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Ultrafine particle removal by residential heating, ventilating, and

air-conditioning filters

Abstract This work uses an in situ filter test method to measure the size-resolved
removal efficiency of indoor-generated ultrafine particles (approximately 7—

100 nm) for six new commercially available filters installed in a recirculating
heating, ventilating, and air-conditioning (HVAC) system in an unoccupied test
house. The fibrous HVAC filters were previously rated by the manufacturers
according to ASHRAE Standard 52.2 and ranged from shallow (2.5 cm)
fiberglass panel filters (MERYV 4) to deep-bed (12.7 cm) electrostatically charged
synthetic media filters (MERYV 16). Measured removal efficiency ranged from 0
to 10% for most ultrafine particles (UFP) sizes with the lowest rated filters
(MERYV 4 and 6) to 60-80% for most UFP sizes with the highest rated filter
(MERVYV 16). The deeper bed filters generally achieved higher removal
efficiencies than the panel filters, while maintaining a low pressure drop and
higher airflow rate in the operating HVAC system. Assuming constant
efficiency, a modeling effort using these measured values for new filters and
other inputs from real buildings shows that MERV 13-16 filters could reduce
the indoor proportion of outdoor UFPs (in the absence of indoor sources) by as
much as a factor of 2-3 in a typical single-family residence relative to the lowest
efficiency filters, depending in part on particle size.
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Presented here are the first size-resolved ultrafine particle removal efficiencies for a wide range of commercially avail-
able filters measured in a real residential environment. Size-resolved ultrafine particle removal efficiencies of MERYV 4
to MERYV 16 residential filters increased systematically with manufacturer-reported results from ASHRAE Standard
52.2 tests, even though the 52.2 test standard does not involve measurements of ultrafine particles. Results from the
experiments and modeling herein can be used to inform standards organizations and building occupants of the likely
impacts of filter selection on UFP concentrations and exposures in real residential environments. Further experiments

should characterize a wider variety of filters and explore the impacts of real dust loading.

Introduction

Elevated ambient concentrations of ultrafine particles
(UFPs: particles <100 nm in size) are thought to play
an important role in the observed adverse health effects
that stem from exposures to airborne particulate mat-
ter (Hoek et al., 2010; Knol et al., 2009). UFPs deposit
efficiently in both the pulmonary and alveolar regions
of the lung (Chalupa et al., 2004; Hinds, 1999) and in
head airways, which can also lead to translocation to

the brain via the olfactory nerve (Oberdorster et al.,
2004). UFPs typically have high number and surface
area concentrations in urban outdoor environments
(Seinfeld and Pandis, 2006); high surface areas also
lead to high concentrations of other adsorbed or con-
densed compounds (Delfino et al., 2005; Sioutas et al.,
2005). Several recent epidemiological studies have
shown that elevated ambient UFP number concentra-
tions are associated with adverse health effects, includ-
ing total and cardio-respiratory mortality (Stolzel
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et al., 2007), hospital admissions for stroke (Andersen
et al., 2010), and asthma symptoms (von Klot et al.,
2002; Penttinen et al., 2001; Peters et al., 1997). Of
particular importance for respiratory health are UFPs
generated by vehicle traffic (Delfino et al., 2009;
McConnell et al., 2006; McCreanor et al., 2007), which
are typically elevated near busy roadways (Fuller et al.,
2012; Westerdahl et al., 2005; Zhu et al., 2002).

Although most of the previously observed associa-
tions between particulate matter and adverse health
effects have relied on measurements of outdoor particle
concentrations, much of human exposure to UFPs
often occurs indoors (Wallace and Ott, 2011), particu-
larly in residences where people spend the majority of
their time (Klepeis et al., 2001). UFPs have been
shown to infiltrate into homes from outdoors with
varying efficiencies (Rim et al., 2010; Stephens and Sie-
gel, 2012a; Zhu et al., 2005) and are also generated by
many indoor activities, including smoking, cooking on
gas stoves, burning incense and candles, and toasting
food (Afshari et al., 2005; Wallace, 2006; Wallace
et al., 2004b).

Central forced-air heating, ventilating, and air-con-
ditioning (HVAC) filters have been shown to be a dom-
inant removal mechanism for particles in residential
indoor environments, depending on particle size, filtra-
tion efficiency, and HVAC system runtime (Maclntosh
et al., 2008, 2010; Riley et al., 2002; Thornburg et al.,
2001, 2004). However, most filter test standards,
including the most widely used standard in the United
States, ASHRAE Standard 52.2 (ASHRAE, 2012), as
well as the most widely used standard in Europe,
EN779 (CEN, 2002), do not incorporate measurements
of removal efficiency for UFPs. Therefore, there is a
lack of knowledge of the particle removal efficiency of
HVAC filters in the UFP size range.

Background

Several previous studies have investigated UFP
removal by samples of filter media in laboratory set-
tings (e.g., Japuntich et al., 2006; Kanaoka et al.,
1987; Lee and Liu, 1981). In larger-scale laboratory
investigations, Hanley et al. (1994) measured particle
removal efficiency of several HVAC filters across four
UFP size ranges in a full-scale laboratory test duct and
Shi et al. (2011) measured the size-resolved removal
efficiency of 23 commercially available HVAC filters
across a larger range of UFP sizes. Although valuable,
tests conducted in laboratory settings may not accu-
rately reflect real residential environments where parti-
cle concentrations, compositions, climate conditions,
face velocities, and pressure drops are likely to be
different from laboratory environments.

Other recent studies have investigated UFP removal
by filters in real residential or commercial buildings
(e.g., Jamriska et al., 2000; Morawska et al., 2009;
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Rim et al., 2010; Wallace et al., 2004a), but they have
been limited in the number and types of HVAC filters
tested and have typically reported measurements other
than actual filter removal efficiencies (e.g., indoor loss
rates or indoor—outdoor UFP concentration ratios).
Although previously reported values of loss rates and
indoor—outdoor UFP ratios are valuable for real occu-
pied environments, they are influenced in large part by
other building characteristics, such as airflow rates
through HVAC systems, deposition to ductwork and
indoor surfaces, filter face velocities, and indoor air
speeds.

Therefore, this work uses a modified version of a
previously developed in situ test method (Stephens and
Siegel, 2012b) to measure a more generalized parame-
ter, size-resolved UFP removal efficiency, of a sample
of six new commercially available HVAC filters
installed in an unoccupied test house. The sample of
six HVAC filters was chosen specifically to span a wide
range of manufacturer-reported rated efficiencies
according to ASHRAE Standard 52.2 test results for
0.3-10 um particles. One additional experiment was
also performed to measure the infiltration of outdoor
UFPs into the same test house and all measured values
were used to model the likely impact of filter selection
on long-term indoor concentrations of outdoor UFPs
in a single residential environment.

Experimental methods
Experimental approach

Experiments were performed January through May
2012 in an unoccupied manufactured test house
located on a research campus at the University of
Texas at Austin. The instrumented home was built in
2008 and has a floor area and volume of approxi-
mately 110 m? and 250 m®, respectively. Tests were
performed using a 100% recirculating central forced-
air air-handling unit installed in an interior closet
where air flows downward through ductwork
installed in a crawlspace. The primary experimental
methodology herein was similar to the ‘whole-house’
in situ filter test method used in Stephens and Siegel
(2012b), which consists of elevating indoor concentra-
tions of particles and a tracer gas (CO,) and measur-
ing the subsequent decay of both indoor UFP and
CO, concentrations during three different HVAC
operation and filter conditions: (i) with the HVAC
system off, (2) with the HVAC system on without a
filter installed, and (3) with the HVAC system on
with a filter installed. Differences in size-resolved
effective loss rates between conditions (2) and (1)
provide an estimate of the impact of the HVAC sys-
tem and ductwork alone on particle removal and,
similarly, differences in size-resolved effective loss
rates from conditions (3) and (2) provide an estimate



of the impact of the installed HVAC filter on indoor
loss rates. Because the HVAC system airflow rate is
measured in each case and the volume of the indoor
space is known, the differences in effective loss rates
are used to estimate the size-resolved removal
efficiency of HVAC ducts and/or filters. Last, one
additional experiment was performed to measure the
size-resolved penetration factor of outdoor UFPs
using the same general methodology from Rim et al.
(2010).

Particle instrumentation

A TSI scanning mobility particle sizer (SMPS) was
used to measure particles in the ultrafine range in this
work. The SMPS consisted of an electrostatic classifier
(TSI Model 3080, Minneapolis, MN, USA), a water-
based condensation particle counter (TSI CPC Model
3785), and a nano-differential mobility analyzer (TSI
Nano DMA Model 3085). A 0.0457-cm impactor noz-
zle was installed on the inlet and the SMPS aerosol
inlet flow rate was set to 0.6 I/min for all tests. The
sheath flow rate was set to 6.0 I/min during each test
(for a sheath-to-inlet flow rate ratio of 10:1), which
allowed for size-resolved measurements of particles
from approximately 3-107 nm in diameter. The con-
densation particle counter flow rate was 1 1/min. Air-
flows were verified with a TSI 4146 primary calibrator
prior to conducting experiments. UFP raw counts were
recorded during 120-s scans with a 15-s retrace period,
which provided an indoor sample every 2.25 min (this
was increased to 120-s scans with a 30-s retrace period
for the particle infiltration experiment).

Filter tests

For the filter tests, indoor particle concentrations were
initially elevated during each test run by igniting three
sticks of incense and allowing them to burn for several
minutes in two locations (burn locations are shown in
Figure S1). Once initial UFP concentrations were suffi-
ciently elevated (at least twice background for all parti-
cle sizes, usually higher), the sticks of incense were
extinguished and the house was left unoccupied for 1-
2 h. Indoor UFP concentrations decayed due to
removal by exfiltration and deposition to surfaces (dur-
ing condition 1 tests with the HVAC system off) and
by exfiltration, deposition to surfaces, and removal by
the HVAC system, ducts, and filters (in conditions 2
and 3, when the HVAC system was operating). At the
same time that particle concentrations were being ele-
vated during the test periods, CO, was injected into
each room of the house to measure the air exchange
rate (AER) following the procedure described in the
Supporting Information. Several oscillating fans were
operated throughout the house to encourage mixing;
the well-mixed assumption was previously verified in
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Stephens and Siegel (2012b). Airflow rates through the
HVAC system were also measured during each test run
using the procedure described in the Supporting Infor-
mation. The same system also measured and logged
the pressure drop across the filter (if installed) and the
pressure in the supply plenum at the same intervals.

Six different commercially available fibrous media
HVAC filters (shown in Figure 1) were tested for UFP
effective loss rates, filter pressure drops, system airflow
rates, and UFP removal efficiencies, which provided a
total of eight test cases: Condition 1, Condition 2 and
then Condition 3 repeated with six different filters.

Measurements were repeated five times with the
same filter for each test case, providing a total of 40
experiments.  All  filters were 51 cm x 51 cm
(20” x 207). Three of the filters were 2.5-cm (17) depth
and three were 12.7-cm (57) depth. The 2.5-cm filters
were from one manufacturer and the 12.7-cm filters
were from another. Each filter is referred to herein by
its manufacturer-reported minimum efficiency report-
ing value (MERYV, as defined by ASHRAE Standard
52.2). Filters marked by an asterisk (*) in Figure 1
utilized charged media.

UFP penetration test

After all filter tests were complete, one particle penetra-
tion experiment was performed in the unoccupied test
house to characterize the penetration factor of the
building envelope. This experiment consisted of con-
necting the SMPS to a solenoid switching valve that
automatically switched between sampling indoors and
outdoors every 2.5 min. The switch occurred at the
end of each 120-s sample scan; sampling at the next
location began during each 30-s retrace time to clear
the sampling lines. Sampling lines were of approxi-
mately equal length for both indoor and outdoor
sampling (approximately 2 m each side).

MERV 4 MERV 6 MERV 11*

1-inch
(2.5 cm)
depth

5-inch
(12.7 cm)
depth

MERYV 13*

MERV 10* MERV 16*
Fig. 1 Six commercially available residential test filters. The
four filters marked with an asterisk (*) utilized electrostatically
charged media (i.e., electret filters)
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Indoor—outdoor raw particle counts were measured
for approximately 4 h in the unoccupied house with
the HVAC system operating without a filter installed.
The house relied only on infiltration for ventilation air.
AER was measured as previously described, and the
time-varying concentrations of indoor and outdoor
raw particle counts, the measured AER, and size-
resolved loss rates from the previous tests (during the
‘no filter’ case) were used with a forward-marching dis-
cretization of a mass balance of each indoor particle
size (absent of any indoor sources) to solve for the pen-
etration factor of the building envelope using the meth-
odology described in Rim et al., (2010). The
penetration factor was then used along with measured
loss rates and other relevant literature values to predict
the likely impact of filter choice on long-term average
indoor concentrations of outdoor UFPs in a single resi-
dence.

Estimation of parameters

Parameter estimation for the in situ filter tests used
herein followed the same general procedure as Ste-
phens and Siegel (2012a) and is outlined in full in the
Supporting Information. One deviation from the previ-
ous method, other than the particle instrumentation, is
that no filtered outdoor air supply was used in these
experiments. Therefore, to ensure negligible infiltration
of outdoor particles during tests, initial particle con-
centrations were elevated well above background levels
and only the portion of the subsequent decay that fit a
first-order decay model was used to estimate particle
loss rates. This portion was visually identified for each
particle size bin and test condition by plotting the par-
ticle concentration decay data on a log-scale vs. time;
only the portion of the decay data that was log-linear
(after several minutes of mixing) was used for the first-
order decay model fit.

Size-resolved indoor particle loss rates were esti-
mated from the first-order decay period. Then, the
measured AER was subtracted from each size-
resolved loss rate and those ‘effective’ particle loss
rates (L;) were used against each other to determine
the added contribution of an HVAC filter to loss
rates for each particle size. The AER estimation
methodology is outlined in full in the Supporting
Information. The size-resolved particle removal effi-
ciency of the non-filter HVAC system components
alone (e.g., ducts, coils, and fans) was estimated by
comparing the effective loss rates of Conditions (2)
and (1), as shown in Equation 1.

V(Li,no filter — Li,background) ( 1 )

N ducts =
’ OHVAC,no filter

where L; packground 18 the effective loss rate of particles
of diameter i from Condition (1), L; o fieer 1S the effec-
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tive loss rate of particles of diameter i from the HVAC
on, no filter case (Condition 2), and Qpvac.no fiter 1S
the HVAC system airflow rate measured during the no
filter case. The size-resolved particle removal efficiency
of each filter was then estimated by comparing the
effective loss rates of Conditions (3) and (2), as shown
in Equation 2.

Li,filter Li,no filter > (2)

Ni filter = V( - ]
QHVAC, filter QHVAC,no filter

where L;gier 18 the effective loss rate of particles of
diameter i from Condition (3) and Quvac.fiter 1S the
HVAC system airflow rate measured during each filter
condition. Uncertainty was estimated as relative stan-
dard errors of regression outputs (for loss rates and
AERs) and manufacturer-reported uncertainty (for air-
flow rates) all added in quadrature.

The SMPS measurements output raw particle
counts for 99 particle size bins from 3.11 to
105.5 nm. Because of the large number of particle
sizes spanning relatively small size ranges, a binning
procedure was performed to lump several particle size
bins together prior to the analysis, as described in
the Supporting Information. Ultimately, raw particle
counts were aggregated into 13 bins, whereby raw
particle counts were summed across all diameters in
each bin and assigned the geometric mean diameter
between the lowest and highest size in each bin.
These representative size bins ranged from 4.4 to
100 nm. Upon completion of the experiments, all
parameter estimations were conducted using a statis-
tical software package (Stata Version 11, College Sta-
tion, TX, USA), following the procedures described
in the Supporting Information.

Finally, for the data from the particle infiltration
experiment, the discretized form of the mass balance
on the indoor concentration of each particle size
(Equation S1) was used to solve for the size-resolved
particle penetration factor of the building envelope (P)
using the forward-marching method in Rim et al.
(2010). The AER was measured during the test and the
mean value of L, across five replicate tests during the
‘no filter’ test case was used, leaving only one unknown
in the equation: P;.

Results
HVAC system characteristics

Table 1 provides mean values of indoor temperature,
relative humidity, filter pressure drop, and HVAC air-
flow rates measured across the five replicate tests dur-
ing each of the eight experimental conditions in the test
house. Uncertainty values of RH and airflow rates
are manufacturer-reported uncertainties; uncertainty
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Table 1 Heating, ventilating, and air-conditioning (HVAC) system characteristics during eight test conditions

Test condition? Indoor temp. (°C) Indoor RH (%) Filter pressure drop (Pa) HVAC airflow rate (m*/h) AER (per h)
HVAC off 22.3(1.0) 43+5 n/a n/a 0.26 (0.08)
No filter 21.6(2.4) 39+5 n/a 1712 + 86 0.38(0.03)
MERV 4 (2.5 cm) 215(1.1) 3845 17(0.2) 1644 + 82 0.40(0.03)
MERV 6 (2.5 cm) 21.0(0.3) 37 +£5 51(0.4) 1564 + 78 0.38(0.04)
MERV 11 (2.5 cm) 216(04) 38+5 46 (0.7) 1572 £ 79 0.44(0.01)
MERV 10 (12.7 cm) 255(1.4) 48 + 5 17(0.1) 1621 + 81 0.45(0.03)
MERV 13 (12.7 cm) 26.8(1.5) 49+ 5 40(0.3) 1577 £ 79 0.52 (0.07)
MERV 16 (12.7 cm) 21.1(1.0) 49 + 5 25(0.6) 1603 + 80 0.51(0.11)

AER, air exchange rate.

“MERV 4, 6, and 11 are 2.5-cm filters; MERV 10, 13, and 16 are 12.7-cm filters. Approximate European (EN 779) equivalents are as follows: MERV 4 (G2), MERV 6 (G3), MERV 11 (M6), MERV

10 (M5), MERV 13 (F7), and MERV 16 (F9/E10).

values for indoor temperature, filter pressure drop, and
air exchange rate (AER) are standard deviations across
the five replicates of each test condition.

Filters were tested across generally similar indoor
environmental conditions, with indoor temperatures
typically ranging 21-26°C and RH ranging 37-49%.
The operation of the HVAC fan increased AERs rela-
tive to the HVAC off case, presumably due to the com-
bined effects of supply duct leakage and envelope
depressurization. However, AER is subtracted from
each total particle loss rate to determine an ‘effective’
loss rate attributed to surface deposition and any
installed filtration; therefore, variations in AER do not
impact the overall results.

The installation of 2.5 cm (1) MERV 4, MERYV 6,
and MERYV 11 filters introduced a filter pressure drop
of 17, 51, and 46 Pa, respectively, which led to
decreases in airflow rates relative to the no filter condi-
tion of 4%, 9%, and 8%, respectively. Interestingly,
the MERYV 11 filter had a slightly lower pressure drop
and higher airflow rate than the MERYV 6 filter, which
is consistent with previous measurements of medium-
and high-efficiency filter pressure drops (Stephens
et al., 2010). The extended filter bed depths of the
12.7-cm (57) filters were effective in maintaining a rela-
tively low pressure drop; in fact, the highest rated effi-
ciency filter in this sample (MERV 16) actually had a
lower pressure drop (and higher airflow rate) than two
2.5-cm filters (MERV 6 and MERYV 11) and one other
12.7-cm filter (MERYV 13). Overall, the deeper MERV
10, MERYV 13, and MERYV 16 filters resulted in airflow
rates that were 5%, 8%, and 6% lower than operating
the HVAC system without a filter, respectively.

UFP generation and loss rates

Figure S2 shows mean (+s.d.) values of the initial
indoor particle concentration measured across all 40
experiments (i.e., C;; at time ¢ =0 for each experi-
ment), which provides an idea of the typical ultrafine
particle size distribution resulting from incense burn-
ing. Initial particle concentrations measured during

incense burning were very low for the smallest geomet-
ric mean particle size (< 5 nm) likely due to a combina-
tion of low emission rates, instrument detection limits,
and/or a short SMPS retrace times of 15 s. High uncer-
tainties resulted for this particle size; therefore, the
smallest particle size is excluded from the rest of the
analysis.

Table S1 provides estimates of size-resolved effective
loss rates (L;, total particle loss rates minus AER) for
each of the eight test conditions. Figure 2 shows the
same results graphically, but excludes the ‘no filter’
condition for clarity (loss rates for the no filter condi-
tion were very similar to the MERV 4 condition for
most particle sizes).Values represent the mean and
compounded uncertainty (standard deviations in quad-
rature with measurement uncertainty) of estimates
resulting from the five replicate tests for each particle
size and test condition.

12 ¢

MERV reported by the manufacturer

10 1

Effective loss rate (hr ")
o]

Particle diameter (nm)

Fig. 2 Mean (f+compounded uncertainty) size-resolved ‘effec-
tive’ particle loss rates measured across five replicates of seven
of the eight test conditions, including the heating, ventilating,
and air-conditioning off condition and the six filter conditions
(the no filter case is excluded for clarity). Air exchange rate is
subtracted from each total loss rate to yield the ‘effective’ loss
rate
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Effective particle loss rates generally increased with
rated filter condition. For example, effective loss rates
of 12.2-nm particles (the 10.2- to 14.6-nm bin)
increased from 1.66 + 0.66 per h with the HVAC sys-
tem off to 2.51 + 0.65 per h with a MERYV 4 filter
installed and to 6.28 + 0.69 per h with a MERYV 16 fil-
ter installed. The trend was similar for most particle
sizes. Relative uncertainties were generally highest for
test cases with lower effective loss rates (and lower
manufacturer-reported MERV). For example, the
HVAC off condition had a mean relative uncertainty
of approximately 43% across the 12 particle size bins;
the MERV 13 condition had a mean relative uncer-
tainty of only approximately 10% across all particle
sizes. Relative uncertainty was also generally higher for
smaller particle sizes, likely due to a combination low
indoor concentrations, low counting efficiencies, and
higher loss rates that led to shorter durations of valid
data.

On average, the no filter condition increased effective
UFP loss rates by 0.3-0.6 per h relative to the HVAC
off condition for most particle sizes. Similarly, the
MERYV 4 and MERYV 6 filters increased effective loss
rates by 0.3-0.5 and 0.3-0.7 per h for most particle
sizes, respectively, and the MERV 10 and 11 filters
increased effective loss rates by 1.2-1.4 and 1.3—1.7 per
h for most sizes. Finally, the MERV 13 and MERYV 16
filter increased effective loss rates by 2.2-3.5 per h and
4.3-5.4 per h for most particle sizes, respectively, which
is a substantial increase over lower-efficiency filters
both herein and in other studies (Rim et al., 2010; Wal-
lace et al., 2004a). Overall, UFP effective loss rates
with the filters in this study increased systematically
with manufacturer-rated filter efficiency, even though
those rated efficiency values from ASHRAE Standard
52.2 are not actually based on UFP removal.

UFP removal efficiency

Figure 3 shows mean and associated uncertainty val-
ues of size-resolved UFP removal efficiency measured
during the six filter test conditions. These values are
also included in tabular form in the Supporting Infor-
mation (Table S2).

Ultrafine particles removal efficiency of the MERYV 4
filter was not statistically different from zero for most
particle sizes and the MERY 6 filter resulted in removal
efficiencies <10% for almost all sizes. The MERV 11
(2.5 cm) and MERYV 10 (12.7 cm) filters resulted in
similar UFP removal efficiencies of 15-20% for most
particle sizes, although the deeper bed MERYV 10 filter
resulted in greater removal efficiencies for the smallest
particle sizes. The MERV 13 filter resulted in UFP
removal efficiencies of 30-50% for most particle sizes;
removal efficiency of the smallest size bin was approxi-
mately 90%, albeit with large uncertainty. Finally, the
MERYV 16 filter resulted in UFP removal efficiencies of
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110% MERYV reported by the manufacturer
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
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-10%

Removal efficiency

5 10 50 100
Particle diameter (nm)

Fig. 3 Size-resolved particle removal efficiency for six test filters.
Note that MERV 4, 6, and 11 are 2.5-cm (1”) filters and MERV
10, 13, and 16 are 12.7-cm (57) filters. The smallest geometric
mean particle size (4.4 nm) is excluded because of very large
uncertainties associated with the measurements

60-80% for most particle sizes. Note that the filters
that utilized electrostatically charged media (MERV
10, 11, 13, and 16) all experienced minimum removal
efficiencies around 20-30 nm, which is generally con-
sistent with other studies on electret filter media (e.g.,
Kanaoka et al., 1987; Li et al., 2012). Overall, results
herein again suggest that substantial increases in UFP
removal can be achieved by installing higher rated effi-
ciency filters, even if those filters are not specifically
rated for UFP removal in laboratory testing.

UFP infiltration and modeling filter impacts on indoor concentrations of
outdoor UFPs

Results from the particle penetration experiment per-
formed in the test house are shown in Figure 4a. Size-
resolved particle penetration factors ranged from
approximately 0.40-0.55 for particles <30 nm and
increased to 0.55-0.80- for 30-100-nm particles. The
AER during this test was approximately 0.63 per h.
These values of P; were somewhat higher than those
measured in Rim et al. (2010) for a different test house,
who reported values of P; from approximately 0.20—
0.55 for most particle sizes smaller than 100 nm, poten-
tially because of different building envelope leakage
characteristics (e.g., Liu and Nazaroff, 2001; Stephens
and Siegel, 2012a).

The measured size-resolved particle penetration fac-
tors (P;) from Figure 4a were then used to estimate the
impacts of HVAC filter choice on long-term average
size-resolved indoor proportions of outdoor UFPs in
this particular single-family detached home relying on
infiltration for ventilation air and with a 100% recircu-
lating HVAC system. The indoor proportion of out-
door UFPs represents the average indoor/outdoor
concentration ratios (C;in/C; out) that would exist in the
absence of any indoor sources. Indoor proportions of



outdoor UFPs were estimated for each particle size
using the well-mixed mass balance in Equation 3.

Ciin Pii
Ci,out A+ Li,background + (Li,ﬁlter - Li,background) HVAC
(3)

where P; = penetration factor of particles of diameter i
(dimensionless, from Figure 4a), L,;packground = the
size-resolved particle loss rate with the HVAC system
off (per h), L;uer = the additional size-resolved parti-
cle loss rate due to the HVAC ducts and filter com-
bined for each filter condition (per h), and
fuvac = fractional operation time of the cycling
HVAC system, which typically operates only in
response to indoor and outdoor climate conditions in
residences. Note that background (HVAC off) particle
loss rates may be overestimated due to the operation of
mixing fans, but this exercise can still provide a valu-
able understanding of the impact of filtration on
indoor concentrations of outdoor UFPs. Additionally,
this analysis assumes that particle removal efficiency
does not change with dust loading in time; this assump-
tion should be explored in further analyses because
electrostatically charged fibrous media filters (e.g.,
MERYV 10-16 in this study) have been shown to have
substantially reduced removal efficiency for some parti-
cle sizes after loading with some particle types (Hanley
et al., 1994, 1999; Lehtimaki et al., 2002).

One AER was used in all model cases for simplicity:
the mean AER from all experiments in the test house
with the HVAC system on (4 = 0.41 per h). The mean
size-resolved particle loss rates with the HVAC system
off (mean values of L;packground from Figure 2) were
used to model a baseline I/O UFP ratio without a filter
installed. Each of the six filter test cases (MERYV 4-16)
were then modeled using the additional size-resolved
particle loss rates attributed to the filter and duct sys-
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tem combined, where L;gjer + duets 18 the difference
between the total effective loss rates from each filter
condition in Figure 2 and L, packground- Finally, each
value of L;fiter + ducts Was multiplied by the median
fractional operation time (f) of 17 residential and light-
commercial HVAC systems reported in Stephens et al.
(2011) for the six filter cases (f= 0 for the baseline
HVAC off case). This value (f = 20.6% of the time)
accounts for long-term averages in HVAC system
cycling operation during the long cooling season in a
range of typical low-rise buildings in Austin, Texas
USA (measurements were made from March to late
October in Stephens et al., 2011). Therefore, the esti-
mates of the indoor proportion of outdoor UFPs
shown in Figure 4b reflect the combined impacts of
particle infiltration through the building envelope, air
exchange, and the long-term operation of the HVAC
system with six different filters installed in a typical sin-
gle-family residential building (albeit with several unli-
kely assumptions, including no change in filter removal
with dust loading in time and no variations in AER or
Pi)~

Using this model, long-term operation of this build-
ing without the HVAC system operating would lead to
an average indoor proportion of outdoor UFPs of
0.05-0.63, increasing with particle size. Long-term
operation of the building with a cycling HVAC system
with a low-efficiency MERV 4-6 filter installed would
reduce indoor concentrations of outdoor UFPs by
approximately 9-12% relative to that which would
occur with the HVAC system off, on average across all
particle sizes (I/O UFP ratios would range from 0.05 to
0.57, generally increasing with particle size). Increasing
to MERYV 10-11 filters would likely reduce the average
indoor proportion of outdoor UFPs by 24-28% on
average across all particle sizes relative to HVAC off
(I/O UFP ratios would range from 0.04 to 0.43,
increasing again with particle size). Finally, increasing
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Fig. 4 (a) Size-resolved ultrafine particles (UFP) penetration factors measured in the test house. Error bars include relative standard
errors of P; and L; from regression outputs added in quadrature. (b) Modeled size-resolved indoor proportions of outdoor UFPs in
the test house using size-resolved penetration factors (P;) from (a). Model calculations are made using the mean air exchange rate from
Table 1 (4 = 0.41/h), the mean effective loss rates from Figure 2, and the median fractional heating, ventilating, and air-conditioning
operation time (f = 0.206) from 17 residential and light-commercial air-conditioning systems in Stephens et al. (2011)
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to a MERV 13 or MERYV 16 filter would decrease the
average indoor proportion of outdoor UFPs by 40%
and 51% relative to those without the HVAC system
operating, respectively (I/O UFP ratios would range
from 0.04 to 0.27 and 0.04 to 0.20, respectively, again
increasing with particle size). These estimates provide
insight into how HVAC filtration may influence human
exposure to UFPs of outdoor origin inside residences.

Discussion

With this sample of six commercially available filters, it
appears that MERV 4-6, MERV 10-11, MERV 13,
and MERYV 16 filters of the types tested herein can gen-
erally be classified into four distinct regimes with UFP
removal efficiencies for most particle sizes of approxi-
mately 0-10%, 15-20%, 30-50%, and 60-80%, respec-
tively. To achieve substantial removal of UFPs in real
residential environments (i.e., >50% removal efficiency
and modeled indoor proportions of outdoor UFPs of
less than approximately 0.25 for most particle sizes),
much higher efficiency filters than are typically used in
homes are likely required (e.g., MERV 13 or MERV
16). Additionally, these particular deeper bed filters
appear to achieve dual benefits of higher UFP removal
efficiency with lower pressure drop, and thus should
result in higher airflow rates in most residential HVAC
systems. These gains may be practically difficult to
achieve in existing buildings as most HVAC systems
would require some level of retrofitting to allow for
installation of deeper bed filters.

These findings are particularly important as the
majority of residential occupants still use traditional
low-efficiency fibrous filters (Burroughs and Kinzer,
1998), and there is a wide variety of filters commercially
available for use in residences. Additionally, technical
standards organizations and green building rating sys-
tems continue to debate the use of higher efficiency fil-
tration in homes. For example, ASHRAE Standard
62.2, ‘Ventilation and Acceptable Indoor Air Quality in
Low-Rise Residential Buildings,” currently requires a
minimum of MERYV 6 to be installed to provide ‘accept-
able indoor air quality’ in residences. Results herein
show that MERY 6 filters are unlikely to control indoor
ultrafine particles in any significant way. Additionally, a
prerequisite for certification by the U.S. Green Building
Council’s LEED® for Homes Rating System is the
installation of at least MERYV 8 filters. Additional cred-
its can be obtained by installing MERV > 10 filters
(for 1 point) and MERV > 13 filters (for 2 points).
HVAC filtration therefore represents nearly 10% of the
total Indoor Environmental Quality (EQ) credits avail-
able in LEED® for Homes (2 of 21 possible points).
Using this small sample of HVAC filters, the LEED®
for Homes Rating System would require filters that pro-
vide likely 0-20% removal efficiency for UFPs as a pre-
requisite and filters that provide approximately 15-20%
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and 30-50% removal efficiency for most particle sizes
for one and two additional EQ credits, respectively,
which suggests that these credits are aligned in a logical
manner with respect to UFP removal. However, addi-
tional credits may need to be added to reward even
higher levels of filtration that achieve >50% removal of
most UFP sizes.

One important limitation to the values measured
herein is that all filters were installed as new from the
manufacturer. In real residential environments, dust
loading will alter the actual particle removal efficiency
over time; the direction and magnitude of changes is a
function of system runtimes, indoor particle size distri-
butions and concentrations, and the level of degrada-
tion of any electrostatic charge applied to the filter
media. Dust loading is also particularly important in
terms of pressure drop; although the highest efficiency
deeper bed filters in this study had initially low pressure
drops during our measurements, it is not clear how
much pressure drop will increase with dust loading in
time. If the deeper filters can maintain lower pressure
drops (and thus higher airflow rates in most residential
HVAC systems) for a longer period of time than their
traditional counterparts, perhaps the use of these filters
with higher capital costs could be justified from per-
spectives of both costs and UFP particle removal.
Finally, the measured values herein are limited only to
the particular filters used in this study. Results may not
necessarily be generalized to all other commercially
available residential filtration products.

Conclusions

A variation of a previously developed in situ filter test
method was used to measure the size-resolved ultrafine
particle (UFP) removal efficiency of six commercially
available HVAC filters in an unoccupied test house.
UFP removal efficiency generally increased with manu-
facturer-reported efficiency (MERYV, as reported by
ASHRAE Standard 52.2) for most particle sizes, even
though the rated metrics do not specifically take into
account UFP removal. These results also suggest that
MERYV 4-6, MERV 10-11, MERV 13, and MERYV 16
filters can likely be classified into four distinct regimes
in terms of ultrafine particle removal efficiency; that is,
UFP removal efficiency for most particle sizes was 0—
10%, 15-20%, 30-50%, and 60-80% for MERYV 4-6,
MERV 10-11, MERV 13, and MERV 16 filters,
respectively. To achieve substantial removal of ultra-
fine particles by central HVAC filters in residential
environments (i.e., >50% efficiency), much higher effi-
ciency filters than are typically used in homes are likely
required. A modeling effort using the measured values
showed that MERV 13 and MERYV 16 filters could
reduce the indoor proportion of outdoor UFPs to less
than approximately 0.25 for most particle sizes in a
typical single-family residence.



Acknowledgements

Brent Stephens’s portion of this work was funded in
part by the National Science Foundation (IGERT
Award DGE 0549428) and in part by a Continuing
Fellowship from the Graduate School at the University

of Texas at Austin.

References

Afshari, A., Matson, U. and Ekberg, L.E.
(2005) Characterization of indoor sources
of fine and ultrafine particles: a study
conducted in a full-scale chamber, Indoor
Air, 15, 141-150.

Andersen, Z.J., Olsen, T.S., Andersen, K.K.,
Loft, S., Ketzel, M. and Raaschou-Niel-
sen, O. (2010) Association between short-
term exposure to ultrafine particles and
hospital admissions for stroke in Copen-
hagen, Denmark, Eur. Heart J., 31,
2034-2040.

ASHRAE (2012) Standard 52.2: Method of
testing general ventilation air-cleaning
devices for removal efficiency by particle
size.

Burroughs, H.E.B. and Kinzer, K.E. (1998)
Improved filtration in residential environ-
ments, ASHRAE J., 40, 47-51.

CEN, (2002) EN 779: Particulate air filters
for general ventilation - determination of
the filtration performance.

Chalupa, D.C., Morrow, P.E., Oberdorster,
G., Utell, M.J. and Frampton, M.W.
(2004) Ultrafine particle deposition in
subjects with asthma, Environ. Health
Perspect., 112, 879-882.

Delfino, R.J., Sioutas, C. and Malik, S.
(2005) Potential role of ultrafine particles
in associations between airborne particle
mass and cardiovascular health, Environ.
Health Perspect., 113, 934-946.

Delfino, R.J., Chang, J., Wu, J., Ren, C.,
Tjoa, T., Nickerson, B., Cooper, D. and
Gillen, D.L. (2009) Repeated hospital
encounters for asthma in children and
exposure to traffic-related air pollution
near the home, Ann. Allergy Asthma
Immunol., 102, 138-144.

Fuller, C.H., Brugge, D., Williams, P.L.,
Mittleman, M.A., Durant, J.L. and Spen-
gler, J.D. (2012) Estimation of ultrafine
particle concentrations at near-highway
residences using data from local and cen-
tral monitors, Atmos. Environ., 57, 257—
265.

Hanley, J.T., Ensor, D.S., Smith, D.D. and
Sparks, L.E. (1994) Fractional aerosol fil-
tration efficiency of in-duct ventilation air
cleaners, Indoor Air, 4, 169—-178.

Hanley, J.T., Ensor, D.S., Foarde, K.K.
and Sparks, L.E., (1999). The effect of
loading dust type on the filtration effi-
ciency of electrostatically-charged fil-
ters, in: 8th International Conference
on Indoor Air Quality and Climate.

UFP removal by residential HVAC filters

Supporting Information

HVAC filters.

Presented at the Indoor Air 1999,
Edinburgh, Scotland.

Hinds, W.C. (1999) Aerosol Technology:
Properties, Behavior, and Measurement of
Airborne Particles, New York, NY,
Wiley-Interscience.

Hoek, G., Boogaard, H., Knol, A., de Har-
tog, J., Slottje, P., Ayres, J.G., Borm, P.,
Brunekreef, B., Donaldson, K., Forasti-
ere, F., Holgate, S., Kreyling, W.G., Ne-
mery, B., Pekkanen, J., Stone, V.,
Wichmann, H.-E. and van der Sluijs, J.
(2010) Concentration response functions
for ultrafine particles and all-cause mor-
tality and hospital admissions: results of
a European expert panel elicitation,
Environ. Sci. Technol., 44, 476—482.

Jamriska, M., Morawska, L. and Clark,
B.A. (2000) Effect of ventilation and fil-
tration on submicrometer particles in an
indoor environment, Indoor Air, 10, 19—
26.

Japuntich, D.A., Franklin, L.M., Pui, D.Y.,
Kuehn, T.H., Kim, S.C. and Viner, A.S.
(2006) A comparison of two nano-sized
particle air filtration tests in the diameter
range of 10 to 400 nanometers, J. Nano-
part. Res., 9, 93-107.

Kanaoka, C., Emi, H., Otani, Y. and liy-
ama, T. (1987) Effect of charging state of
particles on electret filtration, Aerosol
Sci. Technol., 7, 1-13.

Klepeis, N.E., Nelson, W.C., Ott, W.R.,
Robinson, J.P., Tsang, A.M., Switzer, P.,
Behar, J.V., Hern, S.C. and Engelmann,
W.H. (2001) The National Human Activ-
ity Pattern Survey (NHAPS): a resource
for assessing exposure to environmental
pollutants, J. Expo. Anal. Environ.
Epidemiol., 11, 231-252.

von Klot, S., Wolke, G., Tuch, T., Heinrich,
J., Dockery, D.W., Schwartz, J., Krey-
ling, W.G., Wichmann, H.E. and Peters,
A. (2002) Increased asthma medication
use in association with ambient fine and
ultrafine particles, Eur. Respir. J., 20,
691-702.

Knol, A.B., de Hartog, J.J., Boogaard, H.,
Slottje, P., van der Sluijs, J.P., Lebret, E.,
Cassee, F.R., Wardekker, J.A., Ayres,
J.G., Borm, P.J., Brunekreef, B., Donald-
son, K., Forastiere, F., Holgate, S.T.,
Kreyling, W.G., Nemery, B., Pekkanen,
J., Stone, V., Wichmann, H.-E. and
Hoek, G. (2009) Expert elicitation on
ultrafine particles: likelihood of health

Additional Supporting Information may be found in
the online version of this article:
Data S1. Ultrafine particle removal by residential

effects and causal pathways, Part. Fibre
Toxicol., 6, 19.

Lee, K.W. and Liu, B.Y.H. (1981) Experi-
mental study of aerosol filtration by
fibrous filters, Aerosol Sci. Technol., 1,
35-46.

Lehtimaki, M., Saamanen, A. and Taipale,
A.(2002) ASHRAE RP-1189: Investiga-
tion of Mechanisms and Operating Envi-
ronments That Impact the Filtration
Efficiency of Charged Air Filtration
Media, Atlanta, GA, American Society of
Heating Refrigerating and Air-Condi-
tioning Engineers.

Li, L., Zuo, Z., Japuntich, D.A. and Pui,
D.Y.H. (2012) Evaluation of filter media
for particle number, surface area and
mass penetrations, Ann. Occup. Hyg., 56,
581-594.

Liu, D. and Nazaroff, W.W. (2001) Model-
ing pollutant penetration across building
envelopes, Atmos. Environ., 35, 4451—
4462.

Maclntosh, D.L., Myatt, T.A., Ludwig, J.F.,
Baker, B.J., Suh, H.H. and Spengler, J.D.
(2008) Whole house particle removal and
clean air delivery rates for in-duct and
portable ventilation systems, J. Air Waste
Manag. Assoc., 58, 1474—1482.

Maclntosh, D.L., Minegishi, T., Kaufman,
M., Baker, B.J., Allen, J.G., Levy, J.I.
and Myatt, T.A. (2010) The benefits of
whole-house in-duct air cleaning in
reducing exposures to fine particulate
matter of outdoor origin: a modeling
analysis, J. Expo. Sci. Environ. Epidemi-
ol., 20, 213-224.

McConnell, R., Berhane, K., Yao, L., Jer-
rett, M., Lurmann, F., Gilliland, F.,
Kiinzli, N., Gauderman, J., Avol, E.,
Thomas, D. and Peters, J. (2006) Traffic,
Susceptibility, and Childhood Asthma,
Environ. Health Perspect., 114, 766-772.

McCreanor, J., Cullinan, P., Nieuwenhuij-
sen, M.J., Stewart-Evans, J., Malliarou,
E., Jarup, L., Harrington, R., Svarten-
gren, M., Han, [.-K., Ohman-Strickland,
P., Chung, K.F. and Zhang, J. (2007)
Respiratory effects of exposure to diesel
traffic in persons with asthma, N. Engl. J.
Med., 357, 2348-2358.

Morawska, L., Jamriska, M., Guo, H., Jay-
aratne, E.R., Cao, M. and Summerville,
S. (2009) Variation in indoor particle
number and PM2.5 concentrations in a
radio station surrounded by busy roads



Stephens and Siegel

before and after an upgrade of the HVAC
system, Build. Environ., 44, 76-84.

Oberdorster, G., Sharp, Z., Atudorei, V.,
Elder, A., Gelein, R., Kreyling, W. and
Cox, C. (2004) Translocation of inhaled
ultrafine particles to the brain, Inhal.
Toxicol., 16, 437-445.

Penttinen, P., Timonen, K.L., Tiittanen, P.,
Mirme, A., Ruuskanen, J. and Pekkanen,
J. (2001) Ultrafine particles in urban air
and respiratory health among adult asth-
matics, Eur. Respir. J., 17, 428-435.

Peters, A., Wichmann, H.E., Tuch, T., Hein-
rich, J. and Heyder, J. (1997) Respiratory
effects are associated with the number of
ultrafine particles, Am. J. Respir. Crit.
Care Med., 155, 1376-1383.

Riley, W.J., McKone, T.E., Lai, A.C.K. and
Nazaroff, W.W. (2002) Indoor particu-
late matter of outdoor origin: importance
of size-dependent removal mechanisms,
Environ. Sci. Technol., 36, 200-207.

Rim, D., Wallace, L. and Persily, A. (2010)
Infiltration of outdoor ultrafine particles
into a test house, Environ. Sci. Technol.,
44, 5908-5913.

Seinfeld, J.H. and Pandis, S.N. (2006) Chap-
ter 8: Properties of the Atmospheric Aero-
sol, in: Atmospheric Chemistry and
Physics, Hoboken, NJ, Wiley.

Shi, B., Ekberg, L. and Langer, S., (2011).
Removal of ultrafine particles and parti-
cles of the most penetrating size by new
intermediate class filters. Presented at the
Indoor Air 2011, Austin, Texas.

Sioutas, C., Delfino, R.J. and Singh, M.
(2005) Exposure assessment for atmo-
spheric ultrafine particles (UFPs) and
implications in epidemiologic research,
Environ. Health Persp., 113, 947-955.

10

Stephens, B. and Siegel, J.A. (2012a) Pene-
tration of ambient submicron particles
into single-family residences and associa-
tions with building characteristics, Indoor
Air, 22, 501-513.

Stephens, B. and Siegel, J.A. (2012b) Com-
parison of test methods for determining
the particle removal efficiency of filters in
residential and light-commercial central
HVAC systems, Aerosol Sci. Technol., 46,
504-513.

Stephens, B., Siegel, J.A. and Novoselac, A.
(2010) Energy implications of filtration in
residential and light-commercial build-
ings (RP-1299), ASHRAE Trans., 116,
346-357.

Stephens, B., Siegel, J.A. and Novoselac, A.
(2011) Operational characteristics of resi-
dential and light-commercial air-condi-
tioning systems in a hot and humid
climate zone, Build. Environ., 46, 1972—
1983.

Stolzel, M., Breitner, S., Cyrys, J., Pitz, M.,
Wolke, G., Kreyling, W., Heinrich, J.,
Wichmann, H.-E. and Peters, A. (2007)
Daily mortality and particulate matter in
different size classes in Erfurt, Germany,
J. Expos. Sci. Environ. Epidemiol., 17,
458-467.

Thornburg, J., Ensor, D.S., Rodes, C.E.,
Lawless, P.A., Sparks, L.E. and Mosley,
R.B. (2001) Penetration of particles into
buildings and associated physical factors.
Part I: model development and computer
simulations, Aerosol Sci. Technol., 34,
284-296.

Thornburg, J.W., Rodes, C.E., Lawless,
P.A., Stevens, C.D. and Williams,
R.W. (2004) A pilot study of the influ-
ence of residential HAC duty cycle on

indoor air quality, Atmos. Environ., 38,
1567-1577.

Wallace, L. (2006) Indoor sources of ultra-
fine and accumulation mode particles:
size distributions, size-resolved concen-
trations, and source strengths, Aerosol
Sci. Technol., 40, 348-360.

Wallace, L. and Ott, W. (2011) Personal
exposure to ultrafine particles, J.

Expo. Sci. Environ. Epidemiol., 21,
20-30.

Wallace, L., Emmerich, S.J. and Howard-
Reed, C. (2004a) Effect of central fans
and in-duct filters on deposition rates of
ultrafine and fine particles in an occupied
townhouse, Atmos. Environ., 38, 405~
413.

Wallace, L.A., Emmerich, S.J. and Howard-
Reed, C. (2004b) Source Strengths of
Ultrafine and Fine Particles Due to
Cooking with a Gas Stove, Environ. Sci.
Technol., 38, 2304-2311.

Westerdahl, D., Fruin, S., Sax, T., Fine,
P.M. and Sioutas, C. (2005) Mobile
platform measurements of ultrafine
particles and associated pollutant con-
centrations on freeways and residential
streets in Los Angeles, Atmos. Environ.,
39, 3597-3610.

Zhu, Y., Hinds, W.C., Kim, S., Shen, S. and
Sioutas, C. (2002) Study of ultrafine par-
ticles near a major highway with heavy-
duty diesel traffic, Atmos. Environ., 36,
4323-4335.

Zhu, Y., Hinds, W., Krudysz, M., Kuhn, T.,
Froines, J. and Sioutas, C. (2005) Penetra-
tion of freeway ultrafine particles into
indoor environments, J. Aerosol Sci., 36,
303-322.



