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ABSTRACT

Upper-room ultraviolet germicidal irradiation (UVGI)
holds the promise of greatly lowering the concentration of
airborne organisms in the lower part of the room and thereby
controlling the spread of airborne infection among occupants.
The determinants of effectiveness in clearing the lower room
air of infectious organisms are the UV irradiance in the upper
air, the rate of air mixing between upper and lower zones, and
the specific susceptibility of a microbe to UVGI. The germi-
cidal dose is the product of irradiance times duration, and the
two components are mutually interchangeable within wide
limits. Control of eye exposure to UVGI, to avoid irritation,
places practical limits on irradiance levels in occupied rooms,
and room air circulation patterns govern irradiation time.
Therefore, there must be careful consideration given to the
placement of upper-room UVGI fixtures in relation to room
geometry and ventilation mode to obtain maximal microbial
destroying efficacy. Efficacy can be demonstrated and quan-
tified by calculating the number of additional air changes that
would have been required to obtain the same clearance rate of
viable microbes that was produced by the installed UVGI
alone. For normally ventilated rooms, the air exchange equiv-
alent of well-installed upper-room UVGI is in the range of 10
to 20 air changes per hour for tubercle bacilli.

INTRODUCTION

Ultraviolet radiation has a wavelength range that is

shorter than visible light but longer than x-rays; its range

extends from 100 to 400 nanometers (nm) and is divided into

three zones: UV-a, longwave (320 nm - 400 nm); UV-b, medi-

umwave (280 nm - 320 nm); and UV-c, shortwave (100 nm -

280 nm). Ultraviolet radiation is a component of sunlight; the

longer wavelengths of UV-a are responsible for the tanning

effect, whereas UV-c contains the most effective disinfection

wavelengths. Ultraviolet radiation has high quantum energy

compared to visible light, and this property accounts for its use

as an initiator of chemical reactions and for disinfection of

microorganisms (Shechmeister 1991). Accidental, close-

range exposure to the bare lamps that emit ultraviolet germi-

cidal irradiation (UVGI) can cause superficial eye and skin

irritation that is unpleasant but transitory and has no known

long-term consequences (Sliney 1991). However, the use of

specially designed lamp fixtures for upper-room UVGI appli-

cations ensures that occupants will only be exposed indirectly

to low UV-c intensities. UVGI is generated by lamps made

specifically for this purpose and should not be confused with

lamps that produce higher UV wavelengths that are used for

tanning, medical (e.g., psoriasis therapy), industrial (e.g.,

curing plastics), or commercial (i.e., black light) purposes.

Nor should the shortwave ultraviolet wavelengths produced

by germicidal lamps be confused with the longwave UV in

sunlight that can cause skin cancers and cataracts of the eye

due to overexposure.

Low-pressure, mercury arc lamps emit about 85% of their

radiation at 254 nm, near the peak germicidal wavelength.

They have been used for more than half a century for disin-

fecting air, water, and surfaces (Luckiesh 1946). The lamps are

made of a special glass that is transparent to the germicidal

wavelengths. Low-ozone lamps are opaque to the ozone-

forming wavelength, the 185 nm line of mercury, and should

be specified. The purple glow emitted by germicidal lamps is

shortwave visible light, not part of the ultraviolet spectrum,
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and cannot be used as an indication that the lamps are emitting

UV radiation; a photometer sensitive to the 254 nm UV radi-

ation must be used for this purpose (Dumyahn and First, in

press).

Ultraviolet germicidal irradiation is used in different

ways to prevent transmission of airborne communicable

diseases.

• Lamps having sufficient UV power output may be

installed in return-air ducts to disinfect air leaving occu-

pied spaces, especially when the occupants may have

unsuspected diseases transmissible by the air route (for

example, hospital outpatient waiting rooms). This appli-

cation mode may be important when it is necessary to

recirculate air from these areas instead of discharging it

directly to the atmosphere. However, in-duct air disin-

fection does relatively little to directly protect occupants

in the same room with an infectious source.

• Another application is the use of individual fan-cabinet

units that recirculate room air over internal UVGI

lamps. The protective effect of fan-cabinet room units is

limited by the number of complete room air changes

they can produce because their fan capacity must be

restricted to avoid noise, vibrations, and drafts. Under

experimental conditions, when these limitations can be

ignored, effective clearance can be demonstrated

(Miller-Leiden et al. 1996).

• The most widely used application for UVGI is in the

form of passive upper-room fixtures containing UVGI

lamps that irradiate a horizontal layer of airspace above

the occupants and below the ceiling. They are designed

to kill or inactivate microbes that enter the upper irradi-

ated zone and are highly dependent on vertical room air

currents to bring susceptible organisms into the irradi-

ated zone. Even in rooms lacking mechanical ventilation

facilities, there will often be sufficient natural convec-

tive mixing to make upper-room UVGI an effective bar-

rier to disease transmission (Riley et al. 1976). In fact,

the lack of modern mechanical ventilation systems was

one of the principal attractions for the very early uses of

passive upper-room UVGI on hospital wards for

patients with contagious diseases (Wells 1955). Reasons

for preferring upper-room applications over the other

modes include the following.

• They are passive devices (requiring no fans),

easily installed on existing walls and ceilings,

readily accessible for inspection and mainte-

nance, silent and inconspicuous, modest in first

cost, and energy efficient (comparable to fluo-

rescent lighting fixtures). In addition to clinical

facilities, they are applicable to all areas where

people assemble (Nardell 1995).

• They have advantages over other application

modes related to effectiveness in preventing air-

borne infectious disease transmission within

rooms. Most important, infectious microbes are

likely to be killed promptly because they are

irradiated in the upper region of the room, very

close to the locations where they are emitted into

the air. Upper-room UVGI makes it unnecessary

to depend on airborne microbes becoming air-

entrained into a fan-cabinet enclosure or a return

air duct containing UVGI lamps, processes

dependent on the real air mixing rate (in contrast

to the theoretical air change rate). Upper-room

UVGI has the unique potential of killing dis-

ease-causing microbes almost as rapidly as they

are released to the air and conveyed ceiling-

ward and providing clearance rates of airborne

infectious microorganisms well beyond the abil-

ity of ventilation rates alone that are still tolera-

ble to occupants (Riley and Nardell 1989). This

type of source control is comparable to locating

dust and fume capture hoods close to the sources

of contaminants to be captured.

 Although increasing room air mixing enhances upper-

room UVGI effectiveness, it is clear that the resultant upflow

rate is the most important characteristic because this is the

flow that promptly brings airborne microbes into the killing

zone. Simple methods for evaluating or predicting the UVGI

exposure time are currently under study. It can be understood

that a very rapid passage of lower room air through the upper-

room irradiated zone may provide insufficient irradiation time

to kill a significant fraction of the entrained infectious organ-

isms, but rapid vertical air circulation also implies a rapid

return of the same air to the upper irradiated zone of the room

for additional exposure. Ideally, one wants to have rapid

upward air movement, plus enough UV irradiance to kill all

infectious microbes during their first pass through the irradi-

ated zone so they do not reenter the occupants’ breathing zone

as viable (and infective) microorganisms. This is unattainable

in practice because UV irradiance is limited due to eye expo-

sure limitations and air mixing is limited due to comfort

considerations. Therefore, only a fraction of airborne micro-

organisms entering the upper irradiated zone will be inacti-

vated during a single pass. Even when the destruction of

infectious microorganisms is incomplete during a single pass

through the upper irradiated zone, the downflow of treated air

provides dilution of the contagion in the lower, occupied zone

as it mixes. Theoretical modeling indicates that the greatest

reduction in infectious microorganisms in the breathing zone

will take place when the greatest rate of air change between the

upper and lower room occurs. For rooms that lack adequate air

movement, the use of mixing fans is a satisfactory solution

(Riley et al. 1971).

This paper is concerned only with preventing disease

transmission among people by the application of upper-room

germicidal irradiation, but there are many similar and equally

efficacious uses for this technology for experimental animal

colonies and for farm animals grown for food. 
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AIR DISINFECTION WITH ULTRAVIOLET 

IRRADIATION

Microbes are simple, single-celled forms of life of micro-

scopic size that include bacteria, molds, and viruses. Most are

harmless to humans in the numbers usually encountered.

Some are known to have caused human disease as far back as

history takes us. From time to time new pathogenic forms

appear and old ones lose their virulence. Immunization has

been highly successful in controlling or eliminating many

easily transmitted, acutely infectious respiratory diseases such

as smallpox and diphtheria but less so for less acute infections

such as tuberculosis (TB). Source control through identifica-

tion and prompt treatment of infectious cases is the main TB

control strategy worldwide, but it is incompletely effective

(Frieden et al. 1996). In the absence of immunization and

effective detection and treatment, airborne transmission can

be prevented by promptly eliminating infectious organisms by

displacement (forced ventilation), by air filtration, or by kill-

ing or inactivating them by germicidal irradiation after they

have been released into the air. 

It is believed that UVGI damages the DNA of microbial

cells, killing them outright or preventing multiplication (inac-

tivation) (Shechmeister 1991). As is the case for radiations of

all types (ionizing and nonionizing alike), the probability of

damage to microbial cells is, within limits, directly related to

the quantity of energy delivered to susceptible cell structures.

A consideration of these limits is important because insuffi-

cient energy transfer will cause no perceptible damage to a

microbial population or, perhaps, permit cellular reparative

mechanisms to overcome the effects of absorbed UV at a rate

adequate to maintain viability, whereas excessive energy

transfer is wasteful inasmuch as a microbe can be killed just

once, and unnecessary human exposure to irradiation should

be avoided.

The total amount of energy to which an airborne micro-

organism is exposed is the product of the UVGI irradiance on

the microbe (usually expressed in units of microwatts per

square centimeter [µW/cm2]) times the period of exposure in

seconds; the product has the units of µW⋅s/cm2, or microjoules

per centimeter squared (µJ/cm2). The exposure rate (per

second) is usually expressed in units of µW/cm2 or µJ/cm2⋅s.

Some microbes are more resistant to UVGI than others; for

example, the microbe responsible for causing TB (Mycobac-

terium tuberculosis) requires a greater exposure to UVGI than

most bacteria and viruses for death or inactivation (Riley and

Nardell 1989). Therefore, species susceptibility needs to be

considered when evaluating the effect of UVGI, in addition to

irradiance and particle size. A consideration of particle size

and the total surface area of the microbe (cm2) exposed to the

radiation makes it possible to estimate the total energy

absorbed by the microorganism in microjoules, a measure of

total UV dose. When respiratory system secretions surround

airborne microbes, they tend to shield them from the low-

penetration germicidal UV; when the droplets are in high rela-

tive humidity environments, drying time of the protective

films is lengthened.

Susceptibility to UVGI has been measured for a number

of different species of bacteria and viruses, but because M.

tuberculosis is both an important human pathogen and one of

the most resistant to UVGI among nonsporulating airborne

pathogens, it is frequently used as a reference organism when

considering UVGI exposure requirements for practical appli-

cations to limit respiratory disease transmission in indoor

spaces (Riley et al. 1976; Riley and Nardell 1989). However,

it is neither practical nor realistic to consider UVGI exposure

requirements in terms of killing every single microbial cell

because individual cells, even from the same culture, show

variable resistance to unfavorable conditions. Therefore, it is

customary to measure the fraction of the exposed cell popu-

lation that survives an exposure to a carefully measured UV

dose and to make incremental measurements so as to develop

dose response curves, a spectrum of survival rates vs. expo-

sure. Figure 1 shows a smoothed resultant for M. tuberculosis.

The results plot as a straight line on semi-log graph paper, indi-

cating that the equation that describes the phenomenon has the

following form:

(1)

where

No = number of bacteria exposed

Ns = number of bacteria surviving after an exposure to 

UVGI

I = UV irradiance, µW/cm2

t = time of UV exposure, s (the product, It, is the UVGI 

dose to the organism)

K = microbe susceptibility factor, cm2/µW⋅s

This relationship can be used to estimate UVGI effective-

ness for inactivating specific airborne infectious microorgan-

isms when they are exposed in mechanically ventilated rooms

to UVGI for various time periods. This process begins by

Figure 1 Survival of Mycobacterium H37Ra when
exposed to graduated doses of germicidal UV.

Ns

No
------ e

KIt–
=
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conducting carefully controlled laboratory experiments that

expose identified pure cultures of aerosolized, air-dried bacte-

ria to accurately measured ultraviolet irradiance levels for

predetermined exposure periods for the purpose of producing

tables that list the UVGI dose needed to inactivate a prese-

lected percentage of the treated bacteria, usually 90%. Table 1

contains an abbreviated listing of bacteria with their relative

susceptibility to UVGI.

The exposure required to kill 90% (10% survival) is often

cited as a single value on the assumption that the full spectrum

can be reconstituted readily from the equation above or by

drawing a straight line on semi-log graph paper from the coor-

dinates “100% - 0 exposure” to the “10% survival-experimen-

tally determined exposure value.” Because the log scale

representing survival fraction never goes to zero, total kill is

theoretically impossible; although, as a practical matter, when

survivors become few in number, it becomes difficult to

distinguish that condition from total kill. At the other end of

the exposure spectrum it is not possible to confirm with statis-

tical certainty that very low doses have no lethal effect.

 The effectiveness of UVGI in preventing the spread of

airborne contagion has been expressed in a variety of ways.

With information such as that shown in Figure 1, the precise

relationship between UVGI exposure and survival, it becomes

possible to combine the number, location, and power of UVGI

fixtures with room air currents into an integrated design calcu-

lated to kill a predetermined fraction of the released airborne

microorganisms. The vertical components of the room air

currents that determine exposure time are usually difficult to

track but are an important factor for calculating UVGI dose. In

a room with only mechanical ventilation, air contaminated by

a germ-laden cough or sneeze will wash out at a rate propor-

tional to the amount of ventilation, usually expressed as air

changes per hour (ACH; this is the room supply air volume

rate in cubic feet per minute times 60 min/h, divided by the

room volume in cubic feet). Inasmuch as supply air is intro-

duced at a fixed rate, the effect is equivalent to a steady

decrease of the contaminant over time by dilution and

removal; that is, each increment of supply air further dilutes

the contaminant and pushes out an equal volume of contami-

nated air through the room exhaust. Therefore, even after an

amount of supply air equal to one room volume (one air

change) has passed through the room, not all the contamina-

tion has been purged. In fact, after the contaminated air has

become well mixed, and assuming perfect mixing of the

incoming air with the air already there (that seldom happens

except in research settings), 37% of the contamination

remains (ACGIH 1992). After two air changes, 37% of the

37% of the initial air contamination (14%) remains in the room

air. The contamination level decreases an equal fraction after

each room air change. Thus, it requires about three room air

changes to reduce the initial contamination concentration by

95% and about five room air changes to reduce the initial

concentration by 99%. For most purposes, 6 ACH represents

good ventilation practice and may be considered equivalent to

approximately a 99% clearance rate in one hour. This exercise

makes it clear that purging air contamination by conventional

ventilation systems is a slow process under the best of circum-

stances, but, in fact, room mixing is less than ideal and many

more than six air changes are likely to be needed to reduce air

contamination levels by 99%. Furthermore, it is common for

additional contamination to be discharged into the room

before the prior discharge has been eliminated. For hospital

isolation rooms designed to protect health care workers from

tuberculosis, the Centers for Disease Control and Prevention

recommends a minimum of 6 ACH for TB isolation rooms but

states that 12 is preferred (CDC 1994). Even with 12 ACH,

purging air contaminants by dilution is a slow process that is

difficult to control and unlikely to be fully protective when the

source is strong and exposure is long (Nardell et al. 1991).

Upper-room UVGI holds the promise of destroying

airborne microbes when they rise and enter the irradiated zone

below the ceiling. Thus, every time room air currents bring

63% of the airborne microbes into the UVGI beam long

enough to induce a lethal radiation dose, this is equivalent to

one room air change in terms of germicidal effect. When it can

be shown that 99% of airborne bacteria are killed by UVGI

alone in 15 minutes, it may be said that UVGI is providing the

germicidal equivalent of 20 ACH. At the same time, the

normal room mechanical ventilation system will be purging

contamination by dilution and displacement in the usual way,

and the effects will be additive. This means that the room

ventilation rates normally used to provide heating, cooling,

and elimination of a feeling of stagnant air can be designed for

yet another service, namely, to increase upflow and thereby

increase the rapid destruction of contagion emitted into the

room air.

By using paired room experiments that measure the decay

of identified viable airborne bacteria over time when the

UVGI fixtures are on and off, it becomes feasible to use the on-

TABLE 1  

Relative Susceptibility to UVGI for a 

Selected List of Microorganisms*

Microorganism

Relative Susceptibility 

cm2/µW⋅s

Bacillus anthracis 0.54

Bacillus subtilis 0.34

Corynebacterium diphtheriae 0.72

Escherichia coli 0.80

Pseudomonas aeruginosa 0.44

Seratia marcescens 1.0

Staphylococcus albus 1.3

Staphylococcus aureus 0.93

Streptococcus hemolyticus 0.11
*Based on Seratia marcescens as 1.0 (Philips undated).
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off number ratio, with K values such as those shown in Table

1, to solve Equation 1 for average UVGI dose (It) in the room.

Inasmuch as the numbers derived from the paired experiments

represent (1) the reduction in viable bacteria by the known air

exchange rate alone (UVGI off) and (2) the reduction by air

exchange plus radiation (UVGI on), it is possible to express

the reduction caused by radiation alone as an equivalent air

exchange rate, thereby highlighting in terms familiar to HVAC

specialists the savings obtainable when using UVGI to purge

room air of viable bacteria rather than using an increased

number of room air changes. To illustrate this point, Equation

1 can be restated in the following form:

(2)

Because the process of air passing steadily from the lower

contaminated zone to the upper UVGI purifying zone, where

some fraction of the entrained bacteria are killed or inacti-

vated, follows the same logarithmic decay function as occurs

by ventilation air changes alone, Equation 2 can be amplified

as follows:

(3)

where EAC = the number of air changes in a well-mixed room

that would be required to reduce the number of viable airborne

bacteria to the same degree as the UV irradiation alone. For

example, if the reduction in airborne viable bacteria due to UV

alone during any given period was found by measurement to

be 63%, the Ns/No ratio would be 0.37 and the negative loga-

rithm would be 1.0, indicating that the UVGI system

increased bacterial purging by the same amount that would

have been observed had the ventilation rate been increased by

one air change alone. Had the reduction due to UVGI alone

been 95%, the negative log of 0.05, namely three, indicates

that this effect is the same as increasing the air rate by three

changes. If the UVGI reduction of 95% occurred during 15

minutes, the air exchange rate would be equivalent to (3 × 4)

12 ACH. The ability to express the bacteria-destroying effect

of upper-room UVGI as equivalent air changes makes it possi-

ble to compare the purchase, installation, and operating costs

of upper-room UVGI with an equivalent amount of heating,

ventilating, and air-conditioning (HVAC) capacity to provide

the same level of air sanitation. Illustrative figures are

included in Part II of this paper (First et al. 1999).

By extrapolating bench experiments using aerosolized

surrogate mycobacteria with carefully controlled UVGI

doses, it has been estimated that when an average UV intensity

of 10 µW/cm2 is present in the upper room, 63% of airborne

tuberculosis germs that arrive there will be killed in 24

seconds (the germicidal equivalent of one room air change),

and, therefore, 99% will be killed in 2 minutes (equivalent of

five room air changes) (Riley et al. 1976; Riley and Nardell

1989). This means that the upper-room is being cleared of

bacteria at a rate equivalent to 150 ACH (an impractical venti-

lation rate) assuming perfect mixing of residual microbes and

perfect mixing of incoming air with residual air. When the

volume of air in the upper, irradiated portion of the room is

approximately one-fifth that of the entire room, the time

required to produce the same degree in air disinfection in the

lower, occupied space is approximately five times longer,

assuming perfect mixing of the air between the upper and

lower room. The real rate of air disinfection in the lower room

is dependent on the rate of vertical air mixing between the

upper and lower room, but this is often substantial due to the

large cross-sectional area of a room. An optimal upper-room

UV installation, therefore, has the potential of producing the

equivalent of 20 ACH or more in the occupied lower room. In

addition to the mixing produced by normal mechanical venti-

lation systems, vertical air movement can be enhanced with

the aid of fans, as well as by adding warmth to the lower part

of the room or cold air to the upper part, depending on seasonal

requirements (Riley et al. 1971).

LAMPS AND FIXTURES FOR AIR DISINFECTION 

WITH ULTRAVIOLET IRRADIATION

 Fixtures for upper-room installation are designed to

accommodate a wide variety of room sizes, shapes, and ceiling

heights. As a general rule, low ceiling heights should be

approached with caution. Ceilings less than 8 ft (2.5 m) may

present sufficient fixture location difficulties that enclosed

recirculating room units would be preferred. Commercially

available UVGI fixtures have been designed to be inconspic-

uous, clean in appearance, and in keeping with the decor of

most commercial premises. For rooms with 8 ft to 9 ft (2.5 m

to 2.8 m) ceilings, fixtures should be equipped with multi-

bladed horizontal louvers to confine emissions to a narrow

horizontal band and to shield the eyes of the occupants from

exposure to the bare lamps. Fixtures feature one or more lamps

in a metal enclosure that also contains a transformer, ballast,

switch, and wiring. Many fixtures are equipped with internal,

polished mirror-finish aluminum parabolic reflectors to focus

lamp emission and increase emission irradiance. Tubular

lamps are similar in appearance to standard ceiling fluorescent

lighting lamps and come in a variety of lengths and types. A

newer, folded-tube lamp of compact configuration is also

used. The luminous efficiency of these lamps, with respect to

UVGI, is about 30% of the lamp electrical rating. Emission is

further decreased by blockages caused by the presence of

louvers and louver support rods. The ratio of the amount emit-

ted from the fixtures to that emitted by the lamps is defined as

“luminaire efficiency” (IES 1978). Luminaire efficiency and

total UVGI output are important when comparing different

fixtures for disinfection efficacy.

Figure 2a is a typical collimated beam fixture used for

upper-room wall mounting. It is 18 in. (0.5 m) long, 5 in. (1.3 cm)

high, extends 8 in. (20 cm) from the wall, and contains two 9 W

compact, single-ended UVGI lamps with a two-pin base.

Fixtures containing UVGI lamps that resemble conventional

Ns

No
------ln– KIt=

EAC
Ns

No
------ln– KIt= =
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fluorescent lamps appear the same as Figure 2a from the

outside. A 24 in. long wall fixture containing a nominal 24 in.

(0.6 m) long tube is shown in Figure 2d. It could be rated at

25 W electrical or some other value. Fixtures of higher watt-

age are available for larger rooms. Figure 2b is a typical

corner-mounted upper-room fixture containing two 9 W

compact lamps. Figure 2c is a ceiling-mounted (pendant)

fixture, containing four 9 W compact lamps, that produces a

horizontal collimated beam over 360°. It is suitable for instal-

lation in rooms with high ceilings. Other fixture designs tend

to be minor variations of the three basic models shown in

Figures 2a through 2c. Low-pressure mercury discharge

lamps are used in all UVGI applications and should be rated

for low ozone generation.

DISCUSSION

The recent unexpected and sharp resurgence of tubercu-

losis cases in the U.S., and especially the occurrence of multi-

drug-resistance strains among some population groups, has

rekindled interest in upper-room UVGI as a useful method to

reduce the risk of airborne transmission in indoor areas, such

as hospital clinics, homeless shelters, and jails, where undiag-

nosed, but infective, cases are apt to be present. This method

of destroying airborne microbes is attractive because it is inex-

pensive and can be applied in old and new construction with-

out much building modification or renovation. In addition, it

is silent and passive (requires no moving parts) and requires

minimal servicing. Although tuberculosis has been referred to

frequently in this review, it is only one of many airborne infec-

tious diseases that can have the transfer pathway interrupted

by the application of upper-room germicidal UV. This is an

added, and perhaps more important, reason for the current

upsurge in interest in germicidal air treatment with UV,

considering the much greater prevalence of other communi-

cable diseases that can be passed on through the air route,

including influenza, common cold, and measles.

 Nevertheless, much more needs to be learned about how

germicidal UV affects different airborne microbes, the precise

reductions in airborne communicable disease transmission

that can be achieved and documented, the putative negative

effect of high relative humidity on UV germicidal efficacy,

how to determine from validated models the fraction of

airborne microbes that will be killed based on knowledge of

how the combination of UV fixtures and HVAC arrangements

interact, and the cost savings that the use of germicidal UV can

accomplish relative to adding HVAC services (over and above

the levels recommended by ASHRAE and mandated by

modern building codes) to achieve greater protection against

airborne communicable diseases in areas where people

commonly assemble for public transportation, entertainment,

employment, etc. We are pleased to report that all of these

matters are currently being actively investigated and it is

expected that improved application guidelines will become

available soon in the way of validated mathematical models.

(a) Wall-mounted fixture (compact lamps)

(b) Corner-mounted fixture (compact lamps)

(c) Ceiling-mounted fixture (compact lamps)

(d) Wall-mounted fixture (florescent style lamps)

Figure 2 Representative commercial upper-room UVGI
fixtures. (Photos 2a - 2c courtesy Lumalier,
Memphis, Tenn. Figure 2d courtesy Atlantic
Ultraviolet Corp., Hauppauge, N.Y.)
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CONCLUSIONS

The use of germicidal irradiation for the disinfection of

airborne microbes to prevent transmission of infectious

diseases is an old technology that, strangely, is not yet mature.

Nevertheless, enough is known, through extensive research

and long experience, to make the technology useful today

while we learn more. Greater knowledge, through ongoing

research and closely monitored installations, is bound to put

this air-protective technique on an even more secure basis and

increase our confidence for predicting the magnitude of the

benefits achievable through its use.
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ABSTRACT

Installations of ultraviolet germicidal irradiation (UVGI)
have been stimulated recently by a sudden rise in the incidence
of tuberculosis. Hospitals, jails, and homeless shelters have
been the most frequently equipped facilities because they are
places where many tuberculosis cases are found, the buildings
housing them tend to be old and not suited for economical
increases in air exchange rates, and the work staffs have been
apprehensive about transmission to themselves and their fami-
lies. The diversity in structures currently being equipped with
UVGI installations, plus the introduction of new designs of
lamps and fixtures, have made it clear that an updated review
of equipment performance factors and practical installation
guidelines will be useful to interested parties. Illustrative
examples are given of installations that have been made in a
diverse set of facilities. In addition, representative figures are
given to compare the cost of HVAC installations and UVGI
installations that give an equivalent number of air changes
based on equal levels of reduction in airborne microorgan-
isms.

INTRODUCTION

Satisfactory installations of upper-room ultraviolet

germicidal irradiation (UVGI) equipment intended to reduce

transmission of infectious airborne microorganisms depend

on a correct selection of appliances (number, design, and UV

power output to fit the geometry and area of the space) and

careful attention to their location (for maximum efficacy and

to avoid eye irradiation). After this has been accomplished, it

is only necessary to perform simple, routine maintenance

procedures to keep the equipment operating in the design

mode.

Although there is ample published material on the quan-

titative effects of graduated doses of ultraviolet germicidal

radiation on the destruction of a wide spectrum of microor-

ganisms in water, air, and on surfaces (see Part I, First et al.

1999), there is less information available on how to use this

technology productively in the widely diverse situations

encountered in practical applications at facilities such as

hospitals, jails, homeless shelters, sports arenas, transporta-

tion terminals, and theaters. Much that is currently understood

about application engineering has been acquired by trial-and-

error methods and translated into rules of thumb. For this

reason, it is considered important to assemble the rules of good

engineering practice to make the information generally avail-

able and to allow it to be subjected to critical examination for

confirmation or correction.

 It has become common practice to express UVGI effec-

tiveness in terms of equivalent room air changes added to the

existing ventilation rate, but there is little information on what

this means in terms of costs avoided had the choice been made

to add the indicated room air changes by HVAC methods

instead. Cost figures for two recent large UVGI installations

have been made available to us, and they have been compared

with representative costs to install and operate the amount of

added HVAC that would be needed to realize the same reduc-

tion in the number of airborne M. tuberculosis bacteria.

Although the cost figures used are real and current, compari-

sons are based on certain stated assumptions that may not be

appropriate for all applications. Because a meaningful
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comparison must deal with the realities associated with each

specific application, the values given here should be viewed as

illustrative.

PERFORMANCE OF ULTRAVIOLET 

GERMICIDAL LAMPS AND FIXTURES

Lamp manufacturers catalog their products by the

number of watts of electricity required to make them function

correctly; presumably this is done to guide circuit designers

and installers to provide adequate electrical services. Users are

more interested in lamp UV output, also expressed in watts,

which, as noted in Part I, turns out to range from 25% to 33%

of input power, depending on the particular lamp and trans-

former combination. This information is generally provided

by the lamp manufacturer. When lamps are installed in

fixtures, more particularly in upper-room types that feature

enclosures with louvers, effective output irradiance is further

reduced by a decrease in radiation emission openings as well

as by reflector losses and losses to nonreflecting interior

surfaces (Dumyahn and First, in press). This information

should be provided by the fixture manufacturer. Effective

output may be affected adversely by installation exigencies,

whereas manufacturers’ data represent ideal conditions.

As it is possible to identify the wattage of the same fixture

by several different designations (lamp manufacturer’s rating,

lamp-transformer input, lamp output, and fixture output), one

should carefully identity which “watt unit” is being cited,

although in practice, it is seldom done. To avoid ambiguity, we

will cite the power of fixtures in terms of the total lamp input

power that they require, thereby simplifying the discussion by

eliminating output differences associated with design and

installation variations. The electrified load for the fixture will

be the sum of the lamp input plus the ballast losses. For prac-

tical applications, these same variations can be important, and

manufacturers’ catalog data and advice should be sought and

followed. Input wattages for the compact lamp design are 9 W

and 18 W. For the tubular 36 in. lamp, 30 W is common, but

it can vary depending on ballasts and lamp construction.

Shorter tubes are rated for 4 W to 15 W. Some typical lamp

sizes and their emission power are shown in Table 1, but lamps

are available in a still wider range of types, sizes, and capac-

ities. When partial baffling must be inserted in the emission

path to shield a particular sector or spot from direct irradiation,

the nominal fixture power rating should be reduced by the

same fraction that the emission-port area is reduced. Changes

in operating temperature are reported to affect emission

strength, and total fixture output declines at a rate of 10% to

20% per year as lamps age. Hence, the practice of changing

lamps annually. This occurs because the glass becomes less

transparent to UV as it degenerates (solarizes) from the irra-

diation. Because lamps decline especially rapidly in emission

power during the first 100 hours of operation, manufactures’

output ratings refer to lamps after 100 hours of “burn-in.”

Emission power decline generally reaches steady state after

about 1,000 hours.

At distances up to 3 m from louvered fixtures, 95% of the

emission is confined to a 30 cm band height. The horizontal

spread of radiation from louvered wall- and corner-mounted

fixtures depends on the type and number of lamps and other

design characteristics, such as open or closed sides. At all

distances from a fixture, emission characteristics remain rela-

tively continuous with some minor variation close in due to

blockages caused by louver support rods and lamp orientation

within the fixtures. Other factors affecting irradiance unifor-

mity are reflections from walls, beams, and ceilings and shad-

ows cast by furnishings. In large areas where several fixtures

have been installed, overlap of emission coverage must also be

considered. Although irradiance decreases from a point source

as the square of the distance, the geometry of the lamps, the

presence of collimating louvers, and the otherwise tight enclo-

sure of the fixtures all alter this simple relationship. For

distances up to 2 m to 3 m from the face of louvered fixtures,

irradiance tends to fall off somewhat irregularly but more like

the inverse of distance, gradually transforming to the inverse

square rule. 

 Isoirradiance diagrams for the horizontal centerplane of
a typical wall, corner, and pendant unit are shown in Figures

1 through 3. They show distance from the fixture at the indi-
cated irradiance. At elevations above and below the horizontal
centerplane, the irradiance is significantly more constricted,

as shown in Figure 4. The horizontal isoirradiance diagram
shown in Figure 1 is of a wall-mounted fixture equipped with
a parabolic mirror and two compact 9 W lamps (2.5 W UV

output). As the horizontal angle from the center of the fixture
is increased, irradiance decreases at all distances from the
centerline. Approximately one-fourth of a 12 ft × 12 ft room

(4 m × 4 m), defined by the dashed lines in Figure 1, would
experience horizontal centerplane intensities of 10 µw/cm2

and higher, and most of the remainder of the room would be

between 5 µw/cm2 and 10 µw/cm2. From Figure 4 it can be
seen that the vertical irradiance gradient above and below the
centerplane is rather steep; at 5 ft (1.5 m) out from the fixture

along the vertical centerplane, the 10 µw/cm2 isoirradiance
line covers a band of only 10 in. (25 cm), and at 12 ft out (4 m),
the 10 µw/cm2 line is somewhat narrower. Figure 2 shows the

TABLE 1  

Typical Ultraviolet Germicidal Lamp

Input and Output Wattages

Lamp Input Tube Length Lamp Output Wattage

W in. W Percent of Input

4 (tube) 5.5 0.5 12.5

6 (tube) 8.3 1.2 20

8 (tube) 11.4 1.8 22.5

15 (tube) 18 4 27

30 (tube) 36 10 33

36 (tube) 48 41 39

9 (compact) 8.3 2.5 28
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horizontal centerplane emission field from a corner-mounted

fixture equipped with two 9 W compact lamps and a flat reflec-

tor. The coverage area is constricted by the confining walls of

the room. Irregularities in the isoirradiance lines are due to

shadows made by louver supports. Corner-mounted units have

special utility for spaces of unusual geometry or limited

mounting choices. 

Figure 3 is an isoirradiance plot for a typical cylindrical

pendant fixture containing four 9 W compact lamps equally

spaced around the vertical axis. Variations in irradiance due to

the shadows of the vertical support rods and the orientation of

the lamps have been smoothed to produce the circular isoirra-
diance lines. Because of these irregularities, isoirradiance

measurements along only one radius may not adequately
describe the total 360° emission from this type of fixture.

The maximum irradiance at increasing distances from a
fixture in the horizontal centerplane can usually be derived
from information provided in manufacturers’ catalogs.

However, as Figure 4 shows, the sharp falloff in irradiance in
the vertical dimension of the emission zone of a typical wall-
mounted fixture (shown in Figure 2a of Part I) confirms that

there is much less vertical spread of the beam with distance. It
also shows that the use of only horizontal centerplane irradi-
ance measurements significantly overestimates the total radi-

ation flux from a fixture. The restricted vertical spread of
irradiance is similar for corner- and ceiling-mounted fixtures.
Table 2 is a tabular representation of a typical radiation field

Figure 1 Emission from a wall-mounted fixture with
closed sides containing two 9 W lamps.
(Dumyahn, in press.)

Figure 2 Horizontal centerplane emission field of a
typical corner-mounted fixture. (Dumyahn, in
press.)

Figure 3 Isoirradiance in the horizontal centerplane of
a pendant (ceiling-mounted) UVGI fixture
(Dumyahn, in press.)

Figure 4 Vertical irradiation profile for a 30 W fixture.
(Dumyahn, in press.)
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from a wall-mounted fixture containing one tubular lamp rated
at 36 W input. It provides data suitable for computer program-

ming to calculate the microbe-killing effect of the fixture in
room settings when combined with vertical room ventilation
patterns derived from measurement.

DESIGNING UPPER-ROOM ULTRAVIOLET 

GERMICIDAL IRRADIATION INSTALLATIONS

It is understood that germicidal effectiveness is influ-

enced by room geometry, UV fixture location and power,

number of fixtures, and air mixing between the irradiated

zones in the upper room and the sources of infectious bacteria

that originate in the lower, nonirradiated areas. Inasmuch as

these factors are infinitely variable, it is customary to simplify

the application process by installing 30 W of UV lamp input

power for each 200 ft2 (19 m2) of floor area. A typical appli-

cation might be to install one 30 W wall unit 7 ft (2.1 m) above

the floor in the center of one wall of a 14 ft × 14 ft (4.2 m × 4.2

m) room. Rooms of different size, shape, and ceiling height

would require different treatment. Another installation guide-

line that has been proposed is based on a minimum germicidal

dose per pass through the irradiated zone of 50 µW·s/cm2

(Boehme 1998). Although this dose level is easily achievable

and is a more relevant design value in terms of quantitative

energy transfer to airborne microbes, it cannot be applied until

detailed room air circulation patterns are known and plots of

the emission fields of the selected UVGI fixtures have been

carefully overlaid on the floor plan. Additionally, one must

decide whether to design the installation on the basis of the

output UV power of new lamps, old lamps, or something in

TABLE 2 

Irradiance Readings in µW/cm2 for a Wall-Mounted 

UVGI Fixture Equipped with 8.5 W (Nominal Lamp 

Output) Longline Lamp (Dumyahn and First, in press)

Vertical 

Offset

Vertical Centerplane 

(Directly in Front of Fixture)

3.05 m Radius

Lateral Offset

(cm)

Distance from Rear of Fixture

@ 30° @ 45°1.52 m 3.04 m 4.57 m

45.7

43.2

40.6 0.33 0.28 0.26

38.1 0.37 0.32 0.31

35.6 0.42 0.36 0.37

33.0 0.49 0.41 0.44

30.5 0.57 0.5 0.55

27.9 0.66 0.61 0.69

25.4 0.80 0.76 0.89

22.9 0.97 1.0 1.32

20.3 1.24 1.39 2.02

17.8 1.68 2.1 3.23

15.2 2.45 3.79 4.94 1.09 0.37

12.7 4.19 7.1 6.95 2.17 0.66

10.2 11.81 12.94 8.95 4.23 1.54

7.6 36.4 20.2 10.78 8.15 3.55

5.1 72.9 26.3 12.05 12.65 6.67

2.5 100.2 29.6 12.97 15.83 8.92

0.0 100.7 29.9 12.97 17.30 10.02

−2.5 77.6 27.1 12.07 16.59 9.32

−5.1 44.4 21.5 10.76 16.48 8.97

−7.6 13.69 14.5 8.99 13.45 7

−10.2 4.97 8.7 6.8 9.14 4.36

−12.7 3.12 4.5 4.9 5.07 2.37

−15.2 2.29 2.3 3.2 2.53 0.94

−17.8 1.36 1.6 2.0 1.17 0.43

−20.3 1.14 1.2 1.2 0.82 0.32

−22.9 0.95 0.95 0.87 0.61

−25.4 0.82 0.78 0.71 0.47

−27.9 0.71 0.65 0.59 0.37

−30.5 0.62 0.56 0.5 0.31

−33.0 0.54 0.48 0.43 0.27

−35.6 0.48 0.44 0.37 0.23

Vertical 

Offset

Vertical Centerplane 

(Directly in Front of Fixture)

3.05 m Radius

Lateral Offset

(cm)

Distance from Rear of Fixture

@ 30° @ 45°1.52 m 3.04 m 4.57 m

−38.1 0.42 0.38 0.33 0.22

−40.6 0.37 0.35 0.29 0.2

−43.2 0.33 0.32 0.26 0.18

−45.7 0.29 0.29 0.24

−48.3 0.27 0.27 0.22

−50.8 0.24 0.25 0.2

−53.3 0.21 0.23 0.18

−55.9 0.18 0.21 0.17

−58.4 0.2 0.16

−61.0 0.15

TABLE 2  (Continued)

Irradiance Readings in µW/cm2 for a Wall-Mounted 

UVGI Fixture Equipped with 8.5 W (Nominal Lamp 

Output) Longline Lamp (Dumyahn and First, in press)
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between. The last is likely to be a good choice. A number of

different installations are shown for illustration. All dimen-

sions and wattage figures shown are approximate.

Case 1, Figure 5: 

A Medical Examination Room and Office

This shows a small rectangular room 14 ft × 10 ft (4.2 m

× 3.1 m), 140 ft2 (13 m2), with a 9 ft (2.7 m) ceiling. A single,

high wall-mounted ultraviolet germicidal fixture centered on

the shorter wall can serve this room, directing its output along

the longer axis of the space, a favorable geometry. Using the

guideline of 30 W of lamp input power per 200 ft2 (18.6 m2)

of floor area, a 25 W fixture would be appropriate. It should be

noted that lamp input can be varied by the manufacturer

according to the application and does not include ballast

losses. The wall-mounted fixture selected for this application

has the following characteristics:

• One 24 in. (0.61 m) slimline lamp

• Fixture input: 49 W

• Tube input: 25 W

• UV output: 8.5 W

Collimated beam (louvered) fixtures are strongly recom-

mended for lower (less than 9.5 ft. [2.9 m]) ceiling applica-

tions to control the UV beam pattern and avoid excess eye-

level exposure. Typically, they utilize 6 in. (0.15 m) long

louvers at ¼ in. (0.6 cm) spacing located in front of the lamp

and lamp reflector. Starting with a minimum ceiling height of

8 ft (2.4 m) and the fixture bottom mounted 7 ft (2.1 m) above

the floor, the beam sight line extends approximately 24 ft (7.3

m) from the fixture before reaching eye level. This minimum

height dimension should be carefully observed, although a

small space with short sight lines could be an exception. As the

ceiling height increases, fixture mounting height can be

increased half the distance of the ceiling height increase, e.g.,

a 9 ft (2.8 m) ceiling height would permit a 7.5 ft (2.3 m)

fixture mounting height. Note in Figure 5 that there is a key-

operated switch to control power to the fixture. UV fixtures

normally operate continuously, but they must be switched off

whenever personnel are present in the upper part of the room

(painting, relamping fixtures, cleaning, etc.) or servicing the

fixture.

Case 2, Figure 6: 

A Homeless Shelter Dining Hall

Figure 6 shows a large, irregularly shaped dining hall

measuring 66 ft × 32 ft (20 m × 9.8 m), 1900ft2 (180 m2), with

10 ft (3.1 m) ceiling height. Pendant UVGI fixtures with

compact lamps can be utilized effectively to provide well-

distributed coverage for this large space. Each fixture contains

four 9 W compact lamps. Using the guideline of 30 W/200 ft2,

ten compact pendant fixtures were selected for this application

with the following characteristics:

• 40 compact lamps

• Fixture input: 10 × 48 W = 480 W

• Lamp input: 40 × 9 W = 360 W

• Fixture output: 40 × 2.5 W = 100 W

By alternating the fixture suspending stem length of adja-

cent pendants by 0.5 ft (0.15 m), a thicker band of UV irradi-

Figure 5 Case 1: A medical examination room and office. Figure 6 Case 2: A homeless shelter dining hall.
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ation can be achieved while still maintaining a floor clearance

of over 8 ft (2.5 m).

Case 3, Figure 7: 

A Small Security Station

Figure 7 shows a small room measuring 7 ft × 8 ft (2.1 m ×

2.4 m), 56 ft2, with a ceiling height slightly below 8 ft (2.4 m).

Although somewhat below the recommended height, the short

sight lines involved make it possible to install a corner-

mounted fixture 7 ft (2.1 m) above the floor. The selected

corner-mounted fixture has the following characteristics:

• Two compact lamps

• Fixture input: 24 W

• Lamp input: 18 W

• Fixture UV output: 5 W

Case 4, Figure 8: 

A Drop-In Center Lavatory

Figure 8 shows a toilet room measuring 7 ft × 10 ft (2.1 m

× 3.1 m), 70 ft2, with a 7.5 ft (2.3 m) ceiling. Due to the low

ceiling, a UV fan-cabinet unit was selected instead of wall

units. The only available installation space was in a corner

behind a door. The unit was sited to direct airflow as indicated.

The fan-cabinet unit has the following characteristics:

• Listed airflow rate: 325 ft3/min (11.5 m3/min)

• Four slimline lamps

• Fixture input: 300 W (including fan motor)

• Lamp input: 120 W

• Lamp output: 45 W

This unit will provide the equivalent of 15 air turnovers

per hour of treated recirculated air in addition to the room

mechanical ventilation. The flexibility in locating fan-cabi-

nets units is an advantage, but ensuring good room-air mixing

is critical and difficult. The use of UVGI in enclosed air-

moving devices poses no danger of exposing people to eye

irritation or materials and plants to deterioration. Air is disin-

fected internally as it is recycled through a compartment of

intensive UV irradiation. However, air disinfection rates

equivalent to 20 air changes per hour (ACH) are difficult to

achieve because of the high flow rates required and the poten-

tial for excessive noise and drafts. As indicated by this case,

enclosed UV is recommended as a compromise solution for

rooms with ceilings too low for upper-room UVGI fixtures.

Some fan-cabinet units combine UV with high-efficiency air

(HEPA) filtration, but there is no sound reason for using

redundant protections, and the filter adds resistance to the fan,

increasing noise and energy costs.

Case 5, Figure 9: 

An Open Stairwell

Figure 9 shows a stair landing with a 12.7 ft (3.9 m) ceil-

ing. A pendant UVGI fixture with compact lamps is used to

provide air disinfection. However, care must be taken to avoid

line-of-sight UV eye exposure. People descending the stairs

from the floor above will, at some point, be looking directly

Figure 7 Case 3: A small security station.

Figure 8 Case 4: A drop-in lavatory. Figure 9 Case 5: An open stairwell.
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into the fixture, possibly at relatively close range, although

presumably for only a very brief period. To prevent overex-

posure to the eyes of someone lingering on the stairs, the

fixture is provided with a baffle to shield the upstairs sight line.

The compact pendant fixture has the following characteristics:

• Four compact lamps

• Fixture input: 48 W

• Lamp input: 36 W

• Lamp output: 10 W

Although a UV level of 0.2 µW/cm² is considered safe for

daily exposures for workers, it assumes looking uninterrupt-

edly at the source for the entire period. It is possible to design

for somewhat higher UV levels when exposure time is limited

to shorter intervals. However, caution should be exercised

because space utilization changes made at a later date may

negate calculations based on short occupancy periods and put

occupants at risk. On the other hand, no one looks steadily at

a UV source for eight hours a day, and the recommended stan-

dard may contain an excessive safety factor.

Case 6, Figure 10: 

Corridors and Hallways

Figure 10 shows 365 ft² (34 m²) of corridors requiring UV

coverage where ceiling heights vary from a little over 8 ft (2.5

m) to 9.75 ft (3 m). For corridors with low ceilings, wall-

mounted fixtures are less obtrusive than hanging pendant

fixtures. Although it is necessary to distribute the UV energy

up and down the hall, one must be mindful of the long sight

lines that complicate provisions for eye shielding. The use of

four 18 W hall sconces is a good solution for this application.

Each utilizes two 9 W compact UV lamps. The louvers cover

a 180° arc, and the fixture is essentially one-half of a compact

pendant fixture. Although more fixtures are needed than

would be needed if higher-powered fixtures were used, the UV

intensity at eye level is better controlled considering the long

sight lines. Ceiling heights as low as 8 ft (2.5 m) can generally

accommodate sconces at a height slightly over 7 ft (2.2 m),

permitting adequate service access. Increasing hall sconce

fixture mounting height is desirable as it reduces eye-level UV

exposure. The hall sconce fixture has the following character-

istics:

• Two compact lamps

• Fixture input: 24 W

• Lamp input: 18 W

• Lamp output: 5 W

Corridors, staircases, and elevator shafts are important

pathways for people and permit air exchange between rooms

and floors. Therefore, they are pathways for the easy spread of

airborne contagion. Careful placement of UVGI fixtures to

provide good coverage and adequate levels of irradiance is

recommended for all such areas.

Case 7, Figure 11: 

A Hospital Isolation Room

Figure 11 is a plan view of a hospital isolation room with

an attached anteroom. Room area is 190 ft2 (17.7 m2) with an

8 ft (2.5 m) ceiling. The preferred location for one 36 W fixture

would be over the head of the bed. If this space is obstructed,

two 18 W fixtures should be mounted on either side of the head

of the bed. Either arrangement provides high levels of UV

directly above the patient while reducing eye exposure for 24-

hour occupancy. The visible purple light emitted by the UV

Figure 10 Case 6: Corridors and hallways.
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lamps is less noticeable in a darkened room when the fixtures

are located above and behind. The anteroom is 65 ft2 (6 m2)

with an 8 ft (2.5 m) ceiling. It can be covered by a single 18 W

wall- or corner-mounted fixture. It is recommended that the

fixtures be placed so as to avoid a sight line to the adjacent

corridor because long sight lines may result in excessive UV

irradiance at eye level. The single wall-mounted fixture for the

isolation room has the following characteristics:

• Four compact lamps

• Fixture input: 48 W

• Lamp input: 36 W

• Lamp output: 10 W

The corner-mounted fixture for the anteroom has the

following characteristics:

• Two compact lamps

• Fixture input: 24 W

• Lamp input: 18 W

• Lamp output: 5 W

These few cases will serve to suggest the range of appli-

cations where upper-room UVGI can be applied, as well as

illustrate the nature of unfavorable situations.

INSTALLATION, OPERATION, AND MAINTENANCE

UV installations must be designed to provide an adequate

irradiance across the entire upper part of the room to effect

high levels of microorganism destruction without exposing

occupants to danger of transitory eye irritation or skin redden-

ing. Overexposure to UV also produces fading of colors in

many paints and fabrics, accelerated deterioration of plastics,

and wilting of some plants. Therefore, newly installed systems

should not be put into service until an acceptance survey has

been performed with a sensitive UV meter containing a detec-

tor targeted at the 254 nm wavelength. Lower room UV irra-

diance should be measured at standing and sitting eye level at

representative locations throughout the occupied space.

Whenever readings exceed 0.2 µW/cm2, the fixtures should be

modified to bring irradiance below this level in all areas where

people will be stationed for eight hours per day. Sometimes,

high readings occur because of reflections from shiny and

polished surfaces. White plaster reflects 40% to 60% of 254

nm UV, whereas oil paints reflect only 3% to 10% and water-

based paint 10% to 35%. However, UV reflections at a shallow

angle may not be predictable. The use of fixtures that are

mounted so the aperture is 7 ft or more above the floor and

equipped with tightly spaced louvers extending 6 in. (0.15 m)

from the UV lamp and tilted slightly upward precludes almost

all direct eye contact with a bare lamp. Such fixtures are

recommended for most applications.

For UV exposures certain to be less than a full day, inten-

sities higher than 0.2 µW/cm2 may be acceptable. The rule is

that the absorbed dose (µW⋅s/cm2) should not exceed the

absorbed dose limit defined by 0.2 µW/cm2 for eight hours,

equal to 6,000 µJ/cm2. The relationship may not hold for very

high irradiance values, and a large warning label against direct

eye exposure should be affixed to a prominent place near or on

the exterior of each fixture. Some fixture manufacturers can

equip their units with a safety key lock or automatic discon-

nect when the lamp-access panel is displaced. Another label

should show the date on which the lamp was put in operation

so it can be replaced at the end of the rated life, stated by the

manufacturer. When dirty, tubes should be turned off and

cleaned with a cloth dampened with alcohol. Reflectors

should be cleaned simultaneously by the same method. In rela-

tively dust-free areas, such as most health care facilities,

frequent cleaning may not be needed.

UVGI fixtures should be on separate circuits from light-

ing fixtures, and the switches should be key operated to

prevent unauthorized use. Upper-room germicidal systems

should be left on continuously, day and night, as frequent

switching, especially with operating intervals of three hours or

less, materially reduces lamp life. However, lamps should

always be turned off when workers are in the upper part of the

room for painting or maintenance work and when lamps are

inspected or changed. Usually, lamps are discarded when they

decline 30% from their 100-hour rating. Many users choose to

install new lamps annually as the decline occurs around that

interval.

Low-pressure mercury lamps are characterized by a rela-

tively low power load and a consequently low glass wall

temperature. It is important to keep the lamp within close

temperature limits because the pressure of the mercury vapor

governs the UV power output. For example, the output at 32°F

is 25% lower than at 68°F when the lamp is in a still air loca-

Figure 11 Case 7: A hospital isolation room.
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tion but can decline still further when there is enough airflow

past the lamp to cause more rapid heat loss. This is seldom a

problem in indoor spaces except for facilities such as ice skat-

ing rinks or refrigerated spaces. High temperature will reduce

output and can be a hazard if it leads to overheating of the

ballast.

When UV-sensitive plants, plastics, and colored fabrics

cannot be removed from irradiated areas, they can be covered

or shaded with ordinary glass as it is opaque to UV radiation

and provides protection.

Sometimes, UV fixtures that are installed to “disinfect”

unoccupied rooms are sold with bare lamps. This is potentially

dangerous due to the chance of direct, intense UV eye expo-

sure. This use of germicidal UV irradiation is both unneces-

sary and ineffective because of the poor penetrating power of

254 nm UV and because the risk of TB and many other

airborne infections exists only in the airborne state. On

surfaces, deposited mycobacteria and most other human

pathogens have a half-life of no more than six hours under

ideal conditions and are unlikely to be re-aerolized.

COST COMPARISONS

The cost comparison figures given here are meant to be

indicative of the relative scale of purchase, installation, and

operating costs for hospital-grade HVAC equipment and

UVGI equipment to provide an increment of 6 ACH, or the

equivalent germicidal effect, in treated spaces. The compari-

son lacks some coherence because the HVAC costs relate to

Boston, whereas the UVGI costs relate to New York City and

Birmingham, Alabama. Nevertheless, it is expected that the

cost information will at least indicate the scale of the absolute

and relative costs and fill an information gap that has long

awaited some reasonable attention.

The basic data came from three sources, all recent.

1. Hospital grade HVAC units average $30 - $35/ft2 and $1.50

- $1.75/cfm of capacity (Srisisikul 1998). We will use the

lower figures.

2. Recent UVGI equipment purchase and installation costs for

New York City were $277,000 for 185 units with a total

energy input of 7,376 W. This installation serves a floor area

of 36,000 ft2, or $7.60/ft2 (Vincent 1997). These values

work out to 41 W per 200 ft2 of floor area and 20 W per

1,000 ft3 of enclosed volume. In Birmingham, the UVGI

equipment purchase and installation costs were $147,000

(two-thirds installation, one-third equipment) for 139

fixtures serving a floor area of 13,000 ft2, or $11.30/ft2

(Vincent 1997). These values work out to 67 W per 200 ft2

of floor area and 38 W per 1,000 ft3 of enclosed volume. We

will use the higher Birmingham costs in our comparison. 

3. Annual operating costs saved for a 6 ACH reduction for a

9,000 ft3 space in Boston are estimated to be $4,500, or $5/

cfm (Beaudoin 1998). Using the above figures plus an elec-

tricity cost of $0.1 kWh, it is possible to compare purchase

and operating costs for a 6 ACH unit on the basis of floor

area—first, equipment and installation costs and then,

annual operating costs. The comparison will be made on the

basis of 6 ACH per 1,000 ft3 of space provided with HVAC

or avoided by the alternative cost of UVGI. The air

exchange rate would be 6,000 ft3/h or 100 cfm. The HVAC

equipment cost would be $30/ft2, whereas the Birmingham

UVGI installation cost was $11.30/ft2.

For operating costs, the annual HVAC Boston estimate is

$1.50/cfm of capacity. To serve 1,000 ft3 of enclosed space for

6 ACH, the requirement would be 100 cfm @ $1.50/cfm or

$150/year. For Birmingham, the electrical cost for 1,000 ft3 of

enclosed space is 38 W per 1,000 ft3 multiplied by 8,760 hours

per year and $0.1/kWh to give $33.

It is understood that both systems require maintenance,

but these costs were not estimated. It is also understood that for

some applications a fraction of conditioned air can be recir-

culated, thereby lowering HVAC operating costs. The UVGI

installation costs for Birmingham were unusually high

because the building contained a large number of small cubi-

cles that resulted in almost double the recommended UV

capacity (i.e., 67 W per 200 ft2 instead of 30 W per 200 ft2).

Nevertheless, these crude estimates of purchase, installation,

and operating costs show that UVGI is a less expensive option

for equivalent air sanitation effectiveness.

DISCUSSION

Guidelines for the design and installation of upper-room

UVGI systems have been published from time to time by a

number of lamp and fixture manufacturers over the past half

century of their use, but basic engineering studies and techni-

cal publications devoted to the technology are scanty and not

susceptible to broad generalization. This is in contrast to the

large body of literature pertaining to laboratory studies of the

response of a long list of microorganisms to graduated doses

of UV germicidal irradiation under a wide range of tempera-

ture and humidity conditions. Fortunately, the situation is

beginning to change for the better with the development of

improved methods for evaluating the distribution of energy

from modern lamps and fixtures and the introduction of

computational fluid dynamics (CFD) studies. These studies

are intended to define the microstructure of room air move-

ments and integrate this information with the distribution of

the UV irradiance field to measure the effective UV dose to

airborne microorganisms and, ultimately, to evaluate effec-

tiveness quantitatively. Until research results are published

that make CFD analytical methods readily available to engi-

neers for designing optimum-efficiency UVGI installations,

reliance must be placed on experience and the application of

empirical methods derived from it. Through case studies simi-

lar to those presented here, which seek to explain the rationale

for equipment selection and location in spaces of different

geometry and function, the knowledge needed to employ this

technology currently can be shared.

Confirmation of the effectiveness of upper-room UVGI

must be sought through epidemiologic studies. In this area,
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also, published results are scanty, but concern over the recent

resurgence of tuberculosis has stimulated interest, and defin-

itive studies are underway to examine the effectiveness of

upper-room UVGI in preventing tuberculosis transmission in

situations where close contact with infected individuals

occurs frequently. In the meantime, extrapolating from

convincing laboratory data on germicidal effectiveness, plus

the lessons learned from the successful transmission studies

reported in the literature, give firm support to the empirical

engineering design methodology currently in use.

CONCLUSIONS

Upper-room ultraviolet germicidal irradiation technol-

ogy is an economical substitute for increased mechanical air

exchange rates as an effective means of improving air hygiene

and reducing communicable airborne disease transmission.

Modern equipment that takes into consideration the general

lowering of ceiling heights and concerns for eye protection are

available from a number of commercial sources, and there is

an adequate body of engineering experience to guide design

and installation.

REFERENCES

Beaudoin, D. 1998. Personal communication, March 3.

Operations Office, Harvard School of Public Health,

Boston, Mass.

Boehme, H. 1998. Personal communication, June 5. Atlantic

Ultraviolet Corp., Hauppauge, N.Y. 

Dumyahn T., and M. First. Characterization of ultraviolet

upper-room air disinfection devices. Am. Ind. Hyg.
Assoc. J., in press.

First, M.W., E.A. Nardell, W. Chaisson, and R. Riley. 1999.

Guidelines for the application of upper-room ultraviolet

germicidal irradiation for preventing transmission of

airborne contagion—Part I: Basic principles. ASHRAE
Transactions 105(1).

Srisisikul, T. 1998. Personal communication, April, 16. Mas-

sachusetts General Hosp., Boston.

Vincent, R.L. 1997. Personal communication, December 5.

TB/UV Shelter Study Program, New York, N.Y.

17 of 17 Ex. 2008 
IPR2023-00695




