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ABSTRACT: Germicidal ultraviolet light (GUV) systems are GUV 222 GUV 254
designed to control airborne pathogen transmission in buildings. w

However, it is important to acknowledge that certain conditions R f‘ /» Inactive by
and system configurations may lead GUV systems to produce air Virus - Inactive

contaminants including oxidants and secondary organic aerosols Disinfection V|r9§ ‘ < OH
(SOA). In this study, we modeled the formation and dispersion of 2 \hv Disinfection /)
oxidants and secondary contaminants generated by the operation /— Os SQAM

of GUV systems employing ultraviolet C 254 and 222 nm. Using a SOA > onarmnel
three-dimensional computational fluid dynamics model, we \_ OH

examined the breathing zone concentrations of chemical species

in an occupied classroom. Our findings indicate that operating

GUV 222 leads to an approximate increase of 10 ppb in O,

concentration and 5.2 yg-m ™~ in SOA concentration compared to a condition without GUV operation, while GUV 254 increases the
SOA concentration by about 1.2 yg-m™>, with a minimal impact on the O; concentration. Furthermore, increasing the UV fluence
rate of GUV 222 from 1 to S gW-cm™ results in up to 80% increase in the oxidants and SOA concentrations. For GUV 254,
elevating the UV fluence rate from 30 to SO yW-cm ™ or doubling the radiating volume results in up to 50% increase in the SOA
concentration. Note that indoor airflow patterns, particularly buoyancy-driven airflow (or displacement ventilation), lead to 15—45%
lower SOA concentrations in the breathing zone compared to well-mixed airflow. The results also reveal that when the ventilation
rate is below 2 h™', operating GUV 254 has a smaller impact on human exposure to secondary contaminants than GUV 222.
However, GUV 254 may generate more contaminants than GUV 222 when operating at high indoor Oj; levels (>15 ppb). These
results suggest that the design of GUV systems should consider indoor Oj; levels and room ventilation conditions.

KEYWORDS: indoor air quality, secondary organic aerosol (SOA), secondary chemistry, ventilation, ozone

1. INTRODUCTION the disinfection performance.”’® More recently, UVC devices
emitting light at a lower wavelength, specifically 222 nm, have
emerged. Unlike UVC at 254 nm, UVC at 222 nm has the
capability to irradiate the entire occupied zone, as it is known
that UVC light ranging from 207 to 222 nm is relatively safe
for human skin and eyes, while still possessing germicidal

In the 1800s, it was discovered that sunlight prevents the
growth of microorganisms. Later, Wells and Fair demonstrated
that ultraviolet C (UVC) inactivates airborne microorganisms.1
UVC light functions by damaging the genetic materials (DNA
or RNA) of infectious agents such as bacteria, viruses, and et
fungi, thus impeding their ability to replicate.”® With the properties. .

development of low-pressure mercury vapor lamps emitting GUV systems ‘aré commonly EITlp.IO)fed to (j.ontrol alrbor.ne
UVC light in the mid-20th century, germicidal ultraviolet light pathogen transrTnssmn. Howe'ver, 1tis mp erative t(,) recognize
(GUV) systems were utilized to prevent the spread of that they may inadvertently introduce air contaminants. For
measles.' In the aftermath of the emergence of the novel exa.mple, UVC at 254 nm generates gasp hase hydroxyl (OH)
Coronavirus (SARS-CoV-2), there has been a heightened radicals through ozone photolysis, wh}lelzg\lfc at 222 nm
interest in the effectiveness of GUV systems in killing airborne pr(')duces 03, through oxygen photolysis. .T.h.ese Potent
pathogens, positioning them as a cost-effective technology for oxidants are inherently harmful to humans and initiate indoor

airborne infection control.*”” Traditionally, UVC devices

emitting light at a wavelength of 254 nm are employed as Received: January 16, 2024 !"HM%
upper-room systems, targeting the upper part of a room due to Revised: ~ May 9, 2024 ik,

Accepted: June 13, 2024

their potential to cause harm to human skin cells and eyes.””
Published: June 26, 2024

In this setup, disinfection primarily occurs in the room’s upper
zone, with the airflow transporting airborne pathogens from
the occupied zone to the upper zone, which plays a vital role in
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gas phase chemistry with volatile organic compounds (VOCs)
in occupied spaces.””*” Subsequent chemical reactions can
give rise to the formation of oxygenated volatile organic
compounds (OVOC) and secondary organic aerosols (SOA),
both of which can detrimentally impact human health.'”**~*°
Furthermore, the heightened usage of chlorine-based dis-
infection products due to COVID-19 can introduce additional
VOCs indoors that readily react with oxidants produced by
UVC devices.”"*"**

GUV systems and air cleaning devices utilizing UVC lights
can produce gas-phase oxidation products and increase particle
concentrations indoors.””*"*” Both modeling study”' and
laboratory measurements®’~** have shown that the operation
of UVC 222 nm devices is associated with increasing indoor
O; and particle concentrations. Moreover, in a laboratory
setting, the deployment of one hospital-grade 254 nm was
observed to increase particle number concentrations from 10°
to 10° particles-cm™, representing a 2 orders of magnitude
increase compared to the background.”” However, despite
these findings, there is limited information available about how
GUV systems and various ventilation conditions, such as
ventilation strategies and supply flow rates, influence the
distribution of secondary contaminants generated by GUV
systems, particularly within the human breathing zone. To fill
these knowledge gaps, the objective of this study is to model
and examine the formation and transport of oxidants and
secondary contaminants in a ventilated occupied classroom,
considering GUV system operating conditions and ventilation
scenarios. Moreover, a three-dimensional computational fluid
dynamics (CFD) simulation is utilized to investigate the
intricate effects of indoor airflow on the spatial distribution of
contaminants, which cannot be explored using a well-mixed
box model. The findings elucidate how chemical processes
linked to the GUV system are influenced by factors such as UV
intensity (UV fluence rate), the radiating volume of UVC at
254 nm, ventilation conditions, and outdoor O; concentration.

2. METHODS

2.1. CFD Model. Figure 1 illustrates the study domain,
representing the classroom geometry with dimensions of 7.7 X
7.7 X 3.0 m (length X width X height). The classroom was
simulated with one speaker and 20 students, based on the
occupant density for the classroom recommended by ASHRAE
standard 62.1.>> Two representative ventilation conditions
were considered: (1) mixing ventilation and (2) displacement
ventilation. For mixing ventilation, air jets were supplied
through four-way ceiling diffusers angled at 30° toward the
ceiling. In the case of displacement ventilation, low-
momentum air was supplied through a diffuser located at the
bottom of the wall. The total areas of supply air for mixing and
displacement ventilations were 0.3 and 0.8 m? respectively,
with an exhaust outlet area of 0.4 m> In the baseline scenario,
the ventilation rate was set at 2 h™', equivalent to 360 m*h™*
with 100% outdoor air, in accordance with the minimum
required ventilation rate by ASHRAE standard 62.1.> The
supply air temperature was configured at 14 °C for mixing
ventilation and 18 °C for displacement ventilation, considering
occupant thermal comfort.** Each occupant’s metabolic heat of
99 W was apportioned into 40% for the convective load and
60% for the radiative load.”® The convective load was applied
to the human surface as a convective heat flux, while the
radiative load was dlstrlbuted to surrounding surfaces (wall,
floor, and ceiling).’® To simulate a talking mode, the air jet
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Figure 1. Classroom geometry for the CFD simulation: (a) mixing
ventilation and (b) displacement ventilation. Note that the blue box
represents the ASHRAE breathing zone defined as the air volume
ranging from 7.6 to 180 cm above the floor and 60 cm away from the
walls.

speed from the speaker’s 2 cm® mouth o7pen1ng was set at 2 m-
s™!, with an air temperature of 34 °C.>"**

The indoor airflow fields were calculated using a commercial
CFD solver, STAR-CCM+ version 2021.03. A steady-state gas
transport model was employed to simulate the indoor chemical
reactions associated with photochemistry. Note that in this
study, SOA was modeled based on chemical reactions 1, 2, and
4 (see Table 1), as a continuous gas-phase. Since the
buoyancy-driven convective thermal plume near heat sources
plays an important role in the turbulent airflow near a human
body, the Reynolds averaged Navier—Stokes model with the
shear stress transport k—@ model was used.’”** The details of
the mesh generation and convergence check are described in
the Supporting Information (see the Supporting Information
CFD model setup).

The simulation involved solving a three-dimensional
convection-diffusion equation to examine the transport of
gas-phase compounds, while accounting for chemical reactions,
as shown below

0 a( _ac
—(puC,) = D
o (puC) = (p -

P
Zpc) +
at(p )

s
Ox

(1)
where p is the density of air, C; is the mole fraction of chemical
species, u is the velocity of air, D is the molecular diffusion
coefficient; S, is the source term or sink term (i.e., emission of
chemical species or ozone deposition), and R; is the chemical
reaction term. In the simulation, R; is defined as follows”
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Table 1. Chemical Reactions Applied in the CFD Model

no reactants products rate constant (cm3~mol_1-s_1) references
R1 limonene 0O, 0.86 OH SOA 2.1 X 1071 21,30
R2 limonene OH SOA 1.6 x 1071 41
R3 VOCs OH ovoC 8.1 x 10712 30
R4 ovoC OH SOA 8.1 X 1072 30
RS 0, OH HO, 0, 7.3 X 107 30,44
R6 HO, OH H,0 0, 1.1 x 1071 30,44
R7 NO, OH HNO, 2.5 x 107" 45
R8 Cco OH Cco, HO, 24 x 1078 46
R9 HO, 0, OH 20, 2.0 x 1071 30,44
R10 NO HO, OH NO, 8.1 x 1072 46
R11 2HO, H,0, 0, 1.7 x 10712 44,47
R12 0, NO 0, NO, 1.8 x 107 44

Table 2. Photochemistry by UVC 222 and 254 nm

reactants products room-averaged UV fluence rate (4W-cm™2) UV flux (photons cm™>s™")

UVC 222 nm 0, 0, 1 1.1 x 10"
3 3.4 x 107
S 5.6 X 10"
UVC 254 nm 0, H,0 OH 0, 30 3.8 x 108
40 5.1 x 108
50 6.4 x 107

N chairs) and the frequency of cleaning products usage in the

Ry =M, Z R;, classroom, a relatively high emission rate of VOCs from indoor

r=1 @) ~2h™'>” The occupants served as

where M; is the molecular weight of ith species, N, is the
number of chemical reactions, and R;, is the molar rate of
generation or loss of ith species in the reaction r. The reaction
term is the net production and consumption rate due to
chemical reactions for each chemical component in the air.

2.2. Indoor Chemistry Modeling. In this study, a total of
12 chemical reactions were modeled to describe the generation
of oxidants and SOA (see Table 1). It is noteworthy that
limonene ozonolysis (R1) is a primary reaction producing
OH,*"*° and R2 is the limonene reaction with OH that
produces SOA.*' The rate constants for R1 and R2 were
calculated assuming an indoor temperature of 295 K.*"** R3 is
the reaction generating OVOC and OH, while the reaction
between OVOC and OH leads to the production of SOA
(R4).*>* To calculate the rate constants of the VOCs and OH
reaction, the rate constants are multiplied by the mole fraction
to establish a weighted average OH rate constant for the VOC
mixture (R3). It is assumed that the reactivity of the OH
reaction with OVOC is the same as that of the OH reaction
with VOCs.>® RS—R12 describe the reactions involving O,
OH, HO,, and major combustion products from outdoors,
such as NO, NO,, and CO.30H=47

Given that the primary source of O; is outdoors,*® we
assume that indoor background O; was solely introduced from
outdoor sources, with a concentration of 40 ppb based on
typical ambient O, concentrations in urban areas.*”* Indoor
O; removal occurred through deposition on the room surfaces
(surrounding walls, floor, and ceiling) at a total loss rate of 2.8
h™!,°" as well as onto the human surfaces with a deposition
velocity of 6.8 m'h™ for laundered clothing.”® Similarly, no
indoor source of combustion products was considered, while
the outdoor concentrations of NO, NO,, and CO were set to
1, 10, and 1000 ppb, respectively, based on previous
studies.”"””" Taking into account furniture (such as desks and

surfaces was set at 150 pg-m
strong sources of VOCs and limonene, with emission rates set
at 1 pg-s™' person™.>*** We also assumed that all chemical
reactions occur at an atmospheric pressure of 1 atm and a
relative humidity of 35—40%, which is typical of indoor
environments at sea level.

UVC radiation with wavelengths shorter than 242 nm
dissociates O, into two oxygen atoms. These highly reactive
oxygen atoms can subsequently combine with other O,
molecules to produce O;.”" In the case of UVC 254 nm, the
UVC light photolyzes O; into O ('D) and O, with the
subsequent reaction between singlet oxygen (O('D)) and
H,0, producing two OH radicals.” Note that the OH yield
from the O, photolysis and O ('D) and H,O reaction is about
0.2 due to quenching of O ('D) to O (°P).%° Table 2 outlines
the detailed photochemistry associated with UVC 222 and 254
nm.

UV fluence rates were selected based on recommendations
from the U.S. Center for Disease Control (CDC) for GUV 254
and previous studies examining GUV 222.°°7°*°”°% Note that
we assumed that there is no O; generation by UVC at 254 nm,
nor did we consider the effect of UV light through windows.
GUV 254 and GUV 222 have four wall-mounted and ceiling-
mounted UV fixtures, respectively (see Table S2). The spatial
distributions of the fluence rate created by GUV 254 and 222
were calculated using the Visual Software available at https://
www.acuitybrands.com/resources/technical-resources/visual-
lighting—software.lo Wall-mounted fixtures (GUV 254) gen-
erate broad, flat beams directed horizontally and above the
horizontal plane, while ceiling-mounted fixtures (GUV 222)
produce 120° beams irradiating the entire room. The power of
each UV fixture was set to achieve the desired room-average
UV fluence rate, as detailed in Table 2.

2.3. CFD Model Validation. To ensure the reliability of
our CFD model, we conducted the model validation to assess
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Figure 2. Breathing zone (a) O; (b) OH, (c) OVOC, and (d) SOA concentrations under mixing ventilation. Note that the outdoor O
concentration is 40 ppb, and the error bars represent the standard deviation. (c) OVOC and (d) SOA concentrations have a logarithmic scale on a

y-axis.

its capability in predicting (1) the nonuniform airflow field and
particle transport, (2) O; generation by the GUV system, and
(3) O; deposition on the indoor surfaces. Moreover, sensitivity
analyses were performed, considering both low- and high
emission scenarios for VOCs and limonene.

In the first step, we validated the airflow field by comparing
the velocity profiles within a simulated room with CFD
simulations and experimental results. The CFD model and
boundary conditions were aligned with the experimental setup
by Liu et al. (2022).>” Figures S2 and S3 illustrate the vertical
air velocity and particle concentration profiles considering
mixing and displacement ventilation conditions. For mixing
ventilation, the difference between the CFD simulation and
experiment was observed to be less than 0.03 m-s™' (mean
difference of 15%). This relatively minor difference can be
attributed to the enhanced mixing effect associated with mixing
ventilation, resulting in a relatively uniform airflow velocity
throughout the room. In contrast, under displacement
ventilation, where low momentum air is supplied at floor
height, the difference between the CFD simulation and
experiment can reach 0.02 m-s~' (mean difference of 39%).
While the simulated results did not perfectly match the
experimental data, the simulation effectively captures the
general pattern of vertical air velocity profiles observed in
experimental data. Moreover, Figures S4 and S5 show that the
CFD simulation produces results with mean particle
concentration differences of less than 15% under mixing
ventilation and 33% under displacement ventilation compared
to the experiment.'’ Note that particles were modeled by using
the Eulerian approach with a size of 0.4 um. While the
simulation may not precisely align with the experiment, these

12054

results suggest that the CFD modeling approach employed in
our study can be capable of predicting the airflow field and
mass transport within the ventilated room.

Second, to validate the CFD simulation’s capacity in
modeling chemical reactions, we compared the O; concen-
trations computed by the CFD model (under mixing
ventilation) during the operation of GUV 222 with
experimental data from Barber et al. (2023).*° Figure S6
illustrates good agreement between the concentration of Oy
calculated by the CFD model and the experimental results,
confirming that the CFD model can provide meaningful
insights into indoor chemical reactions and photochemistry.

Third, we compared the O; concentrations calculated by the
CFD model (mixing ventilation) with those derived from the
mass balance model (eq 3).°° This assessment aimed to
evaluate the CFD model’s capability to predict the O,
deposition in indoor surfaces and the generation of O; by
GUV 222. For this purpose, we examined two representative
scenarios: (1) GUV off and (2) GUV 222 on.

460 _ £
= = G = (@ + BC,(0) + = (3)

where C,,(t) is the indoor Oy concentration at time, ¢ (ppb),
Cou(t) is the outdoor O concentration at time, ¢t (ppb), a is
the air change rate (h™'), k is the O deposition rate (h™"),
E(t) is the emission rate at time ¢ (ug-h™'), and V is the total
room volume (m?). Note that for the mass balance model, the
O; generation by GUV 222 was calculated based on the
photolysis of the O, photolysis. The photolysis rate of UVC
222 nm was estimated as 1.4 X 107! s™" using a UV flux of 3.4
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Figure 3. Spatial distribution of OH (a—d) and SOA (e—h) concentrations under mixing ventilation. Note that the outdoor O; concentration is 40

ppb, and the ventilation rate is 2 h™".

X 10" cm™*s7! (see Table 2), an absorption cross section of
4.1 X 107** cm?, and a quantum yield of 1.*!

Figure S7 illustrates the room average O; concentrations
obtained from both the CFD model and the mass balance
model for mixing ventilation at a ventilation rate of 2 h™". The
CFD model results demonstrate a good agreement with the
mass balance model results across test cases. Furthermore, the
CFD model yields a consistent trend in indoor Oj;
concentrations, indicating that the indoor concentration is 60
to 70% lower than the outdoor concentration.®’

Lastly, a sensitivity analysis was conducted for SOA
formation considering both low and high levels of VOCs and
limonene emissions. According to Table S3, when occupants
emit different levels of limonene and VOCs (X0.1, X2 and
%10), the SOA concentration increases proportionally to the
elevated emissions, reaching up to 6.1 ug-m™>, while
maintaining similar fractions of SOA components.

2.4. Parametric Analysis. We conducted a parametric
analysis to investigate the effects of GUV system operating
conditions (UV fluence rate and radiating volume), ventilation

12055

conditions (ventilation rate and strategy), and outdoor O,
concentrations on the formation of oxidants and secondary
contaminants by GUV systems. For UVC 222 nm, three
different UV fluence rates (1, 3, and 5 pW-cm™) were
examined, while for UVC 254 nm, three different UV fluence
rates (30, 40, and 50 yW-cm™?) and two radiating volumes (15
and 30% of the total room volume) were tested.’™**°"°%
Regarding ventilation conditions, we explored mixing
ventilation and displacement ventilation. These two ventilation
strategies create distinct room airflow patterns, influencing the
transport of indoor contaminants near occupants.lo“?"t‘sg’62
Mixing ventilation is commonly employed in mechanically
ventilated buildings with ceiling diffusers, while displacement
ventilation is common in residential or naturally ventilated
spaces, where low-momentum air is supplied at the room floor
level, generating an upward airflow pattern with minimal
mixing effects. Moreover, as ventilation rate affects the removal
effect of indoor air contaminants, we considered four
ventilation rates: 0.5 h™ (insufficient ventilation), 2 h™" (the
baseline, the minimum requirement by ASHRAE standard
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Figure 4. Breathing zone (a) O, (b) OH, (c) OVOC, and (d) SOA concentrations under mixing and displacement ventilations at a ventilation rate
of 2 h™". The outdoor O; concentration is 40 ppb, and the UV fluence rate is 3 gW-cm™ for GUV 222 and 40 gW-cm™ for GUV 254 with a
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62.1), 4 h™' (good level by Lancet) and 6 h™" (better level by
Lancet).33’63

Since the O; concentration can play a crucial role in forming
SOA, we considered three outdoor O; concentrations (10, 40,
and 80 ppb) to assess the effect of the outdoor Oj levels. These
values were chosen to represent the minimum, average, and
maximum ambient O; concentrations typically found in large
cities.* > Using these concentrations, the average concen-
trations were calculated for the ASHRAE breathing zone,
defined as the air volume ranging from 7.6 to 180 cm above the
floor and 60 cm away from the walls®® (see Figure 1).

3. RESULTS
3.1. Effects of GUV Operating Conditions. Figure 2

illustrates the mean ASHRAE breathing zone concentrations of
05, OH, OVOC, and SOA under representative GUV system
operating conditions and ventilation rates for mixing
ventilation. Note that the outdoor concentration of O is 40
ppb. Figure 2¢,d utilizes a logarithmic scale on the y-axis. The
molar mass of SOA is assumed to be 200 g-mol™".”" Table S4
provides a comprehensive summary of all the results presented
in Figure 2.

According to the figure, in the absence of GUV operation,
indoor O; concentration remains 40—90% lower than outdoor
levels, primarily due to the indoor O; deposition onto indoor
surfaces, with an approximate total first-order decay rate of 4
h™! (2.8 h™! for wall surfaces and 1.2 h™! for human
surfaces).””' With an increased ventilation rate, more O,
infiltrates indoors, resulting in a rise in O; concentration (see
Figure 2a). The higher ventilation rate also leads to an elevated
OH concentration, attributed to the predominant impact of
limonene and VOCs ozonolysis on OH generation (Figure
2b). In contrast, OVOC and SOA concentrations have a
negative correlation with the ventilation rate (Figure 2c,d). For
instance, the SOA concentration is reduced by about 98% as

12056

the ventilation rate increases from 0.5 to 6 h™". This decline is
ascribed to the more potent removal effect of ventilation,
which outweighs the generation of these compounds through
chemical reactions. However, under low ventilation rates,
where more VOCs and limonene are present indoors (Figure
S8), there is an increased likelihood for O and OH radicals to
undergo chemical reactions with VOCs and limonene.

Figure 2a shows that the operation of GUV 222 elevates the
concentration of the O3 by up to 10 ppb. The calculated O,
generation rate for GUV 222 at a UV fluence rate of 3 yW-
cm™2 is 30 ppb-h™’, consistent with previous studies.”"”* The
amount of O; produced by GUV 222 is proportional to the UV
fluence rate as a higher UV flux amplifies the photochemical
reaction. Accordingly, concentrations of OH, OVOC, and SOA
increase when GUV operates with a higher UV fluence rate
(Figure 2b—d). It is noteworthy that at a ventilation rate of 0.5
h™', operating GUV 222 with a UV fluence rate of S yW-cm ™
results in a notable increase in the SOA concentration,
reaching 7.9 pug-m™>. This is three times higher than the
concentration observed when GUV is inactive. Even at the
minimum ventilation rate by ASHRAE standard 62.1 (2
h™!),*> GUV 222 operation still significantly impacts, resulting
in a significant increase of up to 70% in SOA concentration
(from 0.37 to 0.62 ug'm~>). However, as the ventilation rate
exceeds 4 h™', this impact diminishes to 10—30%.

GUV 254 operation has a negligible effect on indoor O;
concentration, as the O generation is modeled solely through
the photolysis of UVC 222 nm (see Figure 2a and Tables 1
and 2). Previous studies also showed that UVC 254 nm
marginally increases indoor O; concentration.”””' On the
other hand, the operation of GUV 254 significantly affects the
OH concentration in the breathing zone (see Figures 2b and
3c,d). When GUV 254 irradiates 15% of the total room
volume, the OH concentration in the breathing zone increases
to 3.94 X 10° molec-cm™. Doubling the radiated volume to
30% results in a concentration surge of up to 6.93 X 10° molec-
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cm™>. In a poorly ventilated condition (at 0.5 h™"), GUV 254
increases SOA concentration by about 1.2 ug-m™ from the
background (see Figure 2d). However, compared to GUV 222,
the influence of GUV 254 on SOA formation becomes more
pronounced as the ventilation rate increases. This is primarily
due to UVC at 254 nm producing more OH radicals as
additional outdoor Oj is introduced indoors.

Figure 3c,d indicates that a high OH concentration is
formed on the upper part of the room where UVC at 254 nm
irradiates. However, SOA formed by UVC 254 nm is
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distributed relatively evenly within a room, primarily due to
the longer residence time of SOA and the air mixing facilitated
by mixing ventilation (see Figure 3gh).">***” This trend arises
from the reactivity of OH radicals, which undergo rapid
reactions with indoor limonene or VOCs, occurring on a much
faster time scale than the transport time scale (7—15 cm-s™'
based on the room average airspeed).*>*”%*

3.2. Effects of Ventilation Strategy. Figure 4 depicts the
breathing zone concentrations of the ligands of the O;, OH,
OVOC, and SOA under mixing and displacement ventilations
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at a ventilation rate of 2 h™'. Note that the outdoor O,
concentration is 40 ppb, and the UV fluence rate is 3 gW-cm™
for GUV 222 and 40 yW-cm™ for GUV 254 with a radiating
volume of 15%. The figure reveals that the breathing zone O,
concentration under displacement ventilation is 15.5 ppb,
which is 20% higher than that under mixing ventilation. In
displacement ventilation, outdoor air is introduced through the
inlet near the floor, leading to a higher O; concentration
observed in the lower part of the room (i.e., the breathing
zone). In contrast, mixing ventilation exhibits a relatively
uniform Oy distribution due to its mixing effect (see Figure
$9).

The enhanced air mixing effect also contributes to a
relatively uniform OVOC and SOA distribution throughout
the room (see Figures 3 and S10), while under displacement
ventilation, the thermally stratified airflow transports air
contaminants to the upper part of the room®"***>% (see
Figures S, S10, and S11). Such airflow pattern results in 15—
30% lower OVOC and SOA concentrations within the
breathing zone than mixing ventilation, while concentrations
are relatively high above the breathing zone. This concen-
tration difference between mixing and displacement ventilation
grows to 45% as the ventilation rate increases from 2 to 6 h™'
(see Figures S12 and S13). Under displacement ventilation,
supply air is displaced upward more effectively without air
mixing, especially with increased air supply.'”*® Consequently,
the concentration difference between the breathing zone and
the upper part of the room is amplified by higher ventilation
rates.

3.3. Effects of Outdoor O; Concentration. Figure 6
presents the breathing zone concentrations of O;, OH, OVOC,
and SOA as a function of the outdoor O; concentration.
Mixing ventilation is employed with a ventilation rate of 2 h™/,
and the UV fluence rate is 3 yW-cm™2 for GUV 222 and 40
UW-cm ™ for GUV 254 with a radiating volume of 15%.

In Figure 6a, GUV 222 induces an increase in the Oj;
concentration of approximately 5—6 ppb because of the
formation of O; from the oxygen photolysis. Notably, the
impact of O; generation by GUV 222 becomes relatively
pronounced when the outdoor Oy concentration is lower (at
10 ppb). However, the impact of O; generated by GUV 222 on
indoor air contaminants concentration diminishes as the
outdoor O; concentration rises from 10 to 80 ppb.

UVC at 254 nm directly decomposes O; into OH, resulting
in more generations of OH, OVOC, and SOA, particularly at
higher outdoor O; concentrations (see Figure 6b—d). As the
outdoor O; concentration escalates from 10 to 40 ppb, GUV
254 results in an approximately 370% increase in SOA
concentration at a ventilation rate of 2 h™". Note that the
impact of GUV 254 on SOA formation outweighs that of GUV
222 at an outdoor O; concentration of 80 ppb and higher
ventilation rates (4 and 6 h™), as more O, is introduced
indoors (see Figures S14 and S15).

4. DISCUSSION

We investigated the generation of undesired air contaminants
by GUV systems (GUV 222 and 254) in a populated
classroom. Our results, derived from simulated environmental
conditions, highlight the important role of UVC intensity and
its radiating volume in secondary contaminant formation by
GUV systems. For example, elevating the UV fluence rate from
1to 5 yW-cm™2 for GUV 222 can result in a 100% increase in
oxidants (e.g., from 7.7 to 15.1 ppb) and SOA concentration

(from 4.5 to 7.9 pg'm~>) when ventilation is insufficient (0.5
h™'). This finding suggests that while increasing the UV
fluence rate may be beneficial for controlling airborne
pathogens,”’ particularly in poorly ventilated settings, it
may potentially result in higher human exposure to air
contaminants produced by GUV 222.°>** With regard to
GUV 254, increasing the UV fluence rate from 30 to 50 yW-
cm™? or doubling the radiating volume results in up to about
50% increase in SOA concentration. This is because
augmenting the UV fluence rate and radiating volume of
GUV 254 increases the generation of OH radicals, thereby
promoting the formation of secondary contaminants, especially
in environments with elevated indoor O; levels.

Previous studies reported that in typical indoor settings, the
impact of GUV 254 on the formation of secondary
contaminants is not substantial, whereas GUV 222 demon-
strates more notable effects, especially under inadequately
ventilated conditions.”®” This study further reveals that it also
depends on indoor O; levels, mainly determined by the
outdoor O; concentration and ventilation rate. For example,
when the indoor O; concentration is higher than 15 ppb, the
operating GUV 254 can generate more SOA than GUV 222.

In addition to the GUV operating condition, the indoor
airflow pattern also has a notable effect on the breathing zone
SOA concentration. The presence of thermally stratified
airflow brings distinct advantages in lowering OVOC and
SOA concentrations within the human breathing zone. This is
mainly because stratified airflow directs air contaminants above
the breathing zone without air mixing, whereas mixing
ventilation uniformly distributes air contaminants throughout
the space.””® Furthermore, the well-mixed distribution of
reactants is likely to increase collision fregluency between
molecules and facilitate chemical reactions.*®” However, it is
worth noting that air mixing is crucial for GUV 254 systems to
disinfect airborne pathogens;m"w’70 previous studies show that
mixing ventilation improves disinfection performance by
approximately 20% compared to displacement ventilation.
This is particularly important in environments characterized by
random infection spread and high population density.

Taken together, our findings suggest that the UV intensity
and radiating volume of GUV systems should be carefully
designed considering indoor Oj level and ventilation
conditions, especially for poorly ventilated conditions (e.g.,
naturally ventilated classrooms). Operating GUV systems with
minimal fluence rates and radiating volumes while ensuring
effective disinfection tailored to the specific needs of a given
space is highly advisible. Moreover, it is essential to
acknowledge that occupied environments often experience
heightened concentrations of particles and VOCs due to
indoor activities.”"”’> In such scenarios, a layered approach,
such as integrating O; scrubbers, can be contemplated to
effectively remove pollutants that may contribute to SOA
formation.”” This multifaceted strategy not only enhances air
quality but also promotes the overall efficacy of GUV systems
in indoor disinfection.

While this study has established a CFD-modeling framework
to study spatial distributions of chemical species associated
with the GUV system, some limitations should be acknowl-
edged. First, this study modeled chemical reactions mainly
focusing on the transport and formation of secondary
contaminants by GUV operating and ventilation conditions.
The compositions of VOCs, radicals other than OH and HO,,
gas-surface partitioning of OVOC, and chemical reactions
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related to human skin oils were not considered. Second, our
investigation did not explore the variations in the relative
humidity and temperature. They can impact the formation of
0, and SOA as well as the volatility of VOCs indoors,>""*”*
although indoor environmental conditions of mechanically
ventilated rooms are relatively consistent compared to
outdoors.”® Third, this study is based on steady-state gas
phase analysis with constant rate coefficients. Accordingly,
particle coagulation, gas-particle partitioning, deposition, and
vapor wall loss effects of SOA are not accounted for in this
modeling study. Lastly, the SOA mass yield from the chemical
reactions is simplified; for example, SOA mass yield from
limonene oxidation varies up to 20% with indoor settings.”’
Future studies are warranted to investigate further the impacts
of humans on OH radicals and SOA formation as well as more
detailed aerosol and composition analyses.
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