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a b s t r a c t

Ultraviolet irradiation has been used in the indoor environment to eliminate or control infectious diseases
in medical care facilities. Heating, ventilating, and air-conditioning (HVAC) system components such as
duct-liners, cooling coils, drip pans, interior insulation and areas subjected to high levels of moisture can
create an environment which is prone to biological contamination on surfaces. The movement of indoor
eywords:
V
ntimicrobial
ermicidal
ntimicrobial Efficacy
VAC

air being dominated by HVAC system operation can carry biological contaminants which can expose large
numbers of building occupants to bioaerosols. The use of germicidal ultraviolet lamps (UVGI) in com-
mercial and residential HVAC systems has increased. UVGI treatment has focused on HVAC component
internal surfaces and airflow. A method to determine the antimicrobial efficacy of UVGI irradiation was
developed and tested on the surface of agar plates with four species of vegetative bacteria and seven
species of fungi. The percent kill and the kinetics of the rate of killing, k value, were calculated for each
iocontaminant organism.

. Introduction

Ultraviolet (UV) irradiation has been used for the disinfection
f air streams for many years [1,2]. The range of UV wavelengths
ound to be most effective was 220–300 nm, and the peak effec-
iveness was determined to be 265 nm [3]. The production of UV
ight employs an electrical discharge through low-pressure mer-
ury vapor enclosed in a quartz glass tube [3]. This technique
roduces a tube type bulb with a primary wavelength of 253.7 nm,
nd is within the “C” band of UV (UVC) [3]. The UVC or UV germici-
al (UVGI) form of irradiation has been demonstrated to deactivate
acteria, fungi, viruses, and mycoplasmas [4–8].

Among the applications of UVGI irradiation on indoor biocon-
aminants is controlling the transmission of infectious diseases
mainly tuberculosis) in medical facilities [5–7], or bioterrorism
ountermeasures in public buildings [9]. However, a growing trend

n UVGI applications is the use of heating, ventilating, and air-
onditioning (HVAC) duct-mounted UVGI treatment of indoor air
10,11].
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HVAC systems in constant use can show adherence of dirt and
possible hazardous substances to the surface of the components
and duct lines [7,8,12]. The degree of surface dirt and debris, as
well as the environmental conditions involving HVAC system oper-
ation and maintenance which can introduce moisture, may initiate
the active growth of microorganisms [8,13]. Surface contaminants
can then become airborne and transported throughout the building
interior. Exposure to these microorganisms and their metabolites
can cause significant health consequences, especially to individuals
with pulmonary disease [13–17]. HVAC system intakes import large
quantities of outside air (OA) and distribute a mixture of OA and
recycled air throughout the building interior. Both OA and recycled
air can carry biological contaminants which can expose large num-
bers of building occupants to toxic and pathogenic microorganisms
[4,17,18].

The use of UV lamps in HVAC system ducts for the control of
biocontaminants has increased and with it the need for the proper
design of UV applications to maximize UVGI antimicrobial efficacy.
A variety of research approaches have focused on either biocontam-
inants in air flowing through ducts, or on surfaces. The research
presented by the Air-Conditioning and Refrigeration Technology
Institute (ARTI) was limited to in-duct use of UV lamps intended to

disinfect flowing air [3]. UV applications can involve the disinfec-
tion of air or surfaces. HVAC surfaces in contact with condensate
flow (such as cooling coils or drip pan) provide a dark and moist
environment conducive to the growth of biological contaminants.
Once the contaminants are established, these surfaces can act as

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:menetrez.marc@epa.gov
mailto:kkf@rti.org
dx.doi.org/10.1016/j.cej.2009.12.004
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Fig. 1. UVGI

source for the distribution of biological pathogens and toxins
hroughout the building.

For constant and uniform irradiance, the disinfection effect of
VC on a population of microorganisms can be expressed by the

ollowing set of equations [19]:

Nt

N0
= exp(−k × dose) (1)

here Nt = the number of microorganisms at any time t,
0 = the number of microorganisms at start, before exposure
egins, Nt/N0 = the fraction of microorganisms surviving, k = a
icroorganism-dependent rate constant, cm2/�Ws, dose = the

roduct of Eeff �t, in �Ws/cm2, Eeff = the effective irradiance
constant) received by the microorganism, in �W/cm2, and,

t = exposure duration, in s, between the start and time t.
The concentration–time product calculated in Eq. (1) depicts

he exponential decay of a population of viable microorganisms
ith constant exposure to UVGI. The fractional kill after time t is

1 − Nt/N0). Eq. (1) can also indicate the ability of populations of
icroorganisms to withstand low to high doses of UVGI irradiation.
Increasing use of UV lamps in building HVAC systems under-

cores the need for understanding the physical factors affecting
VGI antimicrobial efficacy. Menetrez et al. [20] examined the
ntimicrobial efficacy of UVGI bulbs on Bacillus bacteria. The larger
uestion of how to optimize the application of UVGI design, with
riteria specifying bulb irradiation intensity, positioning and the
ffectiveness in eliminating all common forms of biological con-
aminants on surfaces, should be developed for and made available
o the UVGI manufacturing and installation industries. This study
ddresses another part of this much needed UVGI application
esearch. We have measured the k value kinetic responses of com-
on forms of biological contamination (vegetative bacteria and

ungi) to UVGI exposure.
The objective of this research is to determine the antimicro-

ial efficacy of UVGI irradiation on surfaces and the potential of
his technology to kill or inactivate vegetative bacterial and fungal
ontaminants by:

. identifying the variable physical factors affecting UVGI irradi-
ance dose from light placement and time of exposure with regard
to target surfaces, and

. calculating the percent reduction in microorganism populations
after exposure to UVGI.
To accomplish these objectives the measurement of populations
f microorganisms receiving various levels of UV dosages was per-
ormed and compared using Eq. (1), which calculates the UVGI dose
eceived. Dose, a function of distance from source, was kept con-
tant and time of exposure was varied; dose was calculated for
re chamber.

the irradiance which was measured in a test apparatus described
below.

Representative microorganisms from three different groups
were used in these experiments. The first group was the vegeta-
tive bacteria which would be the most readily killed by UVGI. Next
were the yeasts, which would be somewhat more resistant. The last
group was the fungal spores which are the most resistant to UVGI
inactivation.

2. Materials and methods

Tests were conducted on a variety of bacteria and fungi which
were representative of their microorganism group. In addition,
these microorganisms chosen for testing can form a biofilm, or are
human pathogen, or have innate cellular resistance to UV irradia-
tion.

2.1. Microorganisms

Four species of vegetative bacteria (Deinococcus radiodurans,
Pseudomonas fluorescens, Serratia marcescens, and Staphylococcus
epidermidis), three species of yeast (Candida albicans, Geotrichum
candidum, and Rhodotorula mucilaginosa), and four species of mold
(Aspergillus versicolor, A. fumigatus, Penicillium chrysogenum, and
Cladosporium cladosporioides) were exposed to UVGI irradiation.
Most of these microorganisms have been identified as being present
in HVAC air-handling units [10], and some may also be responsible
for airborne disease [9].

D. radiodurans, a bacterium is one of the most radiation-resistant
microorganisms that has been discovered. In the exponential phase
of growth, D. radiodurans is 33 times more resistant to UV than E.
coli, predominantly due to cellular mechanisms allowing the bacte-
ria to rapidly repair double stranded DNA breaks [21]. P. fluorescens,
a Gram-negative bacterium, is well known for forming biofilms
and has been extensively studied to elucidate the conditions which
support biofilm formation [22].

S. marcescens, a Gram-negative bacterium and opportunistic
pathogen, can cause infections in the urinary tract, respiratory
infections and infections in the blood stream, as well as ocular infec-
tions. The ability of S. marcescens to form biofilms may give this
microorganism a competitive advantage and allow it to become
infective [23]. S. epidermidis are Gram-positive cocci which have
been found to cause infections following surgical implantation of
medical devices. These infections are caused in part by the ability of

S. epidermidis to form biofilms and can result in high morbidity and
mortality due to the increasing prevalence of antibiotic-resistant
microorganisms [24].

C. albicans is a yeast which forms biofilms and is frequently
discovered in waterlines in medical and dental centers [25]. G.
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Table 1
Exposure time and dose received (146 �W/cm2).

Exposure to UV (s) Dose (�Ws/cm2)

5 730
10 1460
30 4380
60 8760
90 13,140

120 17,520
300 43,800
M.Y. Menetrez et al. / Chemical En

andidum, another yeast that is isolated from medical water lines
25], is also an opportunistic pathogen attacking immunocom-
romised patients [26]. R. mucilaginosa is a yeast emerging as
n opportunistic pathogen. Ailments attributed to this microor-
anism include endocarditis, meningitis, and peritonitis. This
icroorganism is now resistant to fluconazol, and studies are

ow being aimed at searching for optimal treatment strategies
27].

.2. Test procedure

The UVGI light was placed inside a square HVAC duct mock-up
ehind a removable guillotine (Fig. 1, UVGI Exposure Chamber). The
uct mock-up was lined with galvanized steel. The duct-mounted
uillotine was constructed of galvanized steel and was used to sep-
rate the UVGI light source from the test microorganism to ensure
xact exposure times. Before beginning each experiment, the UVGI
ight was turned on and allowed to warm up for approximately
5 min. The guillotine was also checked to insure that it was in
he proper position (down) and adjusted if necessary. The expo-
ure chamber was maintained at room temperature which was
2 ± 0.55 ◦C (71.6 ± 1.0 ◦F).

The inoculated plates were placed on a stand in the duct mock-
p and the door closed. The exposure time was initiated when
he guillotine was very quickly lifted allowing the UV light to
ravel down the duct to impact the plates. At the end of the expo-
ure time, the guillotine was quickly lowered back into the duct
ock-up. In all experiments, the plates were kept the same dis-

ance from the light (144.0 cm, or 56 in.). As listed in Eq. (1), dose
s a function of distance and time of exposure. With distance
nd irradiance constant, time of exposure is the controlling vari-
ble.

For each microorganism, a 10% transmittance suspension was
repared in sterile water. The suspension was diluted as necessary

n sterile buffer to obtain the desired number of colony forming
nits (CFU). Once the proper dilution was obtained, 0.1 mL was
pread onto a Petri dish filled with Saboraud Dextrose Agar (SDA)
or the fungi and tryptic soy agar for the bacteria. The plates were
re-labeled with the microorganism name, length of UV exposure,
nd the date. A line was drawn across the middle of the plate to sep-
rate the half of the plate to be exposed to the light from the half not
o be exposed. The target for the inoculum was 100–200 CFU per
alf of the plate. Both exposed and unexposed sides of plates were

ncubated and counted to check for even distribution on both sides.
o minimize error, three plates were inoculated with the microor-
anism for each exposure time. Only the plates for one exposure
uration were spread at one time.

Once the plates for one exposure time were inoculated, they
ere taken to the chamber. Before exposure, the plate lids were

emoved and the plates were covered halfway with aluminum foil
o block exposure to the light. With the guillotine down, the plates
ere placed inside the chamber and set on their side, facing the

ight. A timer was set for the proper exposure time and started
hen the guillotine was fully lifted. When the exposure time had

xpired, the guillotine was replaced, the plates removed from the
hamber, and then a new set of plates could be inoculated to use
or the next exposure time. The newly inoculated plates were then
xposed to the UVGI light in the same manner, with a total of three
r four exposure times and a zero exposure time as a control. Upon
ompletion of the experiment, all of the plates were placed into an

ncubator at the appropriate temperature [15]. Two control plates
noculated with the microorganism were also placed in the incu-
ator to represent the zero exposure time.

The plates were incubated until moderate growth was visible,
hen the CFUs were counted. The percentage killed was obtained
480 61,320
540 78,840
660 96,360
900 131,400

by the following equation (2):

%kill = 100 ×
{

1 −
(

CE

CNE

)}
(2)

where CE is the number of colonies on the side of the plate exposed
to UV and CNE is the number of colonies on the side of the plate not
exposed to UV. Irradiance measurements were conducted using an
International Light (IL) IL 1700 Research Radiometer fitted with a
factory NIST-traceable calibrated IL SED240 detector, QNDS2 filter,
and W quartz diffuser. The detector has a 185–310 nm wavelength
spectral response. For every exposure, irradiance intensity was
measured at the position of the surface of the exposed agar Plates
146 �W/cm2. This position was maintained throughout the series
of experiments allowing dose to be calculated as a function of
time of exposure. The dosage is defined as the UVGI irradiance
received by a microorganism during the duration of exposure. For
an example of the many different durations of exposure, the dose
was calculated and is listed in Table 1.

Ozone is produced by a variety of UV bulbs in the 185 nm emis-
sion line for mercury in low-pressure discharge lamps. However,
the majority of low-pressure UVGI lamps used for air treatment
are produced with a quartz glass that does not pass the 185 nm
wavelength, effectively reducing or eliminating ozone discharge
[3]. Measured ozone concentrations in the exposure chamber were
found to be at background levels.

Like all gaseous discharge lamps, UVGI lamp output diminishes
as air temperature increases or decreases from the optimal. Air dis-
tribution ducts are by their nature either in the heating or cooling
mode of operation. As an example, a Phillips Lighting manufactured
lamp will have a UVGI output at 10 ◦C (50 ◦F) that is 88% of that
at 20 ◦C (68 ◦F). In addition, air velocity will further influence out-
put by cooling the lamp. The operating life of the lamp can also be
reduced by operating at low temperatures. However, high output
UVGI emitter lamps manufactured by Westinghouse and Phillips
Lighting minimize the temperature effects [3]. The tests used a stan-
dard UV lamp bulb with a 1.6 cm (5/8 in.) diameter, single-ended,
61 cm (24 in.) length, and with a heavy preheat, self-start ballast
and the bulb was mounted perpendicular to the platform holding
the inoculated plate during exposure. As stated, the closed expo-
sure chamber was kept at a constant 22 ◦C (71.6 ◦F), and eliminated
the effects of air flowing past the UVGI lamp.

3. Results and discussion

Tests were conducted on four species of bacteria (S. epider-
midis, S. marcescens, P. fluorescens, and D. radiodurans), three species
of yeast (R. mucilaginosa, G. candidum, and C. albicans), and four

species of mold (C. cladosporioides, P. chrysogenum, A. versicolor
and A. fumigatus) to compare the concentrations of microorganism
populations between UVGI irradiation-exposed and non-exposed.
When the colonies were mature but not overgrown the CFUs were
counted from the 391 exposed plates and 16 unexposed plates (con-
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Table 2a
Mean bacteria percent kill by UV period of exposure.

Deinococcus radiodurans
Exposure (s) 300 420 540 600 660 900
n 9 6 6 3 6 3
Irradiance (�W/cm2) 1.46 × 102 1.46 × 102 1.46 × 102 1.46 × 102 1.46 × 102 1.46 × 102

Dose (�Ws/cm2) 4.38 × 104 6.13 × 104 7.88 × 104 8.76 × 104 9.64 × 104 1.31 × 105

% Kill 37% 68% 92% 98% 98% 99.9%

Pseudomonas fluorescens
Exposure (s) 10 20 30 40 60 90
n 6 6 12 6 3 3
Irradiance (�W/cm2) 1.46 × 102 1.46 × 102 1.46 × 102 1.46 × 102 1.46 × 102 1.46 × 102

Dose (�Ws/cm2) 1.46 × 103 2.92 × 103 4.38 × 103 5.84 × 103 8.76 × 103 1.31 × 104

% Kill 46% 86% 97% 99.6% 99.8% 99.8%

Serratia marcescens
Exposure (s) 10 20 30 40 60 90 120
n 6 6 12 6 3 3 3
Irradiance (�W/cm2) 1.46 × 102 1.46 × 102 1.46 × 102 1.46 × 102 1.46 × 102 1.46 × 102 1.46 × 102

Dose (�Ws/cm2) 1.46 × 103 2.92 × 103 4.38 × 103 5.84 × 103 8.76 × 103 1.31 × 104 1.75 × 104

% Kill 42% 74% 89% 98% 99.8% 99.8% 99.8%

Staphylococcus epidermidis
Exposure (s) 5 10 15 20 30

× 102

× 103

t
w
l
k
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a
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p
m
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s
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k
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k
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T
M

n 6 6 6
Irradiance (�W/cm2) 1.46 × 102 1.46 × 102 1.46
Dose (�Ws/cm2) 7.30 × 103 1.46 × 103 2.19
% Kill 46% 80% 94%

rol plates). The CFUs from the exposed side and non-exposed side
ere used to calculate the percentage killed by use of Eq. (2). The

ength of exposure was varied to allow for a wide array of percent
ill (up to 100%), which increased with increasing exposure. The
ongest exposure periods yielded kill percent values which aver-
ged greater than 90%, except for R. mucilaginosa which averaged
4% for a 420 s exposure.

The exposure period (s), number of exposed plates for sam-
le period (n), and mean percentage of kill for S. epidermidis, S.
arcescens, P. fluorescens, and D. radiodurans is listed in Table 2a

bacteria); for R. mucilaginosa, G. candidum, and C. albicans is listed
n Table 2b (yeast); and for C. cladosporioides, P. chrysogenum, A. ver-
icolor and A. fumigatus is listed in Table 2c (mold). Equation 1 was
sed to calculate the k factor from the dose received (Table 1) and
easured percent kill for each plate counted (see Tables 2a–2c). The
values are used to compare the susceptibility of different microor-
anisms to UVGI and are often used to design UVGI systems. The

values for each of the four vegetative bacteria, three yeasts and

our molds and the statistical analysis (mean, standard deviation,
elative standard deviation, and sample size) are listed in Table 3.
comparison of the statistical analysis of the k values for 391 indi-

able 2b
ean yeast percent kill by UV period of exposure.

Candida albicans
Exposure (s) 30 60
n 6 6
Irradiance (�W/cm2) 1.46 × 102 1.46 × 102

Dose (�Ws/cm2) 4.38 × 103 8.76 × 103

% Kill 6% 34%

Geotrichum candidum
Exposure (s) 30 60
n 12 12
Irradiance (�W/cm2) 1.46 × 102 1.46 × 102

Dose (�Ws/cm2) 4.38 × 103 8.76 × 103

% Kill 5% 68%

Rhodotorula mucilaginosa
Exposure (s) 30 240
n 3 6
Irradiance (�W/cm2) 1.46 × 102 1.46 × 102

Dose (�Ws/cm2) 4.38 × 103 3.50 × 104

% Kill 1% 40%
6 3
1.46 × 102 1.46 × 102

2.92 × 103 4.38 × 103

99% 99.6%

vidual plate exposures is listed in Fig. 2. All 16 unexposed plates
had approximately 200 CFUs per plate.

From the statistical analysis listed in Table 3 and depicted in
Fig. 2, the standard deviation and relative standard deviation var-
ied for each of the eleven species of microorganisms tested, as
did the mean k value. Error bars are used to depict one standard
deviation in Fig. 2. The k value results listed in Table 3 showed
variability for the three normally susceptible vegetative bacte-
ria from 1.25 × 10−03 cm2/�Ws to 2.88 × 10−05 cm2/�Ws (with a
range of relative standard deviation from 28% to 53%); yeast var-
ied from 1.09 × 10−04 cm2/�Ws to 1.73 × 10−05 cm2/�Ws (with a
range of relative standard deviations from 68% to 83%); and mold
varied from 2.78 × 10−05 cm2/�Ws to 7.36 × 10−06 cm2/�Ws (with
a range of relative standard deviation from 56% to 132%). Although
highly variable the k values are both reproducible and similar for
all species tested. The sample size and similarity in results are
additional assurances of accuracy for a treatment exposure with

inherent microorganism variability. These results were similar to
that found by Menetrez et al. [20], which measured the k values for
Bacillus bacteria ranging from a high of 7.46 × 10−5 cm2/�Ws (for
B. s. orange) to a low of 3.23 × 10−5 cm2/�Ws (for B. megaterium).

90 120
6 6
1.46 × 102 1.46 × 102

1.31 × 104 1.75 × 104

82% 98%

75 90 120
6 9 3
1.46 × 102 1.46 × 102 1.46 × 102

1.10 × 104 1.31 × 104 1.75 × 104

84% 95% 83%

300 360 420
6 6 3
1.46 × 102 1.46 × 102 1.46 × 102

4.38 × 104 4.38 × 104 6.13 × 104

56% 63% 74%
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Table 2c
Mean mold percent kill by UV period of exposure.

Aspergillus versicolor
Exposure (s) 120 180 240 300
n 12 12 12 12
Irradiance (�W/cm2) 1.46 × 102 1.46 × 102 1.46 × 102 1.46 × 102

Dose (�Ws/cm2) 1.75 × 104 2.63 × 104 3.50 × 104 4.38 × 104

% Kill 36% 59% 74% 90%

Aspergillus fumigatus
Exposure (s) 120 180 240 300
n 3 3 3 3
Irradiance (�W/cm2) 1.46 × 102 1.46 × 102 1.46 × 102 1.46 × 102

Dose (�Ws/cm2) 1.75 × 104 2.63 × 104 3.50 × 104 4.38 × 104

% Kill 21% 46% 78% 91%

Penicillium chrysogenum
Exposure (s) 120 180 240 300 360 420
n 11 11 14 14 3 3
Irradiance (�W/cm2) 1.46 × 102 1.46 × 102 1.46 × 102 1.46 × 102 1.46 × 102 1.46 × 102

Dose (�Ws/cm2) 1.75 × 104 2.63 × 104 3.50 × 104 4.38 × 104 5.26 × 104 6.13 × 104

% Kill −2% 23% 56% 72% 96% 97%

Cladosporium cladosporoides
Exposure (s) 120 180 240 300

1
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n 11 11
Irradiance (�W/cm2) 1.46 × 102 1.46 × 102

Dose (�Ws/cm2) 1.75 × 104 2.63 × 104

% Kill 8% 12%

he k values are as expected for the different microorganism groups
nd illustrate how important it is to take in the natural variability
f a population of even a single species.

These values are also within the range of one order of magni-
ude of agreement with ARTI published literature [3]. However, in
he ARTI experiments k values were generated for an airborne mix-
ure of vegetative bacteria, mold spores and bacteria inside a duct
ith a significant flow rate of air using three UVC bulbs. Any fur-

her comparison between these experiments would be difficult and
eyond the scope of this study.

Menetrez et al. [20] found significant kill of Bacillus spores was
chieved with increasing periods of exposure (up to a high kill rate
f 81% for a 120 s exposure). Spores exposed to a similar dose of UV
rradiation for an extended period (as would be found on surfaces
uch as cooling coil fins within an air-handler) would be expected
o be relatively free of Bacillus.

In addition, 156 samples of the mold Stachybotrys chartarum
ere exposed to UVGI irradiation. However, the maximum expo-
ure period of 300 s failed to produce significant kill data that could
e used for this evaluation. This identifies the fact that exposure
f S. chartarum would need to exceed 300 s to produce significant
eductions in concentrations.

able 3
ean k values (cm2/�Ws), statistical analysis, standard deviation (sd), relative standard d

k value, m (cm2/�Ws) Standard de

Bacteria
Deinococcus radiodurans 2.88 × 10−5 1.54 × 10−5

Pseudomonas fluorescens 7.42 × 10−4 2.48 × 10−4

Serratia marcescens 5.34 X 10−4 1.65 X 10−4

Staphylococci epidermidis 1.25 × 10−3 3.52 × 10−4

Yeast
Candida albicans 1.09 × 10−4 9.06 × 10−5

Geotrichum candidum 1.33 × 10−4 1.04 × 10−4

Rhodotorula mucilaginosa 1.73 × 10−5 1.17 × 10−5

Molds
Aspergillus versicolor 4.17 × 10−5 2.34 × 10−5

Aspergillus fumigatus 3.78 × 10−5 2.56 × 10−5

Penicillium chrysogenum 2.78 × 10−5 2.85 × 10−5

Cladosporium cladosporoides 7.36 × 10−6 9.69 × 10−6
4 14
1.46 × 102 1.46 × 102

3.50 × 104 4.38 × 104

1% 23%

Fig. 3 depicts the percent kill as a function of the period (s) of
UV exposure. D. radiodurans (bacteria), R. mucilaginosa (yeast), and
C. cladosporioides (mold) were the most difficult microorganisms
to destroy in their groups. As anticipated, the four species of mold
required a longer period of exposure to exhibit significant die-off
than the vegetative bacteria. It is difficult to infer further UV expo-
sure effects between microorganisms as comparatively diverse as
fungi and bacteria.

Microbial growth in moisture-damaged buildings has been
associated with respiratory health effects, and the spores of the
mycotoxin-producing fungus A. versicolor are frequently present in
the indoor air [27]. The spores of A. versicolor have been shown
to cause acute inflammation in mouse lungs, which indicates the
potential to provoke adverse health effects in the occupants of
moisture-damaged buildings [28]. A. fumigatus is one of the most
common Aspergillus spp. to cause disease in immunocompromised
individuals [29]. Capable of growth at 37 ◦C (human body tempera-
ture), spores are common inhalation pollutants. Typically, however,

these microorganisms are quickly eliminated by the immune sys-
tem in healthy individuals [29]. A. fumigatus is common in the
natural environment and can also be found in the upper respiratory
tracts of healthy individuals. Exposure to A. fumigatus in immuno-

eviation (% rsd), sample size (n).

viation Relative standard deviation Number of samples

53% 33
33% 36
31% 39
28% 27

83% 24
78% 42
68% 24

56% 48
68% 12

102% 56
132% 50
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Fig. 3. Comparison of percent kill by UV period of exposure.
Fig. 2. Comparison of k (cm2/�Ws) value mean and standard deviation.

ompromised individuals can lead to aspergillosis, a pulmonary
nfection [29,30]. P. chrysogenum (also known as P. notatum) is the

old which is the source for penicillin, the first antibiotic. In P.
hrysogenum the conidia are blue to blue-green and typically are
arried by air currents to new colonization sites [31–33]. C. cla-
osporioides, a dematiaceous (pigmented) mold widely distributed
n air and rotten organic material is frequently isolated as a contam-

nant on foods [34,35]. Some species are predominant in tropical
nd subtropical regions. Cladosporium spp. are causative agents
f skin lesions, keratitis, onychomycosis, sinusitis and pulmonary
nfections [32–35].
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Table 4
k Values (cm2/�Ws).

Genus and species k value Source

Bacteria
Bacillus anthracis 5.09 × 10−4 Sharp [42]
Bacillus anthracis Sterne 4.53 × 10−5 Menetrez et al. [20]
Bacillus cereus 5.61 × 10−5 Menetrez et al. [20]
Bacillus cream 6.30 × 10−5 Menetrez et al. [20]
Bacillus megaterium 4.52 × 10−5 Menetrez et al. [20]
Bacillus orange 7.72 × 10−5 Menetrez et al. [20]
Bacillus pumilus 5.23 × 10−5 Menetrez et al. [20]
Geobacillus stearothermophilis 5.15 × 10−5 Menetrez et al. [20]
Bacillus subtilis 2.62 × 10−4 VanOsdell and Foarde [3]
Bacillus thuringiensis 5.12 × 10−5 Menetrez et al. [20]
Deinococcus radiodurans 3.60 × 10−5 Table 3
Pseudomonas fluorescens 1.05 × 10−3 Table 3
Pseudomonas fluorescens 9.35 × 10−3 VanOsdell and Foarde [3]
Pseudomonas aeruginosa 2.05 × 10−3 Table 3
Pseudomonas aeruginosa 6.40 × 10−4 Abshire and Dunton [37]
Pseudomonas aeruginosa 2.38 × 10−3 Collins [39]
Serratia marcescens 7.30 × 10−4 Table 3
Serratia marcescens 7.48 × 10−3 VanOsdell and Foarde [3]
Serratia marcescens 1.05 × 10−3 Sharp [42]
Serratia marcescens 4.45 × 10−3 Sharp [43]
Serratia marcescens 2.21 × 10−3 Collins [39]
Staphylococcus aureus 8.86 × 10−4 Sharp [42]
Staphylococcus aureus 3.48 × 10−3 Sharp [43]
Staphylococcus aureus 1.18 × 10−3 Gates [40]
Staphylococcus aureus 4.19 × 10−4 Abshire and Dunton [37]
Staphylococcus aureus 9.60 × 10−3 Luckiesh [41]
Staphylococci epidermidis 2.09 × 10−3 Table 3
Staphylococci epidermidis 1.72 × 10−3 VanOsdell and Foarde [3]

Yeasts
Candida albicans 1.83 × 10−4 Table 3
Geotrichum candidum 2.59 × 10−4 Table 3
Rhodotorula mucilaginosa 1.73 × 10−5 Table 3

Molds
Aspergillus amstelodami 3.44 × 10−5 Luckiesh [41]
Aspergillus fumigatus 3.78 × 10−5 Table 3
Aspergillus versicolor 4.17 × 10−5 Table 3
Aspergillus versicolor 2.35 × 10−4 VanOsdell and Foarde [3]
Cladosporium cladosporoides 7.39 × 10−6 Table 3
Cladosporium herbarum 3.70 × 10−5 Luckiesh [41]
Mucor mucedo 3.99 × 10−5 Luckiesh [41]
Penicillium chrysogenum 2.78 × 10−5 Table 3
Penicillium chrysogenum 4.34 × 10−5 Luckiesh [41]
Penicillium digitatum 7.28 × 10−5 Asthana and Tuveson [38]
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Penicillium italicum 1.26 × 10−4 Asthana and Tuveson [38]
Rhizopus nigricans 8.61 × 10−5 Luckiesh [41]
Scopulariopsis brevicaulis 3.44 × 10−5 Luckiesh [41]

Numerous studies have measured the quantitative effects of UV
rradiation on microorganisms by various techniques and method-
logies [1–11,20,37–45]. The k values listed in Table 3 were
ombined with k values from past relevant research as calculated
y Kowalski (2000) [45]. Table 4 lists the combined current and
ast k values for comparison and reference purposes. The results
rom this study compare favorably with other research involving
he exposure of microorganism to UV irradiation.

Most UV studies have addressed specific applications such as
ater disinfection, medical germicide, food sanitation, and pest

ontrol. In this study, and Menetrez et al. [20], as well as a number
f previous studies an agar plate technique and exposure appara-
us was used to quantify the relationship between UV dosage over
ime to microorganisms for the purpose of providing guidance for
V applications in air conveyance systems.
. Conclusions

This research demonstrated that UVGI lamp irradiation inacti-
ated four species of vegetative bacteria, three species of yeast, and
our species of mold to a reproducible degree under conditions of
ring Journal 157 (2010) 443–450 449

fixed dose. The dose received and percent kill of microorganisms
was measured, and the k value and kill rate kinetics was calculated
with Eqs. (1) and (2). The microorganisms were tested on the sur-
face of an agar plate to simulate the surface of an HVAC air-handler
and cooling coils. An agar plate may not completely represent the
inside of an HVAC air-handler, however, the difficulty associated
with monitoring actual cooling coil fins or drip pan surfaces was not
consistent with the given experimental plan. As with the surface
of the cooling coil, the agar plates provided a moist nutrient sur-
face on which to grow. During the cooling season microorganisms
are able to grow on surfaces within an air-handler due to the near
saturation RH. Two types of measurements are commonly used to
evaluate material surface moisture: most engineers think in terms
of moisture content (MC) and microbiologists utilize water activity
(aW) [36]. The aW is defined as the equilibrium RH (ERH) above a
sample of a material, divided by 100. Therefore, the RH of the air
of the HVAC system is not the critical moisture measurement, the
moisture available at the surface is the critical measurement. The
surface of the agar plate is at or near 100% as is the surface of a
cooling coil.

The results of UVGI damage to microorganisms did vary as
expected (see Fig. 2). The experiment of UVGI irradiation-exposed
391 plates and developed both a method of measurement and an
extensive data set on eleven species of microorganisms.

A UVGI irradiation system design for use in a HVAC application is
based on the expected operating conditions and antimicrobial effi-
cacy of UVGI lamp performance. Efficacy information on kill rates
and k values for UVGI irradiation exposure of bacteria, yeast and
mold spores can be used in Eqs. (1) and (2) to develop guidance for
HVAC applications. Manufacturer output information is branded on
UVGI lamp bulbs. Unbranded lamp bulbs must have their irradiance
output measured during operating conditions.

The ability to eliminate microorganism contaminants within
HVAC and HAC system surfaces should contribute toward reduc-
ing indoor occupant exposure and the opportunity for the spread
of these microorganisms based on infectious diseases. Additionally,
HVAC operational efficiency and the resultant energy savings are
possible, as well as reductions in airborne microorganism viability
can be achieved with UVGI use, however addressing these issues
were beyond the scope of this study.

4.1. Recommendations for future research

Although many UVGI lamps are designed to account for use in a
cooling environment such as an air-handler, an examination of the
temperature effects on UV radiance output would be an important
contribution. Additionally, this information should be developed
into a HVAC design guidance document for applying UV irradiation.

Investigating the antimicrobial efficacy of UV irradiation on
porous surfaces and hard to reach surfaces (where indirect
reflectance is the only source of irradiation) would allow for addi-
tional knowledge to be generated on conditions which are closer
to real world applications of this technology.
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