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Abstract
Many mistakenly assume that by following applicable building code guidelines, they are providing
sterilized air. And, although the HEPA filter remains the best filter available for ventilation systems, like
all filters there exists a determinable inefficiency zone that belies the myth that HEPA is the ultimate
answer for air decontamination.
In order to complete the air disinfection process initiated by filtration, Ultraviolet Germicidal
Irradiation (UVGI) needs to be added. UVGI has a long history of being used for the disinfection of
drinking water in all major cities around the world since its first use in Marseille (France) in 1909. For
close to two decades, UVGI has been used to disinfect the air streams within ductwork and air
conditioning cooling coils. Public health agencies such as the CDC (Center for Disease Control)
recommend the use UVGI as a control technology to interrupt the transmission of pathogens in building
ventilation systems and to prevent the formation of biofilm that can severely impair the efficiency of air
conditioning cooling coils.
This chapter provides an overview of how UV germicidal light sterilizes microorganisms and the dosage
that is required in conjunction with the best available filtration practice to obtain an aseptic
environment suitable for ART clinics. The chapter concludes with a brief review of common safety
precautions as well as ultraviolet system maintenance requirements.
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Introduction
Several guidelines, codes, and standards provide abundant details for designing health-care facility ventilation

systems (1) (2) (3) (4). However, many mistakenly assume that ventilation systems designed and installed according to
these codes will supply sterile air.
For all practical purposes, sterility is often considered as 6 Log reduction or 99.9999% of a population of
microorganisms. In reality, 6 Log reduction means that one in a million will survive whereas absolute sterility
implies that there are no surviving microorganism. As defined, airstream sterility may be quite difficult to achieve
and almost impossible to prove in current practice.
Traditional air filtration using HEPA (High Efficiency Particulate Air) filters have been the standard in hospital and
clinics ventilation systems to control airborne pathogens for more than fifty years. Multiple studies have
demonstrated that despite the presence of HEPA filters, viral and bacterial contamination are still found in
ventilation systems (5) (6) (7).
Besides the all too common filter rack bypassing deficiencies, filter puncture leakage, and typical maintenance (or
lack thereof) and disposal concerns, the shortcomings of HEPA filtration when it relates to medical applications
are essentially caused by the fact that all filters show a significant drop in their capture efficiency for particulates
sizes in a certain range. This is inherent to the fundamental underlying principles of filtration physics (8).
HEPA filters are no different and also display a weakness at a critical particle size between 0.1 and 0.5 microns as
shown in fig.1. The HEPA filter efficiency drops to a minimum value at a critical point called MPP (Most
Penetrating Particle) which is around 0.2 microns.
Although the capture rate falls down to a still impressive 99.94% to 99.95% at this size range, if a HEPA filter is
challenged with a concentration of only 10,000 particles per cubic feet within the size range of ˱ 0.1 to 0.5
microns, it means that for a flow of 1,000 cubic feet per minute, as much as 5,000 particles every minute will pass
through the HEPA filter. During the course of a single day, a total of 7.2 million˱ particles will penetrate the filter
and contaminate the aseptic zone.
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Within the vulnerable size range of 0.1 to 0.5 microns, the following undesirable microorganisms are typically
found in Table 1, starting from the influenza virus up to the legionella bacteria.
Table 1. Viruses and bacteria size falling within the vulnerable size range of HEPA filters (0.1 to 0.5
micron)
SIZE

Microorganism

Note
Type

micron

influenza A virus

virus

0,098

Causes flu. Can cause epidemia inside buildings.

Vesicular stomatis virus

virus

0,104

Originates from farm animals: causes flue-like illness in infected humans

Coronavirus

virus

0,113

Comon colds and lung infections.

Mycoplasma pneumoniae

bacteria

0,177

Causes pneumonia in 20% of cases.

Neisseria catarrhalis/meningitidis bacteria

0,177

Second leading cause of Meningitidis, also causes pharyngitis.

Francisella Tularensis

bacteria

0,200

Tularemia, pneumonia, fever

virus

0,212

Bird origin, can cause mild conjunctivitis and influenza-like symptoms

Coxiella burnetii

bacteria

0,283

Transmitted from animals to humans. Q fever: causes chills, headache, fatigue.

Haemophilus influenza

bacteria

0,285

Major cause of meningitis. Affects infants, otitis media, sinusitis.

Proteus vulgaris/mirabilis

bacteria

0,291

Pneumonia, ooportunistic infections.

virus

0,307

Constituent of the smallpox vaccine. Resistant to interferons.

virus
bacteria
bacteria
bacteria

0,329
0,494
0,500
0,520

Rubeola,affects children, nosocomial. Airborne transmission in school ventilation.
Pneumonia, nosocomial, indoor growth in dust, water, humififiers. Common HAI
Source:feces. Found in food, meat and water. Causes diarrhea, often deadly.
Legionnaire's disease. Pontiac fever, pneumonia, deadly in 15% of cases.

Newcastle disease

Vaccinia virus
Measle virus
Pseudomonas aeruginosa
E. Coli
Legionella pneumophila
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Although the HEPA remains the best filter available for ventilation systems, like all filters there exists a
determinable inefficiency zone that belies the myth of the HEPA filter as the absolute final answer for air
decontamination.
In order to complete the air disinfection process initiated by HEPA filtration, ultraviolet germicidal irradiation is
introduced. Unlike filtration, UVGI does not capture and retain living microorganisms, it sterilizes them as they
pass through the UV irradiated zone. Contrary to a filter that accumulates particulate until the pressure drop
increases to a point where it needs to be disposed of and replaced, UVGI systems have a negligible pressure drop
and require comparatively very low maintenance. UVGI technology has a long successful and documented history
of being used for the disinfection in ventilation systems and for drinking water in virtually all major cities around
the world since its first use in Marseille (France) in 1909.
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2.1

Fundamentals of Ultraviolet Photochemical Disinfection Process
UV light review

Much like our familiar “visible light”, which extends from 400 nm wavelength called “violet” to the 700 nm that
our human eyes perceives as “red”, ultraviolet is also an electromagnetic radiation but with a shorter wavelength.
The UV light spectrum is not visible to the human eye. The UV spectrum can be conveniently subdivided into four
categories:


UV-A band (400–315 nm) — the most abundant in sunlight reaching the Earth’s surface



UV-B band (315–280 nm) — primarily responsible for skin reddening



UV-C band (280-200 nm) — the most effective for germicidal effect



Far or Vacuum UV (200 – 30nm) - Ozone producing and ionizing radiation

As illustrated in fig.1, as the wavelength of light becomes shorter, the amount of energy carried by the light
particles called photons increases.
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2.2

Photochemistry

Chemical bond dissociation induced by light occurs when a photon’s quantum energy is equal to or greater than
the energy of the molecular bond. Photochemical damage to a life-sustaining bio-molecular structure can be
induced by irradiation with photons having energy levels corresponding to the energy of the chemical bonds.
Upon UV photon absorption, excited states and reactive species are created which interact to form new but nonfunctional biochemical products.
The history of photochemical microbial inactivation dates back to the discovery in 1877 by Downes and Blunt (9)
that ultraviolet light can harm microorganisms. Later, in 1928 F.L. Gates (10) made the formal discovery that
specific monochromatic wavelengths of UV light are responsible for the observed bactericidal effect. The
fundamental physical mechanisms explaining the interaction of specific wavelengths of light with specific
molecular bonds were finally revealed by quantum mechanics, developed by Planck, Bose, Einstein, Bohr, de
Broglie, Heisenberg, Dirac, Pauli and others during the first half of the 20 th century.
Then, second half of the 20th century biochemical research has shown that the most effective germicidal
wavelengths of 265 nm coincides with the peak absorption spectra of nucleic acids (11) as shown in fig.2. On the
basis of this correlation, and the observation that the majority of the damage inflicted to inactivated microbes was
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found in their genetic material, the primary mechanism in UV induced microbial inactivation is known today to
be molecular damage to DNA and RNA strands. Such disruption of nucleic acids has the ability to affect a wide
range of microorganisms, rendering them sterile and consequently unable to infect a host. Within the limits of
experimental accuracy, the lethal action of germicidal UV appears to be independent of the nature of the organism
and, unlike antibiotics, there has been no signs of adaptive resistance after a century of use for water disinfection.
Most if not all commercially available germicidal light sources are low pressure mercury lamps that emit between
30 and 35% of their input energy at 253.7 nanometers, a wavelength very close to the peak value as shown in
fig.3.

Photochemical sterilization of microorganisms is achieved in practice with the widely available wavelength of
253.7 nm. The quantum energy carried by those UV photons is high enough to dissociate C, H, O, and N single
covalent bonds resulting in irreversible molecular damage to nucleic acids leading to a non-viable organism.
Amongst various UV radiation damages to DNA, the formation of cyclobutane pyrimidine dimers (CPDs) and
pyrimidine-pyrimidone 6-4 photoproducts (6-4 PP’s) (12). CPDs are caused by covalent bonding between two
adjacent pyrimidines. UV irradiation usually generates thymine dimers in the greatest quantity, cytosine dimers in
low quantity, and mixed dimers at an intermediate level (13). In UV irradiated RNA viruses, the nucleotide uracil
forms pyrimidine photoproducts. As shown in Fig.4, the movement of DNA/RNA polymerase is stalled when
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encountering a thymine dimer. At irradiation dose of magnitude high enough to overwhelm the nucleic acid repair
mechanisms, damages result in irreversible alterations, impairment of replication and genetic transcription, and
eventual death of the organism.

For a thorough assessment of the photochemistry of UV induced damages to nucleic acids, and on repair
mechanisms, review the in-depth description by Kowalski (13).

2.3

UV Dose – Response mechanism

In order to understand the UV disinfection process, it is helpful to consider UV as the analogue of a bombardment
of photon bullets on a microbe. Each photon carries an amount of energy called a quantum Eλ , of a value connected
to the light wavelength according to the Planck-Einstein relation :
=

/

Where
h = Planck’s constant, 6.626 x 10-34 Joule.sec
c = Speed of light in vacuum, 2.998 x 108 m/sec
λ = wavelength, m

Eq.(1)
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Using the Planck-Einstein relation, the energy conveyed by each UV-C photon at a wavelength of 253.7 nm is equal
to 7.83 x 10-19 Joule. Therefore the number of photons per Joule is the inverse i.e. 1.28 x 1018 photons per Joule.
Remembering that one watt of power is defined as a rate of one joule of energy per second, then a UV intensity of
100 Watt/m2 provides a flow of 1.28 x 1020 photons per second per square meter.
Now, considering that a virus of 0.2 micron diameter has a cross-sectional area of 3.14 x 10 -14m2, despite its tiny
size, this virus will be bombarded by 4 million photons per second. Given a sufficient duration time to this UV
photons assault, photochemical damages will accumulate enough to render the organism biologically dysfunctional.
In reality, regardless of the tremendous number of photons shooting at this virus, only a very small number hit their
target successfully to initiate the photochemical reactions. The real effective inactivation cross sectional area of a
target microbe is a function of many parameters, among them, the quantum chemical yield, the outside capsid
protective layers, and the particular distribution of its DNA sequence. A promising predictive method based on the
above described photon bombardment concept and successful hit probability has been published to predict the UV
susceptibility of microorganism as a function of their genome without using standard elaborate lab procedure. (14)
Based on the above described UV bombardment analogy, a mathematical relation can be written to express the UV
dose response for a population of bio-organisms. It is reasonable to infer that the rate of decay of a microbial
population will vary proportionally to the number of successful hits over a period of time. This rate of successful
hits can be described as the product of the UV power per unit area I, the number of bio-organism N, the bioorganism effective UV inactivation cross section k, also called the bio-organism UV susceptibility constant, and
the exposure time t as follow:

Hit rate =

=

It

Eq. (2)

Integration of equation (2) yields:

=
Where
N0 = initial number of microorganisms,

Nt = number of microorganisms surviving after any time t,

Eq (3)
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k

= a microorganism-dependent UV susceptibility constant, in m2/Joule,

I

= the irradiance UV intensity received by the microorganism, in Watt/m2

t

= exposure time, in seconds

The fraction of the number of microorganisms initially present, which survive at any given time, is called the
survival ratio S and can be expressed as:

=

Eq(4)

The sterilized fraction is what is called the disinfection rate, is simply 1 minus the survival ratio.

=

−

=

−

Eq(5)

As explained above, we can define the germicidal UV dose by the total number of UV photons emitted per unit area
during a time interval, which can be written as:

= ×

in Joule/m2

Eq (6)

By substituting eq.(6) in eq.(5), we finally get the well verified germicidal UV Dose-Response relation:

=

−

Eq (7)

What equation 7 illustrates is that a given dose results in a given disinfection rate, whether the UV dose consists of
low UV intensity for a long exposure time, or a high UV intensity for a shorter time. A key difference between
surface decontamination and airborne inactivation of organisms is exposure time. The residence time for any induct disinfection will be of the order of a few seconds or a fractions of a second depending on airflow velocities.
Therefore, the UV intensities for neutralization of an airborne microorganism are required to be orders of magnitude
higher than that typically used for stationary surface disinfection such as walls or air-conditioning cooling coils.
Equations 3, 5, and 7 shown in figure 5 describes an exponential decay in time of the number of living organisms
as a constant level of UVGI exposure intensity is applied. The very same type of equation is used to describe the
effect of chemical disinfectants on a population of microorganisms, with the dose in this example being a chemical
concentration multiplied by the contact time.
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Fig.5 Disinfection rate –vs- UV exposure time for various UV susceptibility

2.4

Susceptibility of microorganisms to UV energy

Organisms differ in their susceptibility to UV inactivation. A few examples of familiar pathogenic organisms are
included in each group for reference. It is important to note that it is impossible to list all the organisms of interest
in each group. Depending upon the application a public health or medical professional, microbiologist or other
individual with knowledge of the microbial threat or organisms of concern should be consulted.
In general, vegetative bacteria are the most susceptible to UV, followed by mycobacteria, then the bacterial spores
and finally the fungal spores which are the most resistant to UV energy. Within each group, an individual species
may be significantly more resistant or susceptible, so care should be taken using this ranking only as a guideline. It
should be noted that the spore forming bacteria and fungi, also have vegetative forms which are markedly more
susceptible to inactivation than the spore forms.
Viruses are particularly problematic to categorize as their susceptibility to inactivation is even broader than that of
bacteria or fungi.
Based on Eq. (5), it is clear that larger values of k represent more susceptible microorganisms and smaller values
represent less susceptible ones. Units of k are m2/Joule which is the inverse of the units used in UV dose.
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For example, the value of the UV susceptibility of Influenza-A virus has been measured experimentally by Jensen
in 1964 and was found to be 0.0119 m2/J in air at 68% relative humidity. Based on this value, one can determine
the required UV dose to be applied to reach 90% disinfection of a population of influenza-A virus using the
following formula:

=

=

.

in J/m2

Eq.(8)

The D90 value for influenza-A virus is therefore equal to 19.3 J/m 2. The D90 value has a high practical
interest as it allows the designer to quickly evaluate the required UV dosage to reach a desired disinfection
level. For example, providing a UV dose of twice the D90 will result in a disinfection level of 99%.
Delivering three times the D90 dose will result in 99.9% disinfection rate, and so on. It can be easily
demonstrated mathematically that the number of 9s, also called the disinfection LOG value, is simply
equal to the delivered UV dose divided by the D90 value.
To reach sterility, a condition that we have previously defined as a disinfection level of 6 LOG or
99.9999%, at least 6 times the D90 value of the most resistant microorganism must be delivered. Extensive
compilations of published k values can be found in several places in the literature, for example Kowalski
(13)

.

3

UVGI Dosage required for ART Clinics Air Disinfection

Given the nature of the sensitive procedures performed wihtin ART clinics where extremely fragile embryos are
being manipulated, the target disinfection level should be a total sterility i.e. 99.9999% or greater.
To determine the required UV dose for ART clinics, we should first examine the list of the microorganisms of
interest listed in table 2 that are within the vulnerable size range of HEPA filters and compare their UV susceptibility
constants.
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Table 2. UV susceptibility of high risk microorganisms ( size between 0.1 and 0.5 micron)
By examining the D90 values shown in table 2, it is obvious that the most resistant microorganism is Francisella
Tularensis requiring a UV dose of 156 J/m2 to achieve 90% disinfection. In order to reach 6 LOG of disinfection
for this microorganism, the UV system must be designed to insure that a dose of at least 6 times 156 J/m2 i.e. 936
J/m2 is delivered to the air stream before entering the aseptic space. In making this statement, we are inferring that
no air filters are involved at all in the removal of this bio-contaminant. Of course, this is not the case as the HEPA
filter is estimated to remove at least 99.94% at this size range, but this assumption does provide a generous safety
margin to ascertain sterility.
The disinfection level obtained if a UV dose of 936 J/m2 is applied is shown in table 3.

14
Table 3. Disinfection levels at 936 J/m2 UV dosage

This UV dosage insures that a disinfection of 6 log or more for all the microorganisms listed in table 3 even in the
absence of a filter.
Adding the filter media, a combined disinfection efficiency can be calculated using the following formula:

=

−

−

−

Eq.(9)

Therefore, to attain an overall disinfection of 99.9999% i.e. 6 LOG of sterility equivalent, the following UV
disinfection efficiency is required for a given filtration efficiency:
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=

−

Eq.(10)

According to eq.(10), if the HEPA filter minimum efficiency is 99.94% for the most penetrating particle size, then
the UV disinfection efficiency must be designed to be superior to 99.833% so that an overall disinfection above
99.9999% or 6 LOG is achieved.
Using eq.(7) with the controlling UV susceptibility value of Francisella Tularensis (0.0147 m2/J), the minimum
required UV dose to reach 99.833% disinfection is computed to be 435 J/m2.
The table 4 below shows the combined filer and UV disinfection levels when the minimum adequate UV dose is
applied.
A full redundancy conservative design would call for the maximum UV dose whereas the minimum value relying
on the HEPA filter contribution to the disinfection process would perform the same overall duty while requiring
about half the power. At this point, it is a design decision based upon the desired built-in safety factor. Listed in
table 4 below is the resulting combined efficiency of the filtration and the UV system. It is interesting to observe
that the LOG efficiency of each individual device (filter or UV) simply add up to the total combined LOG
disinfection.

Table 4. Combined Filter and UV disinfection efficiency
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3.1

UVGI system design guidelines

Before examining into the various design requirements for a UV system to achieve a homogeneous irradiation
level, it is important to note that Eq.(7) is of no use in determining the actual delivered UV dosage by a given set
of UV lamps positioned inside an air duct . In any air duct, the physics is complicated by the movement of the
target microorganisms in the turbulent air stream and the fact that the UVGI irradiance is far from being constant
within the duct as it varies significantly with the distance from the UV lamps. In addition, the physical geometry
of the duct, duct airflow velocity distribution, number of lamps, and UV lamps positions in the duct all have the
potential to affect the overall delivered UV dose. Only a computerized program using an integration method and
summation of the contribution of all the UV lamps allows to precisely calculate the UV irradiation field inside a
duct. Such calculation also incorporate the important contribution of UV reflective properties of the duct wall
surfaces on the performance enhancement of UV disinfection.

The first design guidelines for UVGI airstream disinfection systems were developed in the 1940s

(15)

.

Systems appeared in commercial catalogs that continue to be reproduced and even used today by some
manufacturers such as Philips

(16)

. These guidelines propose charts and tables to size lamps and reflective

surfaces so as to obtain a desired disinfection rate. These sizing methods, though admirably detailed for that
time, suffer from several fundamental deficiencies, the most important being:

 The real three dimensional intensity field is not defined, it is instead simply evaluated based on
the lamp power rating or else relying on basic photometric data taken at lamp midpoints.

 Lamps are specified without regard to lamp positioning.
 The correction factors for reflectivity ignore duct dimensions and lengths.
Many manufacturers size systems by rules of thumb, such as filling the available cross-section of
ductwork with an array of lamps, or base their designs on limited proprietary testing.
The available computational power of modern day computers allows for adequate custom sizing of any induct UV disinfection system. Proper calculation for predicting the applied UV dose must take into account
the relevant input parameters describing a rectangular UVGI system in terms of its geometry, lamp
characteristics, lamp placement, lamp orientation, and surface reflectivity. The program requires the
following input parameters for each computation:
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 Airflow rate
 Height, Width, and Length of duct.
 % Reflectivity of inner surfaces
 Lamp UV output power (W), lamp length and diameter
 Position coordinates of each lamp (xi, yi, zi)
 Target microorganism rate constant k in m2/J.
Kowalski (17), using computer modeling, taking all these variables into account has proposed a dimensional
analysis to assess the sensitivity of all the above design parameters on the disinfection performance against the
airstream within the duct. An interesting and very useful outcome of Kowalski’s work is an elegant simplified
formula correlating the relation of the delivered UV dose as a function of air flow, UV output power, and duct
length. The formula is as follows:

=
Where

Eq.(11)

P = UV output in Watt
Q = Air flow in m3/sec
L = UV exposure length

For scaling purposes, eq.(11) tells us that if the flow rate is doubled in a given duct size, then the UV power or
number of lamps must be doubled as well to maintain the same disinfection performances. The same can be
said about the duct UV exposure length L, if it’s reduced by half to make the system more compact, then the
UV output power will have to be doubled to compensate.
By observing in eq.11 that the air flow Q is the product of the duct cross section A in m2 by the air velocity V
in m/sec and that the UV exposure time t is simply the ratio of the duct length L to the air velocity V, we can
rewrite eq.11 as follows:

=

× ⁄

Eq(12)

This scaling relation concisely expresses the fact that the delivered UV dose in J/m2 is the product of UV lamps
output power in watts with the exposure time in seconds divided by the duct cross section area.
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Figure 3 shows an example of the application of a UV irradiation computer model for a duct of 0.75 m height x
1.5 m width x 2 m length where 2 sets of 5 parallel UV lamps of 150 watts each are installed. The air flow is
6000 m3/hr and the inner surface reflectivity is 85%. The numbered iso-contours represent the cumulative UV
dose distribution in J/m2 received by the air stream at the exit of the duct cross-section.

Fig 6. Calculation of the delivered UV dose to an air stream (85% reflectivity aluminum)

The above UV system delivers an average dose of 467 J/m2 which is slightly above the 435 J/m2 required to
obtain 6 LOG of disinfection when working in conjunction with filtration as shown in Table 4.

3.2

Influence of inner surfaces reflectivity

When reflectivity is high (75-85% for polished aluminum) and the reflective surfaces enclose most of the
chamber area, the resulting reflections allow for a significant contribution to the total UV field. These
reflections that echo between surfaces are called inter-reflections. The resulting intensity due to the interreflections will achieve steady state at the speed of light, converging to a finite value that depends on duct
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geometry and inner surface reflective properties. The physical process of inter-reflections can be simulated
by using a computer model performing a sufficient number of iterations. Neglecting to use highly reflective
duct lining surfaces such as polished aluminum severely impairs UV system performance by a factor of two or
more for the same input power. The efficiency increases just about linearly with the surface reflectivity.
Figure 4 displays the UV dosage results for the same case as was shown in figure 3, but with an inner wall
reflectivity of 57%, characteristic of the common air duct material: galvanized steel.

Fig.7 Calculation of the delivered UV dose to an air stream (57% reflectivity galvanized steel)

Looking at figure 7, one can easily observe that the received UV dosage for the air steam moving near the duct
wall has dropped by approximately 150 J/m2 for the same location in fig.6. This represents a drop of just about
30% for the same UV lamp power usage. It is consequently very advantageous from an energy efficiency and cost
standpoint to use highly reflective material.
It should be noted that the reflective properties for UVC wavelength is very different compared to visible light
reflectivity.
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Despite its reflective features visual appearance for visible light, polished stainless steel has a low UVC
reflectivity of only 20% as can be seen in fig.8 where the average UV dose field has fallen by more than half
when compared to the example of 85% for aluminum. Polished aluminum with a reflectivity ranging from 75 to
85%, is the optimal material to line an air duct to improve UV disinfection performance. UVC reflectivity data is
published and must be included in the dosage calculations to maximize the energy efficiency of the UV
disinfection system. The table 5 below provides typical UVC reflectivity values for various materials.

Fig. 8 Calculation of the delivered UV dose to an air stream (20% reflectivity stainless steel)

The use of polished stainless steel as a UV reflector is a poor choice. For the same number of UV lamps, location
and output, the average delivered UV dose has dropped to 194 J/m2.
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MATERIAL
ePTFE
Spectralon
Smoked magnesium oxide
Evaporated aluminum
Alzak sheet aluminum, brightened
Alzak sheet aluminum
Magnesium oxide
Aluminum - sputtered on glass
Pressed calcium carbonate
Pressed magnesium oxide
Calcium carbonate
Magnesium carbonate
Aluminum - treated surface
Aluminum foil
Aluminum paint
Barytes
New plaster
Galvanized duct - smooth
Galvanized duct - rough
Aluminum - untreated surface
White wall plaster
Stellite
Chromium
AZO photographic paper, white back
Chrome steel
Rhodium
Nickel
S.W. white Decotint paint
Ivory wallpaper
Pink figured wallpaper
Speculum
Bleached cotton
Tin plated steel
Stainless steel
Tin plate
Ivory figured wallpaper

REFLECTIVITY
%
98.5
95
93
87
87
84
81
80
78
77
75
75
74
73
65
65
58
57
53
50
46
46
44
39
39
38
37
33
31
31
30
30
28
28
28
26

MATERIAL
Molybdenum
White botting paper
AZO photographic paper, unexposed
Silver
White water paint
White wallpaper
Stainless steel
Brownish figured wallpaper
Tungsten
Linen
Fluorescent lamp phosphors
Duralumin
Kalsomine white water paint
Medusa cement
Alabastine white water paint
White baked enamel
White oil paint
Black paint
Brass
Brown wrapping paper
Titanium oxide
AZO photographic paper, exposed black
Celluloid
Pongee silk
Brown baked enamel
Casein vehicle
Flat black Egyptian lacquer
Lithopone
Zinc oxide in clear lacquer
Black lacquer paint
White porcelain enamel
Zinc oxide paint
Lantern slide glass
China clay
Zinc oxide casein paint
Pressed zinc oxide

Table 5. UV-C Reflectivity of various materials

REFLECTIVITY
%
25
25
24
23
23
22
20
18
18
17
17
16
12
11
10
9
8
7
7
7
6
6
6
6
6
6
5
5
5
5
5
5
4
4
4
3
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3.3

Effect of air velocity, temperature, and lamp aging on UV system output

Air temperature and velocity may vary over a wide range w i t h in a ventilation system, causing
tremendous variations in UV lamp output and must be adequately accounted for in system design
and analysis.
UV lamps are designed in such a way that depending on the lamp type the cold spot lamp surface
temperature must be between 38 °C and 50 °C to reach the maximum UV output ( Fig.9). In moving air
the temperature of the UV lamps’ cold spot could become too low and the UV output will fall as seen in
fig.10. and fig 11. To minimize the chilling effect and allow higher operating efficiency under cold air
flow condition, it is preferable to install the lamps parallel to the flow instead of perpendicular cross-flow.

Fig 9. Example of lamp efficiency as function of cold spot temperature
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Fig 10. Influence of moving air cooling effect on UV lamp efficiency for 2 types of lamp

Fig 11. Combined effect of air temperature and velocity on UV lamp output (15)

UV lamp output decreases over time. UV lamps are rated in effective hours of UV emission and not in
end of electrical life hours. Most UV lamps emit intensity levels at the end of their useful life i.e. 20,000
hours, that are 80% or more as those measured at 100 hours of operation. UVGI systems should be
designed for UV output at the end of effective life. Modern day UV lamps will continue to emit blue light
long after they have passed their useful germicidal lifespan.
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Variations in UV lamp output due to lamp type and ambient conditions can be o f equal or greater
magnitude than depreciation due to aging. These changes are cumulative and can reduce lamp output
by as much as 50% over a range of typical conditions found in ventilation systems (18). Consequently,
design procedures should take these sources of output variation into consideration.

4
4.1

UVGI system maintenance guidelines
Lamp Replacement
UV lamps should be replaced at the end of their useful life based on recommendation of the

equipment manufacturer. Although lamps can operate for as much as two consecutive years, it may be
prudent to simply change lamps annually (8760 hours under continuous use) and therefore insure that
adequate UV dosage is always supplied. Lamps can operate long after their useful life but will have
greatly reduced output. Switching lamps ON and OFF too often may lead to premature lamp failure.
Consult the manufacturer for any specific information regarding expected lamp life in hours and the
impact of switching on the lamp life.

4.2

Lamp Disposal
UV lamps should be disposed the same way as other mercury-containing devices such as

conventional commercial fluorescent bulbs. Most lamps must be treated as hazardous waste and cannot
be discarded with regular waste. Low mercury bulbs generally can be discarded as regular waste however
some state and local jurisdictions classify these lamps as hazardous waste. The US EPA has promulgated
"Universal Waste" regulations to several types of hazardous waste including mercury bulbs. These
regulations allow users to treat mercury lamps as regular waste for the purpose of transporting to a
recycling facility. This simplified process was developed to promote recycling.
4.3

Inspection

UVGI systems must include a feedback component to alert maintenance personnel of UVC lamp failure.
Any failed lamp should be replaced immediately.
In the event the lamp becomes dirty or soiled due to inadequate pre-filtration or airborne bio-aerosols it
should be cleaned. A UV lamp may be cleaned with a lint free cloth and commercial glass cleaner or
alcohol.
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4.4

Safety Design Guidance

In-duct UV systems shall be fully enclosed to prevent leakage of UV light to unprotected persons or
materials outside of the HVAC equipment.
All access panels or doors with access to the lamp chamber where UV may penetrate either
directly or through reflectance shall be affixed with warning labels in appropriate languages. The labels
shall be affixed to the exterior of each panel or door in a prominent location visible to persons accessing
the system (19).
Lamp chambers shall be equipped with an electrical disconnect device. Positive disconnection
devices are preferred over switches. Disconnection devices shall be capable of being locked or tagged
out. Disconnection devices shall be located outside of the lamp chamber and adjacent to the primary
access panel or door to the lamp chamber. Switches shall be wired in series such that the opening of any
access will shut-down the UV system. On/off switches for UV lamps must not be located in the same
location as general room lighting. Switches must be positioned in such a location that only authorized
persons have access to them and should be locked to ensure that they are not accidentally turned on or off.
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