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Viruses & air disinfection

Nowadays, we are facing one of the most challenging times in our mod-
ern history. And it will not be the last challenge. But the prospect that others 
will follow this virus is almost certain.

The new coronavirus, believed to emerge at the end of last year, has 
changed the way we live from all aspects. Of course, we weren’t ready. 
Governments weren’t ready, doctors weren’t ready, no facilities were ready.

Experts say that our life will hardly go back to normal. Scientists and 
policy-makers around the world are striving to define what new normal would 
be. Still many do not realize what economic, social and relational change is 
taking place.

Some have proposed plans to ‘make peace’ with this coronavirus by easing 
the already-implemented lockdown regulation. One main problem is how we 
can establish the new normal while we are still waiting for the vaccine.

One of the solutions is to implement air disinfection inside our buildings. 
Why buildings? That is because indoor environments are prone to create an 
outbreak since aerosols are easily transmitted in such environments. Aerosols 
here are those tiny droplets filled with pathogens showered into the air when 
an infected person coughs, sneezes, or even simply speaks.

Even though we are still far from fully understanding the SARS-CoV-2 virus 
responsible for COVID-19, we commonly know it is spread through droplets.

However, an unpublished study by Fears et al. shows that SARS-CoV-2 
is able to maintain its infectivity when suspended in the aerosol form for up 
to 16 hours. There are fears that these aerosols can be breathed in by healthy 
people in the same room with the infected person. Swab tests taken from the 
exhaust outlets in a patient room in Singapore shows a positive result. It sug-
gests that airflows may displace coronavirus-laden droplets.

With all recent studies suggesting that this coronavirus may linger in the 
air for extended periods of time, the need to disinfect the air is crucial. 

This idea of air disinfection reminds us of the powerful method we have 
long discovered in the past. And that is UV light.
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Not all UV light can be used for air disinfection

Not all UV light has the ability to inactivate germs. Most studies reveal 
that the most effective UV for disinfection is UV-C. Scientists have long 
studied the germ-killing potential of UV-C since the 19th century. Dating 
back to 1903, Niels Finsen, a Faroese scientist, was even awarded a Nobel 
Prize for Medicine for his work in using UV-C for phototherapy against 
lupus and tuberculosis.

Commonly, we call UV-C as germicidal UV (GUV) for this unique char-
acteristic. UV-C is any UV light with the wavelength from 200 nm to 254 nm. 

We cannot get UV-C radiation from the sun as it is absorbed almost entirely 
by the ozone layer.

GUV has been used by many health care facilities to disinfect the air in 
rooms for the last 70 years as its pathogen-killing rate can reach more than 
99.9%. This means of disinfection is familiarly called as UV germicidal ir-
radiation (UVGI). It helps reduce the spread of airborne pathogens, such as 
measles, tuberculosis, and probably COVID-19. 

The most effective and safest UVGI method

Today, people are mostly using UVGI fixtures in portable air cleaners/ro-
bots to disinfect the air. Unfortunately, this method is relatively less effective 
in combating airborne diseases. When we need to disinfect the air, we should 
make sure that we beam the air particles with the UVGI as much as possible. 
Portable air cleaners only have 1–2 ACH. ACH defines the rate of airflow 
added to or removed from the room measured in room volumes per hour.
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On TV, we have seen that in many hospitals across the world, portable 
UVGI units are deployed in the patient rooms. This method is surely effective 
at destroying the germs, but only when the rooms are unoccupied. In reality, 
to kill pathogens in the air effectively, the disinfection should take place when 
the transmission is ongoing. Also, it is almost impossible to regularly empty 
some rooms, such as 24-hour airport lounges, medical waiting rooms, stores, 
restaurants, and other public spaces.

Lately, a recently published IES report suggests that upper-room UVGI 
is the most effective way of air disinfection in a room with around 6–12 ACH. 
Upper-room UVGI is safe to implement as we install UVGI fixtures over-
head. IES suggested that 2.1 m should be the minimum height from the floor 
to the bottom of the fixture. With this height, UVGI will not harm our bodies 
as we will receive very little exposure. In a study shown in this IES report, 
the healthcare workers and patients in an upper GUV installation received no 
more than 1/3 of the current UV-C daily safety limit.

Even though accidental exposure to UV-C can create a mild, temporary 
sunburn effect on our skin, it is deemed safer than UV-A or UV-B in relation 
to the risk of skin cancer. UV-C has shorter wavelengths. It means that UV-C 
will be absorbed by the protein in the outer layer of dead skin cells. Therefore, 
it is less able to penetrate any living cells.
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Researches reports

Early successes in developing the upper-room UVGI system can be 
traced back to the 20th century. In 1941, William F. Wells conducted a study 
to evaluate the effectiveness of this system in preventing the spread of mea-
sles among students in Philadelphia day schools. Results showed that 53.6% 
of susceptibles in schools without upper-room UVGI were infected, while 
only 13.3% of susceptibles were infected in schools with upper-room UVGI. 
This corresponds to the measure taken by McLean during the 1957-1958 flu 
pandemic to prevent the spread of this disease in Veterans Hospital TB. The 
effort showed a successful outcome as the infection rate was only 1.9% in an 
irradiated ward compared to an 18.9% infection rate in a non-irradiated ward.

In 2009, the Centers for Disease Control and Prevention (CDC) pub-
lished the first basic guidelines on the parameters necessary to implement an 
upper-room UVGI system for healthcare settings. This guide produced after 
a satisfying result from the research conducted by the University of Colorado 
back in 1997 to evaluate the ability of upper-room UVGI systems in contain-
ing the spread of tuberculosis.

Use proper design to increase effectiveness

Different types of ventilation systems will definitely affect the effective-
ness of upper-room UVGI you want to employ. A proper design must ensure 
that the air circulation in the room reaches the optimum air change rate and 
promote air mixing while maintaining the indoor comfort condition. Techni-
cally, UVGI should disinfect the air as much as possible.

Another significant parameter is the UVGI dose delivered to the micro-
organisms, which is dependant on the UV irradiance and exposure time. The 
key difference between surface and air disinfection lies on this length of ex-
posure time. Due to the rapid movement of air circulated within the room, the 
irradiance should be sufficiently high to achieve the appropriate amount of 
UVGI dose.

Other parameters include room configuration, UVGI fixture placement, 
and air flow’s adequacy in bringing contaminated air into the upper room.
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ABSTRACT

Upper-room ultraviolet germicidal irradiation (UVGI) has several ap-
plications, its most important use is to reduce tuberculosis transmission in 
high-burden, resource-limited settings, especially those dealing with epidem-
ics of drug-resistant disease. The efficacy of upper-room (UVGI) to reduce the 
transmission of airborne infection in real-world settings is no longer in ques-
tion. International application (dosing) guidelines are needed, as are safety 
standards and commissioning procedures. Recent studies to build consensus on 
guidelines discussed specifications for affordable UVGI fixture designs, safety, 
performance, computer-aided design (CAD) for UVGI, maintenance, dosim-
etry, gonioradiometric measurement and innovation using germicidal LEDs.

SYNOPSIS

Public health concerns such as multi- and extensive drug-resistant tuber-
culosis, bioterrorism, pandemic influenza, and severe acute respiratory syn-
drome have intensified efforts to prevent transmission of infections that are 
completely or partially airborne using environmental controls. One such con-
trol, ultraviolet germicidal irradiation (UVGI), has received renewed interest 
after decades of underutilization and neglect. With renewed interest, howev-
er, come renewed questions, especially regarding efficacy and safety. There is 
a long history of investigations concluding that, if used properly, UVGI can 
be safe and highly effective in disinfecting the air, thereby preventing trans-
mission of a variety of airborne infections. Despite this long history, many 
infection control professionals are not familiar with the history of UVGI and 
how it has, and has not, been used safely and effectively. This article reviews 
that history of UVGI for air disinfection, starting with its biological basis, 
moving to its application in the real world, and ending with its current status.

Ultraviolet germicidal irradiation (UVGI) is an established means of dis-
infection and can be used to prevent the spread of certain infectious diseases. 
Low-pressure mercury (Hg) discharge lamps are commonly used in UVGI 
applications and emit shortwave ultraviolet-C (UV-C, 100–280 nanometer 
[nm]) radiation, primarily at 254 nm. UV-C radiation kills or inactivates mi-
crobes by damaging their deoxyribonucleic acid (DNA). The principal mode 
of inactivation occurs when the absorption of a photon forms pyrimidine di-
mers between adjacent thymine bases and renders the microbe incapable of 
replicating. UVGI can be used to disinfect air, water, and surfaces, although 



11

GIULIANO REGONESI  Upper room ultraviolet germicidial irradiation. Collection of studies

surface disinfection is limited by microshadows and absorptive protective lay-
ers. Water disinfection is currently the most advanced and accepted germicidal 
application. Air disinfection is accomplished via several methods: irradiating 
the upper-room air only, irradiating the full room (when the room is not oc-
cupied or protective clothing is worn), and irradiating air as it passes through 
enclosed air-circulation and heating, ventilation, and air-conditioning (HVAC) 
systems. UVGI is also used in self-contained room air disinfection units.

Upper-room UVGI is one of two primary applications of UVGI air 
disinfection. Designed for use in occupied rooms without using protective 
clothing, upper-room UVGI uses wall-mounted and ceiling-suspended, 
louvered/shielded UVGI fixtures to confine the germicidal radiation to the 
entire room area above people’s heads and greatly minimizes exposure to 
occupants in the lower room. Effective air disinfection in the breathing zone 
then depends on good vertical air movement between the upper and lower 
room, which can be generated naturally by convection, the HVAC system, 
or low-velocity paddle fans where needed.

In-duct UVGI is the other primary application of UVGI air disinfec-
tion. Designed to disinfect air as it passes through the HVAC system and 
before it is recirculated or exhausted, in-duct UVGI irradiates the entire 
cross-section of a duct at high intensities not accessible to room occupants, 
and may include the use of highly UV-reflective materials to further in-
crease irradiance levels. Effective room air disinfection depends on circu-
lating maximal room air through the duct and the velocity at which it is 
circulated. Also, though not designed to disinfect the air in any direct way, 
UVGI is used to disinfect surfaces inside HVAC systems, such as cooling 
coils and drip pans. Disinfecting these surfaces may reduce the maintenance 
requirements for HVAC systems, and it has been suggested that it could also 
reduce nonspecific building-related illnesses.1,2

The history of UVGI air disinfection has been one of promise, disap-
pointment, and rebirth. Investigations of the bactericidal effect of sunlight 
in the late 19th century planted the seed of air disinfection by UV radiation. 
First to nurture this seed was William F. Wells, who both discovered the 
spread of airborne infection by droplet nuclei and demonstrated the ability 
of UVGI to prevent such spread. Despite early successes in applying UVGI, 
its use would soon wane due to a variety of reasons that will be discussed 
in this article. However, with the enduring research of Riley and others, and 
an increase in tuberculosis (TB) during the 1980s, interest in UVGI was 
revitalized. With modern concerns regarding multi- and extensive drug-re-
sistant TB, bioterrorism, influenza pandemics, and severe acute respiratory 
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syndrome, interest in UVGI continues to grow. Research is ongoing, and 
there is much evidence on the efficacy of UVGI and the proper way to use 
it, though the technology has yet to fully mature. Figure 1 provides an 
overview of some of the key studies in the history of UVGI air disinfection.

This review highlights selected influential, critical, and representative 
events throughout the history of UVGI air disinfection. Go to:

1877 Downes and Blunta discover the ability of sunlight to prevent 
microbial growth. It is later shown that the ability of light to inactivate mi-
croorganisms is dependent on the dose (intensity 3 time) and wavelength 
of radiation and the sensitivity of the specific type of microorganism. 

1930 Gatesb publishes the first analytical bactericidal action spec-
trum with peak effectiveness at 265 nm, very near the 254 nm output of 
low-pressure Hg germicidal lamps. 

1933 Wellsc presents the concept of airborne infection via “droplet 
nuclei”—evaporated droplets containing infectious organisms that can 
remain suspended in the air for extended durations. 

1935 Wells and Faird demonstrate the ability of UVGI to efficiently 
inactivate airborne microorganisms and prove the concept of infection via 
the airborne route. 

1937 Wells et al.e use upper-room UVGI to prevent the epidemic 
spread of measles in suburban Philadelphia day schools where infection 
outside the school is unlikely. 

1940s to 1950s Several studiesf,g are unable to reproduce Wells et 
al.’s success in using UVGI to prevent the spread of measles in school-
children, contributing to the disillusionment with and abandonment of 
UVGI for air disinfection. These failures have since been attributed to 
infections occurring outside the irradiated schools. 

1956–1962 Rileyh exposes guinea pigs to air originating from an oc-
cupied TB ward and proves that TB is spread via the airborne route. A 
group of guinea pigs receiving infected air via a UVGI irradiated duct 
were not infected, while a group receiving air via a non-irradiated duct 
were infected. 

Figure 1. Provides an overview of some of the key studies in the   
                  history of UVGI air disinfection.
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1969–1972 Riley and colleaguesi–l conduct model room studies eval-
uating the use of upper-room UVGI to reduce the concentration of aero-
solized test organisms in the lower room. They also show that air mixing 
between the upper and lower room is imperative for effective disinfection 
and confirm that UVGI is less effective at high humidity. 

1974–1975 Riley et al.m determine virulent tubercle bacilli and BCG 
to be equally susceptible to UVGI and measure the disappearance rate of 
aerosolized BCG in a model room with and without upper-room UVGI. 
Upper-room UVGI is shown to be highly effective in disinfecting the low-
er room, quantitatively demonstrating the potential of upperroom UVGI 
to reduce TB infection.

 1985–1992 After decades of decline, there is an unexpected rise in 
TB in the United States, leading to a renewed interest in UVGI for air 
disinfection.n,o 

1990s to present New in-depth efforts are undertaken, aimed toward 
quantitatively examining UVGI efficacy and safety and providing guid-
ance for the proper use of UVGI.

2009 Escombe et al.p significantly reduce TB transmission to 
guinea pigs housed atop an occupied HIV-TB ward using upper-room 
UVGI, providing the first controlled clinical evaluation of upper-room 
UVGI to prevent TB transmission. Nardell et al.q are currently com-
pleting a similar study.

a Downes A, Blunt TP. The influence of light upon the develop-
ment of bacteria. Nature 1877;16:218.

 b  Gates FL. A study of the bactericidal action of ultra violet light: 
III. The absorption of ultra violet light by bacteria. J Gen Physiol 
1930;14:31-42. 

c Wells WF. On air-borne infection: study II. Droplets and droplet 
nuclei. Am J Hyg 1934;20:611-8. 

d Wells WF, Fair MG. Viability of B. coli exposed to ultra-violet 
radiation in air. Science 1935;82:280-1. 

e Wells WF, Wells MW, Wilder TS. The environmental control of 
epidemic contagion I: an epidemiologic study of radiant disinfection 
of air in day schools. Am J Hyg 1942;35:97-121. 

f Perkins JE, Bahlke AM, Silverman HF. Effect of ultra-violet 
irradiation of classrooms on spread of measles in large rural cen-
tral schools: preliminary report. Am J Public Health Nations Health 
1947;37:529-37. 
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g Air disinfection with ultra-violet irradiation: its effect on ill-
ness among school-children. Spec Rep Ser Med Res Counc (G B) 
1954;283:1-88.

 h Riley RL, Mills CC, O’Grady F, Sultan LU, Wittstadt F, Shivpu-
ri DN. Infectiousness of air from a tuberculosis ward. Ultraviolet ir-
radiation of infected air: comparative infectiousness of different pa-
tients. Am Rev Respir Dis 1962;85:511-25. 

i Riley RL, Permutt S. Room air disinfection by ultraviolet ir-
radiation of upper air: air mixing and germicidal effectiveness. Arch 
Environ Health 1971;22:208-19.

 j Riley RL, Permutt S, Kaufman JE. Convection, air mixing, and 
ultraviolet air disinfection in rooms. Arch Environ Health 1971;22:200-7. 

k Riley RL, Permutt S, Kaufman JE. Room air disinfection by 
ultraviolet irradiation of upper air: further analysis of convective air 
exchange. Arch Environ Health 1971;23:35-9.

 l Riley RL, Kaufman JE. Effect of relative humidity on the inac-
tivation of airborne Serratia marcescens by ultraviolet radiation. Appl 
Microbiol 1972;23:1113-20. 

m Riley RL, Knight M, Middlebrook G. Ultraviolet susceptibility of 
BCG and virulent tubercle bacilli. Am Rev Respir Dis 1976;113:413-8.

 n Porter JD, McAdam KP. The re-emergence of tuberculosis. 
Annu Rev Public Health 1994;15:303-23.

 o Nardell EA. Environmental control of tuberculosis. Med Clin 
North Am 1993;77:1315-34. 

p Escombe AR, Moore DAJ, Gilman RH, Navincopa M, Ticona E, 
Mitchell B, et al. Upper-room ultraviolet light and negative air ioniza-
tion to prevent tuberculosis transmission. PLoS Med 2009;6:e43.

 q Personal communication, Edward Nardell, Harvard School of 
Public Health, October 2008 

UVGI = ultraviolet germicidal irradiation 
nm = nanometer 
Hg = mercury 
TB = tuberculosis 
BCG = Bacillus Calmette-Guérin 
HIV = human immunodeficiency virus
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DISCOVERY OF THE GERMICIDAL ACTION 
OF UV RADIATION AND ITS BIOLOGICAL BASIS

As early as 1845, it was known that microorganisms respond to light.3 
A breakthrough came in 1877, when Downes and Blunt4–6 observed that 
exposing test tubes containing Pasteur’s solution to sunlight prevented the 
growth of microorganisms inside the tube and, upon increased exposure 
durations, the test tubes remained bacteria-free for several months. In his 
2002 article on the history of UV photobiology, Hockberger called this “one 
of the most influential discoveries in all of photobiology.”7 Downes and 
Blunt went on to demonstrate that the ability of sunlight to neutralize bac-
teria was dependent on intensity, duration, and wavelength, with the shorter 
wavelengths of the solar spectrum being the most effective. Tyndall later 
confirmed these results.8,9

These early investigations pointed toward some key factors (to be later 
investigated in-depth) that influence UVGI performance. Inactivation of a 
given fraction of organisms is dependent on the dose of radiation received. 
Dose (J●m−2) is the product of intensity (W●m−2) and exposure duration (s). 
Inactivation is also dependent on the wavelength of received radiation. Much 
of the work following these initial investigations was devoted to finding the 
wavelength dependence of the germicidal action of light, with investigations 
into the following wavelength ranges: UV-C (100–280 nm), UV-B (280–315 
nm), UV-A (315–400 nm), visible (400–700 nm), and infrared (700–106 nm).

In 1885, Duclaux reported differences in sensitivity to sunlight between 
different species of bacteria spores.10–12 This finding pointed to another key 
factor that influences UVGI performance—microbial sensitivity. Different 
microbes have different sensitivities to UVGI and require varying doses of ra-
diation for the same fraction of inactivation. Many later studies would attempt 
to quantify the UVGI sensitivity for numerous types of microorganisms. In 
1890, Koch demonstrated the lethal effect of sunlight on tubercle bacillus, 
portending the modern use of UVGI to combat TB infection.13 Two years 
later, using a prism, a heliostat, and quartz test tubes, Geisler showed that UV 
radiation from sunlight and electric lamps was more effective in killing bacte-
ria than longer wavelength radiation; however, he also noted that the lethal ef-
fects of longer wavelength radiation were amplified at increased intensities.14 
Buchner dismissed contributions from infrared radiation on the germicidal 
action of sunlight by passing sunlight through an infrared-absorbing water 
filter before it reached a bacterial sample.15 Ward improved upon these results 
between 1892 and 1894, demonstrating the violet-blue and UV-A portions of 
the solar spectrum to be the most deleterious to bacteria.16–18
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Between 1901 and 1903, Bang reported different sensitivities of Bacillus 
prodigiosus to UV radiation, with UV-B and UV-C radiation more effective 
than UV-A radiation.19,20 Employing a prism and different arc lamps, a peak 
bactericidal effectiveness between 226.5 nm and 328.7 nm was confirmed by 
Barnard and Morgan.21 Hertel was the first to provide a thorough quantitative 
analysis of the effect of light on microorganisms. Between 1904 and 1905, 
Hertel used a prism and thermoelectric measurement technique to quantify 
the relative intensity of radiation emitted from arc lamps, varying as a func-
tion of wavelength. With these data, Hertel established the degree of germi-
cidal effectiveness between the UV and visible spectral regions. The region of 
greatest effectiveness was found to be the UV-C, followed by UV-B, UV-A, 
and visible radiation, respectively, with the dose required for cell death in-
creasing by orders of magnitude in the visible region.22,23

Henri and Henri were the first to show the mutagenic effects of UV radi-
ation. In 1914, they observed modification of the metabolism of Bacillus an-
thracis upon exposure to sublethal doses of UV radiation.24 In 1929 and 1930, 
Gates published a series of articles providing the first analytical bactericidal 
action spectrum.25–27 Using an Hg arc lamp, Gates produced similarly shaped 
action spectra for Staphylococcus aureus and Bacillus coli (B. coli), both with 
peak effectiveness at 265 nm. These action spectra corresponded to the ab-
sorption spectrum of nucleic acids, and Gates hinted that his data “… point 
the way in a further search for the specific substance, or substances, involved 
in the lethal reaction,” suggesting that nucleic acids may be the genetic ma-
terial and responsible for cell death—not proteins, as was a common belief28 
at the time. In his article on UV action spectroscopy, Coohill expressed that 
Gates’ bactericidal action spectrum was “… considered by some to be the 
most crucial action spectrum ever published.”29  Gates’ findings were suppor- 
ted by Ehrismann and Noethling in 1932;30 in 1935, the Commission Inter-
nationale de l’Eclairage (CIE)31 examined early data and proposed an official 
bactericidal action spectrum. Gates’ historical bactericidal action spectrum 
for B. coli is plotted in Figure 2, along with two modern germicidal action 
spectra and the relative output of a germicidal lamp.
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Figura 2.
Gates’ original bactericidal action spectrum for Bacterium coli, a mod-

ern germicidal action spectra,b and the relative output of a low-pressure Hg 
germicidal lampc,d

aAdapted from: Gates FL. A study of the bactericidal action of ultra 
violet light: III. The absorption of ultra violet light by bacteria. J Gen 
Physiol 1930;14:31-42.

bAdapted from: Commission Internationale de l’Eclairage. Technical 
report: ultraviolet air disinfection (CIE 155/2003). Vienna: CIE; 2003.

cAdapted from: Illuminating Engineering Society of North Amer-
ica. Lighting handbook: reference – application. 8th ed. New York: 
IESNA; 1993.

dThe modern action spectra are derived from the Deutsches Institut 
für Normung (represented with a solid line) and the Illuminating En-
gineering Society of North America (represented with a dotted line). 
The relative output of a low-pressure Hg germicidal lamp is overlaid 
on these action spectra to illustrate why the lamps are highly efficient in 
germicidal applications.

Hg = mercury
DIN = Deutsches Institut füur Normung
IESNA = Illuminating Engineering Society of North America
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Hollaender and associates,32–34 among others, picked up where Gates left 
off, and by 1944, Hollaender and Oliphant claimed, “It is quite possible that 
the high sensitivity of many agents at about [260 nm] is based on the im-
portant function desoxyribose nucleic acid plays in biological activities.”35 
Beukers and Berends36 exposed frozen solutions of thymine to UV-C radia-
tion in 1960, resulting in the formation of thymine dimers. Shortly thereafter, 
the production of dimers from adjacent pyrimidines was demonstrated after 
exposure to UV radiation, accounting for “a large part of the effects of ultra-
violet radiation on biological systems.”37 The biological foundation of UVGI 
had been laid. For a more extensive review on the history of the biological 
effects of UV radiation on microorganisms, see Hockberger7,38 and Coohill.29

The distinction should be made between the biological effect and the 
penetration depth of UV radiation, a key concept in UVGI safety. UV-C 
wavelengths are the most biologically active radiation and, ironically, much 
less dangerous to humans. This is because UV-C radiation is absorbed by the 
outer dead layer of human skin, while UV-B and UV-A radiation penetrate 
deeper.39 While attention to UVGI safety is important, because overexposure 
to 254 nm radiation can readily cause erythema (“sunburn”) to the skin and 
photokeratitis (“welder’s flash”) to the eyes, the long-term health risks are 
considered to be negligible compared with common solar UV exposures.

THE EFFICACY AND APPLICATION 
OF UVGI AIR DISINFECTION

The beginning (1930s to 1950s): 
Wells, droplet nuclei, and the prevention of measles 
William F. Wells pioneered both the concept of airborne infection by 

droplet nuclei and the use of UVGI to disinfect the air. In 1933, Wells pre-
sented the idea that various-sized droplets containing infectious organisms 
are expelled into the air and quickly dried by evaporation after an infectious 
person coughs or sneezes,40 expanding upon an early droplet theory put 
forth by Flüugge.41 These evaporated droplets, or droplet nuclei, can remain 
in the air for extended periods of time, and people can breathe them in. The 
idea of infection via droplet nuclei had been sparked by investigations into 
respiratory infections associated with dust-suppressive water sprays used in 
New England textile mills.

While the ability of UV radiation to inactivate microorganisms was 
known, previous studies had exposed microorganisms on solid media or in 
liquids, not in the air. In 1935, using aerosolized B. coli, 254 nm radiation, 
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and carefully controlled conditions, Wells went on to demonstrate that air-
borne infectious organisms could be effectively killed in a short period of 
time.42 The use of UVGI not only inactivated the infectious organisms in the 
air, but proved the very concept that infections can be spread via the airborne 
route. Sharp was the first to confirm these results and documented an example 
of airstream disinfection, foreshadowing the use of UVGI in in-duct HVAC 
systems.43,44 These initial investigations would provide the framework and 
impetus for infection control by the irradiation of air.

Immediately perceiving the potential of UVGI, Hart employed direct, 
high-intensity UVGI for the disinfection of hospital operating room air at 
the Duke University Hospital in 1936, after traditional methods had failed.45 
The setup was designed to irradiate the entire room, with special emphasis on 
highly irradiating the volume around the surgical site and instrument/supply 
tables. Hart later reported the reduction in the postoperative wound infection 
rate in clean cases from 11.62% without the use of UVGI to 0.24% with the 
use of UVGI.46 Following Hart’s lead, colleagues from Duke and other hospi-
tals installed UVGI in their operating rooms and reported similar success.47–51

Following initial successes in the operating room, the application of 
UVGI in hospitals was soon extended to infant wards by implementing vari-
ous configurations of cubicle-like UVGI “light curtains” designed to prevent 
respiratory cross-infections. As in the operating room, high-intensity, direct 
UVGI was used, assuming that human exposure would be transient in pass-
ing through. In 1936, Wells and colleagues designed such UVGI barriers for 
Charles McKhann at the Infants’ and Children’s Hospital in Boston. In 1941, 
Del Mundo and McKhann reported a difference in the infection rate of 12.5% 
in a control ward and 2.7% in a ward with UVGI barriers.52 Parallel studies 
evaluating UVGI barriers reported successes similar to that in Boston, in-
cluding both the reduction of respiratory cross-infections and the reduction of 
cross-cubicle spread of aerosolized test organisms.53–58

Modifying the original experimental design, other studies of cross-infec-
tion in infant wards employed upper-room UVGI instead of light curtains. As 
discussed previously, upper-room UVGI confines the germicidal radiation to 
the entire room area above people’s heads, and effective air disinfection in the 
lower room then depends on good vertical air movement between the upper 
and lower room. Robertson et al. reported nearly one-half the number of in-
fections using only upper-room UVGI in rooms where natural ventilation was 
impeded; no additional effect from UVGI was found in rooms where doors 
and windows were left open.57 Several other investigators produced further 
positive results using upper-room UVGI to prevent cross-infections.58–60
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Between 1937 and 1941, Wells successfully used upper-room UVGI to 
prevent the epidemic spread of measles among children in suburban Philadel-
phia day schools, where infection outside of school was unlikely—a classic 
experiment that has been difficult to reproduce. During this study, 53.6% of 
susceptibles in unirradiated schools were infected, while only 13.3% of sus-
ceptibles in irradiated schools were infected (excluding secondary infections 
from siblings), even with the irradiated schools having a greater percentage 
of susceptibles.61 These results were supported upon investigation of measles 
attack rates in other nearby unirradiated schools.62

In 1943, the Council on Physical Therapy accepted UVGI for disinfect-
ing purposes.63 From 1941 to 1943, Lurie exposed two sets of rabbits to air 
originating from rabbits infected with TB. With sufficient germicidal intensi-
ty, none of the rabbits receiving irradiated air developed TB, while the major-
ity of the rabbits receiving non-irradiated air did.64 Beginning in 1943, studies 
were undertaken to evaluate the ability of upper-room UVGI (the floor was 
later irradiated also) to prevent respiratory infections in the intermittent ag-
gregations at naval training stations. These studies produced modest success, 
limited by less-than-ideal experimental designs.65–69

Early investigations by Whisler,70 Wells,71–74 and -others75 evaluated the 
effect of physical and environmental factors on UVGI efficacy, including 
humidity and air circulation—two important factors in the performance of 
UVGI. Microbes were found to be significantly more resistant to UVGI at 
higher humidity. Luckily, the humidity of most buildings is kept well below 
adverse levels to provide occupant comfort. Also, as discussed previously, 
good air circulation is requisite for effective upper-room UVGI. Infected low-
er-room air must circulate through the irradiated upper room, where inacti-
vation depends on the received dose (the intensity of radiation in the upper 
room multiplied by how long the microbe remains in the irradiated zone). Air 
circulation is also an important factor in in-duct UVGI, which requires maxi-
mal room air circulation through the duct and is dependent on the velocity of 
air moving through the duct.

Throughout the 1940s, extensive work by Luckiesh and colleagues pro-
vided further evidence for the efficacy of UVGI, while also detailing early 
designs and guidelines for UVGI air disinfection systems and applications of 
UVGI.75 This work represented a high water mark in the technical knowl-
edge and expertise of UVGI. The effectiveness of UVGI to disinfect exhaust 
air in infectious disease laboratories was also demonstrated, including the 
first use inside an air conditioner.76, 77
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In 1955, Wells published the authoritative Air Contagion and Air Hy-
giene,62 deemed a “landmark monograph on air hygiene” by Edward Nar-
dell.78 Six years later, Riley followed with his Airborne Infection: Transmis-
sion and Control.79 These two works may be consulted for greater detail in the 
early studies using UVGI and all other aspects of airborne infection.

Continued progress (1950s to 1970s): 
Riley, TB ward, and model rooms
Beginning in the 1930s as a Harvard medical student working in Wells’ 

lab, Richard L. Riley became a disciple of and collaborator with Wells and 
his work on airborne infection and UVGI. In fact, Wells shared credit with 
Riley for the droplet nuclei concept. Riley and colleagues conducted two two-
year experiments in a Veterans Hospital TB ward during the 1950s and early 
1960s. In a preliminary study80 without patients, Escherrischia coli (E. coli) 
and bovine tubercle bacilli were separately aerosolized into the ward venti-
lation system with and without UVGI. UVGI effectively inactivated E. coli 
in the ward and prevented rabbits from developing TB. Conversely, exposed 
rabbits were infected with TB without the use of UVGI.

In subsequent studies, the TB ward was continually occupied with six 
infected patients and sealed from the rest of the hospital. The room air was 
exhausted through ventilation ducts to control chambers housing colonies of 
guinea pigs; one chamber received air from an irrFadiated duct and one re-
ceived air from a non-irradiated duct. This method eliminated contagion via 
means other than through the exhausted air. The results of these studies con-
firmed both that TB could readily be spread through droplet nuclei and that 
UVGI could sufficiently inactivate the infected air (100% in the study).81,82 Ri-
ley also used the experiments to estimate the concentration of infectious drop-
let nuclei in the air and study the variability in the infectiousness of different 
patients. Around the same time, McLean prevented the spread of influenza 
in Veterans Hospital TB patients using upper-room UVGI during the 1957 
pandemic, providing evidence for the airborne transmission of influenza. The 
infection rate was only 1.9% in an irradiated ward, while it was 18.9% in a 
non-irradiated ward.83

During the early 1970s, Riley and colleagues published a series of arti-
cles detailing the results of using upper-room UVGI in a model room aerosol-
ized with Serratia marcescens. The effects on disinfection rates in the lower 
room from air mixing via convection and a ceiling fan were studied and math-
ematically modeled.84–86 It was shown that temperature gradients and ceiling 
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fans could greatly affect air mixing in a room and, thus, the rate of disinfec-
tion in the lower room. By supplying air cooler than the lower-room air to the 
upper room and/or using a ceiling fan, the efficiency of UVGI in disinfecting 
the lower room was greatly increased. The ability to prevent the spread of 
infectious organisms throughout a building by placing UVGI in corridors was 
also demonstrated.87

Additionally, Riley et al. investigated the effect of relative humidity 
(RH) on the efficacy of UVGI, with a sharp decline found in the fraction of 
organisms killed at RH values higher than 60% to 70%.88 In 1972, Kethley 
and Branch conducted model room studies similar to Riley’s and studied the 
effect of aerosol size and sampling location within a mechanically ventilated 
room. They found smaller particles to be more susceptible to UVGI, and dis-
covered that different sampling locations produced different calculated disin-
fection rates. This led to the conclusion that lamp locations and air movement 
patterns within a room need to be considered for optimal disinfection.89

During 1975, Riley et al. found virulent tubercle bacilli and Bacillus 
Calmette-Guéerin (BCG) to be equally susceptible to UVGI. They then aero-
solized BCG into an approximately 200-square-foot model room and mea-
sured its disappearance with and without upper-room UVGI, finding a sixfold 
increase in the disappearance rate using one 17-watt (electrical) fixture, and 
a ninefold increase using two fixtures of a combined 46 watts (electrical). 
It was inferred that the results using BCG were directly applicable to viru-
lent tubercle bacilli.90 Riley also equated these results to the removal of con-
taminated air using ventilation, where one air change (AC) corresponds to a 
volume of fresh air entering (and contaminated air leaving) a room equal to 
the volume of the room. One AC equates to removing about 63% of contam-
inated air in a perfectly mixed room. Using this concept of air changes via 
ventilation, Riley expressed his results using UVGI in equivalent air chang-
es (Eq AC). One Eq AC corresponds to inactivating about 63% of airborne 
microorganisms with UVGI in a perfectly mixed room. In his experiment, 
Riley calculated an increase of 10 and 25–33 AC/hour using the 17-watt and 
combined 46-watt upper-room UVGI fixtures, respectively. Figure 3 shows 
Riley’s measured disappearance of BCG in the model room with and with-
out the 17-watt upper-room UVGI fixture. This quantitatively illustrated the 
potential of upper-room UVGI to prevent TB transmission. For decades to 
follow, these results led to the following rule of thumb: 17 watts (electrical) 
input to UVGI lamps per 200 square feet of floor area. It was hoped that by 
following this guideline, similar air disinfection rates would be achieved.
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Figure 3.
Disappearance rate of Bacillus Calmette-Guérin in a model room 

without upper-room UVGI and with a 17-watt upper-room UVGI lampa,b

aOne AC corresponds to adding a volume of fresh air to the room 
equal to the volume of the room and equates to a removal of about 63% 
of airborne organisms in a perfectly mixed room. One AC produced with 
UVGI represents an equivalent AC and equates to inactivating about 63% 
of airborne organisms with UVGI in a perfectly mixed room.

bAdapted from: Riley RL, Knight M, Middlebrook G. Ultraviolet 
susceptibility of BCG and virulent tubercle bacilli. Am Rev Respir Dis 
1976;113:413-8.

UVGI = ultraviolet germicidal irradiation
UV = ultraviolet
AC = air change
W = WaH
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Disillusionment, resurgence, and the current 
state of UVGI air disinfection
Despite the early successes in demonstrating the effectiveness of UVGI, 

the technology was largely abandoned and forgotten in the years following 
Wells’ promising work.78,91 There are several reasons why this occurred. The 
inability to reproduce the success of Wells in preventing the spread of mea-
sles,92–95along with other failures,96–100 engendered broad disillusionment with 
UVGI. Around the same time, antibiotics were developed to treat TB, and 
there was hope that common viral illnesses could be controlled by immuniza-
tion. Additionally, there was concern regarding the health effects from UV-C 
exposure and the production of ozone by germicidal lamps. Concerns that 
UVGI required high maintenance, that UVGI would be ineffective at higher 
humidity, and that its germicidal efficacy was unproven also contributed to 
UVGI’s second-class status among air disinfection strategies.

It is now known, through successes and failures, where and how UVGI 
can be effective.78 UVGI is most effective in preventing infections spread 
chiefly by droplet nuclei, not by direct contact or larger respiratory droplets, 
although some surface decontamination likely occurs. Also, the location(s) 
where UVGI is employed must also be the primary location(s) of disease 
transmission (i.e., there cannot be a high risk of acquiring the same infection 
outside the location where UVGI is used). From these criteria, the cause of 
previous UVGI failures can be deduced. The failure to prevent the spread of 
measles in schools can be explained by infections occurring outside the class-
room (e.g., on school buses or through other extracurricular interaction).62,79 
Wells successfully prevented the spread of measles in schools because in-
fection occurring outside the school in a wealthy Philadelphia suburb was 
unlikely.

In the late 1980s, there was a renewed interest in UVGI due to the un-
expected rise in TB in 1985 and the emergence of multiple drug-resistant 
strains, with specific concerns about the homeless, those infected with human 
immunodeficiency virus (HIV), and those who work with infected popula-
tions.101–103 It was then argued that UVGI, along with other measures, could be 
used to control the transmission of TB.104–109Though the potential application 
of UVGI in locations such as hospitals and shelters was recognized, new chal-
lenges were also presented. Low ceiling heights and the lack of technical ex-
pertise, standards and regulations, and clinical trials all had to be addressed.

Since then, ongoing efforts toward meeting these new challenges have 
included: aerosol chamber and model room studies110–121 evaluating various 
environmental and physical factors on UVGI efficacy (e.g., air mixing and 
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ventilation, humidity, microbial sensitivity, fixture irradiance and configu-
ration, and photoreactivation); the mathematical modeling and predicting 
of UVGI fixture irradiances122–124 and room and duct disinfection/infection 
rates,123,125–133 including the use of computational fluid dynamics;134– 138 and 
applying UVGI in real-world studies.139–141 Other efforts have been directed 
toward establishing the maintenance requirements142 for UVGI fixtures, de-
veloping methods of accurate UVGI measurement,122,143–145 and evaluating the 
safety146,147 of UVGI installations, including the development of more modern 
“ozone-free” lamps. In 2003, the CIE148 published a technical report on UVGI 
air disinfection, summarizing the present state of knowledge. At press time, 
a CIE committee was preparing a report on the risk of photocarcinogene-
sis from UVGI lamps, including a comparison of the relative risk compared 
with typical UV-B and UV-A exposures from outdoor sunlight. Additional 
research has continued to evaluate the use of UVGI in the operating room to 
reduce postoperative infections.149,150

The Tuberculosis Ultraviolet Shelter Study (TUSS), the first real-world 
study on the use of UVGI to prevent TB, was conducted from 1997 to 2004.151 

TUSS was a double-blind, placebo-controlled field trial that evaluated the use 
of upper-room UVGI at 14 homeless shelters in six U.S. cities. The results 
from TUSS were inconclusive due to insufficient numbers of documented TB 
skin test conversions (i.e., the rise in TB had already been checked); however, 
much practical experience and other data were gained from the study.147

Preliminary guidelines have also been -published,152–154 and, in 2005, 
the Centers for Disease Control and Prevention (CDC)155 expanded on its 
previous recommendation156 that UVGI be used as a supplement for TB in-
fection control in health-care settings. In 2009, building upon initial guide-
lines and evaluating the influx of new research, CDC produced the first 
comprehensive guidance document for using upper-room UVGI to control 
TB in health-care settings.157

In 2009, Escombe and colleagues published the first clinical trial using 
upper-room UVGI to prevent TB transmission.158 Similar to Riley’s classic 
studies in the 1950s, this study ventilated air from a continually occupied 
HIV-TB ward in Lima, Peru, to guinea pig colonies housed in rooftop cham-
bers for 535 consecutive days. On alternating UV-on and -off days, one group 
of guinea pigs breathed air from the TB ward with upper-room UVGI and a 
mixing fan turned on, and a separate control group of guinea pigs breathed air 
from the TB ward with upper-room UVGI turned off. Further, air was drawn 
from the lower room without deliberately passing it through the UV field, 
simulating air breathed by occupants. Results showed a 34.9% infection rate 
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in the control group and a reduced rate of 9.5% in the group with UVGI. TB 
disease was subsequently confirmed in 8.6% of the control group compared 
with 3.6% of the group with UVGI (Figure 4). It should also be noted that the 
mean RH during the study was about 77.0%, determined by previous studies 
to be above the maximum level for optimal UVGI efficacy.

Figure 4.
Escombe et al.’s results showing the proportion of TB ward-air ex-

posed guinea pigs with evidence of TB infection or TB diseasea,b

aOne group was exposed when upper-room UVGI was turned on in 
the TB ward, and a control group was exposed when upper-room UVGI 
was turned off in the TB ward.

bAdapted from: Escombe AR, Moore DAJ, Gilman RH, Navincopa 
M, Ticona E, Mitchell B, et al. Upper-room ultraviolet light and negative 
air ionization to prevent tuberculosis transmission. PLoS Med 2009;6:e43.

TB = tuberculosis
UV = ultraviolet
UVGI = ultraviolet germicidal irradiation
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At press time, Nardell and colleagues were completing a clinical trial us-
ing upper-room UVGI to prevent TB transmission similar to that of Escombe 
et al. (Personal communication, Edward Nardell, Harvard School of Public 
Health, October 2008). Also at the time of publication, Noakes and colleagues 
planned to develop a design tool and guidance documents to assist archi-
tects and engineers in designing effective and safe UVGI installations in re-
al-world hospital environments (Personal communication, Catherine Noakes, 
Pathogen Control Engineering Research Group, School of Civil Engineering, 
University of Leeds, March 2009). Additionally, an interdisciplinary comput-
er-assisted design lighting project promises to help engineers and architects 
design UVGI installations in a variety of settings (Personal communication, 
Edward Nardell, Harvard School of Public Health, October 2008). Together, 
these efforts will contribute even more valuable information, experience, and 
guidance for the use of upper-room UVGI to prevent airborne infection.

FUTURE DIRECTIONS

Research on UVGI air disinfection continues today. Although it is clear 
that UVGI can be effective in test chambers, engineering specifications for a 
given room application remain elusive and are currently based more on com-
mon sense and historical practice than on actual evidence. However, that evi-
dence is accumulating, along with data on maintenance and safety in a wide 
variety of applications. It is now clearly understood, for example, that occu-
pant motion and position within rooms greatly reduce the possibility of harmful 
overexposures to UV-C radiation in lower rooms.144 In practice, if upper-room 
UVGI systems are installed properly, UV radiation threshold limit values are 
rarely, if ever, approached, even using eye-level target values above those pre-
viously applied that assumed continuous eye exposure.

UVGI fixture designs are also evolving, becoming more efficient while 
remaining safe, but innovative designs are needed to further increase efficien-
cy while keeping manufacturing costs low. Interest and investment by major 
lighting fixture companies is badly needed to stimulate further development; 
however, the cost of applying upper-room UVGI is an important factor—not 
in resource-rich countries, but in poor settings where UVGI is most critically 
needed to reduce transmission of TB, pandemic influenza, and other major air-
borne infectious threats. In these resource-limited settings, local manufacturers 
are needed to keep costs down. Finally, experts in the real-world application 
of UVGI are also needed, both in resource-rich and resource-limited settings. 
Once engineering specifications are better defined, however, interest by design-
ers from the engineering, architecture, and lighting industries should follow.
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 Rationale: Transmission is driving the global tuberculosis 
epidemic, especially in congregate settings. Worldwide, natural 
ventilation is the most common means of air disinfection, but it 
is inherently unreliable and of limited use in cold climates. Up-
per room germicidal ultraviolet (UV) air disinfection with air 
mixing has been shown to be highly effective, but improved evi-
dence-based dosing guidelines are needed. 

Objectives: To test the efficacy of upper room germicidal air 
disinfection with air mixing to reduce tuberculosis transmission 
under real hospital conditions, and to define the application param-
eters responsible as a basis for proposed new dosing guidelines. 

Methods: Over an exposure period of 7 months, 90 guinea 
pigs breathed only untreated exhaust ward air, and another 90 
guinea pigs breathed only air from the same six-bed tuberculosis 
ward on alternate days when upper room germicidal air disinfec-
tion was turned on throughout the ward. 

Measurements and Main Results: The tuberculin skin test 
conversion rates (>6 mm) of the two chambers were compared. 
The hazard ratio for guinea pigs in the control chamber convert-
ing their skin test to positive was 4.9 (95% confidence interval, 
2.8–8.6), with an efficacy of approximately 80%. 

Conclusions: Upper room germicidal UV air disinfection with 
air mixing was highly effective in reducing tuberculosis transmis-
sion under hospital conditions. These data support using either a 
total fixture output (rather than electrical or UV lamp wattage) of 
15–20 mW/m3 total room volume, or an average whole-room UV 
irradiance (fluence rate) of 5–7 μW/cm2, calculated by a lighting 
computer-assisted design program modified for UV use. 
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Ultraviolet (UV) germicidal irradiation (UVGI) has long been a standard 
method of water disinfection, but although rigorously studied, UVGI air dis-
infection has been less well accepted and is poorly defined in terms of evi-
dence-based international application guidelines1. The most important global 
application of upper room UVGI is to prevent the spread of Mycobacterium 
tuberculosis (Mtb) in health care and other congregate spaces, especially in 
high-burden, resource- limited settings2. The high volume of mechanical ven-
tilation (6–12 air changes per hour [ACH]) recommended for the prevention 
of airborne infection is often not feasible in these settings. Facilities in suit-
able climates often depend on natural ventilation, which can be highly effec-
tive in well-designed buildings under optimal outside conditions, but can also 
be inadequate when conditions are suboptimal, and at night when windows 

At a Glance Commentary 

Scientific Knowledge on the Subject: 
The efficacy of upper room air disinfection is no longer in doubt, but so far 
there has been only one other hospital-based field study involving humans 
as the source of transmission and infection (of guinea pigs) as the end-
point. For 60 years, the application of upper room ultraviolet (UV) germi-
cidal irradiation has been hampered by inadequate application guidelines, 
primarily based on fixture input wattage, not UV output. This is the first 
hospital-based study to have characterized conditions sufficiently well to 
provide a basis for international application guidelines. 

What This Study Adds to the Field: 
Beyond demonstrating an approximately 80% reduction in transmission, 
this is the first field study to attempt to completely define the conditions 
responsible. Moreover, it highlights the need for basing UV fixture num-
ber and location on fixture UV output, not electrical input, as has been 
done in the past. The proposed application guidelines are based on the 
entire room volume, either total fixture output per cubic meter volume 
or, using a recently characterized computer-assisted design program, the 
average UV irradiance (fluence rate) for the entire room volume. These 
application guidelines should provide a firm scientific basis for a critically 
important technology that is often poorly applied, especially in highbur-
den settings in which institutional airborne tuberculosis transmission is a 
key factor driving the global tuberculosis epidemic.
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may be closed for thermal comfort, pest control, or security3. In cold climates 
natural ventilation is often not a practical option, but even in hot climates, as 
air conditioning becomes more widely used for thermal comfort, windows 
are usually closed. In these and other settings, upper room UVGI, often com-
bined with natural or mechanical ventilation, may be the most cost-effective 
method for providing effective air disinfection. 

Wall - or ceiling-mounted UVGI fixtures are designed to produce an in-
tensive air disinfecting zone in the upper room, above people’s heads, while 
limiting irradiation in the lower, occupied room to prevent eye and skin irri-
tation of room occupants4–6. Air mixing between the upper and lower room, 
commonly ensured by low-velocity ceiling fans, results in effective air dis-
infection in the occupied breathing zone7–9. Efficacy of upper room UVGI 
depends on three principal factors:1 the average UVGI fluence rate (irradiance 
from multiple sources) produced in the upper room and its distribution,2 the 
rate of vertical air mixing, and3 the UV susceptibility of the organism under 
ambient conditions10–12. Using aerosolized surrogate test organisms in room-
size test chambers, and microbiologic air sampling, various researchers have 
reported upper room UVGI air disinfection equivalent to 10, 20, and even 
higher ACH7, 12–15. In contrast to the upper room application, except in very 
small rooms, most UVGI-based room air cleaners (air moving devices) are 
greatly limited by their clean air delivery rate, short-circuiting of processed 
air, and resulting low equivalent ACH 6. 

Despite extensive laboratory evidence of efficacy over many years, the 
paucity of convincing field trials in clinically relevant settings has been a 
major barrier to full acceptance, technology development, and wider imple-
mentation of upper room UVGI17. Here we report the results of a controlled 
field trial of the effectiveness of upper room UVGI with air mixing to reduce 
transmission of Mtb from patients with multidrug-resistant (MDR) or ex-
tensively drug-resistant tuberculosis (TB) in a provincial referral hospital in 
South Africa. Because mechanical microbiologic air sampling is not feasible 
for naturally generated Mtb, we used highly susceptible guinea pigs as bio-
logic air samplers, using infection (detected by the tuberculin skin test [TST]) 
as the most clinically relevant endpoint18. We also report on the application 
of a recently validated computer-assisted design (CAD) program (Visual-UV; 
Acuity Brands, Connors, GA) to better define critical UVGI parameters, such 
as average room germicidal UV fluence rates19. Finally, based on the results 
of this trial, we propose two new dosing strategies using total UVGI fixture 
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output for determining the germicidal irradiation required in designing highly 
effective UVGI room installations. Some of the results of these studies have 
been previously reported in the form of an oral abstract presentation20. 

In their classic 1958–1962 experiments, Riley and colleagues21–24 quanti-
fied the airborne transmission of human-source Mtb using hundreds of highly 
susceptible sentinel guinea pigs exposed to the air exhausted from an exper-
imental six-bed TB ward in a Baltimore hospital. The investigators had also 
intended to test the efficacy of upper room UVGI, as evident in the 1959 pa-
per describing the experimental ward where a UVGI wall fixture is illustrated 
in a patient room21. But, after 4 years of experiments, the hospital reclaimed 
the ward for other purposes, and upper room UVGI was never tested. In 1996, 
however, Riley’s longtime research collaborator, the late Solbert Permutt, 
suggested a novel design for air disinfection experiments, using two guinea 
pig chambers to control for variable patient infectiousness (25, S. Permutt, 
personal communication). His concept called for one guinea pig exposure 
chamber (intervention chamber) to receive exhaust air from the ward only 
every other day, the days when upper room UVGI was turned on in the ward; 
and the other exposure chamber (control chamber) to receive exhaust air from 
the same ward only on the alternate days, when upper room air disinfection 
was turned off. This experimental design ensured that patient infectiousness 
would be equivalent during the cumulative intervention and control periods. 
After months of exposure to ward air, any differences in the TST reaction 
rates between the two guinea pig chambers would be a direct measure of the 
effectiveness of UVGI. 

In the last decade two research groups have reestablished experimental 
TB hospital wards similar to Riley’s for the purpose of studying TB trans-
mission and control strategies, and have adopted Permutt’s alternate-day ex-
perimental design17. Thus far, upper room UVGI, room air ionizers, masks 
on patients, portable room air cleaning (filtration) machines, and inhaled an-
tibiotics have been subjected to controlled testing in very different clinical 
settings in Peru and South Africa17, 26. Escombe and coworkers17 reported the 
effectiveness of upper room UV in a TB/HIV ward occupied by patients with 
mostly drug-susceptible TB in Lima, Peru. The present study tests the effec-
tiveness of upper room UVGI with air mixing in an MDR-TB referral hospi-
tal in South Africa as a basis for proposed new dosing guidelines. 
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Methods 

The Airborne Infections Research Facility 

This study was performed at the airborne infections research (AIR) 
facility in eMahlahleni, South Africa. Like Riley’s facility, the AIR facili-
ty was designed to expose hundreds of susceptible sentinel guinea pigs to 
airborne TB (infectious droplet nuclei) generated by patients with active, 
culture-proven, mostly sputum smear-positive, cavitary, pulmonary TB. 
The facility is physically part of the Mpumalanga Provincial MDR-TB Re-
ferral Hospital, and the patients recruited for this study were among those 
newly admitted with highly drug-resistant TB and just started on standard-
ized South African MDR-TB treatment. The facility consists of a six-bed 
inpatient MDR-TB ward connected by an airtight ventilation system to two 
identical guinea pig exposure chambers (Figure 1). The study methods (hu-
man and animal protocols) were identical to our previously published study 
of the effectiveness of surgical masks on patients, but instead of masks on 
patients, upper room UVGI was turned on in the three patient rooms and 
corridor every other day 27. Human subjects in this study served only to 
generate infectious aerosols while on the ward. They received exactly the 
same care and treatment as on the main MDR wards. Subject inclusion and 
exclusion criteria, recruitment, consent, and TB treatment were the same 
as in the published surgical mask study23. This study was approved by the 
human and animal ethics committees of all participating organizations. 

 

Figure 1. 
Layout of the airborne infections 
research facility showing three 
two-bed patient rooms, corridor, 
and patient day room.
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Selecting the UVGI Fixtures to be Tested 

The goals of this research were to test the effectiveness of upper room 
UVGI air disinfection with air mixing in a real hospital setting, under defined 
conditions, using the best available UVGI fixtures, but not to test any one 
manufacturer’s product. Based on our published test chamber experiments and 
fixture testing, technical specifications for wall fixtures to be used in this study 
were developed and candidate fixtures solicited in the United States and South 
Africa (see the online supplement). Unless previously characterized at the 
Harvard School of Public Health, samples of stock or custom manufactured 
fixtures claiming to meet these specifications were tested for compliance. 

Among those submitted for consideration, only two fixtures approximat-
ed our specifications. Both were made in the United States. Each manufactur-
er donated six wall fixtures for the study, one each for the three patient rooms, 
the hallway, common room, and one of each to be kept in reserve should a 
fixture fail. Spare lamps for each fixture were also on hand. The fixtures were 
mounted 2.1 m from the ground, on opposite walls, but staggered to produce 
as uniform a UVGI distribution as possible from two sources, and the longest 
(estimated) average UV ray length possible in the room (Figures 2A and 3). 

Figure 2. 
(A) Ultraviolet germicidal irradiation wall fixture, (B) room ventilation arrangement, 
and (C) ceiling paddle fan model in use during experiments. Note that the photograph 
in A was taken wearing ultraviolet protective goggles because even brief direct expo-
sure at close range to upper room ultraviolet germicidal irradiation lamps can cause 
corneal inflammation. The arrows in B indicate air movement.
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The commonly available ceiling fans used in the three patient rooms and 
the corridor (Figure 2C) had three blades 0.46-m length, and operated at all 
times at 100 rpm in the upward direction. Air was also mixed by the heating, 
ventilation, and air conditioning system, which ran at six ACH (outside air) 
during this 7-month exposure experiment. Details on ventilation and average 
humidity are discussed in the online supplement. 

Results 

The Experiments 

When an initial 4-month exposure study resulted in too few guinea pig 
infections in the control chamber to meet our power calculation requirements, 
a nearly identical second 3-month experiment was subsequently conducted 
with fresh animals and additional human subjects. The only difference be-
tween the two experiments was a change in the location of the exhaust ducts 
from the patient rooms. When the first UV study showed only nine guinea 
pig TST conversions, all under control conditions (Table 1), we questioned 
whether the upper room location of the exhaust ducts in the patient rooms 
might be contributing to this preliminary 100% efficacy estimate by selec-
tively sampling irradiated air. Exhaust ports were relocated to the breathing 
zone positions indicated in Figure 2B. However, as predicted by our engi-
neers, subsequent tracer gas studies and air flow modeling indicated that the 
ceiling fans produced well-mixed conditions, that is, exhaust air was not dis-
proportionately exhausted from the irradiated zone28. There was no scientific 

Figure 2. 
A computer-assisted design–generated 
illustration estimating the ultraviolet 
(UV) germicidal irradiation distribu-
tion in one of the patient rooms in the 
airborne infections research facility. 
The fixtures are represented by the blue 
ovoid structures on the near and far up-
per walls. The upper tricolor distribu-
tion represents three levels of ultraviolet 
germicidal irradiation flux in the “kill 
zone,” whereas the lower “safety” dis-
tribution indicates peak UV fluence rates 
1.7 m (5.5 ft) from the floor.
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rationale not to combine the results of the two experiments in the analysis, as 
presented in the Kaplan-Meier plot (Figure 4) showing the proportion getting 
infected, at least once, as a function of time, accommodating the killed animals 
as censored. This does not depict the multiple infections of a single animal.

TST (>6 mm)
Experiment 1 Experiment 2

Intervention  Control Intervention  Control
Month 1 0 1 4 17
Month 2 0 3 12 31
Month 3 0 5 0 1
Month 4 0 0 - -

Total 0 9 16 49
Definition of abbreviation: TST = tuberculin skin test.

Table 1. Crude TST Conversion Rate for Animals under Control and 
Ultraviolet Intervention Conditions by Month of Exposure for the Two 
Sequential Experiments (Combined in the Analysis)

Figure 4. Kaplan-Meier risk estimates of combined tuberculin skin test con-
versions (y-axis) of exposed guinea pigs in control and intervention chambers 
by month (x-axis) of exposure. P , 0.0005; combined hazard ratio, 4.9 (95% CI, 
2.8–8.6). CI = confidence interval.
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To incorporate the possibility of multiple hits we use a Poisson model 
and estimate the monthly rate of infection using maximum likelihood. Even 
though we cannot accurately count the number of infections, we can count the 
numbers that escape infection each month. We calculate the probability of not 
getting infected as a function of the rate of infection to provide the likelihood 
equations. Using this method, we estimate that over the 3 months for the first 
study, there were a total of zero observed and zero estimated infections for the 
intervention group and a total of nine observed and 10.61 estimated for the 
control group. For the second study, over the 4 months, there were a total of 
15 infections observed and 16.41 estimated for the intervention group, and 49 
observed and 68.59 estimated for the control group. The Poisson correction 
method was similar to that routinely applied in mechanical air sampling29. Un-
corrected, an estimated 74% protection was calculated, whereas corrected for 
multiple hits, the estimated protection increased to approximately 80%. Safe-
ty measurements were made at eye level with a sensitive 254-nm photometer 
(Gigahertz Optik, Newburyport, MA) before any patients entered the ward, and 
confirmed peak values of no more than 0.4 μW/cm2, values within local Med-
ical Research Council guidelines and published recommendations, and highly 
unlikely to lead to eye or skin irritation among room occupants 30, 31. There were 
no eye or skin complaints registered by staff or patients during the study. 

Discussion 

Optimal application guidelines for upper room UVGI require evidence 
of safe and effective air disinfection in high-risk facilities, and careful charac-
terization of the key parameters responsible. Our study demonstrates that two 
very well-characterized UVGI fixtures per room with ceiling fans provided 
an estimated 80% protection, statistically corrected for multiple hits. This is 
protection equivalent to adding approximately 24 ACH of ventilation. Es-
combe and colleagues17 found 72% protection, uncorrected for multiple hits, 
almost identical to our uncorrected 74%, using very different fixtures and air 
mixing fans in a very different hospital setting in Peru. Moreover, the equiv-
alent air changes added in this study are similar to what has been previously 
reported in several experimental room-scale studies, suggesting that upper 
room UVGI is a robust technology, not critically dependent on fine details as 
long as adequate average UVGI fluence rates are produced in the upper room 
and there is good vertical air mixing. 
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Implications for Designing Upper Room UVGI Air Mixing Systems 
At present, the number, location, and performance characteristics of UV 

fixtures required to reduce TB transmission (or other airborne infections) in 
rooms are poorly defined. A single room study by Riley and coworkers32 over 
30 years ago had long been the basis for the widely used guideline of one 
30-W (nominal electrical power) UV fixture for 18.6 m2 (200 sq ft). Howev-
er, neither the total UVGI output (efficiency) of the 17-W unlouvered fixture, 
nor the air mixing in the unventilated test room (radiator but no fan), were 
defined. Based on the more recent room studies of Miller and colleagues13, the 
National Institute for Occupational Safety and Health (NIOSH) has suggested 
two alternative dosing strategies: either six lamp watts (UV) per cubic meter 
irradiated zone, or 30–50 μW/cm2 average UV irradiance in the upper room1. 
However, like the Riley guideline, the first NIOSH dosing strategy does not 
consider fixture efficiency, which can vary greatly, as detailed in the online 
supplement. Although the second NIOSH guideline is based on fixture ger-
micidal UV output, there is no standard method for measuring average upper 
room UVGI fluence rates and no practical way for planning an installation to 
achieve the recommended average. 

UVGI room irradiance (fluence rates). To predict average germicidal 
UV fluence rates anywhere in rooms, we adapted and validated a commercial-
ly available CAD lighting tool called Visual (Acuity Brands) for upper room 
UVGI design purposes (Visual-UV)19. With full gonioradiometeric input data 
for the two fixture models used in this study, Visual-UV software calculated 
UV fluence rates for the irradiated AIR facility areas. The average fluence rate 
in the upper irradiated room (above 2.1 m, 24% of total room volume) was 
19.5 μW/cm2. Rather than the average UV fluency rates for a single fixture- 
level horizontal plane, reported in Miller and colleagues’ study13, or for the 
entire upper irradiated zone, Rudnick and First33 proposed average fluency rates 
for the entire room volume as a preferable dosing parameter. Their reasoning 
was that disinfecting larger room air volumes requires additional UVGI fluence 
rates, not accounted for by the guidelines based on either single plane or upper 
irradiated zone average fluence rates. Visual UV calculated an average fluency 
rate for the three AIR facility patient rooms and corridor as 5.88 μW/cm2, or 
approximately 6 μW/cm2. 

Rudnick and First33 also suggested that under well-mixed conditions, the 
UVGI fluence parameter determining germicidal UV efficacy is approximat-
ed by the total UV fixture output (W/m3) per room volume. They made two 
other assumptions: that fluence rates are distributed as evenly as possible in 
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the upper room; and that wall fixtures are positioned for maximum aver-
age ray length (including premature impact of rays on ceilings caused by 
any upward angle above the horizontal)33. Under well-mixed conditions, 
all airborne organisms have an equal chance of exposure in the upper room 
until they are exhausted from the room. UVGI ray length is important be-
cause photons, although diverging, remain fully germicidal until they are 
absorbed by a surface. From this perspective, wall-mounted fixtures gen-
erally have longer average ray lengths compared with fixtures designed to 
be mounted in the center of rooms. To calculate total UV fixture output per 
room volume used in this study, we directly measured total fixture UV out-
put for both fixture models using the integrating sphere method (courtesy of 
Professor W. Leuschner, University of Pretoria). In each patient room con-
taining two fixtures, one of each design, the total combined UVGI fixture 
output (fluence rate) was 0.71 W, and the total fixture output for the entire 
treated space (volume 171 m3) was 2.9 W. Therefore, the total fixture UVGI 
output applied was 17 mW/m3 room volume. 

By comparison with our 17 mW/m3 total room dose, a recalculation 
of Miller and colleagues’ room study13 (using aerosolized Mycobacterium 
parafortuitum) based on estimates of total fixture output of the fixtures used 
(nominal 216 W) results in a total dose of 12.6 mW/m3. Although differences 
in methods (including test organism susceptibility) preclude direct compari-
son, the similarity of outcomes is striking. In the two studies, a total average 
fixture dose of 13–17 mW/m3 resulted in an estimated 16– 24 Eq ACH. This 
agreement, while requiring confirmation, suggests that the total UV fixture 
dose per room volume may be more useful than older dosing guidelines. We 
do not know enough about the germicidal output of the fixtures used in Es-
combe and colleagues’ hospital study17 (the only other human to guinea pig 
Mtb transmission UVGI experiment) to make a similar estimate. With ade-
quate mixing, higher doses than those used in the study reported here would 
likely have produced greater air disinfection, but also a potentially greater 
risk of occupant UVGI exposure. For that reason we suggest a target range 
of 15–20 mW/m3. Although 16– 24 added Eq ACH is much higher (and less 
costly) than can be routinely accomplished by other means of air disinfec-
tion, further studies are needed to determine the upper practical limits of safe 
upper room UVGI air disinfection in occupied spaces. 
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Dosing strategy 1 (practical method, not requiring CAD). Based on 
this hospital-based study we suggest providing at least 15–20 mW/m3 total 
fixture wattage to each room. To calculate the number of fixtures needed, 
total germicidal UV output for each fixture model must be provided by the 
manufacturer, based on measurements in a qualified lighting laboratory using 
the integrating sphere method or full gonioradiometry. Upper room fixtures 
should be positioned to keep the beam at least 2.1 m above the floor. Fixture 
should be located to fulfill two further goals: to produce as even an upper 
room distribution of irradiance as possible, and to achieve maximum estimat-
ed average ray length in the upper room. Sample calculations are found in the 
online supplement. A simple direct measurement method for estimating total 
UV fixture output for louvered fixtures has been submitted for publication by 
Dr. Steven Rudnick, Harvard School of Public Health. 

Dosing strategy 2 (requiring CAD [Visual-UV]). Visual-UV can cal-
culate the average UV fluency rate for the entire room. The advantage of 
this dosing method is that average ray length is accounted for by the room 
specifications required as input by the CAD program. Using dosing strategy 
1 (discussed previously) as a first approximation, Visual-UV can be used by 
trial and error to verify the number, design, and optimal location of fixtures 
required to produce an average room fluency rate of at least 5–7 μW/cm2. 

Beyond the total fixture UV output measurement required for dosing 
strategy 1, use of dosing strategy 2 requires full gonioradiometric data of 
each fixture model as input for the Visual-UV program. In our view, fixture 
manufacturers should provide full output data (both measurements) for the 
fixture models that they sell. Ideally, a few high-quality lighting laboratories 
around the world will be used to measure fixture output for manufacturers us-
ing standardized methods. Both the laboratory and the specific methods used 
should be identified with the output measurements for each fixture model. 

Closely spaced louvers greatly reduce fixture efficiency, but have been 
necessary for rooms with low ceilings (below 2.7 m) to prevent occupant 
overexposure31. However, the same fixture with the louvers removed delivers 
up to seven times the UV output. Fixtures with less restrictive louvers can be 
used in rooms with very high ceilings (over 2.7 m) if eye- level photometry is 
performed to ensure safety31. Another approach where ceiling heights permit 
is to use the same wall fixtures without louvers above an “eggcrate” ceiling, 
which interferes little with airflow but intercepts stray or reflected UV ray that 
would otherwise reach the occupied lower room34. 
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Air Mixing 
Ceiling fan performance is characterized by the airflow rate generated, 

which is measured by a method prescribed by the U.S. Environmental Protec-
tion Agency35. To normalize this airflow rate, it is divided by room volume, 
resulting value in h−1, called the fan’s air turnover rate. Although no actual 
airflow measurements were made for our study, the air turnover rate of the 
fans was calculated to be 57 h−1using a computational fluid dynamics method 
similar to that published by Zhu and coworkers36. 

The Miller and colleagues and Escombe and colleagues studies cited 
used different approaches to air mixing and also obtained good germicidal ef-
ficacy13, 17, 37. Although room air stagnation needs to be avoided, recent studies 
have confirmed earlier impressions that, within a wide range easily achieved 
with conventional low-velocity ceiling fans, neither the direction of airflow 
nor the exact air turnover rate between the upper and lower room seem to be 
critical application parameters38. Patient comfort under cool and warm condi-
tions may also determine fan speed and direction. For rooms with very high 
ceilings, downward flow direction is more likely to avoid air stagnation in the 
lower room. 

Limitations 
Although sampling exhaust air from the ward accurately reflects the av-

erage infectiousness of well-mixed ward air, it may not reflect transient high-
er local concentrations before mixing occurs and the associated risk to those 
working in close proximity to patients. However, in this study, tracer gas studies 
and airflow modeling did reveal well-mixed conditions from the ceiling fans, 
making high local concentrations less likely. Although the engineering param-
eters described can easily be achieved with commercially available equipment, 
regular maintenance of upper room UVGI equipment is essential to ensure the 
predicted equivalent air changes (see online supplement). 

Conclusions 
This study confirms the high effectiveness of upper room UVGI with air 

mixing under realistic hospital conditions and defines parameters for its safe 
and effective application. It shows that commercially available upper room 
fixtures all generate useful germicidal irradiation, but vary greatly in efficien-
cy. Because most dosing formulae have been based on nominal lamp watt-
age, or UV wattage, rather than total fixture output, rooms using inefficient 
fixtures may be greatly underdosed. Total fixture germicidal UV output must 
be known and incorporated into any dosing formula. For ceilings over 2.6 m, 
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tightly louvered fixtures may not be needed and much more efficient fixtures 
can be used. Eggcrate UV is a promising, more efficient approach to upper 
room UVGI34. With fixtures of any design, we recommend using either of two 
dosing strategies based on total fixture output: 15–20 mW/m3 total fixture UV 
wattage delivered per room volume (with fixtures arranged for maximum ray 
length and upper room coverage), or 5–7 μW/cm2 average UV fluence rate in 
the entire room calculated by a validated CAD program (Visual is available for 
UV dose calculations at no charge through Richard.Vincent@mountsinai.org). 
Either method requires that fixture manufacturers supply users with detailed 
data on the UV output of their fixtures. 

Acknowledgment: This article is dedicated to the memory of Drs. Melvin 
First, Phillip Brickner, and Sidney Parsons, who contributed substantially to 
the application of germicidal ultraviolet air disinfection to prevent tuberculosis 
spread. The authors thank Kobus Venter and Willem Lubbe for their technical 
support; Atlantic Ultraviolet Corporation (Haupauge, NY) and Lumalier, Inc. 
(Memphis, TN) for ultraviolet fixtures; and the South African patients who gen-
erously contributed their time to this study. 



54

GIULIANO REGONESIGIULIANO REGONESI    Upper room ultraviolet germicidial irradiation. Collection of studiesUpper room ultraviolet germicidial irradiation. Collection of studies

REFERENCES

1. National Institute for Occupational Safety and Health. Environmental control of tu-
berculosis: basic upper-room ultraviolet germicidal irradiation guidelines for health-
care settings. Atlanta, GA: National Institute for Occupational Safety and Health; 2009. 
(Google Scholar)
2. Nardell E, Dharmadhikari A. Turning off the spigot: reducing drugresistant tuberculo-
sis transmission in resource-limited settings. Int J Tuberc Lung Dis 2010;14:1233–1243. 
(Medline, Google Scholar)
3. World Health Organization. Natural ventilation for infection control in health care 
settings. Geneva, Switzerland: World Health Organization; 2009. (Google Scholar)
 4. Nardell E, Riley RL. A new ultraviolet germicidal irradiation (UVGI) fixture design 
for upper room air disinfection with low ceilings. Presented at the World Congress on 
Tuberculosis, November 16–19, 1992, Bethesda, MD. (Google Scholar)
 5. Rudnick SN. Predicting the ultraviolet radiation distribution in a room with multilou-
vered germicidal fixtures. AIHAJ 2001;62:434–445. 
(Crossref, Medline, Google Scholar)
 6. Riley RL, Nardell EA. Clearing the air. The theory and application of ultraviolet air 
disinfection. Am Rev Respir Dis 1989;139:1286– 1294. 
(Abstract, Medline, Google Scholar)
 7. Riley RL, Permutt S. Room air disinfection by ultraviolet irradiation of upper air: 
air mixing and germicidal effectiveness. Arch Environ Health 1971;22:208–219. 
(Crossref, Medline, Google Scholar)
8. Riley RL, Permutt S, Kaufman JE. Convection, air mixing, and ultraviolet air disin-
fection in rooms. Arch Environ Health 1971;22:200–207. 
(Crossref, Medline, Google Scholar)
9. Riley RL, Permutt S, Kaufman JE. Room air disinfection by ultraviolet irradiation of up-
per air: further analysis of convective air exchange. Arch Environ Health 1971;23:35–39.
(Crossref, Medline, Google Scholar)
10. First M, Nardell E, Chaission W, Riley R. Guidelines for the application of upper-room 
ultraviolet germicidal irradiation for preventing transmission of airborne contagion. Part 
II: Design and operations guidance. ASHRAE Transactions 1999;105:877–887. 
(Google Scholar)
11. First M, Nardell E, Chaission W, Riley R. Guidelines for the application of upper-room 
ultraviolet germicidal irradiation for preventing transmission of airborne contagion. Part I: 
Basic principles. ASHRAE Transactions 1999;105:869–876. (Google Scholar)
12. First M, Rudnick SN, Banahan KF, Vincent RL, Brickner PW. Fundamental factors 
affecting upper-room ultraviolet germicidal irradiation. Part I. Experimental. 
J Occup Environ Hyg 2007;4: 321–331. (Crossref, Medline, Google Scholar)
13. Miller SLHM, Fennelly K, Martyny J, Macher J. Efficacy of ultraviolet 
irradiation in controlling the spread of tuberculosis. 2002 [accessed 2002 Oct 19]. 
Available from: http://www.cdc.gov/niosh/reports/ contract/pdfs/ultrairrTB.pdf  
(Google Scholar)



55

GIULIANO REGONESI  Upper room ultraviolet germicidial irradiation. Collection of studies

14. Ko G, First MW, Burge HA. The characterization of upper-room ultraviolet ger-
micidal irradiation in inactivating airborne microorganisms. Environ Health Perspect 
2002;110:95–101. (Crossref, Medline, Google Scholar)
15. McDevitt JJ, Milton DK, Rudnick SN, First MW. Inactivation of poxviruses by 
upper-room UVC light in a simulated hospital room environment. PLoS One 
2008;3:e3186. (Google Scholar)
16. Nardell EA. Fans, filters, or rays? Pros and cons of the current environmental tuberculosis 
control technologies. Infect Control Hosp Epidemiol 1993;14:681–685. 
(Crossref, Medline, Google Scholar)
17. Escombe AR, Moore DA, Gilman RH, Navincopa M, Ticona E, Mitchell B, Noakes 
C, Mart´ınez C, Sheen P, Ramirez R, et al. Upper-room ultraviolet light and negative air 
ionization to prevent tuberculosis transmission. PLoS Med 2009;6:e43. (Google Scholar)
18. Nardell EA. Air sampling for tuberculosis: homage to the lowly guinea pig. Chest 
1999;116:1143–1145. (Crossref, Medline, Google Scholar)
19. Rudnick SN, First MW, Sears T, Vincent RL, Brickner PW, Ngai P, Zhang J, Levin 
RE, Chin K, Rahn RO, et al. Spatial distribution of fluence rate from upper room ultra-
violet germicidal irradiation: experimental validation of a computer-aided design tool. 
HVAC&R Research 2012;18:774–794. (Google Scholar)
20. Mphahlele M. Highly effective upper room ultraviolet air disinfection on a MDR-TB 
ward in Sub-Saharan Africa [abstract]. Presented at the International Union Against 
Tuberculosis and Lung Disease Annual Scientific Meeting. December 3–6, 2009, 
Cancun, Mexico. (Google Scholar)
 21. Riley RL, Wells WF, Mills CC, Nyka W, McLean RL. Air hygiene in tubercu-
losis: quantitative studies of infectivity and control in a pilot ward. Am Rev Tuberc 
1957;75:420–431. (Abstract, Medline, Google Scholar)
 22. Riley RL, Mills CC, O’Grady F, Sultan LU, Wittstadt F, Shivpuri DN. Infectiousness 
of air from a tuberculosis ward. Ultraviolet irradiation of infected air: comparative infec-
tiousness of different patients. Am Rev Respir Dis 1962;85:511–525. 
(Abstract, Medline, Google Scholar)
23. Riley RL. What nobody needs to know about airborne infection. 
Am J Respir Crit Care Med 2001;163:7–8. (Abstract, Medline, Google Scholar)
24. Riley RLMC, Mills CC, Nyka W, Weinstock N, Storey PB, Sultan LU, Riley MC, 
Wells WF. Aerial dissemination of pulmonary tuberculosis. A two-year study of conta-
gion in a tuberculosis ward. 1959. Am J Epidemiol 1995;142:3–14. (Crossref, Medline, 
Google Scholar)
25. van Geuns HA. Tuberculosis control in the eradication phase in The Netherlands. 
Bull Int Union Tuberc Lung Dis 1989;64:31–32. (Medline, Google Scholar)
26. Dharmadhikari AS, Basaraba RJ, Van Der Walt ML, Weyer K, Mphahlele M, Ven-
ter K, Jensen PA, First MW, Parsons S, McMurray DN, et al. Natural infection of guin-
ea pigs exposed to patients with highly drug-resistant tuberculosis. Tuberculosis (Edinb) 
2011;91:329–338. (Crossref, Medline, Google Scholar)
27. Dharmadhikari AS, Mphahlele M, Stoltz A, Venter K, Mathebula R, Masotla T, Lub-
be W, Pagano M, First M, Jensen PA, et al. Surgical face masks worn by patients with 
multidrug-resistant tuberculosis: impact on infectivity of air on a hospital ward. 
Am J Respir Crit Care Med 2012;185:1104–1109. (Abstract, Medline, Google Scholar)



56

GIULIANO REGONESIGIULIANO REGONESI    Upper room ultraviolet germicidial irradiation. Collection of studiesUpper room ultraviolet germicidial irradiation. Collection of studies

28. van Reenen T. Assessment of room air mixing due to low velocity ceiling fans in the 
AIR facility [internal report]. Pretoria, South Africa: Council for Scientific and Industrial 
Research; 2013. (Google Scholar)
29. Macher JM. Positive-hole correction of multiple-jet impactors for collecting viable 
microorganisms. Am Ind Hyg Assoc J 1989;50: 561–568. 
(Crossref, Medline, Google Scholar)
30. Coker I, Nardell E, Fourie B, Brickner P, Parsons S, Bhagwandin N, Onyebujoh P, 
editors. Guidelines for the utilisation of ultraviolet germicidal irradiation (UVGI) tech-
nology in controlling transmission of tuberculosis in health care facilities in South Afri-
ca. Pretoria: Medical Research Council; 2000. (Google Scholar)
31. Nardell EA, Bucher SJ, Brickner PW, Wang C, Vincent RL, Becan-McBride K, 
James MA, Michael M, Wright JD. Safety of upper-room ultraviolet germicidal air dis-
infection for room occupants: results from the Tuberculosis Ultraviolet Shelter Study. 
Public Health Rep 2008;123:52–60. (Medline, Google Scholar)
32. Riley RL, Knight M, Middlebrook G. Ultraviolet susceptibility of BCG and virulent 
tubercle bacilli. Am Rev Respir Dis 1976;113:413– 418. 
(Abstract, Medline, Google Scholar)
33. Rudnick SN, First MW. Fundamental factors affecting upper-room ultraviolet germi-
cidal irradiation. Part II. Predicting effectiveness. J Occup Environ Hyg 2007;4:352–362. 
(Crossref, Medline, Google Scholar)
34. Linnes JC, Rudnick SN, Hunt GM, McDevitt JJ, Nardell EA. Eggcrate UV: a whole 
ceiling upper-room ultraviolet germicidal irradiation system for air disinfection in occu-
pied rooms. Indoor Air 2014;24:116–124. (Crossref, Medline, Google Scholar)
35. EPA. Energy star laboratory guidance manual: building a testing facility and per-
forming the solid state test method for energy star qualification of ceiling fans. Version 
1.2. Washington, DC: Environmental Protection Agency; 2011. (Google Scholar)
36. Zhu S, Srebric J, Rudnick SN, Vincent RL, Nardell EA. Numerical modeling of in-
door environment with a ceiling fan and an upper-room ultraviolet germicidal irradiation 
system. Build Environ 2014;72:116–124. (Crossref, Medline, Google Scholar)
37. Peng X, Peccia J, Fabian P, Martyny J, Fennelly K, Hernandez M, Miller S. Efficacy 
of ultraviolet germicidal irradiation of upper-room air in inactivating airborne bacterial 
spores and mycobacteria in fullscale studies. Atmos Environ 2003;37:405–419. 
(Crossref, Google Scholar)
38. Rudnick SN, McDevitt JJ, Hunta GM, Stawnychya MT, Brickner PW. Influence of 
ceiling fan’s speed and direction on efficacy of upper-room ultraviolet germicidal irra-
diation— Part I. Experimental, building and environment 2014. Build Environ [online 
ahead of print] 12 Apr 2014; DOI: 10.1016/j.buildenv.2014.03.025. (Google Scholar)



57

GIULIANO REGONESI  Upper room ultraviolet germicidial irradiation. Collection of studies

APPLICATION OF ULTRAVIOLET LIGHT EMITTING APPLICATION OF ULTRAVIOLET LIGHT EMITTING 
DIODE PHOTOCATALYSIS TO REMOVE DIODE PHOTOCATALYSIS TO REMOVE 

VOLATILE ORGANIC VOLATILE ORGANIC 
COMPOUNDS FROM INDOOR AIRCOMPOUNDS FROM INDOOR AIR

Rifath Sharmin & Madhumita B. Ray 

Pages 1032-1039 | Accepted author 
version posted online: 

07 Jun 2012, Published online:21 Aug 2012



58

GIULIANO REGONESIGIULIANO REGONESI    Upper room ultraviolet germicidial irradiation. Collection of studiesUpper room ultraviolet germicidial irradiation. Collection of studies

 ABSTRACT 

Photocatalytic oxidation (PCO) is a promising technology for indoor air 
purification due to low operating cost, potentially long service life, and low 
maintenance. Ultraviolet light-emitting diode (UVLED) is a new concept in 
the field of PCO, which has several advantages over conventional UV light 
sources. Limited research has been conducted using UVLED PCO for air 
treatment. This study demonstrated the potential application of UVLED for 
the removal of volatile organic compounds (VOCs; toluene and xylene) from 
indoor air under different operating conditions including flow rate (25–117 
cubic feet per minute [cfm]), types of catalysts (Degussa P25, sol-gel TiO2, 
nitrogen-doped TiO2, clay TiO2, and Bi2O3), LED intensity, and humidity in a 
continuous reactor. About 7– 32% VOC removal occurred depending on the 
experimental conditions. The results show that UVLED can activate different 
types of photocatalysts effectively. 

Implications: 

This study demonstrates the effectiveness of UVLED in photocatalytic 
oxidation applied for indoor air cleaning. Several TiO2 catalysts (Degussa 
P25, sol-gel TiO2, nitrogen-doped TiO2, clay TiO2, and Bi2O3) were used in 
the reactor to characterize the removal performance of indoor air pollutants, 
for example, VOCs. This is one of the very few studies that have, to date, ex-
amined toluene and xylene removal from indoor air using these catalysts with 
UVLED in a continuous reactor. The intent is to develop an energy-efficient 
continuous reaction system to remove VOCs from indoor air. The perfor-
mance of the system was characterized with respect to air flow rate, humidity, 
types of catalysts, and light intensity. 

INTRODUCTION 

The indoor air quality is of great concern, especially in public places 
such as schools, offices, shopping malls, etc., mostly due to tightly sealed 
buildings for energy conservation and in some cases due to poor ventilation. 
Due to climatic conditions in many parts of the world, people spend most 
of their time indoors, where diverse indoor air contaminants are present in 
trace level to very high concentrations. The utilization of synthetic building 



59

GIULIANO REGONESI  Upper room ultraviolet germicidial irradiation. Collection of studies

materials, modern office equipment (photocopiers, laser printers, and com-
puters) and furnishings, cooking and cleaning products, numerous personal 
care products, as well as outdoor air pollution can contribute to significant 
indoor air pollution. Indoor air pollutants mainly consist of particulates and 
chemical and microbial pollutants. Volatile organic compounds (VOCs) are 
among the most common chemical pollutants present in the indoor air (World 
Health Organization [WHO], 1989). Some of these compounds are associated 
with sick building syndrome (SBS), including mucous membrane irritation, 
headache, and fatigue; others are known carcinogens (e.g., formaldehyde, ac-
rolein) (Wang et al., 2007). Millions of people are currently suffering from the 
consequences of poor indoor air quality and billions of dollars per year are 
lost in the world due to lost productivity because of poor indoor air quality 
and subsequent poor health (Fisk and Rosenfeld, 1997). Among the various 
technologies that are available for the removal of VOCs from air, photocata-
lytic oxidation (PCO) is the most promising method mainly due to its capa-
bility of complete mineralization of the organic pollutants (Tompkins, 2001), 
whereas most of the other very effective technologies such as filtration and 
adsorption simply transfer the pollutants from one phase to another, and re-
quire frequent replacement of the exhausted units. 

PCO using ultraviolet A (UVA) radiation has been widely used for the 
removal of organics in both air and water. Although active UV photocatalyt-
ic oxidation (UVPCO) methods (Hodgson et al., 2007) are more efficient, 
passive methods, in which organic compounds react over irradiated indoor 
surfaces, have also been found as promising pollution abatement technology. 
In passive methods, the photocatalytic materials (usually TiO2) are supported 
on inert materials that must be strongly attached to building surfaces and/or 
to the air purifiers’ hardware, resisting environmental aging and mechanical 
abrasion. Various support materials for TiO2 include glass, quartz, paper, ce-
ment, activated carbon fibers, ceramics, stainless steel, and polymeric matri-
ces such as polyethylene terephthalate (PET) and cellulose acetate. Significant 
research efforts have been devoted to improve the photocatalytic efficiency 
of TiO2-based nanoparticles through chemical and physical transformations. 
Such changes include doping with transition metal ions and nonmetallic ele-
ments as well as structural transformations at nano scale, and immobilization 
on highly porous inert supports (Bhattacharyya et al., 2004; Kibanova et al., 
2009). Kibanova et al. (2009) demonstrated that clay-supported TiO2 (clay 
TiO2 hereafter) photocatalysts could potentially increase the performance of 
air treatment technologies via enhanced adsorption and reactivity of target 
VOCs. Both natural and synthetic clays had received significant attention as 
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supports of TiO2-based photocatalysts for air and water remediation (Bhat-
tacharyya et al., 2004; Kibanova et al., 2009; Kun et al., 2006). Clays often 
present a large surface area for reversible and irreversible adsorption of orga- 
nic contaminants. Embedding TiO2 nanoparticles in clay matrices is expected 
to improve the photocatalytic efficiency by enhancing VOC retention through 
adsorption in clay pores. In addition, clays can also act as electron accep-
tors or donors (Solomon, 1968), and have the ability to catalyze diverse 
chemical processes such as polymerization, reduction, decomposition, or 
acid-base reactions (Ernstsen, 1996). 

The most common light source for TiO2 photocatalysis is the black-light-
type UV lamp (Fujishima and Zhang, 2006), whichemitslightinthe UVA band 
(λmax = 355nm). Lately, light - emitting diodes (LEDs) that can emit ultra-
violet light, in the range of 360 and 400 nm wavelengths, well suited for 
activating anatase and rutile-type TiO2, respectively, are being considered as 
a better light source due to their many advantages. The UVLED (mW range) 
light sources can save significant amount of energy in comparison with the 
traditional UV lamps (12 and 16 W) and much safer without the presence of 
mercury as the source of free electrons and UV photons (Chen et al., 2005). 
In addition, UVLEDs are durable, robust, efficient, and can be installed in any 
PCO configuration. The first use of UVLED was in the PCO of perchloroth-
ylene (PCE) with Degussa P25 as a catalyst and 49 mW cm−2 of UV light out-
put, with conversion of PCE up to 43% (Chen et al., 2005). Shie et al. (2008) 
showed the feasibility of UVLED instead of traditional UV lamp to treat 
formaldehyde using silver- titanium oxide catalysts where the concentration 
of formaldehyde decreased by 66% relative to the initial concentration using 
40 LEDs (each 20 mW). Although these authors demonstrate the feasibility of 
UVLED as a light source for PCO, comprehensive and methodical research 
is needed for establishing UVLED as a light source for greater application. 
In this work, we demonstrate the applicability of UVLED in photocatalytic 
oxidation of VOCs such as toluene and xylene using different immobilized 
catalysts. The photocatalytic activity of several catalysts, such as Degussa 
P25, sol-gel TiO2, nitrogen-doped TiO2 (N-doped TiO2), clay TiO2, was tested 
using UVLED in a pilot-scale continuous reactor treating 25–117 cubic feet 
per minute (cfm) of air spiked with toluene and xylene. Increasingly, applica-
tion of bismuth oxide (Bi2O3) as a photocatalyst for organic removal is found 
in literature. Bi2O3 as a photocatalyst has a lot of merits, such as a wide ener-
gy gap (from 2 to 3.96 eV), high refractive index, and dielectric permittivity 
(Duan et al., 2010; He et al., 2007). In this work, a proprietary Bi2O3catalyst 
was tested along with TiO2-based catalysts. 
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Experimental Method 

Materials 

Toluene and xylene with ≥99.5% purity and analytical-grade methanol, 
ethanol, and acetone were purchased from Caledon Chemicals (Georgetown, 
Ontario, Canada). Titanium tetraisopropoxide with ≥97% purity and sodium 
bentonite (clay) were purchased from Sigma Aldrich (Oakville, ON, Canada) 
and Wyo Ben, USA (Billing, MT, USA), respectively. Poly(diallyldimethyl am-
monium) (PDDA) (20 wt% solution in water, average molecular weight [MW] 
200,000– 350,000), poly(sodium 4-styrenesulfonate) (PSS) (30 wt% solution 
in water, MW = 70,000) were purchased from Sigma Aldrich. TiO2(Degussa 
P25) nanoparticles were obtained from Degussa (Dusseldorf, Germany), with 
average diameter of 20 nm. N-doped TiO2 and Bi2O3 were obtained from Vive 
Nano (Toronto, ON, Canada). 

Experimental setup 

The experiments were conducted in a continuous-flow reactor. The sche-
matic diagrams of the experimental setup are shown in Figures 1 and 2. The 
indoor air purification device mainly consists of two components: the photo-
catalytic reactor and a gas buffer tank. The gas buffer tank, with a volume of 
200 gallons, was used to mix the VOCs with incoming purified air to obtain 
a concentration between 4 and 15 ppm of VOCs in the inlet of the reactor. 
Air flow rate in the system was varied from 25 to 117 cfm using a blow-
er (Nutech-99-NBQ-COMBI- 456; Lifebreath Indoor Air Systems, London, 
ON, Canada). The photoreactor with a dimension of 0.66 m × 0.36 m × 0.36 
m, and a volume of 0.086 m3 or 26.56 gallons was made of mild steel. The 
air residence time in the reactor varied from 1.56 to 7.3 sec. The reactor con-
sists of a catalyst-coated screen, and with 60–120 UV light-emitting diodes 
(LEDs) (DComponents-FG360-R5- WC015; DComponents, South Burling-
ton, VT, USA) mounted on a perforated aluminum sheet. A wire mesh was 
used for catalyst coating in the reactor and face area of the mesh was 12 in. × 
12 in. (McMaster-Carr Supply Company, Elmhurst, IL, USA). Sixty mounted 
UVLEDs with a maximum UV power of 1.2 mW produced a combined pow-
er of 0.072 W at 360 nm. The catalyst loadings were in the range of 10–12 
g/m2, and the distance between the catalyst sheet and LEDs was about 5 cm. 
The arrangements of the catalyst-coated mesh and the UVLEDs in the reactor 
are shown in Figure 2. It has to be noted that this is a preliminary arrange-
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ment to test the concept and further design optimization will be conducted at 
a later stage. The gas-phase concentration of the VOCs was measured using 
a semiautomated gas sampling system with a vacuum pump (Welch 8917A; 
Welch-Ilmvac, Niles, IL), a six-port switching and sampling valve (Valco, 
6CW; Valco-Canada, Brockville, ON, Canada) and a 20-μL stainless steel 
sample loop. The gas samples were analyzed in a gas chromatograph with 
flame ionization detector (GC-FID; Agilent 7890A; Agilent Technologies, 
Mississauga, ON, Canada) with a HP-5 (30 m × 320 μm x 0.25 μm; Agilent 
Technologies, Mississauga, ON, Canada) column. The column temperature 
was maintained at 50°C with a ramping rate of 2°C/min up to 60°C, with the 
injector temperature of 250 °C and the detector temperature of 250°C.

Catalysts preparation 

In this work, several catalysts and two different methods of immobili-
zation, namely manual and dip coating of the catalysts on wire mesh, were 
used. Manual coating using a paint brush was applied mainly for Degussa 
P25, clay TiO2, and sol-gel TiO2. A modified method of Liu etal. (2007) was 
used to prepareclay TiO2 catalyst. About 2.4mL of titanium tetraisopropoxide 
was mixed with 20 mL of ethanol with constant stirring for about 20 min, and 
water was added dropwise to the sol-gel solution. Hydrochloric acid (0.5 N) 

Figure 1. Experimental setup.
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was added dropwise until the solution’s color changed to white to clear. Once 
the solution turned into a transparent gel, 20 mL of ethanol was added to the 
gel. For clay TiO2, 0.8 g of sodium bentonite and 0.67 g of silica (30 wt%) 
solution were left to swell in 100 mL of distilled water for 24 hr. The ratio 
of clay to silica gel was 80 wt% to 20 wt%. The volume of the mixture was 
brought to 500 mL by adding ultrapure water. Sol-gel diluted with ethanol 
was then added to the clay solution. The mixture of clay solution and sol-gel 
was then stirred for 24 hr. The solution was centrifuged at 3800 rpm and the 
temperature was kept at 25°C for 30 min. The clay/TiO2 settled at the bottom 
of the centrifuge was used to coat the wire mesh. The coated wire mesh was 
kept in an oven at ≈90°C overnight. The dried wire mesh was then calcined in 
a furnace for about 10 hr at 450°C. 

Sol-gel TiO2 was prepared by using the method of Bhattacharyya et al. 
(2004): Ten milliliter of glacial acetic acid was mixed with 90 mL of deion-
ized water at room temperature to obtain solution A, and 0.1 mol titanium 
iso-propoxide was dissolved in 100 mL of anhydrous ethanol with constant 
stirring to form solution B. Then, solution B was added dropwise into the 
solution A for 60 min under vigorous stirring. Subsequently, the obtained sol 
was stirred continuously for 2 hr and coated on mesh. The coated mesh was 
kept at 90°C for 6 hr and finally calcined at 600°C for 4 hr. 

Figure 1. Inside of the reactor with LED and catalyst arrangement.



64

GIULIANO REGONESIGIULIANO REGONESI    Upper room ultraviolet germicidial irradiation. Collection of studiesUpper room ultraviolet germicidial irradiation. Collection of studies

Dip coating was used in the preparation of meshes coated with Degus-
sa P25, N-doped TiO2, and Bi2O3 catalysts. The mesh was cleaned by using 
warm water and detergent, acetone, followed by ultrapure water. After clean-
ing, the mesh was dried in air. The clean mesh was first deposited with a pre-
cursor layer of PDDA/PSS using 3 by 3 cycles of alternate immersion of the 
mesh in aqueous solutions of PDDA (1.0 mg mL−1) and PSS (1.0 mg mL−1) 
for 5 min, with intermediate water rinsing and air drying. The deposition 
of the precursor layer promoted the adhesion of the subsequently deposited 
nanoparticle films. Then the mesh was alternatively dipped in P25 (Degussa) 
aqueous solution (1.0 mg mL−1, pH 3.0) and PSS aqueous suspension (1 mg 
mL−1) for 5 min, with intermediate water rinsing and air drying. By repeating 
the deposition process of TiO2 and PSS layers in a cyclic fashion, multilay-
er films of (TiO2/PSS)·n were achieved, where n represents the number of 
deposition cycles. The prepared coatings were calcined at 500°C for 1 hr to 
remove the organic part of the film. The similar procedure was followed for 
the preparation of N-doped TiO2– and Bi2O3-coated meshes. 

Results and Discussion 

A series of experiments was conducted to evaluate the effect of important 
parameters such as type of catalysts, flow rate, type of coating, light intensity, 
and relative humidity on the removal efficiencies of toluene and xylene using 
UVLED. Five types of catalysts were used in the experiments, namely, De-
gussa P25, clay TiO2, Sol-gel TiO2, N-doped TiO2, and Bi2O3. The flow rate 
was varied from 25 to 117 cfm (residence time varied from 1.56 to 7.3 sec). 
Prior to actual experiments, accuracy of the analytical system was established 
by conducting repeated measurements of inlet and outlet concentrations of 
the VOCs at different flow rates. The errors were calculated on the basis of 
the differences between experimental and theoretical concentrations, and the 
maximum error was always less than 10%. Experiments at different concen-
trations were carried out in duplicate and data were collected under steady 
state. The conversion of the VOCs was calculated from the difference be-
tween the inlet and outlet VOC concentrations, as shown in eq 1: 

(1)
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 Dark adsorption 

Prior to photocatalysis, dark adsorption of the VOCs on the photocata-
lysts in absence of UVLED was established at different flow rates. Typical 
experimental data for toluene and xylene adsorption are shown in Figure 3a 
and b, respectively. Adsorption equilibrium was achieved within 30 min when 
the outlet concentration became fairly stable. Thereafter, the light source was 
turned on to conduct photocatalysis experiments. At 25 cfm air flow rate, the 
highest adsorption for toluene of 20.5% was found for Degussa P25, followed 
by 16.5% of clay TiO2, and 12% of sol-gel TiO2. Only 12%, 17%, and 11% 
of inlet xylene concentration was adsorbed by Degussa P25, clay TiO2, and 
sol-gel TiO2, respectively. Clay has higher surface area (≈350 m2/g) compared 
with 50 m2/g of Degussa P25; however, the coating process on the mesh re-
duced the available surface area. Although mixing due to higher flow rate did 
not affect adsorption rate significantly, the steady state was reached earlier at 
higher flow rates. There was much variability in the data in initial 10–15 min 
due to large volume of the buffer tank used in the experiment. 

Photolysis

Prior to the photocatalysis of VOCs, experiments were performed to 
assess the decomposition efficiency of VOCs by UVLED only; that is, due 
to photolysis only. Broadly, photodissociation, photolysis, and photodecom-
position are chemical reactions in which the bonds of a chemical compound 
are ruptured due to absorption of photons. The amount of light absorbed at a 
particular wavelength is proportional to the concentration of the compound 
and its molar absorbance. Photolysis tests were carried out in the concen-
tration range of 4–15 ppm in absence of catalysts but with the UVLEDs 
on. The light was switched on once the concentration of the VOCs in the 
reactor and the outlet was stabilized. Figure 4a and b show the steady-state 
percent removal of toluene and xylene by photolysis at different air flow 
rates. The average removal of toluene and xylene due to photolysis at 25 
cfm was about 7.5% and 9.5%, respectively. Increasing residence time by 
lowering the flow rate, and increasing the number of UVLEDs to 120 from 
60 increased the percent removal for both the compounds slightly. Howev-
er, the UV absorbance of both compounds above 320 nm is negligible, and 
any removal due to photolysis is not discernible accurately within the ex-
perimental error (5–10%). Therefore, photolysis by UVLED does not play 
any significant role on the removal of these compounds.
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Figure 3. Typical C/C 0 versus t plot using Degussa P25 for (a) toluene and (b) xylene. 
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Figure 4. Steady-state % removal due to photolysis at different flow rates for (a)
                    toluene and (b) xylene (% removal is average of two experiments).
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Figure 5.  Percent removal due to photocatalysis by three types of TiO2 catalysts
for (a) toluene and (b) xylene (% removal is average of two experiments).

Photocatalysis 

The UVLED photocatalysis of toluene and xylene were conducted with 
various TiO2 catalysts and the results are shown in Figure 5a and b. It can 
be seen that the average steady-state removal of toluene at 25 cfm was 31% 
for Degussa P25, 22.5% for clay TiO2, and 19.5% for sol-gel TiO2, whereas 
xylene removal under the same condition was 23% for clay TiO2, 22% for De-
gussa P25, and 16.5% for sol-gel TiO2. For both compounds, the performanc-
es of Degussa P25 and clay TiO2 were quite comparable, whereas sol-gel 
TiO2 did not perform that well. Clay TiO2 and sol-gel TiO2 were used to im-
prove the immobilization and coating of the catalyst on the mesh. However, 
despite increase in surface area, clay TiO2 did not improve the performance 
significantly, possibly due to poor manual coating and lower amount of active 
TiO2 catalyst in comparison with Degussa P25. Earlier, xylene showed better 
adsorption on clay TiO2, which also showed better performance in photoca-
talysis of xylene. Because TiO2 is the active catalyst, the catalyst with higher 
adsorption performance worked better.
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In addition to the above catalysts, two other catalysts, namely, 
N-doped TiO2 and Bi2O3, were also tested (Figure 6a and b). Further-
more, two different types of coating methods were also tested: manual 
and dip coating. Manual coating was used for sol-gel TiO2 and clay TiO2, 
whereas dip coating was used for N-doped TiO2 and Bi2O3 catalysts. Both 
manual and dip coating were used for Degussa P25. Other experimental 
conditions such as flow rate and initial VOC concentration were kept sim-
ilar for all the catalysts. Percent removal of both compounds for Degussa 
P25 with both types of coating were quite comparable. For toluene remov-
al at 60 cfm, performances of the catalysts are in the following order: 33% 
for Degussa P25 > 28% for Bi2O3 > 20.5% for clay TiO2 and N-doped TiO2 
> 18.5% for sol-gel TiO2. Similarly, for xylene removal, the following or-
der was found: 25% for dip-coated Degussa P25 > 21% for Bi2O3 > 19.5% 
for clay TiO2 > 13% for sol-gel TiO2 and N-doped TiO2. Bi2O3 with a band 
gap of 2.72–2.8 eV can act both as a photocatalyst and a photosensitizer 
of TiO2. The application of Bi2O3 in photocatalysis is relatively new and 
no research was found on VOC photodegradation in gas phase using Bi2O3 
and UVLED. Although both N-doped TiO2 and Bi2O3 can be activated by 
visual light, in this work 360-nm UVLED was used to activate all the cat-
alysts. Typically, doped catalyst’s performance in UV range is inferior to 
that in visible light range (data not reported in this work). 

In order to compare the perfor-
mances of UVLED-activated photo-
catalysis rate, first-order reaction rate 
constant was calculated using exper-
imental C/C0 values (C = concentra-
tion at the inlet; C0 = concentration at 
the outlet), assuming continuous plug 
flow reactor at different flow rates, and 
the values are summarized in Table 1. 
As can be seen, the average rate con-
stants for toluene and xylene for dif-
ferent catalysts vary from 0.053 to 
0.15min−1 and from 0.030 to 0.066 
min−1, respectively. These values are 

Figure 6. Percent removal with 
UVLED and different catalysts for (a) 
toluene and (b) xylene (% removal is 
average of two experiments).
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higher than the values reported for toluene (0.0146–0.044 min−1) (Bouzaza and 
Laplanche, 2002). However, these authors used much higher concentration of 
toluene and the intensity used in those experiments was also not provided. 

 

Compounds C0  (ppm) k (min-1) Tupe of Catalysts
Conditions: Flow Rate 
60 and 87 cfm, 0,077 

mW cm-2

Toluene 12 0.110 Degussa P25 (M) Manuaily coated
10 0.130 Degussa P25 (M) Manuaily coated
12 0.103 Degussa P25 (D) Dip coated
10 0.146 Degussa P25 (D) Dip coated
12 0.056 Clay TiO2

Manuaily coated
10 0.080 Clay TiO2

Manuaily coated
12 0.056 Sol-gel TiO2

Manuaily coated
10 0.080 Sol-gel TiO2

Manuaily coated
12 0.060 N-doped TiO2

Dip coated
10 0.053 N-doped TiO2

Dip coated
12 0.088 Bi2O3

Dip coated
10 0.089 Bi2O3

Dip coated

Xyiene 12 0.06 Degussa P25 (M) Manuaily coated
10 0.066 Degussa P25 (M) Manuaily coated
12 0.080 Degussa P25 (D) Dip coated
10 0.089 Degussa P25 (D) Dip coated
12 0.063 Clay TiO2

Manuaily coated
10 0.066 Clay TiO2

Manuaily coated
12 0.040 Sol-gel TiO2

Manuaily coated
10 0.048 Sol-gel TiO2

Manuaily coated
12 0.037 N-doped TiO2

Dip coated
10 0.030 N-doped TiO2

Dip coated
12 0.053 Bi2O3

Dip coated
10 0.057 Bi2O3

Dip coated

Notes: *The raye constants are average of two experiments.

Table 1. First-order rate constants of toluene and xyiene under 
              different conditions* 
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Effect of flow 

In this study, four different flows, 25, 60, 87, and 117 cfm were used. 
The influence of flow rate on the degradation of VOCs is illustrated in 
Figure 7a and b for toluene and xylene using Degussa P25, respectively. 
Flow rate is a crucial factor for the PCO of organics in gas phase. The 
flow rate affects the photocatalytic reaction by changing the mass trans-
fer rate and residence time in the reactor. Increased flow rate thus has two 
counteracting effects of improved mass transfer and lower residence time 
on the photocatalytic reaction. However, in these experiments, the effect 
of residence time is more pronounced than the effect of mass transfer. 
The immobilized catalysts on mesh have mostly external surface area, 
and diffusion of the VOCs into the pores is probably not an issue. 

Figure 7. Percent removal at different flow rates using Degussa P25 and UVLED
                  for (a) toluene and (b) xylene (% removal is average of two experiments).
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  Effect of humidity 

Relative humidity represents one of the most important parameters for 
PCO in the gas phase. According to Vildozo et al. (2010), the impact of humid-
ity has a great effect on the efficiency of air treatment. In the absence of water 
vapor, the PCO of some VOCs are seriously retarded. On the other hand, with 
high percentages of water vapor on the catalyst surface, there is an inhibition 
in reaction rate because of the effect of competitive adsorption between water 
vapor and the organics. The water molecule adsorbed on the surface of the 
photocatalyst is oxidized to hydroxyl radical by the hole generated due to pho-
ton absorption of the catalyst (Vildozo et al., 2010). Increase of relative humid-
ity increases the concentration of hydroxyl radical, which is the major free rad-
ical oxidizing the organic compounds. According to Luo and Ollis (1996), the 
influence of water in photooxidation depends also on the contaminant. Their 
study using traditional UVA lamp showed that water vapor strongly inhibits 
isopropanol, trichloroethylene, and acetone oxidation, but enhances toluene 
oxidation. They also reported that water vapor has no significant effect on 
1-butanol oxidation but increases m-xylene oxidation rate up to certain humid-
ity, and decreases thereafter. They also reported that no toluene photodegrada-
tion occurred in the total absence of water in the toluene-air mixture. Toluene 
oxidation rate was enhanced by water concentrations at about 23–40% relative 
humidity and was somewhat inhibited at 60% relative humidity (Luo and Ol-
lis, 1996). Some studies also proved that the presence of water also affects the 
generation of PCO by-products. Bhowmick and Semmens (1994) showed that 
the presence of moisture decreases the concentration of phosgene produced 
by the photooxidation of chlorinated VOCs in the gas phase. In this work, 
experiments were conducted at 60 and 87 cfm flow rates using three different 
humidity values: 14%, 17%, and 20%, and sol-gel TiO2. Unfortunately, due to 
bubbler system used in the experiments, a wide variation in humidity could not 
be achieved in the reactor. The results shown in Figure 8 and b indicate that 
VOC removal increased slightly but distinctively with increasing humidity, 
and the effect is more pronounced at lower flow rate. Although, due to lower 
range of humidity and small differences in percent removal, the accuracy of 
data cannot be ascertained, qualitatively these results indicate that the mech-
anism of photocatalysis using UVLED is similar to that of traditional UVA 
lamp where hydroxyl radicals are generated in the presence of humidity and 
irradiated TiO2.



73

GIULIANO REGONESI  Upper room ultraviolet germicidial irradiation. Collection of studies

Figure 8. Percent removal at different % relative humidity using sol-gel TiO2 and  
UVLED for (a) toluene and (b) xylene (% removal is average of two experiments).
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 Conclusions 

In this study, UVLEDs with 360 nm wave length and a total energy of 
72,000 μW (60 LEDS) were used to activate five different types of photo-
catalysts to remove toluene and xylene from air in a pilot-scale continuous 
reactor with flow rates varying from 25 to117 cfm. Various catalysts tested 
included Degussa P25, clay TiO2, sol-gel TiO2, N-doped TiO2, and Bi2O3, 
and manual and dip coating methods were used to immobilize the catalysts 
on meshes. The results indicate that the removal of toluene and xylene was 
significantly affected by flow rate, type of catalyst, and efficiency of coat-
ing, and the removal varied from 10% to 32% and from 7.5% to 22% for 
toluene and xylene, respectively. The results indicate that UVLED activa-
tion of photocatalysts follows a similar mechanism as that occurs in PCO 
using traditional UVA lights. 
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Compared with increasing outdoor air ventilation rate, 
upper-room ultraviolet germicidal irradiation (UVGI) is an at-
tractive technology for lowering the indoor concentration of air-
borne microorganisms and thereby reducing the risk of airborne 
transmission of disease. With relatively modest vertical air circu-
lation, most of the air in a room can be irradiated in a relatively 
brief time period without noise or significant power consump-
tion. The hypothesis tested in this study is that the efficacy of 
upper-room UVGI to inactivate or kill airborne infectious mi-
croorganisms can be determined from an index of UVGI effec-
tiveness, a dimensionless parameter designed to characterize 
adequacy of vertical air circulation, amount of UVGI provided, 
and their interaction. This index of effectiveness, which is de-
termined independently of microbiological testing, was found to 
correlate well with experimental measurements made in a room-
size chamber. A comparison of two other dimensionless param-
eters—the irradiation number and mixing number, from which 
effectiveness index is calculated—provides insight into whether 
the quantity of UV provided to the upper room or the intensity of 
the vertical air circulation is the controlling factor for effective 
application of upper-room UVGI. The irradiation number is cal-
culated from the UV power output of the fixture(s), a parameter 
that is fixture specific and much easier to measure than mean flu-
ence rate. An equation was also developed that relates UV fixture 
power output to mean fluence rate in either the irradiated zone 
or the entire room. In addition, reductions in viable microorgan-
ism concentration due to UVGI predicted from a two-box model 
are compared with experimental measurements. 

 



79

GIULIANO REGONESI  Upper room ultraviolet germicidial irradiation. Collection of studies

NOMENCLATURE
A = room ceiling area, m2

c = speed of light, m/s

C = infectious microorganism concentration in the lower room, microbes/m3

CI
= infectious microorganism concentration in the irradiated zone, microbes/m3

Coff
= cultureable microorganism concentration when UV radiation is off, CFU/m3

Con
= cultureable microorganism concentration when UV radiation is on, CFU/m3

d̄  = mean length of UV rays (average distance that ray travel before striking a wall), m

d̄i
= mean length of UV rays for ith fixture, m

E = fluence rate (spherical irradiance), W/m2

Ē = mean fluence rate in the room, W/m2

ĒI
= mean fluence rate in irradiated zone, W/m2

G = generation rate of infectious microorganisms, microbes/s

H = room height, m

I = index of UVGI effectiveness, dimensionless

JI
= total UV energy in the irradiated zone, J

NI
= irradiation number, dimensionless

NM
= vertical mixing number, dimensionless

q = airflow entering or exiting the path of the UV beam, m3/s

Q = outdoor airflow rate, m3/s

R = ratio of room length to room width

S̄ = mean vertical airspeed = average of the absolute values of vertical components 
of air velocities for the horizontal plane that has an area equal to the ceiling area 
and is coincidentwith the bottom of the UV beam as the beam exits the fixture, m/s

t = UV exposure time, s

V = room volume, m3

VI
= volume of the irradiated zone, m3

W = UV power emitted from a fixture, W

Wi
= UV power emitted from the ith fixture, W

z = microbe susceptibility to UVGI, m2/J

Δt = time for UV ray to travel the mean ray length (d̄ ), s
λ = outdoor air exchange rate, s−1

ρ = reflectance, dimensionless

ρ̄ = surface area weighted reflectance for upper room, dimensionless

ω = UV energy density, J/m3
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INTRODUCTION 

It has long been known that tuberculosis is spread from person to person 
almost exclusively by airborne transmission of Mycobacterium tuberculosis—
that is, by inhalation of small infectious particles suspended in the air rather 
than from large droplets sprayed by an infected individual or from fomites.1, 2 
Many other infectious agents are at least in part transmitted from one person 
to another by the airborne route. For example, the common cold can be spread 
from person to person by airborne transmission,3 which has also been implicat-
ed in the spread of influenza,4 severe acute respiratory syndrome (SARS),5 and 
smallpox.6 Recent experience has also demonstrated that an infectious agent 
that has been used by bioterrorists, Bacillus anthracis spores, can be aerosolized 
and used to infect people via the airborne route.7  

Given that airborne transmission is an important mode of infection, up-
per-room ultraviolet germicidal irradiation (UVGI) is an attractive method to 
reduce risk. Even with relatively modest vertical air circulation, large volumes 
of air can be irradiated in a short time without generating noise and without 
significant power consumption. The quantity of vertical air circulation needed 
to make upper-room UVGI effective is, however, not known. In rooms without 
fans, vertical air circulation is caused primarily by natural convection, which 
is the result of vertical temperature gradients attributable to sources of heat. 
Supply and return airflow and activities of room occupants also contribute to 
vertical air circulation. Vertical air circulation may not be sufficient, particularly 
if the air in the lower portion of the room is colder than in the upper portion.8  
When air is vertically stagnant, upper-room UVGI provides no benefit. Clearly, 
a method is needed to determine when UVGI will be effective in a particular 
location under a specific set of conditions. 

Previous studies have shown that introducing supply air into the lower 
portion of a room when it is hotter than room air or into the upper portion 
of a room when it is colder than room air, and the use of mixing fans, 
promote the efficacious use of upper-room UVGI.9, 10, 11, 12 None of these 
studies, however, quantified the level of vertical mixing required to make 
upper-room UVGI effective. 
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METHODS

Experimental Methodology 

The efficacy of upper-room UVGI was evaluated experimentally under 
steady- state conditions in a 9.74 ft × 15.1 ft (2.97 m × 4.60 m) × 10 ft (3.05 m) 
high test chamber operated at a constant temperature and relative humidity of 
21°C and 50%, respectively. The chamber is described in more detail in Part I 
of this two- part article (in this issue). Serratia marcescens, Bacillus atrophaeus-
spores (formally called Bacillus subtilus var. niger), and vaccinia virus (Western 
Reserve) were used as test microorganisms. Culture techniques, aerosol genera-
tion, and sampling are also documented in Part I. The airborne concentrations of 
cultureable microorganisms with the UVGI turned on (C UV ) and with the UVGI 
turned off (C noUV ), under otherwise identical conditions, were measured. The ra-
tio of these concentrations (C UV /C noUV ) that hereafter will be called the “fraction 
surviving UVGI,” is a direct measure of the efficacy of upper-room UVGI. 

Ultrasonic Anemometer Measurements 

In many buildings, the mean vertical airspeed ( S̄ ) cannot be measured 
with a heated-element anemometer because the anemometer itself creates 
a thermal plume that interferes with the measurement. Because of this we 
used an ultrasonic anemometer (model FT702; FT Technologies Ltd., Church 
Lane, Teddington, England) that according to the manufacturer has the capa-
bility to measure air velocities as low as 0.01 m/sec in any two perpendicular 
directions. Because of the difficulty measuring very low air velocities, how-
ever, we were unable to verify the calibration of this anemometer at velocities 
below about 0.05 m/sec. Thus, some uncertainty remains in the measurement 
of vertical velocity, particularly at velocities approaching 0.01 m/sec. 

For the purpose of measuring the mean vertical velocity in the test cham-
ber, the horizontal plane 8 ft (2.44 m) above the floor, which is the height 
of the bottom of the UV beam as it exits the fixture, was divided into 16 
equal-area rectangles, each 2.44 ft × 3.78 ft (0.744 m × 1.15 m). At the center 
of each of these rectangles, we measured the vertical airspeed 100 times at 
consecutive one- second intervals. The absolute values of these 1600 mea-
surements were averaged without regard to whether the air flowed vertically 
upward or vertically downward. This value was used as an estimate of the 
mean vertical airspeed in the chamber. 
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As an aid in correctly positioning the ultrasonic anemometer, it was 
mounted at the specified height on a tripod. By placing the center of the tripod 
over a mark that had been made previously on the floor, the anemometer could 
be moved easily to any of the 16 locations. To record data, the anemometer 
was connected to a laptop computer via a long cord, so that disturbances due 
to the operator’s presence and movement in the room would be minimized. 

Upper-Room UV Fixture 

The commercial upper-room UV fixtures used in this study have multi-
ple, horizontal louvers spaced 0.25 in. (6.35 mm) apart, producing a vertical-
ly collimated UV beam that minimizes UV exposure to people in the lower 
room. The UV beam is not restricted in the horizontal direction. Combina-
tions of up to five different types of fixtures were used in the experimental 
tests. The irradiance at a fixed distance of 10 ft (3.05 m) from each fixture was 
measured periodically to verify that its UV output remained constant. 

The five types of fixtures, their electrical power input, and UV power 
output are listed in Table 1. In this table, the UV power output is for the fixture, 
not the lamps. The values are from a previous study described elsewhere13 and 
from Appendix A. For the corner fixtures listed in Table 1, electrical input 
was 36 W, whereas the corner fixtures for which the UV power output was 
measured,13 electrical input was 18 W, although the fixtures themselves were 
essentially the same. For these fixtures, UV power output should be directly 
proportional to the electrical power input. For the three tests with the louvers 
removed from the fixtures, the UV power output to the room was essentially 
the same as that of the bare lamps, which is approximately 30% of the elec-
trical input.14 This value is somewhat of an overestimate for the wall fixture 
because the parabolic reflector located behind the lamps does not reflect all of 
the UV radiation that strikes it. 
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Manufacturer Fixture Type Model Electrical Input, 
W

UV Outout, 
W

HygeaireA Wall (original 
version

UND-L24 25 0.26

HygeaireA Wall (new version) LIND24-EVO 25 0.45
HygeaireA Pendant LINO24-EVO-2PM 50 0.9
LumallerB Pendant (obsolete) PM4PL9 36 0.15
LumallerB Corner CM-218 36 0.05 
A Atlantic Ultraviolet Corp., Hauppauge, N. Y.  
B Commercial Lighting Desiggn Inc., Memphis, Tenn

Basis for an Upper-Room UVGI Effectiveness Index 

The hypothesis tested in this study is that the efficacy of upper-room 
UVGI for inactivating microorganisms whose UV susceptibility has been 
characterized in the laboratory can be estimated from an index of effec-
tiveness, a parameter that is intended to characterize the adequacy of the 
vertical air circulation in a specific facility, the amount of UVGI provided, 
and their interaction. In other words, the fraction of airborne microorgan-
isms surviving UVGI can be correlated to an index of effectiveness deter-
mined independently of on-site microbiological testing. A simple two-box 
model of a room having upper-room UVGI and mechanical ventilation 
with outdoor air was developed to provide insight into which parameters 
should be included in this index. Multizone models have been used by 
others to model upper-room UVGI.15  

Microorganism Balance 

An idealized room was divided into two zones: 

(1)  a uniformly irradiated, well-mixed upper zone having 
       a horizontal area  equal to the ceiling area, and 
(2)  an occupied, well-mixed lower zone that includes all of 
       the airspace not included in the upper zone. 

Table 1. Electrical Power Input and UV Power Output of Uper-Room 



84

GIULIANO REGONESIGIULIANO REGONESI    Upper room ultraviolet germicidial irradiation. Collection of studiesUpper room ultraviolet germicidial irradiation. Collection of studies

Outdoor air enters into the lower zone at a constant airflow rate, Q, and room 
air exhausts to the outdoors from the lower zone at the same rate. Due to 
vertical air circulation, air flows from the lower zone to the upper zone at 
a constant rate equal to qand from the upper to lower zone at the same rate. 
A balance for infectious microorganisms by number for the occupied zone 
under well-mixed, steady-state conditions is given by the following equation: 

          G + qC1 =QC +qC                                                     (1)

where G is the generation rate of infectious microorganisms in the occupied 
zone, which is constant in Eq. 1, and CI  and C are the concentrations of infec-
tious microorganisms in the irradiated and occupied zones, respectively. The 
terms on the left side of this equation account for the generation of infectious 
microorganisms by an infected person and the return of infectious microor-
ganisms from the irradiated zone. The terms on the right side of this equation 
account for removal of infectious microorganisms by ventilation and by pas-
sage into the irradiated zone. 

Similarly, an infectious microorganism balance for the irradiated zone 
under well-mixed, steady-state conditions is given by the 

          qC = qCI + zVIĒICI                                                                                           (2)

where z is the microbe susceptibility to UVGI, VI is the volume of the irradi-
ated zone, and  ĒI   is the mean fluence rate (sometimes referred to as spherical 
irradiance) in the irradiated zone, which is constant in Eq. 2. The term on 
the left side of this equation accounts for infectious microorganisms entering 
from the occupied zone. The terms on the right side account for the passage 
of infectious microorganisms from the irradiated to occupied zone and the 
inactivation or killing of microorganisms by UVGI. The rate at which micro-
organisms are inactivated or killed was based on a one-hit/one-target process, 
the model that is most often used; that is, the inactivation rate is directly pro-
portional to fluence rate and microorganism concentration. More complicated 
models such as a multiple-hit or multitarget process can also be used.16 

Eliminating CI  from Eqs. 1 and 2 and rearranging gives 
 

                                                                                                                (3)
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Irradiation and Mixing Numbers 

Equation 3, which is based on an idealized room, may not accurately pre-
dict the efficacy of upper-room UVGI in all situations, but it does reveal two 
dimensionless parameters that influence the process. The first of these param-
eters, Q/(zVI ĒI ), is related to UV irradiation; it does not depend on vertical air 
circulation. Based on this parameter, an irradiation number (NI ) was defined:

  
                                                                                                               (4)

 
where λ is the air exchange rate, defined as the outdoor airflow rate (Q) 
divided by the room volume (V). The larger the value of NI , the more ef-
fective air disinfection should become. 

The second parameter, Q/q, is related to vertical mixing; it does not de-
pend on UV irradiation. A vertical mixing number (NM ) was defined by the 
following equation:  

                                                                                                                (5)

                                                                                                              
When NM is large, the airflow rate passing through the path of the UV 

beam is high relative to the outdoor airflow into the room; thus, most of the 
air in the room has time to flow through the beam and be irradiated. When 
NM  is small, the opposite is true. To put Eq. 5 into a more useful form, 
another parameter was defined. The mean vertical airspeed in a room (S̄ 
) defined as the temporal and spatial average of the absolute values of the 
vertical components of the air velocities (regardless of whether the airflow 
is up or down) for the horizontal plane that is coincident with the bottom of 
the UV beam as the beam exits the fixture: 

                                                                                                              (6) 

 

where A is the ceiling area. The “2” in Eq. 6 is required because half the 
vertical airflow is upward and half is downward. Eliminating q from Eqs. 5 
and 6 and then replacing Q in the resulting equation with λHA where H is 
equal to room height gives 
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                                                                                                                  (7)

 Equation 3 can be simplified by combining it with Eqs. 4 and 5:
    
                                                                                                              (8)

Mean Fluence Rate versus UV Power Output 

The mean fluence rate in the irradiated zone ( ĒI ), which is required for 
the calculation of the irradiation number using Eq. 4, is difficult and time con-
suming to measure because the fluence rate in the irradiated zone can vary 
considerably in both the vertical and horizontal directions.13 Therefore a large 
number of measurements must be made, particularly near the fixture where the 
fluence rate changes considerably over relatively short distances. In addition, 
the measurement must include the UV energy arriving from all directions; thus, 
a flat detector should not be used close to a UV source or if the room contains 
multiple UV sources. Alternatively, as shown below, the mean fluence rate can 
be calculated from parameters that are relatively easy to determine. 

For flow of mass or energy at any point in space, the flux in kg/(s · m2) 
or J/(s · m2) is equal to the density in kg/m3 or J/m3 multiplied by speed in m/
sec; thus, the fluence rate (E) is related to the UV energy density (ω) by Eq. 9:

            
            E = cω                                                                      (9)                                                     

where c is the speed of light. Equation 9 is also valid for the mean fluence rate 
( ĒI ) and mean UV energy density for the irradiated zone;  thus, 

                                                                                                                    (10)
 

 where JI  is the total UV energy contained in the irradiated zone.
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The mean length (d̄ ) of the UV rays—that is, the distance on average 
from where the UV rays exit the fixture to where they strike a surface and 
the time (Δt) it takes for the rays to travel a distance  d̄  are related by the 
following equation: 

            d̄ = c ∆t                                                                       (11)                                                                                                                                             
                                           

If reflections from room surfaces are unimportant and thus can be ne-
glected, then the amount of UV energy contained in the irradiated zone can 
be calculated: 

           
           J = W ∆t                                                                      (12)

where W is the UV power output of the fixture (not the lamps). Most modern 
paints do not reflect very much UV radiation, so ignoring reflection should 
not usually introduce significant error. Reflections from other surfaces such as 
metal ducts, glass windows, and some ceiling tiles may, however, be import-
ant and cannot be neglected. In these situations, Eqs. 12, 13, and 14 should be 
modified to include surface reflections (Appendix B). 

Substituting for c and JI in Eq. 10 from Eqs. 11 and 12, respectively, gives
 
                                                                                                              
                                                                                                            (13)

Unlike fluence rate, which varies from point to point in a room, UV power 
output of a fixture which can be obtained by measurement 13 or predicted from 
mathematical models,17 is a property of the fixture only. For multiple fixtures 
in a room, the fluence rates from all of the fixtures must be summed: 

                                                                                                                
                                                                                                               (14)

where d̄i and Wi are the mean UV ray length and UV power output, respec-
tively, for the ith fixture. 
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The mean UV ray length can be estimated from geometric considerations 
by making the following simplifying assumption: for a fixed distance from 
the fixture, the fixture produces a spatially uniform UV beam extending hor-
izontally from the fixture to the walls of the room that are within the line-
of-sight. Thus, the fixtures would produce a UV irradiation field that covers 
90° for corner-type fixtures, 180° for wall-type fixtures, and 360° for pen-
dant-type fixtures. Exact equations for the mean UV ray length based on these 
assumptions are derived in Appendix C. For rooms whose length-to-width 
ratio is less than about three, the mean UV ray length calculated from these 
equations can be approximated from the room’s ceiling area with less than 
about 10% error:

d̄ = √A                    Corner-type fixtures
d̄ = 0.7√A               Wall-type fixtures                                  (15)
d̄ = 0.5√A             Pendant-type fixtures

Combining Eqs. 4 and 14 by eliminating ĒI VI  from both equations gives 
 

                                                                                                             (16)

Effectiveness Index 

According to Eq. 8, the irradiation number and vertical mixing number 
combine to form another nondimensional parameter, which has been defined 
as the index of UVGI effectiveness (I):    

    
                                                                                                             (17)

                                                                                                         
Larger values of this effectiveness index indicate a larger benefit de-

rived from upper-room UVGI. The effectiveness index based on Eq. 17 
along with Eqs. 7 and 16 is a measure of the risk of disease transmission 
and so has predictive value. The applicability of Eq. 17 as a predictive tool 
requires experimental validation. 

~
~
~
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RESULTS AND DISCUSSION

Comparison of Measurements with Effectiveness Index 

Table 2 summarizes 28 experimental tests that were done. Test organ-
ism, UV fixture fan information, and calculated and measured parameters, 
including UVGI effectiveness index and experimentally determined fraction 
of microorganisms surviving UVGI are tabulated. Further details regarding 
these experimental tests can be found in Part I in this issue. The mixing num-
bers (NM) were calculated from Eq. 7 based on the measured mean vertical 
airspeeds ( S̄ ) and air exchange rates (λ) listed in Table 2. The irradiation 
number (N I ) was calculated from Eq. 16 based on the mean UV ray lengths 
( d̄ ) calculated from Eq. 15, UV power output (W) of the fixtures taken from 
Table 1, and previously measured microorganism susceptibilities (z) of 0.84 
m2/J for Serratia marcescens,18 0.04 m2/J for Bacillus atrophaeusspores, and 
1.0 m2/J for vaccinia virus (Appendix D).

The effectiveness index was calculated from Eq. 17. The two right-hand 
columns of Table 2 listing the effectiveness index and the corresponding ex-
perimental measurement of the fraction surviving UVGI (CUV /C noUV ) are 
plotted in Figure 1. This figure shows an inverse relationship between the ef-
fectiveness index and fraction surviving UVGI, as would be expected. Nearly 
the entire range of the possible values of fraction surviving UVGI (from 1.0 
to 0.04) is included. The regression line that best fits the data on a log-log plot 
is given by  Eq. 18:                                                                                       

                                           

                            =  0,83I-0.74                                                                          (18)

The correlation coefficient is reasonably good (r = 0.89); it is significant 
at much greater than the 1% level (α < 10− 9). 

In Figure 1, as the effectiveness index get smaller, the fraction surviv-
ing UVGI must approach 1.0 asymptotically. Thus, at small values of the 
effectiveness index, Eq. 18 will not accurately predict the fraction surviving 
UVGI. In fact, it will predict a fraction surviving UVGI greater than 1.0 when 
the effectiveness index is smaller than 0.77, which is not possible. This short-
coming of Eq. 18 is not really a problem because when the fraction surviving 
UVGI is close to 1.0, UVGI is nearly completely ineffective and so a predica-
tive equation in this region is unnecessary. 
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Equation 17 is useful for predicting whether vertical velocity, as char-
acterized by the mixing number, or the quantity of UV radiation supplied 
by the fixtures, as characterized by the irradiation number, is the controlling 
factor. If the mixing number (NM ) is much greater than the irradiation num-
ber (NI ) or vice versa, the smaller number will be the controlling parameter. 
For example, if NM = 20 and NI = 1, based on Eq. 17, the effectiveness index 
would be equal to 0.95. If NM is doubled, the effectiveness index increases 
only slightly to 0.98, whereas if  NI is doubled, effectiveness index increases 
to 1.82. The influence on the effectiveness index of still higher values of 
vertical velocity and mixing number would be minimal. Thus, a comparison 
of the magnitude of the mixing and irradiation numbers provides insight 
into whether better mixing or more UV fixtures will best decrease the risk 
of airborne transmission of disease. 

Figure 1. Correlation between effectivene ss  index and experimental 
                    measurements
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Mean Fluence Rate in a Room 

For purposes of design, common practice is to specify the number of 
UV fixtures required based on a minimum electrical power input to the 
fixtures per unit floor area. For example, it has been recommended that 
sufficient UV fixtures be installed to provide at least 30 W of electrical 
power input for each 200 ft2 (18.6 m2) of floor area.19,20 This rule of thumb 
is, however, inadequate in part because the UV power exiting a fixture can 
vary considerably for the same electrical power input (for example, the two 
right-hand columns of Table 1). 

Specifying a minimum mean fluence rate in a room would be signifi-
cantly better for determining the number of fixtures required. The mean 
fluence rate in the irradiated zone can be calculated from Eq. 14, but the 
magnitude of this parameter depends on the volume of the irradiated zone, 
which is ill-defined and dependent on fixture type, fixture location, and 
room dimensions. If, however, the right-side of Eq. 14 is multiplied by the 
ratio of the irradiated volume to the total room volume (V), the mean room 
fluence rate (ĒI) is obtained:

 
                                                                                                            (19)

As discussed previously, the mean UV ray length ( d̄i ) for each fixture can 
be estimated from Eq. 15 or from Appendix C (Eqs. 23, 24, and 25) and the 
UV power (W i ) emitted by each fixture, which is independent of room char-
acteristics and fixture location, can be obtained by measurement13 or predicted 
from mathematical models.17 For each of the 28 experimental runs completed 
during this study, the estimated mean room fluence rates are shown in the 
center column of Table 2. They vary from 0.67 μ W/cm2 for a single louvered 
fixture to 94 μ W/cm2 for two fixtures having their louvers removed. 

The acceptability of calculating mean fluence rates for either the ir-
radiated zone or the entire room from Eqs. 14 or 19, respectively, would 
be greatly enhanced by experimental verification. The only study that we 
could find in which the true mean fluence rate was measured was done in a 
simulated health care test room having upper-room UV fixtures at the Uni-
versity of Colorado at Boulder.12 This room, which is 2.5 m high and almost 
square (5.8 × 6.1 m), was equipped with a Lumalier model PM-418 pendant 
fixture (Commercial Lighting Design, Inc., Memphis, Tenn.) hanging from 
the center of the room and four Lumalier model CM-218 corner fixtures, 
one in each corner of the room. The pendant fixture is essentially the same 
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as the Lumalier pendant fixture listed in Table 1 except that its electrical 
power input is 72 W, rather than 36 W; thus, the UV power output of the 72 
W fixture would also be double (0.30 W). 

According to Table I, each corner fixture has a UV power output of 0.05 
W. Based on Eq. 19, the mean fluence rate in the room was 2.4 μ W/cm2. Using 
tubular actinometry, Rahn21 measured the fluence rate in this room using 3 mm 
diameter, 460 mm long vertical quartz tubes filled with an iodide/iodate solu-
tion. Twenty-four equispaced vertical tubes were located in the upper room 
such that the tubes straddled the UV beam; that is, there was only negligi-
ble UV radiation above or below the vertical tubes. For the sampled volume, 
which comprised a 0.46-m high section of the 2.5-m high room, the mean 
fluence rate was measured to be 18.2 μ W/cm2. Thus, the mean fluence rate for 
the entire room was 3.3 μ W/cm2, which is reasonably close to the predicted 
value of 2.4 μ W/cm2. 

Although the required number of UV fixtures can be based on the mini-
mum mean room fluence rate as discussed above, it is nevertheless preferable 
to base the number of UV fixtures on a parameter that takes into account both 
the fluence rate and vertical air circulation, such as the effectiveness index. 

Predictions from a Two-Box Model 

Equation 8 is based on a two-box model and could itself be used to pre-
dict the fraction surviving UVGI (CUV /CnoUV ). If N M and N I from Eqs. 7 
and 16, respectively, are inserted into Eq. 8, the concentration with the UV 
on (CUV ) can be determined, and if  ĒI = 0, the concentration with the UV off 
(CnoUV) can be determined. Dividing these concentrations gives

                                                                                                            (20)  

 

When there is no UV (W = 0) or no vertical mixing (S̄ = 0), the frac-
tion surviving UVGI determined from Eq. 20 is equal to 1.0, as it should 
be. A scatter plot of the predicted fraction surviving UVGI based on Eq. 20 
versus the measured fraction surviving from Table 2 is shown in Figure 2. 
This simple two-box predictive model gives at best a fair prediction of the 
fraction surviving UVGI. 
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 CONCLUSIONS 

Predictive mathematical models have an important role in improving 
the design and construction of upper-room UVGI-equipped facilities. Two 
such models have been developed and tested against empirical results derived 
from experiments involving various microbiological aerosols, ventilation ar-
rangements, and types of UV fixtures. 

A two-box model gave only a mediocre prediction of the fraction of mi-
croorganisms surviving UVGI. Based on Figure 2, predicted values of the 
fraction surviving were on average about 70% of the measured values with an 
r 2 of about 0.6. This result was not unexpected inasmuch as the precondition 
on which the model was developed, perfect mixing in both the irradiated and 

Figure 1. Measured versus predicted fraction surviving UVGI based  
                on a two-box model
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occupied zones, could not be attained in the test chamber even when using a 
ceiling fan, nor is it a realistic expectation for some ordinary rooms or cham-
bers. Nonetheless, the exercise was valuable because it revealed the impor-
tance of two fundamental factors, one related to air mixing and the other to 
UV radiation. 

A more useful predictive model, which did not require the ideal mixing 
conditions postulated in the two-box model, was also developed. It is based 
on two fundamental parameters:1 a vertical mixing related parameter that 
includes vertical airspeed and air exchange rate; and2 a UV radiation related 
parameter that contains total UV power emitted to the irradiated space, UV 
ray length, and microorganism susceptibility to UV radiation. As shown in 
Figure 1, when the index of UVGI effectiveness is compared with the frac-
tion surviving UVGI, which was obtained experimentally, this predictive 
model fared reasonably well, having an r2 equal to about 0.8. 

The use of vertical airspeed in the effectiveness index is an unique fea-
ture that needs additional development. Making measurements at low vertical 
airspeeds with an ultrasonic anemometer turned out to be somewhat prob-
lematic because calibrating the anemometer at speeds below 0.05 m/sec was 
extremely difficult. Some uncertainties remain in these measurements, and 
further work is warranted. 

Examination of the statistical evaluation of the experimental tests shown 
in Table 1 of Part I indicates another source of uncertainty inherent in exper-
imental tests with airborne microorganisms. In view of these uncertainties, 
the correlation between the effectiveness index and experimental results is 
excellent. It would be useful to have been able to compare the chamber study 
results obtained by others with the effectiveness index, but the vertical air-
speed was not measured during these tests. 

The effectiveness index appears to hold promise as an effective tool for 
designing upper-room UVGI systems; however, further validation, particu-
larly in other rooms, is essential in order to confirm the results presented 
here. In addition, a commercially available instrument that will make it sim-
ple for HVAC engineers to measure vertical airspeeds in buildings where up-
per-room UVGI is to be installed is needed. For buildings being renovated or 
under construction, commercially available CFD programs intended for de-
signing HVAC systems can be used to estimate the vertical airspeeds, but this 
approach also needs experimental validation. One further need is a standard 
test protocol to measure the UV power output of commercial fixtures used for 
upper-room UVGI; most commercially available UV fixtures have not been 
adequately characterized. UV power output will then be available so that ap-
propriate fixtures can be chosen and design calculations made. 
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APPENDIX A 

UV Power Output of Fixtures Used for UVGI 

Measurement of UV power output of fixtures used in experimental tests 
were based on methodology used by us in an earlier study.13 Essentially, a 
surface through which all of the UV radiation emitted by the fixture passes 
was divided into equal areas and the irradiance at the center of each of these 
areas was measured. The UV power output of the fixture was taken to be 
equal to the average of these measured irradiances multiplied by the area of 
the surface. This methodology13 is analogous to the procedure used to mea-
sure airflow in a rectangular duct with a pitot-static tube.22 For the Hygeaire 
Model LIND24- EVO wall fixture and LIND24-EVO-2PM pendant fixture, 
the UV power output was measured to be 0.45 W and 0.90 W, respectively, 
based on this methodology.13 

APPENDIX B

Reflection of UV Radiation from Surfaces 

If reflections from surfaces in the upper room are important, then Eq. 12 
and others that follow (Eqs. 13, 14, 16, 19, and 20) require modification to 
include the reflected UV energy. The rate of flow of UV energy into the space 
from both the fixture and from reflections is equal to W∑ n = 0

 ∞ρ n where ρ is 
reflectance (fraction of UV radiation reflected from surfaces). This infinite 
series converges to ω/1− ρ. Thus, Eqs. 12, 13, and 14, respectively, become: 

                                                                                               
                                                                                                           
                                                                                                          (12a)
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                                                                                                           (13a)

                                                                                                             (14a)

When surfaces in the upper room each have different reflectances, a sur-
face area weighted reflectance ( ρ̄ ) should be used: 

 
                                                                                                   (21)

where Si and ρi refer to surface area and reflectance of the individual surfaces 
in the upper room. Unfortunately, in many situations, the reflectivity of UV 
radiation from surfaces is not known. 

APPENDIX C

Mean UV Ray Path Length 

For lines in the xy plane extending from the origin to either a vertical line 
defined by x = b or a horizontal line defined by y = a, the mean length (d̄ ) 
averaged over all angles (θ from 0 to π /2 radians is given by Eq.22

                                                                                                   (22)

 

For a corner fixture placed in the corner of the upper room that distrib-
utes the UV radiation into a single quadrant (90°), a is equal to the width of 
the room and b is equal to the length of the room. Making these substitutions 
into Eq. 22 and then dividing both sides of the equation by the square root of 
the ceiling area gives
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                                                                                                           (23c)

where R is the ratio of the room’s length to width. 

For a pendant fixture hanging from the ceiling in the center of the room, 
which distributes the UV radiation into all four quadrants (360°), a is equal to 
one half of the room’s width and b is equal to one half of its length. Making 
these substitutions in Eq. 22 and then dividing both sides of the equation by 
the square root of the ceiling area gives 

                                                                                                   (24)

For a wall fixture placed at the horizontal center of a wall in the upper 
room, which distributes UV radiation into two quadrants (180°), a is equal to 
the room’s width and bis equal to one half of its length. Making these substi-
tutions in Eq. 22 and then dividing both sides of the equation by the square 
root of the ceiling area gives

                                                                                            
        (25)

If a wall fixture is not located at the horizontal center of a wall, Eq. 25 
can be adjusted accordingly. 
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APPENDIX D

UV Susceptibility of B. atrophaeus Spores and Vaccinia Virus 

Measurement of the UV susceptibility of B. atrophaeus spores and vac-
cinia virus was based on methodology used by us to measure the UV sus-
ceptibility of Serratia marcescens in an earlier study.18 Basically, the micro-
organism suspension was nebulized and mixed with clean air for a sufficient 
time period to cause the water in the droplets to evaporate. The resulting 
aerosol flowed through an exposure chamber having a known uniform UV 
fluence rate (E). The particles were collected with either a cascade impactor 
(for B. atrophaeus spores) or a gelatin filter (for vaccinia virus), assayed, and 
the cultureable concentration with the UV radiation on (Con ) and off (Coff ) were 
calculated. Because microorganism exposure time (t) is equal to the exposure 
chamber volume divided by airflow rate, the susceptibility of the microorgan-
ism to UV (z) was then calculated from the following equation:

                                                                                                            (26)

 Based on this methodology, further details of which are given else-
where,18 the UV susceptibility of B. atrophaeus spores and vaccinia virus was 
measured to be 0.04 and 1.0 m2/J, respectively. 

Notes 
A Atlantic Ultraviolet Corp., Hauppauge, N.Y. 
B Commercial Lighting Design Inc., Memphis, Tenn. 

ADescription of Fixture Arrangements: Wall = 1 Atlantic wall fixture (UND-L24); 
Lumalier Pendant = 1 Lumalier pendant fixture (PM4PL9); Wall + Lumalier pendant 
= 1 Atlantic wall fixture (UND-L24) and 1 Lumalier pendant fixture (PM4PL9); 2 
Wall + Lumalier Pendant = 2 Atlantic wall fixtures (1 UND-L24 & 1 LIND24-EVO) 
on 1 wall and 1 Lumalier pendant fixture (PM4PL9); 4 Walls + Atlantic Pendant = 
4 Atlantic wall fixtures (1 UND-L24 and 3 LIND24-EVO) on 1 wall and 1 Atlantic 
pendant fixture (PM4PL9); 4 Corners = 1 Lumalier corner fixture (CM-218) in each 
corner; 4 Walls + Atlantic pendant + 4 corners = 4 Atlantic wall fixtures (1 UND-L24 
and 3 LIND24-EVO) on 1 wall and 1 Atlantic pendant fixture (PM4PL9) and 1 Lum-
alier corner fixture (CM-218) in each corner. 

BUV output was assumed to be equal to 30% of the electrical input. 
Previous article View issue table of contents Next article 
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ABSTRACT

1. INTRODUCTION
 
Airborne microorganisms, such as bacteria, fungi, fungal toxin viruses, 

and actinobacteria can cause allergies, irritation, and contagious diseases1. 
Ultraviolet (UV) light can be used for the removal of these pollutants, with 
the sterilization efficiency determined by the wavelength of the light applied. 
The World Health Organization defined four ranges of ultraviolet light as fol-
lows: VUV (100–200 nm), UV-C (200–280 nm), UV-B (280–320 nm), and 
UV-A (320– 400 nm). UV-A and UV-B share a similar sterilization mecha-
nism, which involves breaking single strands of DNA and destroying the cell 
membrane in microorganisms2,3. However, many organisms possess a repair 
mechanism capable of combatting these effects. The sterilization mechanism 
of UV-C comprises both physical and biochemical processes. After absorbing 
the UV light, DNA thymine can cause two neighboring thymines to cross link 
and may form pyrimidine dimers and thymine dimers, which will be able to 
interfere with the subject’s DNA and eventually lead to cell death.4,5,6,7. 

Ultraviolet germicidal irradiation (UVGI) is generated using low pres-
sure mercury vapor. Within the UV-C band of the electromagnetic spectrum 
(100– 290 nm), more than 90% of the output irradiation is at a wavelength of 
253.7 nm8,9. UVGI has been applied in disinfection and sterilization for treat-
ing water, disinfecting surfaces, and preventing the spread of disease through 
the air3,10. However, most previous studies have focused on the mechanisms 
involved in the disinfection of microorganisms and appropriate dosages. Few 
researchers have addressed the issues of removal efficiency, irradiation dura-
tion, or the methods of irradiation used for particular air pollutants. 

UVGI is generally applicable in three areas, as follows: Inside the ducts 
used for mechanical ventilation, return air units, and any indoor area4. The 
DNA of contagious airborne pathogens is damaged by the energy of UVGI 
light, which interferes with its duplication, rendering the organisms noncon-
tagious. However, the likelihood that this damage will lead to cell death var-
ies according to the type of organism and its exposure to UVGI [11]. Unfor-
tunately, UVGI can cause erythema, photokeratitis, and conjunctivitis. The 
American Conference of Governmental Industrial Hygienists (ACGIH) es-
tablished a threshold limit value (TLV), the dose to which a worker can be 
exposed for eight hours a day, of 40 h per week for a working lifetime without 
adverse health effects, as a guideline for avoiding skin and eye injuries. The 
TLV is expressed as a dose (J/cm2), the product of irradiance (in W/cm2) and 
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time (in seconds). For 254 nm, the dose limit is 6.0 mJ/cm2. Thus, a worker 
can be exposed to an irradiance of 60 mW/cm2 for 1 s or to 0.21 μW/cm2 for 
eight hour12,13. Upward irradiation is commonly used to prevent or minimize 
exposure14,15. In such cases, organisms must be directed into upper areas by 
forced air (mechanical) or natural ventilation (buoyancy-driven) to facilitate 
disinfection by UVGI11. 

The mechanism by which UV light removes air pollutants is photochem-
ical dissociation, which occurs at wavelengths ranging between 100 and 1000 
nm. This process involves the absorption of photons by molecules, result-
ing in the excitation of their electrons enabling them to jump from low- to 
high-energy states. Moving from the ground state to an excited state desta-
bilizes the photons, resulting in the release of light or heat or a reaction with 
other molecules when the molecules return to their original ground state. Ex-
cited electrons can break the chemical bonds, thereby altering the physical 
and chemical properties of the molecule16,17. 

The photons associated with UV light of shorter wavelengths are more 
energetic, making them better able to remove air pollutants. In the direct photol-
ysis of organic pollutants, Burrows et al.18, Lin19, and Ao et al.20, demonstrated 
the ability of UV-C in breaking down formaldehyde and toluene molecules. 
However, the photolysis of 4-nitrophenol could not be achieved using UV light 
at a wavelength of 365 nm due to the C-N, C-C, C=C, C-H, and C- O bonds 
within the structure. The C-N bond (maximum wavelength of 392.7 nm) can be 
broken by UV light at a wavelength of 365 nm; however, the maximum wave-
length of the other bonds range from 196.1 nm to 346.1 nm, rendering the UV 
light too weak for the direct photolysis of 4-nitrophenol21. 

The elimination of air pollutants by UVGI at wavelengths less than 290 
nm involves direct photolysis, in which molecules that absorb light energy en-
ter a chemically active state that breaks their chemical bonds, resulting in fur-
ther dissociation reactions or the promotion of reactions with other substanc-
es20. In Shie et al.22, it was indicated that UV light of shorter wavelengths is 
more efficient for the removal of formaldehyde (HCHO). The means by which 
photolysis occurs is determined by the chemical bonds in the molecules as well 
as the energy provided by UVGI. The efficiency of UVGI for the removal of 
pollutants is also determined by the dosage of UV light, the number of UV 
light lamps in a given area, and the method of irradiation, as well as the relative 
humidity (RH), temperature, air flow, and mixing of air in the environment23,24. 

A review of relevant literature revealed that most research on UV lighting 
techniques has focused on sterilization mechanisms and the quantity of disin-
fectants on the surfaces of microorganisms, rather than on the efficiency with 
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which air pollutants are removed. This study examined the efficiency of using 
high dosages of UVGI (253.7 nm) for the removal the air pollutants (HCHO 
and TVOC (Total Volatile Organic Compounds)) of various concentrations 
from environmental chambers under various levels of relative humidity. We 
also conducted field tests to investigate the efficiency of various UVGI irra-
diation methods (direct irradiation overnight, upward irradiation, and upper 
space irradiation) in the removal of indoor air pollutants over various periods 
of time. In addition, the Taiwan Environmental Protection Administration 
(Taiwan EPA) issued the Indoor Air Quality Standard according to the Indoor 
Air Quality Management Act in 2012. This standard contains nine indoor air 
pollutants, CO2, CO, HCHO, TVOC, PM2.5, PM10, O3, total fungi, and total 
bacteria. The standard values for HCHO, TVOC, fungi, and bacteria are 0.08 
ppm (one-hour average), 0.56 ppm (one-hour average), 1000 CFU m−3, and 
1500 CFU m−3. UVGI are tested for controlling indoor air pollutant concen-
trations to meet Taiwan IAQ standards. 

2. MATERIALS AND METHODS 

2.1. UVGI Experiments in Environment Chambers 

This study employed UVGI lamps (XH-20, 20W-UVC) containing 
low-pressure mercury-vapor for the emission of short-wave UV radiation 
(253.7 nm). The lamps are 13 cm long with a radius of 1.9 cm. The UVGI 
lamp has been treated to block wavelength at 180 nm. The batch experiment 
was designed to explore the effects of initial concentration and relative hu-
midity on the removal efficiency of UVGI at zero air exchange rate. The 
size of the stainless steel and glass chamber was L1.0 m × W1.0 m × H1.5 m 
(1.5 m3). Prior to the experiments, 75% ethanol was sprayed on the inner walls 
of the chamber, which were then wiped with water (>60 °C) to promote va-
porization. We tested the chamber for leakage and ensured that background 
concentrations of HCHO and TVOC were lower than 0.05 ppm by setting 
instruments for monitoring air quality at 20 cm above ground level. The 
UVGI luminaire was installed 1 m above the air quality monitor instru-
ments. Initially, the chamber was sampled over a 12 h period to evaluate air 
quality without air exchange (ACH = 0), as shown in Figure 1. 
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HCHO was produced by dissolving 4 g of paraformaldehyde in 200 g 
of the distilled water. The paraformaldehyde solution bottle was connected 
with zero gas to produce formaldehyde gas by aeration (10 L/min). Formal-
dehyde was injected into the chamber through a pipe until the concentration 
reached the level required for each experiment. TVOC was produced by 
spraying volatile organic compounds (solvent-based paint) onto a 15 cm 
× 15 cm stainless steel plate and then placed in an acrylic container. The 
container was purged with zero gas to create diluted VOC in the chamber. 
By injecting various ratios of zero gas, the required concentration of TVOC 
was obtained. The relative humidity of the chamber was controlled by in-
jecting various ratios of dry zero gas. The conditions used in these experi-
ments were as follows: High (1.0 ± 0.1 ppm) and low (0.5 ± 0.1 ppm) initial 
concentrations of HCHO, high (3.0 ± 0.1 ppm) and low (1.4 ± 0.1 ppm) ini-
tial concentrations of TVOC, and high (70 ± 2%) and low (40 ± 2%) relative 
humidity (RH) of both HCHO and TVOC. The experiments were repeated 
twice for each test condition to confirm the reproducibility of the results. 
The replicate tests of HCHO and TVOC show that all errors were less than 
± 5%. For bacteria and fungi measurements in field tests, duplicate samples 
were taken for each location. Either 2 or 4 different locations in each site 
were tested (depending on the size of the site). Reported results of bacteria 
and fungi measurements were the average results of all duplicate samples 
in all locations for each site. The replicate tests of bacteria and fungi show 
that all the errors were less than ± 10%. 

Figure 1. Schematic diagram of the UVGI experiment system.
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2.2. UVGI Experimental in Field Studies 

Four sites were selected for the field tests in this study, as follows: An 
underground parking lot, a kitchen waste area, an integrated traditional Chi-
nese and western medicine clinic (Clinic A), and a medical cosmetics clinic 
(Clinic B). Samples (two each morning and two each afternoon) were ob-
tained from each site over the period from 15 November 2009 to 20 April 
2010 to determine the removal efficiency of UVGI. Test subjects included 
TVOC, HCHO, bacteria, and fungi. Background concentrations were mea-
sured prior to the initiation of UVGI irradiation. Since it is more difficult to 
control the environmental conditions of field test, this study omits the natural 
decline of HCHO and TVOC. The UVGI irradiation plans implemented in 
the test sites are presented in Table 1. The direction of UVGI irradiation is 
shown in Figure 2.

 

Case Parkıng
 Lot

Kitchen
Waste Area

Clinic A Clinic B

Building age(year) 3 3 >15 <6 months
Volume (m3) 322 756 250 80
Number of population <2 0 10-15 10=15
Air ventilation type Mechanical ventilation 

(exhaust fan)
Natural 

ventilation
Mechanical ventilation 

(fan coil unit)
UVGI luminaire Upward irradiation Direct irradiation  

over night
Upper space 
irradiation

Number of UVGI lamp 
fixture

8 8 6 6

UVGI lamp intensity 13,800 μW/cm2

A Formaldemeter htv-m instrument (PPM Technology, Caernarfon, 
UK) was used to measure HCHO, which had been placed in a calibration 
tube in the test environment for at least one hour to balance its temperature 
with that of the environment location, with references to the accompanying 
temperature and formaldehyde concentration table to calibrate the instru-
ment. A ppbRAE-3000 VOC monitor (RAE Systems Inc., Sunnyvale, CA, 
USA) was used to measure TVOC. To ensure the accuracy of experiment 
data, zero-point calibration was performed using an activated carbon tube 
and span calibration using 10 ppm of isobutylene (C4H8) gas, with a calibra-
tion error less than 10%.Table 2. list specifications of the instruments used 
for measuring air pollutants. 

Table 1. Details of building information and UVGI application for field studies.
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Item Instrument/
Model

Principle Detection
Range

Resolution

HCHO PPM Technology/
PPM Formaldmeter 

htv-m
Electrochemical 0-10 ppm 0.01 ppm

TVOC RAE/ppb RAE
3000-10.6 eV

Photo-ionization
detector

1ppb-10,000
ppm

1ppb

Bacteria/
fungi

Theromo/Anderson 
one-stage sampler

Impacting on agar 
with incubation 
(Q : 28,3 LPM)

Stage 0 
(8-24 μm)

Stage 1
(1-8 μm)

 
-  

Bioaerosol sampling was performed using an Andersen one-stage sam-
pler (Thermo electron corporation, Waltham, MA, USA) with 200 holes and 
air throughput of 28.3 L min−1 . Sampling methods for bacteria and fungi 
were based on standards E301.12 C and E401.12 C, as set out by the Environ-
mental Protection Administration (EPA) of Taiwan25,26. Collected fungi were 
placed on malt extract agar (MEA) medium and incubated at 25 °C for 3 days. 

Table 2. Details of instruments for indoor air quality sampler.

Figure 2. The configuration of three types of UVGI luminaire in field tests: (A) 
Upper space irradiation, (B) direct irradiation overnight, and (C) upward irradiation.
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Collected bacteria were placed on tryptic soy agar (TSA) medium and incu-
bated at 30 °C for 1 day. Two duplicate samples of bacteria and fungi were 
also measured. The difference in flow rate (28.3 L/min), as measured using a 
hot wire anemometer before and after sampling, was maintained at <10% (±2 
L/min). The number of colony-forming units per cubic meter of air (CFU m ) 
was calculated using Equation (1), as follows: 

 
                                                                                                    
                                                                                                              (1)

2.3. UVGI Removal Efficiency of Air Pollutants 

Removal efficiency was calculated using Equation (2). Equation (2) is 
used to calculate the pollution removal efficiency in the chamber; however, 
the deposition and adsorption of air pollutants proved difficult to estimate in 
practical applications. Thus, the calculation of UVGI removal efficiency did 
not include the natural rate of decline in the percentage of air pollutants that 
can be expected to occur in the field, as shown in Equation (3): 

                                                                                                               (2)

                                                                 (3)
                                                                                                      

where CUVGI before is the concentration of air pollutants before prior to 
the application of UVGI and CUVGI after is the concentration of air pollutants 
after using UVGI. The test time for the natural decline experiment in the 
chamber lasts for 12 hours. The value CO is the initial concentration of air pol-
lutants by the natural decline test and Ci is final concentration of air pollutants 
by natural decline. 
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2.4. Measurement of UV Irradiance and Calculation of Dosages 

We calculated the radiation view factor to estimate UVGI intensity27, as 
shown in Equation (4). The intensity of UVGI was measured using an UV-C 
light meter (Lutron electronic enterprise CO., LTD.; model: UVC-254) with 
a 254 nm sensor in order to quantify the difference between the calculated 
and measured data associated with UVGI intensity at various distances from 
the lamp, as shown in Figure 3. The measured data is the illuminance of the 
surface on the lamp by UV-C light meter, which is 13,800 μW/cm2 at 0 cm. 
To calculate the electron volts at different distances from the lamp source, the 
illuminance value (μW/cm2) of different distances must be measured first, 
then the illumination value is exchanged to electron volts and multiplied by 
molecular surface area. The result showsed how much energy is needed to 
destroy the molecular bond. 

                                                                                                        (4)

 

where x is distance from the lamp (cm), l is length of the lamp segment 
(cm), and r is the radius of the lamp (cm). 

    
 

Figure 3. Calculated data and measured data of UVGI intensity at various 
                   distances from the UVGI lamp.
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Irradiation intensity at any given point is determined according to sur-
face irradiation intensity (Isur), as shown in Equation (5):   

 
                                                                                                      (5)

where Isur is the UV intensity at x,y,z point, EUV is the power output of the 
lamp (W cm−2), F is the radiation view factor, r is the radius of the lamp, and 
l is the length of the lamp segment (cm). 

The efficiency of UVGI in removing air pollutants depends heavily on 
whether the energy it generates is sufficient to break the chemical bonds in 
question. We therefore used the Planck equation (Equation (6)) to derive the 
photon energy of UVGI at various wavelengths, which were then converted 
into electron volts (eV) (1J = 6.25 × 1018 eV). 

            
                                                                                                               (6)

where E is the energy of a photon (J), h is the Planck constant (6.626 × 
10−34 J s−1), ν is the frequency of light (s−1), c is the speed (3 × 108 m s−1), 
and λ is the wavelength (nm). 

3. Results and Discussion
 
3.1. Efficiency of Air Pollutant Removal Under Various Levels of Rela
      tive Humidity and Various Initial Concentrations of Pollutants 

Table 3 summarizes the test results, showing that in cases of high rel-
ative humidity (RH), the concentration of HCHO was reduced from 1.0 to 
0.54 ppm over a period of 12 h, which represents a removal rate of 15.97 
± 0.03%. In cases of low RH, the concentration of HCHO was reduced 
from 1.0 to 0.44 ppm in the same period of time, representing a removal 
rate of 32.60 ± 0.09%. In cases of high RH, TVOC concentration was re-
duced from 3.0 to 2.51 ppm (removal rate of 7.12 ± 0.17%), and in cases 
of low RH, this was reduced from 3.0 to 2.36 ppm (removal rate of 13.56 
± 0.08%). Water molecules are able to block the partial energy of UVGI 
with a consequent effect on the removal of organic substances. As a result, 
UVGI was shown to be more efficient in the removal of HCHO and TVOC 
in cases of low RH than in cases of high RH. 
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Item Test Condition

High Conc./
Low RH

High Conc./
High RH

Low Conc./
High RH

1.0 ppm/40% RH
24 ± 1O C

1.0 ppm/70% RH
24 ± 1O C

0.5 ppm/70% RH
24 ± 1O C

HCHO

Removal efficiency (%)

Avg. ± S.D. (%)

Removal of percentage
error (%)

  #1          #2   #1        #2   #1         #2
32.54     32.66 15.95    15.99 18.39     17.88

32.6  ± 0.09 15.97 ± 0.03 18.14 ± 0.36

- 0.36 - 0.25 2.77

TVOC

Test condition 3.0 ppm/40% RH 3.0 ppm/70% RH 1.4 ppm/70% RH
Removal efficiency (%) 13.61      13.5 7.24        7.00 6.10        5.75

Avg. ± S.D. (%) 13.56 ± 0.08 7.12 ± 0.17 5.93 ± 0.25
Removal of percentage

error (%)
4.81 3.31 5.74

S.D., standard deviation.

The initial concentration of pollutants has a direct impact on removal 
efficiency. UVGI was shown to achieve removal rates of 15.97 ± 0.03% and 
18.14 ± 0.36% in cases with high and low concentrations of HCHO, respec-
tively. However, the removal rate of  TVOC at high concentration was 7.12 ± 
0.17% and 5.93 ± 0.25% for low concentrations. Thus, UVGI was shown to 
be more efficient in the removal of HCHO at low concentrations and TVOC 
at high concentrations. Factors other than the distance to the UVGI source 
affect the effectiveness of UVGI in the removal of air pollutants, including 
the photon energy of the UVGI as well as the nature of the chemical bonds in 
the VOCs. Repeated experiments presented an error rate between 0.03% and 
0.36% in the HCHO and TVOC removal rates, indicating the good reproduc-
ibility of the experiment results. 

3.2. Efficiency of Air Pollutant Removal Through 
       Long-Term Exposure to UVGI 

The efficiency of chemical air pollutant removal by long-term expo-
sure to UVGI is presented in Figure 4a,b. The background concentration of 
HCHO was lowest in the area used for kitchen waste, presenting an average 
concentration of 0.04 ppm (0.01–0.06 ppm). After one week of UVGI, the 

Table 3. Removal efficiency of duplicate analysis for chemical air pollutants.
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average concentration of HCHO measured 0.03 ppm (0.03–0.04 ppm), indi-
cating a removal rate of 17.1%. After two weeks of irradiation, the average 
concentration of HCHO declined to 0.02 ppm, representing a removal rate of 
45.9%. The indoor background concentration of HCHO was relatively low; 
therefore, the subsequent removal rates were insignificant. The average back-
ground concentrations of HCHO were 0.20 to 0.33 ppm in the underground 
parking lot, Clinic A, and Clinic B. The high concentrations of HCHO in the 
underground parking lot were due to the incomplete combustion of organic 
substances in the exhaust emissions of motor vehicles. Poor ventilation at the 
site exacerbated the accumulation of pollutants 28,29 

Figure 4.  Efficiency of chemical air pollutants: (a) HCHO and 
                    (b) TVOC removal by long-term UVGI exposure. 
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In the clinics, the fumes produced by materials used in building renova-
tion, as well as the volatile medical sterilizers used in the clinics, produced 
considerable quantities of VOCs. After one week of UVGI, the average con-
centrations of HCHO in the underground parking lot, Clinic A, and Clinic B 
measured 0.16 to 0.27 ppm, which represent removal rates of 16.7 to 29.8%. 
After two weeks, the average concentrations of HCHO declined to 0.05–0.20 
ppm, increasing the removal rates to 40.1–76.2%. 

With the exception of the underground parking lot, all of the background 
concentrations of TVOC were low. After one week of UVGI treatment in the 
parking lot, the average concentration of TVOC measured 0.90 ppm (0.84–
0.95 ppm), representing a removal rate of 22.2%. After two weeks of irradi-
ation, the average concentration of TVOC decreased to 0.89 ppm (0.81–0.96 
ppm), for a removal rate of 23.1%. According to the experiment result shown, 
after 12 hours, the average natural decline rate is 9.8% and refers to the results 
of Angus Shiue et al.30, the TVOC removal efficiencies of air cleaner. The nat-
ural decay ratio is 10.1% and the actual removal efficiency is 83.9%–85.5%. 
Therefore, this study assumes that the effects of natural decline can be omit-
ted. In Clinic A and Clinic B, the average concentration of TVOC after UVGI 
irradiation for two weeks (<0.001–0.04 ppm) was close to the background 
concentration (0.04–0.05 ppm), indicating that the amount of pollutants re-
moved was insignificant. After one week of irradiation, the average concen-
tration of TVOC was 0.16 ppm (0.13– 0.21 ppm), which was higher than 
the background concentration (0.08 ppm, 0.05–0.11 ppm). After the second 
week, the results were still close to the background concentration (0.07 ppm, 
0.06–0.09 ppm). We postulate that these poor removal rates were due to the 
fact that this study did not focus on a single VOC. 

The composition of TVOC varies from site to site. The photon energy 
(4.89 eV) produced by the UVGI irradiation in this study is sufficient to break 
single-bond molecules such as in C-C or C-H, but not O-O, as the energy of 
their bonds range from 65.0 to 119.1 kcal/mol (equivalent to 2.8 to 5.2 eV). The 
photon energy of UVGI is also insufficient to break the chemical bonds of mul-
tiple-bond molecules such as C=O, C=C, and C≡C (6.3 to 8.7 eV). According 
to Kuo et al.31 and Kim et al.32, the primary constituents of VOCs from motor 
vehicle exhaust are toluene, benzene, xylene, and ethylbenzene. The molecular 
structures of these chemical substances comprise mainly C-H bonds, which 
require a minimum wavelength of 289.7 nm (equivalent to 4.3 eV) to promote 
breakage. The photon energy of the UVGI in this study (4.89 eV) was higher 
than that required to break C-H bonds; therefore, the removal efficiency of 
TVOC was higher in the underground parking lot. 
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The efficiency of long-term exposure to UVGI in the removal of HCHO 
and TVOC was determined by comparing HCHO readings with background 
concentrations. After one week of UVGI irradiation, removal rates ranged 
from 17.1–29.8%, whereas two weeks of UVGI irradiation produced removal 
rates ranging from 40.1–76.2%. After the second week of UVGI, the removal 
rates of HCHO measured 23.4–56.7% higher than those of the first week. 
Formaldehyde removal by UVGI irradiation is associated with the amount 
of UVGI energy received by the bonds (HCHO + hv → H + HCO•). The 
molecular formula of HCHO indicates that the C-H and C=O bonds require 
98.7 kcal/mol and 176.0 kcal/mol of energy to break. This corresponds to 
maximum wavelengths of 289.7 nm and 162.4 nm33, which can be respec-
tively converted into 6.862 × 10−19 J and 1.223 × 10−18 J of photon energy 
using the Planck equation, and are equivalent to 4.3 eV and 7.6 eV of energy. 
The wavelength of the UVGI in this study was 253.7 nm, which is equiva-
lent to 4.89 eV, which is higher than the energy present in the C-H bonds in 
HCHO (98.7 kcal/mol; 4.3 eV). Thus, direct photolysis is able to break the 
C-H bonds but not the C=O bonds. As a result, the UVGI in this study was 
able to remove some, but not all, of the HCHO. 

After one week of UVGI irradiation, the concentration levels of TVOC 
in the kitchen waste area, Clinic B, and Clinic A were either greater than or 
equal to the background concentrations. Only the underground parking lot 
displayed a positive removal rate of 22.2%. After two weeks of UVGI, the 
underground parking lot, kitchen waste area, Clinic A, and Clinic B displayed 
TVOC removal rates of 11.0 to 100%, demonstrating the effectiveness of 
UVGI at all four sites. 

The respective average background concentrations of microbiological 
air pollutants in the underground parking lot, kitchen waste area, Clinic A, 
and Clinic B are presented inFigure 5a,b. After one week of UVGI, the aver-
age concentrations of bacteria measured between 277 CFU m−3 and 440 CFU 
m−3, which indicate removal rates of 8.8 to 64.0%. After two weeks, the aver-
age bacteria concentrations measured between 145 and 639 CFU m−3, which 
indicates removal rates of −32.7 to 84.0%. With the exception of Clinic B, the 
removal rates of bacteria all ranged between 47.7% and 84.0%. 



118

GIULIANO REGONESIGIULIANO REGONESI    Upper room ultraviolet germicidial irradiation. Collection of studiesUpper room ultraviolet germicidial irradiation. Collection of studies

 After one week of UVGI irradiation, the average concentrations of fungi 
dropped significantly to 127–385 CFU m−3, which indicates removal rates of 
57.0 to 87.0% in the underground parking lot, the kitchen waste area, and Clin-
ic A; however, no significant effects were observed in Clinic B. Two weeks 
of UVGI irradiation lowered the average concentrations of fungi at the four 
sites to 81–259 CFU m−3, representing removal rates of 4.8 to 92.9%. These 

Figure 5.  Efficiency of microbiological air pollutants: (a) Bacteria and (b) fungi 
                    removal by long-term UVGI exposure.
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results indicate that, with the exception of Clinic B, the fungi removal rates 
at all the sites ranged between 38.5% and 92.9%. The lack of effective steril-
izing at Clinic B may be due to the particular strains of microorganisms at 
that site and/or the FCU ventilation system. The efficiency with which UV 
light can remove microorganisms depends on the UV dosage, irradiation 
time, the type of microorganism, its sensitivity to UV light, and how long 
the microorganisms remain within the UV irradiated area. In order to find 
out the unusual condition of the Clinical B, the experiment extended the 
irradiation time and performed the test. The results showed that the bacteria 
concentration fluctuated at Clinic B; at the 2nd and 4th week, the bacteria 
concentration was increased (639 CFU/m3, 618 CFU/m3), but at the 1st, 
3rd, 6th week, the bacteria concentration was decreased (440 CFU/m3, 370 
CFU/m3, 215 CFU/m3). Based on the above results, it can be inferred that 
the test time of Clinic B is spring (February to March), for in spring many 
people of Taiwan are susceptible to dermatitis or skin irritation caused by 
pollen, dust, and other substances. 

With regard to the long-term efficiency of UVGI for removing bacteria 
and fungi, one week of UVGI reduced the background concentrations of bac-
teria by 8.8 to 64%, whereas two weeks of UVGI decreased the background 
concentrations by 60.6 to 84.0% in the kitchen waste area, underground park-
ing lot, and Clinic A. With the exception of Clinic B, the removal rates after 
the second week of UVGI were 12.9 to 20.0% higher than those of the first 
week. The poor sterilization at Clinic B may be because the strains and forms 
of microorganisms present at that site are less sensitive to UVGI [6]. One 
week of UVGI decreased the background concentrations of fungi by 57.0 to 
68.3% and two weeks resulted in removal rates ranging between 4.8% and 
92.9%. The rate of fungi removal in the underground parking lot and the 
kitchen waste area increased by 5.9 to 10.4% after the second week. Howev-
er, in the clinics, we failed to observe any increase with time. Furthermore, 
the underground parking lot and the kitchen waste area were more humid 
that the clinics. Hydration and re-hydration can alter protein structures, there-
by influencing the enzymes and nucleic acids involved in DNA repair. The 
hydration of biopolymer cell walls also moderates the influence of relative 
humidity on the sterilization effects of UVGI34. 

The effects of UVGI on the removal of bacteria and fungi differed slight-
ly from those reported by Memarzadeh et al. in 201035. The cell walls of 
fungal spores are rigid structures, markedly different from the cell walls of 
prokaryotic bacteria. The DNA in the proteins of thick inner layers of chitin 
or cellulose can render fungi more resistant to UV light, such that higher UV 
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doses are required for sterilization36. In clinic B, UVGI was shown to be inef-
ficient in the removal of bacteria and fungi, perhaps due to the use of mechan-
ical ventilation (a fan coil unit). The type of indoor ventilation and location of 
intake and exhaust ports can have a significant influence on the vertical mix-
ing of air 23. UVGI irradiation in Clinic A exhibited good removal efficiency 
with regard to bacteria but very poor removal efficiency when dealing with 
fungi. Open windows and doors can influence the movement of aerosols and 
the primary source of the fungi was the outside environment; therefore, the 
increase in indoor concentrations can be attributed to swift airflow preventing 
microorganisms from being sufficiently exposed to UVGI37,38. 

3.3. Efficiency of Air Pollutant Removal Using Various 
      UVGI Irradiation Methods 

HCHO and TVOC were removed using the UVGI irradiation methods 
shown in Figure 6a,b. Direct irradiation overnight was the most effective ap-
proach to HCHO removal, followed by upward irradiation. Upper space irra-
diation proved the least effective. Direct irradiation overnight for two weeks 
reduced background concentrations of HCHO by 76.2% (from 0.20 to 0.05 
ppm), while upward irradiation reduced HCHO by 71.7% (from 0.18 to 0.05 
ppm). Upward irradiation for two weeks reduced the background concen-
tration of HCHO by 40.1% (from 0.33 to 0.20 ppm). Starting with a TVOC 
background concentration of 0.05 ppm (<0.001–0.17 ppm), upper space 
UVGI irradiation for two weeks resulted in the total elimination of TVOC, 
representing a removal rate of 100%. Upward irradiation for two weeks re-
duced TVOC background concentrations by 22.26% (from 0.62 to 0.48 ppm). 
Direct irradiation overnight for two weeks resulted in TVOC background 
concentrations falling negligibly from between 0.04 and 0.05 ppm to 0.04 
ppm (0.03–0.05 ppm). UV photons can break C-C bonds and degrade organic 
substances; however, the composition of VOCs in indoor air tend to be com-
plex. Good removal efficiency can only be achieved if the indoor TVOC have 
bonds that UV photons are capable of breaking. Furthermore, the efficiency 
with which air pollutants are removed by UV light also depends on the UV 
irradiation time, the UV intensity, and the mixing of air39. 
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Upward irradiation proved the most effective at removing microbiologi-
cal air pollutants ( Figure 7 a,b), followed by direct irradiation overnight and 
upper space irradiation. Upward irradiation for two weeks reduced the back-
ground concentrations of bacteria from 716 CFU m−3 (476–1218 CFU m−3) 
to 177 CFU m−3 (111–224 CFU m−3) and that of fungi from 1174 CFU m−3 
(444–1855 CFU m−3 to 169 CFU m−3 (61–300 CFU m−3), representing remov-
al rates of 75.3% and 85.6%, respectively. Direct irradiation overnight for two 
weeks reduced the background concentration of bacteria from 744 CFU m−3 
(564–927 CFU m ) to 277 CFU m−3 (218–345 CFU m−3) and that of fungi 
from 296 CFU m−3), representing removal rates of 62.8% and 38.5%, respec-
tively. Direct irradiation overnight for two weeks reduced the background 
concentration of bacteria from 482 CFU m−3 (236–709 CFU m−3 ) to 639 

Figure 6.  Efficiency of chemical air pollutants: (a) HCHO and (b) TVOC removal  
                     by varying UVGI irradiation methods.



122

GIULIANO REGONESIGIULIANO REGONESI    Upper room ultraviolet germicidial irradiation. Collection of studiesUpper room ultraviolet germicidial irradiation. Collection of studies

CFU m−3 (436–800 CFU m−3 ) and that of fungi from 127 CFU m−3 (55–164 
CFU m−3 ) to 121 CFU m−3 (36–200 CFU m−3 ), which were higher than or 
equal to the background concentrations. Sterilization involves a number of 
factors, including the ventilation rate, the intensity of UV irradiation, the 
physiology and species of the bacteria, the airflow distribution, the relative 
humidity, and photoreactivity8. Our results are consistent with the findings 
of Brickner et al. from 2003 24 , which showed that bacteria are easier to 
eliminate than fungi. However, the UVGI dosage required for sterilization 
varies considerably according to the microorganisms and single-stranded 
nucleic acids tend to be more sensitive to the effects of UV light than are 
double-stranded nucleic acids6. 

Figure 7.   Efficiency of microbiological air pollutants: (a) Bacteria and (b) fungi 
                      removal by varying UVGI irradiation methods.
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With regard to the removal of HCHO or TVOC, there are no observable 
differences in the three UVGI methods (Table 4). In the removal of bacte-
ria, upward irradiation (ρ - value: 0.031) and direct irradiation overnight 
(ρ - value 0.027) proved significantly more efficient than upper space 
irradiation. In the removal of fungi, upward irradiation is more effi-
cient than direct irradiation (ρ - value: 0.007). These findings are consistent 
with those of Miller and MacHer4. A closer distance to the ceiling enables 
narrowband UVGI to kill the biological PMs carried to the upper space 
by upward airflow40 Direct irradiation overnight and upward irradiation are 
more direct than upper space irradiation, with regard to the removal of air pol-
lutants. The inefficiency of upper space irradiation may be due to the fact that 
the UVGI source is placed within the FCU system in the ceiling, which makes 
air mixing, particularly vertical air mixing, a critical factor. Poor convection 
in the indoor airflow can prevent air pollutants from being transported to the 
UV irradiation area to be eliminated41,42. 

 

Air Pollutant

UVGI Luminaires
HCHO TVOC Bacteria Fungi

Upper space irradiation 0.606 0.212 0.500 0.007 **
Direct irradiation over night 0.103 0.404 0.031 * 0.035
Upward irradiation 0.109 0.268 0.027 * 0.244

* p-value < 0.05. ** p-value < 0.01.

4. Conclusions 

This study tested the efficiency of UVGI in the removal of HCHO and 
TVOC at various concentrations and under conditions with different levels of 
relative humidity. Our results indicate that removal efficiency is higher when 
dealing with low concentrations of HCHO than when dealing with higher con-
centrations. When dealing with TVOC, removal efficiency is higher when con-
centrations are higher. Removal efficiency of both HCHO and TVOC is better 
in conditions of low humidity. Relative humidity produced greater fluctuations 
in the removal rates than did the initial concentrations of pollutants. Under con-
ditions of high relative humidity, water molecules can provide a barrier to UVGI 
irradiation, thereby weakening its ability to break down organic compounds. 

Table 4.  Student’s t-test (two sample unequal variance) for various irra
                 diation methods.
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The application of UVGI for one week resulted in HCHO removal rates 
ranging from 17.1 to 29.8%, while treatment for two weeks resulted in remov-
al rates between 40.1% and 76.2%. This represents an increase of between 
23.4% and 56.7%. No effects were apparent in the UVGI treatment of TVOC 
after the first week; however, the effect produced noticeable results after the 
second week. One week of UVGI treatment produced bacteria removal rates 
between 8.8% and 64%, whereas two weeks resulted in removal rates rang-
ing from 60.6 to 84.0% (with the exception of Clinic B). The removal rates 
after the second week of UVGI were 12.9 to 20.0% higher than those of the 
first week. After one week of UVGI, the fungi removal rates ranged between 
57.0% and 68.3%, and after two weeks, the removal rates ranged between 
4.8% and 92.9%. Therefore, the removal rates of fungi in the underground 
parking lot and the kitchen waste area only increased by 5.9 to 10.4% after 
the second week, but those in the medical establishments did not increase. 
As assumed from the experimental results, the on-site ventilation conditions 
were controlled to keep the same natural and forced ventilation before and af-
ter applying UVGI. During the long-term test period, therefore, the decrease 
of HCHO and TVOC is due to the UVGI, not by the ventilation. 

No significant differences were observed in the removal rates of HCHO 
or TVOC, such that the background concentrations of air pollutants were 
lower or close to the concentrations obtained after UV irradiation. Upward 
and direct irradiation overnight methods were shown to be considerably 
more efficient in the removal of bacteria than upper space irradiation. Up-
ward irradiation was more efficient in the removal of fungi than direct irra-
diation overnight. A closer distance to the ceiling made it possible for the 
narrowband UVGI to kill the biological PMs carried into the upper space 
by upward airflow. 
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Upper room germicidal ultraviolet (UV) systems consist of luminaires 
with lamps installed that emit light in the UV-C range (100–290 nm; typ-
ically at 254 nm generated by low-pressure mercury vapor lamps). Most 
luminaires are designed with louvers that limit the light to a narrow region, 
and are installed in the upper part of the room. These systems are designed 
to focus the UV-C light in the upper part of the room, thus inactivating air-
borne infectious agents that reach the lighted zone. The lower part of the 
room is kept relatively UV-C free, minimizing exposure to persons in the 
lower part of the room. Inactivation in this context means the loss of the 
ability to replicate and form colonies. 

These upper room UV systems have long been championed by a hand-
ful of physicians and engineers for air disinfection. Why this technology has 
yet to be widely implemented, as an engineering control strategy to combat 
airborne disease transmission, is somewhat of a mystery. Upper room germi-
cidal UV has many unique applications, especially for use in high-occupancy 
settings such as jails, homeless shelters, and emergency rooms, where unsus-
pected infectious persons may be present. It is most useful against diseases, 
such as tuberculosis (TB), that are transmitted by the airborne route. It is 
advantageous in settings with low ventilation rates. It is probably also useful 
in settings that have high rates of respiratory infections, such as childcare cen-
ters or schools, but this application has yet to be investigated compared with 
use against TB. Overreliance on mechanical ventilation has been the norm 
for airborne disease transmission control, but in many settings the outdoor air 
supply flow rate is too low to impact transmission. Upper room germicidal 
UV has many benefits including low power use, flexibility, and a high rate of 
air disinfection. 

Many have called for epidemiologic studies of upper room UV before 
wider implementation, despite the obvious efficacy found in laboratory stud-
ies. It is difficult to conduct population-based studies of engineering controls 
because of their excessive cost. Thus few have been done, and those that have 
been done have focused mainly on ventilation1–4. This does not mean that en-
gineering controls do not have a place in health care settings5,6. 

It is exemplary that authors Mphaphlele and colleagues, as described 
in this issue of the Journal (pp.477–484), repeated with improvement to the 
study design this controlled trial to further document the efficacy of upper 
room UV7. The use of these data to show upper room efficacy against TB in-
fection, and to improve on the guidelines for installations of upper room UV, 
is important. Comparing their results and proposed guidelines with previous 
laboratory and field studies validates the efficacy of upper room UV installa-
tions for reducing TB transmission. 
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In laboratory tests of an upper room UV system (five fixtures and a total 
of 216 W), the room average concentration of culturable airborne bacteria 
was reduced on UV exposure by between 46 and 98% compared with the 
original concentration, depending on the room ventilation rate and microor-
ganism8,9. This result is consistent with the efficacy to prevent TB infection 
of 80% found in the current study, and 70% in the work completed in Peru10. 
That the results of these studies are consistent shows the robustness of upper 
room UV germicidal efficacy, even in complicated real-world settings. 

Another major deterrent for implementation of upper room UV systems 
has been the lack of knowledge about how to size these systems. The first 
guideline that was suggested for sizing upper room UV systems was to in-
stall one 30-W fixture for every 18 m2 (200 ft2) of floor area, or one for every 
seven people in a room, whichever is greater6,11. The following update to the 
guideline was more recently proposed by the National Institute for Occupa-
tional Safety and Health12. The UV-C wattage room volume power distribu-
tion should be 6.3 W/m3. The difficulty in this guideline was that it did not 
take into account the fixture efficiency, meaning how much UV-C light made 
it out of the fixture. 

As is noted in the study by Mphaphlele and colleagues, some germicidal 
luminaires are inefficient in their current design for releasing UV-C light. This 
is because they are designed with louvers to direct the light horizontally and 
not to allow it to disperse vertically; thus much of it is absorbed. Mphaphlele 
and colleagues recommend that upper room systems provide 15–20 mW/m3 

total fixture wattage to each room. 
An additional guideline is proposed in the current study to install fixtures 

that produce an average room fluency rate of at least 5–7 μW/cm2. Although 
this is a good recommendation, it is difficult to determine the fluency rate in 
a hospital room. Some methods are available to measure the fluency rate, and 
Mphaphlele and colleagues estimate it through modeling13,14. 

In conclusion, this newest controlled trial of upper room UV to interrupt 
TB transmission convincingly shows again that germicidal UV is an effective 
treatment against airborne infection. It is clear that to move toward wider 
implementation guidelines are needed, and this study provides these much 
needed data-driven guidelines. It is essential to dose a room on the basis of 
UV-C output from the fixtures. This will optimize designs from manufactur-
ers as well as drive system designs to be more comparable and efficacious. It 
will also ensure that the correct amount of UV-C light is applied to settings. I 
hope that these most recent rounds of field studies from Peru and South Afri-
ca will give upper room UV systems the data-driven support they need to be 
more widely implemented. 
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ABSTRACT

Upper-room ultraviolet germicidal irradiation (UR-UVGI) 
is recommended for the defense against airborne pathogens in 
poorly ventilated rooms in public buildings or high risk envi-
ronments, such as hospitals. Currently, there are few studies 
on the performance of UR-UVGI with the effective bacteria 
susceptibility constant (eZ-value) obtained from UR-UVGI 
experiment. In this study, the Eulerian model for the inactiva-
tion of UVGI was improved to consider the difference between 
exposure time and computational time, and was validated by 
our previous experiments. The method was applied to study 
numerically the performance of the UR-UVGI for 3, 6, and 10 
air changes per hour (ACH) with the application of the eZ-val-
ue of airborne bacteria. Moreover, the eZ-values of commonly 
found bacteria, including Serratia marcescens, Staphylococ-
cus epidermidis, Pseudomonas alcaligenes, and Micrococcus 
luteus, were obtained from a series of experiments in a full-
scale environmental chamber equipped with a UR-UVGI fix-
ture. The eZ-values were 0.0983, 0.0586, 0.0476, and 0.0115 
m2/J, respectively. Compared with the data in the literature, 
these eZ-values of the tested bacteria are different from the 
Z-values obtained from single-pass UVGI. The simulation re-
sults show that UR-UVGI exhibited the highest inactivation 
efficiency on S. marcescensamong the tested bacteria in this 
study. The percentage of bacteria inactivated by UR-UVGI de-
creased as the ventilation rate increased. The bacteria concen-
tration in the breathing zone under low ventilation rate could 
be decreased using UR-UVGI. The findings demonstrate that 
high indoor air quality can be achieved with the application of 
UR-UVGI without the need to maintain high ventilation rate.
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1. Introduction

Ultraviolet germicidal irradiation (UVGI) air disinfection utilizing the 
UV C-band (UVC; 200–280 nm) has been shown to sterilize air and inacti-
vate airborne pathogens (Lidwell 1994; Beggs et al. 2000; Miller et al. 2002; 
CDC 2005; Kowalski 2009; NIOSH 2009; Reed 2010), such as Mycobacte-
rium tuberculosis and influenza virus. The application of UVGI air disinfec-
tion is generally classified into in-duct UVGI (Ko et al. 2000; Peccia et al. 
2001; Kowalski et al. 2003; Lai et al. 2004; Noakes et al. 2004b; McDevitt 
et al. 2007; Walker and Ko 2007; Rudnick et al. 2009; Ryan et al. 2010; 
Hwang et al. 2010) and upper-room UVGI (UR-UVGI; Riley and Permutt 
1971; Beggs and Sleigh 2002; Ko et al. 2002; Xu et al. 2005). In-duct UVGI 
systems employ a bare UVC lamp to disinfect directly a large volume of air 
with high irradiance intensity. Because bacteria pass through the irradiated 
zone without recirculation, the in-duct UVGI system is often referred to as 
a single-pass UVGI system. UR-UVGI systems utilize a UVGI fixture at the 
upper part of the room and only irradiate the upper-room air. Generally, the 
UR-UVGI fixture is equipped with a multi-louvers damper in front of the 
UV lamp to generate collimated and parallel rays. Hence, UV rays do not 
irradiate the lower part of the room, minimizing human exposure to UVC 
rays. Studies based on the real and simulated clinical conditions have found 
that UR-UVGI air disinfection with air mixing efficiently reduced the trans-
mission of Tuberculosis and Poxviruses (McDevitt et al. 2008; Escombe 
et al. 2009; Mphaphlele et al. 2015). Numerous public building rooms in 
China, such as classrooms and canteens for schools and kindergartens, have no 
central heating, ventilation, and air-conditioning systems. The application of 
UR-UVGI systems is one of the best control measures to prevent potential 
outbreaks of epidemic diseases in these buildings.

The efficiency of UR-UVGI air disinfection is not only affected by nu-
merous environmental factors (e.g., airflow pattern, ceiling fan, relative hu-
midity) but is also significantly dependent on the biological characteristics of 
the bacteria (e.g., airborne bacteria size, Z-value) (Noakes et al. 2006; Zhu et 
al. 2014; Kanaan et al. 2015; Yang et al. 2016). The Z-value, which is gen-
erally defined as the ratio of the inactivation rate normalized to the average 
irradiance, characterizes the susceptibility of airborne bacteria inactivated by 
UVGI. The Z-value obtained from the UR-UVGI is known as the effective 
Z-values (eZ-values; Beggs et al. 2006).
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In general, the Z-values of airborne bacteria are evaluated with a sin-
gle-pass UVGI experiment (Sharp 1940; Riley et al. 1976; Nakamura 1987; 
Ko et al. 2000; Peccia et al. 2001; VanOsdell and Foarde 2002; Lai et al. 2004; 
Noakes et al. 2004b; McDevitt et al. 2007; Walker and Ko 2007; Rudnick et 
al. 2015). In a single-pass UVGI experiment, a UVC lamp is located high 
above a vertically thin chamber through which contaminated air flows hori-
zontally. Only the vertical rays of the UV radiation pass through the top sur-
face of the chamber, which is composed of quartz. The floor of the chamber is 
flat and black minimizing UV reflections. Contaminated airflow behaves as a 
plug flow when bacteria are directly exposed to high irradiance within a nar-
row space and the UV dose (the product of the exposure time and irradiance) 
received by the bacteria can be precisely evaluated. Because the experimental 
conditions were simplified for artificial controlling, the Z-values of the bac-
teria obtained under these conditions are referred to as single-pass Z-values 
(sZ-values) herein.

For UR-UVGI air disinfection, bacteria are assumed to be well-mixed 
in the room and travel frequently through the upper irradiated zone, which 
accounts for a small fraction of the total room. Not all bacteria are exposed 
simultaneously, which may allow them sufficient time to repair their DNA, 
since bacteria have been known to be more resistant to UVC under UR-UVGI 
air disinfection (Peccia and Hernandez 2001; Beggs and Sleigh 2002; Beggs 
et al. 2006). Accordingly, the eZ-values, differing from the sZ-values (Beggs 
et al. 2006; Rudnick et al. 2015), are supplementary to the Z-value in the 
application of UR-UVGI. For example, the Z-value of M. parafortuitum has 
been reported to be 0.074 m2/J for sZ-value in a single-pass experiment (Rud-
nick et al. 2015), and 0.16 and 0.12 m2/J for sZ-value and eZ-value, respec-
tively (Xu et al. 2003).

Recently, researchers have become increasingly interested in applying 
computational fluid dynamics (CFD) to model UR-UVGI air disinfection 
(Noakes et al. 2004a; Sung and Kato 2010, 2011; Yang et al. 2012; Gil-
keson and Noakes 2013; Xu et al. 2013; Zhu et al. 2013; Kanaan et al. 2014; 
Pichurov et al. 2015). When we numerically investigate the performance of 
UR-UVGI, it is essential to consider using various eZ-values. The simula-
tion based on the eZ-value is sufficient for characterizing the performance of 
UR-UVGI air disinfection (Yang et al. 2012). Xu et al. (2003) conducted a 
full-scale UR-UVGI experiment to study the eZ-value of M. parafortuitum by 
adopting the obtained eZ-value to numerically investigate the effectiveness 
of UR-UVGI in hospital settings (Xu et al. 2013). However, the majority of 
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the existing simulations for UR-UVGI are based on sZ-values (Noakes et al. 
2006; Sung and Kato 2011; Kanaan et al. 2014, 2015; Pichurov et al. 2015). 
Therefore, more studies should be conducted to investigate the performance 
of UR-UVGI with eZ-values. It is necessary to further discuss the difference 
between both types of Z-values on the numerical simulation of bacteria inac-
tivation (Gilkeson and Noakes 2013).

In the simulation, the UV inactivation rate is treated as the sink term 
of the bacteria transport equation for Eulerian approach. The sink term is 
the product of the eZ-value, the spatial irradiance, and the concentration of 
bacteria, representing the inactivation rate of UVGI on the airborne bacte-
ria per unit time. Noakes et al. (2004a) employed this simulation method to 
study the disinfection of airborne bacteria using two UR-UVGI fixtures in a 
displacement ventilated room. The numerical results were compared with the 
analytical solution of the two- and three-zone models. The group has shown 
that the simulation aptly describes the interaction of the room airflow with 
the UR-UVGI inactivation. Furthermore, Pichurov et al. (2015) used this Eu-
lerian method to evaluate the disinfection using two UR-UVGI fixtures with 
the inclusion of the mixing effect of a ceiling-mounted rotating fan. These 
researchers observed that the numerical results compared well with the ex-
perimental data.

The drift flux model is one of the most favorable applications of the 
Eulerian method for the simulations of bacteria/particles (Chen et al. 2006; 
Lai and Cheng 2007; Mui et al. et al. 2009; Zhao et al. 2009). The model 
assesses the bacteria/particle deposition onto walls by using the semi-em-
pirical particle deposition model (Lai and Nazaroff 2000). Yang et al. (2012) 
improved the drift flux model to include the inactivation rate of UVGI. The 
spatial irradiance of the UR-UVGI fixture was predicted with a view fac-
tor mathematical model that considered the shading effect of the louvers. 
These researchers applied this method to study the disinfection of E. coli 
and S. marcescens using one UR-UVGI fixture in a well-mixed ventilation 
scheme. Experiments were also conducted to validate the simulation model. 
Later, Yang et al. (2016) expanded the view factor mathematical model to 
predict the fluence rate of multiple UR-UVGI fixtures and investigated the 
equivalent air exchange rate of multiple UR-UVGI fixtures on airborne bac-
teria for 3 and 6 ACH under well-mixed ventilation schemes.

In these models, the UV inactivation rate of bacteria was calculated per 
time step without considering the difference between exposure time and com-
putational time. The inactivation rate is not only determined by the irradiance 
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but also the exposure time. Bacteria spend more time in the irradiated zone 
and receive high UV doses. Consequently, the inactivation rate of UVGI on 
airborne bacteria should be evaluated with the exposure time. Some numer-
ical studies (Noakes et al. 2006; Sung and Kato 2010, 2011; Gilkeson and 
Noakes 2013) treated the UV dose as a passive scalar and the irradiance was 
considered as the source term in the scalar transport equation. Then, the trans-
port equation was solved to obtain the UV dose contour field. This method 
can display vividly the effect of airflow patterns on the distribution of UV 
dose, but few of the existing Eulerian approaches have incorporated the ef-
fects of exposure time on the UVGI inactivation sink term.

This study was conducted to determine experimentally the eZ-values of 
Serratia marcescens, Staphylococcus epidermidis, Pseudomonas alcaligenes, 
and Micrococcus luteus under exposure to UR-UVGI in a full-scale chamber. 
The drift flux model was modified and applied to investigate the performance 
of UR-UVGI under various ventilation rates with the obtained eZ-values. In 
the modification of the drift flux model, the UVGI inactivation rate set as the 
sink term was coupled with the bacteria residence time in the irradiated zone.

2. Materials and methods

In the decay method, airborne microorganisms were continuously inject-
ed into the room before switching on the UR-UVGI fixture. When the initial 
concentration of airborne bacteria stabilized, the room air was sampled with 
the UR-UVGI fixture in the off and on states, respectively. Subsequently, the 
decay rate of the concentration of airborne bacteria was used to calculate the 
eZ-value with the irradiance of the UR-UVGI fixture.

2.1. Experiments

In this study, all experiments were conducted in a mechanically ventilat-
ed, environmentally controlled chamber with a dimension of 2.25 × 2.3 × 2.3 
m (x × y × w) (Figure 1). The chamber was composed of stainless steel and 
had one door and no windows. An air supply diffuser and a return outlet were 
installed on the ceiling. The door was closed during the measurements.
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2.1.1. Measurement of UV irradiance

A UR UVC germicidal fixture (TB-12-W, American Ultraviolet, Inc., 
Lebanon, IN, USA) was mounted on the north wall with the bottom surface 
of the fixture at a height of 1.96 m (Figure 1b). The fixture consisted of 37 × 
16 × 11 cm3 (L × W × H) louvers with a 16 W UVC lamp.

The irradiance was measured using a radiometer (ILT1400, International 
Light Technologies, Inc., Technology Drive Peabody, MA, USA) equipped 
with a detector with a 254 nm peak (SEL/NS254/W). The UVC detector was 
fixed to a stand and clamped at a height of 2.05 m. For the measurements, 
the stand and clamp was positioned at 36 points (9 columns × 4 rows) in the 
chamber (Figure 1b). The UVC germicidal fixture was warmed up for 30 min 
before the measurements were performed. All chamber internal walls were 
covered with black paper and the lighting was turned off during the UVC 
measurements. The detector was factory-calibrated before the experiment 
and covered to calibrate the radiometer to a zero-reading before each mea-
surement. Data were recorded when the radiometer showed a stable reading. 
Each measurement at each point was repeated at least three times.

2.1.2. Airborne bacteria generation and collection

S. marcescens (ATCC 6911), S. epidermidis (ATCC 12228), P. alcaligenes 
(ATCC 14909), and M. luteus (ATCC 4698) were supplied by the American 
Type Culture Collection (ATCC). The selected bacteria can be classified as 
gram-negative and rod-shaped (S. marcescens and P. alcaligenes) or gram-pos-

Figure 1.   The configuration of the 
chamber. All dimensions are in m.
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itive and coccus, spherical-shaped (M. luteusand S. epidermidis). The sizes of 
S. marcescens, P. alcaligenes, M. luteus, and S. epidermidis are 0.4–0.6 × 1.0 
μm, 0.3–0.4 × 2.0 μm, 0.7 μm, and 0.8–0.9 μm, respectively. S. marcescens 
and S. epidermidis are commonly selected for UV inactivation experiments, 
because they are vulnerable to inactivation by UVC (Nakamura 1987; Ko et 
al. 2000; Peccia et al. 2001; VanOsdell and Foarde 2002). Both categories are 
known causes of hospital-acquired infections. For example, S. marcescens can 
cause respiratory tract infection, urinary tract infection, and infective endocar-
ditis (Hejazi and Falkiner 1997). S. epidermidis can cause nosocomial infec-
tions, associated bloodstream infections, and cardiovascular infections (Vuong 
and Otto 2002). M. luteus was selected for this study because it is resistant to UVC 
and is considered a surrogate of pathogenic skin colonizers, whereas P. alcaligenes 
was selected as a surrogate of P. aeruginosa (Lai et al. 2016).

The incubation and harvesting methods have been described by Lai et al. 
(2016). In brief, bacteria stock solutions preserved in a −80°C freezer were 
inoculated onto a nutrient agar (NA, Oxoid) or trypticase soy agar (TSA, Ox-
oid) plate and incubated at 37°C or 30°C for 24–48 h. The harvested bacteria 
were then transferred to 50 mL of sterilized distilled water in a 24-jet colli-
son nebulizer (Collison Nebulizer, Bardays Global Investors, Inc., Waltham, 
MA, USA) for aerosolization. The inlet pressure of the nebulizer was 275.8 
kPa and its outlet was connected to a 12 mm diameter copper tube. During 
the experiment, the nebulizer and pump were placed in a ventilated chamber 
adjacent to the test chamber. Aerosolized airborne bacteria were delivered at 
breathing level (1.68 m above the floor) into the center of the test chamber 
through the copper pipe.

A single-stage Andersen impactor (N6, Thermo Scientific, Inc., Frank-
lin, MA, USA) located in the adjacent chamber was employed to sample the 
airborne bacteria concentration. An agar plate was placed inside the impactor, 
which was connected to a pump with a sampling flow rate of 28.3 L/min. 
Because it is unsafe to remain inside the chamber during the sampling of the 
bacteria, we controlled the sampling from outside the chamber. A 12 mm di-
ameter copper pipe connected to the impactor was inserted through the testing 
chamber at the height of 2.05 m.
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2.1.3. Procedure

For each type of airborne bacteria tested, the experimental procedure 
consisted of two stages: UR-UVGI fixture-off and UR-UVGI fixture-on. The 
ventilation system was turned off during all tests. All facilities and equipment 
were sterilized with 70% ethanol before each experiment. The nebulizer was 
sterilized by injecting compressed air to nebulize ethanol for 10 min. Next, 
we nebulized sterilized distilled water for 10 min to clean the nebulizer.

The UR-UVGI fixture-off experiment was conducted first. Prior to the 
injection of the airborne bacteria, air was sampled for 5 min to obtain the 
background airborne bacteria concentration. Next, the pump was switched 
off, and the agar plate was removed and replaced with a new one. A 50 mL 
bacteria solution was transferred into the nebulizer bottle. Bacteria were aero-
solized into the test chamber for 15 min. During aerosolization, a portable 
household mixing fan (55 W) was used to achieve well-mixed initial condi-
tions. When aerosolization was completed, air samples were collected 11 times 
(1 min/sampling). The time interval between sampling was 2 min (1 min for 
the first sample). If the bacteria were found to be contaminated, the sample 
was discarded. Measurements of bacteria were repeated a minimum of three 
times. When one set of measurements was completed, the ventilation system 
was turned on to exhaust the residual bacteria from the chamber before com-
mencing the subsequent experiment.

The corresponding UR-UVGI fixture-on experiments were conduct-
ed immediately after the UR-UVGI fixture-off experiments. The UR-UVGI 
fixture was warmed up for at least 30 min before the experiment and was 
shielded with a cardboard cover to avoid exposing the UV dose to the bac-
teria during warm-up. The cover was attached to a rope that extended to the 
outside of the chamber. When the aerosolization process was completed, the 
cover was removed from outside the chamber by pulling on the rope. The 
aerosolization and sampling procedure was identical to that of the UR-UVGI 
fixture-off case.

Assuming the concentration of airborne bacteria was uniform in the con-
trol volume under well-mixed condition, the formula for calculating the sur-
viving fraction of airborne bacteria exposed to UV irradiance is expressed as 
follows (Xu et al. 2003; Yang et al. 2016):

(1)
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where C0 is the initial concentration of airborne bacteria, (CFU); Ci is 
the concentration of bacteria i at time t, (CFU); kn is the natural removal rate 
including natural die-off and deposition onto wall surfaces, (s−1); and kuv is 
the equivalent air-exchange rate of bacteria inactivated by the UR-UVGI 
system (s−1).

The value of kn was obtained when the UR-UVGI fixture was off, 
whereas that of (kn + kuv) was obtained when the UR-UVGI fixture was 
switched on. Subtracting kn from (kn + kuv) gives kuv. The eZ-value (eZ) can 
then be obtained as follows:

                                ,                                                                               (2)

where IrV is the average irradiance of the irradiated zone (W/m2), which was 
calculated using the following equation (Yang et al. 2016):

                                   ,                                                                           (3)

where Ir is the spatial irradiance (W/m2), which was predicted by using a view 
factor mathematical model introduced by Wu et al. (2011), and VI is the volume 
of the irradiated zone. In our experimental chamber, irradiance was mainly de-
tected in the w = 2.0–2.1 m zone and the values below w = 2.0 m were low and 
thus neglected. Hence, VI only contains the w = 2.0–2.1 m zone.

2.2. Simulation methodologies

Simulations were performed to investigate the effect of ventilation rate 
on the disinfection performance of the UR-UVGI system. The drift flux mod-
el was modified to describe the inactivation process of the UR-UVGI on the 
airborne bacteria. The physical simulation model was based on the test cham-
ber dimensions except that the door was not considered. The UR-UVGI fix-
ture-off and -on cases were evaluated with 3, 6, and 10 air changes per hour 
(ACH), respectively. Since there is a lack of heat and humidity source in the 
test chamber, air temperature and relative humidity were considered constant 
and heat and moisture transfers were not included in the simulation model. 
The drift flux methodology was applied to simulate the bacteria transport. The 
UVGI sink term in bacteria transport equation was coupled with the bacteria 
residence time and it is written as
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(4)

 where Suv,i is the sink term for the bacteria i inactivation of UVGI, tr,uv is the 
bacteria residence time in the upper irradiated zone. tr,uv can be evaluated by 
the concept of air age. Air age, which is defined as the length of time recorded 
from the moment air enters the ventilated room, was used to predict the bac-
teria residence time (Sandberg and Sjöberg 1983; Li et al. 2003). The natural 
death of airborne bacteria can be influenced by the air temperature, relative 
humidity, and photoreactivation (Xu et al. 2005; Walker and Ko 2007). These 
effects on the airborne bacteria natural death rate require further investigation. 
The natural death rate of airborne bacteria is lower than the UVGI inactiva-
tion rate; thus, its effect was ignored to highlight the UVGI disinfection in the 
simulation (Noakes et al. 2004a; Gilkeson and Noakes 2013; Zhu et al. 2014). 
Therefore, the bacteria deposition sink term did not include the bacteria natu-
ral death rate in the simulation model. The simulation methodologies and the 
numerical procedure are presented in details in Section S1, “Simulation metho-
dologies,” in the online supplementary information (SI).

3. Results and discussion

3.1. Predicted irradiance (Ir) of the UR-UVGI fixture system

Figure S1 in the SI shows a comparison of the measured and predicted 
irradiance (Ir) of the UR-UVGI fixture. The irradiances distributed by four 
rows at different y locations are drawn independently in the four-branch fig-
ure. The UR-UVGI fixture used in this experiment was purchased in 2009. 
The maximum irradiance of the UR-UVGI fixture used in Wu et al. (2011) 
was approximately 1.5 W/m2, at a distance of 0.8 m from the fixture (Case 2). 
In this study, the maximum irradiance was approximately 1 W/m2 (y = 1.5 m 
in Figure 2). The UVC output drop in the UR-UVGI fixture was considered 
acceptable. The maximum value was consistently high at the center location 
(x = 1.15 m) of the UR-UVGI fixture and symmetrically decreased along 
both sides of the UR-UVGI fixture (Figure S1). The maximum difference 
between the predicted and measured values was observed at the furthest 
location  (y = 1.0 and 0.5 m) where the values were low and the measure-
ment error was difficult to control. The average irradiance in the irradiated 
zone (IrV) calculated by Equation (3) was 0.284 W/m2 and the average 
value measured at w = 2.05 m was 0.285 W/m2. 
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Figure 2.   The eZ-value of S. marcescens (ATCC 6911). Each value is the 
average of three measured values and error bar represents the standard deviation.

Figure 3.   The eZ-value of S. epidermidis (ATCC 12228). Each value for UR-UVGI off 
and on is the average of four and three measured values, respectively. Error bar represents 
the standard deviation.
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According to the manual of the TB series UVC fixture provided by 
American Ultraviolet Inc., there is no ozone by-product or other secondary 
contaminants during its operation. During experimental measurement, we 
used the Model 205 Dual Beam Ozone Monitor (2B Technologies, Inc., 
Boulder, CO, USA) to detect the ozone produced by the TB-12-W in the 
middle of the chamber. The background concentration in the test chamber 
was 6 parts per billion (ppb) during ventilation and with the UR-UVGI fix-
ture off, while the average value was still 6 ppb for 1 h with the ventilation 
off and the UR-UVGI fixture on. Consequently, the contaminants produced 
by the TB-12-W can be ignored.

3.2. eZ-values of the tested bacteria

The eZ-values of the tested bacteria are displayed in Figures 2–5. Each 
figure shows the decay with a logarithmic function of a dimensionless con-
centration for the UR-UVGI fixture-off and -on cases, respectively. The cor-
responding decay rates (kn or kn+kuv) are the slopes of the best linear fitted 
lines. The results indicated that S. marcescens was the most sensitive to UVC 
disinfection among all the tested bacteria, whereas M. luteus was the least 
susceptible. The eZ-values of S. marcescens, S. epidermidis, P. alcaligenes, 

Figure 4.   The eZ-value of P. alcaligenes (ATCC 14909). Each value for UR-UVGI 
off and on is the average of two and three measured values, respectively. Error bar 
represents the standard deviation.
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and M. luteus were 0.0983, 0.0586, 0.0476, and 0.0115 m2/J, respectively. 
The eZ-values from this study are listed with those reported in the literature 
(Table 1). The results show that the eZ-values obtained from the UR-UVGI 
system differ from those obtained with the single-pass UVGI systems. The 
eZ-values of S. marcescens from this study are similar to those reported by 
Yang et al. (2012). One reason may be that both studies used the average irra-
diance of the irradiated zone to evaluate the eZ-values. According to Equation 
(2), the average irradiance is a key factor for determining the eZ-value. If the 
average irradiance is defined using different volumes, different values may 
result for the same UR-UVGI fixture, rendering the eZ-values of the airborne 
bacteria calculated from different average irradiances incomparable. Xu et 
al. (2003) recommended the use of the average irradiance of a room to eval-
uate the eZ-value. Specifically, the average irradiance was calculated from 
the average of the values measured in the upper-room. The calculation of the 
eZ-value is expressed as

(5)

where hr is the height of the room and hi is the height of the irradiated zone. 
Beggs et al. (2006) also suggested a similar calculation method and their 
method is derived from the relationship of the exposure time and the compu-
tational time:

 
(6) 

Both approaches mentioned above use the ratio of the height, but the ex-
pressions are reciprocal. The eZ-values of the bacteria tested in this study were 
also evaluated with these methods and the results are presented in Table 1. 
According to the VI used in Equation (2), hi is 0.1 m and it was determined by 
the distribution of Ir in the vertical direction, while hi in Xu et al.’s (2003) and 
Beggs et al.’s (2006) work was the height from the bottom surface of UR-UVGI 
fixture to the ceiling. According to Equations (5) and (6), if hi was evaluated 
from different method, the eZ-value will also be much different. Thus, to make 
the eZ-value from different works comparable is importance to keep consistent 
definition of the variables in the calculation of the eZ-value. 

The eZ-value obtained from both methods for a given tested bacteria can 
be considered as the lower and upper limits, respectively, e.g., 0.0043–2.2619 
m2/J for S. marcescens. The eZ-value of S. marcescens reported by Beggs et al. 
(2006) (in Table 1) was obtained with Equation (6) and their kuv was evaluated 
by steady-state experiment conducted with continuous contamination source. 
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Since their environment factors and the values of the variables in 
Equation (6) were different to present study, the eZ-value of S. marcescens 
was undoubtedly unequal for present study and Beggs et al. (2006). To the 
best of our knowledge, the eZ-values for P. alcaligenes and M. luteus have 
never been reported.

Studies have shown that it is difficult to conduct UR-UVGI disinfection 
experiments because the disinfection can be influenced by many factors, 
such as, airflow pattern, relative humidity (RH), Z-value, irradiance field, 
and photoreactivation (Xu et al. 2005; Walker and Ko 2007). Although the 
eZ-values of tested bacteria were evaluated under zero ventilation and with 
illuminative lamps’ switched off conditions, the results may still be affected 
by the bacteria mixing level, the measurement of irradiance, the location of 
the UR-UVGI fixture, and the relative humidity in our experimental system.

Figure 5.   The eZ-value of M. luteus (ATCC 4698). Each value is the average of four 
measured values and error bar represents the standard deviation.
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Bacteria Test media Z (m2/J) UVGI Reference
S. marcescens Air 0.0983a Upper-room Present study

2.2619b

0.0043c

Air 0.089 Upper-room Yang et al. (2012)
Air 0.0433- 

0.0469
Upper-room Beggs et al. (2006)

Air 0.57 Single-pass Ko et al. (2000)
Air 0.35–0.45 Single-pass Peccia et al. (2001)
Air 1.83–2.45 Single-pass Riley et al. (1976)
Air 0.4449 Single-pass Sharp (1940)

S. epider-
midis

Air 0.0586a Upper-room Present study

1.3478b

0.0025c
Air 0.16210 Single-pass VanOsdell and

Foarde (2002)
Air 0.11300 Single-pass Nakamura (1987)

P. alcaligenes Air 0.0476a Upper-room Present study
1.0949b

0.0021c

M. luteus Air 0.0115a Upper-room Present study
0.2645b

0.0005c

Table 1. The UV susceptibility constants (Z) of test bacteria reported in 
references Beggs et al. (2006), Kowalski (2009), Noakes et al. (2004a), 
and Yang et al. (2012).

aCalculated by method: eZ=kuv/IrV, where kuv is the equivalent air-exchange
rate of bacteria inactivated by UR-UVGI, IrV is the average irradiance of irradiated zone.
bCalculated by Beggs et al.’s (2006) method: eZ = kuv/hr/(IrV/hi), where hr is the height 
of room, hi is the height of irradiated zone.
cCalculated by Xu et al.’s (2003) method: eZ = kuv/hi/(IrV/hr).
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3.3. Effects of the ventilation rate on UR-UVGI disinfection

The inactivation of S. marcescens using UR-UVGI has been investi-
gated in our recent study (Yang et al. 2012), wherein the concentration of 
S. marcescens was measured in all three locations on the w = 2.05 m 
plane under a well-mixed ventilation scheme with 2.9 ACH for UR-UVGI 
fixture-off and -on cases. To validate our present numerical method, we uti-
lized the present eZ-value of S. marcescens, which is calculated from Equa-
tion (2), to numerically simulate the identical case in the experiment by Yang 
et al. (2012). The decay rate was obtained from linearly fitted lines of the 
average concentration of the three locations. Figure 6 displays the compari-
son of the kuv value obtained from the experiment in Yang et al. (2012), the 
value predicted in this study, and the value predicted by Yang et al. (2016). 
The results show that the kuv obtained using the present eZ-value is lower 
than the experimental value, while the value obtained in Yang et al. (2016) 
is higher. The error is acceptable and is likely caused by measurement un-
certainty. The sink term in this article considers the difference between the 
exposure time and computational time, while the eZ-value obtained from 
the experiment doses not (Equation (1)). The results also demonstrate the 
challenge to accurately evaluate the exposure time for airborne bacteria ex-
posed to UR-UVGI under turbulence airflow pattern. Although Beggs et 
al. (2006) have presented the relationship between the exposure time and 
computational time, the results are based on plug flow in the room and the 
simple relationship is not appropriate for the actual complex airflow pat-
tern. Therefore, the eZ-value obtained from Beggs’ method is significantly 
higher. Undoubtedly, the kuv obtained with this eZ-value will significantly 
exceed the experimental value. 

Simulations were carried out to investigate the UR-UVGI performance 
with the obtained eZ-values under different ACH cases. The inlet was sim-
ulated as four-way ceiling diffuser and the airflow pattern can be found in 
Figure S2 in the SI. In a well-mixed ventilation scheme, fresh air enters from 
the ceiling diffuser inlet and the airborne bacteria in the room follow the car-
rier fluid and finally flow out of the room through the ceiling outlet. The 
UR-UVGI fixture installed near the ceiling outlet is more likely to inactivate 
bacteria (Yang et al. 2016). Figure S3 in supplementary file shows the bacteria 
residence time (tr) characterized by air age for different ACH cases at t = 720 s. 
It is clear that trdecreases with the increase of ACH. When air velocity is en-
forced, air will easily flow out through the outlet, resulting in a low residence 
time. When the ACH is 6, air wanders and follows the vortex below the 
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center of the diffuser where tr is high. Figures S4 and S5 in the SI show the 
overlapped contours of the concentration of s. marcescens (Cs. marcescens) and 
the inactivation rate (Suv,s. marcescens) at t = 720 s for different ACH cases. As 
described in Equation (4), Suv,s. marcescens denotes the fraction of bacteria inac-
tivated by UR-UVGI per unit time. Cs. marcescens is represented with colors and 
Suv,s. marcescens is represented with black lines and values in Figures S4 and S5. The 
highest value of Suv,s. marcescens is always found in the 3 ACH case (Figures S4a 
and S5a) because the bacteria residence time is high in low ACH cases 
and the value of Suv,s. marcescens decreases with increasing ACH. According-
ly, low Cs. marcescens occurs in the zone where Suv,s. marcescens is high. Although 
the inactivation rate by UVGI is low in high ACH cases, the maximum 
value for Cs. marcescens is low in these cases because the elimination of ven-
tilation has compensated the reduction of Suv,s. marcescens.

Figure 6.   Comparisons of the present simulation and the experiment of Yang et al. 
(2012) and the simulation of Yang et al. (2016). The inactivation rate (kuv) of experiment 
is the difference of the slopes derived from “Ventilation” and “Ventilation + UR-UVGI.” 
Each point value is the average values of location A, B, and C at w = 2.05 m (Figures 5(d) 
and 6(d) in Yang et al. 2012). Error bar represents the standard deviation.
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In Figure S6 in the SI, the horizontal bars display a comparison of Puv, Pv, 
Pd, and Ps for different bacteria at 3, 6, and 10 ACH for the UR-UVGI fixture-
off and -on cases. Puv, Pv, Pd, and Ps are the percentages of bacteria inactivat-
ed by UVGI inactivation, removed by ventilation, subsided by deposition, and 
those still suspended in air, respectively. Their calculations are found using 
Equations (S4) and (S5) in Section S1 in the SI. As shown in Figure S6a, Puv 
decreased in the order of  S. marcescens, S. epidermidis, P. alcaligenes, and 
M. luteus, whereas Pv just increased accordingly. S. marcescens was the easi-
est to be  inactivated by UR-UVGI, whereas M. luteus was the most difficult. 
When the UR-UVGI was switched off with a ventilation rate of 3 ACH (Figure 
S6d), ventilation became the leading removal mechanism and Pv exhibited little 
difference among the tested bacteria. Because the size difference between the 
tested bacteria was insignificant and Pd mainly depended on the gravitational 
settling, Pd did not notably change in either the UR-UVGI fixture-off or -on 
cases. For a given type of bacteria, Puv decreased as the ventilation rate in-
creased; the Puv for S. marcescens was 36.4%, 29.6%, and 24.6% with 3, 6, 
and 10 ACH, respectively. Although Puv was the lowest in the 10 ACH case 
(Figure S6c), Pv compensated for the reduction of Puv, leading to the lowest 
suspended bacteria fraction (Ps) in this case. Figure 7 shows the average con-

Figure 7.   The average concen-
tration of the tested bacteria in 
breathing zone (w ≤ 1.68 m) (Cb) 
with IrV = 0.284 W/m2 for different 
ACHs.
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centration of the tested bacteria in the breathing zone (Cb) for the various 
ACH cases. As shown in the figure, Cb nearly overlapped into a single trend 
line for the different tested bacteria in the UR-UVGI fixture-off cases for 
different ACH conditions. This implied that the average concentration of 
the tested bacteria in the breathing zone (Cb) removed by ventilation was 
identical for all bacteria. This agreed with the observed Pv in the UR-UVGI 
fixture-off case (Figure S6). With 3 ACH, the Cb value of S. marcescens was 
the lowest (approximately 0.25 at 720 s). The instantaneous Cb increased 
because the bacteria eZ-value was augmented during specific ACH cases; 
the increase in the different bacteria lessened when the ventilation rate rises. 

In our simulation model, one of the limitations was that the deposition 
of the rod-shaped airborne bacteria was calculated as the spherically shaped 
bacteria and the natural death rate was not considered. These factors will 
complicate the UR-UVGI disinfection analysis. To simplify these factors, 
we focused on the UR-UVGI disinfection of these airborne bacteria. How-
ever, the disinfection efficiency was different if the natural death rate of 
airborne bacteria was high.

Previous studies have demonstrated that UR-UVGI disinfection under 
a uniform irradiance field was less influenced by the airflow pattern (Xu et 
al. 2003; Yang et al. 2016). Simulations should be conducted with a uni-
form irradiance field. However, in this study, the UR-UVGI fixture required 
fixed settings for the experimental conditions, hence, uniform irradiance 
produced by multiple UR-UVGI fixtures were not performed. For non-uni-
form irradiance fields, the airflow pattern is a key factor that affects the UV 
dose received by bacteria. This subject is an interesting topic for further 
investigation of the UR-UVGI performance with other ventilation schemes, 
such as displacement ventilation and symmetrical airflow pattern.

4. Conclusions

The Z-value obtained from the UR-UVGI experiment is referred 
to as the effective Z-value (eZ-value), which is different from the sin-
gle-pass Z-value (sZ-value). Although the air disinfection capabilities of 
UR-UVGI have been recognized, the eZ-value is not commonly reported 
in the literature. In this study, we selected four types of bacteria that 
are commonly used in laboratory tests. The bacteria’s eZ-values were 
evaluated by performing experiment in a full-scale chamber with one 
UR-UVGI fixture installed on a wall. In the evaluation of the eZ-value, 
the irradiance of the UR-UVGI fixture was predicted with a view fac-
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tor mathematical model and compared with the measured value at first. 
Then, the average irradiance of the irradiated zone was integrated with 
the spatial irradiance of the upper irradiated zone. The eZ-value was 
calculated with the average irradiance of the irradiated zone and the 
experimental inactivation rates. Simulation cases were performed with 
the obtained eZ-values to investigate the UR-UVGI disinfection on the 
tested bacteria under three different rates of ACH: 3, 6, and 10 h−1. 
The drift flux model was modified by considering the difference of the 
exposure time and computational time in the sink term of the bacteria 
transport equations.

The experimental results show that the eZ-values of S. marcescens, 
S. epidermidis, P. alcaligenes, and M. luteus were 0.0983, 0.0586, 
0.0476, and 0.0115 m2/J, respectively. The eZ-values obtained from 
the present UR-UVGI experiment differ from those obtained from the 
single-pass UVGI experiments reported previously. The average irra-
diance is a key parameter for determining the eZ-values. The eZ-values 
calculated by the methods recommended by Beggs et al. (2006) and 
Xu et al. (2003) were also studied. Limited available evidence indicates 
that the eZ-values of one bacterium obtained with an identical defini-
tion of average irradiance in different experiments are similar. To keep 
consistent definition of the eZ-value is importance to make the results 
of different research works comparable. The simulation results in this 
study further show that higher fractions of bacteria can be inactivated 
by UR-UVGI under a low ventilation rate. The average concentration of 
airborne bacteria in the breathing zone (w ≤ 1.68 m) can be significantly 
reduced by the UR-UVGI system under low ventilation rate (3ACH). Fu-
ture development of a comprehensive database of the eZ-values acquired 
from UR-UVGI experiments is critical for the emerging application of 
UR-UVGI systems in airborne pathogen control disinfection.
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S1 Simulation Methodologies

S1.1 Air flow

The Renormalization Group (RNG) k-ε turbulence model was employed 
in this study because it is one of the most reliable models for simulating air 
flow in full-scale indoor environments (Chen, 1995; Mui et al., 2009; Yang et 
al., 2016). The fraction of bacteria was sufficiently small; hence, airflow was 
independent of bacteria movement. Enhanced wall treatment was applied for 
near-wall treatment because the maximal y+ was 8.4 in this simulation. The 
boundary conditions were identical to those in our recent study; the settings 
can be found elsewhere (Yang et al., 2016). The inlet boundary condition was 
set with the velocity magnitude and direction, respectively. The velocity mag-
nitude was calculated from the ACH and the direction was set to 45° in four 
sector regions. The outlet boundary condition was set to zero diffusion flux. 
No-slip condition was applied for all solid wall boundary conditions. 

S1.2 Transport of airborne bacteria

The drift flux model based on the Eulerian approach was developed to 
numerically describe the transport of airborne bacteria in the indoor environ-
ment (Murakami et al., 1992). It has been adopted and modified to model the 
airborne bacteria inactivation by UR-UVGI (Yang et al., 2012; Yang et al., 
2016). The transport equations considering the removal mechanisms as tur-
bulence diffusion, the deposition rate and the UVGI inactivation of airborne 
microorganisms can be written as:

              ( ) ( ), , ,s,iu vi
i i p i i d i uv i

C C D C S S
t

ε∂   +∇ ⋅ + = ∇ ⋅ + ∇ + +   ∂
    (S1)

where Ci is the concentration of bacteria i, vs,i is the airborne bacteria settling 
velocity, εp,i is the airborne bacteria eddy diffusivity, Di is the Brownian dif-
fusion coefficient, and Sd,i is the sink term for the deposition of bacteria i and 
it is expressed as:
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, w,
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where the summation in parentheses is over all wall faces of the first layer 
grids near the wall; vd,i is the local deposition velocity, which was evaluated 
using the method suggested by Lai and Nazaroff (2000); Aw is the face nor-
mal vector; Vcell,i is the grid cell volume; and Cw,i is the local concentration 
of the near-wall cell. Suv,i is the sink term for the bacteria i inactivation of 
UVGI and is expressed as Eq. (4) in manuscript. The boundary conditions 
of Eq. (S1) are non-diffusive fluxes in the outlet and wall boundary for all 
tested bacteria. Fresh air (Ci=0.0 CFU/m3) enters from the ceiling inlet. The 
deposition of bacteria onto the wall surface has been included in the depo-
sition sink term (Eq. (S2)).

In this study, the fraction of bacteria is low enough that airflow pattern 
is independent of the bacteria movement. Hence, the residence time of air is 
equal to the time bacteria remains in the room. The air age equation can be 
described as (Li et al., 2003; Sandberg and Sjöberg, 1983):   

                   
                       ( ) [ ]ua r

a r eff r a

t
t t

t
ρ

ρ µ ρ
∂

 +∇ ⋅ = ∇ ⋅ ∇ + ∂
                      (S3)

where tr is the bacteria residence time in the ventilated room, μeff is the ef-
fective viscosity, ρa is the air density, tr is zero in the inlet boundary and is a 
non-diffusive flux in the outlet and wall boundary.

The percentage of bacteria disinfected or removed by different mecha-
nisms is defined in Yang et al. (2012) and summarized as:

                        0

0

100%

it

V

d dt
P

C dV
γ

η

ϕ ζ
= ×
∫ ∫

∫                                              

(S4)

where ti is the integral time (720 s in this study), V is the chamber volume, η 
denotes the disinfection or removal mechanisms, γ is the field of integration, 
ζ is the variable of integration and φ is the quantity of airborne bacteria that 
was disinfected or removed by different mechanisms per unit time. The ex-
pressions for η and φ are shown in Table S1.



157

GIULIANO REGONESI  Upper room ultraviolet germicidial irradiation. Collection of studies

η φ γ ζ Mechanism
uv -Suv,i Vr V UV disinfection

v voCo,i Ao A Ventilation
d -Sd,i Vr V Deposition

Note: uv, v and d are the abbreviation of ultraviolet, ventilation and depo-
sition, respectively. Suv,i is the UV inactivation sink term of bacteria transport 
equation (Eq. (S1)) and it is expressed as Eq. (4) in manuscript, vo is velocity 
at the outlet, Co,i is the concentration of bacteria i in the first grid cell near the 
outlet, Sd,i is the sink term of deposition in bacteria transport equation (Eq. 
(S1)) and is expressed as Eq. (S2), Ci is the spatial concentration of bacteria i, 
γ represents the field of integration, ζ is the variable of the integration for Eq. 
(S4), Vr is the volume of room, Ao is the outlet area, V is volume and A is area.       

                      
The real-time percentage of suspended bacteria (Ps) in the chamber room 

is defined in Yang et al. (2012) and is calculated as
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The average bacteria concentration in the breathing zone was calculated 
for the room volume under the 1.68 m breathing level (Yang et al., 2016):  
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where Cb is the average bacteria concentration in the breathing zone and Vb is 
the room volume below the breathing level (w ≤ 1.68m in this study).

Table S1. The variables of Eq. (S4).
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S1.3 Numerical procedure

The bacteria transport equations were defined as scalar equation. The view 
factor mathematical model, the bacteria transport equations (Eq. (S1)) and the 
bacteria residence time equation (Eq. (S3)) were coded into the commercial 
CFD software ANSYS FLUENT version 14.0 through user-defined subrou-
tines. The PISO algorithm was employed to decouple the pressure and 
velocity fields. The body force weighted scheme was applied for pres-
sure interpolation and the second-order upwind scheme was used to dis-
cretize the convective terms of the transport equations (except the bac-
teria transport equations, were discretized with QUICK scheme). In the 
simulation, the steady flow field was obtained by first solving the fluid 
equations. Next, the irradiance was calculated and stored in the grid cell 
memory before solving the bacteria transport equations, and a uniformly 
spatial concentration was initially set in the computational zone at this 
stage. Finally, the airborne bacteria transport equations (Eq. (S1)) and 
the air age equation (Eq. (S3)) were simultaneously solved with the fluid 
equations when the airflow reached steady state. The partial derivative of 
tr,uv was calculated with tr in the irradiated zone at the end of each time 
step and the values was stored in the grid cell to solve for the UVGI sink 
term (Eq. (4) in manuscript) in the subsequent time step. The UR-UV-
GI fixture-off cases were resolved synchronously with the corresponding 
UR-UVGI fixture-on cases without considering the UVGI sink term in the 
bacteria transport equations. The time step was set to 0.1 s when solving 
the equations. The bacteria transport equations were solved in 720 s. The 
volumes of rod-shaped bacteria (S. marcescens and P. alcaligenes) were 
calculated initially with the cylinder volume formula. Then, spherical 
shape was assumed for all tested bacteria and their diameters were calcu-
lated from their volumes. The diameters for S. marcescens, P. alcaligenes, 
M. luteus and S. epidermidis used in this study are 0.8μm, 0.8μm, 0.7μm 
and 0.9μm, respectively. Their densities were assumed to be 1000 kg/m3. 
Non-uniform structure grid and grid-independent tests were performed 
with 512,400 and 988,320 grid cells, respectively. The difference from 
the predicted Cb that was obtained with both types of grids was less than 
5%. Therefore, the simulation using 512,400 grid cells was selected for all 
simulation cases to save computational time and resources. 
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Figure S1.   The comparison of the measured and predicted irradiance (Ir) of 
UR-UVGI fixture used in experiment at w=2.05 m plane.

(a) 3 ACH (b) 6 ACH



160

GIULIANO REGONESIGIULIANO REGONESI    Upper room ultraviolet germicidial irradiation. Collection of studiesUpper room ultraviolet germicidial irradiation. Collection of studies

(c) 10 ACH

(a) 3 ACH (b) 6 ACH

(c) 10 ACH

Figure S2.   The contour of air veloci-
ty (v) in the center plane ( x=1.125 m) for 
three ACHs.

Figure S3.  The contour of the bacteria 
residence time (tr) in the room in the center 
plane (x=1.125 m) for t=720 s.
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(a) 3 ACH (b) 6 ACH

(c) 10 ACH

Figure S4.  The contour of the concentra-
tion of s.marcescens (Cs. marcescens ) represented 
with colors and the contour of the inactivation 
rate per unit time (Suv,s. marcescens) represented 
with black lines and values in the center plane 
(x=1.125 m) for t=720 s.

(a) 3 ACH (b) 6 ACH
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(c) 10 ACH

Figure S5. The contour of the concentra-
tion of s. marcescens (Cs. marcescens ) represented 
with colors and the contour of the inactivation 
rate per unit time (Suv,s. marcescens) represented with 
black lines and values at w=2.05 m plane for 
t=720 s.

Figure S6. The comparison of the percentage of bacteria suspended in air (Ps), 
removed by ventilation (Pv), inactivated by UR-UVGI (Puv) and removed by deposition 
(Pd) for different tested bacteria and ACHs after t=720 s.
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In this study, we explored the efficacy of upper-room ultraviolet 
germicidal irradiation (UVGI) in reducing the concentration of Serratia 
marcescens and Mycobacterium bovis bacille CalmetteGuérin (BCG) 
aerosols in an enclosed space. We constructed a facility (4.5 m × 3 m × 
2.9 m) in which both ceiling- and wall-mounted UV fixtures (UV out-
put: 10W and 5W respectively) were installed. The use of ceiling- and 
wall-mounted UV fixtures (total UV output: 15W) without mixing fan 
reduced the concentration of S. marcescens aerosols by 46% (range: 
22–80%) at 2 air changes per hour (ACH) and 53% (range: 40–68%) at 
6 ACH. The use of ceiling- and wallmounted UV fixtures with mixing 
fan increased the UV effectiveness in inactivating S. marcescens aero-
sols to 62% (range: 50–78%) at 2 ACH and to 86% (81–89%) at 6 ACH. 
For BCG aerosols, UV effectiveness in inactivating BCG aerosols at 6 
ACH were 52% (range: 11–69%) by ceilingmounted UV fixture only 
(total UV output: 10W) and 64% (51–83%) by both ceiling- and wall-
mounted UV fixtures (total UV output: 15W). Our results indicated that 
the equivalent ventilation rate attributable to upper-room UVGI for 
BCG aerosols ranged from 1 ACH to 22 ACH for ceiling-mounted UV 
fixtures and from 6.4 ACH to 28.5 ACH for ceiling- and wall-mount-
ed UV fixtures. Both generalized linear and generalized additive mod-
els were fitted to all our data. The regression results indicated that the 
number of UV fixtures, use of mixing fan, and air exchange rate sig-
nificantly affected UV effectiveness (p < 0.01, 0.01, 0.01 respectively). 
However, the strain difference (S. marcescens vs. BCG) appeared less 
important in UV effectiveness (p = 0.26). Our results also indicated that 
UV effectiveness increased at higher temperature (p < 0.01), lower dry-
bulb temperature (p = 0.21), and colder air from a supply grill located 
near the ceiling (p = 0.22). Key words: aerosols, BCG, Mycobacterium 
tuberculosis, Serratia marcescens, TB, UV. Environ Health Perspect 
110:95–101 (2002). [Online 19 December 2001] http://ehpnet1.niehs.
nih.gov/docs/2002/110p95-101ko/abstract.html
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The recent resurgence and current epidemics of tuberculosis (TB) in 
many developed countries have focused attention on transmission in high-risk 
settings1–3. The prevalence of human immunodeficiency virus infection, the 
high case fatality rate of multidrug-resistant TB especially among AIDS pa-
tients, and transmission from unsuspected TB patients support the importance 
of environmental control measures in high-risk settings4–6. Ultraviolet germi-
cidal irradiation (UVGI) that occurs in the upper portion of air in a room has 
been considered an environmental control measure that could economically 
reduce exposure to Mycobacterium tuberculosis (MTB) droplet nuclei7,8. For 
this approach, air above people’s heads (usually higher than 2.1 m) is subject 
to 254 nm germicidal ultraviolet C (UVC), whereas lower-room air, where 
people actually stay and breathe, is not irradiated. A large volume of air can 
be disinfected without overexposing people to UVC. Currently, upper-room 
UVGI is recom-mended by the Centers for Disease Control and Prevention as 
a supplemental approach for preventing transmission of TB9. 

Three factors are important in the effi- cacy of upper-room UVGI: the 
upper-room disinfection rate, air volume ratio for the irradiated upper room 
and the nonirradiated lower room, and the air mixing rate between the upper 
and lower room10. The disinfection rate in the upper room depends on UV 
dose and UV susceptibility of the microorganism. UV dose is the product 
of UV irradiance and exposure time11. Susceptibility of microorganisms to 
UV depends on the complexity of the microorganism’s structure, its repair-
ability, and its general sensitivity12. As the UV dose becomes higher and mi-
crobial susceptibility to UVGI increases, the efficacy of upper-room UVGI 
increases. The desirable scenario is to maintain the maximum amount of 
UV irradiance in the upper part of the room while minimizing people’s ex-
posure to UVC in the lower part of the room. The American Conference of 
Governmental Industrial Hygienists currently recommends that measured 
UV irradiance in the lower room should be ≤ 6 mJ/cm2 (0.2 μW/cm2) for 8 
hr exposure13. The current criterion for installing upper-room UVGI is one 
30- W (input) lamp or two 15-W lamps for each 200 square feet (19 m2) 
of floor area14–16. A 30-W lamp for every seven occupants has been recom-
mended for crowded conditions. 

The mixing rate between air in the upper and the lower part of the room 
is also important in the efficacy of upper-room UVGI17. This air mixing oc-
curs mainly by convection caused by a vertical temperature gradient in non-
mechanically ventilated rooms. When a room has a mechanical ventilation 
system, ventilation type and locations of supply and exhaust also play import-
ant roles in vertical air mixing. The presence of a mixing fan (or ceiling fan) 
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also affects vertical air mixing. The volume of upper-room irradiated air and 
lower room nonirradiated air depends on the room dimensions (especially 
ceiling height), the type and number of UV fixtures, and reflection character-
istics of room surfaces18,19. 

Several different types (ceiling-mounted, wall-mounted, and cor-
ner-mounted) of UV fixtures are commercially available for upper- room 
air irradiation10,19. Typical ceiling- mounted fixtures are vertical tubes with 
disk-shaped louvers that confine emission to a horizontal direction and irra-
diate throughout all 360 degrees. Another type of ceiling- mounted fixture is 
the open-tube fixture with upward-facing flanges that block downward radi-
ation. Because this type of UV fixture radiates upward through 180 degrees, 
reflection from the ceiling should be considered. Wall-mounted fixtures 
have parallel louvers that are usually coated with a nonreflective material19. 
These parallel louvers can block downward radiation and confine emission 
to a horizontal direction. Louvered wall fixtures are equipped with a rear- 
mounted, polished aluminum parabolic reflector to focus lamp emissions 
and to maximize irradiation. 

Although several studies have reported the efficacy of upper-room UVGI 
in inactivating airborne microorganisms17,20–23, data with Mycobacterium are 
very limited14,24. Only one study has characterized the currently available lou-
vered UV fixtures using Mycobacterium parafortuitum24. One of limitations 
in that study is that the susceptibility of M. parafortuitum to UV has not been 
compared to that of virulent MTB, so extrapolation to efficiency in controlling 
MTB aerosols is problematic. In fact, there is broad variability among Myco-
bacterium species with respect to UV susceptibility. For example, M. phlei is 
apparently 6–10 times more resistant to UV than is MTB14. Another important 
limitation is that Mycobacterium aerosols were suspended in distilled wa-
ter24, a very different condition from that of bacterial aerosols released from 
the human respiratory tract. Suspending medium for aerosols greatly affects 
both bacterial survival in air and UV susceptibility of airborne bacteria25,26. 
Therefore, suspending media for studying microbial aerosols must simulate 
the real- world aerosols as closely as possible. In this study, we used com-
mercially available UV units. We characterized the effect of air exchange rate 
and air mixing on the efficacy of upper room UVGI with Serratia marcescens 
aerosols in simulated saliva [10% fetal calf serum (FCS)] with and without 
upper-room UVGI. We used M. bovis bacilli Calmette-Guérin (BCG) as a sur-
rogate for virulent MTB. BCG has been extensively compared to MTB and is 
reported to have the same UV susceptibility as virulent MTB 14. Finally, we 
used 10% FCS as a surrogate for saliva. 
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Materials and Methods 

Bacterial culture methods and preparation of cell stocks. We obtained 
S. marcescens and BCG from American Type Culture Collection (ATCC 
8195 and ATCC 35737, respectively; ATCC, Manassas, VA).We maintained 
S. marcescens on nutrient agar slants (DIFCO, Detroit, MI) at room tempera-
ture. A loopful of cells was inoculated into 100 mL nutrient broth and cul-
tured at 25°C for 24 hr with agitation (200 rpm). We placed each milliliter of 
cultured cells in a 1.5 mL Eppendorf tube (Fisher Scientific, Pittsburgh, PA), 
washed it with 1 mL phosphate-buffered saline (PBS) (pH = 7.4) twice, and 
harvested it by centrifugation at 1,500 rpm for 10 min. Harvested cells were 
stored at –70°C for later experiments. Several of these cell aliquots were sam-
pled, serially diluted, and cultured on nutrient agar to appropriate dilutions for 
aerosolization. We suspended two cell pellets in 150 mL PBS to a cell con- 
centration of approximately 106 colonyforming units (CFU) per milliliter. We 
added FCS (DIFCO) to a final concentra- tion of 10% to simulate the protein 
concen- tration of saliva (3.5 mg/mL)27. 

We maintained the BCG strain on Lowenstein-Jensen agar (Remel, 
Lenexa, KS) plates at 37°C. A loopful of cells was inoculated into 500 mL 
of Middlebrook broth (DIFCO) containing 0.02% Tween 80, and cultured 
at 37°C for 3–4 weeks with gentle agitation (100 rpm). We harvested cul-
tured cells by centrifugation at 1,500 rpm for 10 min, suspended them in 
50 mL PBS, and homogenized them using a tissue grinder to break up large 
clumps. We filtered homogenates using 5 μm cellulose nitrate membrane fil-
ters (Whatman, Maidstone, England) to remove remaining cell clumps. We 
harvested filtered cell suspensions and resuspended them in 30 mL PBS. Each 
milliliter of 30-mL cell suspension was allocated into a 1.5 mL Eppendorf 
tube, washed with 1 mL PBS twice, and harvested by centrifugation at 1,500 
rpm for 10 min. We stored harvested cells at –70°C for later experi- ments. 
For aerosolization, we prepared cell suspensions in the same way as de-
scribed above for S. marcescens, and we adjusted cell concentration to ap-
proximately 105 CFU/mL with 10% FCS. The 6-jet Collison nebulizer (BGI, 
Waltham, MA) was initially loaded with about 70 mL of cell suspension, 
and the remaining cell suspension was stored at 4°C during the experiment. 
We added suspension to the nebulizer every 45 min to maintain a constant 
aerosolization rate. 

We loaded either nutrient agar or Middlebook agar plates into a six-stage 
Andersen culture plate impactor (Andersen Sampler Inc., Atlanta, GA) for the 
experiments with S. marcescens or BCG respectively. We counted colonies 
after incubation for 48 hr at room temperature for S. marcescens and for 3 
weeks at 37°C for BCG. 
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Description of the experimental facility. The facility was built on the 
roof of a fourstory building in an urban setting in Boston at an elevation of 
about 19 m from the ground (Figure 1). The size of the facility is 15.6 m2 (5.2 
m × 3 m) with a ceiling height of 2.9 m. It contains an experimental chamber 
(4.5m×3m) and an anteroom (0.7m × 3 m) separated by a partition and an in-
terior door. Interior wall and ceiling surfaces are finished with vinyl-covered 
sheetrock, and the floor is a composite. The facility has an exterior door to 
the anteroom and three double insulated glazed windows. The interior door 
separating the anteroom from the chamber was sealed with vinyl tape during 
the experiments. The chamber is ventilated through an upper-room supply 
grill and a lower-room air exhaust grill, both fitted with HEPA filters to pre-
vent microbiologic contamination of the supply air and to prevent release of 
microbiologic agents into the exhaust air. The mechanical ventilation rate was 
adjusted by a damper located in the exhaust duct to approximately 49 ft3/m 
for 2 air changes per hour (ACH) or 147 ft3/m for 6 ACH. We measured the 
air exchange rate in the exhaust duct using a hot wire anemometer (Model 
8360; TSI Inc., St. Paul, MN) and checked it using the decay rate of a tracer 
gas (sulfur hexafluoride). 

Figure 1. Diagram of experimental room chamber. a, ceiling-mounted UV fixture; b, 
wall-mounted UV fixture; c, aerosol generator; d, box fan; e, air supply grill; f, air exhaust 
grill; g, sampling device; h, windows.
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The chamber is essentially airtight, and the air exchange rate estimated 
by mechanical ventilation was almost identical to the decay of tracer gas. The 
room is maintained under negative pressure compared with the ante- room 
and outdoors using a balance of supply and exhaust air, and was checked by 
smoke test. The negative pressure was always monitored during experiments 
by manometer. During experiments, temperature and rela- tive humidity (RH) 
in the room chamber were continuously monitored in front of the exhaust 
duct by an electrical sensor (Model Humeter 50Y; VAISALA, Woburn, MA). 
We did not measure the temperature or the ratio of the partial pressure of the 
water vapor to the saturation vapor pressure for the same RH as the supply 
air during the experiments. Because untreated outdoor air was introduced di-
rectly into the room through the HEPA filter, air temperatures inside reflected 
those outdoors. We estimated the temperature and RH of supply air with both 
hourly local climatologic data from the National Oceanic and Atmospheric 
Administration28 and Boston center urban data from Massachusetts Depart-
ment of Environmental Protection-Div A29. These two data sets were not sig-
nificantly different. A 20-in box fan (Cyclone model number 3510; Lasko, 
Franklin, TN) was located in the center of the room chamber. 

Aerosol generation and sampling devices. Aerosols were generated by 
a 6-jet Collison nebulizer (Model CN-38; BGI). The nebulizer was located 
outside the test room chamber, and the aerosols were introduced to the center 
of the chamber through a permanently installed stainless steel pipe. A multi- 
perforated stainless steel hollow sphere was connected to the end of the steel 
pipe, thereby projecting condensation in nucleilike particles more or less uni-
formly throughout the chamber. A diagram of the aerosol generation device 
appears in Figure 2A. Particle deposition in this aerosol supply line (approx-
imately 1.5 m length) is expected to be negligible compared to the number of 
cells aerosolized (< 1%)30. 

The sampling line through which we collected all samples penetrated an 
exterior wall and was sealed airtight to the structure at the point of entry and 
the inner wall surface. A sampling line was permanently installed at the ex-
haust grill through sampling ports, and all other parts of the sampling devices 
were located outside the chamber. An outer tube was sealed airtight to the 
inner and outer facility walls. An inner tube, approximately 1.5 m long, had 
O-ring seals attached at appropriate intervals to assure that two O-rings were 
always inside the outer tube, providing a double seal between the facility in-
terior and exterior. 
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The sampling line was fit with a 6-stage Andersen culture plate impactor 
(Andersen, Inc., Atlanta, GA) and other sampling devices (BGI) as present-
ed in Figure 2B. The discharge of the sampler was fit with flat HEPA filter 
material to remove microorganisms not recovered by the Andersen sampler. 
A high static pressure pump was connected to the sampling device at the 
downstream end and provided the desired sampling rate, which we monitored 
by both a venturi meter and a rotameter. Loss of bacterial aerosols during 
transport through the sampling line is expected to be negligible30. 

UV irradiance and fixtures. We installed commercially available 
(wall-mounted and ceiling-mounted) UVGI fixtures inside the room. The 
wall-mounted UV fixture (Model 40-1080A; Atlantic Ultraviolet Corp., 
Bay Shore, NY) contains one 23-W UV lamp (UV output: 5 W). The ceil-
ing-mounted UV fixture (Model PMCUGI-4PL; Lumalier, Memphis, TN) 
contains four 9-W UV lamps (Total UV output: 10 W). Both types of UV 
fixtures have low-pressure mercury discharge lamps and louvers producing 
a narrow verti- cally collimated beam. The ceiling-mounted UV fixture was 
suspended from the center of the chamber with the bottom of the fixture at a 
height of 2.3 m from the floor. The wall-mounted UV fixture was placed on a 
shelf located at a height of 2.1 m. Following the manufacturers’ recommenda-
tions, we operated both UV fixtures for 100 hr to allow an adequate break-in 
period before experiments began. 

We measured the distribution of UV irradiation for the UV fixtures by 
radiometer (Model SEL240 3660; International Light, Inc., Newburyport, 

Figure 2. . Diagram of aerosol generating and sampling devices. (A) Aerosol generating device; 
a, pressured air line; b, pressure gauge and regulator; c, polycarbonate filter; d, valve; e, collison 
nebulizer; f, diffuser; g, pipe line. (B) Sampling device; a, outer tube; b, inner tube; c, O-ring; d, 
pressured air; e, purge line; f, valve; g, Andersen sampler; h, flat HEPA filter; i, venturi meter; j, ma-
nometer; k, vacuum pump; l, rotameter.
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MA). We mapped UV irradiation by measuring at graduated distances and 
angles from the horizontal and vertical centerlines of the fixtures before the 
initial experiment. We monitored UV irradiance from the anteroom through a 
small hole covered with a fused silica plate located between the experimental 
chamber and the anteroom during the experiments. We assessed offsets be-
tween measurements through the peep hole and room UV irradi- ance in the 
upper room. 

Experimental procedure for measuring the efficacy of upper-room 
UVGI. The mechanical ventilation rate (ACH) was set up at least one day 
before the experiments. S. marcescens or BCG cells were aerosolized by 6-jet 
Collison nebulizer, which generated a 2 μm mass median particle diameter31. 
Air pressure for the nebulizer was maintained at 138 kPa (20 lb/in2). Bacte-
rial aerosols were generated at a rate of 1.5 × 106 CFU/min and introduced 
into the room chamber as described above. Air containing the microorganism 
aerosols was pulled from the chamber into the sampling line at a flow rate of 
1 ft3/m and then into the Andersen culture plate impactor. We determined the 
concentration of airborne culturable microorganisms from the total volume 
of sampled air and the number of resulting colonies. Because most sampled 
cells (> 90%) were recovered on the third to fifth stages of the Andersen sam-
pler, corresponding to a range of 1.1–4.7 μm, and because particles in this 
size range present the greatest risk for airborne infection, we loaded only the 
second and fifth stages with agar plates to measure the efficacy of upper-room 
UVGI; the range of particle size recovered from fifth stage (1.1–4.7 μm) was 
the focus of our interest. 

We tested the efficacy of upper-room UV irradiation in inactivating 
airborne microorganisms in a steady-state condition. As a pilot study, we 
aerosolized S. marcescens into the room chamber and took a series of 
4-min samples (at 10, 20, 30, 40, 50, 60, 75, and 90 min) after aerosol gen-
eration began (time = 0) to determine the time required to reach a steady 
state at 6 ACH. The concentrations of airborne S. marcescens rapidly in-
creased until 20 min after aerosol generation began and were relatively 
constant thereafter. We also determined the time to reach reduced concen-
trations after turning on the upper-room UVGI lamps. The concentration 
of airborne S. marcescens rapidly decreased until 30 min after the UV 
exposure began and remained relatively constant thereafter. Estimation 
based on box models indicated that approximately 30 mins (at 6 ACH) 
or 90 min (at 2 ACH) would be needed to reach more than 95% of the 
steady-state concentration. The results from S. marcescens experiments 
reasonably coincided with the box model estimates. 
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We also tested the effect of air exchange rate and mixing fan on the efficacy 
of upper-room UVGI with S. marcescens. We measured concentrations of air-
borne microorganisms with and without upper- room UVGI at two air exchange 
rates (2 ACH and 6 ACH) with both ceiling- and wall-mounted UV fixtures in-
dividually or together. We measured concentrations of S. marcescens aerosols 
with and without mix- ing fans with and without upper-room UVGI (ceiling- and 
wall-mounted UV fix- tures) at 6 ACH. We measured the efficacy of upper-room 
UVGI in inactivating BCG aerosols without the mixing fan at 6 ACH with both 
ceiling-mounted and combined ceiling- and wall-mounted UV fixtures.  

One unshaded window and a lighting system, typical of conditions in pa-
tient rooms, were present constantly throughout the experiments. Because visible 
light may cause photoreactivation of UV-damaged microorganisms, we stored 
collected samples in a dark box, blocked from visible light. We repeated each 
experimental condition from once to five times on the same day. We used a posi-
tive hole conversion to estimate the probable number of affected microorganisms 
from recovered CFU32. 

Data analysis. The effect of UV irradiation was expressed either as percent 
UV effectiveness or equivalent ventilation rate attributable to upper-room UVGI. 
We calculated percent UV effectiveness as 100 x (1 – Cuv/Co) and calculated 
equivalent ventilation rates using Equation 1: 

                  Kuv = Ko (Co/Cuv – 1),                                            (1) 
  

where Cuv and Co represent the concentration of airborne culturable microor-
ganisms with and without upper-room UVGI, respectively. Kuv represents 
equivalent ventilation rate (ACH) attributable to upper- room UVGI; Ko rep-
resents ventilation rate (ACH) without upper-room UVGI. 

We performed two statistical analyses [generalized liner model (GLM) and 
generalized additive model (GAM)] to find the relation between UV effective-
ness and other parameters. Microorganism strain type, use of a fan, ACH, and the 
number of UV fixtures were categorized and incorporated into both the GLM and 
GAM by an indicator variable. In the GLM, we assumed that environmental fac-
tors (temperature, RH, and temperature gradient between exhaust and supply air) 
were linearly related to UV effectiveness. The GAM does not have any assump-
tions of a linear relationship between environmental factors and UV effective-
ness. We used LOWESS—a nonparametric smoothing technique that employs a 
running regression with a weight declining as the cube of the distance from the 
center of the neighborhood—to examine UV effectiveness as a function of our 
predictors (S-plus Version 4.5; Mathsoft Inc., Seattle, WA). 
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Results 

Percent recoveries and particle size distribution. Percent recoveries of 
total cells aerosolized by nebulizer ranged from 5% to 28% for S. marcescens 
and from 21% to 25% for BCG. Average number of S. marcescens colonies 
counted on stages 1, 2, 3, 4, 5, and 6 were 1, 1, 7, 64, 144, and 3, respectively. 
For BCG, the numbers were 2, 1, 12, 175, 681,and 85 on stages 1,2,3,4,5, 
and 6, respectively. Particle size distributions of recovered CFU from each 
stage of the Andersen sampler are > 7 μm, 4.7–7 μm, 3.3–4.7 μm, 2.1–3.3 
μm, 1.1–2.1 μm, and 0.65–1.1 μm for stages 1, 2, 3, 4, 5, and 6, respectively. 
More than 90% of recovered cells were from stages 3, 4, and 5 of the An-
dersen sampler for all experiments, representing an aerodynamic diameter 
range from 1.1 to 4.7 μm. Count median diameter for S. marcescens and BCG 
aerosols were approximately 1.6 and 1.3 μm, respectively. The RH inside the 
room chamber was 46–64% for S. marcescens and 64–70% for BCG. 

The effect of ACH and mixing fan on UV effectiveness (with S. mar-
cescens). The number of CFU without upper-room UVGI was 4±6 (mean 
± SD) on stage 2 and 207± 204 (mean ± SD) on stage 5. With upper- room 
UVGI on, CFU counts were 2 ± 4 and 94 ± 161 on stages 2 and 5, respec-
tively. We calculated UV effectiveness from stage 5 colony counts only. The 
experimental results with S. marcescens aerosols are summarized in Table 1. 
Average UV effectiveness in inactivating S. marcescens aerosols was 46% 
(range: 22–80%) at 2 ACH and 53% (range: 40–68%) at 6 ACH with both 
ceiling- and wall-mounted UV fixtures and without the mixing fan. When the 
mixing fan was on, the effectiveness of upper-room UVGI increased to 62% 
(range: 50–78%) at 2 ACH and 86% (range: 81–89%) at 6 ACH (Figure 3). 

The efficacy of upper-room UVGI with BCG. The experimental results 
with BCG aerosols are summarized in Table 2 and Figure 4. The number of 
CFUs without upper-room UVGI was 1 ± 1 (mean ± SD) on stage 2 and 146 
± 50(mean ± SD) on stage 5. With upper-room UVGI on, CFU countswere 
0±0 and 70 ± 35 on stages 2 and 5, respectively. UV effectiveness calculated 
from stage 5 colony counts at 6 ACH was 52% (range: 11–69%) with a ceil-
ing- mounted UV fixture only and 64% (range: 51–83%) with both ceiling- 
and wall- mounted UV fixtures. Equivalent ventilation rates attributable to 
upper-room UVGI were 9.8 ± 6.4 ACH for the ceiling-mounted UV fixture, 
and 11.7 ± 7.1 ACH for both ceiling- and wall-mounted UV fixtures. 

The regression models. Table 3 shows the GLM results. The number of 
UV fixtures (p < 0.01), ACH (p = 0.01), and use of mixing fan (p < 0.01) were 
significantly associated with UV effectiveness. However, the type of micro-
organism (S. marcescens vs. BCG; p = 0.36), RH (p = 0.64), and temperature 
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gradient (exhaust air–supply air) (p = 0.27) are not significantly associated with 
UV effectiveness. UV effectiveness increased at higher temperature (p < 0.01) 
(Table 3). Multiple R2 of the GLM is 0.54. Figure 5 shows the nonparamet-
ric smoothed curve of UV effectiveness versus temperature gradient (exhaust 
air–supply air), temperature, and RH from the GAM results. Better UV effec-
tiveness occurred at higher temperatures. RH did not consistently affect UV 
effectiveness. Higher UV effectiveness occurred when cooler air was intro-
duced into the room from the supply air grill. Nonparametric trends were 
significant for temperature difference between supply and exhaust air 
(p < 0.01), and RH (p = 0.05) but not for temperature (p = 0.56) in the 
GAM. Overall, results were similar. 

Type 
of  UV 
fixture

 Mechanical 
ventilation

(ACH)

 Mixing 
fan

Temperature
(°C)a

RH (%) UV
Effectivenessb

Equivalent
ventilation

ratec

C 
(n=4)

6.1 No 17-18
(13-15)

27-30
(35-37)

65 ± 11 12.8  ± 6.9

C and W
(n=4)

6.0 No 4-8
(3-6)

30-41
(35-41)

53 ± 15  7.6 ± 4.3

C and W
(n=1)

6.0 Yes 4-8
(3-6)

30-41
(35-41)

 88  45.4

C and W
(n=5)

6.0 Yes  8–9
(12-17)

31-52
(31-40)

 84 ± 3  36.6 ± 9.8

C and W
(n=4)

2.1 No 20
(21-25)

64
(48-61)

55  ± 30 4.1  ± 3.8

C and W
(n=2)

2.0 No 6=12
(5-11)

44-52
(47-51)

20  ± 2 0.8 ± 0.0

C and W
(n=4)

2.0 Yes 6-12
(5-11)

44-52
(47-51)

 62 ± 12  3.8 ± 2.3

Abbreviations: C, Ceiling-mounted UV fixture containing four 9-W UV lamps; 
W, Wall-mounted UV fixture containing one 23-W UV lamp.

aTemperature or RH at the exhaust grill (temperature or RH at the supply grill). 
bUV effectiveness (%) = 100 × (1 – Cuv/Co), where Cuv and Co are concentrations 

(or recovered CFU) with and without upper-room UVGI, respectively. 
cAdditionall sanitary ACH attributable to upper-room UVGI. Equivalent 

ventilation rate = A × (Co/Cuv –1), where A is ventilation rate without upper-room 
UVGI (ACH) and Cuv and Co are concentrations (or recovered CFU) with and 
without upper-room UVGI respectively. 

Table 1. Summary of the experimental data on the efficacy of upper-room 
UVGI for inactivating S. marcescens aerosols.
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Discussion 

We have confirmed that upper-room UVGI can significantly reduce the 
concentration of culturable S. marcescens and BCG aerosols in the lower 
room. Our findings and past studies with Mycobacterium sp. are summarized 
in Table 414,24. First, fixture outputs in Table 4 are less than the total UV out-
put because of luminaire inefficiency (the ratio of luminous flux emitted from 
the fixture to that emitted by the lamps), which depends on the fixture type33. 
Our data showed a lower UV effectiveness than those of the two past studies 
14,24. Some difference in UV effectiveness may be caused by differences in 
microbiologic factors (species, suspending medium, physiologic condition), 
UV factors (irradiance level, distribution), room factors (air mixing, volume 
ratio of irradiated upper-room to nonirradiated lower-room), or environmen-
tal factors (temperature and RH) or a combination of these. We used 10% 
FCS in the suspending medium to simulate saliva conditions, whereas previ-
ous studies14,24 used 0.2% bovine serum albumin or distilled water. Past study 
indicated that UV susceptibility of airborne bacteria depends greatly on the 
suspending medium25. Proteins coating cell surfaces could protect airborne 
cells from harmful UV light and other environmental stresses. Therefore, to 
properly characterize UV sensitivity of Mycobacterium aerosols in experi- 
mental settings, suspending medium needs to simulate the condition of aero-
sols released from TB patients. 

Second, we did not use a mixing fan for our BCG experiments. Our 
mixing fan experiments with S. marcescens indicated an increased UV ef-
ficiency of 63% at 6 ACH. Third, different UV fixture type and ratio of UV 
output to room size would affect the efficacy of upper-room UVGI. We used 
louvered UV fixtures, whereas Riley’s study14 used open tube UV fixtures 
without louvers. Given the same UV output, louvered UV fixtures produce 15 
times less than those without the louvers20. Thus, this factor alone could ac-
count for the observed differences in UV effectiveness. However, unlouvered 
fixtures are impractical in occupied environments. Finally, we saw a strong 
correlation with temperature, and the wide range of room temperatures in our 
experiments might explain some of the differences observed. To estimate the 
efficacy of upper- room UVGI in reducing TB transmission, all these factors 
should be considered. 

Particles from 1 μm to 5 μm were our main interest because only those 
particles can reach the lower respiratory tract and cause disease34. In our 
study, more than 90% of recovered microorganisms ranged from 0.6 μm to 
3.0 μm as measured by cascade impaction. Airborne particle size is crucial 
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in the UV sensitivity of microorganism, and airborne microorganisms borne 
on large particles tend to be more resistant to UV than those associated with 
smaller particles35,36. The count median diameters (approximately 1.6 μm for 
S. marcescens; 1.4 μm for BCG) in the studies presented here were smaller 
than those within a similar RH range in a smaller chamber (approximately 2.1 
μm for S. marcescens; 2.2 μm for BCG)36. The room chamber (46 m3) in this 
study is much larger than the bench size chamber (< 0.01 m3) in the previous 
study36, and longer residence times may contribute to preferential removal of 
the larger particles or to more evaporation from individual droplets. Most of 
aerosolized bacteria (both S. marcescens and BCG) would be a singlet given 
that the size of those microorganisms is 1–2 μm. Some fraction of aerosolized
cells in our study could be 2 or 3 multi 5 μm could be of particular concern

Type of  
UV fixture (ACH)

Temperature
(°C)a

RH (%) UV
Effectivenessb

Equivalent
ventilation

ratec

C 
(n=4)

8.6  23–26
(20-21)

46-64
(87-90)

66 ± 6 17.4  ± 4.4

C and W
(n=4)

6.2 22-24
(21-22)

62-70
(73-78)

64 ± 5  11.1 ± 2.4

C and W
(n=4)

6.1 18-22
(19-22)

46-57
(49-59)

37 ± 18  4.3. ± 3.1

C and W
(n=2)

6.1  8–9
(4-6)

31-52
(47-60)

 25 ± 20  2.3 ± 2.2

C and W
(n=4)

5.7 9-14
(9-12)

33=41
(44-45)

70  ± 10 15.4 ± 9.0

C and W
(n=4)

6.1 11-16
(8-9)

46-50
(59-61)

56  ± 39 8.1 ± 1.6

Abbreviations: C, Ceiling-mounted UV fixture containing four 9-W UV lamps; 
W, Wall-mounted UV fixture containing one 23-W UV lamp.

aTemperature or RH at the exhaust grill (temperature or RH at the supply grill). 
bUV effectiveness (%) = 100 × (1 – Cuv/Co), where Cuv and Co are concentrations 

(or recovered CFU) with and without upper-room UVGI, respectively. 
cAdditionall sanitary ACH attributable to upper-room UVGI. Equivalent 

ventilation rate = A × (Co/Cuv –1), where A is ventilation rate without upper-room 
UVGI (ACH) and Cuv and Co are concentrations (or recovered CFU) with and 
without upper-room UVGI respectively. 

Table 2. . Summary of the experimental data on the efficacy of upper-room 
UVGI for inactivating BCG aerosols.
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Parametera Value  SE t-Value p-Value
Intercept  –7.0  19.9 –0.35  0.58
Microorganism –6.7 7.3 –0.92 0.26
UV fixture  27.6  7.9 3.5  < 0.01
ACH 24.6  9.5  2.61 0.01
Fan  16.5  6.3 2.60  < 0.01
Temperature  2.4  0.7  3.69  < 0.01
RH  –0.16  0.33 –0.47  0.21
Temperature difference  1.96  1.75  1.12  0.22

a Microorganism (S. marcescens = 0, BCG = 1), UV fixture (ceiling-mounted only 
= 0, ceiling- and wall-mounted = 1), ACH (2 ACH = 0, 6 ACH = 1), fan (no use = 0, use 
= 1). Temperature, RH, and temperature difference between exhaust and supply air were 
incorporated into model as continuous variables.

because they are small enough to reach the alveolar region in the lung for 
established infection and likely are more resistant to UV as well. Mycobac-
terium sp. tends to form clumps in culture because of their waxy surface, 
so multiple organisms of Mycobacterium aerosols are very likely released 
from the infectious TB patient. Therefore, the level of multiple organisms 

Table 3.  The results of GLM (multiple R2 = 0.54).

Figure 3. The effect of ACH and mix-
ing fan on UV effectiveness for inacti-
vating S. marcescens. Both ceiling- and 
wall-mounted UV fixtures were used. 
Each experiment was repeated four times

Figure 4. UV effectiveness for inac-
tivating BCG aerosols with either ceil-
ing-mounted (C) or wall-mounted (CW) 
UV fixtures. Ceiling-mounted UV fixture 
contains four 9-W UV lamps; wall-mount-
ed UV fixture contains one 23-W UV lamp.
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among airborne microorganisms released from the infectious TB patient must 
be characterized.  We express the efficacy of upper-room UVGI both in terms 
of the percent of UV effectiveness and as an equivalent ventilation rate. The 
percent UV effectiveness is defined as 100 × (1 – Cuv/Co) where Cuv and Co 
are the concentrations with and without upper- room UVGI. The equivalent 
ventilation rate expresses the UVGI effect as the amount of ventilation with 
fresh air that would be required to achieve an equivalent reduction in the con-
centration of airborne microorganisms. Because percent UV effectiveness is 
related to the concentration ratio, it is more directly applied to the risk ratio 
between UV on and off. Thus, if UV effectiveness is 50%, given the same ex-
posure time UV would reduce the risk of infection by 50%. The relationship 
between ventilation rate and particle concentration is nonlinear, so a small 
reduction in airborne particle concentration may require large increases in 
ventilation. For virulent infectious agents, even low residual concentrations 
may be associated with significant risk. 

The importance of air mixing in the efficacy of upper-room UVGI has 
been addressed in past studies17,37 and was confirmed in our studies. The use 
of a mixing fan increased UV effectiveness on averageby 72% at 6ACH and 
63% at 2ACH. Our results indicated that UV effectiveness is also strongly 
influenced by the air exchange rate (Figure 3). UV effectiveness in inactivat- 
ing S. marcescens aerosols increased by 46% with an increase in ACH from 
2 to 6 (p = 0.01). Higher air velocity from the supply grill at 6 ACH might 
have caused better vertical air mixing, leading to increased UV  effectiveness. 
Although it is not statistically significant in the model (p = 0.27), UV effective-
ness also increased with temperature gradient (exhaust–supply air) (Table 3 and 
Figure 5A). Temperature gradients can have significant effects on internal air 
mixing.  UV effectiveness significantly increased at higher temperature (Table 
3 and Figure 5B). This temperature effect on the efficacy of upper-room UVGI 
has not been previously reported, possibly because most experiments were per-
formed at room temperature 14,17,22–24,35,38. The temperatures in our study ranged 
widely from near freezing (4°C) to room temperature (25°C). Some of our 
experimental results at lower tempera- tures might not be directly applicable 
to risk settings that are temperature controlled to typical room temperature, 
and therefore require careful data interpretation. However, our multivariate 
statistical analyses allow con- sideration of all the variables individually and 
interactively. Thus, we can interpret our data for room temperature environ-
ments as well as for colder environments such as might occur in shelters in 
very cold climates or in artificially controlled cold rooms. The reduced effi-
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cacy of upper-room UVGI at lower temperature may be caused by reduced 
UV output from the lamps, reduced sensitiv- ity of microorganisms at lower 
temperature, or a combination effect of UV output and microorganism’s sen-
sitivity. UV outputs from the low pressure mercury lamps are determined by 
the pressure of the mercury, which is closely related to the ambient tempera-
ture19. It has also been reported that fewer airborne microorganisms survive 
at high temperatures39–41. Higher susceptibility at higher temperatures might 
be caused by structural changes in membrane phospholipids, proteins, and 
DNA26,38. UVC may act synergistically to augment this general temperature 
sensitivity. Interestingly, a synergistic effect of UVA and elevated temperature 
on the survival of the convict cichlid fish (Cichlasoma nigrofasciatum) has

 

Abbreviations: BSA, bovine serum albumin; C1, open-tube ceiling-mounted fix-
ture; C2, louvered ceiling-mounted fixture; CN, louvered corner-mounted fixture; DW, 
distilled water; NA, not available; W, louvered wall-mounted fixture. Each study was 
done under two sets of different conditions. aParticle size distribution of recovered BCG 
aerosols (80%: 1.1–2.1 µm; 19%: 2.1–3.3 µm; 1%: 3.3–4.7 µm). bUV lamp power (UV 
output). cPercent UV effectiveness = 100 (1 - Cuv/Co), where Cuv and Co are concentra-
tion with and without upperroom UVGI. dOnly data with room temperature (18–25°C). 
eEquivalent ventilation rate attributable to UV = A (Co/Cuv – 1), where A is ACH and Cuv 
and Co are concentrations with and without upper-room UVGI.

Table 4.  Summary of previous and our upper-room UVGI experiments in 
inactivating Mycobacterium sp. aerosols.
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been reported42. Another possible for higher UV sensitivity at higher tempera-
ture is that UV is more likely to cause mutagenic effects on DNA [e.g., cis-syn 
cyclobutane-pyrimidine dimers and pyrimidine6-4 pyrimidine photoproducts] 
at higher temperatures. The ability of UVC to damage a given base is deter-
mined by the flexibility of the DNA43,44. The DNA of airborne microorgan-
isms becomes more flexible at higher temperature because of active metabo-
lism and a direct temperature effect on DNA. 

Previous studies have indicated that UV effectiveness decreases at high-
er RH, especially > 75% RH.36,45 Decreased UV effectiveness at high RH (> 
80%) may be explained partially by increased particle size of airborne micro-
organisms at high RH. However, the RH effect on UV effectiveness was not 
significant in our study (Table 3, Figure 5C), probably because the RH range 
was limited (27–64%). In addition to RH, we used the absolute humidity—
the ratio of the mass of water vapor to the total volume of the mixture—to 
examine the effect of different saturation vapor pressures at different RHs. 
However, we did not observe any sig- nificant relationship between the effi-
cacy of upper-room UVGI and absolute humidity. 

In conclusion, we have found that upper- room UVGI can significantly 
reduce the con- centration of airborne microorganisms (S. marcescens and 
BCG) aerosolized in a saliva simulant in a typical mechanically ventilated 
hospital isolation room. Because upper-room UVGI varied significantly with 
environmental factors such as temperature, air mixing, and air exchange rate, 
it is important to opti- mize environmental conditions to produce the best and 
most persistent effect in reducing the risk of TB in high-risk settings. 

Figure 5.  Partial residual plots for the relationship between UV effectiveness and environ-
mental factors from general additive model (GAM). 
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1. Introduction

Ultraviolet Germicidal Irradiation (UVGI) is electromagnetic radiation 
that can destroy the ability of microorganisms to reproduce by causing pho-
tochemical changes in nucleic acids. Wavelengths in the UVC range are es-
pecially damaging to cells because they are absorbed by nucleic acids. The 
germicidal effectiveness of UVC peaks at about 260–265 nm. This peak cor-
responds to the peak of UV absorption by bacterial DNA. The germicidal ef-
fectiveness of UVC radiation can vary between species and the broader range 
wavelengths that include UVB also make a small contribution to inactivation 
(Webb and Tuveson 1982). Although the methods and details of disinfection 
with ultraviolet light are fairly well understood, tothe point that effective dis-
infection systems can be designed and installed with predictable effects, the 
exact nature of the effect of ultraviolet light on microorganisms at the molec-
ular level is still a matter of intensive research. This chapter examines the fun-
damentals of the complex interaction between UV irradiation and cell DNA 
at the molecular level and provides detailed background information to aid in 
the understanding of the various biophysical processes that are involved in 
microbial inactivation.

2. UV Inactivation

The spectrum of ultraviolet light extends from wavelengths of about 
100–400 nm. The subdivisions of most interest include UVC (200–280 nm), 
and UVB (280–320 nm). Although all UV wavelengths cause some photo-
chemical effects, wavelengths in the UVC range are particularly damaging 
to cells because they are absorbed by proteins, RNA, and DNA (Bolton and 
Cotton 2008, Rauth 1965). The germicidal effectiveness of UVC is illustrated 
in Figure 1, where it can be observed that germicidal efficiency reaches a 
peak at about 260–265 nm. This corresponds to the peak of UV absorption by 
bacterial DNA (Harm 1980). The germicidal effectiveness of UVC and UVB 
wavelengths can vary between species. Low pressure mercury vapor lamps 
radiate about 95% of their energy at a wavelength of 253.7 nm, which is co-
incidentally so close to the DNA absorption peak (260–265 nm) that it has a 
high germicidal effectiveness (IESNA 2000).

If we assume the LP and MP lamps in Figure 1 produce the same total 
UV wattage, and multiply spectrum by the germicidal efficiency at each 
wavelength, we find the LP lamp has a net germicidal efficiency of 84% vs. 
79% for the MP lamp. The optimum wavelength for inactivating E. coli,
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about 265 nm, is about 15% more effective than the UVC peak of 254 nm. 
The optimum wavelength for inactivating Bacillus subtilis is 270 nm, and this 
is about 40% more effective than 254 nm (Waites et al. 1988). The optimum 
wavelength for destroying Cryptosporidium parvum oocysts is 271 nm and 
this is about 15% more effective than 254 nm (Linden 2001). Although UVC 
is responsible for the bulk of the germicidal effects of broad-spectrum UV, the 
effects of UVB wavelengths cannot be discounted altogether. In a study by 
Elasri and Miller (1999) it was found that UVB had about 15% of the effect 
of UVC on Pseudomonas aeruginosa.

Figure 1.  Germicidal efficiency of UV wavelengths, comparing High (or medium) and 
Low pressure UV lamps with germicidal effectiveness for E. coli. Based on data from Luck-
iesh (1946) and IESNA (2000) 
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THE STRUCTURE OF DNA

Deoxyribonucleic acid (DNA) is a large, high molecular weight mac-
ro-molecule composed of subunits called nucleotides. Each nucleotide 
subunit has three parts: deoxyribose, phosphate, and one of four nitroge-
nous bases(nucleic acid bases). The four bases are thymine (T), adenine 
(A), cytosine (C), and guanine (G). These four bases form base pairs of 
either thymine bonded to adenine or cytosine bonded to guanine. Since 
thymine always pairs with adenine, there will be equal amounts of thy-
mine and adenine. Likewise, cytosine will always exist in amounts equal 
to guanine. The specific sequences formed by these base pairs make up 
the genetic code that forms the chemical basis for heredity (Atlas 1995). 
Nucleotides are the basic repeating unit of DNA and they are composed of 
nitrogenous bases called purines and pyrimidines. These bases are linked 
to pentoses to make nucleosides. The nucleo-sides are linked by phos-
phate groups to make the DNA chain.

 

DNA forms a double helix, as shown in the figure above, in which 
two complementary strands of nucleotides coil around each other. The 
two outside helices of DNA form a backbone that is held together by 
strong covalent bonds, locking in the stability of the hereditary macro-
molecule. Each helix terminates in a free hydroxyl group at one end, and 
a free phosphate group at the other, conferring directionality. The two 
halves of the DNA molecule run in opposite directions and coil around 
each other. Supercoiling may also occur as long chains of DNA fold and 
pack into the available space (i.e. in a cell or viral capsid). Several million 
nucleotides may be held together in sequence and they establish the ge-
netic code for each species.

The two complementary chains of the DNA double helix are held to-
gether by hydrogen bonding between the chains. Two of the nitrogenous 
bases (C and T) are single-ring structures called pyrimidines and the 
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other two (A and G) are double-ring structures called purines. The internal 
hydro- gen bonds between the base pairs, which hold the entire structure 
together, have only about 5% of the strength of the covalent bonds in 
the outer helix.Thymine forms two hydrogen bonds with adenine, while 
cytosine forms three hydrogen bonds with guanine. The thymine/adenine 
bond, therefore, represents the weakest link in the structure.

Hydrogen bonds between complementary bases are not the primary 
stabilizing force of DNA since the energy of a hydrogen bond (2–4 kcal/
bond) is insufficient to account for the observed stability of DNA. Ionic 
bonds between the negative phosphate groups and positive cations re-
duce the electrostatic repulsion between the negative charges of the sug-
ar-phosphate backbone. The stability of DNA is also accounted for by 
the hydrophobic forces associated with stacking of the bases, which is 
due to mutual interactions of the bases and geometrical considerations 
(Guschlbauer 1976). In polynucleotide chains, this interaction results in a 
compact stack of bases that is restricted by the sugar- phosphate backbone 
and results in a narrow range of possible overlap angles between the bases 
(36◦in DNA). The stacked bases form a hydrophobic core which favors 
hydrogen bonding between the complementary strands (see Figure 2). 
The stacking and twisting of base pairs creates channels in which water 
may bond or be excluded depending of DNA conformation (Neidle 1999).

UVA was also found to have a lethal effect on P. aeruginosa although 
considerably more lamp power was needed (Fernandez and Pizarro 1996). 
The UVA inactivation effect, however, is relatively insignificant and may in-
volve non-actinic effects (no photochemical changes). Throughout the fol-
lowing discussion only the actinic bands of UVC and UVB are considered to 
be operative.

Two general types of nucleic acids exist, ribonucleic acid (RNA) and 
deoxyri-bonucleic acid (DNA). Viruses contain DNA or RNA, but not both. 
During UV irradiation and inactivation, the most sensitive target of microor-
ganisms is the DNAof bacteria, the DNA of DNA viruses, the RNA of RNA 
viruses, and the DNA o  fungi. RNA has D-ribose as its main constituent and 
adenine, cytosine, guanine, and uracil as bases. DNA has 2-deoxy-D-ribose 
as its main constituent and adenine, cytosine, guanine, and thymine as bases. 
Hydrogen bonds link the bases. UV radiation can cause a crosslink between 
two thymine bases that is more stable than a hydrogen bond (Casarett 1968). 
Bacteria and fungi have DNA, while viruses may have either DNA or RNA. 
DNA and RNA are responsible for microbial replication and protein synthesis 
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and damage to these nucleic acids results in inactivation or the failure to re-
produce.UV wavelengths inactivate microorganisms by causing cross-links 
between constituent nucleic acids. The absorption of UV can result in the 
formation of intrastrand cyclobutyl-pyrimidine dimers in DNA, which can 
lead to mutations or cell death (Harm 1980, Koller 1952, Kuluncsics et al. 
1999). Pyrimidines are molecular components in the biosynthesis process and 
include thymine and cytosine (see Figure 2). Thymine and cytosine are two 
of the base pair components of DNA, the others being adenine and guanine. 
The primary dimers formed in DNA by UV exposure are known as thymine 
dimers (see the page on the Structure of DNA). The lethal effect of UV radi-
ation is primarily due to the structural defects caused when thymine dimers 
form but secondary damage is also produced by cytosine dimers (David 1973, 
Masschelein 2002). Various other types of photoproducts are also formed that 
can contribute to cell death. Photohydration reactions can occur under UV 
irradiation in which the pyrimidines cytosine and uracil bond with elements 
of water molecules. The same reaction does not occur with thymine. The pho-
tohydration yield is independent of wavelength.

Double stranded RNA has a higher resistance to UV irradiation than sin-
gle stranded RNA, and this may be due to various factors, including more 
structural stability (Becker and Wang 1989) and the redundancy of informa-
tion in the complementary strands (Bishop et al. 1967). Ultraviolet light also 

Figure 2.  The two helical backbones of DNA are connected by hydrogen 
                     bonds between the nucleotides.
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causes photochemical reactions in proteins in the cell other than DNA and UV 
absorption in proteins peaks at about 280 nm. There is also some absorption 
in the peptide bonds within proteins at wavelengths below 240 nm. 

Figure 3. illustrates how UV absorption can lead to cross-linking between 
adjacent thymine molecules and the formation of thymine dimers. When thy-
mine bases happen to sit next to each other, the pair is called a doublet. The 
dimerization of thymine doublets by UV can lead to inactivation of the DNA, 
or RNA, with the result that cell may be unable to reproduce effectively.

 The exact mechanism by which UV causes thymine dimers is not complete-
ly understood. Bhattacharjee and Sharan (2005) demonstrated that exposing E. 
coli DNA to UVC irradiation induced sparsely placed, dose-dependent, single 
strand breaks, and proposed that the conformational relaxation generates negative 
super-coiling strain on the DNA backbone.

It has been repeatedly demonstrated that thymine dimers produced by UV 
exposure result in the inactivation of bacteria and DNA viruses. A dose of 4.5 J/
m2 is reported to cause 50,000 pyrimidine dimers per cell (Rothman and Setlow 
1979). It has been reported that 100 J/m2  induces approximately seven pyrim-
idine dimers per viral genome in SV40, which is sufficient to strongly inhibit 
viral DNA synthesis (Sarasin and Hanawalt 1980). Thymine dimers form within 
1 picosecond of UV excitation provided the bases are properly oriented at the in-
stant of light absorption (Schreier et al. 2007). Only a few percent of the thymine 
doublets are likely to be favorably positioned for reaction and dimerization at the 
time of UV excitation. Figure 4. illustrates the dimerization process for a thymine 
doublet with the appropriate orientation.

Figure 3.  Thymine dimers caused by UV absorption in adjacent nucleotides 
                     (thymine doublets).
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Figure 4.  The photodynamics of dimerization. A single strand of the DNA sugar-
phosphate backbone is shown with thymine nucleotides. UV excitation populates the 
singlet state ππ*, which decays into the singlet nπ* state (left). All energy is converted 
internally to form a thymine double hydrogen bond (right).

Figure 5.  Cross-linking between thymine nucleotides (or uracil nucleotides in the 
case of RNA viruses) can occur between adjacent strands of DNA (or RNA). It can 
also occur between the DNA (RNA) and the proteins of the capsid, for viruses.
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The two most common conformations of DNA are called A-DNA and 
B-DNA. Molecular orientations can vary due to A and B conformation and vibra-
tional or other movement in the DNA molecule. The average twist angle between 
successive base pairs differs between the A conformation and the B conformation 
is only a few degrees. The smaller amount of conformational variation in A-DNA 
vs. B-DNA explains the greater resistance of A-DNA to cyclobutane pyrimidine 
dime formation (Schreier et al. 2007). That is to say, the more dense packing of 
bases and lower flexibility in the B-DNA form ensures a higher probability that 
thymine doublets will be available for dimerization.

The exact sequences of thymines, cytosines, adenines, and guanines in DNA 
can directly impact the probability of dimerization. Adjacent pyrimidines (thy-
mine and cytosine) are considerably more photoreactive than adjacent purines 
(adenine and guanine). Becker and Wang (1989) found that 80% of pyrimidines 
and 45% or purines form UV photoproducts in double-stranded DNA.

In addition to cross-links between adjacent thymines, UV may also induce 
cross-links between non-adjacent thymines, as illustrated in Figure 5. Cross-link-
ing can also occur between the nucleotides and the proteins in the capsid of virus-
es, damaging the capsid of DNA viruses.

Cross-linking can also occur with cytosine and guanine, but the energy 
required is higher due to their having three hydrogen bonds instead of two for 
thymine/adenine bonds, and so thymine dimers predominate. Besides cross-
links with adjacent thymine nucleotides and with thymine in adjacent strands 
of DNA, thymine may also form links with proteins, including proteins in the 
capsid (in the case of viruses) as shown in Figure 6. Other biological molecules 
with unsaturated bonds like coenzymes, hormones, and electron carriers may 
be susceptible to UV damage.

In RNA, whether in prokaryotic cells, eukaryotic cells, or viruses, uracil 
takes the place of thymine. Inactivation of RNA viruses involves cross-link-
ing between the uracil nucleotides and the creation of uracil dimers (Miller and 
Plageman 1974).Uracil dimers may also damage the capsid of RNA viruses. 
Some limited quantitative data is available on the specific nature of DNA dam-
age produced by UV absorption. Miller and Plageman (1974) demonstrated that 
ultraviolet exposure of Mengovirus caused rapid formation of uracil dimers and 
that this appeared to be the primary cause of virus inactivation (i.e. loss of infec-
tivity). A maximum of about 9% of the total uracil bases of the viral DNA formed 
dimers within 10 min of UV irradiation. Results also indicated that viral RNA 
became covalently linked to viral protein as a result of irradiation. A slower pro-
cess of capsid destruction also occurred in which capsid proteins were modified 
and photoproducts were formed. UV irradiation of the virus also caused covalent 
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linkage of viral RNA to viral polypeptides, apparently due to close proximity be-
tween the RNA and proteins in the capsid. The amount of protein covalently linked 
to the RNA represented not more than 1.5% of the total protein capsid. Smirnov 
et al. (1992) studied Venezuelan equine encephalitis (VEE) under UV irradiation 
and found evidence suggesting that the formation of uracil dimers led to extensive 
contacts of the RNA with protein in the nucleocapsid.

Viruses containing many thymine dimers may still be capable of plaque forma-
tion (Rainbow and Mak 1973). An E. coli chromosome exposed to UVB produced 
pyrimidine photoproducts in the following proportions: 59% thymine dimers, 34% 
thymine-cytosine dimers, and 7% cytosine-cytosine dimers (Palmeira et al. 2006).

Figure7. shows the rate at which uracil dimers form under irradiation, shown 
in terms of the uracil bonds remaining intact in RNA. This plot is shown alongside 
the decay rate for Mengovirus. It can be observed that the virus is rapidly inactivat-
ed while the formation of uracil dimers proceeds relatively slowly. The scale of the 
chart is limited, but the virus goes through six logs of reduction before 9% of the 
uracil is cross-linked. Clearly, it takes but little cross-linking to inactivate a virus.

The ratio of the microbial inactivation rate to the dimer production 
rate should be a constant for any given species. Theoretically, each spe-
cies should have a characteristic inactivation rate that is a function of the 
dimerization probability.

Figure 6.  Thymine dimerization can also occur between DNA/RNA and adjacent 
protein molecules, such as in cell cytoplasm or the capsid of a virus.
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3. UV Absorption Spectra

An absorption spectrum is a quantitative description of the absorptive 
capacity of a molecule over some specified range of electromagnetic frequen-
cies. The absorption of ultraviolet light by a molecule will result in altered 
electronic configuration, conversion into radiant energy, rotation, and vibra-
tion. When these energy levels are at a minimum the molecule is in a ground 
state. The energy imparted to a molecule by UV absorption produces an ex-
cited state. The capacity of a molecule to absorb UV energy over a band of 
wavelengths is described in terms of an absorption spectrum. The intensity 
of absorption is generally expressed in absorbance or optical density. The 
intensity of an absorption band is directly related to the probability that the 
particular transition will take place when a photon of the right energy comes 
along. Figure 8 represents the absorption spectra for the four DNA bases, 
which have peaks in the UVC band, and also below 220 nm, which is in the 
VUV range. Thymine and cytosine both have strong peaks near 265 nm.

Pyrimidines (thymine, cytosine, and uracil) absorb about ten times more 
UV than purines. The quantum yield at 254 nm is φ~10–3 for pyrimidines and 
for purines φ~10–4. The capacity of a molecule to absorb light of a particular 

Figure 7.  Survival of Mengovirus under UV irradiation, plotted along with the percent-
age of intact uracil bonds in viral RNA. Based on data from Miller and Plageman (1974)
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wavelength depends on both the electronic configuration of the molecule and 
on its available higher energy states (Smith and Hanawalt 1969). An absorption 
spectrum may be regarded as a summation of a series of individual absorp-
tion bands, each corresponding to a transition between two particular electronic 
configurations (Hollaender 1955). This transition typically occurs when an or-
bital electron is raised from the normal ground state to an excited state. 

 

These transitions occur only in discrete jumps, and therefore only a 
specific quantum of energy can be absorbed. The electronic configuration of 
an excited molecules can be a very transitory event, and only those exci-
tations of sufficient duration will have a high probability of absorption.

An absorption band may be described by the width of the band (or 
the range of wavelengths) and the degree of absorption (absorptivity). The 
width of the band is defined as the spectral separation between the points of 
half-maximum (50%) absorption. The width of a band is inversely dependent 
upon the duration of the excited electronic state. Integration of the absorption 
band over the width determines the probability that the particular transition 
will occur when a photon of the right energy comes along.

Figure 8.  Comparison of response spectra for the four main nucleotides
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The absorption spectrum is typically measured by beaming light through 
a transparent solution containing microbes or molecules and comparing it 
against the pure solution. The transmittance (or transmissivity), T, of a solu-
tion is defined as:

                                                                                                               (1)

where
I = irradiance of light exiting the solution, W/m2

I0 = irradiance of light entering the solution, W/m2

Beer’s Law establishes a relationship between the transmittance in Eq. 
(1) and the absorbance, A, as follows:

                                                                           (2)

The absorbance (or absorptivity), also called the optical density, OD, is 
defined as:

            A = εlc                                                                                (3)

where
ε = molar absorptivity, liters/mole-cm
l = thickness of the solution, cm
c = concentration of solute, moles/liter
An alternate form of Beer’s Law is:

                                                         (4)

where
n = number of molecules per unit volume
s = absorption cross-section, m2or μm2

The absorption cross-section represents the product of the average cross 
sectional area of the molecule and the probability that a photon will be ab-
sorbed. The absorption cross-section is related to the molar absorptivity by 
the following relation

            s = 3.8x10−21ε                                                                             (5)



198

GIULIANO REGONESIGIULIANO REGONESI    Upper room ultraviolet germicidial irradiation. Collection of studiesUpper room ultraviolet germicidial irradiation. Collection of studies

Strong absorption bands in the ultraviolet region correlate with molec-
ular structures containing conjugated double bonds. Ring structures, such as 
the pyrimidines and purines, exhibit particularly strong absorption and can 
define the overall absorption spectrum of DNA. Von Sonntag (1986) reports 
that DNA has a peak of UV absorption not only at 265 nm but also at 200 nm. 
Most of the absorption at 200 nm occurs in the DNA backbone molecules of 
ribose and phosphate. At 265 nm, most of the absorption occurs at the nu-
cleotide bases, thymine and adenine, and cytosine and guanine, but dimers 
of thymine are by far the most common UV photoproducts. In RNA-based 
microbes, uracil is also involved in UV absorption in place of thymine but not 
necessarily to the same degree. Figure 9 compares the absorption spectrum of 
uracil with that of thymine. It can be observed that not only are the absorption 
spectra very similar for these nucleotides, but that the mercury emission line 
at 254 nm is more nearly aligned with the peak absorption of uracil.

Carbohydrates make up about 41% by weight of nucleic acids, but they 
show essentially no UV absorption above about 230 nm and would not be ex-
pected to participate in photochemical reactions at around 254 nm. However, 
certain photochemical processes that produce uracil radicals can result in chem-
ical alterations to the carbohydrates of nucleic acid (Smith and Hanawalt 1969).

Figure 9. Comparison of thymine UV absorption spectra with uracil, the nucleotide that 
                    takes the place of thymine in RNA viruses.
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The ultraviolet absorption spectrum of a polymer is not necessarily the 
linear sum of its constituents. This nonadditivity is referred to as hyperchro-
micity. If the absorbance of a given oligonucleotide is higher than its constit-
uents molecules, it is hyperchromic. Hyperchromicity is largely explained by 
the coulombic interaction of the ordered bases in the polymer. Hyperchro-
micity is a kind of resonant electronic effect in which the partial alignment of 
transition moments by base stacking results in coupled oscillation. A relative-
ly small number of bases in a DNA strand are required for such coupling and 
about 8–10 base pairs can exhibit roughly 80% of the hyperchromism of an 
infinite helix. Becker and Wang (1989) present data that indicates that hyper-
chromicity may add about twice the number of photoproducts when strings of 
eight or more thymines occur sequentially.

 
4. UV Photoprotection

Microbes have various mechanisms by which they can protect them-
selves from UV exposure, including nucleocapsids and cytoplasm which may 
contain UV absorbing proteins (i.e. dark proteins). The absorption of UV 
in any surrounding complex of proteins will reduce the density of photons 
reaching the nucleic acid and thereby provide photoprotection. Comparisons 
of virus inactivation with inactivation of purified DNA show the absorption 
spectrums are not identical, the implication being that UV is absorbed in the 
envelope, the nucleocapsid, or other protein-laden constituents of the viroid, 
although in some cases the nucleic acid is more resistant in isolation (Zavado-
va et al. 1968, Furuse and Watanabe 1971, Bishop et al. 1967). In bacteria, the 
cytoplasm may offer photoprotection due to its UV absorptivity. Unrau et al. 
(1973) have suggested that there is a in vivo shielding effect in Bacillus sub-
tilis since dimer formation is doubled when its DNA is irradiated separately, 
although they do not attribute this effect to the cytoplasm. Fungal spores are 
among the most resistant microbes and they often have melanin-containing 
dark pigmented conidia. The photoprotective component melanin increases 
the survival and longevity of fungal spores (Bell and Wheeler 1986). Asper-
gillus niger conidia are more resistant to UV due to the high UV absorbance 
of their melanin pigments (Anderson et al. 2000). Various studies on fungi 
have suggested that lighter- pigmented thin-walled conidia are more suscep-
tible to UV than thicker-walled dark-pigmented conidia (Boyd-Wilson et al. 
1998, Durrell and Shields 1960, Valero et al. 2007). UV scattering (addressed 
later) can also contribute to photoprotection.
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Figure 10. illustrates photoprotection mechanisms in viruses – UV scat-
tering by the envelope, UV absorption by the envelope, and UV absorption 
by the nucleocapsid the latter being mostly negligible. UV scattering, occurs 
when the particle is in the Mie scattering size range, and the effective scatter-
ing cross-section my be much larger than the actual physical cross-section of 
the particle (see Sect. 2.13).

Chromophores are chemical groups in molecules that are capable of ab-
sorbing photons. Polyatomic molecules have fairly broad absorption bands. 
In proteins, the molecular groupings which give rise to absorption are princi-
pally amino acids which have absorption peaks at about 280 nm (Webb 1965). 

For the nucleic acids, the chromophores responsible for the absorption peak 
around 265 nm are the bases, the purines and pyrimidines, the dimers of 
which are considered primary products of the biocidal action of UV. The 
chromophores that are likely to confer protection to these bases are those in 
the cytoplasm or cell wall of bacteria, in the capsid or protein coat, if any, of 
the virus, and the spore coat and cortex of a spore.

Some amino acids are optically transparent above UV wavelengths of 
about 240 nm, while others, the chromophores, have high molar absorptivi-
ties at or near 253.7 nm. The molar absorptivity of a compound is the prob-

Figure 10. Schematic illustration of the levels of photoprotection of an enveloped virus, 
                      including the UV scattering cross-section, the envelope, and the nucleocapsid.
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ability that the wavelength will be absorbed. Figure 11. shows the molar 
absorptivity of amino acids at 253.7. These might be called ‘dark proteins’ be-
cause of their relatively high absorbance for UV wavelengths. Microbes that 
contain higher proportions of chromophores will likely absorb UV photons 
that would otherwise be absorbed by DNA and cause dimerization. However, 
degradation of the proteins in a cell may also contribute to cell death.

Enzymes are proteins that function as efficient biological catalysts that 
increase the rate of a reaction. Biological systems depend on enzymes to low-
er the activation energy of a chemical reaction and thereby facilitate process-
es of growth, and repair (Atlas 1995). Enzymes consist of various proportions 
of the amino acids including those in Figure 11. and their quantum yield will 
vary accordingly. The quantum yield indicates the probability that absorbed 
UV light will induce a chemical change.

Table 1. lists several enzymes, their chromophore constituents, and their 
measured quantum yields, based on data from Webb (1965).

 

 

Figure 11. Molar absorptivity of ‘dark proteins’ or amino acids with a relatively high prob
                      ability of absorbing light at 253.7 nm. Based on data from Webb (1965).
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Protein Chromophores  Quantum Yield
Ribonuclease                         Cys4 · His4 · Phe3 · Tyr16                                    0.027
Lyzsozyme                            Cys5 · His1 · Phe3 · Tyr8 · Tyr2                           0.024
Trypsin                                  Cys6 · His1 · Phe3 · Tyr4 · Tyr4                           0.015
Insulin                                   Cys18 · His12 · Phe18 · Tyr24                              0.015
Subtilisin A                            His5 · Phe4 · Try1 · Tyr13                                    0.007
Japaneses Nagarse                 His6 · Phe3 · Try4 · Tyr10                                    0.007
Subtilisin B                            His6 · Phe3 · Try4 · Tyr10                                    0.006
Chymotrypsin                       Cys5 · His2 · Phe6 · Tyr7 · Tyr4                            0.005
Pepsin                                   Cys3 · His2 · Phe9 · Tyr4 · Tyr16                          0.002
Carboxypeptidase                 Cys2 · His8 · Phe15 · Tyr6 · Tyr20                        0.001

Since enzymes are catalysts, they are not consumed during normal bio-
logical processes and are relatively few in number, and may therefore con-
tribute little protective effect. However, their destruction will inhibit repair 
processes during or after UV exposure and may limit the effective UV rate 
constant. Inactivation of enzymes can be higher at wavelengths other than 
253.7 and broadband UV irradiation is reported to be more effective at elim-
inating repair enzymes than narrow band UVC (Zimmer and Slawson 2002, 
Hu et al. 2005). Enzymes are associated with bacterial cells and not with vi-
ruses, although some viruses (i.e. bacteriophages) may employ enzymes for 
self-repair from the cells they parasitize.

Powell (1959) used optical density measurements to estimate the reduc-
tion of UV absorption at 265 nm in Herpes Simplex virus due to shielding by 
the host cell. The cells had a radius of 6 μm and this thickness was estimated 
via the Beer-Lambert law to result in a transmission, including corrections 
for scattering, of 40%, which is an attenuation of 60%. Such levels of photo-
protection may be possible for other bacterial cells in this size range. Viruses, 
however, have such relatively thin coats that it seems unlikely that any chro-
mophores present would provide any significantphotoprotection.

5. Covalent Bonding and Photon Interaction

Chemical bonding between atoms occurs when a single electron is shared 
between more than one atomic nucleus. The wave function between the two 
atomic orbitals is called a molecular orbital. Two kinds of bonding molecular 
orbitals may be involved in complex molecules, σ (sigma) orbitals, and π(Pi) 
orbitals. The σorbitals are localized around two nuclei and the πorbitals are 

Table 1.  Quantum yields for enzyme inactivation by UV at 253.7 nm
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nonlocalized and may involve two or more nuclei. The larger the nonlocal-
ized orbital the more spread out is the electron probability distribution, and 
the longer the wavelength for electrons in that orbital. The longer wavelength 
means lower energy and more stability. Conjugated ring structures like the 
pyrimidines and the purines have large nonlocalized π orbitals and stable 
structures (Smith and Hanawalt 1969). A single bond is usually a σ bond 
while double bonds may involve both σ and π orbitals.

There can be no free rotation about a double bond. An incoming UV 
photon will promote an electron to an orbital of higher energy, which may be 
a new set of antibonding orbitals called σ* or π* orbitals, which may result in 
weakening of the bonds. A ππ* transition involves the excitation of a π elec-
tron into a π* state. The ππ* transitions are responsible for the most intense 
absorption bands in molecular spectra. 

An ultraviolet photon at 253.7 nm has an energy of 4.9 eV and if this 
were totally converted to vibrational energy it would be sufficient to break 
chemical bonds, but the energy becomes distributed over many possible vi-
brational modes. Upon absorption of a UV photon, which may take 10–15 s, 
molecules may briefly exist in an excited state before the energy is dissipat-
ed, either by re-emission or by vibration and rotational modes. Differential 
quantized modes of vibration can be represented as levels of potential energy, 
the first of which is the singlet state. The triplet state may also be stimulated 
and it is one in which the system has two electrons with unpaired spins. The 
triplet state may persist for 10–3 s. The triplet state does not, as a rule, degrade 
directly back to the ground state, but it allows more time for photo- chemistry 
to occur and the probability of a chemical reaction is briefly increased. 

6. UV Photoproducts 

Thymine dimers are formed when two thymine molecules are cross-linked 
between their respective 5 and 6 carbon atoms, forming a cyclobutane ring. 
There are six possible isomers of the thymine dimer. Dimers can both be formed 
by UV exposure and separated or monomerized by UV. At longer UV wave-
lengths (about 280 nm) the formation of the dimer is favored while at shorter 
wavelengths (about 240 nm) monomerization occurs due to differences in the 
absorption spectra of thymine and its dimer and in the quantum yields for the 
formation and splitting of the dimer. The maximum yield of cyclobutane dimers 
is dependent on equilibrium between the formation and splitting of dimers. The 
reversal of dimerization by wavelengths of UV or visible light is known as pho-
toreactivation, as is the repair of dimers by enzymes.  
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Thymine dimers can be formed by wavelengths of light that are not di-
rectly absorbed if the thymine molecule is in close proximity to other mole-
cules that absorb these wavelengths. This process is called molecular photo-
sensitization and it requires that the triplet state of the absorbing species (the 
photosensitizer) be slightly higher in energy than the triplet state of the thy-
mine. Upon absorption, the triplet energy of the photosensitizer is transferred 
to the thymine molecule where it may induce dimerization. There are at least 
five other dimers of the natural pyrimidines, including cytosine dimers, cyto-
sine-thymine dimers, uracil dimers, uracil-thymine dimers, and uracil-cyto-
sine dimers. Cytosine dimers are formed at lower rates than thymine dimers 
and are readily converted to uracil dimers. 

Cytosine hydrate, a water addition photoproduct, can be formed in 
RNA and single-stranded DNA but is not commonly found in irradiated 
double-stranded DNA (Smith and Hanawalt 1969). Uracil hydrates can be 
formed from the excited singlet state. Uracil can be derived from the mono-
merization of cytosine dimers. The for- mation of hydrates is greatly favored 
in single-stranded DNA. 

Many other pyrimidine photoproducts, besides hydrates and cyclobutane 
dimers, can be produced and may be at least partly responsible for damage 
to nucleic acids or to a cell. Chief among these is the spore photoproduct, 
also called the azetane thymine dimer. The spore photoproduct, so named 
because it was first noted in spores, can be formed from as much as 30% of 
the thymine. The spore photoproduct is a type of thymine dimer that cannot 
be photoreversed (although it can be repaired) and the yield of this product 
can approach the maximum determined from the num- ber of thymines that 
are nearest neighbors in DNA. In the normal B conformation of DNA the 
planes of the bases are parallel to each other and perpendicular to the helical 
backbone, and the cyclobutane dimers are favored. In the dehydrated A con- 
formation, which is the form in which DNA is held by spores, the planes of 
the bases are parallel but they are inclined at an angle of 70◦ to the axis of the 
helix, a conformation which favors the spore photoproduct. 

DNA cross-linking can occur under UV irradiation and this apparently 
involves cyclobutane dimers. Cross-linking can be highly fatal to DNA but 
such lesions do not appear to play a major role in UV inactivation since the 
cyclobutane dimers and other photoproducts are largely responsible for the 
inactivation effect. Per Edenberg (1983), the hypothesis that DNA replication 
forks are halted upon encounter- ing thymine dimers in the template strand 
is consistent with data on inhibition of Simian virus replication by ultraviolet 
light. Per Stacks et al. (1983), the percentage of repaired and completed mol-
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ecules containing dimers increases with time after irradiation ceases, and they 
postulate that the cellular replication machinery can accommodate limited 
amounts of UV-induced damage and that the progressive decrease in simian 
virus 40 DNA synthesis after UV irradiation is due to the accu- mulation in 
the replication pool of blocked molecules containing levels of damage greater 
than that which can be tolerated. 

DNA may also cross-link to proteins in the cell wall, nucleocapsid, or 
cytoplasm, forming potentially fatal lesions. Amino acids that may contribute 
to photoreactivity in DNA and that may impact cross-linking include cyste-
ine, cystine, tyrosine, serine, methionine, lysine, arginine, histidine, trypto-
phan, and phenylalanine. Under dry conditions (A DNA) the yield of thymine 
dimers is greatly decreased but there is an increase in the amount of DNA 
cross-linked to protein (Smith and Hanawalt 1969). Per Becker and Wang 
(1989), the ability of UV to damage a given base in DNA by inducing dimers 
or photoproducts is determined by two factors, the DNA sequence and the 
flexibility of DNA. Upon absorption of a UV photon, only those bases that are 
in a geometry capable of easily forming a photodimer can photoreact. 

7. DNA Conformation 

DNA molecules can exist in two conformations, A or B (Eyster and Pro-
hofsky 1977). The UV susceptibility differs between the conformations. In 
the A conformation the bases are tilted with respect to the helix axis. In the 
B conformation the bases are roughly perpendicular to the double helix axis. 
The interaction of electrostatic and van der Waals forces at the molecular 
level are influenced by the presence of water. The B conformation is fully 
hydrated (i.e. in solution or even in air at 100% relative humidity) and the A 
conformation could therefore be considered to be the dehydrated state. The 
dry A conformation shrinks in length in comparison with the wet DNA, and 
transitions through a phase when the population is mixed with cells in both A 
and B conformations. In general, microbes in high relative humidity or in wa-
ter (B-DNA), have a higher resistance to UV (Peccia et al. 2001). Microbes 
transition from A to B when humidity or moisture increases and it is possible 
that the more compact A conformation (see Figure 12. ) lends itself to more 
cross-links, but it is also possible that the presence of moisture or bound water 
provides extra protection or improved self-repair mechanisms, or that a com-
bination of these factors is responsible for the difference in UV susceptibility 
between the A and B conformation. 
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DNA undergoes conformational transition from the B form to a disor-
dered form as the relative humidity is lowered from about 75% to 55%. At the 
lower relative humidity, the dry condition, the bases are no longer stacked one 
above the other but are slightly angled with reference to the helix and DNA 
films equilibriated between 75 and 100% RH show no conformational chang-
es and are assumed to be entirely in the B-form (Rahn and Hosszu 1969). The 
yield of thymine dimers remains constant in this range and is the same as that

 

found in solution. Although most air-based UV rate constants in the range of 
75–100% RH tend to converge towards water-based UV rate constants, they 
do not appear to become equivalent. One possible reason for this nonequality 
is that the refractive index of UV in air is different from that in water, caus-
ing differences in the photoprotective effect due to UV scattering.  At lower 
relative humidities, DNA transitions to the A form with more order and less 
probability of contact between thymine bases during irradiation, and there is 
a reduction in the rate of thymine dimer formation. The bases have different 
affinities for water and can trap available water molecules. The purines have 
two principal hydration sites in each of the major and minor DNA grooves, 
while the pyrimidines have only one hydration site in each groove (Neidle 
1999). The individual hydration sites for bases in the A and B conformations 

Figure 12. DNA can exist in two states, the hydrated B conformation (left), and the dehy 
                      drated A conformation (right) with tighter packing of the nucleotides.
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are much the same, the major difference being that in B-DNA water is found 
in both grooves equally while in A-DNA more water is found in the major 
groove than in the minor groove. 

The B form of DNA contains more bound water molecules, including 
those that attach to the internal grooves of DNA. The A form of DNA leads 
to the exposure of more hydrophobic portions of the sugar units of the back-
bone compared to the B form (Neidle 1999). In A-DNA, water molecules 
are displaced from the shallow groove, creating a local environment of low 
water content that favors and stabilizes the A form. The mere presence of 
water is insufficient to induce a conversion from A-DNA to B-DNA, instead, 
the water molecules must be able to contact the DNA directly over its entire 
length. In spores, the DNA is typically maintained in a tightly packed hydro-
phobic environment which prevents the DNA from going into the B- form 
even under high humidity or in solution which partly explains their higher 
UV resistance. The interaction of water molecules with DNA indicates that 
water forms an integral part of DNA structure and stability, and can impact 
UV inactivation rates. 

8. Photon Density and Single-Hit Concepts 

It can be informative to consider UV energy incident upon a microbe in 
terms of the number of photons, or the photon density per unit surface area. 
Each photon carries an amount of energy called a quantum, ε, determined 
from quantum mechanics as (Modest 1993):  

           ε = hv                                                                                          (6)
where

           h = Planck’s constant, 6.626×10–34 Js 
           v = frequency, cycles per sec or Hz

The energy of a mole of photons is called an Einstein. It is defined as:
 

Einstein = Nhv                                                                  (7)

where N = Avogadro’s number, 6.022×1023 
The frequency of UVC light at a wavelength of 253.7 nm is 1.18×1015 

Hz, and the energy of UVC is computed to be 7.819×10–19 J/photon. Inverting 
this value gives us 1.279×1018 photons/Joule. A UV dose of 10 J/m2 produces 
1.279×1019 photons per m2. A virus of 0.1 micron diameter has a cross-sectional 
area of 3.14×10–14 m and will be subject to the passage of about 401,000 photons 
when exposed to 10 J/m2, which is sufficient to highly inactivate most viruses. 
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Despite of the vast number of photons passing through a virus, only an 
extremely small number are absorbed. Klein et al. (1994) report that Vaccinia 
virus experi- enced some 15 dimers per genome after a dose of 8 J/m2. Miller 
and Plageman (1974) found that 1.7 uracil dimers were formed per PFU of 
inactivated Mengovirus. Based on data from Rainbow and Mak (1973), 100 
J/m2 produced about 102 dimers in Adenovirus Type 1, and a lethal hit (D37) 
involved 30 thymine dimers and one single strand break. Per Ryan and Rain-
bow (1977), 0.3 dimers and 3.5 uridine hydrates were formed per three lethal 
hits in herpes simplex virus. Cornelis et al. (1981) reports that UV dosing of 
Parvovirus H-1 produced 10 dimers per genome, and that 80 dimers were 
formed in Simian virus SV40. Peak and Peak (1978) report that a frequen-
cy of 0.3 single-strand breaks occurs per lethal hit in phage T7. Sarasin and 
Hanawalt (1978) report that a 100 J/m2 dose results in 7 pyrimidine dimers 
per the SV40 genome. Studies with phage T7 DNA suggest a rate of damage 
of 0.21 sites per 10,000 base pairs per 10 J/m2 (Hanawalt et al. 1978). Clearly, 
very few photons out of the total interact photochemically with the nucleo-
tides, implying that virions are virtually transparent to UV. 

The First Law of Photochemistry (Grotthus-Draper Law) states that light 
must be absorbed by a molecule before any photochemical reactions can oc-
cur. The Second Law of Photochemistry (Stark-Einstein Law) states that ab-
sorbed light may not necessarily result in a photochemical reaction but if it 
does, then only one pho- ton is required for each molecule affected (Smith 
and Hanawalt 1969). Since not every quantum of incident energy is absorbed 
by a molecule, there is an absorption efficiency that describes photochemical 
absorptivity. This efficiency is called the quantum yield, φ, and it is defined 
as: 

                                     (8)

where
Nc = Number of molecules reacting chemically 
Np = Number of photons absorbed 

The number of photons absorbed is sometimes specified in Einsteins, or 
moles of photons as defined in Eq. (7). Quantum yields may be extremely 
low for macro-molecules of low absorptivity. Since most of these photo-
chemical excitations of molecules do not lead to chemical reactions, energy 
is dissipated by various means. Light may be re-emitted at a different wave-
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length, and energy absorption may result in molecular vibrations that trans-
late into heat. The inactivation of nucleic acids involves quantum yields on 
the order of 10–3 to 10–4 and at the UV doses typically applied, it is clear that 
a relatively small number of photons photoreact, and that they are absorbed at 
discrete genomic sites – normally those bases that produce dimers. Based on 
UV inactivation studies of E. coli, only about 0.025% of the DNA molecule 
is photochemically altered at the point that 99% of E. coli are killed (Smith 
and Hanawalt 1969). A UV dose of 180 J/m2 dimerizes only 0.1% of the total 
thymine. This dose represents (180 J/m2)(1.279×1018 photons/J) = 2.3×1020 

photons/m2. With a diameter of about 0.5 microns, and a DNA size of 5490 
kb, this would imply that 1.8×108 photons impinged upon the bacterial cell 
to produce about 1372 photochemical reactions. Even if we ignore the cell 
space that is not occupied by the bacterial DNA, it is clear that it takes a 
relatively large number of photons to induce a relatively limited number of 
photoreactions sufficient to inactivate a cell. Figure 13. shows a comparison 
of the typical number of photons necessary for certain processes to provide 
some further perspective. 

Rauth (1965) measured the inactivation and absorption cross-sections 
of several viruses and computed the quantum yields to be in the range of 
5–65×10–4. The quantum yield is computed from the inactivation cross-sec-
tion divided by the absorption cross-section as follows: 

 
(9)

where
σ = inactivation cross-section, m2/photon 
S = absorption cross-section, m2/photon
 

Figure 13. Typical numbers of absorbed 
photons necessary for certain processes or 
to inactivate enzymes, bacteria, and viruses. 
Based on Setlow and Pollard, 1962.
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 The absorption cross-section can be determined by various means but 
the mea- surement typically involves putting specific densities of cells (or 
virions) in solution and measuring the difference in irradiance that passes 
through the solution con- taining cells versus a solution containing no cells. 
The inactivation cross-section is equivalent to the UV rate constant, which is 
normally given in units of m2/J. 

9. Photochemistry of RNA Viruses 

RNA viruses are characteristically in the A conformation and this partly 
dictates the type of photoproducts produced under UV irradiation. The main 
photoproducts produced are pyrimidine hydrates and cyclobutadipyrimidines, 
while other photoproducts, like altered purines and pyrimidine dimers, occur 
at much lower rates, if at all (Fraenkel-Conrat and Wagner 1981). Remsen et 
al. (1970) found that inactivation of R17 phage at 280 nm was a log-linear 
function of the number of uridine hydrates formed and that no cyclobutapy-
rimidines were formed. RNA animal viruses and phages demonstrate little or 
no photoreactivation, and the photoreactive effects that have been observed 
are attributed to host cells (Fraenkel-Conrat and Wagner 1981). RNA viruses 
have no repair enzymes and any photoreactive effects may be due strictly 
to thermal, visible light, or near-UV light effects.  Much information on the 
photochemistry of RNA viruses has come from studies of Tobacco Mosaic 
Virus (TMV), and although plant viruses are not the subject of this text some 
useful information can be garnered from UV studies regarding the protective 
effect of protein coats. The quantum yield for inactivation of the whole TMV 
virus is barely 1% that of RNA at longer wavelengths of the absorp- tion 
spectrum (Fraenkel-Conrat and Wagner 1981). The relative insensitivity to 
UV of the whole virus is a property of the coat protein, which modifies the 
UV photoproducts formed in RNA. Protein inhibits the formation of pyrim-
idine photoproducts (cyclobutadipyrimidines) and inhibits the formation of 
other photoproducts by reducing the quantum yield for photoreactions. This 
could occur through shielding of the RNA, through quenching of the excited 
states of RNA, and by surrounding the bases with a hydrophobic environment 
and limiting the mobility of the individual bases. Although the protein coat 
reduces the overall rate of photoreactions, it allows the formation of non-
cyclobutane-type dipyrimidines and of uridine hydrates. In irradiated TMV, 
the number of uridine hydrates formed was about two per lethal hit (D37 or 
37% survival), while only about one dimeric photoproduct was formed.  RNA 
bacteriophages, which are viruses that infect bacteria, typically consist of a 
capsid composed principally of one protein, with small numbers of one or two 
other proteins. The action spectra of several RNA phages has been studied by 
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Rauth (1965), who showed that the quantum yield for virus inactivation was 
approximately the same as the quantum yield for RNA inactivation, which 
suggests that not only is the RNA the primary target but that the protein coats 
of the phages studied contribute little protective effect. Under UV irradiation, 
a lethal hit for mengovirus (at 70 J/m2) produced 1.7 uracil dimers but no 
apparent structural damage to the RNA (Miller and Plageman 1974).  Most 
RNA virus coats consist of one major protein and sometimes one or two other 
proteins. There are five known viral proteins, M, G, L, N, and NS. The pro- 
tein of the common strain of TMV consists of three tryptophan and four ty-
rosine residues, both of which have high molar absorptivities (see Figure11). 
The coat protein itself may suffer UV photodamage and may become cross-
linked to RNA, but the extent to which this contributes to overall inactivation 
may be of limited significance (Fraenkel-Conrat and Wagner 1981). 

Double stranded RNA viruses tend to be much more resistant to UV ex-
posure than single stranded RNA viruses, by almost an order of magnitude. 
Zavadova (1971) showed that the D90 for double stranded encephalomyocar-
ditis virus RNA was about six times that for the single stranded version.

 
10. Photochemistry of DNA Viruses 

UV irradiation of DNA produces photoproducts called pyrimidine 
dimers as well as non-dimer photoproducts. Dimers produced in DNA 
can consist of thymine:thymine, thymine:cytosine, and cytosine:cytosine. 
Thymine dimers, the most common photoproducts, were the focus of much 
early investigation in UV irradiation experiments. The number of thymine 
dimers produced per lethal hit in the DNA of phage φX174 is about 0.3 
(David 1964). For coliphage lambda, about two dimers were produced per 
lethal hit (Radman et al. 1970). For phage T4, 10.2 dimers were formed per 
lethal hit (Meistrich 1972). For a given dose, more dimers are produced 
when AT-rich DNA is irradiated than GC-rich DNA, but this difference is 
not more than twofold. The relative efficiency of dimer formation in DNA 
is in the order TT > CT > CC (Setlow and Carrier 1966). However, this 
can vary with the thymine content since, for viruses with high GC con-
tent, the number of CC dimers produced under UV exposure can exceed 
the number of TT dimers (Matallana- Surget et al. 2008). Photoproducts 
other than dimers are also produced, including pyrimidine adducts, which 
occur at about a tenth of the frequency of dimers, and others which occur 
at even lower frequencies (Wang 1976). Cytidine-derived pho- toproducts 
include cytidine hydrate (or the deamination product, uridine hydrate) and 
cytosine dimer (deamination product, uracil dimer). 
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11. Photochemistry of Bacteria 

The kinetics of bacterial inactivation by ultraviolet light are much the 
same as in DNA viruses since they contain DNA, except that many bacte-
ria have more photoprotection and often have the ability to photorecover or 
photoreactivate. About 65 dimers are produced per every 107 nucleotides in 
the DNA of E. coli, for every J/m2 of UV irradiation (Fraenkel-Conrat and 
Wagner 1981). The number of dimers formed varies from one species to an-
other but the ultraviolet sensitivities of bacteria with varying GC content are 
not directly proportional to the TT frequency, indicating that thymine dimers 
are not the sole cause of lethality. David (1973) inferred that for a constant 
G+C content (or T+A content), the sensitivity to UV radiation is a reciprocal 
function of the molecular weight of the genome, suggesting that the smaller 
the DNA molecule, the higher the probability that a hit would be lethal.  

Bacteria invariably contain enzymes and other repair mechanisms that 
may allow for photoreactivation and photorecovery from UV exposure (Atlas 
1995). The quantum yield for inactivation of an enzyme is approximately 
proportional to its cystine content and is roughly inversely proportional to 
its molecular weight (Smith and Hanawalt 1969). The latter is explained by 
the fact that the cystine content of proteins is inversely proportional to their 
molecular weight. The action spectrum for an enzyme can be resolved into 
the contributions from its constituent chromophores. 

12. Photoreactivation 

Photoreactivation is a natural process in which bacterial cells can partial-
ly recover from ultraviolet damage when visible and UV wavelengths of light 
reverse DNA damage by monomerizing cyclobutane pyrimidine dimers. It 
was first identified in E. coli by Prat (1936) and later demonstrated by Kelner 
(1949), and has since been noted to occur in many other bacteria. Photoreac-
tivation is an effect that primarily operates on bacteria and spores. Viruses and 
certain bacteria seem to have very limited capability to self-repair or photo-
reactivate, including Haemophilus influenzae, Diplococcus pneumoniae, Ba-
cillus subtilis, and Deinococcus radiodurans (Masschelein 2002). David et 
al. (1971) reports photoreactivation rates of 40–56% in mycobacteria. Little 
evidence exists for the photoreactivation of animal viruses since they lack en-
zymes although they may be photoreactivated by host-cell repair mechanisms 
(Samad et al. 1987). Photoreactivation has never been observed in animal vi-
rus RNA (Bishop et al. 1967). The photoreactivation effect may be dependent 
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on RH, with the effect possibly absent when RH is less than approximately 
65%. Evidence suggests that the conformation change in DNA that occurs at 
higher RH may allow microbes to experience photoreactivation (Rahn and 
Hosszu 1969, Munakata and Rupert 1974).  Many bacterial cells possess re-
pair enzymes that can repair gaps and defects in the DNA. Thymine dimers 
formed by UV irradiation of DNA are hydrolyzed by specific DNases and 
are replaced with correct sequences by repair enzymes (Guschlbauer 1976). 
The maximum yield of thymine dimers in irradiated bacterial cells depends 
on the wavelength as well as the conditions (i.e. RH%). After a sufficient 
UV dose has been imparted to the bacteria a steady state is reached in which 
the relative numbers of dimers do not change (Smith and Hanawalt 1969). 
Dimer formation is a reversible process and thymine dimers may revert to 
free thymines via the absorption of UV and visible light. Photoreactivation 
cannot completely reverse damage to DNA since UV may cause other types 
of photoproducts but it can effectively limit UV damage. 

 

Thymine dimers absorb light in the visible range (blue light) and this 
leads to self-repair of the nucleotide bonds, as illustrated in Figure14. Reac-
tivation can also occur under conditions of no visible light, or what is called 
dark repair. The ability to self-repair can depend on the biological organi-
zation of the microorganism, as well as the amount of UV damage inflict-
ed on the cell.  Photoreactivation can be catalyzed by enzymes, which are 
commonly present in bacterial cells. The process occurs in two stages; the 

Figure 14. After inactivation by UV irradiance, exposure to visible light for 2–3 h may 
                         produce photoreactivation, in which many broken thymine links (thymine dimers)  
                     are repaired by enzymes
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first involves the production of an enzyme-substrate complex at the DNA 
lesion site in the absence of light, and the second is a photolytic reaction 
in which light energy is absorbed and the lesion is repaired (Fletcher et al. 
2003). Enzymatic photoreactivation is facilitated by visible light and results 
in the splitting of pyrimidine dimers, called monomerization. Thymine di-
mers are more efficiently eliminated than other types. Only polynucleotide 
strands containing adjacent pyrimidines are photoreactivable and a minimum 
length of about nine bases appears to be necessary for the enzyme to attach 
and excise dimers.  In photoreactivation, repair is due to an enzyme called 
photolyase. Photolyase reverses UV-induced damage in DNA. In dark repair 
the damage is reversed by the action of a number of different enzymes. All of 
these enzymes must initially be activated by an energy source, which may be 
visible light (300–500 nm) or nutrients that exist within the cell. Masschelein 
(2002) suggests that the enzymatic repair mechanism requires at least two 
enzyme systems: an exonuclease systems (i.e. to disrupt the thymine-thymine 
linkage), and a polymerase system to reinsert the thymine bases on the ade-
nosine sites of the complementary strain of DNA. 

In DNA repair mechanisms, the damaged strand is excised by the en-
zyme and then the complementary strand of DNA is used as a template for 
inserting the correct nucleotides. Failure to repair UV damaged DNA can 
result in errors during the replication process during which base substitutions 
can occur and result in the development of mutants. The most favored sites 
for base substitutions leading to mutants involve transitions from GC to AT 
at sites with adjacent pyrimidines (Miller 1985). Enzymes can be damaged 
by broadband UV wavelengths other than 253.7 nm, and it has been reported 
that the use of medium pressure UV lamps inhibits photoreactivation due to 
the fact that broadband wavelengths inflict damage on photorepair enzymes 
(Kalisvaart 2004, Quek and Hu 2008).   

No types of DNA damage other than that produced by UV can be pho-
toreactivated. In cell systems with efficient dark repair mechanisms, like 
D. radiodurans, little or no photoreactivation occurs. UV damage produced 
at 253.7 nm can be attenuated by exposure to wavelengths between 330 and 
480 nm (Hollaender 1955). The enzymatic monomerization of pyrimidine di-
mers operates when pyrimidine dimers are the primary type of photodamage, 
and when photodamage is due to other photoproducts, like the spore photo-
product, photoreactivation appears to be absent. 
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13. UV Scattering
 
Another kind of photoprotection, other than shielding or photoreactiva-

tion, occurs when light is scattered from microbes. Scattering of UV light 
from microbes is a phenomenon that is routinely observed during the mea-
surement of optical density of microbes in solution to obtain absorption spec-
tra, and during which corrections for scattering must often be made (Holler 
et al. 1998). Luria et al. (1951) used corrections of 10–20% for scattering at 
260 nm while Zelle and Hollaender (1954) found the absorbance corrections 
for phages T2 and T7 were somewhat greater than 20%. In studies on phage 
T2 (0.065–0.095 μm), Dulbecco (1950) found that for wavelengths longer 
than 320 nm the absorption closely followed Rayleigh’s law of scattering, and 
that the photosensitive pigments were part of the phage (but not the DNA) 
and tended to darken after exposure. Rauth (1965) found that for small virus-
es like MS2 and φX174, the corrections for scattering are almost negligible 
and only become appreciable above about 280 nm, where they can approach 
20–25% depending on virus size. Powell (1959) found that UV scattering 
effects accounted for no more than 25% attenuation in water. According to 
Jagger (1967) the UV transmission through an E. coli cell is only 70% at 254 
nm, leaving a maximum of 30% to be scattered or absorbed. 

Scattering may cause appreciable loss of light when the exposed microbes 
have dimensions comparable with UV wavelengths (Hollaender 1955). The 
scattering effect is reduced as the index of refraction of the microbe approach-
es the index of refraction of the medium (i.e. air or water). The scattering ef-
fect increases, however, when the size parameter (a function of the diameter) 
approaches the wavelength of the ultraviolet light (van de Hulst 1957).  Mie 
scattering is the dominant form of light scattering in the micronsize range of 
viruses and small airborne bacteria (Bohren and Huffman 1983). Scattering 
can have significant impact on the amount of UV that actually reaches the 
nucleocapsid or DNA of a microbe in air and the effect appears to become 
significant at diameters of about 0.03 microns and greater. Scattering is a 
protective effect and not dependent on the protein content of nucleocapsids 
or cell walls, since most microbes appear to have similar indices of refraction 
(i.e. about 1.05–1.08). 

Absorption of photons takes place as ultraviolet radiation penetrates a 
particle. Light that is not absorbed may be scattered from a particle in the vi-
rus and bacteria size range (0.02–20 μm) by three different mechanisms: (1) 
reflection of photons from the particle, (2) refraction of photons that pass un-
absorbed through the particle, and (3) diffraction of photons that pass through 



216

GIULIANO REGONESIGIULIANO REGONESI    Upper room ultraviolet germicidial irradiation. Collection of studiesUpper room ultraviolet germicidial irradiation. Collection of studies

or near a particle. Diffraction may alter the path of photons even though they 
are not in the direct path of the particle. This latter phenomena can result 
in a particle scattering more light than it would actually intercept due to its 
physical size alone (Modest 1993). The interaction between ultraviolet wave-
lengths and the particle is a function of the relative size of the particle com-
pared with the wavelength, as defined by the size parameter: 

 
                                            (10)

where
a = the effective radius of the particle 
λ = wavelength 

If the size parameter, x << 1, then Rayleigh scattering dominates and 
for simple spherical particles of diameters less than λ/10 the scattering will 
approximately vary with the inverse of the wavelength raised to the fourth 
power (1/λ4). If x>>1, the principles of normal geometric optics may be ap-
plied. If x ≈ 1, Mie scattering dominates, and this is the case for small viruses 
and bacteria. For Mie scattering in air, the size parameter can be written as 
follows (Chen et al. 2003): 

                                         (11)
 

where
nm = refractive index of the medium (air) 
d = particle diameter (typically nanometers) 

For nonspherical microbes where the length is significantly greater than 
the diameter (i.e. aspect ratio > 5), the size parameter for rods may be used. 
In such cases the length is merely substituted for the diameter (from Stacey 
1956). The scattering of light is due to differences in the refractive indices be-
tween the medium and the particle (Modest 1993, Garcia-Lopez et al. 2006). 
The scattering properties of a spherical particle in any medium are defined by 
the complex index of refraction 

             m = n − iκ                                                                               (12)
 

where 
n = real refractive index
κ = imaginary refractive index (absorptive index or absorption coefficient) 
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Since the refractive index of ultraviolet light approaches 1 in air (or about 
1.00029 for visible light), Eqs. (10) and (11) are virtually identical. If scatter-
ing is not affected by the presence of other surrounding particles, and this is 
generally the case for airborne microbes since concentrations will never be 
so high as to even be visible, the process is known as independent scattering. 
The process of independent Mie scattering is also governed by the relative 
refractive index, defined with the same symbol (m) as follows: 

 
                                                 (13)

where ns = refractive index of the particle (microbe)
Water has a refractive index of approximately nm = 1.4 in the ultraviolet 

range   and about 1.33 in the visible range. The refractive index of microbes 
in visible light has been studied by several researchers. Balch et al. (2000) 
found the median refractive index of four viruses to be 1.06, with a range of 
1.03–1.26. Stramski and Keifer (1991) assumed viruses to have a refractive 
index of 1.05. Biological cells were assumed by Mullaney and Dean (1970) 
to have relative refractive indices of about 1.05 in visible light. Klenin (1965) 
found S. aureus to have a refractive index in the range 1.05–1.12. Petukhov 
(1964) gives the refractive index of certain bacteria in the limits of 1.37–1.4. 
There are no studies that address the real refractive index of bacteria or virus-
es at UV wavelengths except Hoyle and Wickramasinghe (1983) who suggest 
ns = 1.43 as a reasonable choice for coliform bacteria. Garcia-Lopez et al. 
(2006) state that for soft-bodied biological particles n is between 1.04 and 
1.45. For the imaginary refractive index (the absorptive index or absorption 
coefficient) in the UV range no information is currently available. Per Gar-
cia-Lopez et al. (2006), hemoglobin has a κ of 0.01–0.15, while polystyrene 
has a κ of 0.01–0.82. 

The mathematical solution of Mie scattering is so complicated as to gen-
erally require the use of advanced computational methods. For details of these 
solutions see van de Hulst (1957), Bohren and Huffman (1983), and Modest 
(1993). A variety of software packages are freely available for solving the 
scattering problem for small particles in air, such as DDSCAT, and tables 
have also been published for use (Draine and Flatau 2004). 

Per Eq. (13) the refractive index for microbes in air would be about (1.05)
(1.33) = 1.4. Figure15 shows two examples of scattering effects in microbes 
of 0.2 μm (small virus) and 1 μm (large virus or small bacteria) when light is 
incident from the left passing to the right. The scattering was evaluated for 
a 253 nm wavelength, a real refractive index of 1.4, an imaginary refractive 
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index of –1.4, a medium refractive index of 1.0003 (air), and wide dispersion 
of particles (negligible concentration). Computations were performed using 
the Mie Scattering Calculator (Prahl 2009). 

The amount of scattering and absorption by a particle is defined by the 
scattering cross-section, Csca, and the absorption cross-section, Cabs. The scat-
tering cross section is defined as the area which when multiplied by the inci-
dent irradiance gives the total power scattered by the particle. The absorption 
cross section is the area which when multiplied by the incident irradiance 
gives the total power absorbed. 

 

The total amount of absorption and scattering is the extinction cross-sec-
tion, Cext, defined as the area which when multiplied by the incident irradi-
ance gives the total power removed from the incident wave by scattering and 
absorption. 

 
           Cext = Cabs + Csca                                                                                                                             (14)

The fraction of UV that is scattered from the total incident irradiation, 
Suv, can be computed as follows (Kowalski et al. 2009): 

                                                                                                             (15)

Figure 15. Angular UV light scattering functions for spherical microbes in air, with di-
ameters as indicated. Plots reprinted courtesy of Scott Prahl, Oregon Medical Laser Center
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Equation (15) effectively defines the correction factor (as a complement) 
for UV incident on a particle that scatters UV. Efficiency factors used in Mie 
scattering are the cross-sections divided by the area, and include the absorp-
tion efficiency factor, Qabs, the scattering efficiency factor, Qsca, and the ex-
tinction efficiency factor, Qext, defined as follows: 

                                                                                                              (16)

                                                                                                             (17) 

                                                                                                            (18)
 

The extinction efficiency factor is equal to the sum of the other two factors: 
 
             Qext = Qabs + Qsca                                                                                                                      (19)
 

Figure 16. UV Scattering Efficiency, Absorption Efficiency, and Scatter Fraction for 
spherical particles in air. Real refractive index = 1.4, imaginary absorptive index = –1.4, 
nm = 1.0003. Dots show approximate logmean diameters of RNA and DNA viruses
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The degree of scattering increases from small viruses up to small bac-
teria. Figure 16. shows an example of the scattering efficiency, absorption 
efficiency, and scatter fraction of spherical viruses and bacteria in the 0.02 – 8 
μm size range in air, based on computations performed using Mie scattering 
software (Prahl 2009). The refractive index (real component) used for this ex-
ample is n=1.4, while the absorptive index (the imaginary component) is as-
sumed the same as water, κ=1.4. Note that the scattering efficiency increases 
dramatically above about 0.06 μm. The range of sizes for viruses and bacteria 
are also shown, and it can be seen that DNA viruses and bacteria would be 
most impacted by scattering effects. This graph is revisited for water in Chap. 
4, where it will be seen that although the medium changes the efficiency fac-
tors, it has little effect on the scattering fraction. 

The refractive index and the absorptive index of individual species of mi-
crobes may be somewhat different from the values assumed above, but testing 
of alternate values indicates that the general pattern of behavior observed in 
Figure16. remains essentially unchanged for all possible microbial values 
previously cited. The UV scatter fraction confers some significant UV photo-
protection, especially to larger viruses and to bacteria. Such photoprotection 
translates into an effective UV dose lower than that to which the microbe is 
exposed. The subject of UV scattering as a mechanism of photoprotection, 
and how it relates to predicting UV susceptibility will be revisited in Chap. 4. 
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1. Introduction 

Tuberculosis (TB) has recently surpassed the human immunodeficiency 
virus as the leading cause of death brought on by a single infectious agent. In 
2015, approximately 10.4 million people developed TB, and an estimated 1.4 
million people died as a result of the disease.1 TB infection can occur when 
a susceptible person inhales respiratory droplet nuclei containing any of the 
Mycobacterium species in the Mycobacterium tuberculosis complex. These 
droplet nuclei, which result from the evaporation of water from respiratory 
droplets exhaled by an infected individual, are so small that they are carried 
on air currents instead of settling out.2 Environmental controls to reduce the 
air-borne concentration of infectious droplet nuclei in crowded areas are a 
critical part of TB infection control.3 When combined with a ceiling fan to 
facilitate air mixing, upper room germicidal ultraviolet (GUV) irradiation is 
one of the simplest and most cost-effective method to reduce the risks of TB 
exposure in resource-limited countries, in part because it does not require 
structural changes to a room or building.4 This paper describes a novel GUV 
luminaire design principle and tests a prototype luminaire for use as an en-
viron- mental control to mitigate the spread of airborne infectious diseases. 

2. Background 

2.1 History 
It has been known since the mid-1800s that microorganisms respond to 

light.5 In a revolutionary breakthrough in 1877, TP Blunt and Arthur Downes6 
proclaimed that ‘light is inimical to the development of bacteria’ after discov-
ering that sunlight could inactivate bacteria in test tubes and keep the tubes 
microbe-free for months at a time. About a decade later, microbiologist Rob-
ert Koch performed a series of experiments that showed that sunlight could 
inactivate tuberculosis-causing bacteria.5 Then, in 1935, Wells and Fair7 
showed that 254 nm radiation could rapidly inactivate aerosolised Bacillus 
coli, which was the first time ultraviolet (UV) radiation was used to inactivate 
bacteria in air rather than liquid. These discoveries paved the way for today’s 
use of GUV to reduce the spread of TB and other airborne diseases. 

Currently, GUV is produced by mercury vapour arc lamps emitting 
predominantly 253.7 nm UV-C. Compared to other forms of UV radiation, 
which can cause skin cancer and permanent eye damage, GUV is minimally 
dangerous to humans. Because UV-C rays have shallow penetration depths, 
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over- exposure causes damage just to the outermost layer of the cornea and to 
the outer, dead layer of skin. GUV overexposure, therefore, causes only tran-
sitory side effects such as photokeratitis and erythema, which have no long-
term consequences, and are rapidly repaired through normal cell turnover.8 

2.2 Upper room GUV 
Upper room GUV confines the germicidal radiation to the space above 

the room’s occupants with specially designed luminaires. Upper room GUV 
is considered more effective than using GUV in ducts because micro- organ-
isms are inactivated in the occupied room soon after they are emitted by trav-
elling upward with warm air currents.4 These systems depend on adequate air 
movement from the contaminated lower room into the irradiated zone, which 
can be accomplished with paddle fans or, less reliably, by natural convection.9 

Upper room GUV luminaires are designed to accommodate a wide va-
riety of room sizes, shapes, and ceiling heights. However, low ceilings pres-
ent a challenge for the use of upper room GUV because of UV-C reflection 
into the lower room and because the smaller volume of the irradiated zone 
will result in a less effective system. A minimum ceiling height of 2.4 m (8 ft) 
is typically recommended for commercially available luminaires,10 but in 
rooms with lower ceilings, customised luminaires can be installed to ensure 
occupant safety. 

Multiple, nearly horizontal, tightly spaced, flat-black louvres are often 
used to limit reflection emanation into the lower room, thus protecting occu-
pants from overexposure to UV-C. Louvres allow only predominantly hori-
zontal rays to pass, which dramatically decreases the efficiency of upper room 
GUV systems by absorbing the majority of the total UV-C rays emitted by the 
lamps.11 However, for all but the tallest rooms, louvres are considered neces-
sary to protect occupants. 

3. Design 
The most common GUV luminaires available today are either ceiling- or 

wall-mounted enclosures, ideally including a parabolic reflector to redirect 
the UV-C radiation from the back of tubular germicidal lamps into the upper 
room, as shown in Figure 1. 

The most important factor to consider when evaluating the performance of 
an upper room GUV luminaire is the total UV-C output, which will determine 
the luminaire’s efficacy against airborne micro- organisms.12 The UV-C output 
from the luminaire is significantly less than the lamp output due to the design of 
the luminaire, particularly the louvres, resulting in a lower luminaire efficiency.
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Luminaire efficiency is defined as the fraction of the lamp’s UV emis-
sion emitted by the luminaire.13 With a conventional wall-mounted design 
(Figure 1), a reflector wraps partially around the UV-C emitting tube and 
redirects a portion of the UV-C radiation from the back of the lamp through 
the louvres as a collimated beam. This is called the ‘reflected component’ 
(RC). The RC rays pass through the luminaire relatively unimpeded, because 
the parallel louvres are aligned to minimise their interference to the RC beam. 
The remaining, nonreflected portion of UV-C source radiation, called the ‘di-
rect component’ (DC), radiates outward from the front of the lamp at diverg-
ing angles and is mostly not captured by the reflector; much of it is absorbed 
by the louvres and never exits the fixture. We can roughly estimate the RC 
and DC of the fixture pictured in Figure 1 by measuring the angles from the 
centre of the lamp to the edge of the reflectors in a side view drawing. This 
estimate is based on the assumptions that rays are uniformly emitted from 
the surface of the lamp and exit perpendicular to the surface. In the Atlantic 
Ultraviolet Hygeaire wall luminaire pictured in Figure 1, the reflectors catch 
and redirect UV-C rays from less than half of the lamp (152o out of 360o). It 
is clear that the majority of DC rays, which make up 58% of the total coming 
out of the lamp (208o out of 360o), will not make it through the louvres, which 
are 78 mm wide, spaced 6.5 mm apart, and tilted 48 upward. The louvre 
system intentionally obstructs most of the oblique DC rays to protect room 
occupants. The DC is not controlled by the reflector and is mostly wasted, 
diminishing the UV-C emission and the efficiency of the GUV luminaire. 

Figure 1. A side view drawing of a wall-mounted Atlantic Ultraviolet Hygeaire lumi-
naire, Model LIND 24-EVO (Hauppauge, NY), with a parabolic reflector to direct UV 
rays out at a slightly upward angle, and louvres to block rays that are not parallel to the 
louvres. The lines indicate the estimated reflected component (152o out of 360o) and the 
direct component (208o out of 360o).
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Because of these limitations, the wall- mounted design described above 
is not the most efficient way to irradiate the upper room. However, the lumi-
naire illustrated in Figure 1 is a more efficient design than many other GUV 
luminaires that do not use reflectors at all. For example, some pendant mount-
ed models, designed to emit UV-C uniformly in all directions in one plane, 
employ multiple compact UV-C lamps mounted vertically without reflectors. 
Although the foldedover lamps keep the luminaire’s vertical profile to a mini-
mum, the design means that all of the emitted UV-C radiation is uncontrolled 
DC, introducing greater UV-C absorption and reducing UV- C output. To 
our knowledge, there are no pendant luminaires that utilise reflectors, except 
the pendant luminaire produced by Atlantic, which actually consists of two 
wall fixtures back to back. The configuration may be advantageous for certain 
rooms, but because the optics are identical, it does not solve the problems 
inherent in the design. 

A parabolic reflector on only one side of a UV-C lamp cannot capture 
all of the radiation emitted by the germicidal lamp, but it is the best current 
design for a wall luminaire. However, a luminaire suspended from the ceiling 
and located away from a wall can be a more effective design if the DC is lim-
ited with multiple well-positioned reflectors. To test this principle, Howard 
Brandston designed a novel fixture that wraps two half- parabolic reflectors 
around a linear UV-C source to capture approximately 183o of radiation, tak-
ing into consideration the part of the reflectors blocked by the lamp itself 
(Figure 2). The double-reflector redirects UV-C rays in opposing directions 
across a room or down a corridor. By increasing the RC, the new unit decreas-
es oblique DC rays and, in theory, requires fewer louvres. Reducing the num-
ber of louvres decreases UV-C radiation obstruction and increases luminaire 
efficiency, as well as lowering manufacturing costs. 

The prototype (Figures 2 and 3) is designed to be mounted in the centre 
of a corridor or rectangular room and aimed along the long axis of the space, 
so that the two opposite UV-C beams travel roughly half the room length to 
wall surfaces. The average ray length – the distance the UV-C ray travels 
before hitting the wall or ceiling – is therefore shorter than that of the single, 
long beam produced by a unidirectional fixture mounted on a wall at one side 
of a room. Since UV-C rays are mostly absorbed upon impacting a wall or 
ceiling (except for a small amount that is reflected), maximising the average 
ray length is ideal, but this is difficult to do without increasing the DC. By 
centrally mounting a luminaire that produces a higher UV-C output, the lethal 
effect of UV-C radiation upon airborne microorganisms may be increased 
even though the average ray length is decreased. 
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 A prototype was built with sheet aluminium, a Philips TUV 25W G25T8 
tubular lamp, and an electronic ballast. The dimen- sions of the prototype 
are 46.0cm long, 24.1 cm wide and 16.0 cm high (18.1ʺ  long, 9.5ʺ wide and 
6.3ʺ high). A dielectric film stack was applied to the aluminium reflectors to 
improve their UV response; they are spectrally selective and non-absorbing 
in the UV-C band, relying on a combination of interference and absorption ef-
fects to suppress longer wavelengths. The louvres, which are 74.75mm wide, 
were tilted 5.5o upward towards the ceiling and spaced 13mm apart. 

4. Testing 
A series of tests was conducted to compare the prototype luminaire to 

current designs. It was primarily compared with an Atlantic Ultraviolet Hy-
geaire luminaire, Model LIND 24-EVO, which is detailed in the previous 
section. The Atlantic Hygeaire is one of the most efficient commercial GUV 
luminaires currently available for which luminaire output and lower room 
safety results have been published.14 

4.1 Total output 
The total UV-C luminaire output of the prototype luminaire was measured 

and compared to other GUV luminaires with different designs. The protocol had 
been previously developed and validated to measure upper room louvred GUV 
luminaires.15 A model P9710-1 optometer and a model UV-3718-2 UV-C detec-
tor were used to measure the UV-C output of the new luminaire. The prototype 
has two large louvred faces that each has an area of 259 cm2. To provide a grid 
for irradiance measurements, each face was divided into 11 mm2 segments (the 
diameter of the sensing window) and these were marked as the measurement 

Figure 2. Drawing of the novel prototype 
showing the lamp, reflectors, and louvres, 
with lines indicating the reflected compo-
nent (183o out of 360o).

Figure 3. Rendering of the prototype 
showing one of the louvred faces, side 
slits, and the end view.
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locations. The sensor was moved along the face of the luminaire, recording ir-
radiance at each location. The average irradiance for each face was multiplied 
by its area in order to get the power in watts. 

In addition to the two louvred faces, there are slits on either side of each face 
of the luminaire (Figure 3). The area of the slits is relatively small compared to 
the openings between louvres, and the UV-C radiation emitted from the side slits 
was negligible compared to the radiation emitted from the louvred faces. 

The UV-C emission of the two faces was summed to obtain the total 
UV-C power of the luminaire. This measurement was repeated three times 
and averaged. 

4.2 Photometric tests 
A photometric test was performed on the prototype using a 15 W T8 

linear fluorescent lamp rated at 1000 lumens. The moving mirror photometer 
method that was used is detailed elsewhere16 and is based on the Illuminating 
Engineering Society of North America testing standards for industrial and 
commercial lighting applications. The output at various angle ranges was 
determined by measuring both apertures and averaging the results. A com-
puter-simulated estimation of a photometric test was also done in a program 
called Photopia,17 using both a T5 and a T8 linear fluorescent lamp. 

4.3 Biological testing 
In order to determine the germicidal efficacy of the prototype luminaire, 

biological tests were performed in an experimental chamber at the Harvard 
School of Public Health. In past years, this chamber has been used for ex-
tensive testing on common GUV luminaires.11,18,19 The new fixture was com-
pared to the Atlantic Hygeaire luminaire. 

4.3.1 Experimental chamber 
Experimental tests were conducted in a room-size chamber that has a 3.0 

m by 4.6 m floor and a 3.0 m high ceiling. All aerosolisation and sampling 
was done in a Class II biosafety cabinet located in an adjacent ante-room as 
described elsewhere.11 The chamber is equipped with a heating, ventilation, 
and air conditioning system. The air exchange rate was maintained at six air 
changes per hour (ACH) for all tests. 

The prototype luminaire was mounted between 1D and 2D (Figure 4), 
with the bottom of the luminaire at a height of 2.5 m (8.2ft). The Atlantic 
luminaire was mounted on the wall of the experimental chamber at location 
2 A with the bottom of the luminaire at a height of 2.4m (8ft). A ceiling fan 
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with three 0.61 m (2 ft) blades (modified Haiku fan with shortened blades and 
a narrower chord, Big Ass Fans, Lexington, KY, USA) was mounted in the 
centre of the ceiling, with the tips of the blades at a height of approximately 
2.8 m (9.2 ft). It was set to the highest speed of 231 r/min for all tests. 

Although it would be ideal to 
centre both luminaires, it was not 
possible to centre the prototype 
luminaire because of the location 
of the fan. Both luminaires were 
therefore offset slightly, as seen 
in Figure 4. The two lumin- aires 
were tested one at a time – the 
prototype was removed for test-
ing of the Atlantic luminaire, and 
the Atlantic luminaire was cov-
ered during testing of the proto-
type. 

4.3.2 Bioaerosol tests
A liquid suspension of My-

cobacterium parafortuitum, a 
M. tuberculosis surrogate, was 
aerosolised for all experiments. 
The suspension was diluted to a 
concentration of 108 colony-form-
ing units (CFUs) per mL in phos-
phate-buffered saline solution 
(Lonza Group, Rockland, ME, 

USA), and was stored as 1 mL aliquots at  ̶̶ 80oC until used. 
The procedure for aerosolising bacteria and collecting samples is de-

tailed elsewhere.19 For each trial, triplicate UV-C ‘on’ and UV-C ‘off’ sam-
ples were collected. Seven trials of the experiment were performed with the 
prototype, and four trials with the Atlantic Hygeaire fixture. The fraction of 
surviving bacteria was calculated as follows: 

                  f =CUV /CnoUV                                                                       (1) 
where CUV is the concentration of culturable bacteria in CFUs from samples 
with the UV- C lamps turned on, and CnoUV is the concentration of CFUs from 
the matched tests with UV-C lamps turned off. 

Figure 4. Tests were conducted in 3.0 m by 
4.6 m chamber with 3.0 m high ceiling and a 
central ceiling fan. Circles indicate locations 
of lower room irradiance measurements.
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4.4 Lower room measurements 
In order to assess the safety of room occupants, we measured the irradi-

ance levels in the lower room while the prototype luminaire was operating. 
The American Conference of Governmental Industrial Hygienists20 has estab-
lished a threshold limit value (TLV) – the dose to which a worker can be ex-
posed 8 hours a day, 40 hours per week for a working lifetime without adverse 
health effects – as a guideline for avoiding skin and eye injuries. For 254 nm, 
the primary wavelength that low-pressure mercury lamps emit, the dose limit 
is 6.0mJ/cm2. Thus, a worker can be exposed to an irradiance of 60 mW/cm2 
for 0.1 second or to 0.2 mW/cm2 for 8 hours, assuming continuous exposure. 
Using spot measurements to approximate exposure without knowing how oc-
cupants will move within the space is not accurate, as has been shown by a 
personal monitoring study where the 8-hour dose was a small fraction of the 
TLV even when areas contained higher irradiances than 0.2 mW/cm2.21 How-
ever, using spot measurements is acceptable for the purpose of comparing the 
prototype to the Atlantic fixture, which has been safely used for years.22 

Lower room irradiance measurements were done in the same chamber 
where the biological experiments were performed. Vinyl tiles cover the floor 
of the chamber, while a pebbled, hard-finish white plastic wallboard covers 
the four walls and the ceiling. The wallboard’s reflectivity was measured to be 
less than 10% at 254 nm.14 A grid was created on the floor of the chamber, speci-
fied by five columns labelled 1–5 and seven rows labelled A–G (Figure 4). 

Measurements were made using a GigaHertz-Optik model P-9710-1 op-
tometer and a model UV 3718-2 flat UV-C sensor. The sensor was attached 
to a tripod so that the face of the sensor was vertical and the centre of the 
sensor was at a height of 1.73 m (5ʹ 8ʺ), which simulated a standing per-
son looking straight ahead. This height was used in adherence to previously 
published studies and corresponds to the 95th percentile for male eye height 
in the USA.19,21 For each measurement, the sensor was rotated 360o, while 
always keeping the face vertical, in order to find the maximum irradiance at 
each point. Irradiance measurements were taken at 35 locations, indicated by 
circles in Figure 4. In order to calculate measurement error, the procedure 
was performed three times for each fixture. Each fixture was mounted in the 
same location as for the biological tests. 
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5. Results and discussion 

5.1 Total output 
The prototype GUV luminaire has a total UV-C output of 0.765 W (stan-

dard deviation of 0.0651 W). For comparison, Table 1 shows results of three 
other well-known luminaires that were measured using the same method, as 
detailed elsewhere.15 The Atlantic Hygeaire, one of the best commercial GUV 
fixtures currently available,14 is the easiest to compare because it also contains 
a 25 W lamp (05-1348-R Ster-L-Ray Germicidal lamp). 

The total UV-C output allows us to calculate the efficiency of the fix-
ture (Table 1). The luminaire UV-C efficiency is defined as the ratio of the 
fixture UV-C output to the lamp UV-C output.13 Because of its higher UV-C 
output, the prototype has a fixture efficiency of 10.9%, almost double the 
efficiency of the Atlantic unit of 5.54%. The other two luminaires, a pendant 
and a corner luminaire, have even lower efficiencies than the Atlantic lumi-
naire, with luminaire efficiencies of 2.38% and 1.22% for the pendant and 
corner luminaires, respectively. 

Although there are many other GUV luminaires commercially available, 
manufac- turers are not required to report the luminaire UV-C output, so it is 
difficult to make comparisons to all GUV lumin- aires. Lamp output is often 
reported, but as explained in the Design section, this does not help determine 
the luminaire efficiency. 

Because more UV-C radiation is captured and reflected in the prototype 
luminaire than in the other luminaires, efficiency is almost two times higher 
than the second-most efficient luminaire. The reflectors control more of the 
radiation, which means fewer louvres are required to absorb the stray rays. 
However, with fewer louvres, the DC rays may increase lower room UV-C 
levels, and measurements must still be taken to ensure occupant safety. 

5.2 Photometric tests 
The results of the photometric tests are shown in Table 2. The number 

of lumens, as well as the percent of total output that the luminaire emits, is 
shown over various angle ranges, where 0O represents the vertical plumb- 
line from the bottom of the luminaire, and 90o runs parallel to the floor. 
The output below the luminaire, from 0–90o, should be minimised to en-
sure occupant safety, while the output from 90–110o, the range where the 
rays are designed to emit, should be maximised. 

The output in the 0–90o range is high, but most of it occurs at high-
er angles (60–90o). The majority of the output (71.6%) is in the desirable 
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range of 90–100o. Because UV-C rays from the prototype luminaire, which 
is designed to be mounted in the centre of the room, only need to travel 
half the distance, they do not have to be as tightly controlled as those of a 
wall-mounted luminaire, assuming both are in the same-sized room. 

Source type  Lamp UV-C
 outputa

Luminaire
UV-C output

Luminaire UV-C 
efficiency 

(luminaire output/lamp
UV-C output)

Prototype luminaire 7W  0.765 W 10.9%
Atlantic Hygeaire 8.5 W  0.471 W  5.54%
Lumalier pendant  22 W  0.523 W  2.38%
Lumalier corner  11 W 0.134 W 1.22%

UV: ultraviolet. a as reported by manufacturer.

Prototype luminaire
Luminaire output normalised
Luminaire efficiency
Total light output
Output at 0–90o

Output at 60–90o

Output at 90–100o

Output at 100–110o

Output at 110–180o

(by difference)

 1000 lumens
11.8%
118 lumens
20.3 lumens (17.2%)
20.1 lumens (17.0%)
84.5 lumens (71.6%)
11.2 lumens (9.5%)
2.0 lumens (1.7%)

The photometric tests showed a slightly higher luminaire efficiency than 
the total output method described previously – 11.8% instead of 10.9%. How-
ever, the difference is small and suggests that photometric tests could be used 
to evaluate GUV luminaires. Further studies should be done to confirm this; 
because gonioradiometry is expensive and limited, the use of photometric 
tests to evaluate GUV luminaires would be extremely helpful. 

The computer simulation with a T5 lamp estimated a higher efficiency of 
14% for a T5 fluorescent lamp, compared to 11.9% for a T8 fluorescent lamp. 
A smaller diameter lamp would likely cause less blockage of UV-C rays and 
increase the RC. 

Table 1.  Luminaire efficiency of the prototype luminaire compared 
                to other GUV luminaires.

Table 2.  The photometric results show the number of lumens as well as the percent 
of total output emitted over various angle ranges, where 0o represents the vertical 
plumb-line from the bottom of the luminaire, and 90o runs parallel to the floor.
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5.3 Bioaerosol tests 
On average, 45% of the M. parafortuitum bacteria were inactivated 

when using the Atlantic fixture, while 56% were inactivated when using the 
prototype (Table 3). An independent t-test revealed that the difference in the 
mean values of the inactivation rates for the two luminaires was statistically 
significant (p= 0.046). 

These results can also be expressed in equivalent air exchange rates 
(eqACH), which is the additional increase in air exchange rate needed to 
obtain the same concentration of viable microorganisms as GUV alone, as-
suming perfect mixing. Equivalent air exchange rate is used to compare the 
provision of additional mechanical ventilation to GUV luminaires. This result 
can be calculated from the equation: 

                                                                                          (2)                     

where f is the fraction surviving, λ is the air exchange rate provided by me-
chanical ventilation (maintained at 6 ACH in this study) and λe is the equiva-
lent air exchange rate.11 The  Atlantic fixture provided 5.2 eqACH, while the 
prototype provided 8.0 eqACH (Table 3). 

Source type Percent inactivation
(95% confidence interval)

Equivalent air exchange rate
(95% confidence interval)

Prototype luminaire 56%   (± 5.07%) 8.0 (± 1.75)

Atlantic Hygeaire 45% (± 9.58%) 5.2 (± 2.35)

An additional 6 ACH was provided by mechanical ventilation.

The prototype luminaire inactivated a higher percentage of M. parafortu-
itum than the Atlantic luminaire, which is currently being used in many upper 
room GUV systems. The significantly higher germicidal efficacy of the pro-
totype suggests that the design principle it employs may be ready for broader 
use in real-world applications. 

Table 3.  The percent inactivation of Mycobacterium parafortuitum and 
the equivalent air exchange rate of the prototype luminaire compared to the 
Atlantic Hygeaire.
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5.4 Lower room measurements 
The lower room irradiance measurements at 35 locations in the chamber 

are depicted in   Figure 5. The average lower room irradiance measurement 
for the Atlantic was 0.065 mW/ cm2, while the average measurement for the 
prototype was higher, at 0.118mW/cm2. An independent t-test revealed that 
the differences in the mean values were statistically significant (p = 0.000692). 
The maximum irradiance measurement for the two fixtures was similar; the 
maximum for the Atlantic was 0.293 mW/cm2 (at location G3), while the 
maximum for the prototype fixture was 0.280 mW/cm2 (at locations A1 and 
A2). Although no alarmingly high irradiances were found in this small cham-
ber for either luminaire, further lower room irradiance testing on the proto-
type should be done in a larger room. As with any GUV system installation, 
the best way to ensure safety for occupants is to use a personal monitor for 
several days. However, this comparison demonstrates that the luminaire is 
safe for lower room occupants in this space, and will not result in the negative 
side effects that can occur from overexposure to UV-C radiation. 

Figure 5. Lower room irradiance measurements with the prototype luminaire com-
pared to the Atlantic luminaire showing minimum, maximum, median, and first and third 
quadrant irradiances.
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6. Conclusions 

The testing of a novel design principle dis- cussed here was conducted 
using a prototype, with results surpassing those of GUV luminaires already 
in use. However, the prototype could be optimised before the design is final-
ised. For example, adding angled side reflectors near each electrode would 
help to capture and control more lamp radiation, further increasing efficiency. 
The cost–benefit of this improvement would require radiometric verification. 
In addition, the T8 lamp could be replaced with a T5; the computer simula-
tion with a T5 lamp estimated a higher luminaire efficiency of 14% for a T5, 
compared to 11.9% for a T8. The increased efficiency makes sense because 
parabolic reflectors become more effective as the lamp diameter decreases; a 
line source would result in the highest effectiveness. In addition, the body of 
the lamp obstructs the light passage and absorbs some of the light – the larger 
the source, the greater is the absorption. Other refinements can be made by 
the product manufacturers prior to the device being brought to market; there 
is guidance in the description and diagrams provided, and more diagrams are 
available upon request from the authors. 

Even without modifications, the prototype showed excellent perfor-
mance, inactivating airborne microbes more effectively than one of the most 
commonly used luminaires. The luminaire design is also efficient in its UV-C 
output and maintains safe irradiances in the occupied lower room, which 
means that fewer luminaires will be required to produce the same results, and 
installation costs kept to a minimum. The use of simple materials and fewer 
louvres made this prototype relatively inexpensive to fabricate, although its 
optics are identical. 

This highly effective luminaire design can be utilised as an environmen-
tal control to mitigate the spread of tuberculosis and other airborne infectious 
diseases. It is our hope that this demonstration prototype will encourage a 
manufacturer to produce and bring a luminaire utilising this design principle 
to market. 
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SYNOPSIS

Bench-scale and room-scale experiments clearly demonstrate the effec-
tiveness of ultraviolet germicidal irradiation (UVGI), which consists primar-
ily of shortwave (254 nm or UV-C) energy, for inactivating a wide range of 
aerosolized microorganisms.1–9 Based on these and other data, UVGI tech-
nology is widely used as a protective measure to limit the transmission of 
airborne pathogens. To prevent spread of infectious agents within rooms, up-
per room rather than UVGI within ventilation ducts is the optimal implemen-
tation mode, using wall or ceiling-mounted fixtures that direct UV-C energy 
above the heads of room occupants. Existing or added mechanical air mixing 
within rooms delivers infectious aerosols into the germicidal beam and re-
turns disinfected air back down to the breathing zone.

However, since its introduction more than 60 years ago, the application 
of upper-room UVGI has raised concerns of potential injury to room occu-
pants, specifically to eyes (photokeratoconjunctivitis) and skin (photoder-
matitis). This article presents findings relating to the safety of the Tubercu-
losis Ultraviolet Shelter Study (TUSS), a double-blind, placebo-controlled 
field trial of upper-room UVGI at 14 homeless shelters in six U.S. cities, 
from 1997 to 2004.

Go to:

EFFECTS OF EXPOSURE TO GERMICIDAL UV (UV-C)

Highly active photochemically, 254 nm UV would be expected to be 
more damaging to exposed skin and eyes than longer wavelengths, such as 
UV-A and UV-B, in sunlight. However, 254 nm UV is so completely ab-
sorbed by chromophores in the outer dead layer of skin that it is estimated 
that only 5% of 254 nm UV at the skin surface penetrates to the top viable 
cell layer, compared with 15% for 365 nm (UV-A) and 50% for 297 nm 
(UV-B).10 Impinging radiation is also reflected and scattered by the optical 
properties of the skin, but while the skin is somewhat protected from ger-
micidal UV by its absorbing dead outer layer, the cornea has no such outer 
layer. Consequently, the cells of the cornea have greater exposure to UV 
irradiation injury.

Thus, when UVGI fixtures are improperly installed or when accidental 
direct high-intensity exposure occurs to room occupants, for example, work-
ing without UV protection in the upper room, UV-C can result in photoder-
matitis and, more commonly, photokeratoconjunctivitis. Photokeratocon-
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junctivitis is a painful inflammation of the cellular outer layer of the cornea, 
which is experienced several hours after overexposure and resolves within 
a 24- to 48-hour period in the absence of additional exposure.11,12Overexpo-
sure symptoms are an uncommon consequence of upper-room UGVI instal-
lation and have invariably resulted from human error, as the following case 
citations demonstrate.

CASE REPORTS OF ACCIDENTAL HUMAN UV-C INJURY

Before the 1985–1992 resurgence of tuberculosis (TB) in the U.S., the 
application of germicidal UV had greatly decreased compared with its use 
in the pre-antibiotic era. There exist only a few earlier reports of UV injury. 
These include an episode in which eight workers developed photokeratocon-
junctivitis from an inadvertent 20-minute exposure to direct, high-intensity, 
lower-room UVGI over an operating room table, where it was being used 
to reduce the rate of perioperative orthopedic infections.13 In this instance, 
the fixture was inadvertently left on after a surgical procedure was complet-
ed, and new employees touring the operating suite were exposed. For this 
high-intensity lower-room application, unlike upper-room UVGI, operating 
room staff must wear completely protective clothing.

In another instance of human error, two nurses and a housekeeper ex-
perienced eye discomfort and facial skin peeling from exposure to a bare 
(unshielded) 36-watt UVGI lamp that was turned on accidentally.14The office 
had previously been used as a sputum induction room, but the UVGI lamp re-
mained functional, with a switch located next to that for the fluorescent light. 
At the UV intensities measured, the calculated eight-hour weighted mean 
threshold limit value (TLV) for 254 nm UV would be exceeded in 120 to 300 
seconds. The symptoms resolved completely in two to four days.

Another episode, reported in 2006, occurred in Italy. Twenty-six medi-
cal students were exposed to a barebulb direct (lower-room) germicidal UV 
source for 90 minutes during an autopsy demonstration.15 A timer that was 
intended to disinfect the area at night when the suite was unoccupied had 
malfunctioned. All subjects reported both eye and skin symptoms. Although 
the calculated absorbed irradiation was approximately 700 mJ/cm2, based on 
meter measurements, the effective irradiance according to skin phototype and 
symptoms was far less—between 50 and 100 mJ/cm2. This finding supports 
UV monitoring data by First and colleagues that peak meter readings poorly 
predict actual exposure of room occupants.16Despite UV-C exposure 20 to 
100 times higher than the TLV, all but one student had complete resolution 
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of skin symptoms within two weeks of the incident. Ocular symptoms lasted 
two to four days, with no residual findings.

An extreme example of such error occurred among 58 people over a 
nearly four-month period, when a germicidal UV lamp was accidentally used 
to replace a fluorescent lamp in a desk fixture in the ward of a psychiatric hos-
pital.17 Eye symptoms and signs predominated, including pain and the sensa-
tion of a foreign body, excessive tearing, conjunctival injection, and perior-
bital edema. In this unusual exposure situation, room occupants were much 
closer to the UV source than when UVGI is used in the upper room, and UV 
exposure quickly exceeded the tolerable dose. The direct and reflected 254 
nm UV irradiance from the fixture was measured and exceeded the eight-hour 
TLV in 2 to 5 minutes at a distance of 51 cm from the fixture, and 20 minutes 
at a distance of 173 cm.

We are aware of only one report of UV overexposure resulting from 
properly installed UV. During the 1985–1992 TB resurgence in New York 
City, Miami, and many other U.S. cities, commercial UVGI fixture designs 
available in the United States tended to produce excessive levels of irradiance 
when installed in rooms with low, UV-reflective ceilings. The human error in 
this case was that post-installation commissioning measurements were not 
taken as required before the lamps were activated in occupied rooms. Soon 
afterward, employees complained of eye and skin irritation that was worse 
during the workweek, but better over the weekends despite outdoor solar ex-
posure. Photometry measurements confirmed eye-level UV irradiance levels 
as much as 10 times higher than anticipated.18 The fixtures were modified and 
the symptoms resolved. This experience stimulated the design of new, tightly 
louvered UVGI fixtures that produced a narrow beam of UV in the upper 
room with minimal reflection into the occupied space.19

GUIDELINES FOR UV INSTALLATION

The American Conference of Governmental Industrial Hygienists (AC-
GIH) Committee on Physical Agents20 has established a TLV for UV-C ex-
posure to avoid such skin and eye injuries among those most susceptible. For 
254 nm UV, this TLV is 6 mJ/cm2 over an eight-hour period. The TLV func-
tion differs by wavelengths because of variable energy and potential for cell 
damage. This TLV is supported by the International Commission on Non-Ion-
izing Radiation Protection21 and is used in setting lamp safety standards by 
the Illuminating Engineering Society of North America.22 When TUSS was 
planned, and until quite recently, this TLV was interpreted as if eye exposure 
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in rooms was continuous over eight hours and at the highest eye-level irra-
diance found in the room. In those highly unlikely conditions, a 6.0 mJ/cm2 

dose is reached under the ACGIH TLV after just eight hours of continuous 
exposure to an irradiance of 0.2 μW/cm2. Thus, 0.2 μW/cm2 was widely inter-
preted as the upper permissible limit of irradiance at eye height.

In TUSS, placement guidelines for upper-air germicidal systems followed 
manufacturers’ recommendations developed in the 1940s, when buildings typ-
ically had floor-to-ceiling heights of more than 3 m. Studies by Riley in the 
1970s provided the basis for assumed UVGI efficacy and specified one nominal 
30-watt fixture for every 18.6 m2 of floor area, as long as this could be accom-
plished without exceeding exposure limits for safety in the lower room.23–25 As 
modern buildings replaced the typical pre-1940s structures, the floor-to-ceil-
ing height decreased. Wall-mounted and open-pendant mounted UVGI fixtures 
thus were sited closer to room occupants. As noted, for safety, these placement 
guidelines specified that radiometric measurements taken at mean eye level 
(1.68 m) with an instrument designed and calibrated for 254 nm UV should not 
exceed 0.2 μW/cm2 anywhere in the room. The end result of employing these 
guidelines, with the diverse rooms and the variable ceiling heights found in the 
shelters, was a wide range of average wattage emitted per fixture per square 
meter of floor area, as seen in Table 1. This is because the greater reflected UV 
irradiance from low ceilings limited the number and UV power of the fixtures 
that could be installed, compared to high-ceilinged rooms.

 

Floor space in m2 (ft2) Total fixture wattage W/m2  of floor space (W/ft2)
Site 1
Site 2
Site 3
Site 4
Site 5a

160.5 m2 (1,728 ft2)
149.6 m2  (1,610 ft2)
73.9 m2  (796 ft2)
1,065.1 m2  (11,465 ft2)
177.5 m2  (1,911 ft2)

330 
346 
242 
596
310

2.06 W/m2 (0.19 W/ft2)
2.31 W/m2 (0.21 W/ft2)
3.27 W/m2 (0.30 W/ft2)
0.56 W/m2 (0.05 W/ft2)
1.75 W/m2 (0.16 W/ft2)

aThe original Site 4 was closed partway through TUSS. The shelter moved to a new site, 
designated as Site 5.

UV=  ultraviolet
NYC = New York City
TUSS = Tuberculosis Ultraviolet Shelter Study
W/m2 = watts per square meter
W/ft2  =watts per square foot

Table 1.   Watts of UV emitted by fixtures per square meter of floor space,  
                NYC TUSS shelters
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To test the hypothesis that peak eye-level irradiance in rooms would 
not predict actual UV exposure by room occupants, First et al. conducted a 
study in which room occupants wore a small, continuous-readout UV mon-
itor around their necks for long durations as they performed their duties in a 
variety of environments with UV installations: hospital (patients and nurses), 
homeless shelter (staff), and a primary school (teacher).16 The results showed 
that all 19 room occupants registered only a small fraction (mean 9.1%, confi-
dence interval [CI] 0.5, 37) of the irradiance extrapolated to eight hours from 
peak eye-level measurements. The authors of the study assumed that greater 
exposure was prevented by subject movement within rooms to areas with less 
than peak irradiance levels, by subjects turning away from the UV source, and 
by shielding of the portable meter during various maneuvers. While it could 
not mimic the unique position of the cornea and the shielding provided by 
facial contours, the meter’s position was considered an adequate surrogate for 
the effect of motion and position on eye and skin exposure.

The current challenge is finding the appropriate balance between UVGI 
efficacy and safety. Experience has shown that peak eye-level measurements 
in the range of 2.0 μW/cm2 will likely result in occupant eye and skin irri-
tation, and the aforementioned data suggest that 0.2 μW/cm2 may be overly 
restrictive, potentially adversely impacting germicidal efficacy, which is the 
purpose of such installations. As noted in the Methods section, we have been 
using 0.4 μW/cm2 as an arbitrary higher (but still conservative) maximum 
eye-level irradiance, pending additional data on occupant exposure based on 
time-motion studies.

METHODS

TUSS was conducted as a large-scale, double-blind, placebo-controlled 
field trial to determine whether upper-room UVGI could reduce TB transmis-
sion in homeless shelters.26 TUSS was carried out from 1997 to 2004 and in-
volved the application of upper-room UVGI at 14 homeless shelters in six U.S. 
cities. Although the trial was inconclusive with regard to UVGI efficacy be-
cause of insufficient numbers of documented TB skin test conversions, valuable 
data were collected on the performance and maintenance of the UV fixtures and 
lamps,27 and on the side effects on room occupants of upper-room UVGI.

Prior to beginning the study or the inclusion of additional shelters during 
the study, approvals of research protocols were obtained from the following: 
the institutional review boards of St. Vincent’s Hospital in New York City 
and the Harvard School of Public Health, Boston; review boards covering 
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the homeless shelters in Houston, Birmingham, Alabama, and New Orleans; 
and review boards of any associated academic institutions. In addition, an 
unblinded data monitoring and safety committee regularly assessed interim 
results for efficacy and safety and had the power to stop the study at any time 
based on preestablished criteria.

System design and installation
TUSS involved the installation of more than 1,200 UVGI fixtures, cov-

ering a total of roughly 18,580 m2, in a range of highly diverse indoor spaces. 
The spaces were diverse because the shelters typically existed in buildings 
not originally designed for residential purposes, such as a factory, a school, 
a church basement, and rooms in transportation systems. Moreover, shelters 
usually served a variety of functions: they often contained crowded dormito-
ries, lounge areas, kitchens, dining rooms, offices, chapels, clinics, bathrooms, 
showers, and laundries. One of the photos shows a picture of a TUSS shelter 
in a New York City church basement. With the exception of one facility built 
specifically for use as a shelter during TUSS, all UV fixtures were retrofitted. 
These diverse spaces presented a challenge for the effective and safe design 
of upper-room UVGI systems.

TUSS used a variety of fixture designs, produced by several reliable 
manufacturers, but in most settings, louvered wall or ceiling-mounted fix-
tures (Figure 1) were selected that limited lower-room irradiation to less than 
0.2–0.4 μW/cm2.28 Fixtures were mounted at a height of no less than 2.13 m 
from the bottom of the fixture to the floor, allowing at least an additional 0.3 
m above the bottom of the fixture for air disinfection to occur. To determine 
actual lower-room irradiance of UV systems prior to room occupancy, mea-
surements with an International Light 1400 (IL 1400) radiometer were taken 
for each UV installation in a standardized fashion. The IL 1400 was equipped 
with an SEL240 UV-C sensor. This instrument was spectrally weighted to 
provide direct measurement of effective germicidal radiation using a solar 
blind vacuum photodiode and filters with band passes in accordance with the 
action spectra published by IES Luckiesh29 and DIN standards.30 Measure-
ments were taken at a height of 1.68 m, which approximates the eye-level 
range for most people, assuming an average height for males in the U.S. of 
1.75 m.31,32 TUSS engineers systematically measured output of UV fixtures 
nearby, those across the room, and those in between. This allowed detection 
of potential UV hot spots caused by overlapping upper-room UVGI fields.

As emphasized previously, exposures for room occupants are rarely con-
tinuous for eight hours and highly unlikely to be sustained at the maximum, 
measured at eye level. Recognizing this, Riley recommended greater irradi-
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ance tolerances for corridors, for example, where occupants normally spend 
little stationary time, but which he considered important conduits for airborne 
pathogens within buildings.33 TUSS systems installed after 1999 were de-
signed according to a less stringent guideline used in South Africa, which 
allows for irradiance at eye height of up to 0.4 μW/cm2.34 TUSS followed this 
practice of higher tolerance during a 2000 retrofit of the four New York City 
TUSS shelters in areas where occupancy was known to be brief. As Table 2. 
shows, readings as high as 1.3 μW/cm2 were considered acceptable. Gener-
ally, however, radiometer readings were within the 0.2–0.4 μW/cm2 range.

                                      Minimum          Maximum                   Mean                  Median

Site 1, original fixtures           0.01                    0.24                              0.08                         0.08
Site 1, new fixtures                 0.01                    0.20                              0.08                         0.07
Site 2, original fixtures           0.02                    0.80                              0.11                         0.08
Site 2, new fixtures                 0.02                    1.30                              0.32                         0.33
Site 3, original fixtures           0.01                    0.30                              0.09                         0.07
Site 3, new fixtures                 0.03                    1.09                              0.12                         0.08
Site 5, new fixturesa               0.08                    1.05                              0.19                         0.16

aThe original Site 4 was closed partway through TUSS. The shelter moved to a new site, designated as Site 5.
UV = ultraviolet
NYC = New York City
TUSS = Tuberculosis Ultraviolet Shelter Study

Louvered upper-air ultraviolet germicidal irradiation in Tuberculosis Ultraviolet 
Shelter Study New York City shelter. Photo: ©Randall Perry Photography

Table 2.   Watts of UV emitted by fixtures per square meter of floor space,  
                NYC TUSS shelters
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Additional safety precautions were taken. The equipment contained 
switches that deactivated fixtures when opened, and the UV systems were 
installed on dedicated electrical circuits that could be turned off only with 
special keys possessed by maintenance personnel. This allowed specific 
UV sections to be deactivated during routine maintenance. Training was 
given to all shelter personnel, and bilingual notices about safety practices 
were placed in prominent places in each TUSS shelter to inform occu-
pants that UV was in use.

Approximately every 12 months, the unblinded head of the data safety 
and monitoring committee randomly assigned each shelter to either a placebo 
or active UV status. Ultimately each shelter experienced both placebo and 
active phases, but because of this random assignment method, UV status did 
not necessarily alternate between active and UV periods every 12 months 
(e.g., a shelter could be active the first year, placebo the second and third 
years, and active the fourth year). Also, the duration of the active and place-
bo time periods was not necessarily equal within each shelter, but among all 
shelters the total number of shelter days was nearly equal: 10,324 shelter days 
were active, while 10,314 were placebo. Placebo status was achieved either 
by installing specially manufactured placebo lamps or by inserting a piece of 
glass, impenetrable to UV, in the fixture in front of the active UV lamp. By 
appearance, the active UV and placebo lamps were indistinguishable.

Data collection
Participation in TUSS by both shelter clients and staff involved inter-

views and tuberculin skin tests. The interviews were conducted in three stag-
es. The participants were administered a Form A during their first interview, a 
Form B during their second interview, and a Form C in all subsequent inter-
views, providing a total of 8,057 Form As, 2,495 Form Bs, and 1,116 Form 
Cs. Each interview after a participant’s first interview included questions re-
garding experience of eye or skin symptoms since the previous interview. 
While some questions were revised as the study progressed, and questions on 
Form Bs varied from those on Form Cs, all safety questions focused on eye 
and skin symptoms. Attempts were made to administer Form Bs two to six 
weeks after Form A, and to administer Form Cs every three months after the 
previous interview. Because homeless participants in TUSS were frequently 
absent from the shelter, considerably greater periods of time often elapsed 
between interviews.
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RESULTS

Overall, 3,611 interviews containing questions about eye and skin irri-
tation were administered. Among these, 223 or 6% of interviews included a 
report of a skin or eye symptom. In most instances it was possible to deter-
mine if reports of eye or skin symptoms had been experienced entirely during 
a placebo or active UV period; however, because months sometimes elapsed 
between interviews, this was not always feasible. For example, some partic-
ipants reported symptoms during interviews that occurred during a placebo 
period, while their previous interviews occurred in an active period. Of the 
223 reports of eye or skin symptoms, 95 occurred entirely in active UV peri-
ods and 92 entirely in placebo periods. In the remaining 36 cases, the period 
when symptoms occurred was uncertain. Within each of the three periods, 6% 
of participants reported eye and/or skin symptoms. The frequency of com-
plaints by shelter is shown in Table 3. Cross-tabulating UV status (active 
vs. placebo) by reports of symptoms (no report of eye or skin symptoms vs. 
any report of eye or skin symptoms) produces a Pearson Chi-square value of 
0.066 (p=0.399, one-sided test), which is not statistically significant.

When symptoms                                           No eye or             Eye or skin
occurred                                                        skin symptoms    symptoms           Total

Entirely during an
active UV period               Count                       1,448                        95                1,543
                            Percent within UV period        0.94                     0.06                  1.00

Entirely during and
a placebo UV period          Count                       1349                        92                 1,441
                            Percent within UV period        0.94                     0.06                  1.00

Symptoms may have
occurred in any or both
of the UV periods               Count                         591                        36                   627
                            Percent within UV period        0.94                     0.06                  1.00

Total                                   Count                      3,388                      223                 3,611
                       Percent within all UV periods      0.94                     0.06                   1.00

UV  ultraviolet

Table 3.    Frequency of reports of eye and/or skin irritation by UV status  
                 when symptoms occurred
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Further, reports of symptoms during the active period revealed that most 
were unlikely to be caused by UV exposure; i.e., they included comments 
such as “eczema” or “bacterial infection on face.” One definite instance of 
UV-related keratoconjunctivitis occurred, caused by human error. The person 
involved occupied the upper bunk of a double bunk bed that had been placed 
in a dormitory where a single bed was located when the UV fixtures were first 
installed. This problem was resolved by moving the fixture higher on the wall.

DISCUSSION

TUSS constitutes the largest study of UV safety to date. This study also 
has provided a rich experience in upper-room UV application, design, engi-
neering, acceptance, and maintenance. At the time that TUSS was planned 
and conducted, upper-room UV fixture designs and guidelines for their in-
stallation and monitoring had not progressed over several decades, except for 
the introduction of closely spaced louvers to permit their use in buildings with 
lower contemporary ceiling heights.19 Despite these limitations, the results 
showed no statistically significant difference in symptoms between the active 
UV and placebo periods, indicating that the installation of upper-room UVGI 
fixtures was achieved in a manner unlikely to compromise human safety.

TUSS data, and those from other reported studies, reveal the importance 
of preventative measures to avoid accidental UV exposure, especially those 
caused by human error. We have already noted an exposure due to the loca-
tion of a bunk bed. In addition, maintenance staff at one shelter dusted fixtures 
while they were turned on. Fortunately, the fixtures contained placebo lamps, 
so no injury was sustained. But this instance highlights the importance of staff 
training about safety protocols to be followed when working with UV lamps.

We have argued that in TUSS the flawed application of the widely ac-
cepted UV TLV produced extremely safe, but possibly less than optimally 
effective, upper-room air disinfection systems. The question remains of how 
to design systems that achieve the goals of both safety and efficacy. Simply 
substituting a higher peak eye level, as was done in the later years of TUSS, 
was likely to have improved efficacy without compromising safety. Howev-
er, this substitution did not take into account actual time-motion patterns of 
room occupants and may still unnecessarily limit efficacy. Monitoring ad-
ditional personnel in a wider range of upper-room installations may lead to 
greater confidence in yet higher peak irradiance limits. More efficient fixture 
designs may also help. In fact, designers of new UVGI fixtures now allow 
wider spacing between louvers and the ability to adjust UV output electron-
ically. This permits designers to turn down UV output initially to control 
excess UV, and when output later decreases with lamp usage, as expected, 
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to turn output up again to provide a sustained flux.35 Additional progress in 
improved understanding of germicidal UV air moving systems has flowed 
from the development of a sophisticated mathematical model that takes into 
account microorganism susceptibility, UVGI luminaire power and location, 
ventilation design, air exchange rate, and vertical room air mixing in a model 
room.36 From this model it is clear that UV efficacy, like the efficacy of room 
ventilation and air filtration, varies substantially based on quantifiable factors 
particular to each installation, but that attention to these critical factors can 
result in highly effective UV systems.37

Further UVGI studies are needed to define improved design parameters 
for installations that are both safe and maximally effective. With a greater 
understanding of the application of UVGI, the full potential of this technol-
ogy to improve control of person-to-person transmission of human airborne 
pathogens, including TB and influenza, should be realized.

Limitations
We anticipated that a substantial portion of people in the shelter at 

any time would not be involved in TUSS. This was because either they 
already had a positive tuberculin skin test and therefore would not be in-
terviewed further, or they did not remain in the shelter long enough to be 
enrolled or retested. In addition, participants were not questioned regarding 
eye or skin symptoms during their initial interview (Form A), but rather 
only during the second or subsequent interviews. These factors precluded a 
random sampling of people interviewed regarding safety. Hence, bias may 
have occurred, whereby people more or less affected by UV exposure were 
disproportionately lost to attrition. It is possible that people who had eye or 
skin symptoms caused by UV exposure simply left the shelter without being 
interviewed, although TUSS staff was never informed of such an instance.

Another limitation of the study is that the nature of responses to ques-
tions (e.g., missing comments, unreported duration of symptoms) made it 
impossible in some situations to determine the etiology of the symptoms. 
This problem was caused partly by the occasional lengthy passage of time 
between interviews, which may have presented an obstacle to recollection 
of the specific nature of eye or skin symptoms experienced. However, this 
limitation applied to both control and UV exposure periods.

As noted, an inappropriately low 0.2 μW/cm2 guideline for eye-level 
exposure was used until 1999, after which it was increased to 0.4 μW/cm2 
for the remainder of the study. As explained, this guideline was an inter-
pretation of the well-established 6.0 mJ/cm2 TLV for 254 nm UV for eight 
hours of continuous exposure.
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CONCLUSIONS

The threat of airborne contagion in congregate settings from pathogens 
as diverse as multiple drug-resistant and extreme drug-resistant TB, pandemic 
influenza, severe acute respiratory syndrome, and bioterrorism agents such as 
smallpox has never been greater. Upper-room UVGI has the potential to offer 
significant protection at relatively low cost, and is especially well-suited for 
retrofitting older buildings. Based on the results reported here, concerns re-
garding safety—particularly the possibility of photokeratoconjunctivitis and 
skin erythema from excessive UV-C exposure—should not deter application 
of carefully designed and maintained upper-room UVGI systems.

TUSS demonstrates that current upper-room UVGI technologies, with 
proper engineering, installation, and maintenance, can be placed safely in a 
wide range of indoor spaces, even in buildings as diverse as homeless shel-
ters. During TUSS, accidental UV overexposure, the main cause of reported 
UV injury, was reported only once despite thousands of person-hours of use. 
Further UVGI studies are needed to define improved design parameters for 
installations that are both safe and maximally effective. With a greater under-
standing of the application of UVGI, the full potential of this technology to 
improve control of person-to-person transmission of human airborne patho-
gens in buildings should be realized. (Figure 2)

 

Tuberculosis Ultraviolet Shelter Study New York City shelter in a church basement. 
Note the ultraviolet germicidal irradiation fixtures located on the upper wall, directly 
below the vents. Photo: ©Randall Perry Photography.
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Appendix 19. Upper room ultraviolet 
germicidal irradiation (UVGI) system

• 19.1 Mechanism of action
• 19.2 Maintenance
• 19.3 Disposal
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The use of UVGI in the upper part of rooms may be effective in killing 
or inactivating M. tuberculosis generated by infected persons.

19.1 Mechanism of action

UV lamps are installed into fixtures suspended from a ceiling or mounted 
on a wall. Fixtures are shielded with louvers or bafflers in order to block radi-
ation below the horizontal plane of the fixtures. UV lights create in the upper 
portion of the room a germicidal zone where the bacilli are killed (Figure 1). 
Patients in the lower portion of the room are not exposed to UVGI lights. 
Good air mixing is needed to transport the air (and thereby the bacilli) to the 
upper portion of the room. Disinfection is achieved through the rapid dilution 
of contaminated lower room air with clean irradiated upper room air.

 

The lamps should irradiate the entire surface of the upper part of the 
room (Figure 2), in order to disinfect the largest possible volume of air mixed 
at a low speed between the upper and lower part of the room.

UVGI Upper-room Irradiation
 

Figure 1. From the WHO, Im-
plementing the WHO Policy on 
TB Infection Control in Health-
Care Facilities, Congregate 
Settings and Households

Figure 1. From Guidelines for 
the Utilization of Ultraviolet 
Germicidal Irradiation technol-
ogy in controlling transmission 
of tuberculosis in health care 
facilities in South Africa9
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Several factors influence the efficiency of UVGI systems:
– Ventilation rate: in controlled environment, at rates up to 6 air change 

per hour (ACH), UVGI systems increase the effect of air cleaning to > 12 
ACH10. But when ventilation rates are increased above 6 ACH, UVGI system 
effectiveness could be reduced because the time for bacteria irradiation is 
shorter11,12.

– Effective mixing within the room may be provided by natural convec-
tion currents or fans, preferably, ceiling ones. Low velocity ceiling fans boost-
ed UVGI system’s effectiveness up to 33% when ACH was below 613,14,15.

– Relative humidity: studies16,17,18 have reported rapidly decreasing air 
cleaning effectiveness in UVGI systems when the relative humidity goes 
above 70%.

– Installation: the height of the room should be minimum 2.5 m and 
UVGI fixtures should be installed at the minimum height of 2.1 m. As a thumb 
rule, a 30W lamp should be sufficient for 18 m2 of surface19,20, but room shape 
and type of fixture should be taken into consideration when calculating the 
needs. For instance, wall-mounted lamps would have a smaller germicidal 
area than ceiling-mounted ones. Lamps should be on whenever there is a risk 
of TB transmission. For example, in rooms with hospitalized patients, the 
lamps should be turned on 24 hours a day.

– Maintenance: see below.

19.2 Maintenance

Dust-covered and/or old UVGI lamps are less effective, hence the need 
for a careful maintenance, including regular cleaning:

– Lamps and fixture surfaces should be wiped at least monthly (more 
often if necessary) with a cloth dampened with 70% alcohol. Do not use 
water and soap or any detergent. The cleaning should be performed when 
lamps and fixtures are cool.

– Measurement of UVGI level must be done at installation and at least 
once a year. A UV light meter programmed to detect UV light on a wave-
length of 254 nm is needed. Measurements should be performed at eye level 
in the occupied zone (~ 1.6 m) and in upper irradiated portion of the room, 
at a distance of 1.2 m from the fixture in all possible directions (imitating 
a circle with measurements done while moving in circumference spaced of 
1 m). Ideally, all upper room measurements should be around 30 μW/cm2 
to 50 μW/cm2. Persons doing these measurements should wear protective 
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equipment (UVprotective glasses, clothing made of tightly woven fab-
ric, soft cotton gloves) and cover exposed skin with opaque creams with 
solar-protection factors > 15.

– UV lamps last between 5 000 and 10 000 hours of continue use (7 to 
14 months). Check manufacturer’s information. After this period, UV lamps 
rapidly lose effectiveness and need to be changed.

19.3 Disposal

UV lamps contain mercury and quartz and are considered as hazard-
ous waste. Disposal is extremely difficult in many countries; this should be 
considered before implementing them. If adequate disposal of the lamps by 
specialized enterprises is not possible in the country, neither their repatriation; 
UV lamps should be disposed of by encapsulation (sealed in a metal 200 litre 
drum filled with concrete and then buried away from water sources).

Safety considerations
Reflecting surfaces in the irradiation area of UV lamps must be avoided 

(i.e. oil painted ceilings, etc.).
At certain wavelengths (including UV-C) UV exposure may be harmful. 

Skin exposure can produce sunburn (erythema). Exposure of the eyes can 
produce conjunctivitis (feeling of sand in the eyes, tearing) and/or keratitis 
(intense pain, sensitivity to light). These symptoms typically commence 6 to 
12 hours after exposure.

Despite the fact that these are reversible conditions, health care workers 
should immediately report them to the IC officer. This could mean that UV 
irradiation is higher than previously thought at lower room level (lamp poorly 
positioned? Reflecting surface?).

The USA National Institute for Occupational Safety and Health (NIOSH) 
states that safe exposure limits are set below those found to initiate eye irrita-
tion, the body surface most susceptible to UV. Next table shows the permis-
sible exposure times for given effective irradiances at 254 nm wavelength.
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Permissible exposure time* Effective irradiance
 (μW/cm2)

(Units given) (Seconds)

8 h 28,800 0.2
4 h 14,400 0.4
2 h 7,200 0.8
1 h 3,600 1.7

30 min 1,800 3.3
15 min 900 6.7
10 min 600 10
5 min 300 20
1 min 60 100
30 s 30 200
10 s 10 600
1 s 1 6,000

0.5 s 0.5 12,000
0.1 s 0.1 60,000

* The occupational exposure limit for UV-C at 254 nm is 6,000 μJ/cm2. This can be also 
calculated with the following formula: Dose (in μJ/cm2) = Time (in seconds) * Irradiance 
(in μW/cm).

Exposures exceeding this limit would require the use of personal protection equipment 
to protect the skin and eyes.

In order to avoid overexposure of UVGI, education of health care workers should in-
clude basic information on UVGI systems and their potential harmful effects of if overexpo-
sure occurs.
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