 26.95 °C, respectively.
The occupants (74 W), computer 1 (108 W), computer 2 (173 W), and lights (34 W) were
constant heat sources that included radiation and convection. In addition, this study assumed
that convective heat transfer accounted for 60% and was used to set the heat flux boundary
conditions. Other detailed geometry information is available from Srebric and Chen (2002). In
this investigation, the environmental chamber model was discretized by about 4.3 million
non-uniform triangular pyramid cells, with which this study achieved grid-independent results.
Three black lines in Fig. 2 represent the measurement locations.

Cabinet

Outlet

(a) Schematic view of the environmental chamber
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(b) Boundary mesh information
Fig. 2. Schematic view of the environmental chamber from Srebric and Chen (2002) and mesh
information.

Fig. 3 compares the measured and calculated results in the environmental chamber. The
results are presented only for line 1 because the results on the other lines were similar (the
results on lines 2 and 3 can be found in Appendix A section). Since there were some
uncertainties in the measurement of low air velocity and because there were numerical errors
in the simulated results, it was difficult to achieve perfect agreement between the
experimental data and numerical results. The predicted results shown in Fig. 3 were
acceptable for our applications, and thus this study could use the CFD tool to simulate the
airflow, air temperature, and SARS-CoV-2 quanta concentration in office buildings with the
expectation of reliable results.
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Fig. 3. Comparison of calculated results with experimental data on line 1 in the environmental
chamber: (a) air velocity (b) air temperature, and (c) SF¢ concentration. In the figure, Z = measurement
height/total room height of 2.43 m, U = air velocity/air supply velocity, 6 = (T - Tin)/(Tou - Tin) with T},



=14.5 °C and Tou = 24.1 °C, and C = (¢ - ¢in)/ (Cour - Cin) With ¢; = 0.0492 ppm and ¢, = 1.0496 ppm.
3.2 Ventilation and air disinfection system study

Most office buildings in the United States use conventional well-mixed ventilation
systems, which dilute contaminated air with supply air to achieve an acceptable, uniform
contaminant concentration. Many offices use recirculated air that is filtered by conventional,
low-grade filters (primary filters) and these primary filters mainly for filtration particles above
5 um. Such filters have close to 0% filtration efficiency for the SARS-CoV-2 virus which is
usually less than 5 pm. The problem could be remedied with the use of auxiliary air
disinfection devices.

This study used RM3 units together with a mixing ventilation system for a one-floor
building with a combination of individual offices and workstations as shown in Fig. 4(a). The
dimensions of each office were 47.2 m X 143 m X 5.6 m. The doors to the individual
offices were closed, and a 3 cm gap between the floor and the lower door frame allowed air
exchange between the individual offices and the larger space with workstations. This study
used actual information measured at diffusers as inputs. The flow rate of outdoor air through
the ventilation system was 946 m*/h or 0.46 ACH, which accounted for only 10% of the total
ventilation rate (9460 m*/h). The remaining 90% was recirculated air. As depicted in Fig. 4(b),
the office had a total of 59 occupants, and the 4 occupants shown in red were assumed to be
COVID-19 patients. The viruses were released through the patients’ mouth, as shown in Fig.
4(b), and the breathing rate and quanta value were 0.3 m*h and 31 h'!, respectively. Each
person had a desktop computer. The temperature boundary conditions of the supplied air, the
computer and the occupants were 21.11 °C (70 °F), 32.22 °C (90 °F) and 31.11 °C (88 °F),
respectively. The CFD simulations used more than 20 million cells to achieve grid-independent
solutions.
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(b) Locations of the 59 people in the offices, with four index patients shown in red
Fig. 4. The office building and its occupant distribution.
To reduce the infection risk in the office, this study proposed the installation of thirty-six
RM3 UV-C units with disinfection efficiency of 99.9%. For each unit, the flow rate was 339.8
m?3/h. The units supplied a total of 12,221 m*/h (= 36 units x 339.8 m?/(h-unit) x 0.999) clean air
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to the building. They were installed throughout the office as shown in Fig. 5.
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(b) mesh information of the black dashed area in the upper figure

Fig. 5. Distribution of the 36 RM3 UV

C units in the office building and mesh information.

To evaluate the performance of the RM3 UV-C units and assess whether the existing

ventilation system provided sufficient outdoor ai

1, this study used the existing system without

with 100% outside air. Case C was the same as Case A but with 36 RM3 units that had a 99.9%
disinfection efficiency for SARS-CoV-2. Case D was the same as Case B but with 36 RM3
units, or the same as Case C but with 100% outdoor supply air. Table 1 provides the technical

specifications of the four cases used in this study. Note that the equivalent ventilation rate is
equal to the sum of the outdoor air flow rate and the flow rate of air treated by the RM3 UV-C

RM3 units as the reference case (or Case A in Table 1). Case B was the same as Case A but
units divided by the volume of the office building.
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Table 1 Key information for the four cases used in this study.

Outdoor ] o . Treated L . Equivalent
. Recirculated | Filtration | Cleaning . Disinfection .
Case air . . . air flow . ventilation rate
3 air efficiency | device 3 efficiency
(m°/h) rate (m°/h) (ACH)
A 946 90% 0 None - - 0.46
B 9460 0% 0 None - - 4.55
C 946 90% 0 RM3 12221 99.9% 6.33
D 9460 0% 0 RM3 12221 99.9% 10.43

The average infection risk probability and quanta concentration calculated by Egs. (2)
and (3) for Case A were 26.99% and 0.13 per m’, respectively, for an eight-hour stay in the
office. The black histograms in Fig. 6 portray the infection risk probability for each susceptible
occupant, obtained by means of Eq. (5). Due to the well-mixed ventilation system, the

infection risk for the susceptible occupants was close to the average value. Occupants 1-6, 9,
26, 27, 38, 39, 40, and 42 had a higher infection probability than others, because these people
were in close proximity to infected occupants 8, 23, and 43.
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(c) Occupants 31-45
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(d) Occupants 46-59
Fig. 6. The infection risk probability for each susceptible occupant in different cases (Detail
results can be found in Appendix B).
Next, Fig. 7(a) displays the quanta concentration in the breathing zone (at a height of 1.1
m from the floor). Note that, the average value was 0.13 per m>. The results indicate that the
quanta concentration was higher near the index patients than in other areas. In the individual
offices, where there were outlets, the quanta concentration was lower than the average value.
Figs. 7(b) and (c) display the distribution of the infection risk and air velocity vectors in the
breathing zone, respectively. Since the indoor air flow is evenly mixed, the infection
probability in the breathing zone is near the average value (27%).

0.150
0.135
[ I m 0.120
r 0.105
: 0.090

0.075

0.060

0.045

0.030

I 0.015

0.000

13



(a) Quanta concentration distribution
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(c) Air velocity distribution
Fig. 7. Distribution of quanta concentration, infection risk, air velocity in the beathing zone (Z =
1.1 m) in Case A.

With the higher outdoor air ventilation rate in Case B, the average infection risk was
sharply reduced to only 3.10% for an 8-hour stay. The corresponding average quanta
concentration for Case B was 0.013 per m®. Note that, since the difference between Case B and
Case A is the outdoor air ratio, the flow field of Case B is exactly the same as that of Case A as
shown in Fig. 7(c).

The blue histograms in Fig. 6 indicate the infection risk for each susceptible person. Among
the occupants of the individual offices (31, 32, 48-56, 58, 59), the infection risk for the majority
(48-56, 58, 59) was reduced to almost 0%. The infection risk for occupants 31 and 32 was 1.58%
and 1.50%, respectively, because their offices did not have any air supply diffusers or outlets,
and the indoor air could be exchanged only through the gap between the floor and the door
frame.

Meanwhile, Fig. 8 depicts the areas in which quanta concentration and infection risk
distribution. A comparison of Figs. 7 and 8 reveals that the area that above the average value
(0.013 per m* and 3.1%) for Case B was similar to that for Case A. The uniform distribution of
the outlets prevented excessive accumulation of the quanta in some areas.
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(b) Infection risk distribution
Fig. 8. Distribution of quanta concentration and infection risk in the breathing zone (Z = 1.1 m)
in Case B.

Compared with Case A (26.99%), the 36 RM3 UV-C units used in Case C (2.23%) reduced
the average infection risk probability by 24.74%. In addition, the average infection risk Pc
(2.23%) was smaller than Ps (3.10%), which occurred because the amount of outdoor air
(9460 m3/h) used in Case B was smaller than the amount of equivalent clean air (946 + 12221
=13,167 m*/h) used in Case C. Note that the infection risk difference among the susceptible
occupants, as depicted by the red histograms in Fig. 6, was much smaller than that in Case B,
because the RM3 UV-C units were almost evenly distributed in the building. The distribution of
quanta concentration, infection risk, air velocity in Case C is displayed in Fig. 9. A comparison
of Figs. 7 and 9 indicates that RM3 UV-C units can decrease the quanta concentration and
infection risk obviously. Note that, with higher amount of recirculation air, the air velocity as
shown in Fig. 9(c) is higher than Fig. 7(c).
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Fig. 9. Distribution of quanta concentration, infection risk, air velocity in the beathing zone (Z =
1.1 m) in Case C.

Ideally, buildings with an infection risk of lower than 2% (Sun and Zhai, 2020) would be a
better indoor environment for people to return to the workplace during the epidemic. Cases B
and C were still above the threshold. Therefore, this investigation used 100% outdoor air and 36
RM3 UV-C units simultaneously in Case D. This effort reduced the average infection risk
probability and quanta concentration in the office to be only 1.36% and 0.00575 per m>,
respectively. The infection risk for each susceptible person in Case D is depicted by the green
histograms in Fig. 6. Although the distribution of the RM3 UV-C units was fairly uniform,
occupants benefited differently due to the non-even distribution of the air supply diffusers, local
air patterns, and proximity to the index patients. Fig. 10 shows the quanta concentration and
infection risk distribution in the breathing zone. This figure also clearly demonstrates that the

16



occupants located near the index patients were exposed to a high quanta concentration and
infection risk.
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Fig. 10. Distribution of quanta concentration and infection risk in the beathing zone (Z=1.1 m)
in Case D.

Fig. 11 compares the average infection risk in the four cases. When the amount of
equivalent clean air indoors was low, increasing the clean air supply (Case B) or using RM3
UV-C units (Case C) would significantly reduce the infection risk. An infection risk below 2%
(Sun and Zhai, 2020) would require the use of 100% outdoor air and the RM3 units together.
The use of 100% outdoor air would significantly increase the energy costs for air handling
and employing RM3 UV-C units could be preferrable. In Case C, where the infection
probability was close to 2%, additional RM3 units could be used to reduce the probability
below 2% while still using minimal outdoor air as in the current design.
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4 Discussion

Since the office building was very large, the use of a model with realistic human
geometry for the occupants would have dramatically increased the number of computer cells
required. Therefore, this investigation used a rectangular column to represent an occupant.
Cheng and Lin (2016) studied different geometries for the human body and found the
simplified rectangular model to be satisfactory.

The quanta value provided by Dai and Zhao (2020) was based on previous data. As the
COVID-19 epidemic continues, future studies can assess the infection risk based on the latest
quanta value using the same method.

RM3 UV-C units developed in this study only handle the indoor air using the UVGI light
and then send back into the room. Since the RM3 UV-C units do not need extra energy to heat,
cool or (de)humidify the indoor air (Sha et al. 2021), it can achieve lowers investment and
operational costs.

The RM3 UV-C units as shown in Fig. (1) draws the air from the bottom and discharges
the treated air from the top. However, it would be worse for the indoor comfort and indoor air
quality when the treated air discharged from the bottom. That was because it may raise the
settled virus again which would pollute the air in the breathing zone and cause draft sensation.

Since it is too difficult to conduct the experiment using the SARS-CoV-2 virus, this
investigation did not directly measure the kill efficiency of RM3 UV-C units by experiment
but designed the RM3 UV-C units according to the research results of Narita et al. (2020) and
the calculation formula as shown in Eq. (6) from First et al. (1999). The proposed RM3 UV-C
unit was designed with a 99.9% kill efficiency by the utilizing optimum powered UV-C lights
in the assembly. In addition, the effectiveness of RM3 is mostly affected by the air filter, the
filter may get clogged up and lesser air would be drawn in after prolonged use. It will
certainly lower the effectiveness of the RM3 UV-C units, so it is necessary to clean the filter
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regularly.

The methodology used to evaluate the infection risk in the office building was based on
the steady state assumption, however, unsteady boundary conditions and the movement of the
occupants would form unsteady flow filed which may further affect the transmission of the
SARS-CoV-2 virus. Future study would explore the transmission of the SARS-CoV-2 virus
under the unsteady state.

In this study, four infected persons were evenly and randomly distributed to study the
probability of infection. For real cases, the locations of the infected people need to be
determined according to the actual situation.

This investigation added one more case, Rheem office with 49 occupants, as shown in
Fig. 12 (a) for comparison. The geometry and number of the occupants were different with
Roswell office. It had the similar well-mixed ventilation system with Roswell office, while
the average infection risk (20.56%) was lower than that of the Roswell office (27%). That was
because the total air flow rate (946 m3/h) of the Roswell office was smaller than that of the
Rheem office (12930 m3/h). Fig. 12 (b) shows the infection risk distribution which indicated
that the infection risk in the office near the average value except the area around the index
patients. All in all, whether it is Roswell office or Rheem office, the infection risk mainly
depends on the amount of clean air.
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Fig. 12. Layout of the office building and distribution of infection risk in the beathing zone (Z
=1.1 m).

For the studied Roswell office example, this investigation used 36 RM3 UV-C units to
achieve the lower infection risk. It does not mean we should install 36 RM3 UV-C units in
every office building. The actual number of the RM3 UV-C units can be determined by the Eq.
(2) based on the requirements. In addition, the locations of RM3 UV-C units were randomly
and evenly distributed in this investigation which may not be the optimal locations. Future
study would adopt the inverse design method (Zhao et al., 2020; Zhao et al., 2021) to identify
the optimal locations of the RM3 UV-C units.

The communication mechanism of COVID-19 includes air transmission, contact
transmission and droplet propagation. This study only explores the probability of airborne
infection. Future study will investigate the deposition of virus on the surface, the risk of
contact infection and droplet transmission.

Based on the above results and findings, this study would suggest that the enclosed
indoor environment install air purification device or supply enough fresh air to create a
healthy indoor environment and people wear surgical or N95 mask in the office to reduce the
infection risk.

The simulation assumed that the efficiency of RM3 UV-C units is 99.9%, but its
efficiency may decrease with the increase of service time. Therefore, the influence of this
factor should be considered in practical application.

5 Conclusions
This investigation used CFD simulations and the Wells-Riley equation to assess the
infection risk for susceptible people in a large office building that consisted of individual
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offices and a workstation area. The study compared four different ventilation/disinfection
strategies: (1) with 90% recirculated air in the ventilation system, (2) with 100% outdoor air,
(3) with 90% recirculated air and thirty-six RM3 UV-C units, and (4) with 100% outdoor air
and thirty-six RM3 UV-C units. The following conclusions were reached:

The use of well-mixed ventilation in the office building led to a uniform infection rate
in the workstation area. Individual offices with closed doors had only a slightly lower
risk because recirculated air brought the virus back to these offices. For the Roswell
case of 90% recirculated air in this study, the infection risk was 27% for an 8-hour stay
in the office building when there were four index patients.

The use of 100% outdoor air would reduce the infection risk sharply, but the effort
would significantly increase energy costs for handling the air. The results in this study
indicated that the infection risk would decrease from 27% (10% outdoor air) to only
3.1% using 100% outdoor air.

UV-C units are highly recommended due to the minimal changes to existing
ventilation systems and the minimal energy cost increase. For example, bringing the
infection risk in the office below 2% which is the suggested targeted infection
probability in Sun and Zhai’s (2020) study would require a combination of 100%
outside air and the use of the RM3 UV-C units. An alternative would be the use of
more RM3 UV-C units with only 10% outside air to achieve the energy saving.

The infection risk in well-mixed indoor environment directly depends on the amount
of clean air (outside air or the treated indoor air).
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Appendix A. Validation results
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Fig. 13. Comparison of calculated results with experimental data on line 2 and 3 in the
environmental chamber: (a) air velocity (b) air temperature, and (c) SFs concentration. In the figure, Z
= measurement height/total room height of 2.43 m, U = air velocity/air supply velocity, 6 = (T -
Ti)/(Tous - Tin) with Ty, = 14.5 °C and T = 24.1 °C, and C = (¢ - ¢in)/ (Cou - Cin) With ¢in = 0.0492 ppm
and cou: = 1.0496 ppm.

Appendix B. The infection risk values of susceptible person in different cases
Table 2 The infection risk values of susceptible person in different cases

Num | Case A | Case B | Case C | Case D Num | Case A | Case B | Case C | Case D
1 27.45% | 2.05% | 2.45% | 0.81% 31 | 25.68% | 1.58% | 0.00% 0.00%
2 27.07% | 2.24% | 2.24% | 1.26% 32 | 25.72% | 1.50% | 0.00% 0.00%
3 27.53% | 2.67% | 2.32% | 1.54% 33 | 25.50% | 1.36% | 1.77% 0.35%
4 |28.52% | 3.33% | 3.59% | 1.97% 34 | 2557% | 1.43% | 1.59% 0.55%
5 28.40% | 3.17% | 5.45% | 4.15% 35 | 2585% | 1.72% | 1.57% 0.57%
6 |28.08% | 3.40% | 2.84% | 2.06% 36 | 26.23% | 1.96% | 1.96% 0.48%
7 26.90% | 2.43% | 8.97% | 7.63% 37 |25.70% | 1.49% | 1.62% 0.51%
9 28.41% | 4.52% | 2.45% | 1.75% 38 | 25.80% | 1.64% | 1.53% 0.59%
10 | 26.03% | 1.37% | 2.36% | 1.00% 39 | 27.76% | 6.05% | 2.87% 1.51%
11 ]26.15% | 1.60% | 2.28% | 1.01% 40 |27.96% | 4.80% | 3.27% 2.47%
12 | 26.55% | 4.68% | 3.31% | 2.24% 41 | 25.70% | 1.75% | 1.95% 0.98%
13 | 25.62% | 1.36% | 2.05% | 0.79% 42 | 27.74% | 7.92% | 2.30% 0.81%
14 | 2581% | 1.44% | 2.43% | 1.34% 44 |1 25.85% | 1.86% | 3.83% 3.10%
15 |26.13% | 2.25% | 2.85% | 1.88% 45 1 26.14% | 5.70% | 1.99% 0.53%
16 |25.24% | 2.48% | 2.04% | 0.79% 46 | 25.89% | 4.45% | 1.85% 0.81%
17 |25.58% | 2.21% | 2.01% | 1.12% 47 | 25.59% | 2.78% | 2.78% 2.13%
18 |2591% | 1.79% | 2.11% | 1.32% 48 | 24.50% | 0.00% | 1.61% 0.07%
19 |2540% | 2.81% | 3.02% | 1.69% 49 124.50% | 0.00% | 1.71% 0.18%
20 | 25.63% | 2.39% | 2.43% | 1.26% 50 |24.50% | 0.00% | 1.74% 0.09%
21 | 25.79% | 1.86% | 2.64% | 1.57% 51 |24.50% | 0.00% | 1.61% 0.21%
22 | 26.34% | 5.38% | 3.64% | 2.32% 52 | 2555% | 1.15% | 1.13% 0.05%
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24 | 26.14% | 1.90% | 1.99% | 1.04% 53 | 24.72% | 0.25% | 1.34% | 0.11%
25 | 2597% | 6.76% | 3.29% | 2.03% 54 | 24.63% | 0.15% | 1.15% | 0.05%
26 |27.20% | 4.18% | 1.98% | 0.81% 55 | 24.89% | 0.55% | 0.75% | 0.04%
27 |27.32% | 2.13% | 1.68% | 0.67% 56 | 24.60% | 0.12% | 0.65% | 0.02%
28 | 25.65% | 1.79% | 1.90% | 0.58% 58 |24.61% | 0.16% | 0.82% | 0.21%
29 | 2572% | 1.87% | 1.98% | 0.62% 59 |2511% | 0.78% | 1.47% | 0.23%
30 | 25.76% | 1.85% | 2.00% | 0.67%
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