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A B S T R A C T   

Upper-room ultraviolet germicidal irradiation (UVGI) system is recently in the limelight as a potentially effective 
method to mitigate the risk of airborne virus infection in indoor environments. However, few studies quanti
tatively evaluated the relationship between ventilation effectiveness and virus disinfection performance of a 
UVGI system. The objective of this study is to investigate the effects of ventilation strategy on detailed airflow 
distributions and UVGI disinfection performance in an occupied classroom. Three-dimensional computational 
fluid dynamics (CFD) simulations were performed for representative cooling, heating, and ventilation scenarios. 
The results show that when the ventilation rate is 1.1 h−1 (the minimum ventilation rate based on ASHRAE 62.1), 
enhancing indoor air circulation with the mixing fan notably improves the UVGI disinfection performance, 
especially for cooling with displacement ventilation and all-air-heating conditions. However, increasing indoor 
air mixing yields negligible effect on the disinfection performance for forced-convection cooling condition. The 
results also reveal that regardless of indoor thermal condition, disinfection effectiveness of a UVGI system in
creases as ventilation effectiveness is close to unity. Moreover, when the room average air speed is >0.1 m/s, 
upper-room UVGI system could yield about 90% disinfection effect for the aerosol size of 1 μm–10 μm. The 
findings of this study imply that upper-room UVGI systems in indoor environments (i.e., classrooms, hospitals) 
should be designed considering ventilation strategy and occupancy conditions, especially for occupied buildings 
with insufficient air mixing throughout the space.   

1. Introduction 

As scientific evidence supports airborne transmission of COVID-19, 
the role of ventilation in buildings has been highlighted (Morawska 
and Milton, 2020; Morawska and Cao, 2020; Wilson et al., 2020; Mor
awska et al., 2021; Tang et al., 2021). Several studies show that venti
lation can reduce airborne infections by bringing fresh air to an occupied 
space and preventing infectious agents from accumulating indoors 
(Prather et al., 2020; Blocken et al., 2021; Park et al., 2021; Che et al., 
2022; Motamedi et al., 2022; Xu et al., 2022). However, ventilation may 
not be enough to control airborne infection risk for densely occupied 
spaces or buildings without mechanical ventilation systems. In such 
cases, a layered approach should be combined to effectively minimize 
the airborne infection potential (Pei et al., 2021). 

Ultraviolet germicidal irradiation (UVGI) is a disinfection technology 

that utilizes short-wavelength ultraviolet light to kill airborne micro
organisms (Kowalski, 2010). It is applicable to all potential building 
system components where airborne microorganisms exist (Raeiszadeh 
and Adeli, 2020; Hou et al., 2021; Luo and Zhong, 2021; Srivastava 
et al., 2021). An upper-room UVGI system is a typical application where 
the UV fixture is installed near the room ceiling to irradiate a limited 
volume of the room along the ceiling to disinfect the air (Kowalski, 
2010). Such a system divides the room into the upper UV radiation zone 
and the lower occupied zone. 

The performance of an upper-room UVGI system varies with venti
lation rate, UV fluence rate, and UV radiating volume (Beggs and Sleigh, 
2002; Noakes et al., 2006; Park et al., 2022). Since virus disinfection 
takes place in the upper UVGI zone, the indoor airflow pattern also plays 
a crucial role in the disinfection performance of this system. Indoor 
airflow influences the residence time of viruses and aerosol dynamics in 
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the UVGI and occupied zones. Previous studies have emphasized the 
importance of a well-distributed airflow pattern in a room (Beggs and 
Sleigh, 2002; First et al., 2007; Whalen, 2009; Zhu et al., 2013; Pichurov 
et al., 2015; CDC, 2020). Specially, the buoyancy-driven upward airflow 
around occupants is directly related to the performance of upper-room 
UVGI systems because of its impact on transport of viral aerosols to 
the UVGI zone (First et al., 2007; Park et al., 2022). In this regard, 
previous studies have reported that the use of ceiling fans potentially 
increases both virus dispersion and virus removal in an occupied space 
(Zhu et al., 2013; Pichurov et al., 2015). 

Indoor airflow pattern varies with building factors such as ventila
tion strategy, room size, room configuration, and indoor heat sources. 
Ventilation effectiveness is an indicator that quantifies the room airflow 
distribution performance. It indicates the quality of supply air distri
bution within a ventilated room, and the higher ventilation effectiveness 
represents the better removal of passive gaseous pollutants (Fisk et al., 
1997; Novoselac and Srebric, 2003; Mundt et al., 2004; Rim and 
Novoselac, 2010). In general, a room with the buoyancy-driven airflow 
that results in air stratification and less air mixing (i.e., displacement 
ventilation) has a higher ventilation effectiveness than the well-mixed 
air condition (Rim and Novoselac, 2010; Ahn et al., 2018). 

Although there have been studies on the effect of indoor airflow on 
upper-room UVGI systems, very few studies have examined the rela
tionship between ventilation effectiveness and disinfection performance 
of upper-room UVGI systems. Given this background, the objective of 
this study is to examine the quantitative relationship between ventila
tion effectiveness and the UVGI disinfection performance for represen
tative indoor conditions: 1) cooling with mixing ventilation, 2) cooling 
with displacement ventilation, and 3) all-air heating with mixing 
ventilation. Mixing ventilation is the most common building ventilation 
method for both cooling and heating conditions. Many mechanically 
ventilated buildings operate with the mixing ventilation system that 
provides supply air through ceiling diffusers (Amai and Novoselac, 
2016). Displacement ventilation induces buoyancy-driven convective 
flow, which is also prevalent in occupied spaces without mechanical fan 
operating (Ji et al., 2007; Wang et al., 2014). This study investigated the 
impact of enhanced air mixing on the UVGI virus disinfection perfor
mance in those three airflow conditions. The results of this study and the 
proposed UVGI system modeling in the CFD simulation (in Supple
mentary data: Upper-room ultraviolet germicidal irradiation (UVGI) 
system modeling procedure) can help building designers and engineers 
apply upper-room UVGI systems effectively to densely occupied build
ings such as classrooms, conference rooms, and hospitals. 

2. Methods 

2.1. Model geometry and boundary conditions 

A computational fluid dynamics (CFD) simulation domain was 

designed based on a university classroom with a dimension of 7.62 m ×
7.62 m × 3.05 m (length × width × height) (see Fig. 1). For mixing 
ventilation, four supply air diffusers (four-way type diffuser) and one 
exhaust opening were located at the ceiling, and each diffuser supplied 
the air jet angled at 30◦ to the ceiling surface (see Fig. S1). For the 
displacement ventilation, the low momentum air was supplied from the 
air inlet located on the wall (20 cm above from the floor), and the room 
air was exhausted at ceiling height. Two mixing fans with an area of 0.4 
m × 0.4 m were applied between the UVGI and occupied zones while 
facing the wall to enhance the air mixing between the two zones (see 
Fig. 1 and Fig. S2). 

The classroom model simulated nine students seated with a shoulder- 
to-shoulder distance of 2 m, based on the recommendation by the 
Centers for Disease Control and Prevention (CDC, 2020). The virus 
source could be a speaker or a student in the classroom. In this study, we 
pretested the disinfection performance of upper-room UVGI system with 
three source locations (see Fig. S3). Based on the preliminary result, the 
speaker was chosen as an infector in the simulation domain, given that 
the highest infection probability was observed with the speaker 
constantly emitting viral aerosols and a longer distance from the exhaust 
opening enabled more dispersion of viral aerosols in the room. The air 
jet speed from the speaker’s mouth was set to 2 m/s with an air tem
perature of 34 ◦C and an opening size of 2 cm2 based on the previous 
studies (Gupta et al., 2010; Ai and Melikov, 2018). The surface area of 
the human body was 1.8 m2 and the metabolic heat generated by each 
occupant (55 W/m2) was divided into 45% for the convective load and 
55% for the radiative load (Rim et al., 2009; ASHRAE, 2017). The 
convective heat transfer rate was applied to the human surface as heat 
flux, while the radiative heat was evenly distributed to the surrounding 
walls, floor, and ceiling (Shan and Rim, 2018). The minimum required 
supply airflow rate based on ASHRAE standard 62.1 was set to 200 m3/h 
with 100% outdoor air supply, which is equivalent to a ventilation rate 
of 1.1 h−1 for the classroom (ANSI/ASHRAE, 2019). The supply air 
temperatures were 14 ◦C for the mixing ventilation, 18 ◦C for the 
displacement ventilation, and 30 ◦C for all-air heating (Rim and Novo
selac, 2010). The susceptibility constant of SARS-CoV-2 to UV-C was set 
to 3.77 × 10−3 cm2/μW•s based on previous studies (Walker and Ko, 
2007; Beggs and Avital, 2020). 

For all-air heating, the internal heat loss through the exterior wall 
was considered (see Fig. 1a). The total heat loss rate for the classroom 
was calculated based on Eq. 1 (Ahn et al., 2018). The calculated heating 
load for 1.1 h−1, 3 h−1, and 5 h−1 were 38 W/m2, 75 W/m2, and 115 W/ 
m2, respectively. 

q = ρ × Cp × Q × (Te − Ts) (1)  

where q is the total heat loss rate (W), ρ is the density of air (kg/m3), Cp is 
the air specific heat (J/kg•K), Q is the airflow rate (m3/s), Te is the 
temperature of the exhaust air (K), and Ts is the supply air temperature 
(K). 

Fig. 1. The classroom configuration: a) mixing ventilation and all-air heating, b) displacement ventilation. Note that SA and EA represent supply air inlet and exhaust 
air outlet, respectively. 
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Considering the respiratory aerosol size range, viral aerosols size was 
set to 1 μm and 10 μm (Nicas et al., 2005; Zhang et al., 2015; Ai and 
Melikov, 2018). The viral aerosol emission rate from a speaker’s mouth 
was 1.44 μg/h with a density of 1000 kg/m3 (Pei et al., 2021). As par
ticle deposition is one of the major indoor particle loss mechanisms 
along with ventilation, we set the deposition velocity for the floor as 
0.003 cm/s for 1 μm particles and 0.3 cm/s for 10 μm particles (Lai and 
Nazaroff, 2000). 

The upper-room UVGI system utilized in this study consisted of four 
wall-mounted fixtures (PL-L36WTUV lamps), with a single unit centered 
along each of the room walls and mounted at 2.44 m above the floor (see 
Fig. S4). The 254 nm UV radiation consisted of 670 mW per fixture that 
contained two 36 W compact fluorescent lamps and produced a wide flat 
beam directed along and just above the horizontal plane. Laboratory 
photometric measurements of the emitted distribution were applied in 
the Visual Software* (https://www.acuitybrands.com/resources/techn 
ical-resources/visual-lighting-software) to compute the spatial distri
bution of the fluence rate across the upper UVGI zone. The fluence rate is 
a measure of the total radiant power incident from all directions through 
an infinitesimally small sphere of cross-sectional area dA. Three 
different calculation planes were applied to compute the fluence rate at 
points through the center of three different horizontal slices through the 
upper UVGI zone (see Fig. S5). The UV fluence rates from these calcu
lations were then applied to interpolate values within each cell of the 
CFD simulation at its corresponding position. 

2.2. CFD simulation 

The virus disinfection associated with the upper room UVGI system 
was simulated using a commercial CFD software, STAR-CCM+ version 
2021.03. CFD model has been widely used as a reliable tool to simulate 
the airborne transmission (Sheikhnejad et al., 2022). In the present 
study, a Eulerian two-phase model was employed to simulate the viral 
aerosol transport in indoor air, while the UV disinfection process was 
coupled in the transport equation as follows (Zhu et al., 2013): 

∂C
∂t

+
∂

∂xj

(
Cuj

)
=

∂
∂xj

(

(D + Dt)
∂C
∂xj

)

− KIC (2)  

where, C is the particle concentration (μg/m3), uj is the velocity 
component (m/s), D is the molecular diffusion coefficient (m2/s), Dt is 
the kinematic diffusion coefficient (m2/s), K is the susceptibility con
stant (cm2/(μW•h)), and I is UV fluence rate (μW/cm2). 

The total virus removal rate of upper-room UVGI systems is deter
mined by ventilation rate, a (h−1) and UVGI factors, KIVUV (h−1) (K: the 
susceptibility constant of virus, I: UV fluence rate, and VUV : the UV 
radiating volume ratio) (Park et al., 2022; Zhu et al., 2022). In this study, 
the virus removal rate of UVGI factor was estimated as 102 h−1 

(K :25.11 μW/cm2, I: 3.77 × 10−3 cm2/μW-s, and VUV : 0.3), which is 
about 90 times higher than that of ventilation when the ventilation rate 
is 1.1 h−1. 

We used the Reynolds Averaged Navier-Stokes (RANS) model with 
the Shear Stress Transport (SST) k-ω model to simulate the transport of 
viral aerosols under the effect of the buoyancy-driven convective ther
mal plume developed from the occupants (Menter, 1994; Pei and Rim, 
2021). 

The detailed CFD simulation procedure process as well as the 
modeling procedure of UV fluence field were developed based the pre
vious study (Park et al., 2022), which is described in Supplementary 
data: Upper-room ultraviolet germicidal irradiation (UVGI) system 
modeling procedure. 

2.3. Mesh generation and verification of CFD simulation 

For the mesh generation of the simulation domain, polyhedral mesh 
was employed because of its advantage that gradients can be well 

approximated (Sosnowski et al., 2018). The base cell size was set to 15 
cm, with the first cell size of the human surface of 5 mm and a surface 
growth rate of 1.2, which resulted in the average y+ value (dimen
sionless wall) of 3.7. The cell sizes near the occupants and the supply/ 
exhaust air openings were also refined (the first cell size of 5 mm) to 
improve the estimation accuracy of heat and mass transfer rates (see 
Fig. S6). Before simulating a densely occupied classroom, we compared 
the measured and simulated results of spatial non-uniform distributions 
of air velocity and particle concentrations to ensure the reliability of the 
modeling approach. The details are described in Supplementary data: 
The validation of the airflow field. 

A grid sensitivity analysis was performed to ensure the quality and 
consistency of the CFD simulation results based on the method used in 
the previous studies (Pei et al., 2021; Park et al., 2022). Three grid 
resolutions, 195,000, 294,000, and 663,000, were tested, while ASH
RAE breathing zone concentrations were compared with and without 
UVGI operation. The result shows that the grid resolution of 195,000 
yielded a 25% higher concentration than the 663,000 grid, whereas the 
concentration difference between 294,000 and 663,000 grids was up to 
9% for UVGI operating condition. This suggests that the grid resolution 
of 294,000 can generate a converged solution for the particle transport 
model with UVGI operation. Table S1 provides the details of the grid 
sensitivity analysis. 

The mass and energy balances in the simulation domain were 
double-checked to verify the simulation results. The difference between 
supply and exhaust air flow rate was <0.01%, and the difference be
tween total heat gain and total heat loss in the domain was <0.09%. 
Furthermore, the room average viral aerosol concentration from the 
CFD simulations was compared with that of the well-mixed mass balance 
model as follows (Kim et al., 2019): 

Css =
E

(a + β)V
(3) 

where Css is the steady-state indoor concentration (μg/m3), E is the 
emission rate (μg/h), a is ventilation rate (h−1), β is the deposition rate 
(h−1), and V is the total room volume (m3). Note that the outdoor 
concentration is not considered because the speaker is the only viral 
aerosol source. 

In addition, CFD results were compared with the mass balance model 
for the quality control of CFD simulations. The concentration differences 
between the mass balance model and CFD simulations were <10% for all 
ventilation strategies with three ventilation rates and two particle sizes 
(see Fig. S7). 

2.4. Calculation of ventilation effectiveness and performance of the 
upper-room UVGI system 

The first step to estimate ventilation effectiveness is to calculate the 
age-of-air distribution in the room. In the CFD simulation, a tracer gas, 
SF6, was released constantly in each cell of the simulation domain with 
an emission rate of 1.0 × 10−6 kg/m3•s. Note that age-of-air (τ) at a 
given location was calculated based on local tracer gas concentrations 
and ventilation rate as follows: 

τ = Ci/(Ce × a) (4) 

where Ci is SF6 mole fraction at a local point I (dimensionless) Ce is 
SF6 mole fraction at the room exhaust (dimensionless), and a is the 
ventilation rate of the room (h−1). 

Ventilation effectiveness (VE) for a specific zone of interest is defined 
as the ratio of age-of-air at the exhaust to age-of-air of the point of in
terest as follows (Nielsen, 1993): 

VE =
τe

τi
(5)  

where τe is age of air at the room exhaust (h) and τi is age of air at the 
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point I (h). 
Along with ventilation effectiveness, disinfection effectiveness (DE) 

was defined as the ratio of the reduced room-average viral aerosol 
concentration with the operation of the UVGI system to the room- 
average viral aerosol concentration without the UVGI system opera
tion, as shown in Eq. 6. 

DE = 1 −
Con

Coff
(6)  

where Con is the viral aerosol concentration when the UVGI system is 
operating (μg/m3) and Coff is the viral aerosol concentration when the 
UVGI system is not operating (μg/m3). 

In addition to ventilation effectiveness and disinfection effectiveness, 
the recirculation airflow (RA) was calculated using Eq. 7. It represents 
the airflow rate between the upper UVGI and occupied zones which 
substantially influences the virus disinfection performance of upper- 
room UVGI system (Beggs and Sleigh, 2002) 

RA = 0.5(L × W)vint (7)  

where, l is the length of room (m), W is the width of the room (m), and 
vint is the area-averaged air speed across the boundary between the 
upper UVGI and occupied zones (m/s). 

2.5. Simulation matrix for the study of ventilation effectiveness and 
disinfection effectiveness 

Table 1 summarizes a total of 15 simulation cases to investigate how 
the relationship between ventilation effectiveness and disinfection 
effectiveness varies with ventilation strategy, ventilation rate, and in
door air mixing condition. Three ventilation strategies (cooling with 
mixing ventilation, cooling with displacement ventilation, and all-air 
heating with mixing ventilation) along with two mixing fan airspeeds 
(0.83 m/s and 1.44 m/s) were simulated with three ventilation rates 
(1.1 h−1, 3 h−1, and 5 h−1) for the classroom (Zhu et al., 2013; Pichurov 
et al., 2015). Note that the mixing fans were only applied to the case 
with a ventilation rate of 1.1 h−1, which is the minimum ventilation rate 
required by ASHRAE standard 62.1 (ANSI/ASHRAE, 2019), as the 
higher ventilation rates of 3 h−1 and 5 h−1 yield relatively larger mixing 
effects without mixing fans (Heiselberg, 1996). 

Table S2 shows the summary of all CFD simulation results. For each 
simulation case, the viral aerosol concentrations were calculated for the 
ASHRAE breathing zone, defined as the air volume ranging from 7.55 
cm to 180 cm above the floor and 60 cm away from the walls (ANSI/ 
ASHRAE, 2019). The average breathing zone concentration was esti
mated using 200 evenly distributed monitoring points in the CFD model 
and normalized by the emission concentration. 

3. Results and discussion 

3.1. Indoor airflow distribution 

Table 2 summarizes the steady-state CFD simulation results of age-of- 
air, ventilation effectiveness, the room air speed, and recirculation 
airflow rate for the classroom with ten occupants. According to the 
result, the mixing ventilation consistently shows a higher average room 
air speed (0.10 m/s–0.12 m/s) than displacement ventilation (0.06 m/ 
s–0.10 m/s) and all-air heating (0.05 m/s–0.11 m/s). For all cases 
considered, ventilation effectiveness of the mixing ventilation is close to 
one (0.98–1.04), which means that the mixing ventilation yields an 
airflow distribution close to uniform air mixing even at the ASHARE 
minimum ventilation rate. Displacement ventilation without any addi
tional air mixing shows a relatively higher ventilation effectiveness 
range of 1.13–1.20 (Cases D1, D4, and D5), which means more fresher 
air (i.e., lower age-of-air) supplied to the breathing zone than mixing 
ventilation. This pattern was also reported by other studies (Gan, 1995; 
Lin et al., 2005; Ahn et al., 2018). In such condition, vertical air strati
fication occurs, generating a relatively high gradient of age-of-air, which 
results in a high standard deviation of age-of-air and the viral aerosol 
concentration (see Table 2 and Table S2). All-air heating yields the 
lowest ventilation effectiveness among the three ventilation strategies, 
mainly because the warm air from the ceiling diffusers does not fully 
reach the lower part of the room. This condition leads to short-circuiting 
of airflow near the ceiling and relatively poor ventilation performance 
(Novoselac and Srebric, 2003; Rim and Novoselac, 2010). 

Fig. 2 shows the viral aerosol concentration distribution with three 
ventilation rates of 1.1 h−1, 3 h−1, and 5 h−1 under three ventilation 
strategies for an aerosol size of 1 μm. In this figure, the air jet from the 
speaker’s mouth is disrupted right after emission under mixing venti
lation because of a relatively higher air speed and mixing effect 
(ventilation effectiveness is 1.00–1.01) for all ventilation rates. Mean
while, the air jet travels a longer distance under displacement ventila
tion (ventilation effectiveness is 1.13–1.20) and all-air heating 
(ventilation effectiveness is 0.70–0.86) even with about five times in
crease in ventilation rate from 1.1 h−1 to 5 h−1. This result reveals that 
mixing ventilation yields relatively uniform concentrations even at the 
minimum ventilation rate based on ASHRAE 62.1 (1.1 h−1), implying 
that all occupants have relatively similar infection risks under mixing 
ventilation. On the other hand, with less air mixing under displacement 
ventilation and all-air heating, occupants close to an infector are more 
prone to be exposed to a high concentration and have a higher infection 
risk (Pei et al., 2021). 

3.2. Effect of the mixing fan operation on ventilation effectiveness and 
disinfection effectiveness of a UVGI system 

Fig. 3 illustrates spatial age-of-air distributions of three ventilation 
strategies depending on mixing fan operating condition at the minimum 
ventilation rate of 1.1 h−1. Age-of-air distributions are fairly even for 
mixing ventilation regardless of the mixing fan operation, suggesting a 
marginal effect of mixing fan operation on spatial age-of-air distribu
tions. In this case, ventilation effectiveness is close to one (0.98–1.04) 
(see Table 2). Displacement ventilation shows a relatively low age-of-air 
compared to the other two ventilation strategies because the fresh air 
supplied at floor level is exhausted before mixing with indoor air due to 
the vertically stratified air. And the vertical age-of-air difference within 
a room decreases when the mixing fans are operating. Note that such 
stratified airflow also occurs in occupied buildings where mechanical 
ventilation does not exist and outdoor infiltrated air is mainly driven by 
indoor heat sources. Regarding all-air heating, it has the highest range of 
age-of-air (i.e., poorly ventilated stagnant air) near occupants compared 
to the other two ventilation strategies because of the bypassing of the 
supply air directly to the exhaust. When the mixing fans are operating, 
ventilation effectiveness decreases from 1.13 to 1.03 for the 

Table 1 
The summary of simulation scenarios.  

Case ID Ventilation strategy Ventilation rate (h−1) Fan operation 

M1 Mixing  1.1 No 
M2 Mixing  1.1 Airspeed: 0.83 m/s 
M3 Mixing  1.1 Airspeed: 1.44 m/s 
M4 Mixing  3 No 
M5 Mixing  5 No 
D1 Displacement  1.1 No 
D2 Displacement  1.1 Airspeed: 0.83 m/s 
D3 Displacement  1.1 Airspeed: 1.44 m/s 
D4 Displacement  3 No 
D5 Displacement  5 No 
H1 All-air heating  1.1 No 
H2 All-air heating  1.1 Airspeed: 0.83 m/s 
H3 All-air heating  1.1 Airspeed: 1.44 m/s 
H4 All-air heating  3 No 
H5 All-air heating  5 No  
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displacement ventilation while it increases from 0.70 to 0.83 for all-air 
heating. Note that the enhanced air mixing disrupts the air jet from the 
infector (see Figs. S8 and S9). 

Fig. 4 illustrates the disinfection effectiveness of the UVGI system 
and the recirculation airflow rate depending on the mixing fan operating 
conditions. The recirculation airflow represents the airflow rate between 
the upper UV radiation zone and the occupied zone (Beggs and Sleigh, 
2002). Since the higher recirculation airflow can deliver more viral 
aerosols to the UVGI zone, it plays a vital role in the virus disinfection 
performance of upper-room UVGI system (Noakes et al., 2004). 

According to Fig. 4, mixing ventilation shows higher disinfection 
effectiveness of 0.91–0.98 than the other two ventilation strategies at a 
ventilation rate of 1.1 h−1. The recirculation airflow rate ranges from 

5720 m3/h to 6100 m3/h. And as shown in Table 2 and Fig. 3, since the 
mixing fan does not significantly influence the spatial age-of-air distri
bution, the mixing fan operation has marginal effects on disinfection 
effectiveness and recirculation airflow rate. In contrast, under 
displacement ventilation, as the mixing fan operates with a higher 
mixing fan airspeed, ventilation effectiveness decreases from 1.13 to 
1.03 and the recirculation airflow rate notably increases from 2940 m3/ 
h to 4625 m3/h (see Table 2). This change leads to about 10% increase in 
the virus disinfection effectiveness for the two aerosol sizes. A similar 
trend appears to occur during the heating season. For all-air heating, the 
mixing fan operation leads to an increase in ventilation effectiveness 
(from 0.70 to 0.83) and recirculation airflow rate (from 2570 m3/h to 
4100 m3/h), which results in up to 13% increases in the disinfection 

Table 2 
Summary of age-of-air, ventilation effectiveness, room air speed, and recirculation airflow rate.  

Case ID Age-of-air Ventilation effectiveness Room air speed (m/s) Recirculation airflow rate (m3/h) 

Average SD Average SD Average SD 

1M  0.91  0.03  1.00  0.03  0.11  0.04  5999 
2M  0.87  0.02  1.04  0.03  0.12  0.05  6100 
3M  0.90  0.01  1.01  0.02  0.12  0.08  5722 
4M  0.34  0.01  0.98  0.03  0.10  0.07  6150 
5M  0.20  0.01  1.00  0.03  0.12  0.11  8164 
1D  0.80  0.10  1.13  0.10  0.06  0.03  2940 
2D  0.84  0.09  1.08  0.08  0.07  0.05  3450 
3D  0.88  0.08  1.03  0.08  0.10  0.08  4625 
4D  0.28  0.07  1.18  0.04  0.06  0.03  3046 
5D  0.17  0.01  1.20  0.03  0.06  0.04  3812 
1H  1.30  0.03  0.70  0.02  0.05  0.04  2570 
2H  1.18  0.02  0.77  0.01  0.07  0.05  2820 
3H  1.10  0.02  0.83  0.01  0.09  0.08  4100 
4H  0.43  0.03  0.78  0.06  0.07  0.07  3006 
5H  0.23  0.01  0.86  0.06  0.10  0.11  5060  

Fig. 2. Viral aerosol concentration distributions under three ventilation rates (1 h−1, 3 h−1, and 5 h−1) for mixing ventilation, displacement ventilation, and all-air 
heating. Note that the viral aerosol size is 1 μm and the concentration is normalized by the emission concentration. 
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effectiveness. These results imply that enhancing indoor air mixing can 
contribute to improving UVGI disinfection performance for cooling with 
displacement ventilation and all-air heating conditions. This finding also 
supports previous studies that the ceiling fan can be an effective measure 
to improve the performance of an upper-room UVGI system by 
increasing the diffusivity of virus (Zhu et al., 2013; Pichurov et al., 2015; 
Rudnick et al., 2015; Zhu et al., 2022). However, previous studies noted 
that too high fan airspeed is likely to decrease the residence time of viral 
aerosols in the UVGI zone; therefore, the mixing fan speed and airflow 
direction should be determined considering the virus disinfection pro
cess in the upper-room UVGI system. 

3.3. Relationship between ventilation effectiveness and disinfection 
effectiveness of a UVGI system 

Fig. 5 shows the relationship between ventilation effectiveness and 
disinfection effectiveness for a UVGI system with a viral aerosol size of 1 
μm and 10 μm for the total 15 cases considered. Different symbol colors, 
sizes, and shapes represent the mixing fan operating condition, venti
lation rate, and ventilation strategy, respectively. These three factors 
influence the ventilation effectiveness on the x-axis. Note that disin
fection effectiveness on the y-axis is based on the average viral aerosol 
concentration of the ASHRAE breathing zone. 

Fig. 5 depicts that disinfection effectiveness ranges from 0.87 to 0.99 
for 1 μm particles and from 0.75 to 0.94 for 10 μm particles. The 
disinfection effectiveness for 10 μm particles is lower than that for 1 μm 
particles, mainly because the downward force of gravity is proportional 
to the particle mass and 10 μm aerosols settle on indoor surfaces more 

quickly. This trend implies that a higher ventilation effectiveness does 
not necessarily yield a high removal of large particles (>7 μm viral 
aerosol) that carry more virus load than 1 μm particles (Rim and 
Novoselac, 2010; Mao et al., 2020; Zhou and Zou, 2021). 

The previous section (see Section 3.2 Effect of the mixing fan oper
ation on ventilation effectiveness and disinfection effectiveness of a 
UVGI system) discussed that the virus disinfection by a UVGI system is 
maximized as indoor air is well-mixed, as Fig. 5a and b clearly show that 
trend. This result provides a quantitative explanation on the previous 
studies that well-distributed airflow is likely to increase the chance for 
viral aerosols to be exposed to the upper UVGI zone (Noakes et al., 2004; 
Noakes et al., 2006; Zhu et al., 2013; Pichurov et al., 2015). 

In general, it has been reported that displacement ventilation yields a 
higher ventilation effectiveness and provides good indoor air quality due 
to the vertical air stratification that supplies fresher air to the human 
breathing zone (Brohus and Nielsen, 1996; Lin et al., 2005; Tian et al., 
2010; Norbäck et al., 2011). Some recent studies have pointed out that 
displacement ventilation is a better way to mitigate airborne trans
mission than mixing ventilation in conventional indoor environments 
(Liu et al., 2022; Nair et al., 2022; Ren et al., 2022; Su et al., 2022). On 
the other hand, other studies have reported that without air mixing, the 
air jet from a speaker’s mouth can travel a longer distance, which in
creases infection risk near infectors under displacement ventilation (Lin 
et al., 2012; Pei et al., 2021). However, mixing ventilation could lower 
the infection risk even with a short social distancing between occupants 
smaller than 1.5 m (Li et al., 2021). According to the results presented in 
this study, the virus disinfection of an upper-room UVGI system is 
enhanced with a well-mixed airflow pattern and the benefit of UVGI 

Fig. 3. The distribution of age-of-air under three ventilation strategies and the mixing fan operating condition: a, b, c) mixing fan is off, d, e, f) mixing fans are 
operating with an airspeed of 1.44 m/s. 
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Fig. 4. Disinfection effectiveness of a UVGI system and the recirculation airflow rate with different mixing fan operating conditions when the ventilation rate is 1.1 
h−1. The error bars represent the standard error. 

Fig. 5. Ventilation effectiveness vs. disinfection effectiveness of a UVGI system for (a) 1 μm and (b) 10 μm size aerosols. Note that the error bars represent the 
standard error and the disinfection effectiveness was calculated using the ASHRAE breathing zone concentration. 
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system can be maximized with increasing air recirculation in the room 
(see Table S2). 

Note that positive correlations between the recirculation airflow rate 
and UVGI disinfection effectiveness was observed for both 1 μm and 10 
μm aerosols with R2 values >0.85 (see Fig. S11). The figure reveals that 
1) the recirculation airflow rate increases with ventilation rate, 2) 
mixing ventilation has a higher recirculation airflow rate than the other 
two ventilation strategies, and 3) operating air mixing fans increases in 
the recirculation airflow rate, especially for displacement ventilation 
and all-air heating. Finally, Fig. 6 shows the positive correlation be
tween the room air speed and disinfection effectiveness of UVGI system. 
According to the figure, UVGI disinfection effectiveness increases 
notably with the average room air speed, especially for larger viral 
aerosols (i.e.,10 μm) with the average room air speed >0.1 m/s. These 
results imply that in both cooling and heating seasons, enhancing air 
recirculation across the UVGI and occupied zones are desired as it can 
help improve the performance of an upper-room UVGI system. 

3.4. Study implications and limitations 

Based on our analysis, upper-room UVGI system could be an effective 
measure to mitigate the infection risk for densely occupied spaces 
because of its large disinfection effect compared to increasing ventila
tion rate (Srivastava et al., 2021; Park et al., 2022; Karam et al., 2023). 
For an occupied room with mixing ventilation, an upper-room UVGI 
system can yield >90% virus disinfection effect for 1 μm–10 μm size 
aerosols due to the air mixing effect. However, during winter season 
when the airborne virus infection risk can be high (Mallapaty, 2020), 
short air circuiting problem can occur (Rim and Novoselac, 2009; Rim 
and Novoselac, 2010). In such case, additional measures to increase 
indoor air mixing or ventilation is desired. Meanwhile, for indoor spaces 
where the buoyancy-driven convective airflow is prevalent (i.e., 

displacement ventilation or no mechanical ventilation systems such as 
portable classrooms), the role of air mixing in improving the UVGI 
performance is highlighted. In general, naturally ventilated rooms have 
a buoyancy-driven airflow pattern similar to the room airflow created by 
displacement ventilation (Ji et al., 2007; Wang et al., 2014). In this case, 
operating mixing fans in the occupied space can help improve the virus 
disinfection effectiveness of a UVGI system. 

A few limitations of this study should be noted. While the major focus 
of this study is virus disinfection performance depending on indoor 
ventilation and air mixing strategy, future studies should examine po
tential secondary contaminant generations from UVGI systems. This 
study assumes a constant virus death rate and an UV radiating volume of 
30% of the total room volume. Future studies are warranted to inves
tigate the combined effects of variations of virus death rate and UVGI 
volume on the disinfection performance in different indoor environ
ments (e.g., classrooms, conference rooms, and hospital waiting rooms). 

4. Conclusions 

The present study evaluated the effects of the room airflow pattern 
and ventilation strategy on the disinfection performance of upper-room 
UVGI system. The results show that at the minimum required ventilation 
rate of 1.1 h−1, enhanced air mixing notably improves the UVGI 
disinfection performance for displacement ventilation and all-air heat
ing condition, while operating mixing fans has a marginal effect for 
mixing ventilation. Furthermore, disinfection effectiveness is positively 
correlated with the room average air speed, suggesting that >90% 
disinfection effects for 1 μm–10 μm size aerosols with increased air 
recirculation and the room average air speed >0.1 m/s. The results of 
the present study can provide engineers and researchers insights into the 
application of upper-room UVGI system, especially for occupied spaces 
with minimum air mixing (e.g., rooms with displacement ventilation at 

Fig. 6. Disinfection effectiveness of a UVGI system vs. the room average air speed for (a) 1 μm and (b) 10 μm aerosols. Note that the error bars represent the standard 
error and the disinfection effectiveness was calculated using the ASHRAE breathing zone concentration. 

S. Park et al.                                                                                                                                                                                                                                     



Science of the Total Environment 899 (2023) 165454

9

small ventilation rates or with all air heating). 
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