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Abstract 

A simulation technique is proposed as a tool to assess the 

efficacy of Ultraviolet Germicidal Irradiation (UVGI) 

devices as measures for controlling virus spread in 

occupied rooms’ retrofits. UVGI devices disinfect the air 

and surfaces in their range through intense UV-C 
radiation that causes DNA or RNA damage to 

microorganisms. This disinfection method is proved to be 

highly effective in reducing aerosol transmissions. For 

UVGI to be effective, maintaining a high level of UV-C 

fluence rate in the upper zone of the room is required for 

a sufficient time to achieve the necessary radiation dose 

for deactivating the microorganism.  At the same time, it 

is necessary to ensure the safety of the lower zone with a 

low level of irradiation to avoid any potential damage to 

human eyes and skin in the room. To determine the proper 

spatial distribution of the UV irradiation, we created an 
integrated workflow with raytracing and CFD simulation 

so that the airflow patterns and virus concentration can be 

accounted for along with the radiation intensity. This 

paper presents how design variables can optimize the 

distribution for effective disinfection and what safety 

precautions must be taken to avoid overexposure of 

people to UV radiation when deploying these devices 

within existing buildings. 

Key Innovations 

● We propose a method to assess the efficient 

deployment of UVGI devices for the disinfection 

of airborne microorganisms based on CFD 

analysis for airflow patterns, matched with a 

raytracing simulation for ray distribution.  

● We create a simulation workflow completely 

integrated into the commonly used modeling 

software Rhino3D. 

● We use both time variables and spatial variables 

to predict the UV-C dose received by 

microorganisms.  

● We develop a method that can equip users with 

spatial maps indicating the level of safety and 

efficacy of the device usage in occupied rooms.  

Practical Implications 

When considering the installation of UVGI devices as a 

prevention measure for aerosol transmission in existing 

buildings, the proposed combined simulation method 

allows assessment of the disinfection efficacy and safety 

based on numerous spatial variables. 

Introduction 

The use of Ultraviolet Germicidal Irradiation (UVGI) 

devices to reduce airborne transmission of infectious 

disease in buildings has gained increased traction during 
the COVID-19 pandemic period. The SARS-CoV-2 virus 

can likely spread by air from infected patients to others 

(Santarpia et al., 2020) and can stay active in aerosol for 

up to three hours (van Doremalen et al., 2020). It is 

therefore important to mitigate the transmission of 

COVID-19 through infectious aerosols spread. UVGI is 

considered an effective infection control method for this 

purpose based on the ability of UV-C radiation to 

inactivate microorganisms (First et al., 1999; DHHS, 

2009).  

A common upper-room UVGI device includes a mercury 

vapor lamp that emits UV-C radiation mainly at the 

wavelength of 254 nanometers (Green & Scarpino, 2001) 

and louvers that direct UV rays to the upper part of the 

room. For occupied rooms, upper-room UVGI is installed 

in the upper zone and divides the room into two zones 

vertically: the upper zone of direct disinfection and the 
lower zone of occupancy. In the upper zone, the intense 

UV-C irradiation, especially at the wavelength of 254 nm, 

causes damage to deoxyribonucleic acid (DNA) and 

ribonucleic acid (RNA) of microorganisms (Boyce et al., 

2003) thus providing air disinfection. However, 

overexposure to UV-C irradiation may cause erythema to 

the skin and photokeratitis to the eyes of occupants (First 

et al., 2005). As a result, the design of UVGI systems in 

occupied rooms should ensure sufficient UV-C irradiation 

to effectively kill microorganisms while protecting 

occupants in the room from receiving excessive UV 

irradiation. 

The UV dose is used as the metric to evaluate the 

disinfection effect on microorganisms. It is the product of 

UV fluence rate/irradiance and exposure duration. 

Fluence rate (𝐸0 ) and irradiance (𝐸 ) are indicators to 
quantify the radiant energy level of UV irradiation 

arriving at a point in the room. Fluence rate (μW/cm2) is 

defined as the total radiant power incident on an 

infinitesimally small sphere from all directions divided by 

the cross‐sectional area of the sphere, and planar 

irradiance accounts for the total radiant power incident on 

the hemisphere around an infinitesimal planar element of 
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surface area (Ahmed et al., 2018). Fluence rate is 

commonly used for the upper room, where the 

microorganisms that need to be irradiated reside within 

the air volume, while planar irradiance is used in the lower 

occupied zone to account for the irradiation received by a 

person’s eyes or skin. The irradiance level can be 

determined through raytracing simulations, while the 

length of time the airborne microorganisms spend in the 

high-intensity radiation zone, can be determined via 

computational fluid dynamic (CFD) simulations. 
Therefore, this study focuses on the interaction between 

the UV field and airflow in a patient room to 

parametrically predict the spatial distribution of UV dose 

by combining raytracing and CFD simulations. Our study 

provides a simulation workflow for a quick and accurate 

examination of the impact of different retrofit strategies 

in terms of the effectiveness and safety of using UVGI 

devices in upper rooms.  

Numerical models 

Numerical models have been developed to estimate the 

disinfection effect of UVGI. Xu et al. (2013) illustrated 
how the air exchanges in the room would impact the 

overall disinfection effect through CFD analysis. 

Gilkeson & Noakes (2013) compared the influence of 

different locations of air inlets and outlets on the UVGI 

effectiveness by coupling CFD simulation with 

experimental data of the UV field. Raytracing has been 

applied to simulate fluence rate fields of in-duct UVGI 

(Lau et al., 2012), UV photoreactors (Ahmed et al., 2018), 

and hospital isolation wards (Bang et al., 2018), providing 

accurate predictions of fluence rate compared to physical 

measurements and other numerical methods.  

However, very few studies provide a simulation workflow 

for matching the fluence rate distribution to the airflow 

pattern and at the same time account for the safety of 

occupants in the lower-room irradiance field. Our method 

was developed to respond to this shortfall as well as to 

predict how different design variables, such as materials 

and spatial properties, would impact both upper- and 
lower-room irradiance so that it can be a useful tool for 

retrofitting existing rooms. In the light of the urgency to 

find effective and safe methods to prevent further 

COVID-19 spread, this method has been adapted to 

account for the microorganism concentration and required 

irradiation doses for deactivation of SARS-CoV-2. 

Methods 

We used a case study of a typical hospital patient room 

retrofitted with a UVGI device for the prevention of 

SARS-CoV-2 spread, to illustrate modeling approaches 

and test the impacts of different spatial and material 

strategies on the efficacy and safety of the UV irradiation. 

The test room is a single-bed patient room and has a floor 

area of 27.90 m2 (300 sf) excluding the bathroom. The 

floor plan is separated into the patient zone near the 

entrance and the family zone, while the bathroom is 

excluded from both the CFD simulation and the UV 

irradiance field prediction (Figure 1). Based on the 

recommended guideline for the application of Upper-

room UVGI, total lamp power of 45 W is appropriate for 

this patient room (First et al., 1999), so two wall-mounted 

UVGI fixtures (LIND24-EVO, 25.6 W output; Atlantic 

Ultraviolet Corporation HygeaireTM) were selected.  

         

Figure 1: Plan of the studied patient room.  

The ceiling height of this patient room is 2.74 m (9 ft) and 

the mounting height of the UVGI fixture is 2.29 m (7.5 ft) 

according to the guidelines by First et al. (1999). Thus, 
the upper zone of the case-study room referred to the 

volume above 2.29 m. The upper zone was further 

vertically divided into three sub-zones with equal height 

for comparison (Figure 2). 

Airflow Pattern: CFD Simulation 

According to CDC, air change rate (ACH) is 

recommended for 6 or higher per hour in the patient care 

areas in hospitals (DHHS, 2009). However, previous 

studies proved that lower ACH than the recommendation 

would contribute to the higher disinfection efficacy of 

UVGI (Gilkeson & Noakes, 2013). This was because 

lower ACH may allow for a longer residence time of 
microorganisms in the irradiated zone. To maintain the 

balance between sufficient ventilation and the long 

duration of exposure to UV, mechanical ventilation is 

assumed as 6 ACH in this study.  

 

Figure 2: CFD simulation model. 

To further understand the airflow pattern within the 

isolation room, especially along with the travel of the 

potentially infected air from the patient to the exhaust, a 
CFD simulation was carried out using RhinoCFD (version 

2.1, powered by PHOENICS, CHAM, UK).  

A simple 3D model was built to consider only the objects 

that would significantly affect the airflow, including a 

supply diffuser on the wall, an exhaust on the ceiling, a 

sickbed, and the patient, as shown in Figure 2. It was 
generally expected that the air entering the room from the 

lower zone would be directed towards the upper zone. 

This ventilation scheme, usually called inlet-low outlet-

high, has proven to benefit the increase of 

microorganisms’ inactivation in some cases (Gilkeson & 

Noakes, 2013). The supply was set as an inlet with 0.4 m/s 
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and the exhaust was set as an opening. The total heat flux 

of the human body was set at 85 W. The contaminated 

source was set as a volume near the occupant’s mouth 

with a 100% concentration of microorganisms and the 

same heat flux of 85 W. Other surfaces including walls, 

ceiling, floor, and the sickbed were set with non-slip and 

adiabatic boundary conditions. 

Computational Mesh: The cells in the mesh were in 

rectilinear shapes, the total number of which was 

approximately 200,000 (56×59×62). The maximum size 

change to adjacent cells was equal to or less than 20% for 

smoothness. The number of grids on any surface was a 

minimum of 10 to reproduce separation flow around the 

objects (Wilcox, 1998). 

Turbulence model: The Chen-Kim k-ε turbulent model 

was used in this study, which is a variant of the widely 

used standard k-ε model. This model proved its accuracy 

on flow separations and vortices, assisted with 

experimental data. This provides merits for the current 

study that simulates the flow recirculation in the indoor 

environment. (Chen & Kim, 1987). In RhinoCFD, the 
global residuals were normalized for assessing 

convergence. The solution was considered convergent 

when the normalized residuals fell below 10-5 and the 

error values percentage fell below 1% for all variables 

(Ahmed et al., 2019).  

Aerosol model: The patient who has contracted COVID-

19 was the source of SARS-CoV-2 in the isolation room. 

SARS-CoV-2 is spread in the air in the form of bio-

aerosol droplets. The small droplets with a diameter in the 

range of 1 μm - 5 μm could suspend in the air increasing 

the possibility of airborne transmission, while particles 

with a larger diameter are likely to fall on the surrounding 

surfaces (Thaper, 2020). Most exhaled droplets by 

breathing are in the size of 1 μm, while those by coughing 

are around 5 μm. Breathing, sneezing, and coughing by 

the patient are estimated to release a high number of 

viruses. Among them, coughing contributes to the highest 

concentration in a room, which is approximately 5.6 × 

106 times higher than breathing (Riediker & Tsai, 2020). 

For simulating the transmission of the virus through the 

air, an aerosol model was created with a diameter of 5 μm 

and a density of 1 g/m3 (Bar-On et al., 2020). The 

concentration of the SARS-CoV-2 remains 100% in a 

fixed zone near the nose and mouth of the patient lying on 

the bed. The results of the predicted concentration 

percentage were then used for scenario analysis. 

Transient model: Previous studies mostly conducted a 

steady-state model for simulating the general airflow 

pattern under steady-state conditions (Bang et al., 2018). 

However, a single steady-state model could be not 

accurate enough to account for transient and complex 

airflows (Gilkeson & Noakes, 2013). A transient model 

was therefore adopted in this study. The total duration of 
time steps was 20 min that showed the airflow pattern 

reaches a steady state. The time step frequency was 1 s 

within the limit for the Courant number no larger than 1 

and 30 iterations were set to converge the individual time 

steps (Ahmed et al., 2019). In total, the simulation has run 

36,000 iterations to ensure an acceptable level of accuracy 

and computational time. The thermal effect of the human 

body was also taken into consideration.  

Irradiance Field Analysis: Raytracing Simulation 

The UV-C irradiation distribution in the occupied room 

was calculated using a raytracing method with the 

measuring device’s ray distribution as input. This method 

was adapted for different targets in the upper zone and the 

lower zone based on a validated raytracing engine - 

RADIANCE (Ward, 1994). The RADIANCE engine is 
linked to the 3D model through Honeybee, an object-

oriented Application Programming Interface (API) for 

simulation engines plugged into Grasshopper/Rhino 3D 

modeling software. The above methods to calculate 

fluence rate were achieved by modifying the scripts of 

lighting simulation and adjusting its parameters to fit UV-

C radiation. 

For the case-study simulation, we used the UVGI model 

LIND24-EVO by the Atlantic Ultraviolet Corporation 

(Atlantic Ultraviolet Corporation, 2020).  The company 

provided a measured metric for the radiant intensity of 

points on different planes, which we compiled into a 

standardized IES (Illuminating Engineering Society) 

photometric file. With this information, the irradiance 

field and fluence rate field in the case study can be 

calculated without the geometry of the fixture. In previous 

work, we validated the raytracing simulation data with lab 

measurements from the UVGI device (Hou et al., 2021). 

Location of UVGI: The arrangement of UVGI fixtures in 

the patient rooms should provide high levels of UV 

fluence rate in the zone where the concentration of 

microorganisms is high while lowering the risk of 

overexposure to UV radiation below. According to the 
guidelines, the preferred location to install a UVGI fixture 

would be directly above the bed (First et al., 1999) 

because the area of high concentration is assumed to be 

over the head of the patient. In this study, four 

arrangement schemes of two UVGI fixtures were tested. 

Reflectance of the room materials: Reflectance in the UV-
C range is different from that in the visible range. UV 

reflectances of room materials have great potential to 

impact the UV-C irradiance field within the room through 

interreflections between the room surfaces. According to 

existing literature, reflectance coefficients of room 

materials in different categories and of different colors 

vary widely at the wavelength of 254 nm. The reflectance 

coefficients of wall paints, e.g. plaster, water-based, oil-

based, vary from 0.03 to 0.6 (First et al., 1999; Rutala et 

al., 2013). Ceiling tiles of mineral fiber, fiberglass, and 

gypsum with different paints or coatings have wide-range 
reflectance coefficients from 0.035 to 0.459 (Wengraitis 

& Reed, 2012). Surfaces in the upper part of the room may 

reflect UV irradiation into the lower zone. Therefore, 

reflectances of all upper room surfaces likely to be UV 

irradiated should be less than 5% (Rea, 2000). The default 

reflectance of all inner surfaces in the model was 5% and 

scenarios with higher reflectance values were also 

simulated. The reflectance coefficients for the ceiling 

(from 0.05 to 0.1, 0.2) and walls (from 0.05 to 0.1, 0.2) 
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were changed in the simulation each at a time to isolate its 

impact on the resulting distribution. It is worth noting that 

the simulation method used in this study can take into 

account all the material and geometric properties within 

the room. 

UV dose 

Upper zone: The survival rate of the microorganisms 

exposed to UV radiation is used to evaluate the 

disinfection effect of UVGI and it has a negative 

relationship with the UV dose: 

 
𝐶𝑡

𝐶𝑜
= 𝑒−𝐾𝐷 (1) 

where 𝐶𝑡  is the concentration level of microorganisms 

after exposure to UV radiation, 𝐶𝑜  is the initial 

concentration level of microorganisms, 𝐾  is the 
experiment-based susceptibility factor of the microbe 

(cm2/μW⋅s) and 𝐷 is the UV dose (mJ/cm2).  

As microorganisms move along particular air streamlines 

under the influence of the airflow pattern in the room, they 

receive different fluence rates depending on the spatial 
distribution of the fluence rate field. After dividing the 

upper zone into three sub-zones of the same height, unit 

volumes were further generated based on the subdivision 

in the horizontal direction (Figure 3).  

 

Figure 3: Center points of unit volumes in the upper zone. 

The fluence rate is considered to be the same in each unit 

volume. Equation (2) is used to calculate the UV dose 

received by microbes: 

 𝐷 = ∑ 𝐸0(𝑖)
𝑛
𝑖=1 ⋅ 𝑡𝑖 (2) 

where 𝐸0(𝑖)is the fluence rate (μW/cm2) in the unit volume 

𝑖, 𝑡𝑖  is the exposure duration (s) within the unit volume 𝑖. 
As a result, UV dose 𝐷 is the cumulative product of the 

fluence rate and exposure duration along the trajectories 

of microorganisms in the space.  

The airflow streamlines originating from the 

contaminated source were used to represent the 

trajectories of the airflow with microorganisms of high 

concentration. Tracing these streamlines, the residence 

time within the three sub-zones in the upper room and the 

exposure duration within each unit volume can be 

calculated. Based on Equation (1) with the specific 

susceptibility factor of the SARS-CoV-2 virus, the 
required UV dose to inactivate 90% of the virus is 910 

μJ/cm2, and that for 99% inactivation is 1820 μJ/cm2 

(Kowalski et al., 2009). 

Lower zone: The UV dose received by occupants in the 

lower zone should not exceed the Threshold Limit Value 

(TLV) to avoid eye and skin irritation. The TLV for 
irradiance at the 254 nm wavelength is 6 mJ/cm2, which 

is commonly interpreted as exposure to irradiation of 0.2 

μW/cm2 for 8 hours (ACGIH, 2010). Compared to the 

fluence rate considering the UV rays coming from all 

directions at a point, the irradiance arriving onto the 

surface of interest depends on both the location and 

orientation of the surface. Instead of calculating the dose 

received at every location in the lower zone, testing planes 

were used to represent the human body in common 

locations and postures (e.g. lying, standing, and sitting). 

There were 12 testing planes in the vertical direction 
corresponding to the eyes and face as well as 4 testing 

planes in the horizontal direction corresponding to the top 

of the head. This study tested the possible scenario with a 

high risk, so the heights of the human body used are based 

on 99th percentile anthropometric data. The standing 

height is 1.94 m, eye height when sitting on the sickbed 

(using 1.05 m as the possible maximum height of the 

hospital bed) is 1.92 m, eye height when standing is 1.78 

m (Gordon et al., 1989). For balancing the accuracy and 

computation time, the grid size of 0.15 m was chosen for 

vertical planes and that of 0.3 m for horizontal planes.  

Using the TLV as the maximum UV dose, the allowable 

longest duration could be calculated with Equation (2). In 

the context of a patient room, the duration time for the 

patient lying or sitting on the sickbed may take up the 

majority of a day, while other people may receive peak 

exposures at certain locations but only in a short period. 
The analysis on the danger of overexposure accounted for 

both the room layout and activities of different occupants. 

Results and Discussion 

Airflow Pattern: CFD Simulation 

Figure 4 shows the airflow pattern in the patient room. 

The airflow pattern was dominantly influenced by the air 

supply on the wall. The incoming air was partly 

obstructed by the sickbed and the patient. A portion of the 

remaining air flowed towards the other side of the room. 

After it was obstructed by the wall, the airflow circled 

back to the area around the air supply. The patient as a 

heat source provided constant heat flux to the 

surroundings, particularly creating buoyancy around the 
patient’s face for its offset location from the main airflow 

from the supply (Figure 4).  

As shown in Figure 5, the results of CFD analysis 

revealed that the airflow from the patient was directed to 

the exhaust located in the upper zone. Since the source of 
airborne microorganisms came from the patient, the fresh 

air entering the room was mixed with microorganisms 

after it flowed through the area near the patient’s face. The 

in-low, out-high ventilation regimen, as well as the 

buoyancy force, moved the contaminated air up to the 

ceiling, during which microorganisms were diluted and 

the concentration of them decreased sharply (Figure 7b). 

When the mixed air entered the upper volume, it spread 

towards the exhaust due to the pressure difference.  
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Figure 4: Airflow vectors in the cross-sections. 

 

Figure 5: Airflow streamlines passing through the 

contamination source.  

The total time the airflow has spent in the upper zone is 

shown in Figure 6. It took shorter than 20 s for the flow to 

arrive near the exhaust after entering the upper volume, 

while the longest duration as 158 s was needed to reach 

the corner above the air supply. By tracking the 

streamlines of airflows, those with contaminated particles 

were selected to be the focus.  

As described in the method section, the upper zone was 

vertically divided into three sub-zones with the same 

volume. The residence time of the contaminated air was 

calculated for all sub-zones (Table 1).  

Table 1: Residence Time of the Contaminated Air. 

Zone boundaries 2.29-2.44 m 2.44-2.59 m 2.59-2.74 m 

Residence time (s) 3.7 0.2 17.3 

      

Figure 6: The residence time in the upper zone. 

Based on the airflow pattern within the patient room, the 

spatial distribution of airborne microorganisms was 

analyzed (Figure 7a). Noticeable was that the area above 
the sickbed had a high concentration of microorganisms, 

while the microorganisms spread out horizontally while 

traveling to upper zones. 

 

(a) 

  

 (b) 

Figure 7: (a) The concentration of airborne 

microorganisms of subzones at 2.29-2.44 m, 2.44-2.59 

m, and 2.59-2.74 m (from left to right) in plan view; (b) 

Concentration of microorganisms in cross-section. 

 
(a) 

 
(b) 

 
(c) 

Figure 8: The concentration distribution of 

microorganisms and the fluence rate field at (a)2.37 m, 

(b)2.52 m, (c)2.67 m. The enclosed area has a 

concentration higher than 2.5%. 

Irradiance Field Analysis: Raytracing Simulation 

Location of UVGI 

The wall-mounted UVGI fixture emits UV rays in a 

slightly upward direction to the upper zone of the room 
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and the fluence rate decreases as the height of rays 

increases (Figure 9a). For efficient disinfection in the 

upper zone, the distribution of microorganisms’ 

concentration should match the UV fluence rate field as 

much as possible. The spatial distribution of the unit 

volumes with concentrations higher than 2.5% in three 

sub-zones was compared with the fluence rate fields of 

different UV fixtures’ arrangements in Figure 8.  

The average fluence rates in the whole upper zone and the 

volumes of high concentration were calculated (Table 2). 

In the high-concentration zone between 2.29-2.44 m, L1 

had the highest average fluence rate as 398.1 μW/cm2. 

The zone of high fluence rate of L2 and L4 covered most 

of the high-concentration zone, while L3 had the least 

intersection between these two zones (Figure 8a). At the 

height between 2.44 m and 2.59 m, the fluence rate field 
of L2 matched the high-concentration zone best. In the top 

zone, L3 showed the best match, but the fluence rates 

were not high for all schemes. L1 and L3 had the highest 

average fluence rate in the whole upper zone, while L2 

and L4 had relatively high average values in the high-

concentration zone. 

Table 2: Upper zone fluence rate change based on UVGI 

device arrangement. 

 Fluence rate (μW/cm2) 

Case # 

 
L1 

 
L2 

 
L3 

 
L4 

Upper-zone 

average 
61.0 58.8 61.0 58.8 

Average 

at area 

of high 

concent-

ration* 

2.29- 

2.44 m 
398.1 331.6 10.1 331.4 

2.44- 

2.59 m 
58.8 76.5 41.2 39.9 

2.59- 

2.74 m 
4.2 26.5 51.6 27.8 

*The fluence rate average was calculated in the volumes where 
the concentration of SARS-CoV-2 is 2.5% or higher. 

Though the fluence rates in the top zone (2.59-2.74 m) 

were not high, airflows with microorganisms spent the 

longest time there. The cumulative dose received by the 

airborne microorganisms in the upper zone was the sum 

of three sub-zones. As is shown in Table 3, L4 had the 

highest disinfection efficiency indicating a good match 

between the airflow pattern and fluence rate field. 

Compared to the needed dose to inactivate SARS-CoV-2, 

all the arrangements of UVGI fixtures met the 

requirement of 90% inactivation (910 μJ/cm2) but didn’t 

reach the 99% demand (1820 μJ/cm2). 

Table 3: The predicted dose of case L1, L2, L3, L4. 

Case # L1 L2 L3 L4 

Dose (μJ/cm2) 1555 1698 936 1713 

In the lower zone, the highest irradiance received by 

occupants in different postures and the corresponding 

maximum exposure duration under safe conditions are 

shown in Table 4. In cases L3 and L4, direct irradiation 

from the opposite wall could be received by a patient 

sitting on the sickbed, therefore the worst-case irradiance 

was 0.34 μW/cm2 which required under 4.7 h of exposure. 

In L3, a realistic UV hazard was posed for a patient lying 

on the bed, since a 9.4 h of exposure would lead to a dose 

above the TLV. In other cases, the lying patient was 
unlikely to be exposed long enough to exceed the TLV. 

For a standing person, the potentially hazardous 

irradiances were determined when facing the UVGI 

fixture (Figure 9a, 9b). At worst, the highest irradiance as 

0.76 μW/cm2 would pose risk for a person in the family 

zone facing the entrance after 2.1-hour exposure (case 

L2). L1 and L4 ensured the least risk of overexposure to 

UV in the patient room. Compared to other schemes, L4 

(with one fixture above the patient and another on the 

opposite wall) provided the highest dose in the upper zone 

and the least potential of overexposure in the lower zone. 

Table 4: The irradiance in the lower zone of case L1, L2, 

L3, L4. 

Case # L1 L2 L3 L4 

Max. 

irradi-

ance 

(μW/c

m2) 

sitting 

patient  

0.09 
(17.8 h) 

0.08 
(20.0 h) 

0.34 
(4.7 h) 

0.18 
(8.9 h) 

lying 

patient  

0.04 
(40.0 h) 

0.10 
(16.0 h) 

0.17 
(9.4 h) 

0.09 
(17.8 h) 

standing 

person  

0.53 
(3.0 h) 

0.76 
(2.1 h) 

0.53 
(3.0 h) 

0.39 
(4.1 h) 

Reflectance of the room materials 

The locations of UVGI fixtures in C0.1 (ceiling 

reflectance as 0.1), C0.2 (ceiling reflectance as 0.2), W0.1 

(wall reflectance as 0.1), and W0.2 (wall reflectance as 

0.2) were the same as L1. As is shown in Table 5, with a 

higher reflectance value of room materials, the average 

fluence rates in the upper zone didn’t increase 

significantly compared to that of L1 (61.0 μW/cm2). With 
the same change rate (from 0.05 to 0.1 or 0.2), wall 

reflectance caused greater change on the average fluence 

rate than the ceiling. Since the airflow pattern is 

unchanged, the resulting doses of all four schemes also 

illustrated that the increase of reflectance coefficients 

contributes a little to the disinfection efficiency in the 

room with a maximum 1.5% increase.  

Table 5: Upper zone fluence rate and dose change based 

on the reflectance coefficients of the ceiling and wall. 

Case # C0.1 C0.2 W0.1 W0.2 

Avg. fluence 

rate (μW/cm2) 

61.2 61.5 61.3 61.9 

Dose (μJ/cm2) 1556 1557 1557 1561 

For the lower zone, higher reflectances of the ceiling and 

wall greatly increased the irradiance and shortened the 
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allowable exposure time for occupants (Table 6). For a 

sitting patient on the sickbed, the irradiance at the eye 

level had the largest change percent as 222% in case 

W0.2. This would lead to a dose above TLV after a 5.5-

hour exposure. Also, case W0.2 resulted in the highest 

risk for a patient lying on the sickbed with a 250% 

increase of the irradiance.  

Table 6: The irradiance in the lower zone of case C0.1, 

C0.2, W0.1, W0.2. 

Case # C0.1 C0.2 W0.1 W0.2 

Max. 

irradi-

ance 

(μW/c

m2)  

sitting 

patient 

0.12 

(13.3 h) 

0.18 

 (8.9 h) 

0.15 

(10.7 h) 

0.29  

(5.5 h) 

lying 

patient 

0.06 

(26.7 h) 

0.09 

(17.8 h) 

0.07 

(22.8 h) 

0.14 

(11.4 h) 

standing 

person 

0.57 

(2.8 h) 

0.82  

(1.9 h) 

0.60 

 (2.6 h) 

0.80  

(2.0 h) 

 

 

Figure 9: Cross-sections of (a)L1, (b) L2 of different 

locations, and (c) L1, (d) W0.2 of different reflectances 

showing the fluence rate in the upper zone and 

irradiance in the lower zone. 

When the reflectance of the ceiling or wall increased to 

0.1, the highest irradiance didn’t change significantly, but 

more hot spots appeared at the eye level or even lower. 

For standing persons, increasing the reflectance from 0.1 

to 0.2 would make a big percentage change of irradiances. 

Because of the irradiance incidents reflected from the 

ceiling and walls, it would be risky for persons not only 

facing the wall with UVGI but also standing near the 

opposite wall with their back to the fixtures (Figure 9. c, 

d). The area between the sickbed and the wall became 

potentially hazardous for persons standing there 
regardless of their orientation. They would receive 0.80 

μW/cm2 or higher irradiance, which means the maximum 

exposure duration should be less than 2 h. Even though 

occupants were likely to move around this area, this high 

irradiance still posed a real risk of overexposure because 

of the cumulative effect of UV dose. In this specific case, 

increasing the reflectance of the ceiling and wall to 0.1 

posed a potential risk of overexposure for persons 

standing in the area with hot spots. The scenario with wall 

material of reflectance ratio 0.2 made not only standing 

persons but also the patient on the sickbed potentially 

receive the UV dose above TLV. 

Conclusion 

This study provides an integrated workflow in Rhino3D 

modeling software for a quick and high-resolution 
assessment of the UV irradiance dose received by 

microorganisms from a UVGI device. The spatial 

distribution of UV irradiance dose was predicted by 

coupling raytracing with CFD analysis: the raytracing 

technique of the UV-C irradiance field was performed 

using the Honeybee plugin for Grasshopper Algorithmic 

Modelling tool which is native to Rhino3D and uses the 

RADIANCE engine for raytracing; the CFD analysis for 

airflow patterns and virus concentration was performed 

using RhinoCFD plugin into Rhino3D. Therefore, the 

whole modeling and simulation effort was achieved 

within the one software, which allows a convenient 

workflow for multiple iteration parametric tests. 

We demonstrated this method through a case study of a 

typical hospital patient room retrofitted with a UVGI 

device for the prevention of SARS-CoV-2 spread and 

tested the impacts of different spatial and material 

strategies on the efficacy and safety of the UV irradiation. 

We considered several possible locations for the UVGI 

device installation. The case study results showed that the 

location of the UVGI fixture would have a significant 

impact on the efficacy of disinfection. At the same time, 

the risk of occupant’s overexposure to UV irradiation may 
increase if the fixtures are not installed in appropriate 

locations. Based on the airflow pattern, the zone with 

high-concentration microorganisms was above the 

patient’s head and near the exhaust, therefore the zone 

with a high fluence rate should match it. The 

arrangements of fixtures in this study have disinfection 

efficiencies with the UV doses ranging from 936 μJ/cm2 

to 1713 μJ/cm2, which reached the requirement of 90% 

inactivation of SARS-CoV-2, with the higher portion 

within this range nearly reaches 99% inactivation of 

microorganism. The arrangement with one UVGI fixture 

located above the patient and one oriented towards the 
exhaust is expected to have the strongest disinfection 

effects and remains safe for occupants.  

The results also indicate that room materials should be 

kept at the lowest UV reflectance level possible since 

materials with reflectance higher than 5% can 
compromise the safety of occupants in the lower zone 

while having a very limited contribution to the 

disinfection efficiency in the upper zone.  

The modeling method and results of this study have 

pertinent applications during the COVID-19 pandemic, as 

hospitals and other healthcare facilities would require 
retrofitting efforts for making buildings safer: many such 

facilities are considering disease control measures such as 

the implementation of UVGI technology. This study helps 

make the UVGI technology accessible to both designers 

and users by developing a tool that can equip users with 

spatial maps indicating the level of safety and efficacy of 

the device usage in occupied rooms. 
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