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S1. CFD model setup and boundary conditions. 

For mixing ventilation, two four-way ceiling diffusers supplied the air jet angled at 30° toward 

the ceiling. The total air inlet and exhaust areas were 0.15 and 0.45 m2, respectively (Figure 

S1). The infiltration (or natural ventilation) was simulated as displacement ventilation because 

they have both a buoyancy-driven airflow pattern [1,2]. Under infiltration, the low-momentum 

air was supplied through the area inlet with an area of 0.52 m2 (Figure S1). The supply air was 

100% outdoor air, and its temperature was set to satisfy the room air temperature of 298 K. The 

metabolic heat of each occupant, 99 W (seating mode), was divided into the convective load 

(40%) and the radiative load (60%) [3]. The convective load was applied to the human surface, 

while the radiative load was modeled as a heat flux to walls, floor, and ceiling [4]. Note that 

there is no heat exchange through walls, floor, and ceiling.  

 

 

Figure S1. Model geometry: (a) mixing ventilation and (b) infiltration (displacement 

ventilation). 
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We used a commercial CFD solver, STAR-CCM+ version 2021.03. The airflow field was 

calculated using Large Eddy Simulation (LES). This turbulence model can simulate the large-

scale turbulent eddies so that it has a good accuracy in calculating the mass and heat transport 

[5,6]. Airborne pathogens were modeled as a liquid-phase particle with a size of 1 μm and a 

density of 1000 kg∙m-3 using the Eulerian approach [7,8]. The particle deposition is an 

important particle loss mechanism, so we applied the deposition velocity on the floor with a 

deposition velocity of 0.003 cm∙s-1 [9]. Note that the particle size change due to the coagulation 

and evaporation was not considered in this study. We chose the polyhedral mesh to create the 

mesh in the simulation domain due to its good accuracy in predicting the gradients near wall 

regions [10] (Figure S2). Based on the previous study’s mesh sensitivity analysis, we set the 

mesh sizes as follows [11]: The base cell size – 0.15 m, the first cell size (near human surface) 

– 0.01 m, the human surface cell size – 0.01 m, inlet and outlet cell sizes – 0.01 m. Note that 

the average y+ value of human surface was 3.5 and the total cell number within the simulation 

domain was 470K. 

 

 

Figure S2. Mesh view. 
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S2. Chemistry modeling. 

In the CFD simulation, we employed the unsteady-state multi-component gas model to 

simulate a total of 12 chemical reactions (Table S1). These chemical reactions were based on 

Barber et al. (2023) [12]. Note that the VOCs have the same rate constant as limonene. The 

rate constants of chemical reactions 1 -3 were determined by the UV fluence rate. As we 

modeled the spatial distributions of UV fluence rate produced by different far-UVC lamp types, 

we incorporated the corresponding rate constants for each lamp type into the CFD simulation. 

Thus, as getting close to the far-UVC lamp, the UV fluence rate and the rate constant of 

chemical reactions 1-3 increase. The human skin oil reaction with O3 and VOCs was not 

considered in this study.  

In the CFD model, the airflow field was calculated using LES (S1. CFD model setup and 

boundary conditions), and the transport and reaction of gas-phase compounds was calculated 

as follows [11]: 

𝜕

𝜕𝑡
(𝜌𝐶𝑖) +

𝜕

𝜕𝑥
(𝜌𝑢𝐶𝑖) =

𝜕

𝜕𝑥
(𝜌𝐷

𝜕𝐶𝑖

𝜕𝑥
) + 𝑆𝑖 + 𝑅𝑖        (Eq. S1) 

where 𝜌 is the density of air, 𝐶𝑖 is the mole fraction of chemical species, 𝑢 is the velocity 

of air, 𝐷  is the molecular diffusion coefficient; 𝑆𝑖  is the source term or sink term (i.e., 

emission of chemical species or ozone deposition), and 𝑅𝑖 is the chemical reaction term. In 

the simulation, 𝑅𝑖 is defined as follows [13]: 

𝑅𝑖 = 𝑀𝑖 ∑ 𝑅𝑖,𝑟
𝑁
𝑟=1         (Eq. S2) 

Where, 𝑀𝑖 is the molecular weight of 𝑖th species, 𝑁𝑟 is the number of chemical reactions, 

and 𝑅𝑖,𝑟 is the molar rate of generation or loss of 𝑖th species in the reaction 𝑟. The reaction 

term was the net production and consumption rate due to chemical reactions for each chemical 

component. 
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Table S1. Chemical reactions modeled in this study. Note that I* is the UV fluence rate. 

No Reactants Products Rate constant Unit 

1 O2  2O  4.78 × 10-12 × I* s-1 

2 O3  O(1D) O2 1.48 × 10-11 × I* s-1 

3 O3  O O2 5.07 × 10-12 × I* s-1 

4 O O2 O3  1.5 × 10-14 cm3∙mol-1∙s-1 

5 H2O (O1D) 2OH  2 × 10-10 cm3∙mol-1∙s-1 

6 O O3 2O2  8 × 10-15 cm3∙mol-1∙s-1 

7 OH O3 HO2 O2 7.25 × 10-14 cm3∙mol-1∙s-1 

8 OH HO2 H2O O2 1.11 × 10-10 cm3∙mol-1∙s-1 

9 HO2 O3 OH 2O2 2.01 × 10-15 cm3∙mol-1∙s-1 

10 O(1D)  O  8 × 108 s-1 

11 VOCs O3 Product 0.86OH 2 × 10-16 cm3∙mol-1∙s-1 

12 VOCs OH Product  1.71 × 10-10 cm3∙mol-1∙s-1 
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S3. CFD model validation. 

We validated our CFD model with four steps: 1) Airflow field and particle transport, 2) time-

series airborne pathogen concentration, 3) O3 generation by indoor chemical reactions, and 4) 

O3 deposition on surrounding and human surfaces. 

1) The validation of the airflow field and particle transport 

To validate the airflow field, we compared the simulated vertical air velocity with the 

experiment. The CFD model geometry and all boundary conditions were generated based on 

the experiment conducted by Liu et al. (2022) [14]. The ventilation rate was 4 h-1 for both 

mixing and displacement ventilations, with a total thermal load of 113 W∙m-2. The air jet 

velocity and particle flow rate from an infector were adjusted to 1.6 m∙s-1 and 3 × 10-3 ml∙min-

1, respectively, with a particle size of 0.4 μm. 

Figure S3 shows the vertical air velocity from the CFD model and measurement at the steady 

state. Note that P5 – 8 represent the sampling points. The mean differences between the CFD 

model and measurement of mixing and displacement ventilations are 0.03 m∙s-1 (20%) and 0.04 

m∙s-1 (37%). The CFD model and experiment results do not perfectly match, however, the 

figure shows that the CFD model with a turbulent model, LES, can create a vertical air velocity 

profile similar to the experiment.  

Figure S4 shows the vertical particle concentration from the CFD model and measurement at 

the steady state. Note that the concentration is normalized by the exhaust concentration. 

𝐶∗ =
𝐶−𝐶𝑠

𝐶𝑒−𝐶𝑠
         (Eq. S3) 

Where, 𝐶  is the particle concentration at each point, and 𝐶𝑒 , and 𝐶𝑠  are the particle 

concentration at the exhaust and supply, respectively.  
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According to the figure, the particle concentrations predicted by the CFD model agree well 

with the experiment with a mean difference less than 0.24 (20%). Similar to the airflow field, 

the CFD model does not achieve perfect particle concentration prediction compared to the 

experiment. Nevertheless, our CFD model demonstrates a reasonable capability in predicting 

both the airflow field and particle concentration in comparison to the experimental results. 

 

 

Figure S3. Vertical air velocity profile from the CFD model and measurement: (a) mixing 

ventilation and (b) displacement ventilation. Note that P5 – 8 are the sampling points. 
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Figure S4. Vertical particle concentration profile from the CFD model and measurement: (a) 

mixing ventilation and (b) displacement ventilation. Note that P5 – 8 are the sampling points, 

and the concentration is normalized by the exhaust concentration (Eq. S3). 

 

2) Time-series airborne pathogen concentration. 

To make sure that our CFD model can predict the time-series airborne pathogen concentration, 

we compared the breathing zone concentrations from the CFD model and the mass balance 

model (Eq. S4) [15]. The airborne pathogens were emitted from an infector’s mouth (1.2 cm2) 

with an air speed of 4 m∙s-1 and a concentration of 1 μg∙m3. The ventilation condition was the 
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mixing ventilation with a ventilation rate of 0.7 h-1, and the particle deposition was modeled 

on the floor with a deposition velocity of 0.003 cm∙s-1. 

𝑑𝐶𝑖𝑛(𝑡)

𝑑𝑡
= 𝑎𝐶𝑜𝑢𝑡(𝑡) − (𝑘 + a)𝐶𝑖𝑛(𝑡) +

𝐸(𝑡)

𝑉
     (Eq. 3) 

Where 𝐶𝑖𝑛(𝑡) is the indoor O3 concentration at time, t (𝑝𝑝𝑏), 𝐶𝑜𝑢𝑡(𝑡) is the outdoor O3 

concentration at time, t (𝑝𝑝𝑏), 𝑎 is the air change rate (h-1), 𝑘 is the deposition rate (h-1), 

𝐸(𝑡) is the emission rate at time t (𝜇g∙h-1), and 𝑉 is the total room volume (m3). 

Figure S5 illustrates the comparison between the room average time-series airborne pathogen 

concentrations calculated by the CFD model and the mass balance model. The concentration 

differences between two models were less than 5%, which confirms that our CFD model can 

predict the time-series airborne pathogen concentration. 

 

Figure S5. Time-series breathing zone airborne pathogen concentration calculated by the CFD 

model and the mass balance model. 
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3) O3 generation by indoor chemical reactions. 

We also compared the time-series O3 concentration from our CFD model and the chamber 

experiment conducted by Barber et al. (2023) [12]. The CFD simulation domain, boundary 

conditions, and chemical reactions applied to the CFD model were based on the experimental 

setup and Table S1 [12]. The time-series O3 concentrations calculated by the CFD model 

(multi-component gas model with LES) show a good agreement with the experiment (Figure 

S6). This result demonstrates the capability of our CFD model to predict the O3 generation 

associated with indoor chemical reactions as outlined in Table S1. 

 

 

Figure S6. Time-series O3 concentration from the CFD model and the experiment. 
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4) O3 deposition on surrounding and human surfaces. 

Lasty, we compared the O3 concentrations calculated by the CFD model and the mass balance 

model (Eq. S3) to validate to validate the CFD model's ability to predict indoor O3 

concentration, considering O3 deposition on indoor surfaces (surrounding walls and human). 

The simulation domain and boundary conditions are described in Section S1. As the mass 

balance model assumes a perfect mixing condition, this validation was carried out under mixing 

ventilation. The chemical reactions in Table S1 were not modeled for this test. There was no 

O3 source indoors and O3 was introduced only from outdoors with a concentration of 40 ppb. 

The O3 deposition rate on surrounding surfaces (walls, floor, and ceiling) was 2.8 [16], and the 

O3 deposition velocity on the human surface was 6.8 m∙h-1 [13]. Table S2 shows the room 

average O3 concentration calculated by the CFD model and the mass balance model at the 

steady state. The result indicates a good agreement between the O3 concentration predicted by 

our CFD model and the mass balance model, with differences of less than 15%. 

 

Table S2. Room average O3 concentration calculated by the CFD model and the mass balance 

model. 

Ventilation rate (h-1) 
O3 concentration (ppb) 

CFD model Mass balance model 

0.7 9.6 (± 0.4) 8.4 

2 19.0 (± 0.3) 17.0 

4 24.0 (± 0.3) 23.8 
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Figure S7. Airborne pathogen concentration within the breathing zone at one hour: (a) mixing 

ventilation and (b) infiltration (displacement ventilation). Note that the ventilation rate is 0.7 

h-1, and the concentration is normalized by the emission concentration. 

 

 

Figure S8. Human envelope zone (Blue box - defined as a 0.8 m3 box air volume near the 

human body) [13]. 
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Figure S9. Airborne pathogen concentration contour at one hour under mixing ventilation (0.7 

h-1). Note that the concentration is normalized by the emission concentration. 

  



S13 

 

 

Figure S10. Airborne pathogen concentration contour at one hour under infiltration (0.7 h-1). 

Note that the concentration is normalized by the emission concentration. 
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Figure S11. Time-series airborne pathogen concentration within the ASHRAE breathing zone. 

Note that the concentration is normalized by the emission concentration. 

 

 

Figure S12. Trajectory of airborne pathogens from an infector.  
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Figure S13. O3 concentration contour at one hour under mixing ventilation (0.7 h-1) – 

viewpoint 1. 
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Figure S14. O3 concentration contour at one hour under mixing ventilation (0.7 h-1) – 

viewpoint 2. 
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Figure S15. O3 concentration contour at one hour under infiltration (0.7 h-1) – viewpoint 1. 
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Figure S16. O3 concentration contour at one hour under infiltration (0.7 h-1) – viewpoint 2. 
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Figure S17. Time-series O3 concentration within the ASHRAE breathing zone. Note that the 

far-UVC system activated after occupants had been in the room for one hour. Thus, the 

concentration at a time step of 0 represents the concentration at one hour without the far-UVC 

operation. 
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Figure S18. 1-hr exposure to OH (a, b, c, and d) and products (e, f, g, and h). Note that BZ is the ASHRAE breathing zone average concentration 

(defined as the air volume ranging from 8 cm to 180 cm above 60 cm away from walls) [35], and P1 - 4 are the breathing box concentration of 

each occupant (defined as a 500 cm3 air volume below the nose tip) [37]. The error bars represent the standard deviation of 1-hr exposure within 

the ASHRAE breathing zone. 
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Figure S19. OH concentration contour at one hour under mixing ventilation (0.7 h-1). 
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Figure S20. OH concentration contour at one hour under infiltration (0.7 h-1). 
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Figure S21. Time-series OH concentration within the ASHRAE breathing zone. Note that the 

far-UVC system activated after occupants had been in the room for one hour. Thus, the 

concentration at a time step of 0 represents the concentration at one hour without the far-UVC 

operation. 
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Figure S22. Products concentration contour at one hour under mixing ventilation (0.7 h-1). 
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Figure S23. Products concentration contour at one hour under infiltration (0.7 h-1). 
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Figure S24. Time-series products concentration within the ASHRAE breathing zone. Note that 

the far-UVC system activated after occupants had been in the room for one hour. Thus, the 

concentration at a time step of 0 represents the concentration at one hour without the far-UVC 

operation. 
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