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Much of human exposure to airborne particles of outdoor origin, including fine particles smaller than 2.5 µm (PM2.5) and ultrafine
particles smaller than 0.1 µm (UFPs), occurs in residences. High-efficiency central HVAC filters are increasingly being used in
residences, but questions remain about their effectiveness in reducing indoor PM2.5 and UFPs of outdoor origin in homes operating
under realistic conditions (e.g., with HVAC systems operating only to meet heating or cooling demands). Here dynamic building
energy and indoor air mass balance modeling are combined to estimate the impacts of 11 HVAC filters (minimum efficiency reporting
value [MERV] 5 through high-efficiency particulate air [HEPA]) on indoor concentrations of PM2.5 and UFPs of outdoor origin in
multiple vintages of prototypical single-family residences relying on either infiltration or mechanical ventilation systems in 22 U.S.
cities. Results demonstrate that higher-efficiency HVAC filters can meaningfully reduce indoor proportions of outdoor PM2.5 and
UFPs inside residences, but home vintage, climate zone, and ventilation strategy strongly influence the outcomes due to widely
varying air exchange rates, HVAC system runtimes, and sources of ventilation air. Higher efficiency filters had a greater impact in
older, leakier homes relying on infiltration alone and in new homes relying on supply-only mechanical ventilation systems designed
to meet ASHRAE Standard 62.2.

Introduction

A variety of adverse health effects is associated with elevated
outdoor concentrations of fine particles less than 2.5 µm
(PM2.5; Pope et al. 2002; Pope and Dockery 2006; Miller
et al. 2007; Bell et al. 2009; Brook et al. 2010; Fann et al.
2012) and number concentrations of ultrafine particles less
than 0.1 µm (UFPs; Penttinen et al. 2001; von Klot et al.
2002; Stölzel et al. 2007; Weichenthal et al. 2007). Because
Americans spend nearly 90% of their time indoors and almost
70% of their time at home, on average (Klepeis et al. 2001), and
outdoor particles infiltrate and persist in buildings with widely
varying efficiencies (Thatcher and Layton 1995; Thatcher et al.
2003; Williams et al. 2003; Rim et al. 2010; Chen and Zhao
2011; Stephens and Siegel 2012), much of human exposure to
particulate matter of outdoor origin actually occurs indoors,
particularly inside residences (Meng et al. 2005; Wallace and
Ott 2011; Hodas et al. 2012, 2013; MacNeill et al. 2012, 2014;
Baxter et al. 2013).

High-efficiency particle air filters are increasingly being
used in central residential HVAC systems to reduce indoor
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concentrations of particulate matter of both indoor and out-
door origins (Burroughs and Kinzer 1998; Fugler et al. 2000;
Brauner et al. 2007; MacIntosh et al. 2008, 2010; Stephens
et al. 2010a, 2010b; Lin et al. 2011; Brown et al. 2014).
Several previous investigations have explored the impacts of
HVAC filters on particle concentrations in residences through
a combination of measurements and models (Riley et al. 2002;
Howard-Reed et al. 2003; Wallace et al. 2004; MacIntosh et al.
2010; Brown et al. 2014). However, many of these studies re-
main of limited value to organizations that set standards and
guidelines for residential indoor air quality, such as ASHRAE,
because they have (1) considered only a narrow range of par-
ticle sizes or classes, (2) relied on filter classifications other
than the minimum efficiency reporting value (MERV) from
ASHRAE Standard 52.2 (ASHRAE 2012), (3) investigated
only a narrow range of HVAC filter efficiencies, (4) not con-
sidered the impacts of different types of mechanical ventilation
systems, and/or (5) relied on simplistic assumptions for cru-
cial input parameters or relatively simple time-averaged mass
balance models. Questions remain about the effectiveness of
higher efficiency HVAC filters for reducing indoor concentra-
tions of particulate matter of outdoor origin in homes operat-
ing under realistic conditions, including having time-varying
outdoor pollutant concentrations, air exchange rates (AERs),
and HVAC systems that operate only to meet heating or cool-
ing demands (which is the case in the vast majority of homes
in the United States).

Therefore in this project, dynamic building energy simu-
lations and indoor air mass balance models are combined
to estimate the impacts of 11 types of central HVAC filters,
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ranging from MERV 5 to high-efficiency particulate air
(HEPA) filters, on the indoor proportion of fine and ul-
trafine particles of outdoor origin (i.e., both PM2.5 and
UFPs) in prototypical single-family homes located in 22 U.S.
cities spanning all 15 U.S. climate zones (Azimi et al.
2015).

Methods

To perform the simulations, a number of reasonable assump-
tions are relied upon for model input parameters in addition
to hourly outdoor pollutant data and meteorological con-
ditions from the year 2012 (the most recent year for which
outdoor PM2.5 data were available in all chosen locations). A
combination of BEopt (Christensen et al. 2006) and Energy-
Plus (Crawley et al. 2001) were first used to model realistic
home operation on an hourly basis for each scenario, includ-
ing AERs and HVAC system runtimes. These parameters were
then used as time-varying inputs to a dynamic indoor air mass
balance model to estimate time-varying indoor concentrations
of PM2.5 and UFPs of outdoor origin over the course of the
year under different filter scenarios. Six distinct prototypical
home types were modeled, including three typical vintages of
single-family homes relying on infiltration alone, and a typi-
cal new high-efficiency home relying on three different types
of mechanical ventilation systems designed to meet ASHRAE
Standard 62.2 (ASHRAE 2010). The same model home geom-
etry is used in all scenarios, although building characteristics
vary by vintage and location. A sensitivity analysis is also
performed to evaluate the relative influence of various model
input parameters and to explore the utility of using simpler
time-averaged mass balance models compared to more de-
tailed time-varying models. The following sections describe
the selection of model locations, model home characteristics,
model inputs, and methods for the energy and indoor air mass
balance modeling.

Selection of model locations

The selection of locations for modeling was designed to cap-
ture all 15 U.S. climate zones, as well as the top 15 cities with
the highest annual average outdoor PM2.5 concentrations sum-
marized in the most recent Integrated Science Assessment for
Particulate Matter (data coverage includes 2005–2007; U.S.
EPA 2009). A total of 22 cities were selected for modeling
since some of the most polluted cities were in the same cli-
mate zone. Locations include Miami, FL (climate zone 1A);
Houston, TX (2A); Phoenix, AZ (2B); Atlanta, GA (3A);
Birmingham, AL (3A); Los Angeles, CA (3B); Riverside, CA
(3B); San Francisco, CA (3C); New York, NY (4A); Philadel-
phia, PA (4A); St. Louis, MO (4A); Albuquerque, NM (4B);
Seattle, WA (4C); Boston, MA (5A); Chicago, IL (5A); De-
troit, MI (5A); Pittsburgh, PA (5A); Denver, CO (5B); Blaine
(near Minneapolis), MN (6A); Colstrip, MT (6B); Bismarck,
ND (7A); and Pinedale, WY (7B). This wide range of loca-

tions allows for modeling a wide range of outdoor particulate
matter concentrations and building design and operational
characteristics that influence indoor particle concentrations.

Model home characteristics

The same basic home geometry was used in each climate zone,
although envelope insulation, airtightness, and particle pene-
tration characteristics differed by both vintage and location.
A 188-m2 single-family home with three bedrooms, two bath-
rooms, 2.4-m-high ceilings, a natural gas furnace, and a central
forced-air air-conditioning system was chosen as the basis for
all vintages in all locations as it represents a very typical size
and geometry for homes in the United States. The base home
characteristics for each vintage are summarized in the follow-
ing sections and are also described in full in Appendix A.

Homes relying on infiltration alone

Modern high-efficiency home
New energy-efficient homes were designed to have lower
outdoor particle infiltration by incorporating well-insulated
building envelopes, high airtightness (three air changes per
hour at 50 Pa, or 3 ACH50), and a properly sized high-
efficiency heating and air-conditioning systems for each cli-
mate zone. Each city was assigned to a region of the United
States (i.e., West, Midwest, Northeast, or South), and the
most typical type of foundation for each region was identi-
fied for single-family homes in the area (U.S. Census Bureau
n.d.). Homes had crawlspaces, basements, or concrete slab
foundations, depending on location. All homes were modeled
with wood frame construction, with R-values of walls, ceilings,
and foundations and U-values and solar heat gain coefficient
(SHGC) values of windows varying by climate zone accord-
ing to the International Energy Conservation Code (IECC)
2012. The flow rates of each kitchen and bathroom exhaust
fan were assumed to be 170 and 85 m3/hr, respectively, using
default values for fan efficiency in BEopt (0.18 W/(m3/hr)).
The kitchen range hood was assumed to operate 60 min/day
(6:00 p.m.–7:00 p.m.), and the two bathroom fans were as-
sumed to operate 60 min/day (7:00 a.m.–8:00 a.m.). This was
held constant for all city and home vintage scenarios.

Typical existing home
Next, typical existing, older, and less-efficient homes were
designed to have higher, yet still moderate, outdoor parti-
cle infiltration by incorporating moderately insulated building
envelopes, typical airtightness (10 ACH50), and larger and less-
efficient heating and air-conditioning systems for each climate
zone based on typical existing home characteristics in each
area. Envelope characteristics were taken from two primary
surveys of existing housing characteristics for homes built after
1979 (Huang et al. 1987, 1999). Homes again had crawlspaces,
basements, or concrete slab foundations, depending on loca-
tion. All homes were modeled with wood frame construction,
with R-values of walls, ceilings, and foundations and U-values
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and SHGC values of windows varying by climate zone accord-
ing to Huang et al. (1987, 1999).

Typical older vintage home
Finally, typical older vintage homes were designed to have the
highest outdoor particle infiltration by incorporating poorly
insulated building envelopes, low airtightness (20 ACH50), and
larger and less-efficient (and often undersized) heating and air-
conditioning systems for each climate zone based on typical
older vintage home characteristics in each location. Envelope
characteristics were again taken from two primary surveys
of existing housing characteristics for homes built between
1950 and 1979 (Huang et al. 1987, 1999). Homes again had
crawlspaces, basements, or concrete slab foundations, depend-
ing on location. All homes were modeled with wood framed
construction, with R-values of walls, ceilings, and foundations
and U-values and SHGC values of windows varying by cli-
mate zone and vintage according to Huang et al. (1987, 1999).
The same assumptions for exhaust fan operation as in the
other two home types were included.

ASHRAE 62.2 compliance in new homes with mechanical
ventilation systems

Next, only the new vintage home models were used to in-
vestigate the impacts of three common types of mechanical
ventilation systems on indoor concentration of PM2.5 and
UFPs of outdoor origin. Older and existing homes are un-
likely to have been built to meet the minimum ventilation
requirements in ASHRAE Standard 62.2 using mechanical
ventilation systems. In all cases, the minimum continuous me-
chanical ventilation airflow rate required was calculated using
(ASHRAE Standard 62.2; ASHRAE 2010). The minimum
mechanical ventilation airflow rate for the model homes used
herein (Afloor = 188 m2 and Nbr = 3) is thus assumed to be
23.5 L/s (85 m3/hr). This yields a minimum ventilation AER
of 0.18 hr−1:

Q f an,min = 0.05Af loor + 3.5 (Nbr + 1) , (1)

where

Qfan,min is the minimum mechanical ventilation flow (L/s),
Afloor is the floor area (m2), and
Nbr is the number of bedrooms (—).

Exhaust-only ventilation
In the exhaust-only mechanical ventilation approach, a small
exhaust fan was assumed to operate 100% of the time with
an airflow rate of 85 m3/hr. Make-up air was assumed to be
provided by infiltration through the building envelope. Since
the addition of the exhaust fan will increase AERs and alter
system runtimes, EnergyPlus was again used to model hourly
AERs and HVAC system runtimes in each location assuming
that the exhaust fan operates continuously.

Supply-only ventilation
In the supply-only ventilation system approach, outdoor par-
ticle penetration was assumed to occur through a combination

of intentional mechanical supply in addition to incidental in-
filtration through the building envelope. A supply fan was
assumed to operate 100% of the time with a constant airflow
rate of 85 m3/hr. In these cases, a constant ventilation rate of
at least 0.18 hr−1 of ambient air was assumed to be supplied
directly by the ventilation system and passed through a filter
installed inside a small ventilating unit; any additional air ex-
change was assumed to occur due to infiltration through the
building envelope.

Central fan integrated supply (CFIS) with continuous exhaust
Next, a CFIS system combined with continuous exhaust was
considered. In this case, an 85-m3/hr intermittent outdoor
air supply was assumed to be ducted directly into the return
plenum of the existing air handling unit and an 85-m3/hr ex-
haust system was assumed to run continuously. Therefore, out-
door air was assumed to enter the indoor environment through
a combination of (1) direct supply through the HVAC system
when the HVAC system was operating to meet heating or
cooling demands (and filtered by the central system filter) and
(2) infiltration through the building envelope when the HVAC
system was not operating. The portion of each depends on the
modeled HVAC system runtimes. The CFIS system was as-
sumed to operate with an HVAC system runtime equal to that
from the exhaust-only ventilation system scenario (runtimes
still varied based on location). ASHRAE Standard 62.2 was
assumed to be met at all times by the continuous exhaust flow.
Figure 1 schematically demonstrates the airflow and particle
transport pathways in the homes relying on infiltration alone
as well as the three mechanical ventilation system scenarios.

Modeling procedures

Indoor air mass balance models

In all cases, a discrete time-varying mass balance was utilized
in a single well-mixed zone in the absence of indoor sources
to estimate time-varying indoor concentrations of PM2.5 and
UFPs of outdoor origin. All dynamic indoor air mass bal-
ance simulations were performed in MATLAB R2014a (Math-
Works, Inc., 2014). Any window or door opening was ignored
in all cases for simplicity. The initial indoor concentration (at
time t = 0) for each case was assumed to be equal to the steady-
state concentration for that initial time period (from Equation
2), estimated using the modeled AER, outdoor particle con-
centration, penetration factor, deposition loss rate constant,
and fractional HVAC system runtime at time t = 0.

Homes relying on infiltration alone
For the simulations involving homes relying on infiltration
alone, the indoor particle concentration (of PM2.5 or UFPs)
of outdoor origin at each time step [Ci,in,in f (tn)] was estimated
using equation 2:

Ci,in,in f (tn) = Ci,in,in f (tn−1) + !t
[
Piλin f (tn) Ci,out (tn)

−
(
λin f (tn) + βi

+ f (tn) ηi,HVACλHV AC)
× Ci,in,in f (tn−1)

]
,

(2)
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Fig. 1. Schematic representation of the airflow and particle transport pathways. a. In the homes relying on infiltration alone. b. In
the homes relying on exhaust-only ventilation. c. In the homes relying on supply-only ventilation. d. In the homes relying on CFIS
ventilation systems.

where

Ci,in,in f (tn) is the indoor PM2.5 or UFP concentration of out-
door origin (µg/m3 or #/m3),

Pi is the PM2.5 or UFP penetration factor of the building
envelope (—),

λin f is the AER due to infiltration (hr−1),
Ci,out is the outdoor PM2.5 or UFP concentration (µg/m3 or

#/m3),
βi is the first-order indoor particle deposition rate loss coeffi-

cient for PM2.5 or UFP (hr−1),
ηi,HVAC is the PM2.5 or UFP removal efficiency of the HVAC

filter (—),
λHV AC is the HVAC system recirculation rate (HVAC airflow

rate divided by volume, hr−1),
f is the fractional operation time of the HVAC system (—),
tn is the current time step (hr), and
tn−1 is the previous time step (hr).

One-minute intervals were used to improve model stability
(!t = 0.01667 h). Hourly input values relied upon for Ci,out,
λin f , and f which were linearly interpolated to yield inputs at
the 1-min time steps.

Exhaust-only ventilation
A similar procedure was then followed to estimate the time-
varying indoor concentrations of PM2.5 and UFPs of outdoor
origin in only the modern high-efficiency homes, assuming
one of the three different types of mechanical ventilation sys-
tems were installed and operating. Similar to homes relying
only on infiltration alone, the time-varying indoor concen-
tration of PM2.5 and UFPs of outdoor origin in homes with
exhaust-only ventilation systems was estimated using Equa-
tion 3. Because the supply air is assumed to infiltrate through
the building envelope with exhaust-only ventilation systems,

it was assumed that PM2.5 and UFP penetration factors were
the same as the penetration factors for the new homes without
mechanical ventilation systems (described in subsequent sec-
tions). The HVAC recirculation rates (λHVAC) for the three sce-
narios with mechanical ventilation were assumed to be equal
to the same value for new homes relying on infiltration alone;

Ci,in,exhaust (tn) = Ci,in,exhaust (tn−1)
+!t

[
Piλtotal,exhaust (tn) Ci,out (tn)

− (λtotal,exhaust (tn) + βi
+ fexhaust (tn) ηi,HVACλHV AC)
× Ci,in,exhaust (tn−1)

]
,

(3)

where

Ci,in,exhaust (tn) is the indoor concentration of PM2.5 or UFPs
of outdoor origin at each time step in new homes with
exhaust-only ventilation systems (µg/m3 or #/m3),

λtotal,exhaust is the total AER in new homes with exhaust-only
ventilation systems due to a combination of mechanical
exhaust and infiltration (hr−1), and

fexhaust is the fractional operation time of the central HVAC
system in new homes with exhaust-only ventilation systems
(—).

Supply-only ventilation
Similarly, the time-varying indoor PM2.5 and UFP concen-
trations of outdoor origin for new homes with supply-only
ventilation systems were estimated using equation 4. With
supply ventilation, PM2.5 and UFP penetration factors were
assumed to depend not only on envelope infiltration but also
on the removal efficiency of the dedicated mechanical ven-
tilation system filter. Because most manufacturers have not
adopted higher efficiency filtration systems in small residential
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ventilation units, it was assumed that supply-only mechanical
ventilation systems utilize only a MERV 5 filter. Other higher
efficiency filtration products do exist on the market, but the
authors are not aware of their widespread use;

Ci,in,supply (tn) = Ci,in,supply (tn−1) + !t
{[

λ f an(1 − ηi,supply)
+Pi

(
λtotal,supply (tn)

− λ f an
)]

Ci,out (tn)
−

(
λtotal,supply (tn)

+ βi + fexhaust (tn)
× ηi,HVACλHV AC)
× Ci,in,supply (tn−1)

}
,

(4)
where

Ci,in,supply (tn) is the indoor concentration of PM2.5 or UFPs of
outdoor origin at each time step in new homes with supply-
only ventilation systems (µg/m3 or #/m3),

λfan is the AER due to the 85 m3/hr of supply air provided by
the mechanical ventilation system (0.18 hr−1),

λtotal,supply is the total AER due to infiltration and ventilation
combined (hr−1),

fsupply is the fractional operation time of the central HVAC
system in new homes with a supply-only ventilation system
(—), and

ηi,supply is the PM2.5 or UFP removal efficiency of the supply
ventilation system filter (MERV 5).

CFIS with continuous exhaust
Finally, time-varying indoor concentrations of PM2.5 and
UFPs of outdoor origin for the new homes with CFIS sys-
tems were estimated using Equation 5, which is a combination
of both supply-only and exhaust-only ventilation scenarios
depending on the operating status of the HVAC system:

Ci,in,CFIS (tn) =Ci,in,CF I S (tn−1)
+!t

[{
Piλtotal,CFIS(1 − fHVAC,CFIS)

+fHVAC,CFIS
[
λ f an(1 − ηi,HVAC)

+ Pi
(
λtotal,CFIS(tn) − λ f an

)]}
Ci,out(tn)

−(λtotal,CFIS (tn) + βi
+ fsupply(tn) ηi,HVACλHV AC

)
Ci,CFIS(tn−1)

]
,

(5)
where

Ci,in,CFIS (tn) is the indoor concentration of PM2.5 or UFPs of
outdoor origin at each time step in new homes with CFIS
ventilation systems (µg/m3 or #/m3),

λtotal,CFIS is the total AER due to infiltration and ventilation
combined in new homes with a CFIS ventilation system
(hr−1), and

fHVAC,CFIS is the fractional operation time of the central HVAC
system in new homes with a CFIS ventilation system (—).

The total AER and fractional HVAC system operation
times for the supply-only systems and CFIS with continuous
exhaust system were assumed to be the same as those modeled
for exhaust-only ventilation systems.

Collecting model input parameters

Initial BEopt and EnergyPlus simulations
The basic home geometry was first constructed in BEopt Ver-
sion 2.2.0 in order to properly size the central air-conditioner
and gas furnace and create an EnergyPlus input file (IDF
file) for each vintage and location using only the base build-
ing characteristics. Each IDF file was then edited to correctly
size heating and cooling equipment for each vintage and loca-
tion based on knowledge of commonly available incremental
air-conditioner and furnace capacities (i.e., in increments of
1.75 or 3.5 kW) and typical manufacturer-recommended air-
flow rates. This typically involved correctly sizing heating and
cooling systems relative to the load in existing and new vin-
tages and under-sizing heating and cooling systems in older
vintage homes, which served to reflect more realistic operation
than what was originally assumed in BEopt (Hopkins et al.
2011). Any deficits in capacity were assumed to either lead
to thermal discomfort or be supplemented by window air-
conditioning units or space heaters (without additional filtra-
tion), as would be somewhat common for older homes. Once
systems were sized, it was assumed that each air-handling unit
had a constant airflow rate of 193 m3/hr per kW of cooling
capacity and that airflow rates were the same for both heating
and cooling operation; recent studies suggest that the latter is
a reasonable assumption in many homes (Walker et al. 2012;
Stephens 2014). This provided a constant recirculation rate
for each home vintage and location for use throughout the
remaining simulations.

Simulating hourly AERs and HVAC system runtimes
in EnergyPlus

EnergyPlus Version 8.1.0 was then used to simulate hourly
AERs and HVAC system runtimes for each model scenario.
Simulation time steps were changed to six per hour to provide
finer modeling resolution. Each home and location was mod-
eled using actual meteorological year (AMY) data from 2012
to capture coinciding weather conditions during the same year
for which outdoor particle concentration data were gathered
(described in the next section). These historical weather files
were purchased from White Box Technologies for all 22 cities
(White Box Technologies 2014). Hourly AERs and HVAC sys-
tem runtimes were then linearly interpolated at 1-min intervals
and incorporated into the indoor air mass balance models as
time-varying inputs.

Outdoor particulate matter concentrations
Hourly outdoor PM2.5 data in each location were first gath-
ered from the U.S. EPA’s Air Quality System (AQS) data
website for the year 2012 (U.S. EPA 2013). Missing values
were taken from the next closest monitoring station or lin-
early interpolated between times before and after the missing
observation. Because UFP concentrations are not measured
across the United States in any consistent manner, reliance
was on an approximate measure of UFP concentrations based
on associations with NOx. Through a literature review, sev-
eral studies were identified that have found moderately strong
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Fig. 2. Correlations between outdoor UFP and NOx concentrations reported in several field studies.

correlations between outdoor UFP concentrations and NOx
concentrations (Pirjola et al. 2006; Gerwig et al. 2007; Kwasny
et al. 2010; Health Effects Institute [HEI] 2013). Correlations
from several locations across various time scales in the above-
mentioned literature are shown in Figure 2, along with a lin-
ear regression fit through the existing study data that was
used herein. While there is a clear increasing trend between
UFP concentrations (measured sometimes on an hourly basis
and sometimes on a daily basis), there is obvious scatter as
well (R2 = 0.68, but uncertainty is even higher because of un-
certainty in the underlying regression coefficients making up
each data point). Therefore, absolute values of UFP concen-
trations herein should be considered to be very approximate
and with high uncertainty. While this introduces substantial
uncertainty into the present model, these estimates can still
serve to demonstrate the impact of HVAC filters on relative
indoor–outdoor concentration ratios of UFPs for the 20 cities
for which data were available (excluding Birmingham, AL,
and Seattle, WA, because hourly NOx data are not available
for these two cities). All station characteristics are described
in full in Appendix B.

HVAC filtration efficiency for PM2.5 and UFPs
Estimates of HVAC filtration efficiency for both PM2.5 and
UFPs were based on a recent study in which a large number
of outdoor particle size distributions were mapped, including
those resulting after modification by typical size-resolved resi-
dential building envelope penetration factors, to size-resolved
removal efficiency curves from typical HVAC filters that had
received a MERV rating after tests were conducted in an
ASHRAE Standard 52.2 test facility (Azimi et al. 2014). A
summary of the filtration efficiency inputs for this work is pro-
vided in Figure 3, which provides the mean (± one standard
deviation) estimate of PM2.5 and UFP removal efficiencies
for each MERV classification. These 11 filters were modeled
herein, including MERV 5, 6, and 7 (×2, including both a
low-performance and high-performance MERV 7); MERV 8,
10, and 12 (×2, including both low and high performance);
MERV 14 and 16; and HEPA. The mean removal efficiency
values for models were relied upon herein. Filters were specif-
ically chosen that had been classified according to Standard
52.2 and received a MERV rating because of their high rel-
evance to ASHRAE membership. The filters had not been

Fig. 3. Mean PM2.5 and UFP removal efficiency for 194 outdoor particle size distributions and 11 representative HVAC filters listed
by MERV, considering modification by typical residential infiltration factors (Azimi et al. 2014).
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categorized by any other test method (e.g., EN 779), although
approximate comparisons can be drawn between MERV and
the EN 779 classes following Table 5 in Tronville and Rivers
(2006).

Air handler airflow rates, and thus values for λHVAC , were
assumed to be constant for all filter scenarios regardless of
MERV. This is considered a reasonable assumption because
(a) there are a variety of new high-efficiency filtration prod-
ucts on the market with extended depths that reduce pressure
drop and maintain airflow rates (Stephens and Siegel 2013),
(b) airflow rate reductions with permanent split capacitor
(PSC) blowers are typically less than 10–15% for new higher
pressure drop filters (Stephens et al. 2010a, 2010b, 2010c)
and approximately 0% for electronically commutated motor
(ECM) blowers (Walker et al. 2012; Stephens 2014), and (c) it
allows the generalizing of results without specifying particu-
lar filtration products with specific pressure drop and airflow
rate impacts. Moreover, it was also assumed that filters are re-
placed on a regular basis and that their removal efficiencies do
not change with loading or time, again primarily for simplicity
as well as a lack of real field data for PM2.5 and UFP removal
efficiencies.

Penetration factors and deposition loss rate coefficients
for PM2.5 and UFPs
Inputs for envelope penetration factors and indoor deposition
loss rate coefficients for both PM2.5 and UFPs were culled
from recent literature. Deposition loss rate coefficients were
kept constant for all locations and time periods, primarily

for simplicity. Envelope penetration factors varied accord-
ing to home type (new, existing, and old vintages) in order
to reflect differences in penetration efficiency based on enve-
lope airtightness (Stephens and Siegel 2012). It was assumed
that building envelope penetration factors in new homes with
mechanical ventilation systems were the same as in the new
homes relying on infiltration alone. While this is considered a
reasonable assumption, it is also feasible that the presence of
mechanical ventilation systems (and particularly exhaust sys-
tems) would lead to a greater pressure difference across the en-
velope and potentially increase penetration factors for a given
envelope compared to infiltration-only conditions. However,
the authors are not aware of any measurements of this phe-
nomenon in real buildings to date. Moreover, models suggest
that the impact of increased pressure differences across ide-
alized cracks on penetration factors would be small for most
particle sizes for all but the smallest cracks (Liu and Nazaroff
2001).

Penetration factors for PM2.5 were taken from the largest
study of PM2.5 penetration factors in residences that could
be found: Williams et al. (2003), who reported mean
PPM2.5 = 0.72 across nearly 40 homes, with a minimum
of 0.11 and a maximum of 1.0. These discrete values
were assigned to new, existing, and old vintages of homes,
respectively. Penetration factors for UFPs were taken from
the largest known of UFP penetration factors residences that
could be found Stephens and Siegel (2012), who reported mean
PUFP = 0.47, with a minimum of 0.17 and a maximum of 0.70.
These values were assigned to existing, new, and old vintages

Fig. 4. Mean and standard deviation of hourly outdoor PM2.5 and (estimated) UFP concentrations for each of the 22 U.S. locations
over the entire year of 2012 (n = 8760 for each city).
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of homes, respectively. Wallace et al. (2013) recently reported
PM2.5 and UFP deposition loss rate coefficients in over 50
homes in Canada in one of the largest studies known to date.
Their median deposition loss rate coefficients were used and
held constant across all home vintages and locations. Deposi-
tion loss rate coefficients used herein were 0.70 and 0.92 hr−1

for PM2.5 and UFP, respectively.

Results

Outdoor PM2.5 and UFP concentrations

Distributions of hourly outdoor PM2.5 concentration data for
the entire year of 2012 that were gathered from the U.S. EPA
AQS data website (as well as estimated hourly UFP concentra-
tions based on hourly NOx concentrations) for all considered
locations are shown in Figure 4.

Annual median outdoor PM2.5 concentrations ranged
from as low as ∼5 µg/m3 in Pinedale, WY, to as high as
∼17 µg/m3 in Los Angeles, CA. Thus, a wide variety of en-
vironments are well represented by these 22 locations. Simi-
larly, the median estimated outdoor UFP concentration var-
ied from ∼4200 #/cm3 in Albuquerque, NM; Blaine, MN;
and Phoenix, AZ, to ∼20,000 #/cm3 in Denver, CO. Out-
door UFP concentrations in Birmingham, AL, and Seat-
tle, WA, were not estimated because hourly NOx outdoor
concentration was not available in the AQS within a close
enough proximity. The estimated UFP concentration ranges
in some cities were small because the minimum UFP con-
centration (i.e., ∼4200 #/cm3) was assumed for times when
the reported outdoor NOx concentration was zero. It should
again be noted that these UFP concentration estimates are
very approximate and primarily serve as a basis for modeling
the ratio of indoor UFP concentrations relative to outdoor
concentrations.

Modeled AERs, HVAC recirculation rates, and system runtime
fractions

Table 1 shows average values of modeled hourly AERs, HVAC
runtime fractions, and constant recirculation rates (airflow
rates divided by the house volume) for the model year (2012)
using EnergyPlus and the AIM-2 infiltration model in BEopt
for old, existing, and new homes relying on infiltration alone
as well as the new homes with the three types of mechanical
ventilation systems in all selected locations. These data clearly
demonstrate that both recirculation rates and fractional sys-
tem runtimes were generally highest in old homes, lower in
existing homes, and lowest in new homes when relying on in-
filtration alone and when using HVAC systems that operate
only to meet heating and cooling demands. These relation-
ships are intuitive, as newer more efficient homes are designed
with properly sized HVAC systems to meet lower heating
and cooling loads, while older homes will have higher loads
and often under-sized HVAC systems that operate longer to
meet the higher loads. In new homes with mechanical ven-
tilation, a minimum ventilation rate of 85 m3/hr was pro-
vided by either an exhaust or a supply fan, so the HVAC

runtime (and therefore the product of HVAC system recir-
culation rate and hourly fractional runtimes) was somewhat
higher than in new homes relying on infiltration alone due to
slightly higher ventilation loads. These differences will neces-
sarily influence the impact that higher efficiency HVAC filtra-
tion can have on indoor concentrations of outdoor particulate
matter.

Modeled indoor concentrations of PM2.5 and UFPs
of outdoor origin

Figures 5 and 6 summarize results for modeled indoor PM2.5
and UFPs in each location with the lowest efficiency filter
installed: MERV 5. This provides a basis for comparison to
the impacts of higher efficiency filters in the following sections
while still demonstrating the predicted variations in outdoor
particle infiltration based on both home type and location.

Annual average indoor concentrations of outdoor PM2.5
with a MERV 5 filter installed ranged from 2.1 to 6.3 µg/m3

in old homes, 1.0 to 3.1 µg/m3 in existing homes, and only
0.09 to 0.28 µg/m3 in new homes relying on infiltration alone.
These data demonstrate that, on average, indoor concentra-
tions of outdoor PM2.5 in the old homes described herein with
a MERV 5 filter are predicted to be approximately twice that
of existing homes and 25 times that of new homes relying
on infiltration alone. Predicted indoor PM2.5 concentrations
also varied in the new homes with mechanical ventilation sys-
tems depending on the ventilation scenario. For new homes
with exhaust-only ventilation systems, annual average indoor
PM2.5 concentrations with a MERV 5 filter installed varied
from ∼0.15 to 0.5 µg/m3. Indoor PM2.5 concentrations were
considerably higher in new homes with supply-only ventila-
tion systems, varying from ∼1.0 to 4.0 µg/m3, because of the
relatively low efficiency supply air filter. Finally, annual aver-
age indoor PM2.5 concentrations in the homes with a CFIS
ventilation system operating and a MERV 5 filter installed was
estimated to be between the other two ventilation scenarios,
ranging from 0.2 to 0.8 µg/m3 depending on location.

Results for annual average indoor concentrations of out-
door UFPs with a MERV 5 filter installed followed similar
patterns. Modeled annual average indoor UFP concentrations
ranged from ∼850 to 6000 #/cm3 in old homes, ∼370 to 2660
#/cm3 in existing homes, and only ∼66 to 544 #/cm3 in new
homes relying on infiltration alone, to between ∼200 and 800
#/cm3, ∼800 and 3500 #/cm3, and ∼250 and 1300 #/cm3

in new homes with exhaust-only, supply-only, and CFIS me-
chanical ventilation systems, respectively. These wide ranges
in modeled indoor PM2.5 and UFP concentrations reflect sim-
ilar ranges observed in recent field studies reasonably well
(Kearney et al., 2011; MacNeill et al., 2012, 2014; Stephens,
2015).

Modeled effectiveness of HVAC filters relative to MERV 5

Next, the filtration effectiveness (Ei) for PM2.5 and UFPs for
each higher rated efficiency HVAC filter was calculated by
subtracting from unity the ratio of the annual average hourly
indoor PM2.5 or UFP concentration with the filter in question
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Fig. 5. The annual mean and standard deviation of modeled hourly indoor concentrations of PM2.5 of outdoor origin in all 6 home
types in all 22 locations with only a MERV 5 filter installed.

installed (i.e., MERV j) to the annual average hourly indoor
PM2.5 or UFP concentration when only a MERV 5 filter was
installed, as shown in equation 6:

Ei,MERV j = 1 −
C̄i,in,MERVj

C̄i,in,MERV5
, (6)

where

Ei,MERVj is the filtration effectiveness of a MERV j filter for
PM2.5 or UFP of outdoor origin,

Ci,in,MERVj is the annual average estimate of hourly indoor
concentration of PM2.5 or UFP when a MERV j filter was
used (µg/m3 or #/m3), and

Ci,in,MERV5 is the annual average estimate of hourly indoor
concentration of PM2.5 or UFP when a MERV 5 filter was
used (µg/m3 or #/m3).

The effectiveness metric, as shown in Figure 7 for PM2.5
and Figure 8 for UFPs, allows for a clear understanding of the
influence of higher efficiency HVAC filters in each home and

location. Moreover, it can also be used in conjunction with
results from the previous section to predict annual average
PM2.5 or UFP concentrations in each location and each home
type for each filter type simply by subtracting values from
Figure 7 (for PM2.5) or Figure 8 (for UFPs) from unity and
multiplying by values from Figure 5 or 6, respectively.

The predicted effectiveness for PM2.5 ranged from less than
5% for MERV 6 in mild climates, such as Los Angeles, CA, or
San Francisco, CA, to as high as 50% for HEPA filters installed
in older homes in extreme climates, such as Blaine, MN, or
Houston, TX, in homes relying on infiltration only. For the
new homes with exhaust-only and supply-only mechanical
ventilation systems, modeled PM2.5 effectiveness ranged from
∼3% for MERV 6 in mild climates to as high as 80% for HEPA
filters. MERV 8 filters were predicted to yield between 10%
and 25% effectiveness, on average, across all climates, housing
types, and ventilation scenarios (i.e., a 10%–25% reduction in
annual average indoor PM2.5 of outdoor origin relative to a
MERV 5 filter). Moving to a MERV 10 filter was predicted
to yield only small increases in effectiveness (less than a few
percent). Moving to a MERV 12 (#2, the higher efficiency

Fig. 6. The annual mean and standard deviation of modeled hourly indoor concentrations of UFPs of outdoor origin in all 6 home
types in all 22 locations with only a MERV 5 filter installed; Birmingham, AL, and New York, NY, are omitted.
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Fig. 7. Effectiveness of HVAC filters for indoor PM2.5 of outdoor origin compared to MERV 5.

MERV 12 model) was predicted to yield a PM2.5 effectiveness
of 20% for both new and existing homes relying on infiltration
as well as the new homes with exhaust-only and supply-only
ventilation systems and over 30% for the old homes and new
homes with CFIS ventilation systems. However, MERV 12
(#1) actually decreased PM2.5 effectiveness relative to MERV
10 given its lower removal efficiency for PM2.5, suggesting
that knowledge of MERV alone may not be enough to predict
the impacts of a particular filter. Moving to MERV 14 was
predicted to increase effectiveness for PM2.5 to between 23%
and 40% (again highest for new homes with CFIS ventilation
system). Finally, HEPA filtration was predicted to increase

effectiveness for PM2.5 to between 28% and 50%, on average. It
is clear that higher efficiency HVAC filters can have the greatest
impact on indoor concentrations of PM2.5 of outdoor origin
in the new homes with CFIS ventilation systems given that
both supply and recirculated airstreams are passed through
the central HVAC filters.

Similarly, the modeled effectiveness for UFPs ranged from
less than 0% for MERV 7 (#1) in most climates to as high
as 80% for HEPA filters installed in new homes with CFIS
ventilation systems in extreme climates such as Pinedale, WY
(with high HVAC operation times). Predicted annual aver-
age effectiveness values for UFPs of outdoor origin across all

Fig. 8. Effectiveness of HVAC filters for indoor UFPs of outdoor origin compared to MERV 5.
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homes and locations were: 9%–24% for MERV 8; 13%–30%
for MERV 10; 20%–37% for MERV 12 (#2) and MERV 14;
and 24%–50% for HEPA. Again, effectiveness was higher in
new homes with CFIS ventilation systems, as well as in older
homes relying on infiltration alone (due to longer system run-
times). Interestingly, for both PM2.5 and particularly for UFPs,
there appear to be only marginal gains in effectiveness for the
highest efficiency filters (e.g., MERV 16 and HEPA) compared
to MERV 12 or 14 filters, which suggests that there may be
diminishing returns with the highest efficiency filters due to
limitations in recirculation airflow rates and fractional HVAC
system runtimes. Thus, factors other than rated removal effi-
ciency and effectiveness (e.g., costs or system flow or pressure
impacts) may be used to inform the decision to select the high-
est efficiency filters.

Overall, these results demonstrate that filter selection, home
vintage, and climate zone all strongly influence the impact
that HVAC filters can have on indoor proportions of outdoor
PM2.5 and UFPs inside residences that rely on HVAC systems
to operate only to meet heating and cooling demands. HVAC
filtration effectiveness for outdoor origin particulate matter
(PM) was consistently highest in new homes with CFIS ven-
tilation systems, followed by old homes relying on infiltration
alone. Filtration effectiveness was approximately similar for
the other four ventilation scenarios. Additionally, HVAC fil-
tration effectiveness was predicted to be the greatest in resi-
dences located in climate zones with extreme weather such as
Miami, FL; Houston, TX; Blaine, MN; and Bismarck, ND,
in which HVAC systems have higher recirculation rates and
runtime, while it was lowest in milder climate zones such as
Los Angeles, CA; Riverside, CA; and San Francisco, CA.

Modeled infiltration factors

The same hourly modeled data were then used to estimate
annual average infiltration factors (Finf), or the indoor pro-
portion of outdoor particles in the absence of indoor sources,
for both PM2.5 and UFPs, as another measure of filter effec-
tiveness. This was accomplished both by using the dynamic
mass balance data as well as a simpler time-averaged method
using only long-term annual averages of key input parameters
(e.g., AERs and HVAC system runtimes). In the first method,
the average hourly indoor concentration of PM2.5 and UFPs
of outdoor origin was estimated over the entire model year
and divided by the mean outdoor concentration of PM2.5 and
UFPs. This method allows for capturing dynamic changes and
periods of time where outdoor concentrations, AERs, and
HVAC system runtimes, which all varied at the same time.
Results from the first method are shown across all filters and
all locations in Figure 9.

The relative impacts of HVAC filters on PM2.5 and UFP
infiltration factors were reasonably similar across home types,
particularly for existing and new homes relying on infiltra-
tion alone and new homes with exhaust-only and supply-only
ventilation systems. However, the absolute impact of HVAC
filters on infiltration factors varied widely by home type. The
mean PM2.5 infiltration factor was just under 0.40 in the old
home with a MERV 5 filter installed, decreasing to under 0.25

with a HEPA filter installed. For existing homes, the mean
PM2.5 infiltration factor ranged from just under 0.20 with a
MERV 5 filter to around 0.15 with a HEPA filter, suggesting
that the impact of even the highest efficiency HVAC filtration
is limited by low system runtimes. The mean PM2.5 infiltration
factor was consistently under 0.03 for the new home construc-
tion relying on infiltration alone, regardless of filter selection.
The PM2.5 infiltration factor in new homes with mechanical
ventilation varied depending on the ventilation strategy. New
homes with supply-only ventilation systems had the highest
PM2.5 infiltration factors among all ventilation system sce-
narios, ranging from 0.2 to 0.15 when MERV 5 and HEPA
filters were installed, respectively. This value in new homes
with CFIS ventilation systems was considerably lower, rang-
ing from 0.06 to 0.03 when MERV 5 and HEPA filters were
installed, respectively. The effect of higher efficiency HVAC
filtration on absolute values of PM2.5 infiltration factors in
new homes with exhaust-only ventilation system was small,
with infiltration factors remaining under 0.04 for all filters,
regardless of efficiency.

Results for UFP infiltration factors were similar. The mean
UFP infiltration factor ranged from ∼0.22 in the old home
with a MERV 5 filter installed to ∼0.14 with a HEPA filter
installed, from ∼0.10 to ∼0.08 in the existing home, and was
consistently less than 0.02 with all filters in the new home
relying on infiltration alone. The mean UFP infiltration factor
ranged from ∼0.15 to ∼0.13 in new homes with supply-only
ventilation systems and from ∼0.06 to ∼0.03 in new homes
with CFIS ventilation systems with MERV 5 and HEPA filters
installed, respectively, and remained under 0.03 with all filters
in new homes with exhaust-only ventilation systems. These
data again suggest that high-efficiency HVAC filtration is likely
to have a much greater influence on indoor PM2.5 and UFPs
of outdoor origin in older, less efficient homes compared to
newer, tighter, and more efficient homes relying on infiltration
for ventilation air, as well as in new homes with supply-only
mechanical ventilation system, because of typically very low
efficiency filters in these types of ventilation systems.

Next, the PM2.5 and UFP infiltration factors in each home
were simply estimated by considering only the annual average
values of key input parameters, including AERs and HVAC
system runtimes. These time-averaged infiltration factors were
calculated using Equation 7 for old, existing, and new homes
relying on infiltration alone, and using Equations 8, 9, and
10 for new homes with exhaust-only, supply-only, and CFIS
mechanical ventilation systems respectively. The goal was to
explore the utility of this simpler time-averaged method where
only inputs for AERs and HVAC system runtimes are known
from an energy model, without the additional effort of gath-
ering hourly outdoor air quality data from EPA AQS and
performing the dynamic indoor air mass balance model;

Fi,in f = Ci,in

Ci,out
= Pi × λin f

λin f + βi + ( f ηi,HVACλHVAC)
, (7)

Fi,inf ,exhaust =
Pi × λtotal,exhaust

λtotal,exhaust+βi +( fHVAC,exhaustηi,HVACλHVAC)
,

(8)
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Fig. 9. Modeled annual average PM2.5 and UFP infiltration factors with all 11 HVAC filters installed in each home type and ventilation
system combination, averaged across all 22 locations.

Fi,inf ,supply =
(
1 − ηi,supply

)
× λ f an +Pi

(
λtotal,supply − λ f an

)

λtotal,supply+βi +
(

fHVAC,supplyηi,HVACλHVAC
) ,

(9)

Fi,inf ,CFIS =
(1− fHVAC,CFIS)Pi λtotal,CFIS+ fHVAC,CFIS[(1−ηi,HVAC )λ f an+Pi (λtotal,CFIS−λ f an)]

λtotal,CFIS+βi +( fHVAC,CFISηi,HVACλHVAC ) .

(10)
Figure 10 shows the relationship between the annual av-

erage of modeled hourly PM2.5 and UFP infiltration fac-
tors using the dynamic models (from previous sections) com-
pared to the same estimates made using the simple method in
Equations 7–10.

Interestingly, both methods were in very good agreement,
with slopes near 1.0 and R2 values greater than 0.99 for both
PM2.5 and UFPs. These data suggest that estimates of the
long-term average of PM2.5 and UFP infiltration factors can
be made with reasonable accuracy and much less effort using
only knowledge of long-term average AERs, HVAC system
runtimes, and constant parameters, such as HVAC airflow and
recirculation rates, envelope penetration factors, and deposi-
tion loss rate constants. This simplified time-averaged model
allows for much less time intensity in estimates of the impact
of residential HVAC filtration on indoor particles of outdoor
origin.

Sensitivity to fundamental input parameters: Simplified
infiltration factor modeling

Finally, given that both the simplified time-averaged infiltra-
tion factor model and the dynamic time-varying mass balance
model yield approximately equivalent estimates of annual av-
erage infiltration factors for both PM2.5 and UFPs, only the
simplified model was used to evaluate the sensitivity of the
results to fundamental input parameters of P, β, λ, η, f , and
λHVAC. Details of the approach are provided in Appendix C.
In summary, the results of the sensitivity analysis demonstrate
that PM2.5 penetration factors and UFP deposition loss rate
coefficients (varied across the realistic ranges used herein) have
the greatest impacts on estimates of PM2.5 and UFP infiltra-

tion factors in the existing and new homes (both relying on
infiltration and mechanical ventilation), respectively, but their
influence is smaller relative to other factors in the old homes
relying on infiltration only. HVAC filter removal efficiency
has the second greatest influence on both PM2.5 and UFP
infiltration factors in almost all home vintage and mechani-
cal ventilation scenarios. In old homes relying on infiltration
alone, HVAC filter removal efficiency and AER have the great-
est influence on PM2.5 and UFP infiltration factors. It should
be noted that the sensitivity analysis is also influenced by the
range of values considered for each parameter, which high-
lights the importance of selecting a robust and reasonable
range for each factor in these types of analyses. Moreover,
these data demonstrate the fundamental influencing factors
for PM2.5 and UFP infiltration factors and can help priori-
tize data collection needs for improving input parameters for
future modeling efforts.

Conclusion

Results from the simulations herein clearly demonstrate that
higher-efficiency HVAC filters can meaningfully reduce in-
door proportions of outdoor PM2.5 and UFPs inside resi-
dences that either rely on infiltration for ventilation air or
use mechanical ventilation. However, home vintage, climate
zone, HVAC system operational characteristics, and mechan-
ical ventilation system design and operation all strongly in-
fluence the results. In homes relying on infiltration alone and
with HVAC systems that operate only to meet heating or cool-
ing demands, high-efficiency HVAC filtration appears to have
a greater influence on indoor PM2.5 and UFPs of outdoor
origin in older, less-efficient homes with longer system run-
times than in newer, tighter homes with smaller equipment
and shorter runtimes. An exploration of several other me-
chanical ventilation and HVAC fractional runtime scenarios
demonstrated that the influence of higher efficiency HVAC fil-
tration on time-averaged PM2.5 and UFP infiltration factors is
predictably much greater in homes with supply-only mechani-
cal ventilation systems (with low-efficiency supply filters), and
that exhaust-only mechanical ventilation systems with airtight
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Fig. 10. Comparison between simple and complex estimates annual average infiltration factors of PM2.5 and UFP for all locations
and filters.

building enclosures or CFIS mechanical ventilation systems
with high-efficiency filtration (i.e., MERV 12 or greater) can
both be used to meet minimum ventilation requirements in
ASHRAE Standard 62.2 while minimizing indoor exposures
to particulate matter of outdoor origin relative to a supply-
only mechanical ventilation system.
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Appendix B: Outdoor air pollutant station summary
Table B.1. Summary of selected stations for outdoor PM2.5 from AQS.

PM2.5

Location Selected stations State code
County

code Site ID

1 Albuquerque, NM Main station 35 1 23
Supplementary station 35 1 29

2 Atlanta, GA Main station 13 89 2
Supplementary station 13 121 55

3 Birmingham, AL Main station 1 73 2003
Supplementary station 1 73 2006

4 Riverside, CA Main station 6 65 8001
Supplementary station 6 65 9001

5 Philadelphia, PA Main station 34 7 10
Supplementary station 34 19 1
Supplementary station 34 13 3
Supplementary station 34 39 4
Supplementary station 34 39 2003
Supplementary station 34 21 10

6 Boston, MA Main station 25 25 42
Supplementary station 25 25 85
Supplementary station 25 27 43
Supplementary station 25 21 23

7 St. Louis, MO Main station 29 510 85
Supplementary station 29 510 93

8 Chicago, IL Main station 17 31 76
Supplementary station 17 31 8

9 Pittsburgh, PA Main station 42 3 8
Supplementary station 42 3 64

10 Denver, CO Main station 8 31 2
Supplementary station 8 35 4

11 Detroit, MI Main station 26 163 38
Supplementary station 26 163 1

12 Blaine, MN Main station 27 3 1002
Supplementary station 27 75 5

13 Houston, TX Main station 48 201 1035
Supplementary station 48 201 1050

14 Los Angeles, CA Main station 6 37 1103
Supplementary station 6 37 1201

15 Miami, FL Main station 12 86 6001
Supplementary station 12 86 1016

16 Bismarck, ND Main station 38 15 3
Supplementary station 38 17 1004

17 Pinedale, WY Main station 56 35 97
Supplementary station 56 35 101

18 New York, NY Main station 36 81 120
Supplementary station 36 29 5

19 Phoenix, AZ Main station 4 13 9997
Supplementary station 4 13 2001

20 San Francisco, CA Main station 6 75 5
Supplementary station 6 77 1002

21 Colstrip, MT Main station 30 87 1
Supplementary station 30 93 5

22 Seattle, WA Main station 53 33 80
Supplementary station 53 33 37
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Table B.2. Summary of selected stations for outdoor NOx (for UFP estimates) from AQS.

UFP

Location Selected stations State code
County

code Site ID

1 Albuquerque, NM Main station 35 1 23
Supplementary station 35 45 1005

2 Atlanta, GA Main station 13 89 2
Supplementary station 13 223 3

3 Birmingham, AL Main station N/A N/A N/A
4 Riverside, CA Main station 6 65 1003

Supplementary station 6 65 9001
Supplementary station 6 65 12
Supplementary station 6 65 5001
Supplementary station 6 65 8001

5 Philadelphia, PA Main station 34 7 2
Supplementary station 34 41 7
Supplementary station 34 13 3

6 Boston, MA Main station 25 25 42
Supplementary station 25 25 2

7 St. Louis, MO Main station 29 510 86
Supplementary station 29 95 34

8 Chicago, IL Main station 17 31 76
Supplementary station 17 31 4201

9 Pittsburgh, PA Main station 42 3 8
Supplementary station 42 3 10

10 Denver, CO Main station 8 31 2
Supplementary station 8 57 3
Supplementary station 8 67 1004

11 Detroit, MI Main station 26 163 19
Supplementary station 26 163 93

12 Blaine, MN Main station 27 3 1002
Supplementary station 27 37 20

13 Houston, TX Main station 48 201 1035
Supplementary station 48 201 1050

14 Los Angeles, CA Main station 6 37 1302
Supplementary station 6 37 1201
Supplementary station 6 37 1701
Supplementary station 6 37 1103
Supplementary station 6 37 9033

15 Miami, FL Main station 12 86 4002
Supplementary station 12 86 27

16 Bismarck, ND Main station 38 15 3
Supplementary station 38 17 1004

17 Pinedale, WY Main station 56 35 97
Supplementary station 56 35 101
Supplementary station 56 35 99

18 New York, NY Main station 36 81 124
Supplementary station 36 33 7003

19 Phoenix, AZ Main station 4 13 9997
Supplementary station 4 19 1028

20 San Francisco, CA Main station 6 75 5
Supplementary station 6 77 1002

21 Colstrip, MT Main station 30 87 1
Supplementary station 30 83 1
Supplementary station 30 31 17
Supplementary station 30 27 6

22 Seattle, WA Main station N/A N/A N/A
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Appendix C: Sensitivity to fundamental input
parameters: Simplified infiltration factor modeling

We used only the simplified annual average model to evaluate
the sensitivity of our results to fundamental input parameters
of P, β, λ, η, f, and λHVAC using the simplified model. Ta-
ble C1 shows the range of input parameters selected for each
home type and vintage, including PM2.5 and UFP penetra-
tion factors (Pi), deposition loss rate constants (β i), HVAC
filter removal efficiency (η), air exchange rate (λ), HVAC sys-
tem runtime (f), and recirculation rate (λHVAC). The range of
values was selected from a wide variety of literature sources
and the midpoint between minimum and maximum values
was used as the base reference point to individually test the
sensitivity of changing each parameter one at a time. There-
fore, results of this sensitivity analysis are presented relative to
these ranges; selection of different parameter ranges will yield
different magnitudes of sensitivity.

The sensitivity of time-averaged PM2.5 and UFP infiltration
factors to these ranges of input parameters was estimated
by calculating the change in infiltration factor (!Fi,inf) as a
function of the proportional change in input parameter (!Xi)
as shown in Equations S1 and S2.

!Xi =
xi − xi,midpoint

xi,midpoint
(C1)

!Fi,in f = Fi,in f,x − Fi,inf ,midpoint (C2)

where

xi: model input parameter values
xi,midpoint: midpoint value for model parameters
Fi,inf,x: PM2.5 and UFP infiltration factor for different values

of the model parameters (x)
Fi,inf,midpoint: PM2.5 and UFP infiltration factor for midpoint

values of the model parameters

Figures C1 and C2 show the resulting sensitivity of time-
averaged PM2.5 and UFP infiltration factors to changes in
these fundamental model parameters.

In old homes relying on infiltration alone, the greatest in-
fluence on modeled infiltration factors was the filter removal
efficiency. The air exchange rate had the second largest influ-
ence on PM2.5 infiltration factors, as the range of air exchange
rates used was large in these type of homes. The influence
of PM2.5 penetration factors increased for existing and new

homes in comparison to old homes. In new homes relying
on infiltration alone, the penetration factor had the greatest
influence on PM2.5 infiltration factors. In homes with mechan-
ical ventilation, both the PM2.5 penetration factor and filter
removal efficiency had the largest influences on PM2.5 infiltra-
tion factors. The influence of air exchange rates in new homes
with mechanical ventilation was noticeably lower than in new
homes relying on infiltration only, as the a continuous outdoor
air ventilation of 85 m3/hr provided in all ventilation scenar-
ios reduces the range of air exchange rates in new homes with
mechanical ventilation.

In old homes relying on infiltration alone, both filter re-
moval efficiency and air exchange rates had the great influence
on UFP infiltration factors. The influence of UFP penetration
factors was lower in old homes compared to other factors but
it increased for existing and new home scenarios, similar to
PM2.5. The influence of UFP deposition rate constants was
greater than were the PM2.5 deposition rate constants, as the
reported range of UFP deposition rate constants in the liter-
ature was higher than for PM2.5. In existing and new homes
relying on infiltration alone and in all new home ventilation
scenarios, the UFP deposition rate constant had the greatest
influence on UFP infiltration factors. The impact of filter re-
moval efficiency in the old homes relying on infiltration alone
was greatest relative to the other home vintage and ventilation
scenarios. The influence of air exchange rates on UFP infiltra-
tion factors was smaller in new homes with ventilation system
compared to homes relying on infiltration alone, similar to the
PM2.5 estimates.

Together, the results demonstrate that PM2.5 penetration
factor and UFP deposition loss rate constants are predicted
to have the greatest influence on PM2.5 and UFP infiltra-
tion factors in existing and new homes (both relying on in-
filtration alone and mechanical ventilation), respectively, but
their influence is smaller compared to other factors in the
old homes relying on infiltration only. HVAC filter removal
efficiency has the second greatest influence on both PM2.5
and UFP infiltration factors in almost all home vintage and
mechanical ventilation scenarios. We should note that our
sensitivity analysis is greatly influenced by the range of val-
ues considered for each parameter, which highlights the im-
portance of selecting a robust and reasonable range for each
factor in these types of analyses. Moreover, these data demon-
strate the fundamental influencing factors for PM2.5 and UFP
infiltration factors and can help prioritize data collection
needs for improving input parameters for future modeling
efforts.
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Table C1. Range of each input parameter used in sensitivity analysis.

Parameter Unit Old Existing
New infiltration

only
New with
ventilation Reference

PM2.5 penetration factor — 0.70–1.00 0.40–0.70 0.11–0.40 0.11–0.40 Williams et al. (2003)
UFP penetration factor — 0.52–0.70 0.34–0.52 0.17-0.34 0.17-0.34 Stephens and Siegel

(2012)
PM2.5 deposition rate hr–1 0.10–0.80 0.10–0.80 0.10–0.80 0.10–0.80 Williams et al. (2003)
UFP deposition rate hr–1 0.20–1.60 0.20–1.60 0.20–1.60 0.20–1.60 Wallace et al. (2013)
PM2.5 removal efficiency % 1.4–99.7 1.4–99.7 1.4–99.7 1.4–99.7 Azimi et al. (2014)
UFP removal efficiency % 7.6–99.4 7.6–99.4 7.6–99.4 7.6–99.4 Azimi et al. (2014)
AER hr–1 0.32–1.07 0.18–0.52 0.09–0.18 0.23–0.28 Modeled with

EnergyPlus
HVAC system runtime — 0.14–0.47 0.05–0.28 0.08–0.33 0.09–0.38 Modeled with

EnergyPlus
HVAC recirculation rate hr–1 3.7–7.41 2.22–7.41 1.48–5.93 1.48–5.93 Modeled with

EnergyPlus

Fig. C1. Sensitivity of time-averaged PM2.5 infiltration factors to changes in input parameters.
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Fig. C2. Sensitivity of time-averaged UFP infiltration factors to changes in input parameters.


