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Clean indoor air is crucial for human lives in residential and workplace
settings, including food safety and supply chains. Since the COVID-19 outbreak,
disinfecting air has become vital for the public as the SARS-CoV-2 virus and
other infectious diseases transmit via inhalable aerosols. Ultraviolet (UV) light is
known to be efective in disinfecting air. However, it is still challenging to properly
design practical UV applications with common light design software. Visible light
analysis software, AGi32, assists architectural applications. AGi32 utilizes digitized
luminaire IES fles to model light intensity on user-designed geometry incommon
far-feld uses. IES fles are based on far-feld photometry to model light intensity
atdiferent distances and angles from the source. The common application of IES
fles is to model visible light intensities; however, IES fles generated for UV light
are still rarely available. Due to the increasing need for surface and air disinfection,
modeling UV light intensity using IES fles may be benefcial for designing and
evaluating systems containing UV light bulbs in near-feld applications. There
is limited information regarding the accuracy of UV modeling in AGi32 software
using IES fles. Therefore, the research objectiveswereto (1) create IES flesofaUV-
C germicidal lamp (254 nm) and a visible fuorescent lamp with almost identical
metrics; (2) compare the IES fles output with physical UV measurements inside
and outside of an air duct; (3) develop correlations between light intensities of
visible and UV light bulbs. Linear correlations were observed when comparing
UV irradiance and visible illuminance for both measured and modeled data. The
results indicated high variability between the measured and modeled light data,
signifying the importance of further investigation of potential error sources and
improving the accuracy of modeling.

AGi32 modeling, light modeling, UV irradiation, light measurement, disinfection of air

1 Introduction

Light design and modeling sofware such as AGi32 and DiaLux utilize “ies”
(HNluminating Engineering Society) fles to design lighting systems as well as calculate
light illuminance with numeric and rendered solutions. T ese lighting analysis sofware

Abbreviations: HVAC, heating, ventilation, and air-conditioning; IES, llluminating Engineering Society;
UL, Underwriters Laboratories Inc.; UV, ultraviolet; UV-C, ultraviolet-C; UVGI, ultraviolet germicidal
irradiation; NIST, National Institute of Standards and Technology.
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or tools have been used in architectural lighting design and they can
help with interior lighting design, daylighting analysis, exterior and
landscape lighting, visualization of lighting efects, and others. IES
fles, acommon digitized luminaire fle type, typically document the
information based on a single light fxture model. IES fles are ofen
created with sophisticated equipment, such as a goniophotometer,
in highly controlled laboratory conditions. Tey are ofen based
on far-feld photometry, which assumes light coming from a single
point (point source irradiation), and the light distribution follows
the “fve times rule” with near-Lambertian distributions. Te “fve
times rule” states that the light can be treated as a point source when
the target object is at least fve times the largest dimension (length
or diameter) of the luminaire in an ideal environment condition
(ANSI/IES, 2022; Keitz, 1971). Most publicly available IES fles are
for visible light luminaries, such as fuorescent lamps and light-
emitting diodes (LED).

When this paper was in preparation, there were limited publicly
available IES fles for tubular UV bulbs. Some manufacturers choose
to share IES fles publicly while some do not; on the other hand,
acquiring IES fles through a certifed laboratory can be costly. To
our knowledge, thus far, there has been no UV-related irradiance
modeling published using AGi32 sofware. Te AGi32 is a popular
add-on package developed to assist with far-feld architectural
applications such as roadways, parking lots, sports arenas, and
commercial indoor spaces. Also, there is limited available research
regarding the generation and application of IES fles for UV light
modeling. Modeling UV irradiance using IES fles in AGi32 could
be a viable solution for estimating UV irradiance efectively and
efFciently, especially with complex geometry and computer-aided
design (CAD) fles. However, the accuracy of the modeling needs
to be evaluated before widespread adoption, especially for near-feld
applications common to UV disinfection of air. Conversely, due to
the scarcity of UV-based IES fles, utilizing currently available IES
fles for UV modeling might be an option.

Tis research attempts to fnd if there are linear correlations
between the modeled light intensity data from existing visible light
IES fles and modeled UV irradiance from a UV bulb with similar
specifcations. If successful, the linear correlation approach can be
an alternative way to model UV, as there are overwhelmingly more
IES fles for visible light bulbs while very few for UV bulbs.

Tere has been increasing interest in adopting UV for air and
surface disinfection to inactivate pathogens potentially harmful to
human and animal health. Studies have shown that UV light is
efective in mitigating many airborne and surface-borne pathogens.
ASHRAE mentioned a conservative dose for 99% inactivation
of airborne SARS-CoV-2 virus as 1.50 mJ/cm? (ASHRAE, 2024).
According to Sabino et al. (2020), UV-C (254 nm) dose needed for
surface-borne SARS-CoV-2 is 0.706 mJ/cm? for 99% reduction and
6.556 mJ/cm? for 99.9% reduction. UV is also efective on common
viruses and bacteria in animal production industries (Li et al., 2021).
Due to the harmful efect of UV, UV bulbs cannot be positioned for
direct exposure when humans or animals are present. For enclosed
air cleaner or purifer design, UV bulbs can be more efective when
positioned afer air flters. T is would prevent dust from covering
the bulbs and therefore reduce their efectiveness (Li et al., 2024a).
UV applications in buildings can help improve indoor air quality
(IAQ) by removing unwanted pathogens and improve the equivalent
air changes per hour (ACHe). Tis reduces the ventilation needed

Frontiers in Built Environment

02

10.3389/buil.2024.1464027

to achieve the same level of pathogen reduction, which would
make the building more energy efcient and sustainable. Te UV
application would align with the vision of design of ef¥cient and
healthy buildings (Gonzélez-Lezcano, 2023). Tere is a practical
need to properly model UV irradiance with popular engineering
sofware such as AGi32 to accurately estimate the needed UV
irradiance and, therefore UV dose for a particular target. T erefore,
examining the performance of commonly used light modeling
sofware and its accuracy in near-feld consistent with UV treatment
of air provides useful information for users to make decisions
while choosing the modeling option. T is research builds upon a
prior experiment by Li et al. (2024b) where UV and visible light
measurements in near- and far-feld scenarios were conducted in
an air cleaner prototype, and spreadsheet-based point-source and
line-source modeling was performed. In the previous study, we
observed major discrepancies between measured and modeled data,
especially in near-feld applications. T erefore, the objectives of this
research were to adopt AGi32 for modeling UV light solutions in
an efective and efFcient manner. More specifcally, we aimed to (1)
create IES fles of a UV-C germicidal lamp (254 nm) and a visible
fuorescent lamp with almost identical metrics; (2) compare the IES
Tle output with physical UV measurements in and out of air duct; (3)
develop the correlation between the visible and UV light intensity of
the two lamps.

2 Materials and methods

2.1 Luminaire selection and light
measurement

Light measurement data were adopted from a previous study
on UV and fuorescent light intensity®. Briefy, a common UV-C
bulb (low-pressure monochromatic bulb, #G30T8; Ushio America
Inc., Cypress, CA, United States) and a common fuorescent bulb
(Fuorescent light bulb, F30T8, 4100K color temperature; General
Electric, Boston, MA, United States) were chosen for the study. Te
UV and visible tubular light bulbs had the same physical dimensions
(90cm or 36 in. In length and 2.5cm or 1 in. In diameter) and
nominal power consumption (30 W). A radiometer (ILT 1700;
International Light Technologies, Peabody, MA, United States) with
a wavelength-specifc combination of detectors and flters was used
to measure the light output from UV and visible light on the cross-
sectional area of an air duct (with an opening of 1.52 x 1.02 m; 60 x
40 in.) from a commercial air-cleaning prototype.

Tree power output modes (1-bulb, 4-bulb, and 8-bulb) were
measured. Te UV measurement was conducted using the SED240
light detector and NS254 flter combination (International Light
Technologies, Peabody, MA, United States), which measured a
center wavelength of 254 nm with a range of 254-257 nm. Te
manufacturer had a £6.5% transfer uncertainty to customers and
a +2.4% uncertainty from the National Institute of Standards and
Technology (NIST), with a 95% confdence level. T e visible light
spectrum (400-700 nm) was measured by a combination of a
SEDO033 light detector and a Y4 flter. T e manufacturer had a +4.3%
transfer uncertainty to customers and a +0.5% uncertainty from
NIST, with a 95% confdence interval. Calibration factors for UV
and visible light detector and flter combinations were provided by
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FIGURE 1

Near-feld light measurement on visible light (left) and UV light (right) in-duct.

FIGURE 2

A polar graph was generated based on the goniometer measurement. The image is for illustration purposes and was extracted from a technical report
(UL Verifcation Services. Indoor Distribution Test Report. Report No. 14030482.01, 9/21/2021. Allentown, PA)” © 2024 UL LLC. All rights reserved.

the manufacturer and were adopted during measurements on two
diferent light type measurements, respectively. Light measurements
were performed on vertical grid planes, each divided into 7 x 5 cells
(in a total of 35 cells, with 0.14 x 0.12 m for each cell). Te light
detector was positioned at the center of each cell until the reading
became stable before the measurement was recorded.

Four diferent distances, 0.0254 m, 0.0762 m, 0.127 m, and
0.254m (1in,, 3in., 5in., and 10 in., respectively) from the UV or
visible light source were measured inside the air duct. For outside
of the duct, fve distances, 0.762 m, 1.524 m, 3.048 m, 4.572 m, and
6.096m (or 25 f, 5F, 10F, 15F, and 20 F, respectively) were
measured. T ree additional distances, 0.51 m, 7.62 m, and 9.14 m
(20 in., 25 F, and 30 T, respectively) were simulated in Agi32 but
not measured. Figure 1 displays the overview of light measurement
with the radiometer, detectors, and sensors. T e distance between
the light bulbs to the end of the air duct was about 0.37 m (14.5in.).
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2.2 IES fle generation

AGi32 sofware (Lighting Analysts, Inc, 2022) is light modeling
sofware that can be used for exterior and interior lighting design
and calculation common in far-feld. Te sofware can import
IES fles and position them on 3-D geometries to calculate and
render the light output to facilitate the light designing process.
To generate IES Fles from the UV and visible light bulbs used in
this study for modeling and comparison purposes, upon request,
UL Solutions (Allentown, PA, United States) generated the IES
fles based on standards IES LM-9-2009 (IES, 2009) and ANSI
CB82.77-10-2014 (ANSI, 2014). Two IES fles were obtained, one
for the fuorescent bulb and the other for the UV bulb, respectively
(UL Verifcation Services, 2021a; UL Verifcation Services, 2021b).

To generate an equivalent UV IES fle based on existing visible
light IES fle, an assumption was made that the distribution of a
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FIGURE 3
Top: Rendered image showing the 1-bulb irradiation scenario. The
color displayed from the light source is pseudo-color, and the bright
and dark distributions indicate the relative intensity of light. The
opening of the “wall” facing the reader is only to view the light
distribution. During the light calculation, the walls to the left and right
sides of the light bulb are identical. Bottom: Ray tracing image
showing the 8-bulb (4 fxtures, two bulbs each fxture) irradiation
scenario. The color displayed from the light source is pseudo-color,
and the bright and dark distributions indicate the relative

intensity of light.

fuorescent lamp was equivalent to the UV-C low-pressure mercury
lamp. Te fuorescent lamp and ballast were mounted on a high-
speed type-C Goniophotometer where the intensity distribution
was measured (Figure 2). Te UV-C lamp and ballast were then
mounted onto the gonio and placed at a height of 2.30 m (90.5
in.) above an OL756 UV/VIS spectroradiometer (G&H, Somerset,
United Kingdom).

An irradiance measurement of the UV-C lamp was made. With
the known distance and known irradiance, the measurement was
then converted to Watts per steradian (W/sr). With the known
intensity at IES Type C coordinate location (0,0) and the known
radiant intensity of the UV-C lamp at coordinate (0,0), a conversion
factor from candela (cad) to W/sr was created. T is conversion
factor was then applied to the candela values in the IES fle of
the fuorescent lamp to create an equivalent IES fle for the UV-C
lamp in W/sr.

2.3 Light modeling with AGi32 and
comparison with measurements

Eight cross-sectional planes, each plane segmented into a 7-by-
5 grid (i.e., 35 points), were established in the AGi32 environment
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to estimate the UV irradiation and visible illumination. Note that
the laboratory environment where the physical measurements were
conducted cannot be fully refected in the AGi32 environment. Te
refectance of the surroundings, when the measurement planes were
inside the duct, was assumed to be the default value of 0.8, which
is similar to the estimated refectance of galvanized steel (Decrolux,
2024), while the refectance outside of the duct was assumed to
be similar to common household foors and ceiling. Te IES fle
generated for the fuorescent light bulb was also installed in the same
established geometry (same exact grid sizes and distances to the light
fxture plane) in AGi32.

Terendering efectis shown in Figure 3, simulating the number
and positions of UV or visible light bulbs during the actual
measurements.

Equation 1 describes the calculation of the percent error of the
average irradiance or illuminance from each plane between modeled
and measured data. T e measured data were treated as “true values,”
and the percentage error describes how the modeled intensity
deviates from the measured data. Besides the percentage error, a t-
test was performed comparing the measured and the modeled data
sets under each light bulb category and for each power mode.

%Error = m ~mea 300, o)
mea
Where | ,,,q is the average (of 35 points per plane) modeled light
intensity (irradiance for UV in mW/cm?Z; or illuminance in lux, for
visible light), I, is the average (of 35 points per plane) measured
light intensity (irradiance for UV in mW/cm? or illuminance for
visible light in lux).

2.4 Correlation between modeled UV
irradiance and visible light illuminance

Afer the AGi32 simulation was completed, visible illuminance
data were compared to UV irradiance data using linear regression in
each of the nine planes.

Equation 2 describes the proposed correlation between UV
irradiance and visible illuminance.

y=Cx @

Where, y is the modeled UV irradiance (mW/cm?); x is the
modeled visible illuminance (lux); C is the correlation factor
between UV irradiance and visible illuminance, with a unit of lux.
cm? mw,

3 Results

An example of the AGi32 modeled UV irradiance (mW/cm?)
for one plane corresponding to the UV measurements at the center
of each cell on a7 x 5 grid is shown in Figure 4.

Table 1 summarizes the measured and modeled UV irradiance
data for all distances inside the air duct. High errors exist between
measured and model data, from as low as 5% to as high as
351% (in absolute values). No obvious trends in errors over
distances were observed. For 1-bulb and 4-bulb scenarios, there are
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FIGURE 4
An example of AGi output on UV irradiance (mW/cm?) with 7 x 5 grids in the 1-bulb power mode. The distance between the UV light plane to the light
intensity calculation plane is 1.5 m (or 5 ft). (A) the display of calculation results for each of the 35 grids; (B) the geometry of the UV light plane and the
light intensity calculation plane.

TABLE 1 Summary of measured and modeled UV irradiance results inside the air duct from each measurement plane of various distances from the light
source plane with the default refectance condition (refectance = 0.8).

1-Bulb 4-Bulb 8-Bulb

Plane- Measured Modeled % Measured Modeled % Measured Modeled % error

to-plane  (mW/cm?) (mW/cm?)| Error  (mW/cm?) (mW/cm?)| Error | (mW/cm?) (mW/cm?)
distances

(m)

0.03 0.43 1.94 351% 2.29 3.55 55% 3.40 6.87 102%

0.08 0.64 171 169% 275 3.76 37% 4.30 4.51 5%

0.13 0.62 155 148% 244 3.47 42% 4.05 4.63 14%

0.25 0.47 129 173% 181 3.04 68% 3.15 3.90 24%
p-value 0.002 0.004 0.150

TABLE 2 Summary of measured and modeled visible illuminance results in-duct from each measurement plane of various distances from the light
source plane with the default refectance condition (refectance = 0.8). Negative values refer to the cases where the modeled is less than the measured,
resulting in less than 0% error.

1-Bulb 4-Bulb 8-Bulb
Plane- Measured Modeled % Measured | Modeled % Measured Modeled

to-plane (lux) (lux) Error (lux) (lux) Error (lux) (lux)

distance
(m)
0.03 884 2,246 154% 5,246 6,498 24% 8,282 9,156 11%
0.08 1,438 2,883 100% 5,736 5,601 -2% 9,951 7,470 —25%
0.13 1,434 2,565 79% 5,465 5,007 -8% 9,623 7,342 —24%
0.25 1,162 1,260 8% 4,397 4,030 -8% 6,187 5,675 -8%
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FIGURE 5
Correlation between modeled illuminance and modeled irradiance for

all three power output options (A) and correlation between measured
illuminance and measured irradiance for all power output options (B).

statistically signifcant diferences between the measured and the
modeled data set.

Table 2 summarizes the measured and modeled Vvisible
illuminance data for all distances. High errors exist between
measured and model data, from as low as 2% to as high as 154%
(in absolute values). No obvious trends in errors with respect to
distances were observed.

Te average values of modeled visible illuminance and UV
irradiance were linearly correlated, as shown in Figure 5. Statistical
parameters are summarized in Table 3. Te results indicated that
there is a correlation between visible illuminance and UV irradiance
of two types of light bulbs that share the same physical geometry and
nominal power consumption. T e correlation factors for all three
power output modes have a coecient of determination (R-square
values) of above 0.95, indicating strong linear correlations.

For measurement and modeling outside of the air duct, Table 4
summarizes the measured and modeled UV irradiance data for all
distances. High errors exist between measured and model data, from
as low as 3% to as high as 120% (in absolute values). No obvious
trends in errors related to the distance were observed.

Likewise, Table 5 summarizes the measured and modeled visible
illuminance data for all distances out of the air duct. T e percentage
error ranges from almost 0%-52% (in absolute values).
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FIGURE 6
Correlation between modeled illuminance and modeled irradiance for

all three power output options (A) and correlation between measured
illuminance and measured irradiance for all power output options (B).

Figure 6 shows the linear correlation between the average
values of modeled visible illuminance and UV irradiance. Statistical
parameters are summarized in Table 6. T e correlation factors for all
three power output modes have a coefcient of determination (R-
square values) of above 0.96, indicating strong linear correlations.

4 Discussion
4.1 Modeled UV and visible light intensity

In this study, the radiometer-measured data can be regarded as
“references” to evaluate the accuracy of the modeled data, although
the measured data still have an uncertainty of 8.9% and 4.8% for UV
and visible light measurements, respectively, based on manufacturer
information®. Based on the results of percent error, high errors between
modeled and measured data were observed. T erefore, identifying
sources of error and improving modeled light intensity in AGI32 is
necessary for more accurate modeling of UV light distribution. For UV
light, higher power output (8-bulb or 4-bulb mode) yielded lower errors
than lower power output (1-bulb mode). However, a similar trend was
not observed for the visible light bulbs. Also, no obvious relationship
between the errors and distance was observed.
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TABLE 3 Summary of coeFcients and R? of the correlations between modeled illumination and modeled irradiance.

Number of bulbs Modeled data Measured data
Linear coe¥Fcient (C) Linear coe¥cient (C)
1 1,384 0.958 2,278 0.997
4 1,536 0.986 2,228 0.997
8 1,466 0.992 2,294 0.995

TABLE 4 Summary of measured and modeled UV irradiance results outside of the air duct from each measurement plane of various distances from the
light source plane with the realistic refectance condition. N/A indicates that the data were not measured or unavailable.

1-Bulb 4-Bulb 8-Bulb

Plane- Measured Modeled % Measured Modeled % Measured Modeled % error

to-plane  (mW/cm?) (mW/cm?)| Error  (mW/cm?) (mW/cm?)| Error | (mW/cm?) (mW/cm?)
distances

(m)

051 N/A 0.47 N/A N/A 125 N/A N/A 3.29 N/A
0.76 0.150 0.22 46% 0.57 08 41% 1.03 135 32%
152 0.047 0.10 120% 0.19 0.32 2% 0.36 0.48 34%
3.05 0.014 0.02 34% 0.06 0.08 45% 0.09 0.13 44%
4.57 0.007 0.01 70% 0.03 0.03 11% 0.04 0.05 25%
6.10 0.004 0.004 -3% 0.02 0.02 26% 0.03 0.03 12%
7.62 N/A 0.004 N/A N/A 0.004 N/A N/A 0.0198 N/A
9.14 N/A 0.003 N/A N/A N/A N/A N/A 0.013 N/A

TABLE 5 Summary of measured and modeled visible illuminance results out-of-duct from each measurement plane of various distances from the light
source plane with realistic refectance conditions. Negative values refer to the cases where the modeled data is less than the measured, resulting in less
than 0% error. N/A indicates that the data were not measured or unavailable.

1-Bulb 4-Bulb 8-Bulb

Plane- Measured Modeled % Measured Modeled % Measured Modeled % error

to-plane (lux) (lux) Error (lux) (lux) Error (lux) (lux)

distances
(m)
051 N/A 628 N/A N/A 2,137 N/A N/A 3,593 N/A
0.76 402 401 0% 1,629 1,348 -17% 2,968 2,329 -22%
152 130 137 6% 549 465 -15% 1,012 820 -19%
3.05 40 32 -22% 168 112 -33% 309 207 -33%
457 21 13 -36% 87 48 -45% 160 93 -42%
6.10 13 7 —44% 55 26 -52% 100 48 -52%
7.62 N/A 5 N/A N/A 17 N/A N/A 34 N/A
9.14 N/A 3 N/A N/A 11 N/A N/A 21 N/A
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TABLE 6 Summary of coefFcients and R? of the correlations between modeled illumination and modeled irradiance.

Number of bulbs Modeled data

Measured data

Linear coe¥cient (C)

Linear coe¥cient (C)

1 1,420 0.983 2,686 >0.999
4 1,690.6 0.999 2,891 >0.999
8 1,193.4 0.964 2,891 >0.999

4.2 Overview of the discrepancy between
the modeled and measured data

T e accuracy of the IES fles generated during the measurement
of bulbs using a photogoniometer also plays an important role in
determining the results of this experiment. Due to the early-stage
development of digitizing UV light bulbs using a photogoniometer,
a higher-than-expected error may exist and contribute to some of
the abovementioned discrepancies.

Alternatively, the physical geometry of the light luminaire, the light
structure, the air duct, and the surrounding environment cannot be
fully recreated in AGi32 due to their complexity, which also contributed
to the diferences between modeled and measured data. Adjusting the
environmental parameters, such as surface refectance and light loss
factors, to be more representative of realistic scenarios may help improve
the accuracy of light modeling and reduce errors. T e experimental
setup can be improved by conducting the measurements in a painted
duct with known refectance, thereby reducing the diference between
the measured and the modeled.

4.3 Applicability of this study

Tis study only focuses on one type of common UV bulb and one
type of fuorescent bulb. T e bulbs used were both tubular bulbs. Te
result may not be applicable or comparable to other types or shapes
of UV or fuorescent bulbs. Te correlation between UV and visible
intensity is also infuenced by the power output (such as the number
of bulbs and the power consumption of each bulb). T erefore, more
studies are needed to prove the linear correlation between UV and
visible light intensity.

5 Conclusion

Tisresearch presentsapreliminary attemptat modeling UV via IES
fles and correlating the light intensity of two types together for ease of
modeling. IES fles for UV and fuorescent lamps were created and used
for modeling in AGi32. Strong linear correlations were observed when
comparing UV irradiance and visible illuminance for both measured
and modeled data. However, with high errors between the measured
and modeled data, further development of IES fles and modeling eforts
are warranted to improve the modeling process and accuracy.
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