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Building design and operational choices that impact indoor
exposures to outdoor particulate matter inside residences

BRENT STEPHENS*

Department of Civil, Architectural and Environmental Engineering, Illinois Institute of Technology, 3201 S. Dearborn Street,
Alumni Memorial Hall Room 228, Chicago, IL 60616, USA

Much of human exposure to particles of outdoor origin often occurs inside homes where we spend most of our time. This work
(1) reviews existing literature on the important parameters governing the infiltration and persistence of particles of outdoor origin
in residences, (2) re-analyzes portions of data from recent experimental investigations of submicron particle infiltration and central
HVAC system operation in single-family homes, and (3) combines these data to highlight particularly stark differences in particle
infiltration factors and human exposures to submicron particles of outdoor origin that are driven by building envelope design, filter
choice, and HVAC system design and operation (with an additional focus on data from one low-energy home). Results reveal that
envelope design and construction, HVAC filter selection, and HVAC system operation can lead to variations in infiltration factors
for submicron particles ranging by a factor of 60 or more from the most protective homes to the least protective homes. Moreover,
an additional experiment performed in the most protective low-energy home (when relying on infiltration for ventilation air) was
also responsible for the highest amount of outdoor particle infiltration when tested again while using an energy recovery ventilator
connected to an outdoor air supply for ventilation air, suggesting that residential mechanical ventilation systems can adversely

influence outdoor particle infiltration if improperly installed.

Introduction

Elevated outdoor airborne particulate matter concentra-
tions, including PM, s, PMy, and ultrafine particles (UFPs,
<100 nm in size), have been consistently associated with in-
creased risks of a number of adverse health effects (e.g., Pent-
tinen et al. 2001; Pope et al. 2002; von Klot et al. 2002; Pope
and Dockery 2006; Miller et al. 2007; Stolzel et al. 2007; We-
ichenthal et al. 2007; Brook et al. 2010). These associations
are typically made in large epidemiological studies using out-
door measurements; however, because particles can infiltrate
and persist indoors (e.g., Long et al. 2001a; Thatcher et al.
2003; Zhu et al. 2005; Chen and Zhao 2011; Chen et al. 2012),
where Americans spend the majority of their time (Klepeis
et al. 2001), much of their exposure to particles of outdoor
origin often occurs inside buildings, particularly in residences
(Allen et al. 2004; Meng et al. 2005a, 2009; Bhangar et al.
2011; Kearney et al. 2011). Relying on ambient measurements
alone can therefore result in exposure misclassification for a
large portion of the population (Meng et al. 2005b; Baxter
et al. 2010, 2013b; Hodas et al. 2013).
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Several recent studies have attempted to address this ex-
posure misclassification by exploring variability in particle
infiltration factors (Fj,s being the indoor—outdoor [I/O] con-
centration ratio in the absence of indoor sources) of PM; 5
and UFPs measured in homes (Allen et al. 2012; Hodas et al.
2012; MacNeill et al. 2012, 2014; Baxter et al. 2013a). How-
ever, knowledge of the source and removal mechanisms of
particulate matter of outdoor origin inside residential build-
ings is not yet complete. Of particular importance is how fun-
damental mechanisms governing Fj,r vary between buildings
and how design and operational choices affect the magnitude
of these parameters, including design and operational choices
in low-energy buildings. This article expands upon a recent
conference publication at ASHRAE IAQ 2013 Environmental
Health in Low Energy Buildings (Stephens 2013) by (1) review-
ing existing literature on the important parameters governing
the infiltration and persistence of particles of outdoor origin
in residences, (2) re-analyzing portions of data from recent
experimental investigations of submicron particle infiltration
and central HVAC system operation in single-family homes,
and (3) combining these data to highlight particularly stark
differences in particle infiltration factors and human expo-
sures to submicron particles of outdoor origin that are driven
by building envelope design, filter choice, and HVAC system
design and operation (with an additional focus on particu-
larly relevant data from one net-zero energy capable home).
The goal of this work is to improve understanding of the ex-
posure implications associated with these parameters for the
HVAC design and engineering community.
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Literature review

Indoor particulate matter: 1/ O ratios and key source and
removal mechanisms

I/0 concentration ratios of several sizes and classes of partic-
ulate matter have been measured in a wide variety of buildings
worldwide. These measurements have revealed that 1/0 ratios
of particles of a variety of sizes can vary over a large range:
from ~0.02 to over 30 (Chen and Zhao 2011 and references
therein). In the absence of indoor sources, measured 1/0 ra-
tios (), which vary with particle size, have been shown to
range from less than 0.1 to ~1.0 (Allen et al. 2012; Chen and
Zhao 2011; and references therein). Infiltration factors may be
particularly important to measure and predict accurately be-
cause some evidence suggests that particles of outdoor origin
may be more detrimental to human health than many indoor-
generated particles (Ebelt et al. 2005; Koenig et al. 2005),
although there is also some evidence to the contrary, such as
Long et al. (2001b).

Figure 1 presents a simplified schematic of the fate and
transport of particles of outdoor origin inside a typical single-
family residence with a 100% recirculating central HVAC sys-
tem, absent any indoor sources and ignoring other potential
indoor fate and transport mechanisms (e.g., particle resuspen-
sion, coagulation, or phase changes). In the absence of indoor
sources, occupants are exposed to particulate matter of out-
door origin only after penetrating the building envelope via
air exchange and overcoming any indoor losses due to depo-
sition to surfaces (Thatcher and Layton 1995; Thatcher 2002;
He et al. 2005), filters installed in operating central HVAC sys-
tems (Offermann et al. 1992; Hanley et al. 1994; Howard-Reed
et al. 2003; Wallace et al. 2004), exfiltration by air exchange
(Abt et al. 2000) or dedicated exhaust fans (Singer et al. 2011),
and standalone air filtration (Offermann et al. 1985), which
is not depicted in Figure 1 but is treated similarly to HVAC
removal.

Considering the simplified indoor volume of the space in
Figure 1 to be a well-mixed reactor in the absence of indoor
sources, the dynamic indoor concentration of airborne parti-
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Fig. 1. Simplified model of the fate and transport of particles in
buildings in the absence of indoor sources.
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cles of outdoor origin (Cj,) is described in Equation 1.

dCi, N avac O nvac
= PACous — LCiy — kCin -
dt ! / v

Cinﬂ (1)

where ¢ is time (h), P is the penetration factor of the building
envelope for the particle size in question (dimensionless, rang-
ing from 0 to 1), A is the air exchange rate (AER; h'!), C,,,
is the outdoor particle concentration (# m> or ug m>), k is
the first-order indoor particle deposition loss rate coefficient
(h™Y), ngyacis the particle removal efficiency of the HVAC sys-
tem and filter combined (or similarly, a standalone portable
air cleaner; dimensionless, ranging from 0 to 1), Qgy4c is the
airflow rate through the HVAC system and filter (m*h!), V' is
the volume of the building (m?), and f is the fractional opera-
tion time of the HVAC system (dimensionless, ranging from 0
to 1). Additionally, Qgy4c/V is described as the recirculation
rate (Agyuc, h''), with the same units as the AER (). The
time-averaged 1/0 particle concentration ratio, or infiltration
factor, is described in Equation 2:

Cip o P _ P
inf = )\(_i_k_’_‘f‘nllVA(‘VQlfVAC - A+k+ anVAC)\HVAC’

2

where all parameters represent mean values taken over the
averaging period.

Characterizing these individual particle source and removal
mechanisms in actual buildings can be quite challenging. The
current state of knowledge of typical values of these influential
parameters in residences (as well as some similar small com-
mercial buildings) is summarized in the next sections. These
parameters include general characteristics, such as HVAC sys-
tem airflow rates (Quyuc), recirculation rates (Agy4c), opera-
tion times (f), and AERs (1), as well as particle size-resolved
characteristics, such as indoor particle loss rates (k) and par-
ticle penetration factors (P).

Airflow rates and recirculation rates (Qyyc and Lyyyc)

HVAC equipment manufacturers typically recommend that
airflow rates in single-family residences systems be between
169 and 193 m*® h'!'/kW of nominal capacity (350-400
cfm/ton), although a wide range of airflow rates have been
measured in field installations, from less than 100 m3 h™!/kW
to greater than 230 m® h™!/kW (Parker et al. 1997; Proctor
1997; Stephens et al. 2011). Low airflow rates can have signif-
icant impacts on comfort and energy use by reducing cooling
capacities, altering sensible heat ratios, and causing systems
to operate longer. Additionally, the recirculation rate is an im-
portant parameter in determining the effectiveness of in-duct
particle removal technologies because the product of filter ef-
ficiency, recirculation rate, and fractional operation time can
be compared directly to other loss mechanisms, including air
exchange and indoor deposition rates. Recirculation rates can
also be used to calculate clean air delivery rates (CADRS),
which are widely used to characterize air cleaner performance
(e.g., Offermann et al. 1985; Maclntosh et al. 2008; War-
ing et al. 2008). Typical recirculation rates in central HVAC
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systems range from 4 to 8 h~! when operating, not accounting
for average system operational fractions (Stephens et al. 2011).

Fractional HVAC operation times (f)

While airflow rates and recirculation rates through HVAC
systems are important, central residential HVAC systems in
the United States typically only cycle on to meet the heating
or cooling load of a building, and the frequency of system
operation affects both energy and indoor air quality (IAQ).
However, there is a lack of information in the literature about
how often systems operate to meet heating and cooling loads
in real environments. Previous IAQ investigations have tradi-
tionally either assumed values for fractional operation times
(Thornburg et al. 2001; Klepeis and Nazaroff 2006; Waring
and Siegel 2008) or estimated them from building energy mod-
els (Maclntosh et al. 2010). James et al. (1997) reported aver-
age fractional operation times of only 8%—14% for correctly
sized air-conditioning systems in Florida homes in the sum-
mer. Thornburg et al. (2004) reported mean (£SD) HVAC
system operational fractions of only 6% =+ 5% in homes in
North Carolina and 21% =+ 11% in homes in Florida. It was
not clear whether these low values of fractional operation
times were adequate in duration to meaningfully decrease in-
door particle concentrations. More recently, Stephens et al.
(2011) reported mean hourly operational fractions ranging
from 10.7% to 55.3% in homes and small commercial build-
ings in Texas during the cooling season, with an overall mean
of 20.6%.

AER (%)

Residential buildings in the United States are seldom mechan-
ically ventilated and typically rely on infiltration of outdoor
air through unintentional openings and cracks in the building
envelope to provide air exchange, although this is changing
with increasing adoption of ASHRAE Standard 62.2 and its
requirements for mechanical ventilation systems (ASHRAE
2013). Regardless, AERSs, or the rate at which indoor air is
replaced by outdoor air, have competing effects on energy
consumption and TAQ. High AERs introduce more uncondi-
tioned outdoor air that may require more energy to heat or
cool a space, but if outdoor air is clean relative to indoor air,
greater amounts of outdoor air can dilute indoor pollutant
concentrations. Conversely, lower AERs diminish the impor-
tance of outdoor pollutants but increase the importance of
indoor sources as dilution times are increased.

AERs have been measured in thousands of buildings world-
wide and have been shown to vary widely across build-
ings as well as temporally within individual buildings. Mur-
ray and Burmaster (1995) reported a geometric mean (GM)
AER of 0.52 h'! measured across nearly 3000 homes in
the United States. Wallace et al. (2002) measured AERs
in a single occupied townhouse for 1 year and demon-
strated that AERs were impacted by window openings, ex-
haust fan operation, I/0 temperature differences, and wind
speed and direction. More recently, Offermann (2009) re-
ported a median AER of 0.26 h™!' in 108 new homes in Cal-
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ifornia, and Persily et al. (2010) estimated the national aver-
age AER (resulting from infiltration) for single-family homes
in the United States to be 0.44 h™!, increasing with age of
construction.

Indoor particle loss rates excluding AER (k +
SOuvacnuvac/ V)

Indoor particle loss rates (excluding AERs) vary widely by
particle size and are impacted primarily by building charac-
teristics (e.g., surface areas, surface roughness, and indoor
airspeeds) and HVAC operation, including ductwork and fil-
ters (Lai and Nazaroff, 2000; Lai, 2002; Riley et al., 2002;
Thatcher, 2002; He et al., 2005; Wallace et al., 2013). For
example, Howard-Reed et al. (2003) measured particle loss
rates inside a townhouse with the central HVAC system off
and found average deposition rates to range from 0.3 h™! for
0.3-0.5 um particles to 5 h™! for particles greater than 10 pm.
Operating a central recirculating HVAC system, even without
a filter installed, doubled deposition rates for particles less
than 5 um in diameter, suggesting that deposition to duct-
work is a significant removal mechanism, which later labora-
tory work confirmed (Sippola and Nazaroff, 2004). Similarly,
Wallace et al. (2004) measured deposition rates of a wider
range of particle sizes in the same house and found that the
use of the central HVAC fan both without a filter installed and
with a standard low-efficiency furnace filter installed increased
deposition rates relative to conditions with the HVAC system
off by 0.1-0.5 h™!. Installing a higher-efficiency filter increased
indoor loss rates by up to 2 h™! for most particle sizes (except
those in the 0.1-0.5 um size range, which are not substantially
reduced by any removal forces, e.g., Brownian motion, grav-
itational settling, impaction, or interception). Most recently,
Wallace et al. (2013) reported that combined deposition rates
+ filtration removal rates (if a filter was present) for PM; s
ranged from ~0 to ~7.3 h'! (median of ~0.7 h") and ranged
from ~0 to ~8.6 h™! (median of ~0.9 h'!) for UFPs across 74
homes in Edmonton, Canada.

Although it is clear that HVAC systems, ducts, and partic-
ularly filters can have a substantial impact on particle removal
rates in indoor environments, central HVAC filters are typ-
ically only tested in laboratory settings (Hanley et al. 1994;
ASHRAE 2007). ASHRAE Standard 52.2 is the most widely
used filter test methodology in the United States. The stan-
dard requires filters to be tested over a range of simulated dust
loading conditions in a test duct in a laboratory. A minimum
efficiency reporting value (MERV) is assigned by averaging the
minimum efficiency values across four particle sizes in each of
three size bins (0.3-1.0, 1.0-3.0, and 3.0-10 «m). However, the
test method involves particle concentrations, particle composi-
tions, airflow rates, pressure drops, temperature, and humidity
levels that are almost certain to be different from those the fil-
ter will encounter when installed in a real system, which raises
questions about how HVAC filters actually perform in real
buildings. For example, Standard 52.2 relies on dry, spherical
KCl particles for which the characteristics (e.g., density, shape,
and composition) may not reflect typical outdoor-infiltrated
aerosols. Additionally, airflow and pressure drop relationships
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are more complex in residential systems with permanent split
capacitor (PSC) blowers, which can yield face velocities that
are different from test conditions.

The in situ performance of filters and other HVAC compo-
nents that may remove particles has been field tested using two
primary methods: (1) by measuring concentrations upstream
and downstream of the filter or component in question (Bur-
roughs and Kinzer 1998; Fugler et al. 2000; Jamriska et al.
2000; ASHRAE 2008) or (2) by measuring the difference in
overall particle loss rates in an indoor environment with and
without a filter installed (Offermann et al. 1992; Howard-
Reed et al. 2003;Wallace et al. 2004; MaclIntosh et al. 2008;
Stephens and Siegel 2012b, 2013). The first field method in-
volves measuring filter efficiency by comparing upstream and
downstream concentrations and is a relatively quick procedure
to perform that can isolate the impact of the filter alone, or can
be extended to other sections of the HVAC system to measure
the removal efficiency of other components. The second field
method, which involves measuring the differences in overall
particle loss rates in an environment with and without a fil-
ter installed, is also referred to as a “whole-house” method.
Whole-house methods can be used to quantify the effects of
HVAC filters on particle decay rates in an environment, and
the difference in decay rates between multiple filter conditions
can be used to calculate CADRSs or filter removal efficiencies
(if the airflow rate through the HVAC system is known).

Particle penetration factors (P)

In buildings that rely on infiltration for ventilation air, which
represent the majority of residential buildings in the United
States, outdoor particles can transport indoors via leaks
within the building envelope when windows are closed. The
process is dependent on several factors, including the geome-
try of openings, I/0 pressure differences, the amount of air-
flow through openings, AERs, and particle size (e.g., Liu and
Nazaroff 2001, 2003; Rim et al. 2010). Previous investigations
of the penetration of outdoor airborne particulate matter have
generally occurred in four forms, including (1) modeling ef-
forts (Liu and Nazaroff 2001); (2) laboratory measurements
of building envelope structures (Mosley et al. 2001; Liu and
Nazaroff 2003); (3) measurement of infiltration factors dur-
ing periods free of indoor sources (e.g., Fogh et al. 1997; Abt
et al. 2000; Bennett and Koutrakis 2006; McAuley et al. 2010;
Bhangar et al. 2011), which are sometimes coupled with mod-
els to estimate penetration factors from measured data (e.g.,
Ozkaynak et al. 1996; Long et al. 2001a; Vette et al. 2001;
Lunden et al. 2003; Williams et al. 2003; Zhu et al. 2005); and
(4) specific particle penetration methods designed to isolate
both indoor loss rates and penetration factors (Thatcher and
Layton 1995; Chao et al. 2003; Thatcher et al. 2003; Rim et al.
2010; Stephens and Siegel 2012b).

Of those that measured I/0 concentrations ratios during
periods free of indoor sources and later estimated penetra-
tion factors from the data, Long et al. (2001a) reported that
the penetration factor of 0.02-10-um particles in nine homes
ranged from ~0.2 to >0.9 and depended on particle size, sea-
son, and home characteristics. Vette et al. (2001) reported that
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penetration factors ranged from ~0.5 to 0.9 for 0.01-2.5-um
particles at a single occupied residence using nighttime data
assumed to be collected during source-free periods. Williams
etal. (2003) analyzed I/0O particulate matter data (PM; 5 mass)
from 37 residences and reported a mean (+£SD) penetration
factor of 0.72 + 0.21 across all homes but with consider-
able variability across individual homes (ranging from 0.11 to
1.0). Zhu et al. (2005) reported relatively constant penetration
factors of ~0.5 for 0.02-0.2-um particles at four apartments
with declining average penetration factors for smaller parti-
cles, down to <0.2 for particles smaller than 0.01 um. Open
windows can have a large influence on these estimates of pen-
etration factors, but this work focuses on envelope properties
alone to isolate the influence of particle transport only through
infiltration.

Specific particle penetration tests (i.e., those that performed
targeted experiments to explicitly quantify indoor loss rates
and envelope penetration factors using time-varying mea-
surements) have been conducted in a very limited number of
homes worldwide (Chen and Zhao 2011). Thatcher and Lay-
ton (1995) measured penetration factors of approximately 1.0
for all particle sizes investigated (0.3-25+ um) in one home.
Chao et al. (2003) estimated mean (+=SD) penetration factors
in six high-rise apartments to be ~0.6 £+ 0.3 for 20-1000 nm
particles, ~0.7 + 0.2 for 0.5-2.5-um particles, and ~0.5 +
0.3 for 2.6-10-um particles. Thatcher et al. (2003) measured
penetration factors in two homes ranging from ~1 for 0.1-um
particles to ~0.3 for 10-pum particles; importantly, particles of
all sizes penetrated more efficiently into the leakier of the two
homes (envelope air leakage was measured by standardized
fan pressurization tests). Rim et al. (2010) measured pene-
tration factors of UFPs at an unoccupied test house during
two conditions: (1) closed windows and (2) with a window
open approximately 7.5 cm. The penetration factor increased
from ~0.2 for 0.01-um particles to an asymptote of ~0.6 for
0.03-0.1-pum particles with closed windows and ranged from
0.6 to 0.8 across all particle sizes with the window open.

Most recently, Stephens and Siegel (2012a) refined a particle
penetration test method, applied it in an unoccupied manu-
factured test house and 18 single-family homes in Austin, TX,
and explored correlations between measured particle penetra-
tion parameters and building characteristics, including results
from blower door tests. The mean (+SD) measured pene-
tration factor of submicron particles (20-1000 nm, not size
resolved) was 0.47 £ 0.15 in 19 residences that relied on in-
filtration for ventilation air, ranging from 0.17 4 0.03 to 0.72
+ 0.08. Particle penetration factors (P) and outdoor particle
source terms (P x AER) were both significantly and posi-
tively correlated with results from blower door air leakage
tests. Outdoor particle source terms were also significantly
and negatively correlated with the year of construction. These
results suggested that occupants of leakier and older homes
are exposed to higher indoor concentrations of outdoor sub-
micron particles than those in tighter and newer homes, and
that simple air leakage tests or knowledge of the year of con-
struction may be able to provide an approximate prediction
of outdoor particle infiltration into single-family residences.
Additionally, experimental results from just one of the homes
in Stephens and Siegel (2012a) measured during periods when
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an energy recovery ventilator (ERV) was operating offers par-
ticularly helpful insights into the impacts of building design
and operational choices that influence indoor exposures to
outdoor particulate matter, particularly in low-energy homes.

Re-analysis of Texas field study data and modeling
exposure implications

Experimental results from Stephens and Siegel (2012a) were
revisited and combined with other recent data for the pur-
poses of this work to highlight particularly stark differences
in particle infiltration factors and human exposures to partic-
ulate matter that are driven by building envelope design, filter
choice, and HVAC system design and operation (with an addi-
tional focus on particularly relevant data from one low-energy
home). Additional summaries of measured penetration fac-
tors, AERs, and indoor loss rates beyond what was presented
in the original article are first provided. Subsequently, results
from that study are combined with results from several oth-
ers to provide an estimate of the range of impacts that the
aforementioned building design and operational choices can
have on indoor exposures to submicron particles of outdoor
origin. Finally, a case study of one of the sample homes from
Stephens and Siegel (2012a)—a new, net-zero energy capa-
ble model home—is used to highlight the impact of building
design and operation on the infiltration and persistence of
outdoor particulate matter, particularly in regards to the use
of a mechanical outdoor air supply (OAS) connected to an
operating ERV unit.

Outdoor particle infiltration rates

Figure 2 shows submicron particle penetration factors (P)
measured in each of the 19 homes relying on infiltration for
ventilation air in Stephens and Siegel (2012a) plotted versus
AERs measured during the typically 2-4-h test procedure.
AERs ranged from 0.13 to 0.95 h™! (with a mean of 0.39 h'!),
and estimates of penetration factors ranged from 0.17 to 0.72
(with a mean of 0.47). Penetration factors and AERs were cor-
related (Spearman’s rho = 0.54, p < 0.02) in these homes, sug-
gesting that during the test periods, homes with lower AERs
also typically filtered more particles from outdoor air than
homes with higher AERs. Importantly, several of these homes
align within two distinct regimes of outdoor particle infiltra-
tion rates or combinations of both P and AER. In the bottom
left corner of Figure 2, eight homes were classified as having
both low AERs and low penetration factors for submicron
particles (i.e., P and AER were both below their respective
median values in this sample of homes). Conversely, in the
top right corner of Figure 2, four homes were classified as
having both high AERs and high penetration factors (i.e., P
and AER were both above their median values in this sample).
The remaining homes were grouped within these bounds, with
most having higher penetration factors and lower AERs, albeit
with two homes having lower penetration factors with higher
AERs. However, it should be noted that AERs are not only
a function of envelope airtightness but of infiltration driving
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Fig. 2. Penetration factors (P) for submicron particles and AERs
measured in the 19 single-family homes relying on natural infil-
tration for ventilation air in Stephens and Siegel (2012a).

forces, such as indoor/outdoor temperature differences, wind
speeds and directions, leakage sites, and site shielding, which
were not explored in detail herein.

Interestingly, because both particle penetration factors and
AERs were correlated, the product of the two (P x AER, or
the outdoor particle source term in Equation 2) varied even
more widely among only these 19 homes than P and AER did
individually. Figure 3 shows outdoor particle source terms
with a lognormal distribution fit to the data. Values of out-
door particle infiltration rates (P x AER) ranged from as little
as 0.02 h'! in the tightest, newest home to as much as 0.62 h™!
in one of the leakiest and oldest homes in the relatively small
sample of residences. The data also fit a lognormal distribu-
tion relatively well, witha GM of 0.16 h™! (geometric standard
deviation [GSD] = 2.33). Although most of the homes had
somewhat similar outdoor particle source terms (from 0.1 to
0.2 h'"), the tails of the distribution were quite long, and out-
door particle source terms varied by a factor of ~30 from the
most protective home to the least protective home. These data
suggest that building envelope characteristics can have a large
impact on indoor exposures to outdoor particles.

Indoor particle loss rates (excluding AER)

Figure 4 shows indoor particle loss rates that were measured
in homes in Stephens and Siegel (2012a). These values com-
bine both particle deposition rate coefficients (k) and HVAC
system and filter removal rates (Qpyycnavac/ V), with HVAC
systems operating 100% of the time during the test periods (f
= 100%), and exclude AER to isolate the impacts of filtration
and other indoor characteristics apart from envelope airtight-
ness. Figure 4a shows mean (£SD) total particle loss rates
measured in the homes split by three distinct ranges of HVAC
filtration that were identified in the homes (from MERV <5 to
MERV 11 or higher). Filters were identified visually in each
home and MERV classifications were either reported by the
manufacturers or identified visually based on knowledge of
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Fig. 3. Probability density function of outdoor submicron particle
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0.16 h"! and GSD = 2.33.

typical residential HVAC filtration products.Figure 4b shows
the same particle loss rates fit with a lognormal distribution.
Values of indoor particle loss rates excluding AER (i.e., k
+ Onvacnavac/ V) ranged from as little as 0.31 h™! in a home
with a very low-efficiency filter installed (MERV <5) to as
much as 3.24 h™! in a home with a relatively high-efficiency
filter installed (MERV 12). The data also fit a lognormal dis-
tribution relatively well, with a GM of ~1.0 h! and a broad
distribution (GSD = 1.85). These data suggest that indoor
particle loss rates with the HVAC system operating varied by
a factor of ~10 from the most protective to the least protec-
tive home in this sense, which is a large variation in a relatively
small sample of homes. These data also suggest that simple
knowledge of the type of HVAC filtration used in a home may
be sufficient to further group indoor particle loss rates in a

MERV <5: 0.92 + 0.46 hr! a)
MERV 6-8: 1.09 + 0.60 hr'
MERV 11+:2.32 £ 1.03 hr!

Indoor loss rate, hr

[y

Low-MERV Mid-MERV High-MERV
n=>5 n=9 n=3
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home and that filter choice can have a large impact on indoor
exposures to particles of outdoor origin.

HVAC system runtimes

Although long-term HVAC system runtimes were not mea-
sured in all of the homes in Figure 4, a few of the homes were
used in a previous study of both residential and very simi-
lar small commercial buildings (many of which were homes
converted to offices) in Austin, TX. These systems were mon-
itored as part of ASHRAE Research Project 1299 (Stephens
et al. 2010a, 2010b). Measurements included power draws of
air handling unit fans and outdoor compressor units at 10-
sec intervals once per month in each building during the long
cooling season in Austin, TX. These data were used to con-
struct profiles of hourly HVAC operation, which were then
summarized and reported in Stephens et al. (2011). Mean
hourly HVAC operation fractions from each building in this
study are shown in Figure 5.

Even in the long cooling season in Austin, TX, the median
of the long-term average fractional HVAC system operational
times of these systems was only ~21%, although this value
ranged from as little as 10.7% to as high as 55.3%, depending
on a wide range of factors including thermostat set-points, oc-
cupancy density and schedules, HVAC system performance,
building envelope details, duct leakage fractions, and other
parameters. If central HVAC filters are relied upon to remove
particles from recirculated air, these data suggest that even
within this small sample of fewer than 20 buildings in a cli-
mate that has high cooling energy requirements, HVAC system
operational fractions can easily vary by a factor of ~5 from
the highest frequency operation to the lowest frequency op-
eration. The variation would likely be larger across a wider
number of homes.

Implications for human exposure to submicron particles

These ranges of recently measured parameters were com-
bined to highlight particularly stark differences in particle
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‘@
=
@
T 04
oy
E
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Fig. 4. Summary of indoor submicron particle loss rates (excluding AER) measured in Stephens and Siegel (2012a). a. Split by
identified MERV classification of HVAC filters installed in the homes. b. Lognormal distribution of loss rates was observed, ranging
approximately one order of magnitude from minimum to maximum with GM = 1.0 h™! and GSD = 1.85.
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Fig. 5. Mean hourly HVAC operation times of 17 residential
and light commercial buildings during the long cooling season
in Austin, TX. Sites 1-8 are residences, and sites 9-17 are small
commercial buildings (many of which were converted residences).

infiltration factors (and thus human exposures, given con-
stant time—activity patterns across homes) to submicron par-
ticles of outdoor origin that are driven by the combination of
building envelope design and construction, filter choice, and
HVAC system operation. Three hypothetical homes were con-
structed: (1) a lower bound exposure, or “most protective,”
home; (2) a typical “median-exposure” home; and (3) an up-
per bound exposure, or “least protective,” home. The most
protective, lower exposure home is a home that would have
the lowest outdoor particle source term (P x AER) from the
aforementioned study (Stephens and Siegel 2012a), combined
with the highest total indoor loss rate (k + nQ/ V') and highest
fractional HVAC operation time (f) summarized in previous
sections (i.e., a tight home with a high-efficiency filter and an
HVAC system that operates much of the time). Conversely, the
least protective high-exposure home would have the outdoor
particle infiltration rate, the lowest indoor particle loss rate,
and the lowest fractional HVAC operation time (i.e., a leaky
home with a low-efficiency filter and an HVAC system that
does not operate very often). Finally, the median-exposure
home would have the median values of each parameter. Esti-
mates of the long-term average submicron particle infiltration
factor (Fjy) for these three hypothetical homes are made using
Equation 2 and shown in Table 1.

Using this simple analysis, the most protective home would
likely have a submicron particle infiltration factor (Fj,) of ap-
proximately 0.01 (indoor concentrations are only 1% of out-
door concentrations). Conversely, the least protective home
would likely have a submicron particle infiltration factor of
approximately 0.63, or about 60 times higher than the least
protective home. The median home would likely have a long-
term Fj,, of approximately 0.27 (about half that of the least
protective home and ~25 times higher than the most protec-
tive home). While there may be large uncertainties in these

9

Table 1. Hypothetical homes ranging from most to least protective
for indoor concentrations of outdoor submicron particles.

Lower bound, Upper bound,
most protective ~ Median least protective
Outdoor particle 0.02 0.16 0.62
source term, P
x AER (1/h)
AER (1/h) 0.13 0.39 0.95
Indoor loss rate, 3.24 1.00 0.31
k+nQ/V
(1/h)
Fractional 55.3% 21.0% 10.7%
HVAC
operation, f
1/0 submicron 0.01 0.27 0.63
PM ratio (Fiy)

estimates limited to the number of homes from which data
are drawn and likely variations in deposition rates and system
runtimes across different homes in different climates, they are
still instructive for demonstrating the large variations in in-
door concentrations of outdoor particles that can be found
inside residences.

These ranges of estimates for submicron infiltration fac-
tors are reasonably in line with other recent field measure-
ments. For example, Kearney et al. (2011) measured values of
F;,s for submicron particles in more than 40 homes in Wind-
sor, Ontario, ranging from ~0.03 to ~0.9 with a median of
~0.19-0.27, depending on season and estimation method.
Similarly, Bhangar et al. (2011) estimated values of Fj,, for
submicron particles from ~0.1 to ~0.5 in seven homes in Cal-
ifornia. A more complex size-resolved modeling effort has also
recently been conducted (a major limitation of Stephens and
Siegel [2012a] was the lack of size-resolved measurements),
which has yielded similar bounds in ultrafine and submicron
particle infiltration factors (El Orch et al. 2014). Taken to-
gether, these results demonstrate the impacts that the com-
bined effects of building envelope penetration factor, AERs,
indoor loss rates, HVAC filter selection, and HVAC system de-
sign and operation can have on indoor exposures to particles
of outdoor origin.

A cautionary tale: Net-zero energy home

Finally, Figure 6 further demonstrates the influence that
HVAC system design and operation can have on indoor expo-
sures to outdoor particles. In one home measured and reported
in Stephens and Siegel (2012a), particle penetration factors,
AERs, and indoor loss rates were measured twice: once while
relying only on infiltration for ventilation air, as already re-
ported, and once with an ERV unit operating (data not yet
shown). This very airtight home actually had the lowest P and
lowest AER measured while relying on infiltration alone; thus,
it had the most protective envelope in the study. However, Fig-
ure 6 shows the ratio of indoor particle concentrations to out-
door particle concentrations measured during the test periods
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Fig. 6. I/0 submicron particle concentration ratio measured at 1-min intervals in a new net-zero energy capable home. a. During
operation with an ERV unit providing dedicated OAS. b. With the ERV + OAS unit unplugged and blocked.

for both days of testing in this home, along with a mathemati-
cal model using the estimated parameters of indoor loss rates
and particle penetration factors to fit those concentration ra-
tios. Figure 6a shows data for the day of testing with the ERV
unit operating normally, intentionally supplying outdoor air
to the indoor space through a dedicated outdoor air supply
(OAS) duct installed in the return plenum. Figure 6b shows
data from the day of testing with the ERV unit unplugged and
the OAS duct opening in the return plenum taped to prevent
outdoor air delivery (this is the most protective infiltration
condition).

With the ERV and OAS operating normally, the AER was
approximately 0.51 h™!. Because of the dedicated OAS, the
outdoor submicron particle penetration factor was approx-
imately 0.78, which actually became the highest measured
value in this sample of homes. Upon closer inspection, it
was found that the OAS duct opened into the return plenum
downstream of the HVAC filter (which was installed at one
of the interior return grilles). Thus the ERV and OAS duct-
work provided no more than ~22% + 9% of filtration effi-
ciency of outdoor particles. Manufacturer’s literature for the
ERV mentions the use of a pre-filter in the unit, which ob-
viously has relatively low removal efficiency for submicron
particles.

As previously shown, when the OAS was intentionally
taped in the return plenum and the ERV was unplugged from
the electrical outlet, the AER was only 0.13 h™! and the result-
ing penetration factor was only 0.17 (a 61% reduction from
the day of testing with an ERV operating). For both days
of testing, the HVAC filter and indoor loss rates were sim-
ilar, with total indoor particle loss rates of 0.61 h™! on day
1 and 0.55 h™! on day 2. The resulting time-averaged submi-
cron particle infiltration factors for the 2 days were approxi-
mately 0.40 and 0.09. Thus, occupants would be exposed to
over four times as much outdoor particulate matter while in-
side this otherwise very tight home with the OAS + ERV
unit operating compared to when it is not supplying essen-
tially unfiltered outdoor air. These results suggest that cau-

tion should be used when designing and installing residential
mechanical ventilation systems, as they too can have a large
impact on indoor exposures to outdoor particles if improperly
installed.

Conclusions

Recent measurements of outdoor particle infiltration and per-
sistence in homes has revealed that a few key building design
and operational choices can have a substantial impact on in-
door exposures to outdoor particles. These parameters include
building envelope design and construction, HVAC filter selec-
tion, and HVAC system operation. However, results from this
work are limited to a relatively small sample of buildings, and
more experimental work should be conducted in a larger num-
ber and variety of homes to accurately measure these param-
eters for other particle sizes and constituents known to have
adverse health implications. These fundamental drivers of in-
filtration factors are important to capture accurately across a
wider number of homes and operational conditions to improve
the ability to accurately predict exposures for epidemiology
studies and to inform the general public on effective measures
to reduce their indoor exposures to outdoor particulate matter.
This work also suggests the need for guidelines and commis-
sioning for the installation of residential ventilation systems to
avoid inadvertent increases in human exposure to outdoor air
pollution due to improper or inadequate installation of these
systems.
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