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This study evaluated the efficacy of an upper-room air
ultraviolet germicidal irradiation (UVGI) system for inactivating
airborne bacteria, which irradiates the upper part of a
room while minimizing radiation exposure to persons in the
lower part of the room. A full-scale test room (87 m3),
fitted with a UVGI system consisting of 9 louvered wall
and ceiling fixtures (504 W all lamps operating) was operated
at 24 and 34 °C, between 25 and 90% relative humidity,
and at three ventilation rates. Mycobacterium parafortuitum
cells were aerosolized into the room such that their
numbers and physiologic state were comparable both
with and without the UVGI system operating. Airborne
bacteria were collected in duplicate using liquid impingers
and quantified with direct epifluorescent microscopy and
standard culturing assay. Performance of the UVGI system
degraded significantly when the relative humidity was
increased from 50% to 75—90% RH, the horizontal UV fluence
rate distribution was skewed to one side compared to
being evenly dispersed, and the room air temperature was
stratified from hot at the ceiling to cold at the floor. The
inactivation rate increased linearly with effective UV fluence
rate up to 5 W c¢cm~% an increase in the fluence rate
above this level did not yield a proportional increase in
inactivation rate.

Introduction

The transmission of infectious diseases in high-exposure
environments such as health-care facilities has been a
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recognized hazard for decades. Ultraviolet germicidal ir-
radiation (UVGI) systems are used as an engineering control
to prevent transmission of infectious diseases (I). One
common application of commercially available UVGI systems
is upper-room air irradiation (2). For upper-room air
irradiation, germicidal lamps are suspended from the ceiling
or attached to the walls; the bottom of the lamp is usually
shielded to direct radiation upward above a predetermined
height. The objective of this configuration is to maximize UV
radiation exposure to airborne microorganisms in the upper
part of the room, while minimizing radiation exposure to
persons in the lower part of the room. Commercially available
germicidal lamps contain mercury vapors under low pressure
that emit radiation in the UV—C wavelength range, with about
90% of the total spectral power emitted at 254 nm.

Infrastructure and environmental factors can affect the
performance of upper-room air UVGI systems. These factors
include room airflow patterns, room relative humidity (RH),
UV fluence rates, UV radiation spatial distribution patterns,
and photoreactivation. Upper-room air UVGI only irradiates
the upper parts of a room; thus, air from the lower part of
the room must move into the upper part to be irradiated.
Factors influencing airflow patterns include room ventilation
supply/exhaust locations and air temperatures. Previous
studies of UVGI efficacy were either done in environments
where the mixing conditions were uncontrolled or unknown
(3—7), or in a room in which the air was well mixed using
fans (8).

While mixing conditions within a room affect the UV dose
bacteria receive while airborne, a growing body of evidence
suggests that relative humidity has a critical effect on bacterial
culturability and replication potential. Studies have shown
that airborne Escherichia coli is more vulnerable to UVGI at
high RH (9, 10). Riley and Kaufman reported that the fraction
of airborne Serratia marcescensinactivated by UVGI declined
sharply at RH above 60—70% (11). Peccia et al. showed that
UV inactivation rates in vegetative bacteria were sensitive to
changes in RH, and were a minimum near saturation (95%)
and maximum near 50% RH (12).

Other factors that can change UVGI performance are UV
fluence rates and the radiation distribution patterns within
a room. UV fluence rate is defined as the radiant power of
all wavelengths passing through a sphere («W cm™2). The
rate of airborne microbial inactivation increases as the UV
fluence rate increases; the range of fluence rates, however,
over which such a relationship exists, is not known (8). Like
other disinfection responses, there may be some threshold
fluence rate above where a saturation behavior exhibits and
some lower limit below where there is no detectable effect.
Historically, when installing UVGI in a facility, a single UV
lamp fixture was hung on one side of an upper wall of aroom
or from the ceiling (7). The UV fluence rate was then highest
on one side of the room nearest the wall fixture or highest
near the ceiling fixture.

The factors discussed above can decrease the performance
of a UVGI system. Another factor, photoreactivation (PR),
can also impact performance by facilitating the recovery of
UVGI-damaged genetic material in airborne bacteria. Light-
activated DNA photolyase enzymes, which can repair certain
types of UV-induced lesions, facilitate this recovery. It has
been suggested that short wavelength light, in the near-UV
range, is the main factor inducing photoreactivation (13). PR
may affect UVGI system performance adversely in environ-
ments with incandescent light, fluorescent light, or sunlight.

Previous studies on bacteria suspended in liquid, or on
agar plate surfaces, have been conducted showing that PR
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FIGURE 1. Configuration of 87-m?® test room (plan view). Heights above the floor are given. Test room was sealed and under slight negative

pressure during experiments.

occurs in Mycobacterium spp. (14), and that the length of
exposure to photoreactivating light is an important factor
affecting the extent of PR (15). Oguma et al. demonstrated
that in liquid suspensions of E. coli and Cryptosporidium
parvum, the number of pyrimidine dimers incorporated into
their DNA was highly correlated with the dose of UV used,
and that the dimers were continuously repaired during
exposure to common fluorescent light (16). Oguma et al.
also observed that for C. parvum, animal infection potential
and the PR-induced repair of genetic damage were not
correlated.

These studies, however, may not reflect accurately the PR
behavior of airborne microorganisms because the hydration
states experienced by airborne bacteria are different from
those in liquid environments or under culturing conditions.
A recent study showed that in a small UV exposure reactor,
PRrates of airborne Mycobacterium parafortuitum increased
with increasing RH and decreasing UVGI dose (17). In a
related study, Peccia and Hernandez showed that when
irradiated in the absence of photoreactivating light, cyclobu-
tane thymine dimers were not the most significant form of
UVGI-induced DNA damage incurred by airborne bacteria,
suggesting that other mechanisms of UV-induced damage
may be as or more damaging (18). This work confirmed that
both the type and extent of UV-induced DNA damage is
dependent on RH, at least in pure cultures of commonly
tested airborne bacteria.

Data are limited on the effects of environmental factors
on upper-room air UVGI system performance at full-scale
operation and questions remain about system performance
under a broad range of conditions and lamp configurations.
Our research group at the University of Colorado observed
the performance of a modern UVGI system for inactivating
airborne Bacillus subtilis spores and vegetative M. parafor-
tuitum and Mycobacterium bovis BCG (8). All experiments

were conducted in an 87-m? reactor at 50% RH and 25 °C
under well-mixed room air conditions. The UVGI system
configuration evaluated was 216 W total, 4 corner lamps and
one center lamp hanging from the ceiling, and was between
46% and 98% effective at reducing the culturability of airborne
bacteria depending on the microorganism under study. We
also determined that the UVGI inactivation rate for M.
parafortuitum was 16 + 1.2 h™! at a system average upper-
zone fluence rate of 42 yW cm™2. The average inactivation
rate normalized to UV fluence rate, often termed Z value,
was 1.2 x 1073 cm? yW~! s,

Not all environments, however, in which UVGI systems
are or will be installed operate at moderate constant
temperature and RH, nor are they under well-mixed condi-
tions. To better understand how to design and operate UVGI
systems under variable field conditions, we extended our
study to include those potentially critical effects that
environmental parameters may have on the performance of
modern UVGI systems. Experiments were conducted under
various relative humidities, air mixing conditions, UV fluence
rates, and radiation distribution patterns. UVGI efficacy was
also assessed in the presence and absence of visible pho-
toreactivating light. Each factor was isolated as a process
variable, and individually varied while holding the others
constant. This new work both bridges critical knowledge gaps
in UVinactivation practice and extends fundamental research
and bench-scale experiments to full-scale operations.

Experimental Section

Test Facility. An 87-m?® room housed inside the Joint Center
for Energy Management’s Larson Building Systems Labora-
tory, University of Colorado at Boulder, was used for this
study (Figure 1). The room is capable of maintaining
temperatures between 15 and 35 °C and relative humidity
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between 50 and 100%. This test facility has been previously
described (8).

A modern UVGI system (Lumalier, Memphis, TN) is
installed in the test chamber and consists of five fixtures:
four mounted in each of the corners of the room, and one
hung from the center of the ceiling (Figure 1). Four additional
fixtures were installed for the purpose of this study: one
mounted on each of the walls (Figure 1). The center fixture
consists of four lamps. The corner fixtures contain two lamps,
and the wall fixtures contain four lamps, each installed with
parabolic aluminum reflectors. The lamps within the fixtures
(PL-L18W/TUV, Lumalier, Memphis, TN) are each rated at
18 W nominal with 5.5 W UV-C, 254 nm wavelength. Each
fixture is equipped with concentric black louvers of 1.9-cm
spacing. The height of the fixtures is approximately 25 cm
and they were installed so that the lower edge was located
2.1 mabove the floor and the top was 10 cm below the ceiling.
This placement created a band of UVGI in the upper level
of the room, with an average depth of approximately 30 cm.
The depth of the band varied throughout the room, with the
narrowest dimensions being right next to the lamps at 18 cm
and the widest dimensions being between fixtures.

When testing UVGI performance under different air
mixing conditions, RH levels, and for photoreactivation
experiments, the four corner UV fixtures and the one center
fixture were operated at full power, 216 W. For experiments
that explored various UV fluence rates and radiation spatial
distributions, the UV fixtures were operated at differing power
levels based on the test requirements.

For the photoreactivation experiments, full spectrum
fluorescent lamps (F40T12SUN, Verilux, Inc., Stamford, CT)
were installed in test chamber. Each 122-cm lamp provided
40 W of power and 12 lamps were installed in the test
room ceiling-recessed light fixtures. All experiments except
those involving photoreactivation were conducted in the
dark.

The UVGI system was operated for 100 h before experi-
ments were conducted. The UV fixtures were rated “ozone
free” and ozone was not detected in the test room during
UVGI operation (tested using a portable ozone monitor
(19)).

Actinometry. Spherical actinometry was used to char-
acterize the UVGI distribution in the room according to
methods developed by Rahn et al. (20). To measure the
fluence rate in the upper zone of the room, actinometers
were suspended at 20 evenly spaced locations 2.3 m from
the floor and exposed to UVGI for 30 min. The actinometric
method was also used to measure UVGI in the breathing
zone (1.5 m above the floor) by hanging them at 20 locations,
and exposing them for 12 h.

Actinometer measurements were made for the corner plus
center fixtures (5 fixtures, 216 W total operating lamp power)
and for all fixtures (9 fixtures, 504 W total operating lamp
power) operating. We also measured the fluence rate for the
following configurations: (a) twolampsin three of the corner
fixtures, one lamp in the other corner fixture, and two lamps
in the center fixture (162 W); (b) one lamp in each of the
corner fixtures and two lamps in the center fixture (108 W);
(c) alamp in each of three corner fixtures (54 W); and (d) two
wall fixtures and two corner fixtures along the west wall (216
W; an extra wall fixture was installed for this test; see Figure
D).

The UVGI lamps were warmed for at least 30 min before
all measurements.

Culture Preparations. Mycobacterium parafortuitum, a
rapid-growing, rod-shaped environmental Mycobacterium
that yields pale yellow colonies, was used in this study
(American Type Culture Collection (ATCC), Manassas, VA,
ATCC #19689). M. parafortuitum was grown on soybean-
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casein digest agar (SCDA) (Difco Laboratories, Detroit, MI)
at 37 °C and incubated for 60 h. Fresh M. parafortuitum
cultures were removed from agar plate surfaces by scraping,
and were suspended in sterile deionized water immediately
prior to aerosolization. Cell concentrations were diluted to
a concentration of approximately 1 x 10° cells mL™! as
determined by direct microscopy.

Airborne Bacteria Generation and Collection. Bioaerosol
was generated using a six-jet Collison nebulizer with a large
reservoir (CN 25, BGI Inc., Waltham, MA) according to widely
accepted methods (6, 8 21—23). Bioaerosol was released
approximately 1.0 m above the floor in the middle of the
room between the ventilation exhaust and supply (Figure 1).

Airborne microorganisms were sampled using AGI-30
impingers (AGI-30, Ace Glass Inc., Vineland, NJ) at 12 Lmin™!
through tubing connected to a manifold in series with a high-
flow sampling pump (model 1023-101Q, Gast Manufacturing
Inc., Benton Harbor, MI) regulated by rotameters (model
7400, King Instrument Inc., Garden Grove, CA). The impingers
concentrated the bacteria into 30 mL of sterile, 50 mM
phosphate buffer saline (PBS) solution (PBS; 150 mM NaCl,
pH 7.2) with minimal damage to the microorganisms (24).
Before each experiment, the impinger airflow was calibrated
using a bubble meter (Gilibrator, Scientific Industries,
Bohemia, NY).

Enumeration by Culturing and Epifluorescent Micros-
copy. Following collection, the impingers’ contents were
mixed and divided into equal aliquots for two types of
analysis: culturing of colony-forming units (CFU) and direct
counting using epifluorescent microscopy. Within 2 h after
collection, air samples from liquid impingers were diluted
(usually 1:10) in 50 mM in PBS solution and cultured using
a spiral plating method (Spiral Biotech, Inc., Norwood, MD)
according to manufacturer’s recommendations. All plating
was performed in indirect dimmed light (minimal light
fixtures were turned on in the laboratory and none of the
fixtures that were on were directly overhead). At least three
replicates of each sample were plated on SCDA agar and
incubated in the dark for 60 h.

Epifluorescent microscopy was used to directly measure
the total number (culturable and nonculturable) of airborne
microorganisms in accordance with previously described
methods (25). Total numbers were used to confirm that the
number of microorganisms aerosolized was constant between
experiments.

Constant Generation Test Protocol. After cleaning the
test room by supplying HEPA-filtered outside air via the
ventilation system, negative pressure in the room and the
ventilation rate were established. Two box fans (48-cm
diameter, model 3723, Lasko Inc., West Chester, PA) were
turned on to ensure room air mixing. The test room door
was closed and sealed to reduce infiltration. Bioaerosol
generation was started and then maintained for 90 min.
During the last 30 min of generation, samples were collected
in triplicate at five room locations, 1.5 m above the floor.
When an experiment was completed, the test room was
cleared of all bioaerosol by operating the ventilation system
at its maximum of 8 ACH for at least 1 h. Experiments were
first conducted with the UVGI system on and then repeated
with it off. All experiments were carried out in the dark to
control for photoreactivation.

UVGI effectiveness, E, is quantified by comparing the
measured culturable airborne bacteria concentration with
the UVGI system on, Cyv on (CFU m™3) to the airborne
culturable bacteria concentration without UVGI, Cyy off (CFU
m~3). Because aerosolized bacteria concentrations in the
room can vary between experiments, due to differences in
suspension viability, varying degrees of culturability loss, etc.,
the culturable airborne bacteria concentrations were nor-
malized by the total bacteria concentration as determined



TABLE 1. Environmental Conditions during Testing?

relative
ventilation humidity test total lamp power
configuration® (%) protocol UVGI system fixture configuration (W)
Relative Humidity®
6 ACH 100 constant four corner + center ceiling 216
6 ACH 100 constant none 0
6 ACH 75 constant four corner + center ceiling 216
6 ACH 75 constant none 0
6 ACH 25 constant four corner + center ceiling 216
6 ACH 25 constant none 0
0 ACH 90 decay four corner + center ceiling 216
0 ACH 90 decay none 0
0 ACH 50 decay four corner + center ceiling 216
0 ACH 50 decay none 0
0 ACH 20 decay four corner + center ceiling 216
0 ACH 20 decay none 0
Elevated UV Fluence Rates and Unevenly Distributed Fluence Rates
0 ACH 50 decay 2 corner + 2 wall, along west wall only 216
0 ACH 50 decay none 0
0 ACH 50 decay 4 corner, 4wall + center ceiling 504
0 ACH 50 decay none 0
Photoreactivation and Relative Humidity
3 ACH 40 constant none 0
3 ACH 40 constant 4 corner + center ceiling 216
3 ACH 40 constant 4 corner + center ceiling/fluorescent on 216 (UV) + 480 (visible)
3 ACH 100 constant none 0
3 ACH 100 constant 4 corner + center ceiling 216
3 ACH 100 constant 4 corner + center ceiling/fluorescent on 216 (UV) + 480 (visible)
Mixing and Ventilation?

0 ACH 50 constant 4 corner + center ceiling 216
0 ACH 50 constant none 0
6 ACH (at 34 °C) 50 constant 4 corner + center ceiling 216
6 ACH (at 34 °C) 50 constant none 0

2 Mixing fans on to ensure well-mixed conditions during all experiments, except the Mixing and Ventilation experiments. ? Ventilation supply
air temperature at 24 °C for all experiments, except as noted for the Mixing and Ventilation experiments. ¢ Relative humidity experiments at 50%
were conducted previously using both constant and decay test protocols (8).  During the 6 ACH experiments, ventilation air was supplied at 34
°C, resulting in a temperature stratification within the chamber of 29 and 24 °C in the upper and lower regions of the room, respectively.

by direct counting (25). The effectiveness of the UVGI system
is given by

CUV on « DUV off

E=1- (1)

CUV off D UV on

where Dyv o and Dyy on (no. m~3) are the total airborne
bacteria concentrations measured by direct counting for
UVGI off and on.

Effectiveness was calculated by first averaging the cul-
turable and total airborne bacteria concentrations measured
at five locations within the room, and then applying eq 1.
The standard deviation of the five room concentrations was
used to estimate the error in effectiveness using error
propagation.

Decay Test Protocol. After cleaning the test room by
supplying HEPA-filtered outside air, bioaerosol was generated
continuously to raise the concentration in the room to a
suitable level for detection. No ventilation was provided
during this period, the box fans were turned on to ensure
mixing, and all lights were off. After 30 min, aerosolization
was stopped, the ventilation rate and negative pressure were
established, and the UVGI system was turned on. As the
concentration decayed to background levels, bioaerosol was
sampled in duplicate 5 times at 3—4-min intervals over 15—
20 min. Samples were collected at one location, underneath
the ventilation exhaust at 1.5 m above the floor. Additional
experiments were conducted without the UVGI system in
operation to estimate bioaerosol removal by ventilation and
natural die-off. All experiments, except those isolating
photoreactivation response, were carried out in the dark.

A completely mixed room model was used to evaluate the
rate at which upper-room air UVGI inactivates microorgan-
isms under decay conditions. The model is based on the
assumption of perfect mixing. Model development and
application to data interpretation have been comprehensively
described (8, 26).

Experimental Scenarios. Table 1 details the environ-
mental conditions that were varied during testing. For the
relative humidity experiments using the constant generation
test protocol, the test facility’s steam injection system was
used for RH control. Steam was injected into the supply air
and a feedback RH sensor controlled the steam injection
flow rate. The RH value was very stable throughout the test,
ranging +£5% of the target value for all tests. For the RH decay
protocol, four portable humidifiers were operated in the
chamber, two on the north side and two on the south side
of the chamber (DH910, Duracraft, Southborough, MA). Using
the humidifiers, the maximum humidity in the room was
90% RH without any notable condensation on room sur-
faces.

Two mixing and ventilation conditions were studied (Table
1): (1) mixing fans off with no ventilation (~0.3 ACH due to
infiltration and negative pressure) and (2) mixing fans off
with 6 ACH ventilation supplied at a temperature 10 degrees
warmer than the room air (simulating wintertime heating
conditions). Incomplete mixing of the room could occur
during winter if the buoyancy of the warmer supply air
(warmer than the room air) creates a short circuit between
the supply inlet and the exhaust outlet, for ceiling supply
and ceiling return systems.
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FIGURE 2. Effectiveness of UVGIl-induced microbial inactivation for constant-generation method experiments under well-mixed conditions
and varying RH at 6 air changes per hour (ACH) ventilation rate for M. parafortuitum. Error bars represent the standard deviation of spatial
measurements. Each experiment was repeated twice, except for the 100% RH condition, which was repeated 3 times. The effectiveness
is based on the average of concentrations measured within the room at five different locations (Figure 1); the standard deviation of these
five concentrations is propagated and shown in the error bars.

TABLE 2. Average UV Fluence Rate Measured in the Upper
Zone of the Room hy Actinometry for Different Lamp
Configurations

uv lamp
fluence rate power
(#W ecm~2) UVGI system fixture configuration (W)
12 3 corner with 1 lamp operating in each 54
20 4 corner with 1 lamp operating in each, 108
center ceiling with 2 lamps operating
33 3 corner with 2 lamps operating in each, 162

1 corner with 1 lamp operating,
center ceiling with 2 lamps operating

422 4 corner, center ceiling® 216

44 2 corner and 2 wall, 216
along west wall only?

87 4 corner, 4 wall, center ceiling® 504

aRef 8. » All lamps in fixtures operating.

Results

UV Fluence Rates. Average UV fluence rates for differing
lamp configurations and power as determined by spherical
actinometry are presented in Table 2. Actinometer measure-
ments for the four corner fixtures and center ceiling fixture
(216 W total lamp power) have been reported elsewhere,
although the average fluence rate is reproduced in Table 2
for completeness (8). In general, the measured fluence rate
varied widely across the room, from close to zero farther
away from the lamps to very high nearest the lamps. For
example, the UV fluence rate when UV fixtures along the
west side of the room were operated (216 W) was 140—160
uW cm™2 nearest to the lighted side of the room, while on
the other side the fluence rate was 2—10 uW cm™2. The average
of this skewed configuration agrees with the more uniform
configuration of four corner plus center fixtures in which the
fluence rate ranged from 25 to 81 yW cm™2 (8).
Effectiveness of UVGI for Various RH Conditions. Figure
2 summarizes the effectiveness, as determined by constant
generation experiments, of the UVGI system (corner plus
center fixtures operating, 216 W) for different relative
humidity levels under well-mixed conditions with 6 ACH
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ventilation. The effectiveness is based on the average of
concentrations measured within the room at five different
locations (Figure 1); the standard deviation of these five
concentrations is propagated and shown in the error bars.
The average effectiveness based on three experiments (and
propagated standard deviation) at 100% RH was 55% (7.3%).
At 75% and 25% RH, the average effectiveness based on two
experiments was 50% (13%) and 70% (5.4%), respectively.
The effectiveness at 50% RH was determined previously to
be 89% (8).

Independent, unequal variance -tests (one tail, o = 0.05)
were conducted on the average effectiveness derived from
repeat experiments. The tests showed the effectiveness of
UVGI was significantly decreased for RH at 75% or above.

UVGI Inactivation Rate for Various RH Conditions.
Decay experiment data used to determine inactivation rates
induced by UVGI for various RH conditions are presented
in Figure 3. The least-squares method was used to estimate
inactivation rates, which were calculated by subtracting rates
observed without UV from those with UVGI. Standard errors
of each regression are reported and propagation of errors
applied. Error bars in the figure show the standard deviation
of triplicate samples.

The inactivation rate (+ propagated standard deviation)
of the UVGI system (4 corner and center ceiling fixtures
operating, 216 W) under well-mixed conditions was 8.8 + 1.5
h=! for 90% RH, 18 + 2.0 h~! for 50% RH, and 21 £ 1.8 h™!
for 20% RH. Increasing RH from 50 to 90% decreased the
inactivation rate by half. Increasing the RH from 20 to 50%
did not have as dramatic an effect: the equivalent air-
exchange rate decreased by 15%. The equivalent air-exchange
rate derived in these experiments for 50% RH agrees with the
rate previously derived: 16 + 1.8 h™! (8).

UVGI Inactivation Rate for Unevenly Distributed UV
Radiation. Figure 4 shows the data for the decay experiments
used to determine inactivation rates induced by UVGI for
unevenly distributed UV radiation within the upper portion
of the room. For the three experiments conducted, the UVGI
inactivation rates (2 corner fixtures and 2 wall fixtures along
west wall operating, 216 W) under well-mixed conditions
were 10 + 0.9, 11 + 1.3, and 14 + 1.7 h™!. The average
inactivation rate for unevenly distributed UVGI was 12 + 1.3
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h~!. Compared with the average rate (16 + 1.2 h™!) previously
derived under the more uniform radiation distribution
achieved by 4 corner fixtures and one center fixture (216 W),
the inactivation rate decreased by 25% (8).

UVGI Inactivation Rate for Elevated Levels of UV
Radiation. Decay experiments were used to determine
inactivation rates induced by UVGI for elevated levels of UV
radiation. For these experiments 9 fixtures were operated
(four corner, four wall, and one center fixture, 504 W). UVGI
inactivation rates were 19 + 2.9 and 19 + 2.4 h™! for the two
tests, respectively, and the average was 19 &+ 1.9 h™! (data not
shown). Compared to the inactivation rate (16 + 1.2 h™})
from previous experiments under 216 W total lamp power,
the inactivation rate increased by 19%.

Effectiveness of UVGI under Photoreactivation Condi-
tions. Photoreactivation was isolated as a process variable
by comparing effectiveness for UV on/fluorescent off condi-
tions to UV on/fluorescent on conditions (Table 3). Statistically
significant photoreactivation responses could not be isolated
under any of the conditions tested.

Effectiveness of UVGI for Incomplete Mixing Conditions.
The effectiveness of the UVGI system (corner plus center

fixtures operating, 216 W) under incomplete mixing and
varying ventilation conditions is shown in Figure 5. For
comparison purposes, previously published data are also
presented (8). The effectiveness is based on the average of
concentrations measured within the room at five different
locations (Figure 1); the standard deviation of these five
concentrations is propagated and shown in the error bars.
UVGI performance was unaffected by the operation of mixing
fans when the test room was not ventilated (0 ACH;
independent #-test, a = 0.05). At 6 ACH and wintertime
ventilation conditions (ventilation supply air elevated at 34
°C compared to room temperature at 24 °C), however, the
UVGI effectiveness decreased significantly from an average
of 89% to 12% when the mixing fans were turned off
(independent ¢-test, oo = 0.05). The large error bars shown
in the figure indicate that the room concentrations were
highly variable compared to the conditions in which mixing
fans were deployed or in which there was no temperature
stratification. Vertical stratification in concentrations was
observed during one of the wintertime condition experiments
in which additional air samples were collected at the ceiling
and floor. The breathing zone concentration (3.96 x 103 CFU
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FIGURE 5. Effectiveness of UVGl-induced microbial inactivation for constant generation method experiments under different room air
mixing conditions for 50% RH with 0 or 6 air changes per hour (ACH) ventilation rate for M. parafortuitum. Each experiment was repeated
twice, except for the 0 ACH experiment. The effectiveness is based on the average of concentrations measured within the room at five
different locations (Figure 1); the standard deviation of these five concentrations is propagated and shown in the error bars.

TABLE 3. Results for Photoreactivating Conditions at 40% and
100% Relative Humidity?

effectiveness E

exp. no. fixture configuration (%)
40% RH
1 UV on/fluorescent off 85+5.9
UV on/fluorescent on 83+ 11
2 UV on/fluorescent off 85+ 5.5
UV on/fluorescent on 81+ 11
100% RH
1 UV on/fluorescent off 42+ 7.4
UV on/fluorescent on 40 + 8.0
2 UV on/fluorescent off 60 + 12
UV on/fluorescent on 43+ 6.5

2 Average =+ standard deviation was calculated using measurements
from 5 breathing zone locations within the room.

m~3%) was significantly higher than both the ceiling (2.50 x
10® CFU m™3) and the floor (3.13 x 10® CFU m™3) concentra-
tions (independent #-test, oo = 0.05).

Relationship between UVGI Inactivation Rate and Ef-
fective Fluence Rate. Effective fluence rate is defined here
as the fluence rate measured in the upper-room zone only
normalized to the fraction of room volume irradiated by UV
(10.4 m3/87 m®=12%). To investigate the association between
inactivation rate and effective fluence rate through a broad
range of conditions, we observed inactivation responses at
504 W total power applied, which was more than double the
power applied in previous studies under otherwise identical
conditions (8). Results are summarized in Figure 6, which
shows a linear relationship between inactivation rate and
effective fluence rate from 2 to 5 uW cm 2, reproduced from
Xu et al. (8). However, increasing the effective fluence rate
above 10 W cm™2 did not yield a proportional increase in
inactivation rate.

Discussion

High relative humidity has been shown to significantly impact
the effects of UVGI. Our results showed that for M. parafor-
tuitum, the effectiveness decreased by 40% when the RH
was increased above 75% and the equivalent air-exchange
rate decreased by half when the RH was increased from 50
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to 90%. Our results did not provide conclusive evidence that
effectiveness decreased below 25% RH. This trend, however,
of maximum UV decay rate near 50% and decreasing with
higher and lower relative humidity has been previously
observed in lab-scale studies that isolated intrinsic UV
inactivation response of airborne M. parafortuitum and
Serratia marcescens (11, 12).

The number of UVGI fixtures appropriate for effective
airborne bacteria inactivation depends on a number of
factors, with the most important being the room volume
and the design UV dose. A general rule has been previously
suggested: one 30-W fixture for every 18 m? (200 ft?) of floor
area, or for every seven people in aroom, whichever is greater
(27, 28). The total wattage area power distribution for our
room, for the corner plus ceiling fixtures operating, was
almost four times higher than the recommendation cited
above: 216 W/35 m? = 6.2 W m™2 compared to 30 W/18 m?
= 1.7 Wm™2. Given that ceiling heights and UV output from
fixtures vary, an alternative guideline is to design UV
installations based on the volume of the room that is
irradiated and the total UV—C wattage applied. For our test
room, the UV—C wattage volume power distribution was 5.5
W x 12 lamps/10.4 m® = 6.3 W m™3.

We found that the distribution of UV radiation within a
room can have significant impact on the UVGI inactivation
rate. Even with completely mixed room air, operating lamps
on only one side of the room adversely affected the UVGI
inactivation rate by as much as 30% compared to operating
lamps uniformly throughout the room with the same total
lamp power.

At the highest effective fluence rate that we studied, the
relationship between inactivation rate and fluence rate is no
longer linear. This finding implies that a higher fluence rate
from a UVGI system provides better inactivation of airborne
bacteria up to a threshold, beyond which adding more UVGI
will not substantially increase the rate of inactivation.

Our studies reported here are the first to investigate
photoreactivation for bacterial aerosols under full-scale
environmental conditions. We found that no photoreacti-
vation effects could be isolated. A previous study in a small
lab-scale aerosol reactor found evidence of photoreactivation
in Mycobacterium parafortuitum when the RH level was
above 65% (I17). Additionally, several differences in full-scale
and lab-scale studies may have contributed to these obser-


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/es0504892&iName=master.img-004.png&w=305&h=208

25

20

—

15

—e—

'_

10

Inactivation Rate for UVGI (1/h)

0 2 4

Effective UV Fluence Rate (uW cm?)

6 8 10 12

FIGURE 6. UVGl-induced inactivation rate as a function of effective UV fluence rate for M. parafortuitum under well-mixed conditions
for 54 W to 504 W lamp power. Effective UV fluence rate is the fluence rate measured in the upper-room zone only normalized to the fraction
of room volume irradiated by UV (0.3 m/2.5 m). Tests conducted at 50% RH. Some of the data have been reproduced from ref 8.

vations. One important difference is the lower exposure to
photoreactivating light at full-scale conditions. Previous lab-
scale reactor experiments used one 40-W lamp in 0.8 m®
volume for a total wattage volume power distribution of 50
W m™3. The full-scale experiments used 12 40-W lamps in 87
m? for a total wattage volume power distribution of 5.5 W
m~3. Another difference was the test protocol. The lab-scale
study used the decay test protocol. In the full-scale experi-
ment described here, a constant generation method was used
in which new cells were constantly being added to the room.
For experiments that last the same duration and have the
same residence times, the average amount of bioaerosol
exposure to both UV and photoreactivating light is less under
the constant generation test protocol. Further, photoreac-
tivation likely depends on the volume of air that is irradiated
with UV. In our studies, only the upper-room volume was
irradiated as compared to lab-scale studies in which the entire
volume of the lab-scale reactor was irradiated (17). While
the lab-scale studies confirm that photoreactivation is
possible in model bacterial aerosols, the data presented here
suggest that under common room lighting conditions,
photoreactivation may not have substantial effects at full-
scale operation.

An important factor affecting upper-room UVGI systems
is the room airflow pattern. Our experiments indicate that
poor air mixing can decrease UVGI effectiveness by almost
80% under wintertime ventilation conditions (34 °C supply
air temperature and 24 °C room air temperature). Riley et al.
found similarly that hot supply air without a mixing fan
decreased the UVGI-induced inactivation rate by 60%
compared to conditions of hot supply air with a mixing fan
(31).

This study evaluated the following factors influencing the
performance of upper-room air UVGI: room ventilation rates,
UV fluence rates and distribution, airflow patterns, relative
humidity, and photoreactivation. The results of this study
suggest that to obtain maximum benefit from an upper-
room air UVGI system inactivating airborne Mycobacteria,
an adequate level of UV radiation should be provided within
a symmetric volume (at least 6 W of UV—C per m? in the
upper zone); the UV radiation should be evenly distributed;
room air mixing should be ensured; operational room relative
humidity should be kept around 50%; and photoreactivation
is likely not an issue at full-scale operation.

Asis true for many engineering control technologies, UVGI
systems will be successfully applied in environments that
have a steady supply of power to illuminate the lights. The
recommendation from this study—for considerably higher
UVGI fluence rates (in the upper zone) than previously
suggested in the literature—means that routine monitoring
of fluence rates to ensure exposure limits are met must take
place in the occupied zones (32). Designs at these fluence
rates are feasible and would result in limited additional
electricity costs, since the lamps are low wattage, although
the cost of additional fixtures could be substantial.
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