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Particle Concentrations and Sizes with
Normal and High Ef® ciency Air Filtration in

a Sealed Air-Conditioned Of® ce Building

William J. Fisk, David Faulkner, Doug Sullivan, and
Mark J. Mendell

INDOOR ENVIRONMENT DEPARTMENT, MS 90-3058 ,

LAWRENCE BERKELEY NATIONAL LABORATORY, BERKELEY, CA
( )W.J.F., D.F., D.S. , AND NATIONAL INSTITUTE FOR OCCUPATIONAL

( )SAFETY AND HEALTH , CINCINNATI , OH M.J.M.

ABSTRACT. During parts of 7 consecutive weeks, indoor and outdoor particle
number concentrations and particle sizes were measured versus time in a large
sealed air-conditioned of� ce building without tobacco smoking. Building ventila-

tion rates were also measured. During some periods, the normal � lters in the
building’s air handling systems were replaced with high ef� ciency � lters. A mass
balance model was used to help interpret the study data. For all particle sizes,
indoor number concentrations varied considerably between weeks and within a
single work day. Even with the normal air � lters, which have a low ef� ciency for
submicron-size particles, indoor number concentrations of submicron particles
were a factor of 3–6 smaller than outdoor particle number concentrations. For the

( )range of particle sizes measured ) 0.3 m m , the indoor particle mass concentra-

tion was considerably less than outdoor particle mass concentration. The high
ef� ciency � lters dramatically reduced the indoor–outdoor particle concentration

(ratio for submicron particles i.e., the decrease was 70% to 95%, depending on
)particle size . For larger particles, the decreases in indoor concentrations were

substantially smaller. Comparisons of model predictions with measured data
provide evidence of a large rate of removal of submicron indoor particles by some
process other than ventilation or air � ltration and also provide evidence of
signi� cant indoor generation or resuspension of particles larger than 1 m m.

INTRODUCTION
There is strong evidence that increased
morbidity and mortality are associated with

(larger exposures to small particles EPA
)1996a . This evidence is primarily from epi-

demiological studies that have found in-

creased rates of death and hospital admis-

sions to be associated with higher outdoor

( )particle concentrations EPA 1996a . Al-

though these epidemiological studies have

focused on outdoor particles, most people’s
exposures to particles occur primarily in-

doors, because most people are indoors

90% of the time. Inside buildings, people

are exposed both to indoor-generated parti-

cles and to particles that enter the building
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along with outside air. Indoor and outdoor

particles may differ substantially with re-

spect to concentration, size distribution , and
( )chemical composition EPA 1996b . Indoor

sources of particles include smoking, cook-
(ing, of® ce equipment, people e.g., droplet

)nuclei from coughs and sneezes , pets, mi-
( )croorganisms e.g., that release spores ,

aerosol sprays, abrasion of surfaces, and
(resuspension from surfaces Owen et al.

)1992b; Thatcher and Layton 1995 .

Many large commercial buildings lack the

strong indoor particle sources, such as to-

bacco smoking and cooking, that are com-

mon in residences. Without strong indoor

particle sources, indoor particle concentra-

tions will often be lower than outdoor con-

centrations as a consequence of several

particle removal processes, including inten-

tional particle removal by ® ltration systems

and particle deposition on indoor surfaces.

For example , in ® eld studies of 38 commer-
( )cial buildings by Turk et al. 1989 , about

70% of the measured indoor respirable

particle mass concentrations1 measured at

nonsmoking sites were lower than the out-

door concentrations.

The published literature provides very

limited detailed information on the time

variation of particle concentrations and size

distributions in large commercial buildings

relative to the outdoor particle concentra-

tions and size distributions. Additionally,

the effectiveness of high ef® ciency ® lters in

reducing indoor particle concentrations has

not been well documented. The purpose of

this paper is to present and discuss such

data obtained during a study of the in¯ u-

ence of high ef® ciency ® ltration on the

severity of of® ce workers’ acute health
(symptoms Fisk et al. 1998; Mendell et al.

)1999 .

1
Mass of particles smaller that 2.5 m m in diameter per

unit volume of air.

RESEARCH METHODS

Building and Air Handing Unit Descriptions

Particle concentrations as a function of time

were measured on the second and fourth

¯ oors of a large of® ce building with me-

chanical ventilation, air-conditioning , and

sealed windows. The building was located

in St Louis, MO. The ¯ oor area and aver-
2 ( 2 )age occupancy were 4130 m 44500 ft

and 165 persons on the second ¯ oor and
2 ( 2 )4840 m 52100 ft and 280 persons on the

fourth ¯ oor. The exterior walls of the build-

ing were steel and glass. The building had

a large enclosed thermally-conditioned

atrium at its core , separated from the of® ce

spaces primarily by glass. Except for the

bathrooms and elevator lobbies, the ¯ oors

were fully carpeted. The ¯ oors were almost

entirely open plan, with fabric-covered par-

titions surrounding of® ces for individuals or

groups of workers. The furnishings in-

cluded chairs, desks, ® le cabinets, and nor-

mal of® ce equipment including many desk-

top computers. Smoking was prohibited

within the building.

Each ¯ oor of the building had an inde-

pendent set of four identical air handling
( )units AHUs . Air was not mechanically

recirculated between ¯ oors. On each ¯ oor,

two mechanical rooms located at opposite

corners each contained two AHUs. For

each AHU, a supply fan drew outside air

through louvers and dampers in the exte-

rior walls. The outside air mixed with recir-

culated indoor air drawn from the mechan-

ical room, and the mixture passed through

a bank of eight air ® lters, each with nomi-

nal cross-sectional dimensions of 0.6 m by
( )0.6 m 24 inch by 24 inch . The ® ltered air

passed through the supply fan, through coils

used for cooling, and then into the supply

air duct system located in the ceiling

plenum above the occupied space. The ven-

tilation systems used variable-air volume
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( )VAV controls in the supply air distribu-

tion system to modulate the rate of air

supply to different sections of the building

as needed to maintain the desired indoor

temperature. Thus, the total rate of air

supplied to the spaces by the building venti-

lation systems varied with changes in ther-

mal loads. No air ® lters were present in the

VAV control units used during the summer

cooling season. The supply air was deliv-

ered to the space through diffusers in-

stalled in the suspended ceiling that sepa-

rated the occupied space from the ceiling

plenum. Return air was drawn through

grilles in the suspended ceiling and ¯ owed

through the ceiling plenum to the mechani-

cal rooms. Air exited the ¯ oors to the out-

side through bathroom exhaust fans and,

upon demand, through a relief fan located

in each mechanical room. The rated maxi-

mum supply air ¯ ow from the set of four
(AHUs that serve each ¯ oor Persily et al.

) 3 y 1 ( )1994 was 18.4 m s 39,000 cfm . With

the ¯ oor areas provided above and the ceil-
( )ing height including the plenums of 3.5 m

( )11.5 ft , the maximum rates of supply air-

¯ ow normalized by the indoor volumes were

4.6 hy1 on Floor 2 and 3.9 hy1 on Floor 4.

Each AHU had an automatic control sys-

tem, called an economizer, that increased

the rate of outside air drawn into the unit,

above a minimum value , when the outside

air temperature was below approximately
(room temperature. The purpose of econo-

)mizers is to save energy. However, during

the study period pertinent to this paper, the

outside air temperatures were high and

outside air dampers were always in the

minimum open position during building oc-

cupancy, except during a 0.5 h period at

one air handler. The time periods with the

outside-air dampers in the minimum open

position were detected using sensors on the

actuators that control outside air damper

movement.

Particle Measurements

Airborne particle concentrations were
monitored at one outdoor location, adja-

cent to a fourth ¯ oor outside air intake ,

and two locations within the occupied space

of each ¯ oor at a height of approximately

1.8 m. The two indoor measurements per

¯ oor were at central locations within each
half of the ¯ oor. Particle concentrations

were generally monitored only between

04:00 and 20:00 on Thursdays and between

07:00 and 15:30 on Fridays during nine

consecutive weeks starting on July 18, 1996.

This paper is based only on data from the
® rst seven weeks, because particle data dur-

ing weeks eight and nine may have been

affected by surface cleaning experiments

within the building. There are a few periods

of missing data due to errors in program-

ming of the instruments or errors in down-
loading of data.

Laser-based optical particle counters
( )Model 237B, Met One , Grants Pass, OR

were used to measure particle number con-

centration in 6 size ranges, or `̀ bins,’ ’ of
2 (particle diameter 0.3 ] 0.5 m m,0.5 ] 0.7 m m,

0.7 ] 1.0 m m, 1.0 ] 2.0 m m, 2.0 ] 5.0 m m, ) 5.0
)m m . The sample ¯ ow rates of the instru-

ments, nominally 2.5 L miny1 , were moni-

tored each week and were very stable. All

reported concentrations re¯ ect the most re-

cent measured sample ¯ ow rates. During
the measurement periods, the particle

counters sampled air continuously. Each

indoor particle measurement was based on

2 or 3 min of concurrent sampling and

counting. Outdoor measurements were

based on 1 min of sampling and counting.

The resulting data were recorded in the
instrument’s memory every 1 ] 3 min3.

2
For the largest size bin, particle counts were often

only a few per counting period; therefore , this paper
uses ) 2 m m as the largest particle size range.
3
Due to data storage limitations, on Thursdays no

particle concentration data for outdoors were col-
lected between 06:00 and 09:00 and 12:30 and 3:00.
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The particle counter used to measure

outdoor air particle concentrations was lo-

cated indoors and sampled through a ; 1.5

m length of plastic tubing that extended to

outdoors near a set of outside air inlet

louvers at a location with low air velocities.

The sample tube was provided by the man-

ufacturer for this application and was in-

stalled without sharp bends.

The particle counters were factory cali-

brated before and after the study. Addi-

tionally, all particle counters were inter-

compared two times by performing mea-

surements at nearly the same location in an

undisturbed room. The particle counter

used for measurements in outside air re-

tained the 1.5 m length of sampling tube

during the instrument intercomparisons.

Because we are primarily interested in par-

ticle concentration ratios, all measured data

have been corrected based on the instru-

ment comparisons, using one of the particle

counters as a `̀ reference.’ ’ The largest cor-

rections made were 6% , 10% , 18% , 15% ,

and 10% for the smallest to largest particle

size bins, respectively. The particle count-

ers have a 50% counting ef® ciency for 0.3

m m particles, thus the measured number

concentrations in the smallest size bin
( )0.3 ] 0.5 m m are smaller than the actual

concentrations by a factor - 2.

Optical particle counters will undercount

particles when concentrations are high due

to a tendency for multiple particles passing

through the laser beam to be counted as a

single particle. For the Met One counters,

this undercounting due to coincidence loss,

based on information from the manufac-

turer, is - 10% at a total particle count of

140 particles per cm3. During weeks 1 ] 5 of

this study, all measured concentrations were
- 140 particles per cm3. During weeks 6

and 7, outdoor concentrations were approx-

imately 200 and 160 particles per cm3. The

estimated undercounting at these higher

concentrations was estimated to be - 11%

at 160 particles per cm3 and - 14% at 200

particles per cm3 based on manufacturer’s

speci® cations and an equation for coinci-
( )dence loss Hinds 1982, p. 344 .

The responses of the Met One counters

were not compared in a formal set of exper-

iments to the response of a more sophisti-

cated instrument. The uncertainties in ab-

solute values of particle counts made with

this type of instrument is considerably

larger than the uncertainties in ratios of

particle counts.

Ventilation Rate Measurements

Many additional indoor environmental pa-

rameters were measured during this study,

but only the ventilation rate measurements

are clearly pertinent to this paper. The new

tracer gas procedure used to measure

equivalent steady outside air ventilation
( )rates ESVRs is described in detail else-
( )where Faulkner et al. 1998 . For the mea-

surements, an indoor pollutant source was

simulated with approximately 100 passive

sources of a per¯ uorocarbon tracer gas

spaced uniformly per unit ¯ oor area. The

sources continuously released tracer at a

known rate. During the workday periods
( )7:00 to 17:00 of Thursdays and Fridays,

air samples from ® ve to six locations per
( )¯ oor at a height of ; 1.5 m were col-

lected in gas storage bags. The concentra-

tions of tracer gas in the bag samples were

subsequently determined using a calibrated

gas chromatograph with electron capture

detector. The ESVRs were calculated from

a mass balance equation based on the tracer

concentrations in the sample storage bags

and on the indoor tracer emission rates.

The ESVRs are the steady rates of outside

air supply that, with thorough mixing of the

indoor air, would yield the measured tracer

gas concentrations. With the sample inte-
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gration periods of this study, the measured

values of ESVR are averages for the work-

day periods of Thursday and Friday.

Air Filtration

During weeks three and ® ve , air ® lters with

an unusually high particle removal ef® -

ciency for submicron particles were in-

stalled in the AHUs on Floor 4. During

weeks four and six, the high ef® ciency ® l-

ters were removed from Floor 4 and in-

stalled on Floor 2. At all other times, the

building’s normal air ® lters were utilized.

At the start of the study, all air ® lters were

new.

The normal ® lters have an initial

ASHRAE dust spot ® lter ef® ciency rating
( )ASHRAE 1992a of 22% and a rating of

27% after extended use. No data were

available on the ef® ciency versus particle

size for these speci® c ® lters, although ® lters

with a similar ASHRAE rating typically

have ef® ciencies of approximately 3% , 15% ,

40% , and 80% for particles with aerody-

namic diameters of 0.3 m m, 0.85 m m, 1.5
(m m, and 3 m m, respectively ASHRAE

)1992b . Based on manufacturer’ s data, the

high ef® ciency ® lters used in this study

have a minimum ef® ciency of 95% for par-

ticles with a diameter of 0.3 m m. From

® lter theory, the ef® ciency of these ® lters

should be higher than 95% for particles

either smaller or larger than 0.3 m m. While

the normal ® lters have no gaskets or seals

to limit the bypass of air around them, the

high ef® ciency ® lters have ¯ exible rubber
(seals. The published air¯ ow resistance i.e.,

)pressure drop of the normal and high ef-

® ciency ® lters was nearly identical for the

rates of air¯ ow in the AHUs. Switching

between the normal and high ef® ciency ® l-

ters caused no discernible change in the

supply air¯ ow rate based on multipoint

measurements of supply airstream velocity.

Particle Concentration Modeling

To aid in interpreting the experimental

data, a steady state mass balance equation

for a well-mixed space was employed for
particles in each size range:

( ) ( )S q Q y Q 1 y E C qQ PCo inf o inf o

( )s Q C q l VC qQ EC , 1o de p r

where the left side of the equation contains

the particle source terms and the right side

contains particle removal terms. The sym-

bols are de ® ned as follows: S is the indoor
particle generation rate; Q is the total rate0

of outside air entry based on the tracer gas

measurements; Q is the estimated rate ofinf

air in® ltration ¯ ow through the building
( )envelope this air is not ® ltered ; E is the

® lter ef® ciency for the particle size under
consideration; C is the outdoor particleo

concentration; P is the penetration factor

for in® ltrating particles; C is the indoor

particle concentration; l is a particlede p

deposition coef® cient that accounts for par-

ticle removal by deposition on indoor sur-
faces; V is the indoor air volume; and Q isr

the rate at which recirculated indoor air

passes through the ® lters.

The rate of recirculation through the

® lter

( ) ( )Q s Q y Q y Q , 2r s o inf

where Q is the sum of the supply air¯ ows

rates of the AHUs serving the ¯ oor.
( )Solving Equation 1 for C yields

( ) ( )S q Q y Q 1 y E C qQ PC0 inf 0 inf 0
C s .

Q q l V qQ E0 de p r

( )3

Three of the parameters within these equa-

tions can be only roughly estimated based

on prior research. Considering the sealed

construction of the building envelope and

the mechanical ventilation, Q is likely toinf

be small relative to Q . During periodso
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without operation of the building AHUs, a
( )prior study Persily et al. 1991 measured

(in® ltration rates i.e., products of Q andinf

) y1V of approximately 0.2 h in this build-

ing. Generally, in® ltration rates will be

smaller during AHU operation because

building pressurization is the design intent;

therefore , we assumed an in® ltration rate

of 0.1 hy1 as a model input.

Data on typical values of particle pene-
( )tration P and particle deposition coef® -

( )cient l are very limited. For particlesde p

in the 0.3 to 0.5 m m size range , and possibly
( )for the next larger range 0.5 ] 0.7 m m , P
(may be very close to unity Ozkaynak et al.

1996; Lewis 1995; Thatcher and Layton
)1995 . Table 1 provides some of the re-

ported values of l as a function of parti-d e p

cle size. The base case values are based on

a compilation of data from several refer-

ences. Relative to these base case values,
( )Lewis 1995 reported a factor of three to

four higher deposition coef® cients for sub-

micron particles under quiescent conditions

and even higher deposition coef® cients for

all particle sizes under turbulent condi-

tions. From the inconsistencies in reported

values, it is evident that values of l arede p

either poorly characterized or highly vari-

able depending on building conditions. All

of these deposition coef® cients have been

determined from experiments in spaces

much smaller than a large commercial

building, ranging from a 4.4 m3 chamber
( ) 3 (Lewis 1995 to a 550 m house Thatcher

)and Layton 1995 .

The deposition coef® cient is usually
( )characterized Nazaroff et al. 1993 as the

product of a mass transfer coef® cient called

a deposition velocity and the ratio of in-
( )door surface area to volume S r V . S r V

may change with building size and furnish-
ings. We have not adjusted the reported

deposition coef® cients to account for the

possibility that S r V in the large furnished

of® ce building may differ from the S r V of

the building or chamber employed to mea-

sure the deposition coef® cient. S r V is
dif® cult to determine in a large furnished

building; however, we suspect that high val-

ues of S r V in furnished buildings may

cause deposition coef® cients for these

buildings to exceed the values typically re-

ported in the literature.
Values for the indoor particle generation

( )rate S as a function of particle size in

large commercial of® ce buildings are not

known and may vary considerably among

buildings. For the smallest particles, some

information can be gained by assuming that

S is negligible relative to the rate of parti-
cle entry from outdoors.

RESULTS

Ventilation Rates and Their Relationship to
Particle Concentrations

Within each ¯ oor, the measured values of

ESVR were relatively constant, ranging

from 1.8 to 2.1 m3 sy1 on Floor 2 and from

3.2 to 3.5 m3 sy1 on Floor 4. Based on

reviews of plots and regression coef® cients,

( I 1 )TABLE 1. Estimates of the particle deposition coef� cient h .

Particle Size

Reference 0.2 m m 0.4 m m 0.6 m m 0.85 m m 1.5 m m 3.0 m m 5.0 m m
a( ) ( )Sextro 1996 Base Case Values 0.03 0.06 0.09 0.15 0.35 0.80 1.7

( ) ( )Lewis 1995 Quiescent Conditions } 0.26 0.26 0.31 0.43 0.72 1.1
( ) ( )Lewis 1995 Turbulent Conditions } 2.2 1.4 1.7 2.0 3.1 3.6

a ( ) ( ) ( )Compilation of values from Offermann et al. 1985 , Xu et al. 1994 , Thatcher and Layton 1995 .
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there were no signi® cant correlations be-

tween particle concentrations and ventila-

tion rates within ¯ oors, presumably be-

cause of the small range in ventilation rates.

However, the substantially higher particle

concentrations on Floor 4 during periods of

normal ® ltration may be a consequence
( ( ))see Equation 3 of the higher ventilation

rates on Floor 4.

Particle Concentrations and Size Distributions

Based on data from week 5, Figure 1 pro-

vides an example of the time-averaged par-

ticle number concentrations for the work-
(day periods 07:00 to 17:00 of Thursday and

)07:00 to 15:30 of Friday in each particle

size range for outdoor air, Floor 2 with

normal air ® lters, and Floor 4 with high

ef® ciency air ® lters. Three observations

based on this ® gure follow. First, the parti-

cle number concentration is dominated by

the smallest particles. For the three small-

est particle size bins, the particle number

concentrations decrease by roughly an or-

der of magnitude as the particle size bin

increases one step4. Second, it is clear that

indoor particle number concentrations are

substantially lower than outdoor particle

number concentrations, at least for parti-

cles smaller than 2 m m. Even with the

normal air ® lters, indoor concentrations of

submicron size particles are lower than out-

door number concentrations by approxi-

mately a factor of 3 ] 6. Third, number con-

centrations of submicron particles are much

lower on the ¯ oor with high ef® ciency ® l-

tration. In fact, during this particular week

the number concentration of 0.3 ] 0.5 m m

particles was a factor of 26 lower on the

¯ oor with high ef® ciency ® lters.

4
The exception is the decrease in particle number

concentration by approximately one half order of mag-
nitude with high ef® ciency ® ltration as the particle
size range increases from 0.5 ] 0.7 m m to 0.7 ] 1.0 m m.

FIGURE 1. Average particle number concentration versus particle size during workday periods of Thursday and
Friday of week 5.
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Also based on data from week 5, Figure
2 provides an estimate 5 of the particle mass

in each size bin, assuming a particle den-

5
The mass concentrations in this ® gure were esti-

mated from a predicted particle size distribution with
particle size bins much smaller than the size bins of
the optical particle counters. The process involves
creating piecewise curve ® ts to the measured data for
particle number concentration per measurement bin
width; using the curve ® t equations to estimate con-
centrations in 41 particle size ranges; correcting for

( )the discrepancy resulting from imperfect curve ® ts
between the measured and total-predicted particle
numbers in each measurement size bin; and comput-
ing the mass concentrations in each of the 41 size bins.
A much more simple calculation based on the mid-
point of each of the optical particle counter size bins

(and 3.5 m m for the largest bin negligible particles
)were counted in a ) 5 m m bin resulted in 12% to

38% higher total mass concentrations and a 65%
higher mass concentration for outdoor particles larger
than 2 m m.

6 y3 (sity of 2 g cm for all particles Nazaroff
)1989 . Measurements for a broader range

of particle sizes would be necessary to fully

de® ne the size distribution for particle mass.

On the ¯ oor with normal ® ltration, for the

particle sizes measured, the smallest and

largest size bins contained 41% and 45% of

the particle mass, respectively. The distri-

bution of particle mass with size is different

when the high ef® ciency ® lters are used

because these ® lters, as discussed subse-

quently, reduce concentrations of submi-

6
Based on particle mass concentrations measurements

and simultaneous measurements with an optical parti-
cle counter. The relationship between indoor and out-
door particle mass concentrations should be accu-
rately illustrated as long as indoor and outdoor parti-
cles of the same size have a similar density.

FIGURE 2. Estimated particle mass concentration in each size bin during workday periods of Thursday and
Friday of week 5. Total estimated mass concentrations are 15 m g m3 in outside air, 5.2 m g m3 on Floor 2, and 2.9
m g m3 on Floor 4.
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cron particles by a large factor. On the

¯ oor with high ef® ciency ® ltration, particles

larger than 1.0 m m accounted for 89% of

the particle mass.

Temporal Variation in Particle Concentrations

For 0.3 ] 0.5 m m particles, Figure 3 illus-

trates the average particle number concen-

trations for the workday periods of Thurs-

day and Friday as a function of study week.

Large week-to-week variations in concen-

trations are evident. There is a difference

of approximately a factor of six between

the highest and lowest concentrations. The

® gure also illustrates that indoor particle

concentrations approximately track the out-

door concentrations , at least when normal

® lters are installed in the AHUs.

For all particle sizes, number concentra-

tions often varied substantially within a sin-

gle workday, as illustrated in Figure 4 for

the smallest particles during a period of

normal ® ltration. Additionally, at numerous

times there were spikes in indoor particle

concentrations at speci® c locations that

were more common for the larger particles,

usually without a corresponding spike in

the outdoor particle concentrations. Short

duration localized releases or resuspen-

sions of particles indoors are one potential

explanation for the observed spikes.

Ratios of Indoor-to-Outdoor Particle
Concentration With Normal Filtration

Table 2 provides the average measured ra-

tios of indoor particle number concentra-
(tions to outdoor concentrations I r O ra-

)tios for the Thursday and Friday workday

periods of four weeks with normal ef® -

ciency ® ltration on each ¯ oor. Even with

normal ef® ciency ® lters installed, the I r O
ratios are only 0.15 to 0.55, thus it is clear

FIGURE 3. Number concentration of 0.3 to 0.5 m m particles during workday periods of Thursday and Friday for
the seven study weeks.
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FIGURE 4. Number concentration of 0.3 m m to 0.5 mm particles at the two second � oor measurement locations
and in outdoor air on August 2, 1996.

that outdoor particle measurements are a

poor direct measure of indoor particle ex-

posures in this building. The highest mea-
sured I r O ratios are for the largest parti-

( )cles ) 2.0 m m .
(Table 2 also provides predictions based

( ))on Equation 3 of the I r O ratios, for the

three sets of particle deposition rates de-

scribed previously. For these predictions,

we used the average measured value of

effective steady ventilation rate and the
previously-described estimates of ® lter ef-

® ciency. We assumed that the supply air-

¯ ow rates in the air handlers were two-

TABLE 2. Measured and predicted ratios of I rrrrr O particle number concentration

Average Predicted
Lewis Lewis Measured Ratio Predicted C rrrrr C Predictedin out

Base Case Quiescent Turbulent of I rrrrr O C rrrrr C With C rrrrr Cin out in out

Particle Particle Particle Particle Particle With Base Lewis With Lewis
Size Estimated Deposition Deposition Deposition Number Case Quiescent Turbulent

Range Filter Coef� cient Coef� cient Coef� cient Concentration Deposition Deposition Deposition
I 1 I 1 I 1( ) ( ) ( ) ( ) ( )Floor m m Ef� ciency h h h C rrrrr C Coef� cient Coef� cient Coef� cientin out

2 0.3 ] 0.5 0.03 0.06 0.26 2.2 0.27 0.75 0.57 0.17

2 0.5 ] 0.7 0.1 0.09 0.26 1.4 0.15 0.52 0.43 0.20

2 0.7 ] 1.0 0.15 0.15 0.31 1.7 0.18 0.41 0.35 0.16

2 1.0 ] 2.0 0.4 0.35 0.43 2.0 0.23 0.17 0.16 0.09

2 ) 2.0 0.8 0.80 0.72 3.1 0.52 0.05 0.05 0.03

4 0.3 ] 0.5 0.03 0.06 0.26 2.2 0.44 0.83 0.67 0.23

4 0.5 ] 0.7 0.1 0.09 0.26 1.4 0.26 0.65 0.56 0.28

4 0.7 ] 1.0 0.15 0.15 0.31 1.7 0.28 0.53 0.47 0.23

4 1.0 ] 2.0 0.4 0.35 0.43 2.0 0.38 0.25 0.24 0.13

4 ) 2.0 0.8 0.80 0.72 3.1 0.55 0.07 0.07 0.04
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thirds of the maximum capacity, that the

product of air in® ltration ¯ ow rate and
(indoor volume hereinafter called the in® l-

) y1 (tration rate was 0.1 h as explained pre-
)viously , and that the penetration factor

was unity. Finally, the predictions assume

negligible indoor particle generation, which

is most likely to be a reasonable assump-

tion for the smallest particles.

For the submicron-size particles and the

base case or Lewis quiescent deposition

rates, the predicted I r O ratios exceed the

measured ratios by a factor of 2 ] 3. Ac-

counting for indoor particle generation

would increase the discrepancy. Doubling

the assumed air in® ltration rate or decreas-

ing the particle penetration factor to 0.5

reduces this discrepancy insigni® cantly.

Doubling the ® lter ef® ciency, which is

probably unrealistic , still leaves large dis-

crepancies, often near a factor of 2. There-

fore , the low measured I r O ratios for sub-

micron size particles suggest that particle

deposition coef® cients are underestimated

or suggest that there is some other large

unexplained particle removal process for

submicron particles. For example , as illus-

trated in Table 2, the discrepancy between

the predicted and measured I r O ratios is

substantially diminished if the much higher

Lewis turbulent deposition coef® cients are

used in the model.

For particles larger than 1 m m in size ,

the measured I r O ratios exceed the pre-

dicted ratios, regardless of the choice of

particle deposition rates. For the largest

particles, the discrepancy is about a factor

of 10. Reasonable changes in the model

inputs for ® lter ef® ciency, in® ltration rate ,

and particle deposition rate will not resolve

these discrepancies. A substantial rate of

indoor particle generation or resuspension,

for particles larger than 1 m m, seems to be

the most likely explanation for this discrep-

ancy. Occasional periods with indoor con-

centrations of particles larger than 1 m m

exceeding outdoor concentrations provided

additional evidence of indoor generation of

these larger particles.

The relationship of the indoor particle
mass concentration to that outdoors is of

interest because epidemiological studies

have generally investigated associations of

health effects with outdoor particle mass

concentrations, while actual particle expo-

sures occur predominantly indoors. Using
the method described previously to esti-

mate particle mass concentrations, Figures

5 and 6 plot I r O particle mass ratios ver-

sus study week for ¯ oors 2 and 4, respec-

tively. It is clear that indoor particle mass

concentrations track outdoor concentra-
tions, although quite imperfectly. Consider-

ing only particles smaller than 2 m m, the

I r O mass ratios ranged by approximately a

factor of 1.7, from 0.19 to 0.28 on ¯ oor 2

and from 0.25 to 0.46 on ¯ oor 4. During

this period, the corresponding outdoor par-
ticle mass concentrations varied over a

range of 6. The I r O mass ratios for all

particles larger than 0.3 m m, i.e., with parti-

cles larger than 2.0 m m included, are more

variable with time.

In� uence of High Ef� ciency Filtration on
Indoor Particle Concentrations

Because the time-varying outdoor particle

concentrations have a strong in¯ uence on

indoor particle concentrations, the bene ® ts

of high ef® ciency ® ltration cannot be accu-

rately quanti ® ed based on the time-average
indoor particle concentrations for each ® l-

tration mode. Instead, simultaneous indoor

and outdoor measurements were used to

calculate I r O particle concentration ratios

for each week and ¯ oor of the building.

Dividing the I r O ratios from periods of
high ef® ciency ® ltration by the I r O ratios

from periods of normal ® ltration yields a

more accurate estimate of the in¯ uence of

high ef® ciency ® ltration on indoor particle

concentrations. The results of these calcu-
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FIGURE 5. Indoor–outdoor ratios of particle mass concentrations with normal � ltration versus week for Floor 2.

lations are provided in Figure 7, based on

data from throughout the study. This ® gure

illustrates that high ef® ciency ® ltration was

associated with very large reductions in the

indoor particle concentrations for the

smallest particles. As particle size in-

creased, the bene ® ts of the high ef® ciency

® ltration decreased, presumably because

the particle removal ef® ciency of the nor-

mal air ® lters increases with particle size.

Averaging the results from both ¯ oors yields

the following percent reduction in indoor

particle number concentrations: 94% for

0.3 ] 0.5 m m particles; 84% for 0.5 ] 0.7 m m

FIGURE 6. Indoor–outdoor ratios of particle mass concentrations with normal � ltration versus week for Floor 4.
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FIGURE 7. In� uence of high ef� ciency � ltration on indoor–outdoor particle concentration ratios.

particles; 72% for 0.7 ] 1.0 m m particles;

55% for 1.0 ] 2.0 m m particles; and 16% for
) 2.0 m m particles.

Figure 7 illustrates that the high ef® -
ciency ® lters were effective in reducing

concentration of small particles on both

¯ oors; however, the ® lters were less effec-

tive on Floor 2 than on Floor 4. Part of the

explanation for this is that the I r O ratio

with normal ® ltration is higher on Floor 4
than on Floor 2, presumably because of the

higher ventilation rate on Floor 4. Addi-

tional potential explanations for these

® ndings include a higher rate of in® ltration

of un® ltered air into Floor 2 or a higher

rate of air leakage around the high ef® -
ciency ® lters on Floor 2.

When the modeled and measured effects

of high ef® ciency ® ltration were compared,

it became immediately apparent that the

air in® ltration rate has a very strong in¯ u-

ence on indoor particle concentrations
when the ® lters are nearly 100% ef® cient.

With 95% ef® cient ® lters, the rate of parti-

cle entry from outdoors due to in® ltration

will often be considerably larger than the
rate of particle entry via the outside air

that passes through the ® lters.

DISCUSSION
The indoor particle number concentration
was dominated by the smallest particles.

This ® nding has been observed in many

prior studies of indoor and outdoor air.

With normal ® ltration, most of the indoor

particle mass was from the smallest and

largest particles.
Even with the normal air ® lters, which

have a low ef® ciency for submicron size

particles, indoor number concentrations of

submicron particles were a factor of 3 ] 6

smaller than outdoor particle number con-

centrations. Additionally, for the range of
particle sizes measured, the indoor particle

mass concentration was considerably less

than outdoor particle mass concentration.

Other published comparisons of indoor and

outdoor particle concentrations in large

commercial buildings without smoking are
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limited. The ® eld studies of commercial
( )buildings by Turk et al. 1989 included

indoor and outdoor data from seven build-

ings with restricted smoking. In ® ve of these

buildings, indoor respirable particle mass
( )RSP concentrations were less than out-

(door RSP concentrations I r O ratios were
)0.3 ] 0.9, but typically close to 0.9 . Also, at

; 70% of the indoor measurement sites

distant from smoking, RSP concentrations

were less than outdoor RSP concentrations.
( )Similarly, Brightman et al. 1996 reported

that indoor particle mass concentrations for
( )particles smaller than 10 m m PM were10

less than outdoor PM concentrations10

within 11 of 16 commercial buildings. Jam-
( )riska and Morawska 1996 found that the

indoor number concentration of 17 to 700

nm particles in an of® ce building were about

40% less than outdoor concentrations. Thus

our ® nding that indoor particle concentra-

tions were smaller than outdoor concen-

trations is typical of previous ® ndings

from large commercial buildings without

smoking.

For all particle sizes, indoor number con-

centrations varied considerably between

weeks and within a single work day. For

submicron size particles, indoor number

concentrations roughly tracked outdoor

concentrations. For particles smaller than 2

m m, the indoor mass concentration roughly

tracked the outdoor mass concentration.

Other studies have also reported large tem-

poral variations in particle concentrations
(within commercial buildings Jamriska and

Morawska 1996; Miyazaki and Narasaki

1996; Weschler and Schields 1988; Turner
)et al. 1996 . These ® ndings suggest that

short-term particle concentration measure-

ments, which are very common, have a lim-

ited utility for assessment of time average

indoor particle exposures.

The high ef® ciency ® lters dramatically

reduced the I r O particle number concen-
(tration ratio for submicron particles i.e.,

the decrease was ; 70% to 95% , depend-
)ing on particle size . For particles between

1 and 2 m m in size , the reduction was
; 50%. For larger particles, the reduction
in concentration was only ; 20% . Our

model predictions based on Equations
( ) ( )1 ] 3 indicated that low air in® ltration

(rates obtained from pressurizing the build-
)ing or by providing an air tight envelope

are necessary to bene ® t fully from high
ef® ciency ® ltration. We identi® ed few pa-

pers with similar measured data from com-

mercial buildings. Krzyzanowski and Reagor
( )1990 measured I r O particle number con-

centration ratios in a telecommunications

equipment building with 85% and 20%
ASHRAE dust spot ef® ciency7 ® lters. The

higher ef® ciency ® lters reduced the I r O
ratio by ; 50% for particles larger than 0.5

m m and by ; 40% for particles larger than

1.0 m m. Several papers have provided pre-

dictions of the bene ® ts of high ef® ciency
( )® ltration. Herlin 1997 used a model to

predict that changing from 30% to 85%

ef® cient 8 ® lters in a telecommunications

of® ce would reduce the I r O ratio for RSP

by 11% to 86% depending on the degree of
( )building pressurization. Owen et al. 1992a

also used a model to predict that switching

from normal to high ef® ciency ® lters in a

building with smokers would reduce the

indoor particle mass concentration by ;
70%. Also based on modeling, Turk et al.
( )1989 found that high ef® ciency ® lters
would substantially decrease RSP concen-

trations, but that concentrations would re-

main high if a substantial fraction of the

workers smoked.

Generally, respirable size particles are

thought to be the most likely to cause ad-
( )verse health effects EPA 1996a, 1996b ;

7
The dust spot ef® ciency is the ® lter ef® ciency deter-

(mined using the ASHRAE Standard 52.1 ASHRAE
)1992a .

8
Ef® ciency was de® ned as the fraction of ® ne particle

( )- 2.5 m m mass removed by the ® lters.
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thus the ® ndings in this and other papers

suggest that the use of high ef® ciency ® lters

in building AHUs may be bene® cial for

health. However, using high ef® ciency ® l-

ters in place of normal ® lters would not be

expected to decrease health effects associ-

ated with indoor particles larger than ap-

proximately 2 m m in size because normal

® lters are relatively ef® cient for these large

particles. Many of the intact bioaerosols

may be larger than 2 m m.

The comparison of predicted and mea-

sured I r O particle concentration ratios
(suggest that the base case and commonly

)used particle deposition coef® cients for

submicron size particles are substantially

underestimated relative to the actual depo-

sition coef® cients in this building. Thus,

our ® ndings provide some support for

higher particle deposition coef® cients, such

as those measured under turbulent condi-
( )tions by Lewis 1995 . Another possibility is

that the deposition coef® cients in this large

of® ce building are higher than coef® cients

most commonly reported because this fur-

nished of® ce building has a much larger

value of S r V than the chambers or build-

ings used to measure deposition coef® -

cients. Alternately, our model-measure-

ment discrepancies may suggest that there

is some other large unexplained indoor par-

ticle removal process for submicron parti-

cles. Losses of particles from indoor air

when the air ¯ ows through ducts are being

investigated. Based on the predictions of
( )Wallin 1993 , these losses are very small

for submicron size particles. However,
( )model predictions by Sippola 1998 indi-

( )cate large e.g., 50% depositional losses of

submicron particles when air ¯ ows through

duct systems with rough interior surfaces,

such as internal ® berglass insulation and

sections of ¯ exible duct.

Differences between the indoor and out-

door air temperature and humidity could

in¯ uence the measured I r O particle con-

centration ratio and, consequently, increase

or decrease discrepancies between the

modeled and measured I r O ratios. In this

air-conditioned building, both temperature

and relative humidity were , on average ,

lower indoors. Three phenomena related to

temperature or humidity are considered.

First, when outdoor air is cooled, e.g., when

drawn into an air-conditioned building, am-

monium nitrate particles may be formed via

a gas-to-particle conversion involving am-
(monia and gaseous nitric acid Stelson and

)Seinfeld 1982 ; however, no published veri-

® cation of this form of particle formation

indoors was identi® ed. If this process of

particle formation was incorporated in the

model, the discrepancy between the mod-

eled and measured I r O particle concen-

tration ratio would increase. Second, the

reduction in indoor relative humidity due

to air conditioning could lead to a decrease

in particle size } presumably causing the

size of some indoor particles to decrease to

a point where they are not detected by the

optical particle counters. The in¯ uence of

humidity on particle size depends on the

particle composition and the size of some
(particles is unaffected by humidity Dua

)and Hopke 1996 . Some particles increase

in size at high humidity; however, their size

is nearly independent of relative humidity

when the humidity is below approximately
( )75% to 80% Hinds 1982 . During the study,

indoor relative humidities were typically

between 40% and 60%. Outdoor humidity

was not measured; however, based on

hourly weather data for a typical meteoro-

logical year we expect the outdoor humidity
( )to exceed 75% RH and 80% RH during

( )23% and 17% of the workday period
( )07:00 to 16:00 between July 18 and Au-

gust 6. Although this phenomenon could

help to explain the discrepancy between

measured and predicted I r O particle con-

centration, the expected magnitude of the

effect is modest. During ; 80% of the study
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period, the outdoor humidity was below

; 75% and indoor particles should not di-

minish signi® cantly in size because of the

lower indoor humidity.

The third phenomenon relates to the ap-

proach for measuring outdoor particle con-

centrations. The particle counter was lo-

cated in a room with a normal indoor tem-

perature , while the sample stream was

drawn into the optical particle counter from

outdoors through a 1.5 m long tube , with

about 50% of this tube located indoors.

The relative humidity of the air in the

sample tube could increase due to cooling

of the sample stream caused by heat trans-

fer through the tube wall. This increase in

relative humidity could increase the size of

the particles entering the optical particle

counter } causing more of the smallest out-

door particles to be detected } and in-

crease the measured outdoor particle con-

centration. We cannot entirely rule out this

phenomenon as an explanation of the dis-

crepancy; however, for two reasons the an-

ticipated effect is small. First, the heat re-

leased by pumps and electronics in optical

particle counters tends to heat the sample
(as it passes through the instrument Biswas

)et al. 1984 , counteracting the hypothesized

cooling that occurs in the short sample line.

Second, in the set of weather data for St.

Louis, when the outdoor humidity is high

the outdoor air temperature tends to be

near to the indoor temperature , limiting or

eliminating any cooling of the sample

stream. For example , the average outdoor

temperature during workday periods with

an outdoor relative humidity exceeding 75%
( )is estimated from the typical weather data

to equal 238 C, corresponding to a typical

indoor temperature. In summary, after con-

sidering these three phenomena, it seems

unlikely that differences between the in-

door and outdoor air temperature and hu-

midity are a primary cause of the observed

discrepancy between measured and mod-

eled indoor particle concentrations.

The comparison of predicted and mea-

sured I r O particle concentration ratios

also provide evidence of a signi® cant rate

of indoor generation or resuspension of
particles larger than 1 m m. Previous studies

(have reported similar ® ndings Thatcher
and Layton 1995; Turk et al. 1998; Ozkay-

)nak et al. 1996 .

CONCLUSIONS
The most important conclusions from this

study are as follows:
Indoor concentrations of respirable size

particles in large sealed mechanically venti-
lated buildings without tobacco smoking can

be substantially lower than outdoor con-

centrations.

Indoor particle concentrations in large

sealed mechanically ventilated buildings

vary considerably with time.

Replacement of normal air ® lters with

high ef® ciency can dramatically reduce in-

door number concentrations of submicron
( )size particles e.g., by 90% .

This study provides evidence of a large

rate of removal of submicron indoor parti-
cles by some process other than ventilation

or air ® ltration. Thus, actual particle depo-

sition coef® cients in this building for sub-

micron size particles may exceed base case
( )and commonly used particle deposition

coef® cients by a large factor.
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