
Pollen. Pollen, which can cause allergic re a c t i o n s
in susceptible individuals, comes seasonally fro m
outdoor air. The size of pollen—about 10 to 100
m i c ro n s — e n s u res re m oval by panel filters or

pleated filters in the 20-to-
3 0 - p e rcent dust-spot-effi-
ciency range, but not by dust
f i l t e r s .

Animal dander and other 
a l l e r g e n s . Dander consists of skin cells or organic
matter from cats, dogs, mice, dust mites, cock-

roaches, or other animals.
Dander induces allergic 
reactions in sensitive individ-
uals. Prolonged exposure 
to allergens may induce 
allergic reactions even in 
people who do not have aller-
gies. These particles va ry in
s i ze from 1 to 100 micro n s ,
with a mean size of about 
7 to 20 microns. Dust filters
alone are insufficient for their 
c o n t ro l .

Fungal and bacterial
s p o r e s . Although fungal and
bacterial spores normally
originate outdoors, they also
can be generated indoors
when conditions support

their growth. Typically ranging in size from about 
1 to 20 microns, they can easily penetrate dust 

Filtration, along with dilution ve n t i l a t i o n ,
exhaust, and source control, is one of the
p r i m a ry means of controlling indoor-air

q u a l i t y. High-efficiency filtration protects against
the intrusion and spread of
airborne pathogens and aller-
gens in indoor enviro n m e n t s .
The filtration of micro o r g a n-
isms is a topic that re q u i re s
special focus because of the unique characteristics 
of both filters and airborne pathogens in the 
s u b m i c ron size range.

This article addresses the
critical aspects of filter sizing
and provides a methodology
for predicting a filter’s per-
formance against airborne
m i c roorganisms. Results of
studies on the filtration of
v i ruses and bacteria are com-
p a red with theoretical filter
p e rformance. Also, some
f i e l d - p e rformance results are
re v i ewe d .

AEROBIOLOGICAL
CONTAMINANTS

The biological contami-
nants of indoor air include
pollen, animal dander and
other allergens, fungal and bacterial spores, bacte-
ria, and viru s e s .
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The critical aspects of filter sizing and a

methodology for predicting a filter’s effectiveness
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filters. High-efficiency filters, with 25- to
9 0 - p e rcent dust-spot efficiency, re m ove
s p o res at increasing rates. Fi g u re 1 show s

h ow airborne microbes line up on the
p e rformance curve of a 60-to-65-perc e n t
f i l t e r. Note that dander, shown at both 

7 and 20 microns to illustrate its size
range, and most spores fall on the 
1 0 0 - p e rcent re m oval-efficiency line.

B a c t e r i a . Pathogenic (disease-causing)
bacteria typically come from human 
or animal sources indoors. At about 0.2
to 2 microns in size, they are too small to
be intercepted by ord i n a ry dust filters.
Filters of 80- to 90-percent dust-spot 
efficiency are re q u i red to re m ove most
airborne bacteria.

Viruses. The smallest microbes, viru s e s
range in size from 0.01 to 0.3 micron. A
h i g h - e f f i c i e n c y - p a rticulate-air (HEPA )
filter can re m ove viruses at high rates,
while even a 60-percent filter can re m ove
up to half of some viru s e s .

Although specific guidelines concern-
ing acceptable indoor concentrations 
do not exist for most microbes, some
h a ve been suggested.1 In general, they
imply that to maintain healthy buildings, 
non-pathogenic bacteria and spore s
should be kept below the lower of 10 per-
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FIGURE 1. Airborne microbes overlaid on the performance curve of a 60-to-65-percent-
dust-spot-efficiency filter. The circular areas represent the mean diameters of the
microbes in relative proportion.
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cent of outdoor levels or 100 colony-
forming units (cfu) per cubic meter,
while levels of pathogenic micro b e s
should be kept as close to ze ro as possi-
ble—or at least well below the infectious
dose, if it is know n .

Simple models of air mixing in multi-
zone building systems normally prov i d e

adequate results for selecting appro p r i a t e
f i l t e r s .2 The most sophisticated methods
of analysis use computational fluid 
dynamics to predict air and contaminant
m ovements in ro o m s .

FILTERS AND FILTER PERFORMANCE
A filter’s effectiveness against airborne

m i c robes primarily depends on the 
characteristics of the filter, the velocity 
of the air, the size of the particles, and the
type of micro b e .

The filters available today meet 
many specialized needs. The basic types
range from the lowest-efficiency dust 
filters, such as roll-type filters used in
c o m m e rcial buildings, to HEPA and 
u l t r a - l ow-penetration-air (ULPA) 
filters used in cleanrooms and operating
ro o m s .

This article is concerned with filters in
the nominal-dust-spot-efficiency range
of 25 to 90 percent and HEPA filters,
o t h e rwise known as Group III filters.3

ANSI/ASHRAE St a n d a rd 52.2-1999,
Method of Testing Ge n e ral Ventilation Air
Cleaning Devices for Re m oval Efficiency by
Pa rticle Si ze, provides new designations
for these filters in terms of their mini-
mum efficiency re p o rting value; how-
e ve r, these ratings do not necessarily 
c o r relate with nominal arrestance and
can be assigned only after testing. Fo r
s i m p l i c i t y, only the manufacture r’s 
nominal (dust spot) efficiency will be
c o n s i d e red here .

Fi g u re 2 shows generic perf o r m a n c e
c u rves for Group III filters based on a
multi-fiber filter model.4

All filters have the following general
c h a r a c t e r i s t i c s :

• Their performance decreases with 
i n c reased ve l o c i t y.

• Their performance increases with 
i n c reased age and filter loading.

• Their pre s s u re drop increases ove r
time as they become loaded.

• Their increased pre s s u re drop may
reduce airf l ow or, if flow is held constant,
i n c rease fan energy consumption.

The performance of filters in the 
field depends to a large extent on the 
efficiency with which contaminants are
s wept across rooms and into re t u r n - a i r
registers. Air  mixing can also be an 
i m p o rtant factor. Studies have show n
that the actual efficiency of filters in 
re m oving indoor contaminants can be
far less than the rated efficiency.6 St i l l ,
substantial reductions in indoor-air-
p a rticle counts can be achieved with
high-efficiency filters.7, 8

He a l t h - c a re facilities normally employ
a variety of filters. For instance, the
American Society of Heating, Re f r i g e r a t-
ing and Air-Conditioning En g i n e e r s
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(ASHRAE) recommends a 90-perc e n t
filter preceded by a 25-percent filter 
for general areas of hospitals and a 25-
p e rcent filter for administrative ones.3

For laboratories, ASHRAE re c o m m e n d s
an 80-percent filter, while in operating
rooms, it recommends a 25-percent, a
9 0 - p e rcent, and a HEPA filter in series.
These recommendations are widely
adopted in the United St a t e s — s o m e-
times even as state law.

He a l t h - c a re facilities often implement
various types of source control thro u g h
the use of zoning and isolation ro o m s .
C o m m e rcial buildings, howe ve r, have
limited opportunity to apply sourc e -
c o n t rol methods because the source 
usually is the occupants, the outdoor air,
or both.

T h rough dilution ventilation, con-
taminants are re m oved in a way that 
essentially is additive to the effect of 
filtration. Un f i l t e red outside air may,
h owe ve r, bring in environmental bacteria
and spores. Building air-handling 
systems typically re c i rculate most build-
ing air, with outside-air rates of 15 to 25
p e rc e n t .

Some types of facilities use 100-per-
cent-outside-air systems that do not 
re c i rculate. Examples include cert a i n
h e a l t h - c a re facilities, ve t e r i n a ry facilities,
and laboratories. Often, the outside-
air—and even the exhaust-air—systems
of these facilities include HEPA filters. 

In some cases, high-efficiency filters
could be used in place of HEPA filters to
s a ve costs without sacrificing perf o r m-
ance or adversely affecting the health of
o c c u p a n t s .

Bacteria intercepted by filters eve n t u-
ally die from dehydration or natural
causes, while spores may live
i n d e f i n i t e l y.9, 10 A n t i m i c robial filters and
ultraviolet germicidal irradiation
( U VGI) are two weapons in the war
against microbial growth on filters.

The practice of HEPA-filtering out-
side air or exhaust air to the outside may
re p resent ove rdesign in many cases. Few,
if any, environmental microbes have an
a d verse effect on healthy individuals and
a re re m oved at high rates by high-effi-
ciency filters. Contaminated air ex-
hausted to the outside disperses rapidly
to harmless concentrations, after which
any microbes rapidly die off from expo-
s u re and dehydration. Although the fil-
tration of exhaust addresses concerns
about the re - e n t ry of contaminants, the
p roper design and location of intakes and
exhausts is a more appropriate solution.

Most filter media consist of a random
array of fibers with diameters in the 1-to-
2 0 - m i c ron range. A recent deve l o p m e n t
in filtration technology, expanded poly-
t e t r a f l u o roethylene (ePTFE), consists of
a denser, re l a t i vely ord e red arrangement
of smaller-diameter polymer fibers.1 1

This array allows thinner media to be

used while producing higher efficiency,
although at the cost of higher pre s s u re
d ro p s .

The performance goals of an air-
disinfection system lie at the heart of any
economic evaluation. To determine how
e f f e c t i ve filtration can be in compari-
son—or combination—with dilution
ventilation, filter performance must 
be scru t i n i zed in terms of the targeted 
airborne micro b e s .

MODELING MICROORGANISMS
Mi c robes tend to be spherical or ovo i d

in shape and exist as populations that
span a distinct size range. All submicro n -
s i zed collections of particles tend to 
distribute themselves lognormally, 
with smaller particles outnumbering
larger ones. Because the size distribution
does not form a normal bell curve, the
a verage of the minimum and maximum
diameters is not re p re s e n t a t i ve of the
mean and may not predict filtration rates
a c c u r a t e l y.

Fi g u re 3 shows the population-size
distribution of Legionella pneumophila,
which is lumped at the lower end and
c o m p a res well with the predicted lognor-
mal curve. The test was performed in 
w a t e r.

Actual size distributions have not been
determined for most airborne micro b e s .
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FIGURE 2. Performance-curve models for five filters extended into the virus-size range
and compared with data from Ensor.5

Typical filter media with fiber diameters
of approximately 20 µm (top) compared
with ePTFE filter media (bottom). Shown
for reference is a 2-µm spore.
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As a result, actual mean diameters cannot
be known. Fo rt u n a t e l y, the logmean 
d i a m e t e r, computed by taking the 
a verage of the logarithms of the mini-
mum and maximum diameters, prov i d e s
an excellent approximation of the mean
d i a m e t e r.4

Large differences may exist betwe e n

the logmean and average diameters of
m i c robes. For example, if the average 
diameter of C h l a m ydia pneumoniae
(about 0.85 micron) we re used in place
of the logmean diameter (0.55 micro n ) ,
the re m oval rate of a 90-percent filter
would be predicted to be 95 percent 
instead of the actual 80 percent. Eve n

g reater discrepancies than this can 
result when considering non-spherical
b a c t e r i a .

Non-spherical microbes must have
their aspect ratio (the ratio of width to
length) accounted for in the model.
Spherical microbes such as R h i zo p u s h a ve
an aspect ratio of 1.0, while St a c h y b o t r i s
has one that varies from about 0.3 to 0.5.
Eq u i valent diameters can be established
by various techniques to account for the
filterability of non-spherical micro b e s .
The authors published a table of mean
diameters of more than 100 airborne
pathogens that we re adjusted to include
these factors.4

FILTER-MODEL RESULTS
Mathematical filter models can pro-

vide a variety of useful information about
a filter’s performance against airborne
m i c robes and under various conditions,
such as high velocities and re c i rc u l a t i o n .
Fi g u re 4 shows the results of modeling 
to determine the most  penetrating 
m i c robes to a HEPA filter. Cu r i o u s l y, 
all three microbial gro u p s — v i ruses, 
bacteria, and fungal spore s — s h ow up in
this range, and they include several of 
the more common nosocomial (hospital-
a c q u i red) infections. The number of 
m i c robes penetrating a HEPA filter may
not be significant because it depends 
on risk levels and concentrations, but 
this example illustrates a characteristic of
all filters: Certain microbes penetrate
m o re effectively than others.

The logmean diameters given in 
Re f e rence 4 can be used in conjunction
with any filter-performance curve to 
determine a similar array of most-
penetrating microbes. Howe ve r, as noted
p re v i o u s l y, most catalog perf o r m a n c e
c u rves do not extend into the viru s -
s i ze range, although studies have 
e valuated particulate penetration for this
r a n g e .5

Re c i rculating air through a filter 
i n c reases the effective filtration rate.
O verall filtration efficiency incre a s e s
with the number of passes through a 
f i l t e r. The efficiency resulting from a
large number of passes through an 80- or
9 0 - p e rcent filter can approach that of 
a single pass through a HEPA filter. 
Fi g u res 5a and 5b illustrate this effect 
for a re c i rculation-filter unit in a model
room with no outside air, assuming 
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p e rfect plug flow. Under normal condi-
tions, airf l ow would be mixed, and these
filters would not approach HEPA - f i l t e r
p e rformance so closely after so few
passes; howe ve r, the comparison illus-
trates the potential of re c i rc u l a t i o n - f i l t e r
u n i t s .

Fi g u re 5a shows the number of pene-
trations expected after a single pass of 
the entire pathogen database found 
in Re f e rence 4 through all five filters. 
The HEPA-filter penetrations, being 
a p p roximately ze ro, are not visible on
this scale. Fi g u re 5b shows the penetra-
tions after six passes through the same 
filters. Note how closely the 90-perc e n t
filter simulates a HEPA filter after six
p a s s e s .

Fi g u re 6 shows the re m oval rates of
various filters in combination with dilu-
tion ventilation in a we l l - m i xed space of 
a model building with a 100,000-cfm
system. The microbes included equal
p ro p o rtions of viruses, bacteria, and
fungi, with an initial concentration of
90,000 cfu per cubic meter. This model
c o n s i d e red the internal generation of
v i ruses and bacteria, as well as fungal
s p o res entering with outside air. In this
model, indoor concentrations re a c h e d
steady-state conditions within a few
hours, and the final building concentra-
tions differed in each case. Re a l - w o r l d
conditions would have re t a rded the 
rate at which asymptotic concentrations
we re reached; howe ve r, this does not alter
the fact that filter choice determines the

final level of air quality for all building
a p p l i c a t i o n s .

This analysis suggests that the HEPA
filter may provide little improve m e n t
over the use of an 80- or 90-percent 
filter—which costs considerably less to

own and operate—in cases in which 
the immediate re m oval of a contaminant
is not critical. The analysis applies to 
single spaces or building volumes only. 
In multizone systems, consideration
would have to be given to the fact that
m i c robes may be re c i rculated to other 
a reas. Also, a detailed analysis would 
be re q u i red to assess overall system 
p e rf o r m a n c e .

Facilities, such as hospitals and labora-
tories, that encounter specific micro b i a l
t h reats re q u i re more-detailed perf o r m-
ance comparisons.

COMPLEMENTARY DISINFECTION
TECHNOLOGIES

Besides source control and dilution
ventilation, other technologies may 
complement filter operation. These 
include UVGI, photocatalytic ox i d a t i o n ,
ionization, and pulsed light. Little data 
is available to predict the performance 
of these technologies, except for UVG I ,
which will serve as an example.

Fi g u re 7 shows the percent of a select
g roup of microbes (from the pathogen
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FIGURE 3. The measured size distribution of Legionella pneumophila compared with the
predicted lognormal curve. The data were taken using a Coulter counter, with sizes
limited to 0.6 µm and higher.

FIGURE 4. The most penetrating microorganisms to a HEPA filter.
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database of Re f e rence 4) remaining 
after passing through a 25-percent filter,
an 80-percent filter, and a UVGI system.
Notice how the microbes most re s i s t a n t
to the filters tend to be susceptible to
U VGI and vice versa. UVGI has gre a t e r
success against small microbes, such as
v i ruses, while filters have greater success
against large ones, such as spore s .1 2

Some of the microbes in the database
of Re f e rence 4 could not be used in 
the example above because most UVG I
rate constants for microbes remain 
u n k n own. It is reasonable to assume,
h owe ve r, that most viruses will succumb
to UVGI exposure and that most 
s p o res will be re m oved by filters; hence,
combination systems offer an ideal 
s o l u t i o n .

A combined filtration and UVGI 
system can be “t u n e d” to target cert a i n
m i c robes. In the above example, tuning
the system to re m ove all microbes 
completely could be accomplished by 
d e c reasing the airf l ow rate, increasing 
the ultraviolet powe r, or changing to a
m o re-efficient filter. Basic techniques of

economic optimization could be used to
find the best solution.

ECONOMICS OF FILTRATION
Table 1 summarizes the life-cycle costs

of 25-, 80-, and 90-percent filters and
H E PA filters. Fi g u re 8 compares these
costs for the model building analyze d

e a r l i e r. The dilution-ventilation system,
with 25-percent outside air, forms a 
baseline that remains constant for all four
filters. The bulk of the energy costs
comes from the fan energy consumed by
the filter pre s s u re losses.

For this comparison, the outside air 
is assumed to have a constant concentra-
tion of 100 spores per cubic meter. In 
addition, 2 percent of the 6,000 building
occupants are assumed to be pro d u c i n g
airborne bacteria and viruses at a rate of
100 microbes per hour. The micro b i a l
challenge to the building approx i m a t e s
normal winter conditions and prov i d e s
an aerobiologically balanced array of test
p a t h o g e n s .

Note that although energy costs 
i n c rease somewhat linearly from the 
2 5 - p e rcent filter to the HEPA filter, 
annual costs increase almost exponen-
t i a l l y. This can be attributed to the 
9 0 - p e rcent and HEPA filters both 
including a 25-percent prefilter and 
the HEPA filter operating at 250 fpm 
instead of the 500 fpm of the other 
filters. This velocity difference necessi-
tates twice as many HEPA filters for the
same total airf l ow.

The model building used in this 
economic study includes a 100,000-cfm
system with a fan-motor efficiency of 
85 percent and a motor efficiency of 
95 percent. Pre s s u re drops va rying fro m
clean to dirty throughout the life of 
each filter we re accounted for, with fans
operating continuously. Re p re s e n t a t i ve
costs from a leading filter manufacture r
we re used.
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FIGURES 5A, 5B. A comparison of penetrations by microbes after a single pass and after
six passes through model filters.

FIGURE 6. A comparison of the removal rates of various filters located in a supply-air duct
in combination with dilution ventilation with 25-percent outside air.
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The cost efficiency of
an air-disinfection sys-
tem can be determined
by dividing the re m ova l
rate—in colony-forming
u n i t s — by the life-cyc l e
cost of the filter. Fi g u re 9
c o m p a res the four filters
using the analysis fro m
Fi g u re 6, but with equal
generation rates for
v i ruses, bacteria, and
s p o res. The steady-state
re m oval rates of the 
filters alone, divided by
the life-cycle costs fro m
Fi g u re 8, show the
H E PA filter to be less
c o s t - e f f e c t i ve than the
other types. Although
the extra costs of a HEPA
filter may not be justifi-
able for the re m oval of a
b road array of micro b e s ,
they could be, for exam-
ple, in applications that
target only viru s e s .

SUMMARY
The use of high-effi-

ciency 80- and 90-per-
cent filters can pro d u c e
air-quality improve-
ments that appro a c h
those with HEPA filters,
but at a much lower 
cost. The use of HEPA
filters may be ove rkill 
in many applications. 
Indeed, the use of HEPA
filters in exhaust air

seems difficult to justify considering 
that outside air disperses microbes and
s t e r i l i zes itself.

Analysis suggests that the use of 
H E PA filters in outside-air intakes 
has dubious value because enviro n m e n t a l
s p o res can be adequately re m oved by
high-efficiency filters. Exceptions in-
clude health facilities where immuno-
c o m p romised patients cannot tolerate
any level of ambient bacteria or fungal
s p o re s .

Because filters re m ove a broad range 
of microbes, their performance re s e m b l e s
that of dilution ventilation. A HEPA -
fi lter system operating at the same 

o u t s i d e - a i rf l ow rate as
a ventilation system
will re m ove approx i-
mately equal numbers
of airborne contami-
nants, assuming the
outside air is clean.

Poor ventilation can
reduce the effective-
ness of re c i rc u l a t i o n
filters. W h e re serious
i n d o o r - a i r - q u a l i t y
p roblems exist, con-
t rolling problems at
their source should be
the primary focus.
Options for contro l-
ling source pro b l e m s
include local re c i rc u l a-
tion filters, prov i d i n g
supply air to the
s o u rce, and exhausting
return air from the
s o u rc e .

The combination of
filtration and UVG I
offers an efficient
means of contro l l i n g
both the largest mi-
c robes and spores and
the smallest bacteria
and viruses. Su c h
combinations can be
tuned and optimize d
to match any applica-
t i o n .

Mi c robial popula-
tions have size distri-
butions that form 
lognormal curve s .
Logmean diameters
should be used to 
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FIGURE 7. Microbial populations before and after filters and a UVGI system. Only
microbes with known UVGI rate constants are included, ordered in size from smallest (1)
to largest (33).

TABLE 1. The life-cycle costs of 20-to-25-percent, 80-to-85-percent, 90-to-95-
percent, and HEPA filters.
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determine re m oval rates. Estimates of 
filtration rates based on the average 
diameter of a microbe can produce gro s s
e r ro r s .

The authors hope this article enhances
the understanding of filtration for 
the control of indoor-air quality and
leads more designers to include filtration
in their designs as a primary means of
c o n t rolling airborne disease.
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A I R B O R N E - M I C R O B E  F I L T R A T I O N

FIGURE 8. A comparison of the life-cycle costs of four filters. The 90-percent and HEPA
filters include a prefilter.

FIGURE 9. The cost efficiency of 25-, 80-, and 90-percent filters and HEPA filters.

High-efficiency 80- and 90-percent filters can
produce air-quality improvements that approach
those with HEPA filters, but at a much lower cost.


