Taylor & Francis
Taylor & Francis Group

Occupational -

TAone Journal of Occupational and Environmental Hygiene

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/uoeh20

Field study of early implementation of UV sources
and their relative effectiveness for public health
and safety

Jennifer Henderson, Ben Ma, Martin Cohen, Joel Dazey, John Scott Meschke
& Karl G. Linden

To cite this article: Jennifer Henderson, Ben Ma, Martin Cohen, Joel Dazey, John Scott Meschke
& Karl G. Linden (2022) Field study of early implementation of UV sources and their relative
effectiveness for public health and safety, Journal of Occupational and Environmental Hygiene,
19:9, 524-537, DOI: 10.1080/15459624.2022.2100404

To link to this article: https://doi.org/10.1080/15459624.2022.2100404

A
h View supplementary material &'

@ Published online: 05 Aug 2022.

N
G/ Submit your article to this journal

||I| Article views: 161

A
& View related articles &'

@ View Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=uoeh20


https://www.tandfonline.com/action/journalInformation?journalCode=uoeh20
https://www.tandfonline.com/loi/uoeh20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15459624.2022.2100404
https://doi.org/10.1080/15459624.2022.2100404
https://www.tandfonline.com/doi/suppl/10.1080/15459624.2022.2100404
https://www.tandfonline.com/doi/suppl/10.1080/15459624.2022.2100404
https://www.tandfonline.com/action/authorSubmission?journalCode=uoeh20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=uoeh20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/15459624.2022.2100404
https://www.tandfonline.com/doi/mlt/10.1080/15459624.2022.2100404
http://crossmark.crossref.org/dialog/?doi=10.1080/15459624.2022.2100404&domain=pdf&date_stamp=2022-08-05
http://crossmark.crossref.org/dialog/?doi=10.1080/15459624.2022.2100404&domain=pdf&date_stamp=2022-08-05

JOURNAL OF OCCUPATIONAL AND ENVIRONMENTAL HYGIENE
2022, VOL. 19, NO. 9, 524-537
https://doi.org/10.1080/15459624.2022.2100404

Taylor & Francis
Taylor &Francis Group

‘ W) Check for updates

Field study of early implementation of UV sources and their relative
effectiveness for public health and safety

Jennifer Henderson?, Ben Ma®, Martin Cohen?, Joel Dazey<, John Scott Meschke?, and Karl G. Linden®

®Department of Environmental & Occupational Health Sciences, University of Washington, Seattle, Washington; bDepartment of Civil,
Environmental, and Architectural Engineering, University of Colorado Boulder, Boulder, Colorado; “Space Needle, Seattle, Washington

ABSTRACT

The emergence of COVID-19 and its corresponding public health burden has prompted
industries to rapidly implement traditional and novel control strategies to mitigate the likeli-
hood of SARS-CoV-2 transmission, generating a surge of interest and application of ultravio-
let germicidal irradiation (UVGI) sources as disinfection systems. With this increased attention
the need to evaluate the efficacy and safety of these types of devices is paramount. A field
study of the early implementation of UVGI devices was conducted at the Space Needle
located in Seattle, Washington. Six devices were evaluated, including four low-pressure (LP)
mercury-vapor lamp devices for air and surface sanitation not designed for human exposure
and two krypton chloride (KrCl*) excimer lamp devices to be operated on and around
humans. Emission spectra and ultraviolet (UV) irradiance at different locations from the UV
devices were measured and germicidal effectiveness against SARS-CoV-2 was estimated. The
human safety of KrCl* excimer devices was also evaluated based on measured irradiance
and estimated exposure durations. Our results show all LP devices emitted UV radiation pri-
marily at 254nm as expected. Both KrCl* excimers emitted far UVC irradiation at 222 nm as
advertised but also emitted at longer, more hazardous wavelengths (228 to 262 nm). All LP
devices emitted strong UVC irradiance, which was estimated to achieve three log reduction
of SARS-CoV-2 within 10sec of exposure at reasonable working distances. KrCl* excimers,
however, emitted much lower irradiance than needed for effective disinfection of SARS-CoV-
2 (>90% inactivation) within the typical exposure times. UV fluence from KrCl* excimer devi-
ces for employees was below the American Conference of Governmental Industrial
Hygienists (ACGIH) Threshold Limit Values (TLVs) under the reported device usage and work
shifts. However, photosensitive individuals, human susceptibility, or exposure to multiple UV
sources throughout a worker's day, were not accounted for in this study. Caution should be
used when determining the acceptability of UV exposure to workers in this occupational set-
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ting and future work should focus on UVGI sources in public settings.

Introduction

The Space Needle is one of the most recognizable land-
marks since it was built in 1962. The tower stands at
184.4m and provides 360° panoramic views of the city
of Seattle, the Puget Sound, and neighboring mountain
ranges. The Space Needle is privately owned and
employs up to 300 staff with significant variability due
to cyclic peak seasons attributed to summer and vac-
ation schedules. The unique layout of the building lends
itself to significant guest and staff interaction as guests
navigate through the experience with the help of staff.
Ticketholders start at the facility entry, then walk along

outdoor and indoor ramps to the elevators for a 43-sec
ride up to the tower’s Tophouse, which features two
floors with an indoor/outdoor Observation Deck and
the world’s first rotating glass floor. While there, guests
can purchase food or beverages and interact with sev-
eral kiosks and cameras to enhance their visit. When
they are ready to depart, guests exit via the elevators,
which take them down to the gift shop on the
ground floor.

This world-famous tourist and visitor destination
typically hosts more than a million guests annually.
However, this all halted at the onset of the COVID-19
pandemic. Specifically, on March 12, 2020, consistent
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with Washington State Governor Jay Inslee and
Seattle Mayor Durkan’s guidance, the Space Needle
decided to suspend operations as a precautionary
measure. Subsequent extensions of this suspension
continued until July 21, 2020. When the Space Needle
was ready to reopen, they implemented several con-
trols in both response to SARS-CoV-2, and for
continuous and long-term safety and health enhance-
ments for their staff and visitors. They implemented a
multi-layered approach with the following highlighted
controls, including reduced guest occupancy, increased
ventilation, enhanced cleaning protocols, social dis-
tancing, touch-free entry gates, timed ticketing, ticket
self-scans, and self-checkouts, limiting elevator cap-
acity to 50%, 100% fresh air intake in all elevator
cabs, asking guests to not talk during the elevator trip
up top, and the procurement and installation of
UVGI devices throughout their complex.

All UVGI devices installed at the Space Needle
advertised UVC or far UVC radiation emission wave-
lengths. UVC is a classification of UV that includes
wavelengths from 200 to 280 nanometers (nm) (IES
2020). UVC has been recognized as an effective ger-
micidal disinfectant but is also known to be hazardous
to exposed human skin and eyes. UVC overexposure
to the skin can cause erythema or sunburn while
overexposure to the eye can result in photokeratitis, a
painful condition of the eye (LBNL 2018). Far UVC,
increasing in popularity and interest for its germicidal
properties, is part of the UVC band that encompasses
wavelengths in the range of 200-225nm. Far UVC
has demonstrated disinfection efficacy, yet studies sug-
gest that these wavelengths do not cause human
health issues typically associated with UVC exposure
(Simons et al. 2020).

The American Conference of Governmental
Industrial Hygienists (ACGIH®) develops and pub-
lishes occupational exposure guidelines for exposure
to UV with wavelengths between 180 and 400 nm.
These guidelines are presented as Threshold Limit
Values (TLVs®). TLVs represent levels of exposure to
which nearly all workers may be repeatedly exposed
8hr a day, 40hr per week for a working lifetime,
without adverse health effects. These values are estab-
lished at exposure levels sufficient to minimize or
eliminate adverse health effects for average healthy
workers. Due to variation in human susceptibility,
exposure of an individual at, or even below, the TLVs
may result in adverse health conditions. For UV radi-
ation, the TLV states that it does not apply to workers
considered to be photosensitive or are concomitantly
exposed to photo-sensitizing agents (e.g., tetracycline,
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imipramine, and sinequan). The TLV further explains
that “Hypersensitivity should be suspected if workers
present skin reactions when exposed to sub-TLV
doses or when exposed to levels (generally UV-A) that
did not cause a noticeable erythema in the same indi-
vidual in the past” (ACGIH 2022). These TLVs vary
with wavelengths and are expressed as a dose (m]/
cm?). The dose is calculated as the product of irradi-
ance (mW/cm?) and exposure time (seconds).
According to both the 2020 and 2021 ACGIH TLVs,
the lowest TLV for the different UV wavelengths is
3mJ/cm? at 270 nm, at which UV irradiance has the
highest hazardous effectiveness. The hazardous effect-
iveness at other wavelengths is represented using a
wavelength-specific relative spectral effectiveness rela-
tive to the value at 270nm (i.e., ratio of TLV at
270nm to TLV at respective wavelength).

Commercial UV devices have entered the retail
market promoting the operation of far UVC lamps in
occupied spaces for intentional human exposure to
mitigate SARS-CoV-2 transmission. However, early in
the pandemic, some within the UV radiation commu-
nity published statements and white papers cautioning
the potential expanded application of germicidal UVC
technology in occupied spaces for intentional human
exposure in response to SARS-CoV-2. In April 2020,
the International Ultraviolet Association (IUVA)
released an article notifying the public of the IUVA
and RadTech North America’s position, discouraging
the use of UV directly on the human body, as there
are “no protocols to advise or to permit the safe use
of UV light directly on the human body at the wave-
lengths and exposure proven to effectively kill virus
such as SARS-CoV-2” (IUVA 2020). The article also
discusses information related to far UVC disinfecting
viruses without damaging skin and eyes but states
information is preliminary and lacking protocols for
construction and operations of such devices. Also in
May 2020, the International Commission on Non-
Ionizing Radiation Protection (ICNIRP) released a
statement regarding the use of far UVC lamps to
inactivate SARS-CoV-2. In their article, “UVC lamps
and SARS-COV-2,” ICNIRP discusses new 222nm
lamps becoming available but encourages caution
since evidence exists that some lamp models may
have minor emissions at longer, more hazardous,
wavelengths (ICNIRP 2020).

These early cautionary statements coupled with the
increased availability of far UVC commercial products
emphasized the need to evaluate UV sources and to use
prudence when considering the application of far UVC
for intentional human exposure. In concert with this
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Figure 1. Schematic diagram of evaluated UV devices in this study including Upper Air UV (LP-1), Mobile UV Disinfection System
(LP-2); UV Air Handling System (LP-3); Personal Air Sanitizer (LP-4), UV Sanitizing Entry Gate (KrClI*-1), and UV Elevator Lights

(KrCI*-2).

guidance, a field study of the early implementation of
UV sources was conducted for the Space Needle in a
collaboration between the Space Needle Corporation,
the University of Colorado, and the University of
Washington. During this field study, four LP mercury-
vapor lamp devices (the Upper Air UV [LP-1], Mobile
UV Disinfection System [LP-2], UV Air Handling
System [LP-3], and Personal Air Sanitizer [LP-4]) not
designed for human exposure and two KrCl* excimer
lamp devices (UV Sanitizing Entry Gate [KrCl*-1] and
UV Elevator Lights [KrCl*-2]) designed to be operated
on and around humans were evaluated. Spectrometric
and radiometric measurements were collected for five
of the six devices and one of the six devices included
radiometric measurements only. Fluence was calculated
for the KrCl* lamp devices and compared to the exist-
ing ACGIH TLVs. Germicidal effectiveness was eval-
uated based on measured irradiance and estimated
exposure durations.

Methods
Evaluated UV devices

Six devices, four low pressure (LP) mercury-vapor
lamp devices not designed for human exposure and

two KrCl* excimer lamp devices to be operated on
and around humans, were evaluated in this field study
(Figure 1). A brief description of each device and
operational details are provided below.

LP-1

The Upper Air UV fixture is an upper room UV
device designed to expose a space to germicidal UV
without exposing the lower, potentially occupied, por-
tion of a room. This fixture includes one LP mercury-
vapor lamp (25 watt) advertised to produce UVC at
253.7nm with non-reflective baffles to direct UVC
energy into the upper air irradiance zone. At the
Space Needle, these devices are operated in the core
stairwells, and operations and management offices
continuously 24 hr a day, 7 days a week.

LP-2

The Mobile UV Disinfection System is a portable UV
system that is dispatched and operated daily to disin-
fect surfaces in unoccupied spaces of the Space
Needle. The device includes three 2 m portable towers
each equipped with three LP lamps (156 watt total),
advertised to produce UVC at 253.7 nm, that are posi-
tioned throughout a space and operated simultan-
eously. Treatment time is dependent on room size



and space configuration that can be determined by a
user or by a room scanning function internal to the
Mobile UV Disinfection System. At the Space Needle,
the device’s scan feature is used to initially assess a
new space selected for treatment. UV-sensitive stickers
are placed through the space to determine adequate
dosage. Once the dosage is determined, the informa-
tion is logged, and future treatments are run manu-
ally. UVC treatment times vary, on average a small
room is approximately 3 min, and for a medium and
large room, the average treatment time is 5min per
space. The device is controlled via a tablet computer
and employees are required to be trained before the
operation of this device. At the Space Needle, these
units are usually operated for less than 3 hr per day.

LP-3

The UV Air Handling UVC device is designed to be
installed in ducting for heating, ventilation, and air-con-
ditioning (HVAC) systems. The Space Needle incorpo-
rated 10 installations throughout its HVAC system. The
evaluated installation for this field study included six
83.8cm LP mercury-vapor lamps (75 watt per lamp)
installed within the in-duct coils upstream of the sys-
tems air filters that advertise to emit 250-260 nm wave-
lengths. The devices are intended to irradiate both the
air and mechanical in-duct components simultaneously
and are operated continuously. Air flow for the eval-
uated system typically ranges between 2208.7 and
5097.0 m>/hr. Signs were posted on the exterior of the
air handling units (AHUs), warning of UV light hazards
and instructing to disconnect power to all UVC devices
before servicing.

LP-4

Personal Air Sanitizers are designed for air purification
in small areas. These small plug-in devices pull air into
an enclosure that contains one LP mercury-vapor bulb
that advertised to emit 254 nm wavelengths. Units were
distributed to the office staff for personal use.

KrCI*-1

The UV Sanitizing Entry Gate is advertised as an air
and surface sanitizing device. Each entry gate includes
five 222nm emitting KrCl* excimer lamps (12 watt
per lamp) secured to the interior of an aluminum
frame. People passing through the entry gate are
instructed to enter and perform two slow full rotation
turns for 20 sec, with their hands facing upwards over
their heads. During the operation of the entry gate,
Space Needle employees work within the vicinity of
the units. Employees are positioned approximately
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182 cm away from the operating entry gate and rotate
posts every hour during 8-hr shifts. The average time
a Space Needle employee is deployed near this device
is estimated to be 240 min per day. There are approxi-
mately 20 to 25 employees that work within the prox-
imity of these entry gates placed through the Space
Needle facility.

KrCr+-2

UV Elevator Lights are air and surface disinfection
units designed to be installed in occupied spaces.
These devices have been installed in the ceilings of the
three Space Needle Elevators toward the center of the
elevator cab and are operated continuously during
hours of operation. Each elevator is equipped with
two UV Elevator lights with one KrCl* excimer bulb
(18 watt) in each light. Each bulb is advertised to emit
a 222nm wavelength. The Space Needle employs 10
Elevator Operators positioned next to the elevator
operating panel, near the elevator doors (not directly
under the bulbs). Elevator Operators rotate positions
with 2hr in an elevator and 1hr out of an elevator for
up to 10hr per day. The average exposure time for
Elevator Operators is estimated to be 420 min per day
and the average exposure time for an employee using
the elevator for one ride is estimated to be 4 min (i.e.,
the estimated average time for one complete elevator
ride including two 43 sec ascending/descending dura-
tions and estimated loading/unloading durations).
During this field study, Elevator Operators were
required to wear a brimmed hat, UVA, UVB, and
UVC eye protection, long-sleeve shirts, and gloves.

UV device characterization

The emission spectra between 200nm and 400nm
were measured using a Maya 2000 Pro spectrometer
(Ocean Insight, Dunedin, FL). Triplicate measure-
ments were taken for each device after it was turned
on for at least 5min to allow sufficient warm-up.
Triplicate measurements of ambient spectra were also
taken by placing the spectrometer at the same location
without the UV device being turned on. Normalized
emission spectra (i.e., relative lamp emission; RLE)
were calculated by excluding any signals from the
ambient environment and then normalized to the
maximum reading.

The UV irradiance was measured using a handheld
International Light Technologies (ILT) 2400 radiom-
eter (International Light Technologies, Peabody, MA)
calibrated between 200 and 400 nm. The detector was
set to measure the irradiance at the peak emission
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Table 1. Inactivation rate constants (in log,o-scale) for coronaviruses using LP UV lamp and KrCl* excimer

from previous studies.

Coronavirus® k (cm?/mJ)° Note References
LP UV lamp
HCoV 229E 0.59 Tested in phosphate buffered saline (pH 7.4) (Ma et al. 2021)
MHV 0.93 Tested in phosphate buffered saline (pH 7.4) (Ma et al. 2021)
SARS-CoV-1 0.83 Estimated from a prediction model (Rockey et al. 2021)
SARS-CoV-2 0.81 Tested in cell culture supernatant (Biasin et al. 2021)
0.87 Estimated from a prediction model (Rockey et al. 2021)
0.79 Tested in phosphate buffered saline (pH 7.4) (Ma et al. 2021)
Range 0.59-0.93
Average 0.80
KrCl* excimer
HCoV 229E 133 Tested in phosphate buffered saline (pH 7.4) (Ma et al. 2021)
1.78 Tested in cell culture supernatant aerosols (Buonanno et al. 2020)
HCoV 0C43 2.56 Tested in cell culture supernatant aerosols (Buonanno et al. 2020)
MHV 1.22 Tested in phosphate buffered saline (pH 7.4) (Ma et al. 2021)
SARS-CoV-2 0.84 Tested using dried viruses on polystyrene plates (Kitagawa et al. 2021)
SARS-CoV-2 0.64 Tested in cell culture supernatant (Robinson et al. 2021)
1.52 Tested in phosphate buffered saline (pH 7.4) (Ma et al. 2021)
Range 0.64-2.56
Average 1.41
Note:

@HCoV: Human coronavirus; MHV: Murine hepatitis virus (mouse coronavirus).
BThe inactivation rate constants were calculated based on data from previous studies using a pseudo-first-order inactivation kinet-

ics model shown in Equation 5.

wavelength (i.e., a wavelength where RLE = 1) of the
source being measured. To capture the spatial vari-
ation in UV irradiance for each device, multiple
irradiance measurements were taken by placing the
radiometer detector at various locations (i.e., distance
from UV lamps) with different orientations.

The incident irradiance (E, in mW/cm?) from each
UV device was calculated by correcting radiometer
reading (Ey) using the lamp correction factor (f,) as
shown in Equation 1, according to Bolton and Linden
(2003):

i RLE;

SUE(RLE; % S)) W

i=200

E=E, Xf;; = Ey X

where RLE; is the RLE value at wavelength i nm, §; is
the radiometer sensitivity value normalized to the sen-
sitivity value at the peak emission wavelength.
Irradiance within a certain range of wavelengths (E, ;
irradiance from a to b nm in mW/cm?) was calculated
using Equation 2.

SRLE,

Eov === ¥ E 2

=400
ZZ’:zoo (RLEi)

The UV fluence (D, in mJ/cm?, where a J=W*s)
for a certain exposure time (7, in s) was calculated
using Equation 3.

D=ExT (3)

Calculated UV irradiance (E,, mW/cm?) for a given
distance (d,, in cm) was calculated using Equation 4
adopted from the inverse square law, where the

. . 2
measured irradiance (E;, mW/cm®) from a measured
distance (d;, in cm) was used.

d 2

Evaluation of device effectiveness & safety

Effectiveness against SARS-CoV-2

Inactivation rate constants for SARS-CoV-2 and its
potential surrogates, including murine hepatitis virus
(i.e., mouse coronavirus), human coronavirus (HCoV)
229E and OC43, and SARS-CoV-1, were used to
evaluate the effectiveness of UV inactivation of SARS-
CoV-2. These rate constants were measured in various
testing conditions or estimated using a prediction
model based on the viral molecular characters (Table
1). The average of the inactivation rate constants for
LP UV lamp devices and KrCl* excimer devices were
calculated to represent the mean effectiveness of these
two UVC devices against SARS-CoV-2 (Table 1). The
virus infectivity reduction after UV exposure was esti-
mated using a pseudo-first-order inactivation kinetics
model in Equation 5.

log,oI = log,, <%> =kxD (5)

where Log;o I is infectivity reduction in log;, scale, Ny
and N are the virus sample infectivity before and after
UV exposure, D is UV fluence in mJ/cm? and k is
the pseudo-first-order inactivation rate constant in
cm?/mJ.



Safety

Since the UV Sanitizing Entry Gate and UV Elevator
Lights are designed for human exposure, the daily
maximum exposure time without any acute adverse
health effect (T.,,) was calculated by first computing
the weighted spectral effectiveness (i.e., hazardous
effectiveness relative to a monochromatic source at
270 nm, at which UV irradiation has the highest haz-
ardous effectiveness), RSg.,i.. for these two devices
using Equation 6.

SR RS

deevice - # (6)

E; is the incident irradiance at wavelength i nm

and RS; is the relative spectral effectiveness at wave-

length i nm according to ACGIH 2021 and 2022

(Supplementary material, Figure S1). Then, T, for a
UV device was calculated using Equation 7.

Texp _ TLVdevice _ TLV270 (7)
E RSevice X E
TLV jevice is the TLV for a UV device and TLV,,, is
3mJ/cm? (TLV at 270 nm in ACGIH 2021, 2022). The
Ty, values were compared to the daily exposure time
of operators, and employees, to guide in the control
of exposure to UV sources.

Results
Emission spectra

Emission spectra for five UV devices installed at the
Space Needle are shown in Figure 2. Three devices for
air sanitation (i.e., LP-1, LP-3, and LP-4) exhibited a
peak emission wavelength of 254 nm (Figure 2; LP-1,
LP-3, & LP-4), which is expected because they are LP
mercury-vapor lamps. Emitted radiation at 313 and
365nm were also observed for these devices, however,
these wavelengths are not considered effective in virus
disinfection and should not be considered germicidal.
The emission spectrum for the Mobile UV Disinfection
System (LP-2) was assumed to be the same as these
three devices because it is an LP UV system. UV devi-
ces KrCl*-1 and KrCl*-2 emit radiation mainly from
212-228 nm (58.2% and 63.1% of the total UVC irradi-
ance for KrCl*-1 and KrCI*-2, respectively; Figure 2),
which is shown to have little to no penetration into
human skin and eyes and recent research indicates it is
likely safe for human exposure (Narita et al. 2018;
Buonanno et al. 2020). Irradiation emitted at
228-262nm (peak emission at 258nm) was also
observed. The percent output of the total germicidal
irradiance between 230-250nm and 250-270nm was
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Figure 2. Relative lamp emission (RLE) for five UV devices
measured during this field study.

15.5% and 12.4% for KrCl*-1 and 16.3% and 11.0% for
KrCl*-2, respectively. Since the time of this study, it is
more customary to filter the KrCl* lamp emission to
eliminate the emission above 230nm. An emission
spectrum for a filtered KrCl* lamp is presented in
Figure S2 (Supplementary material).

Irradiance

Irradiance measurement results are presented in
Tables 2 and 3 and summarized below by device.

LP-1

UV Irradiance from the Upper air UV system
decreased minimally over a short distance from the
lamp baffle, with mean UVC irradiances of 0.98 +0.46
vs. 0.86+0.27mW/cm” at a distance of 5.1cm and
152cm from the lamp baffle, respectively (Table 2
and Figure 3 LP-1). At the same distance, the highest
values were always detected in the center when the
detector was placed toward the center of the lamp.

LP-2

A similar effect of distance was also observed for the
Mobile UV Disinfection System, with the UVC irradi-
ance reduced to 22.8% at a distance of 182.9cm
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Although the UV inactivation kinetics for SARS-CoV-
2 may vary with the exposure conditions (e.g., virus
suspended in water vs. aerosol), three of the four LP
UV devices investigated in this study, including
Upper Air UV (LP-1), Mobile UV Disinfection
System (LP-2), and the Personal Air Sanitizer (LP-4)
would achieve 3 log-reduction of SARS-CoV-2 within
a 10-sec exposure at a reasonable working distance
based on the UV inactivation rate values of SARS-
CoV-2 and its surrogates from previous studies listed
in Table 1. For the UV air handling system (LP-3),
only 0.3sec is required to achieve 3-log reduction at
3.8cm from any single UV lamp and shorter times
with all lamps on as is normal operation. While there
are many operational and installation characteristics,
this suggests this device achieves reasonable disinfec-
tion performance when operating. The air circulation

Radiometer detector location®

from elevator floor
154.9 cm in height directly below
overlap center®

a bulb®
154.9 cm in height below two bulbs

Operator position, 127 cm in height

5 - compared to that of 61 cm (0.7 vs. 3.1 mW/cm?; Table
s |~ w2
3 s E 2) when assessing one of the three portable towers.
=7 oz
959 s &
g2|$ - S LP-3
cele g . . .
<= = < The UV lamps emit strong UV radiation, with an
S .- - 9] . .
N g 2 average UVC irradiance of 11.9 mW/cm” measured at
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e % s g, a distance of 3.8 cm for just one lamp.
o3 £ 2t
23S T 33
e & § 28 UVC irradiance of 1.3mW/cm® was determined at a
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& z . between the bulb and the device cover.
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“Operator’s position was to the side of elevator (near elevators operating panel) and not directly below KrCl* bulbs.

“Radiometer detector locations for irradiance measurements are shown in Fi

blrradiance at a distance of 182 cm from bulb A and B

Table 3. Continued.

F-13
Note:
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Left Right
0 5.57 11 16.5” 29 Mean+S.D.
v b v
v v v v v
5.1 cm from baffle | 9471 1.256 1.498 1.275 QRN 098046
Lamp Baffle

Figure 3. UV irradiance (in mW/cm?) measured from the Upper Air UV (LP-1) at 5.1cm and 15.2cm from lamp baffle. LP UV lamp
shown in purple, lamp baffle shown in gray, and arrows represent the direction which the detector was facing.

A
0.00917

A
0.00297

B. 000123 a 7 s
0.00290 0.00179
001178 2

4
0.00192
A
0.00148

KrCl*-1

A A
BE:.211]0.00001

A
068857 0 005

A A
0.00279 0.00192

A A
0.00097 0.00107

A A
0.00031 0.00022

KrCI*-2

Figure 4. Schematic diagram of KrCl* excimer lamp devices showing UV irradiance (in mW/cm?) and general radiometer detector
locations. The radiometer detector locations are listed in Table 3. KrCI* excimer lamp shown in purple and arrows represent the

direction which the detector was facing.

within the system, the velocity in the duct and dwell
time near the lamps, if not optimized, can impact the
overall effectiveness of the UV system. To determine
the complete efficacy of this system, more detailed
modeling and calculations would be needed.
According to inactivation rate values from previous
studies testing SARS-CoV-2 and its surrogates (Table
1), KrCI* excimers exhibited better performance per
mJ/cm” delivered than LP UV devices, requiring an
average of 0.7 mJ/cm® for 1 log-reduction, but emit at
much lower irradiance levels than most LP UV lamps
investigated in this study. Based on the 222nm effi-
cacy and the measured irradiance values, it is esti-
mated that an average of 5min (0.9-9.9 min) in the
UV Sanitizing Entry gate is needed to achieve 1 log-

reduction of SARS-CoV-2, depending on the exposure
location (Table 3).

UV fluences for a 4-min exposure for an elevator
customer’s facial area (average human facial height of
51" [1549cm] is used here) are 0.49mJ/cm® right
below a bulb and 0.45mjJ/cm® right below two bulbs
overlapping on center. Such fluences are estimated to
inactivate 79.5% and 77.0% SARS-CoV-2 on average
over the 4 min.

Safety

Using the 2021 TLV values, the weighted spectral effect-
iveness (RS uice in Equation 6) for the UV Sanitizing
Entry Gate and the UV Elevator Lights are 0.234 and
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0.213, respectively, and with the 2022 TLVs, these val-
ues are 0.152 and 0.128, respectively. The allowable
TLVs for these two devices are 12.8mJ/cm® and
14.1 mJ/cm?, respectively (19.7 mJ/cm? and 23.5 mJ/cm®
using the 2022 TLVs). Calculations were performed for
employees working within the vicinity of these devices
throughout their work shift and employees exposed
intentionally through the typical operation of the UV
devices (e.g., passing through the entry gate, elevator
users positioned directly under the elevator lights).

UV sanitizing entry gate—nearby

employee exposure

The maximum daily exposure time without acute
adverse health effects for a healthy worker operating
the UV Sanitizing Entry Gate (T.,,) are 453.9 min and
698.9min (using the 2021 and 2022 TLVs, respect-
ively; Table 4) when an irradiance estimate of
0.00047 mW/cm® at 182cm from the source of UV
bulb A and B (Table 2; assuming the operator is dir-
ectly exposed by bulb A and B) is used. It should be
noted that the excimer lamps emit primarily 222 nm
light (Figure 2 KrCl*-1 & KrCl*-1) with approxi-
mately one-third of the radiant energy emitted at
wavelengths greater than 228 nm (Table 2). While this
may be problematic in cases where these wavelengths
are unknowingly emitted (i.e., where it is assumed a
filtered source is used), in our calculations here, these
are all accounted for in the weighted TLV calculated
for these sources (Supplementary material, Figure S1).

UV sanitizing entry gate—user exposure

The maximum daily exposure time without acute
adverse health effect based on TLVs in the UV
Sanitizing Entry Gate is 16.9 min and 26.1 min (using
the 2021 and 2022 TLVs, respectively; Table 4) when
a maximum UVC irradiance of 0.0126mW/cm® is
used (Table 2). This time is much longer than the
operational exposure time for this entry gate experi-
enced by users or nearby employees.

UV elevator lights—elevator operator exposure

The maximum daily exposure time without acute
adverse health effects for a person operating the eleva-
tor would be over 13 hr or 21 hr (using 2021 and 2022
TLVs, respectively; Table 4) when the irradiance read-
ing of 0.0003 mW/cm” at a height of 152.4cm is used
(Table 2). Again, these exposures are primarily driven
by irradiance at higher wavelengths (228-262nm;
Figure 2) due to higher hazardous effectiveness at
these wavelengths (Supplementary material, Figure

S1). With properly filtered lamps, emitting solely at
222 nm, the allowable exposure time would be higher.

UV elevator lights—user exposure

UV fluence was calculated for a Space Needle
employee elevator user and compared to the device’s
TLV. Assuming an average height of the facial area of
an elevator user of 5'1” (154.9cm), UV fluences for a
4min exposure are 0.49mJ/cm’ right below a bulb
and 0.45m]J/cm” right below two bulbs overlap center
(Table 4). These values are 29 and 31 times lower
than the device TLV in 2021, and 47 and 52 times
lower than the device TLV in 2022.

Discussion

All LP mercury-vapor UV devices’ (i.e., LP-1, LP-3,
LP-4) measured emission spectra had UVC radiation
primarily at 254 nm as advertised and expected. KrCl*
excimer devices (i.e., KrCl*-1 and KrCl*-2) emitted
far UVC at 222 nm but also emitted longer, more haz-
ardous wavelengths at a lower intensity. These wave-
lengths are germicidal but also pose potential risks of
skin and eye damage upon human exposure.
Identification of wavelengths outside of the advertised
wavelengths is an important quality check, as safety
professionals evaluating UV radiation sources often
do not have access to emission spectra measuring
devices and must rely on the manufacturer’s specified
wavelengths. These additional wavelengths, outside of
the advertised ranges, may impact risk evaluations
and efforts should be made to further minimize any
wavelengths outside of the targeted ranges.

UVC fluence levels from the LP devices were
adequate to inactivate SARS-CoV-2 when comparing
inactivation rates to the measured irradiance values
and estimated exposure time. Far UVC sources emit-
ted irradiance at levels lower than are needed for
effective disinfection of SARS-CoV-2 with the typical
exposure times humans spend within the devices, but
in theory, can achieve effective disinfection of non-
moving surfaces over longer periods. Additional
research is needed to validate the efficacy of these
types of devices against specific microorganisms,
under varying conditions (e.g., virus on surface vs.
aerosol) with viral and environmental characteristics
that may challenge the transmission of UV
irradiation.

Estimated employee UV fluence exposures for the
Sanitizing Entry Gate are below both the 2021 and
2022 ACGIH TLVs if employees are positioned
182cm away from entry gate lamps that are facing


https://doi.org/10.1080/15459624.2022.2100404
http://dx.doi.org/10.1080/15459624.2022.2100404
https://doi.org/10.1080/15459624.2022.2100404
http://dx.doi.org/10.1080/15459624.2022.2100404
http://dx.doi.org/10.1080/15459624.2022.2100404

Table 4. Summary of KrCl* devices maximum exposure.
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Device & exposure group UVC Irradiance (mW/cm?) Distance (cm) Acceptable Duration (min)® Device TLV (mJ/cm?)?
KrClI*-1: UV sanitizing 12.8/19.7
entry gate
Employee—Users 0.01262° 25.4 16.9/26.0
Employees working near 0.00047¢ 182.9 453.9/698.6
KrCI*-2: UV elevator lights® 14.1/23.5
Employee—Users (directly 0.00203 115.8/192.9
below one bulb)
Employee—Users (directly 0.00188 125.0/208.3
below two bulbs
overlap center)
Elevator Operators (near 0.00031 758.1/1263.4

operator control panel—
not directly below bulbs)

The values of acceptable duration and device TLV were calculated using ACGIH TLV 2021 and 2022 and presented as “the 2021 value/the 2022 value.”

PMaximum irradiance measurement used.
E-11 in Table 2.

dirradiance at a height of 1.6m (i.e., the estimated average height of a Space Needle employee) calculated using Equation 4 (Table 3). Irradiance at a
height of 152.4cm were used for Elevator Operator location because the irradiance at 1.6 m cannot be calculated using Equation 4 without the direct

distance between the operator location and the lamp.

them. Estimated employee UV fluence exposure for
Elevator Operators exposed to UV Elevator Lights are
below the ACGIH TLVs under the Space Needle’s
reported rotating work shifts. Notably, these estimates
do not account for employees being exposed to mul-
tiple UV devices over their work shift (e.g., employee
riding in the elevator throughout their day, passing
through UV Sanitizing Entry Gate(s) and working
within the vicinity of the UV sources). As mentioned,
for UV radiation, the ACGIH TLVs apply to “healthy”
workers and do not apply to workers considered to be
photosensitive or individuals concomitantly exposed
to photo-sensitizing agents. Compared to the 2021
TLV, the 2022 version separates general exposures
and exposures when the eyes are shielded; increasing
the device TLVs 1.5 and 1.7 times for the UV sanitiz-
ing entry gate and UV elevator lights, respectively.

This field study evaluated UV fluence based on the
measured irradiance when the radiometer was aimed dir-
ectly at the UV source to conservatively evaluate these
installed devices. For optical exposure, this approach may
be an overestimate of actual employee exposure since it is
unlikely an elevator user would be looking directly at the
UV device mounted on the elevator ceiling for the full
estimated duration of their elevator ride. Ozone gener-
ation may also occur with the application of UVC devi-
ces. This field study did not evaluate ozone formation for
the installed devices and potential ozone generation
should be assessed for the Space Needle’s installed devices
in areas without proper ventilation.

Recent published studies evaluating the human
health effects from far UVC are promising, however
as noted above, UV radiation associations and com-
mittees have expressed concern and cautioned their
usage early in the pandemic and at the time of this
field study. More recently and since the execution of

this field study, the IUVA came out with a subsequent
State of the Science report on Far UVC in May 2021
with updated data on the efficacy of SARS-CoV-2 dis-
infection from exposure to Far UVC and more infor-
mation on human exposure thresholds based on the
most recent published data. The report presented evi-
dence supporting far UVC radiation as less damaging
to mammalian tissues than longer UVC radiation
based on literature reviews, taskforce expert opinions,
and photobiological principles. This white paper stated
regulators and standard agencies are evaluating the
safety of far UVC technology and relaxing UVC
exposure restriction have been proposed, as described
by the ACGIH “Notice of Intended Change.” The
report also concludes:

In summary, while research should continue into
both the safety and efficacy of Far UV-C, the material
in the Report suggests that there is sufficient evidence
for immediate consideration of this technology during
this world-wide health crisis. Far UV-C offers
promising technology to reduce surface and airborne
disease transmission in occupied spaces, including
COVID-19 and other viral disease, when it is
properly designed, engineered, and applied. (Blatchley
et al. 2021)

This evolving information based on the latest
research studies indicates far UVC in occupied spaces,
where human exposure is anticipated, is likely to be
further explored. Safety and health professionals
should anticipate further application as a potential
control method if studies continue to validate the effi-
cacy and safety of these types of devices. Given the
exposures noted in this study and based on current
TLV guidance, the use of the far UVC devices at the
Space Needle does not appear to put “healthy” work-
ers, as defined by the ACGIH TLV, in danger,
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however, some of the devices may not provide the
desired disinfection benefit if operated as intended.

Future work should be focused on the general pub-
lic’s exposure to UVC devices. The exposure guide-
lines of the ACGIH TLVs are based on “healthy”
workers and are intended for use to help in the con-
trol of potential workplace health hazards and for no
other use (ACGIH 2021, 2022). The ICNIRP (2004), a
nonprofit scientific organization that guides health
hazards of non-ionizing radiation exposure, published
“Guidelines on Limits of Exposure to Ultraviolet
Radiation of Wavelengths between 180nm and
400nm (Incoherent Optical Radiation).” This docu-
ment presents UV radiation exposure limits similar to
the ACGIH TLVs and states the exposure limits are
intended for the working population but also indicates
the established limits could apply to the general public
with some precaution. Additional research and health
and safety guidance to standardize risk assessment of
UVC devices in a public setting is needed.

Conclusion

In response to the COVID-19 pandemic, the Space
Needle worked diligently to enhance the safety for their
employees and guests. Their procurement and installa-
tion of commercially available UVGI devices and early
response by some within the UV radiation community
warranted an evaluation of UV radiation hazards and
efficacy. The evaluation confirmed advertised wave-
lengths for some devices but also identified wavelengths
outside of the advertised bands. Measured irradiance
suggests LP devices are likely effective against SARS-
CoV-2, but the KrCl* excimer devices are expected to
have limited efficacy at the very low irradiance levels as
deployed. Further investigation is needed to assess the
specific efficacy of each device under a range of scen-
arios. Exposure calculations for employees working
within the vicinity of these devices throughout their
work shift and exposed intentionally through the typical
operation of the UV devices indicate exposures are less
than the 2021 and 2022 versions of ACGIH TLVs
Time-Weighted Average; the published guideline levels
under which nearly all workers may be repeatedly
exposed 8hr a day, 40 hr per week for a working life-
time with no acute adverse health effects such as ery-
thema or photokeratitis. Although not all exposure
scenarios were assessed, caution should be applied to
those employees qualifying under the ACGIH TLV lim-
itations. More recent far UVC guidance published by
an IUVA task force serves as an indication that
expanded application of far UVC devices should be

expected. Additional research and clearer occupational
health and safety guidance to standardize risk assess-
ment of UVGI devices in occupational and public set-
tings are needed.

An accounting of the experience of the Space Needle
with implementing various UV devices is presented as
supplemental information to this manuscript.
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