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Abstract

Exposure tdine particulate matter (Pp4) is a major contributor tthe global human

disease burderhe indoor environment is of particular importance when considering the

healtheffects associated with Pyexposures because people spend the majority of their

time indoors and®M, s exposures per unitassemittedindoorsare two to three orders of
magnitudedarger thaexposures to outdoor emissioNariability in indoor PM, s intake
fraction (iFi, tota1), Which is defined as the integrateaimulativeintake ofPM, s per unit
of emissionjs driven by a combination of buildingpecific,hnumanspecific,and
pollutantspecific factorsDue to dimited availabilityof data characterizing these
factors; however, indoor emissions and intake op P&e notcommonly considered
when evaluating the environmental performance of product life cyigs.theaim of
addressing this barriea, literature review was conductadd dataharacterizing factors
influeneingiF};, ..., Werecompiled. In addition to providing data for the calculation of
iFin totd1 IPVarious indoor environmenghdfor a range geographic regiorisis paper
discussegemaininglimitations to thencorporation of PMs-derived health impacts into

life cycle assessmenamd makes recommendations regardutgre research.

Practical 'mplications

This papereviews and summarizes the factors that influendeorinhalation intake
fraction of fine particulate mattewith a focus on primary particle emissions indodrs.
provides valuable data for the calculation of indoor inhalation intake fradcti@range
of indoerenvironments and contributes to the effort to incorpétistes-derived health
impactsiintorlife cycle assessment

Key words: fine particulate mattgiPM, s), human exposure, indoor amfake fraction
life cycle impact assessment (LClAJentilation
I ntroduction

Human exposurto fine particulate matter (PM) is a major contributor to
disease burden ongdobal scale (WHO, 2002, 2013 he indoor environment is a
particularly important venue for exposure to Pecause people spend the majority of
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their time indoorgKlepeis et al., 2001Phillips and Moya, 2014 and references therein).
Further,due to the lesser degree of dilutiohemical transformation, artispersionas
well as thehigher density of occupants indoors, exposures per unit massgfePitted
indoorsare two to three orders of magnitude lardp@n exposures temissiongo the
outdoor.environment (Smith, 1988; Lai et al., 2000; Klepeis and Nazaroff, 2006; llacqua
et al., 2007; Nazaroff, 2008). In order to fullgsess the impacts asgted with all
emission'sourcesf PM, s and to evaluate the life cycle environmental performance of
productstand systems (e.g., energy and transport systems, food products and production
systems, and consumer products), there is a need for the incorporationf PM
exposuresqand the associated health effects into Life Cycle Impact Assessments (LCIA),
with a specific need for theonsideration of the impacts related to indoor exposures to
PM_ semitted or formed indoors.

Due to current fnitations in data availability amdodeling tools that
systematically combine indoor and outdoor intakes from indoor and outdoor sasrces,
well aschallenges in consistently linking indoor and outdoor intakes to exposure-
response;indoor sources and related intake afsflké currently not considered in
produetzrelated assessments (Humbert et al., 2015). To integrate indoor suarsesh
assasment frameworks, thereaseed for (1) the identification of factors contributing
substantially to variability in Pl exposure andnexamination of the value of
accounting for this variability when assessingRKealth impacts, (2) the aggregation
and evaluation of modeling tools and data available for assessing human exposure to
PM, s, and«(3) a thorougassessmermf the availability of exposureesponsdunctions
(ERFs) and the appropriateness of ERF shape (e.qg., linear, non-linear, presence of
threshold) for avariety of health outcomes (Fantke et al., 20¥&}h the aim of
addressinghesebarriersand the lack of a standardized methodology to estimate
exposures.and health effects, thated Nations Environment ProgramniéNEP)-
Society.for Environmental Toxicology and Chemist®ETAQ) Life Cycle Initiative
formed atask forcto provideguidance for the assessmenPdil, s exposures and
associated health effects (Jollieaé, 2014; Fantke et al., 2015). Under the framework of
this task brce and th input from an international teaaf expertsthis paperconstitutes
a first step toward incorporating indoor Rdexposures into LCIA bgharactering the
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factors thadrive variability in the inhalation intake fraction of Riderived from indoor
sources

Inhalation intake fractioiF), which is defined as the ratio of mass of a pollutant
inhaled by a exposedumanpopulation to the total masssociated witla given source
(Bemett.et.al., 2002), provides a well-suited metric by wiicbonsider PMs impacts
in the context of LCIAAS an exposure metrid; integratessomponents that are key to
such'assessments: (1) it describes setgceptor relationships in a manner that allows
for direct'compesons across emission soureesl(2) it can readily be related to
potential toxicity in terms of specific health outcomes when exposure-respons
relationships are known (Bennett et al., 2002; llacqua et al., 2007; Nazaroff, 2008; Fantke
et al., 20b)¢Table 1 illustrates the contributioosPM, s derived from indoosources
(Sn) and outdoosourcegSyt) to indoor intake, outdoor intake, total intake, and the
intake fraction of PMs. As is descied in detail below, this paper reviews the major
factors.nfluencing the inhalation intak@action of PM s derived from indoor sources
(TabledsypEquation)1 Examples of common indoor sources of Rjihclude cooking,
household-and office appliances, smoking, cleaning, candles, and heating appliances or
stovesAdditional efforts are currentlunderway within the UNEBETAC LCIA
framework to characterize the other aspects of fiMake and intake fraction shown in
Table 1.

Indoor inhalationntake fraction {Fi, tota1) describes the total inhalation intadde
PM_ s (in"kg)per unitmassemitted indoors (in kg). Two components contribute to
iFin total (T@ble 1, Equationd): (1) the fraction of PMs emitted or formed indoors that is
taken in via inhalation indoorsi,,_,;,) and (2) the fraction of Pk emitted or formed
indoors thats transported outdoors and taken in via inhalation outdggs, {,¢)-
Howeverplecause PMsof indoor origin experiences a greater degree of dispersion and
dilutionsfellewing transport outdoors and outdoor population density is lower than
indoorsiiF; ot IS typically three orders of magnitude smaller thgg.,;, (Smith,
1988; Laietal., 2000; Klepeis and Nazaroff, 2006; llacqua et al., 2007; Nazaroff, 2008;
Humbert et al., 2011). Thus, in calculationsff tota1, iFin-out CaN be considered
negligible compared tiF;,_;,- AS a result, this papéocuses orcharacterimg the major

factors contributing to variability itF;,,,;,, as this terndominatesFy, ¢oa. While not
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the main focus, we also note the importance of interactions between pollutaatdar
and indoor origin and the influence of outdoor RMources on cumulative indoor intake
(Tablel, Equatior2) andbriefly discuss the current state of knowledge regarding these
aspects

Nazaroff (2008) dividethe factors influencing variability iiF;,_,;, for primary
particlesinto three categories: (1) factors related to building characteristics (e.g.,
ventilation; airflow, and mixing rates), (2) factors related to occupant characteristics and
behaviorgeyg., inhalationrates and occupancy/activity patterns), and (3) pollutant
dynamics (e.gfirst order removal processes and sorptive interactions).stindy noted
the need for, a “richly constituted tool kit to effectively comprehend theraysté¢he
human health risk associated with products and processes in indoor environments.”
Humbert etal. (2011) provided an initial set of parameters characterizing two archetypal
indoor environments (residences within the United States [U.S.] and mechanicall
ventilated offices)Herein, weexpand on that effort by developing an inventory of
parameters (i.ea “tool kit”) to (1) address each of tliactorsinfluencingiF;, i,
discussed'by Nazaroff (2008) af®) allow for the characterization of multiple archetypal
indoor-environmentée.g., residences, offices, schools, etmyering a broad range of

geographic scales.

M ethods

For each category of factors influenciitf,_,;, (building, occupantand pollutant
factors),sub-groups with expertise in that specifield were created withian indoorair
task force. Literature searches conducted by eaclyrawipwere obtained fromiVeb of
ScienceyGoogle Scholar, and/or SCOPUS with search terms representing sources of
variability related to the abowescribed ca&gories (e.g.;air exchange rate

measurements,” “building ventilation,” “commercial building ventilation rates,”
“inhalation rates,” “indoor particle deposition,” “indoor particle emission rates,” etc.).
When available, review papers were preferentialgaed to be included in this review
due to its multidimensional focus. Collectederences were then reviewed and compiled
to provide an inventory of data-sources (ggerreviewed scientific articleand

reports) and data regarding edattorinfluencingif;,_;,. Weincluded key papers (i.e.,
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those with the most sound experimental/modeling practices, those that provide the
greatest breadth of data, and those that allow for consideration of a range of@xposur
scenarios)n the present reviewnd provide data from those papierghe supprting
information(Sl). In general, the data compiled include summary statistics (i.e., mean,
standard.deviatiorygeometric mean, geometstandard deviation, percentiles, minimum,
and maximum values) from individual studies conducted under a variety of expatiment
conditionsand for a range of geographic locations. Where possible, data are categorize
by country/geographic region and specific conditions in order to allow for the selection of
data most releant to an exposusgcenario of interesEach factor contributing to

variabilitymiF;,_;, is discussed in an individual section below.

Building Factors

Building-specific factors influencingf;,_,;, include building volume and
ventilation(Table 1Equations 1 an@). Building ventilation is a key parameter in
estimatingiFy, i, as it drives théransport, dispersion, and dilution of Ryemitted
indoors. Indoor ventilation is driven ltgree processes: (1) leakage through cracks in the
building shelland walls(infiltration/exfiltration), (2) airflow through open windows and
doors(natural ventilation), and (3) mechanical ventilation (i.e., flow driven by fangs; Cha
et al., 2005; US EPA, 2011). Infiltration/exfiltration and natural ventilagi@driven by
pressure-gradients that exist across the building ererelog to indoor-outdoor
temperature differences and wind (US EPA, 20MBchanical ventilation systems range
between exhausor supplyonly systems (e.g., bathroom and kitchen exhaust
fans/hoods), balanced supply and exhaust systems, localized unitaryZsinglsystems,
and central/integrated systems (Sippola and Nazaroff, 2002; Brelih and Seppéanen, 2011;
Litiu, 2012).,Building ventilation is typically quantified as whddadding/whole-zone air
exchange ratg?\ERs)[h™] or, as is commorfior non+esidentiakommerciabuildings
volumeétric flow rate normalized by building occupancy, volume, or floor ared [L s
persoft, L §* m®, L s* m?] (Persily, 2015). In the following paraaphs, we review the
body of literature focused on characterizing these building properties and processes in

range of building archetypes.
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Residential Buildings

Residential ventilation rates have been most heavily studied in Europe (Hanninen
et al., 2011; Dimitroulopoulou, 2012 and references therein; Asikainen et al., 2013; Orru
et al., 2014) and North America (Figure 1a) (Clark et al., 2010; Persily et al., 2810; U
EPA, 2011 and references therein; Chen et al., 2012; MacNeil et al., 2012EPOtdh
et al., 2014; Bari et al., 2014, Breen et al., 2014; Persily, 2015). While more limited in
theirfnumber and scope, some studies have also been carried out in New Zealand (McNeil
et al., 2012); Asia (Baek et al. 1997; Williams and Eunice, 2013; Huang et al., 2014; Park
et al., 2014;'Li and Li, 2015; Shi et al., 2Q1Africa, and South America (Williams and
Eunice;#2023 and references therein) (Figure 1a). In addition to those studying the
housingrsteck in broad geographic regions, some studies have focused on homes with
specific characteristics (e.g., new hormesergyefficient homeslow-income/public
housing; Zota et al., 2005; US EPA, 2011)imAited numberof studies have
characterizedentilation in homes in developing countries (Williams and Eunice, 2013,
L'Orangeret al., 2015, and references ther@tigure 1a)The use of solid fuels for
cooking'and heating, particularly in developing countigaleading indoor air quality
isste on,a global scale, with approximately 4.3 million premature deaths annually
attributed to related pollutant exposuresviv.WHO.int/indoorair/eij As a result, such
measurement®r homes in developing countriase very important to the effort to
incorp@atethe impacts of indoor Ph exposures into L@&.

Thewabovedescribed body of work illustrates that there is spatial variability in
residentialwventilation with climate, building construction characteristics, home age,
heating, ventilation, and air oditioning (HVAC) system configurations, ventilation
standards and regulations, and residence type (i.e., detached, single family homes,
apartmentsjFigure 2a) Temporal heterogeneity in ventilation rates results from
variability.in'meteorological conddns and human behaviors such as window opening
and meehanical ventilation system usage. The compilation of data characterizing homes
over a broad range of geographic scales, housing types, seasons, and meteorological
conditions is needed because the peves of different ventilation systems varies
strongly across these factors. For examfileRsin 100% of both apartments and
detached homes in Bulgaria are driven by infiltration and natural ventilatiomeQher
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hand, 48% of detached homes in Finlaagte mechanical ventilation systems. This
proportionincreases$o 72% when considering apartments (Litiu, 2012). To aid in the
selection of representative ventilation parameters when calcul&ging,, the

ventilaion rates and air exchange rdtda povided here are categorized by country,
home type;. season, and ventilation system where the avalkthlallow for this (Figure

la andSl). Studies characterizing windespening behavior and/or mechanical
ventilation"system usage and runtime (e.g., Iwashita and Akasaka, 1997; Chao, 2001,
Wallaceetal., 2002; Johnson and Long, 2005; US EPA, 2011; Fabi et al., 2012; Marr et
al., 2012; Breen et al., 2014; El Orch et al., 2014; Gorenzenski et al., 2014; Levie et al.,
2014; Persily, 2015; Stephens, 2015) provide needed information for accounting for
temporal and spatial variability in ventilatiaonditions.

Figure 2a summarizes available residential air excheatgdata, with detailed
data provided in the SFor all residential AER measurements combinezlpbserved a
median,value of 0.50h(95% confidence intervgCI] = 0.08, 8.2 H) (Figure 2a), which
is slightly-higher than the recommended median value of 0*46rthomes in thé).S.
provided inithe Environmental Protection Agency Exposure Factors Handbook (US EPA
EFH)(US EPA, 2011). This difference can likely be attributed, at least in panr t
inclusion ofa small number measurements frbigh AER homes in developing
countriesas well as differences in home characteristics and ventilation systems across
nations\While treated as single distribution above for the purpose of comparison
againstithesrecommended value in the US EPA E&sidential AERs are likely best
characteized by a bimodal distribution. This is evidenced by differences in the median
AER values for homes in developed and developingitms: median (95% CI) 8.48
(0.08 2.26 h* and 14.1 (2.0, 61.0yhrespectively.

Many. of the studies described abovevimich air exchange and ventilation are
measured.also provide data regarding the volume/floor area of the homes stupiesl (Fi
1f). It isdmportant to note that homes included are not necessarily statistically
representative of the housing stock and this influences estimates of both home volume
and ventilation. Population-level data describogne characteristiasanalsotypically
be gathered from census and housing survey databases (e.g., the American Census,

American Housing Survey, Eurostat, and Census Indejommended values for

This article is protected by copyright. All rights reserved



256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286

various housing and building characteristicsadseavailable in reports summarizing
exposure factors in several countries (US EPA, 2011, Phillips and Moya, 2014 and
references thereinj\vailable measurements of residahtolumes illustrate their high
variability, both within and across nations, with values ranging from 1446 ni
(median[95% Cl] = 247 [41, 971] ) (seeSI). The mediamesidential volume for the
studies,considered in this work is lower than themeuended value provided in the US
EPA'EFH 92 ) (US EPA, 2011), likely illustrating differences in residential volumes

across‘regions of the world.

Non-Residential Buildings

Ventilation measurements have been conducted in a range ofsidantial
buildings, including retail stores (US EPA, 2011; Zaatari et al., 2014 and refsrenc
therein; Dutton et al., 2015), schools, kindergartens, and daycare centers (Coley and
Beisteiner, 2002; Wargocki et al., 2002; Emmerich and Crum, 2006; Mi et al., 20Q@6; Li e
al., 2007;Guo et al., 2008; Santamouris et al., 2008; Brehlih and Seppanen, 2011;
Sundelletial., 2011; Aelenei et al., 2013; Canha et al., 2013) offices (Persily and Gorfai
2004;"Bimitroupoulou and Bartzis, 2013), fitness facilities (Zaatari et al., 20i4), ja
(Seppanen et al., 1999; Li et al., 2007), and healthcare facilities, hospitals, and nursing
homes (Wargocki et al., 2002, Li et al., 2007 and references th&8amjnary statistics
of more than 700 measurements from 17 studies, for example, have been compiled for
retail facilities, bars/restaurants, healthcare facilities, fithess facilities, offices, and
schoolsy(zaatari et al., 20148s is true for residential ventilation rates, measurements in
non-residential buildings are more heavily focused in North America and Europe, with a
smaller number of studies also conducted in Asia (Figure la)résidentiaAERsare
summarized, in Figure 2a, with more detailed information (e.g., categorized byguildi
type) provided in the SI. We observed a median AER for non-residential buildings of 1.5
h* (95%€1'= 0.29, 9.1°H.

The. abovedescribed studies again demonstrate geographic variability i
ventilationsystem characteristics and the prevalence of mechanically and naturally
ventilatedbuildings, as well as temponrgriability in ventilation with meteorological
conditions, window opening, and HVAC-system operation. For example, 100% of

This article is protected by copyright. All rights reserved



287 schools and kindergartens are naturally ventilated in Italy, while only 5% and 28% of
288 kindergartens and schools are naturally ventilated in Finland (Litiu, 2012). Sippola and
289 Nazaroff (2002) note that singine HVAC systems are common in smaller commercial
290 buildings with floor areas on the order of 156 mhile central systems dominate in

291 larger buildings (>1000 finsuch as malls, university buildings, theaters, and retail

292 centers.

293 A'small number of studies discuss window-opening and H\éj§temuse

294  behaviofin'commercial/nofresidential buildings (e.g., Fabi et al., 2012; Roetzel et al.,
295 2010; Ramaos and Stephens, 2014; D'Oca and Hong, 2014; Li et al., 2015; Stephens,
296 2015).Fwerrecent studies (Bennett et @012; Chan et al., 2014) conducted detailed
297 measurements of AERs and ventilation rates in thirty seven commercial buildings and
298 nineteen retail stores, respectively, and proveledmary statistics for variomiilding

299 types (e.g.grocery stores, hardware stores, restaurants, healthcare facilitigsidicd

300 assembly spaces) and for varying ventilation conditions (e.g., with doors opeth/close
301 with andwithout mechanical ventilation systems in use).

302 As'was true for the residential ventilation studies, many of the above-described
303 studiessprovide information regarding the characteristics of the buildingsdstudie

304 including building volume and/or floor area; however, again, these values arelyypical
305 not statistically representative of the full range of non-residential builddafy.SThe

306 Building Assessment Survey and Evaluation (BASE) Study provides measurements of
307 building7and occupiegpace size for 100 randomly seledi@gjeoffice buildings in the

308 U.S. (Persily and Gorfain, 2004). US EPA (2011) is also a valuable resource for summary
309 statistics of viumedata for buildings with a wideange of uses and sizes (e.g.,

310 warehouses, shopping malls, schools, and healthaeititiés).As a result of the range of
311 building.uses, commercial building volumes display a large degree of variability, ranging
312 from 408.t0.849,505 rh(median[95% CI] =3,398 [461, 192,554] th(see SI).

313

314 Inter- and.ntra-Zonal Airflowsand Mixing

315 Inter-zonal and intraonalairflow and localscale mixing(i.e., ®nvective and

316 advective mixing on intraonal scalescan be of importanc@ both residential and non-
317 residential indoor environmentspecificallywhen considering differences in exposures
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andiF;,_;, for building occupants with varyinggximitiesto sources of interest
(Drescher et al., 1995; Nazaroff, 2008easurements of intezonaland intra-zonal

flows are limited In addition, thesélows vary within and across buildings and depend on
multiple factors including door opening, ventilation conditions, home layout, and
temperature gradien(Klepeis,2004; McGrath et al., 2014)hus, selecting a
representative value or sampling from a distribution of measured values vididatoay
iF;,5in 1SN0t straightforwardAs a result, such flowtypically must be modeled for an
exposure scenario of interest

Commonly used modefsr the estimation of intezonal flowsinclude COMIS
(Feustel, 2998) and CONTAM (Walton and Dols, 2010). AER and inter-zonal flows
predicted with CONTAM and/or COMIS have been evaluated against measurements
conducted in more thaen countries and for a variety of building typEsnfneich, 2001
and references therein; Haas et al., 2002; Emmerich et al), P@94dils regarding the
required. inputs and use of these models are available in their respective users’ manuals
(Feustel;72998; Walton and Dols, 2010).

Computational fluid dynamics (CFDas been used to explicitly model airflow and
turbulence on smaller, withiroom scales (e.g. Gadgil et al., 2003; Zhang and Chen,
2007;Zhao et al., 2007, 2008ragmatically, multzone and zonal modeling methods
can be combined by nesting an intra-zonal model within an zotest model (Stewart
and Ren, 2003, 2006; Wang and Chen, 2007), so that a specific room of interest (e.g. the
room with*a,PM s source) can be divided into several srzalhes, while other rooms
within thessame home/building are treated as larger;wkkd zones.

Alternatively, Bennett and Furtaw (2004) provide an estimate of a towgom
air exchange rate distribution (mean =3 boefficient of variation = 0.30) based on
measurements conducted under varying ventilation conditions within a single house. Du
et al., (2012) characterized overall and seasgmtific interzonal airflows between
living areas and bedrooms in 126 homes in Detroit, Ml as the percentage of room-
specificairexchange attributable to air entering from another zone. Along the same lines,
Hellweg et al. (2009) suggest ranges of values for within-zone mixing factors (0.1 to 1.0)
and inter-zonal air exchange rates (3 to 30mim). These are exaptes of midway

approachsbetween the typical single, watlixed compartment assumption and more
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complex approaches based®@iRD. Understanding the influence of smalkaale flows
oniFj,_;, IS an important area of futuresearch, with a rateefficient representing the
airflow between zones (including the near-person zone and the rest of an indoor

environment) being a resulting metric of interest for use in LCIA

Human-Exposur e Factors
Inhalation Rate

Inhalation intake fraction is directly related to thkalation rat€IR) of the
subjects,orpopulation of intere3taple 1, Equation 1). Inhalation rates vary within and
across individuals with multiple factors including age, sex, body weight, and féndss
activity levels(Figure 2b)US EPA, 201). Studies quantifyin¢gR are largely based on
relationships between oxygen uptake and consumption, metabolism, and energy
expenditure’(US EPA, 2011). Using various methods to quantify energy expenditure and
oxygen consumption, multiple studies haweasiredIR for broad, representative
populationsi(e.g., US EPA, 2011 and references therein; Richardson and Stantec, 2013;
Jang et al., 2014a), while others have focused on specific populations of interest (US
EPA, 20I1.and references therein). Recommended vallBdmfthe general population
categorizedsby age, gender, and activity level are available far.$¢US EPA, 2011),
Canada (Richardson and Stantec, 2013), and KBrgare 1b)Jang et al., 2014a). As is
discussed-below, materials are avagatol allow for the estimation oR for populations
for which such measurements have not been conducted. Specific populations of interest
for whichIR studies have been conducted include children, adults and children with
asthma, and pregnant and lactating adult and adolescent women (US EPA, 2011). Such
studies.allew for the considerationiéf,_,;, for susceptible populations or during
specific periods of susceptibility.

Inhalationrates are commonly reported as ldagn (n? day?), or shortierm (n?
min?)fates The latter allow for distinguishing differences Rarising from different
levels ofactivity. When assessing chronic exposures, lemmlRs can be utilized to
characterizéF;,_;,; however, shortermIRs are needed when consideringiz
exposures or exposures associated with a particular agtigitywhere the emission is

represented by a pulse rather than a continuous term).t8haitks are generally
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categorized by age, sex, and intensity of activity (e.g., resting/nappitegtagy, and
light, modeate, and high intensity; Adams993; US EPA, 2011). Some studies are as
specific as to provide activitievelspecific, shostermIRs for activities conducted in the
indoor environment (US EPA, 2011).

Inserder to use shotermIRsin estimates ofF;,,_,;,, information regarding the
fraction,of time spent at various activity levels is needed. As is discussed in more detalil
below,time=activity patterns have been documented for populations from a wide range of
geographicregions (e.g., Klepies et al., 2001; Statistics Canada, 2011; Jang et al., 2014b;
ExpoFacts [http://expofacts.jrc.ec.europa.efilfstralian Centredr Human Health Risk
Assessmen?019 (Figure 1b). US EPA (2011) also provides agecific estimates of
time spentiat various levels of activity intensiijie populations for which shotgrmIRs
have been quantified are limited (US EPA, 2011; Jang et al., 20lAt8-attivity
datasets can be combineith available shortermIR to predictlR distributions for
populations for which such measurements are not availatleever, it must be
acknowledged that there is greater uncertainty in these v8emesitivity analyses may
be valuable‘for evaluatintpe influence of this uncertainty if;,_,;,. Several exposure
factorreports detail population demographics and physiological conditions, which ca
then be“used to generate population-specific long- and &ortR distributions from
available measements (Phillips and Moya, 2014 and references therein). Figure 2b
summarizes the results of kHy studies, withdetaileddata provided in th&l. Overall,
averagdRstor children, adults, and all age groups for the data gathered here ahg slight
higher than‘that provided in the US EPA EFH (0.97, 1.20, and 09 xrersus 0.81,

1.04, and 0.92 irh'). Median values (and 95% CI) of the data provided hereitRor

for children, adults, and all age groups are 0.55 (0.17, 3.40), 0.70 (0.26, 4.47), and 0.66
(0.22, 4.23.m° h*, respectively.

Time-Activity Patterns

Inraddition to serving as a predictor of activity intensity Hydime-activity data
provide valuable information regarding the time spent indoors and in various indoor
locations. For a given subjetihe cumulative intake d?M, s is a function of the time
spent by that subject in various microenvironments (e.g., indoor locations) and tpe PM

concentratia profileshe or she is exposed to in each of those microenvironments. Thus,
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the characterization of activity patterns is crucial to estimafing;,. Studies

characterizing timeactivity patterns generally utilize diaries in whighepresentative

sample of individuals from the general population record their activities ®40a48

hour period. The Center for Time Use Study at the University of Oxford provides a
database.of timactivity diary studies for approximately 100 countries in Africaiai
Australia, Europe, North America, and South America (Fisher and Tucker, Pii8).
frommultiplé nations are harmonized to allow for comparison across countries. |

addition to'references and links for the studies, where available, this databadesprov
important information such as temporal scale of the study, sampling ancbdattion
methodolegy, sample size, and response rates. Some studies provide broader information
that is usefal for long-term exposure studies (e.g., total time spent indoors aisgpeimie

in the residencerigures 1and 2c), while others provide more detailed data, including

time spent in various types of indoor environments (e.g., home, school, retail stores, etc.)
time spent in different rooms within a residence, and time spent engaged in activities of
relevanceto specific PM emissions sources (e.gleaning, cooking; Schweizer et al.,

2007; Zhao'et al., 2009; US EPA, 2011; Jang et al., 2014b; Matz et al., 2014). Such
studiesshave demonstrated that tiawdivity paterns vary with age, gender, location of
resdence (e.g., urban versus rural), and various demographic and socioeconomic factors.
Time-activity data are generally categorized by these factors and, thus, actiwmpgatt

can be estimated for a population of interest when demographic information is known.
For theW'Sy,the Consolidated Human Activity Database (CHAD;
http://mwwwsepa.gov/heasd/chad.html) brings together data from various stuslignge

in several thousand daily diaries that can be usexioseire simulation studies. The
advantage of CHAD over other timgse databases is that it is developed specifically for
exposure.studies and certain parameters, such as time spent in indoor microenvironments
canbe more easily distinguishethe Stochagt Human Exposure and Dose Simulation
(SHEDS) Model (Burke et al., 2001), for exampd@nulates a population representative

of the study. populations, as well as their activity patterns, by sampling from inpu

demographic data and CHAD.
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440

441  Occupancy

442 Also key to determiningF;,,_,;, is knowledge regarding the total number of

443 people occupying a space influenced by indoor P®Mmissions (Nazaroff, 2008). Higher
444  occupaney.means a larger number of people in proximity to indoor sources and, thus,
445  higher populationF;,_,;,. Several studies provide information regarding household size
446 and"composition, which can be utilized to estimate residart@lpancy in calculations
447  of iF;,5;, (Figure 1f).TheU.S. CensuBureau (USCB)for example, provides

448 informationregarding the number and percentage of homes with household sizes ranging
449 from one person to seven or more depps well as demographic dalscribing

450 househelds of varying sizes (USCB, 2010; Vespa et al., 2013). Similar information is
451 available fortle European Unio(EU) and individual EU nations from Eurostat (2014).
452 Bongaarts et al. (200presentedhousehold size and compaosition for the developing
453 countries based on surveys conducted in fintgenations in the 1990s, but notes that
454  househeoldsize dynamics can change with increased urbanization and industrialization,
455 trending toward smaller household sizes (i.e., trending toward the nuclear faindy).
456 study‘previded data regarding household size and the demogchphécteristicef

457 homesoccuants for four regions: Asia, Latin America, Near East/North Africa, afd Su
458 Saharan AfricdseeSl). Drivers of within and betweemation/region variability are

459 discussed and include level of development (e.g., gross national product) and eesidenc
460 urban yersus rural areas. The United Nations Demographic Yearbook is a valuable
461 referencesfor identifying and locating household occupancy and characteristic data
462 collected through national censuses (United Nations, 2013). Faesmiential

463 buildings, US EPA (2011) provides distributions of employee numbers for commercial
464 Dbuildings.with a wide range of uses (SI).

465

466 Pollutant-Specific Factors

467 Coneentrations of P and related intakm a given indoor environment or zone
468 within an indoor environment depend on sowgnessions ratetS;), as well as the

469 removalmechanisms acting on the partic(kg) (Table 1, Equation 2). Such removal

470 mechanisminclude the ventilation and transport processes discussed above, particle
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deposition, filtration in HYACsystem filters and air cleaners, and, in some cases,
chemicaltransformationgphase changedlazaroff, 2004)AERsand ventilation rates

can be estintad using the data discussed above. In the following paragraphs, we discuss
the data and tools available to take into account other factors influencing indeer PM
concentrations aniF;,,_,;,, with a primaryfocus on PM s emitteddirectly from indoor

sources.

I ndoor"PM7%5 Emissions

Multiple studies have characterized total RMmissions from common indoor
sources and activities such as cooking, cleaning, smoking, use of various home and offic
applianeesycandles, incense, and insect repellent(E@lsre 1e)e.g.,Jetter et al.,
2002 Liu etal., 2003Lung and Hu, 2003Guo et al., 2004He et al., 2004Lee and
Wang, 2004; Afshari et al., 2008Ison and Burke, 20061e et al., 2007Evans et al.,
2008 See and Balasubramanian, 20drkmahalleh et al., 20)2Substantial variability
in PM,gemission rateRasbeen observed within aratross sourcggigures 2e- g). For
example, ‘edoking activities can lead to emission rates as higvasgmin™ (Olson and
Burke2006), while emissions fromimters were reported to (28 x 10 mgmin™ (He
et al.,.2007). He et al. (2004) obseda median emission rate f7 mgmin™for frying
food, while Olson and Burke (2006) reported a value of @nimg". Emissiorrates for
cooking, activities vary with the cooking method (e.qg., frying, grilling, bakwgh the
type ofdood,or oils used in the cooking process (He et al., 2004; Olson and Burke, 2006;
Torkmahalleh et al., 2012), and with stove type and the source of fuel (e.g., biomass,
coal, gas, electric) (S(etter and Kariher, 2009; Jetter et al., 20TBg importance of a
given source in terms of its contributionif§,_,;, varies with a variety of factors
including.the indoor environment under consideration, occugazivities and time of
day or,season. For example, in office environments, appliances (e.g., printers, copy
machines) may contribute substantially to indoor,Bdbncentrations, while cooking, a
major source in residential environments, is unlikely to be of importance. On tihe othe
hand, cleaning products are likely to be significantsesiof PM sin both office and

residential environments.
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Theinfluenceof specificPM, s source®n iF;,_,;, also variegeographically.
Solid fuel combustion, for examplis, aparticularlyimportant source of indoor P
emissionsn the developing world. As noted above, the effects of indoor exposures to
solid fuel combustion emissions are a major global environmental health concern
(www.wheint/indoorair/en). As a result, controlled laboratory studies and field
measurementsave been undertakendbaracterize Pl emissions from variess cook
stoves andfuel sourc@dabib et al., 2008; Edwards et al., 2@ references theréin
It is important to note, however, that there is evidence that emissions rates measured in a
laboratory setting diffefrom those in the field (Edwards et al., 2014) and future efforts
are more focused on characterizing emissions in actual household settings. In addition to
emissions, data regarding the percentage of housebsikg solid fuels and geographic
differences in fuel and stove use are availfdrestimatingiF;,_,;, associated with solid
fuel use Rehfuess et al., 200Bonjour et al., 2013;
www.who.int/indoorair/health_impacts/he_databaseiesSl).

Asis discussed in more detail below, particle lagss vary with particle size
and, thus,information regarding the size distributimingarticlesemittedfrom specific
sourcess, useful for calculatingF;,,_,;,. Recent work has provided patrticle size
distributions and/or size-resolvedissions rates for a range of common indoor activities
or sources including cooking (Li and Hopke, 1993; Abt et al., 2000; Long et al., 2000;
Wallace, et al., 2004; Hussein et al., 2006; Ogueli et al. 2006; Wallace, 2006), cleaning
(Kleemanet al., 1999; Abt et al., 2000; Long et al., 2000; Ogueli et al. 2006; Gehin et al.,
2008), candles, incense, and aroma lamps (Li and Hopke, 1993; Kleeman et al., 1999;
Husseln et al., 2006; Wallace, 2006; Gehin et al., 2008), smoking (Li and Hopke, 1993;
Nazaroff, 2004; Hussein et al., 2006;), cook-stove use in developing countries and
residential.wood combustion (Kleeman et al., 1999; Hays et al., 2003; Armémdez-
et al., 2010; Shen et al., 2011), fuel-combustion lamps and appliances (Wallace, 2006;
Apple etal., 2010), personal care products/appliances (e.g., hairspray, blow dryer)
(Hussein'et.al., 2006), and printers (Gehin et al., 2008; Wang et al.,S@pRens et al.,
2013).
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531 ParticleLosses: Deposition

532 Particledepositiondescribes all particle losses dgivby Brownian diffusion,

533 gravitational settling, interceptipand impaction. Brownian diffusion dominates patrticle
534 losses for particles with diameters smaller than about 0.1 um (ultrafine particles [UFP])

535 while forlarger particles, interception, impact, and gravitational settling are the

536 dominant loss processes (Finlaysgeitts and Pitts, 2000s a result, deposition loss rate
537  coefficientsgep [h™]) vary with particle size (Ozkaynak et al., 1997; Long et al., 2001;
538 Riley et al., 2002Nazaroff, 2004; Hering et al., 200 Wiultiple studies have measured
539 particlesize resolved values &f;., or indoorparticledecay rate (i.e., the sum of all

540 loss mechanismgg.g., Thatcher and Layton, 1995; Ozkaynak et al., 1997; Abt et al.,
541 2000; Long et al., 2001; Howard-Reed et al., 2003; Thatcher et al., 2003; Ferro et al.,
542 2004; He etial., 2005; Sarnat et al., 2006; Meng et al., 2007; Stephens and Siegel, 2013).
543 These studies have been conducted under a range of sampling and building ventilation
544  conditionsdn addition to their particle size dependenicg,, values vary with aitbw

545 conditions and indoor environmesurfaceto-volume ratios driven by the presence of

546 furnishings and carpetkdi, 2002 Thatcher et al., 200HowardReed et al., 2003;

547 Nazaroff;*2004). For example, Thatcher et al. (3@@&Monstrated thdt;.,, could vary

548 by as muech-as a factor of 2.6 acrdggerentsurfaceto-volume (i.e, room-furnishing)

549 scenarios and by as much as a factor of 2.4 avitlrent values of airflow spee@hang

550 etal. (2024) brings attention to the fact that variabiliti 4r}, to surfaces with varying

551 orientations (e.ghorizontal versus vertical surfaces) can influence indooyPM

552  concentrations and;,,_,;,. That study provides vertical- and horizordalface

553 deposition.rates for particles in two broad RMize classes.

554 Measurements conducted under various conditions have been combined and fit
555  with a polynomial regression that descriligs, as a function of particle siz&iley et

556 al., 2002 Nazaroff, 2004). This fit does not take into account variability with ventilation
557 conditions, room turbulence, surfatevolume ratios, or room surface orientations;

558 however, Hodas et al. (2014) found that indoor concentrations of ambiggtniddeled

559  usingkg.p values seleed with thisregressiorcurve were wetcorrelated with measured

560 indoor PMs El Orch et al. (2004combined measurement datarih multiple studies to
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predict particlesizeresolvedk,,, values, fit a curve describirig, as a function of

particle diameter, and developed a method to account for increased intloor speeds
when windows are open. Ihdse circumstances, valueskgf,, selected from curves
describing depositional loss rates as a function of particle sizeusirgg Monte Carlo
methodsteysample from a particle size distributoar) be multiplied by 1.7 for windows
open alargesamount and by 1.23 when windows are @pirall amount. In addition, a
small number of studigsave quantied deposition odecayrates for total PM, 5 (Figures
1d, 2d) (Ozkaynak et al., 1997; He et al., 2005; Olson and Burke, \2G0®ice et al.,
2013)."Such information can be useful in circumstances in which particle size tstribu

data aré not.available.

Particle Losses: Filtration

For-homes with HVAC systems, particle losses will also be related to HVAC
systemirecirculation ratesafilter remwal efficiencies. Several studies have measured
sizeresolvedparticlefiltration efficiencies for various filters commonly found in
residential and commercial HVAC systems (Hanley et al., 1994; Stephens et al., 2011,
Stephens.and Siegel, 2012b, 2013; Azimi et al., 2014). Stephens et al. (2011) also studied
reciredlation rates in residential and liggommercial HVAC system&l Orch et al.
(2014) extended this type of analysis to provide sees®lved filtration efficiencies for
five classifications of filters, as well as estimates of the prevalence of these filter
categoaries in homes. Waring and SiegeD@0and Stephens and Siegel (2013)
considered the influence of not only filtration, but also losses to heat exchangers and
ducts within HVAC systemsSimilarly, Sippola and Nazaroff (2002) reviewed studies of
particle depasition in HVAC system duc8&uchlosses are likely to be of particular
importaneesin schools and commercial buildirfgiration and fractional loss curves
generated-from such measurements have been used in many studies to estimate particle
removal efficiencies as a function of partisiee Riley et al., 2002Hodas et al., 2012,
2014).

HVAC-system air recirculation rates are also key parameters in

characterizing filtration ratesRecommended valudsr HVAC recirculation rates in
residencegEl Orch et al., 2014; Stephens et al., 2011; Stephens, 2015) and in non-
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592 residential buildings (Sumdl et al., 1994; Weschler et al., 1996; Zuraimi et al., 2007 and
593 references therein; Fadeyi et al., 2009) are available fiomtad number of studies.

594 Note also that the fraction of air that is recirculated in HVAC systems displays large
595 spatial variabity. Zuraimi et al. (2007), for example, state that 90% of air in conditioned
596 office buildings in the U.S. and Singapore is recirculated. In some countries (e.g.,

597 Denmark and Germany), however, all mechanical ventilation systems must bepsisgle
598 (i.e.)noairis recirculatedgimilarly, HVAC system runtimes directly govern whether or
599 not a system is in operation and filtering particles at a given point in time, but like

600 recirculationrates, measurements are limited (Thornburg et al., 2004; Steplans et

601 2011).

602 Themprevalence of central air and heating systems is commonly documented in
603 housing and energy surveys. US EPA (2011), for example, provides information

604 regarding the prevalence of central heating and cooling systems in residential and

605 commecial buildings. It is important to note, however, that the prevalence of central and
606 recirculating HVAC systems is highisariableboth within and across nations and

607 geographiefregions. The importance of collecting data regarding the heating and cooling
608 systems,(or lack thereof) present in households on a global scale has recently been
609 highlighted (United Nations, 2008).

610

611 Particle Resuspension

612 Thewresuspension of particles that have deposited on surfaces in indoor

613 environments can also influence indoor RMoncentrations and;,_,;, (Ferro et al.,

614 2004;Lioy, 2006,and references therein). While typically considered to be an important
615 determinant.of exposures to particles larger than > Ferro et al. (2004) found that

616 resuspension can result in the equivalent of af¥durce strength ranging from 0.03 to
617 0.5 mg.min% The prevalence and magnitude of resuspension are dependent on the
618 activitiesof building occupants, specifically cleaning (e.g., dusting, vacuuming) and
619 active movement (e.g., walking, dancing, playing) (Ferro et al., 2004; Lioy).ZDés,

620 the influence of resuspension i), _,;, is expected to vary temporally and spatially.

621
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Transformation: Phase Changes and Indoor Chemistry

Phase changes and chemical transformation can leaudtorizcreases and
decreases in indoor RMconcentrations. The partitioning sgmivolatile organic
compounds$VOC9 between the gas and particle phases, for example, is dependent on
indoorairtemperature and the availability of partiplease organic atter for sorption
(Pankow, 1994). Thus, the extent to which a given indoor source of SVOCs contributes
to iF;; Sipwill'depend on the fraction of emissiofniem that sourcéound in the particle
phase"which, in turn, is dependent on the conditions of the indoor environment (i.e.,
temperature, organic PMconcentrations)Examples ofiidoor sources of SVOCs that
displaysthissbehavior include environmental tobacco smitkee retardants, plasticizers,
and pesticidefLiang and Pankow, 1996; Gurunathetral., 1998 Bennett and Furtaw,
2004;Lioy, 2006;Weschler and Nazaroff, 2008 and references theiestimatingshifts
in partitioning requires knowledge regarding volatility and partitioning coeffisief
chemical species commonly found indoors, as well as the development of simplified
modelsitopredict SVOC patrtitioning in indoor air. This is an active areaesdnes
(Weschlersand Nazaroff, 2008, 2010; Weschler, 2011; Hodas and Turpin, 2014; Liu et
al., 2014); however, further work is needed to ahtarize semvolatile speciesf indoor
origin.before this process can be consistemitprporated into estimates ;-

The formation of secondary organic aerosols (SOA) from reactions between
oxidants and gas-phase compounds emitted indoors can also substantially influgace PM
concentrations and;,,_,;, (Weschler and Shields, 1999; Long et al., 2000; Wainman et
al., 2000;Weschler, 2006, 2011; Waring and Siegel, 2010, 2013; Waring et al., 2011,
Waring, 2014). Most work in this area has focused on reactions between terpenoids
emitted from, air fresheners, cleaning products, and scented personal care @ndiucts
ozone (Nazaroff and Weschler, 2004; Singer et al., 2006; Weschler, 2006; Waring et al.,
2011; Wesehler, 2011; Waring and Siegel, 2010, 2013). Such studies have demonstrated
that indeor SOA formation varies with multiple factors including the chemicals present in
indoor airrelative humidity, time of day, season, indoor ventilation conditions and
HVAC system use, indoor surface area amdlase materials, and geographic location
(Waring and Siegel, 2010; Weschler, 2011; Waring and Siegel, 2013; Youseffi and
Waring, 2014). Indoor sources of ozone include photocopiers, laser printers, and
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electrostatic air cleaners; however, the majoritgzzine present indoors is the result of
transport from the outdoor environment (Weschler, 2000). SOA generated through
reactions between VOCs of indoor origin and ozone of outdoor dltiggirates one
mechanism through which interactions between indoor- and outdoor-generated pollutants
caninfluence the intake of Pp4attributable at least in parto indoor sourcesThis
complication of separating outdoor- and indoor-source contributions to the intake of

PMJszinfindoor environments is discussed furthethiea next section

I nfluence of outdoor -gener ated pollutants on cumulative indoor intake of PM 25

Thereumulative intake of PMthat occurs indoors is influenced by both indoor
and outdoor Pissources Table 1, Equation 2) and depends on (1) primary emissions of
PM, s from indoor sources, (2) the formation of secondary §hém precursors of
indoor origin, (3) the transport of outdoor-generatec Fikto the indoor environment,
and (4)interactions betwegollutants of indoor and outdoor origin. This latter factor
includesSOA formation through reactions of indoor-emitted volatile organic compounds
(VOCs)'and outdoor-generated oxidants, as well as the partitioning of outdoor-generated
gasphase SVOCH particulate matter of indoor origin and/or the partitioning of gas
phase:SVOCs emitted by indoor sources to outdeoerated particles that have
infiltrated indoors. Prior sections focused on factors (1) and (2). BeloWwriafy
explore.the current staté knowledge regarding interactions between pollutants of
outdoorrand. indoor origin and the influence of outdoop P&burces on cumulative
indoor intake.

Outdoorgenerated®M; s(ambient PMs) that penetrateinto and persists in the
indoor environmenis a major source ehdoorPM, . Multiple studies have quantified
the fraction.of ambient Pp4found in indoor air £,,:-in) (Chen and Zhao, 2011 and
references.thereiiapauli et al., 2013 and references thejeifhese studies have
demonstrated #t there is substantial betweeamd withinhome variability inf,,-in
(Ozkaynak.et al., 1997; Ott et al., 2000; Meng et al., 2005; Weisel et al., 2005; Polidori et
al., 2006; Allen et al., 2012; MacNeil et al., 2012; Hanninen et al., 2013; Kearny et al.,
2014), illustrating the difficulty in utilizing measured valuesgf._.i, to estimate

contributions of ambient PMto cumulativeindoor intake. In additiommoststudies are

This article is protected by copyright. All rights reserved



684 limited in their geographic and temporal scapel cannot be generalized to a broader

685 population of homes. Two exceptions are the studies conducted by Hanninen et al. (2011)
686 and El Orch et al. (2014). Estimatesfgf._.i, for homes in ten European countries

687 sampled as part of six studies were aggregated and summary statigfics;, were

688 providedfer various climatic regions of Europe (Northern, Central, and Southern Europe)
689 and by season (Hanninen et al. 2011). El Orch et al. (2014) conducted a detailed

690 modeling study in whiclparticlesizeresolved distributions of,,;_i, for singlefamily

691 homes'inthé).S.were calculated.

692 For a given exposure scenarfg,:in can also bealculatedusinga mass

693 balance model in which indoor ambient Pddoncentrations are described as function of
694 AER, theefficiency with whichparticles penetrate across the buildemyelopeparticle

695 deposition, filtration in HVACsystem filters and air cleaners, afat,semivolatile

696 speciesphase changes in indoor air (e.g., Hering et al., 2007; Hodas et al., 2012, 2014).
697 Similarly, these pysical and chemicalrocessealsogovern the outdoor transport of

698 indoorgenerated Piksand, thusjFi,_,out andiFj, 1ora (S€€ Table 1)While the

699 contributions ofiFj, oy t0 iFi, toral @retypically negligible compared to that iFj,;y,

700 there is"evidence that solid fuel combustion in household cook stameentribute

701 substantially to ambient PMconcentrationsr someregions(e.g., India, ChinajChafe

702 etal., 2014).

703 Thedata given above provide inputspredict AERdeposition, and filtration.

704  Chen and Zhao (2011) provide a detailed review of penetration efficiency meassrement
705 and modeling strategies. While the focus of previous work has mostly been on the

706 penetration of ambient PMinto the indoor environments, results oésle studies can

707 also be used to estimate penetration of indprerated particles between separated

708 indoor=zoenes/roomd.ools are alsavailable to account for evaporative losses of

709 ammoniumnitrate (Lunden et al., 2003; Hering et al., 2007), ardetrdopment of

710 modeling tools to predict the gasiticle partitioning o5VOGCs (ofboth indoor and

711 outdoor origin) in indoor air is an active area of ongaogparch (Weschler and

712 Nazaroff, 2008, 2010; Weschler, 2011; Hodas and Turpin, 2014; Liu et al., 2014).

713 Because the availability of organic matter for sorption influences thpagtsle

714  partitioning ofSVOCs there is the potential for the indoor fortoa of particles that are
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715 only present due to interactions between SVOCs of indoor and outdoor origin. For
716 example, gaphase SVOCsmitted indoors can sorb to indoor particulate matter of

717 outdoor origin that has penetrated into the home (Lioy, 20@&chler and Nazaroff

718 2008). _Similarly, incoming organics from outdoors can shift from the gas phase toward
719 the particle phase as they sorb to particulate organic matter emitted by indoor sources
720 (Naumova et al., 2003; Polidaat al., 2006\Weschler and Nazaff, 2008; Shi and Zhao,
721 2012; Hodas and Turpin, 2014). The result is the formation ofsEHdt is in part, but

722  not fully,"attributable to indoor sources. Such interactions between pollutants of indoor
723 and outdoor origin highlight thefticulty in fully separating the contributions of indoor
724 and outdoePM, s sources to the intake of BM

725 Theformation of SOA from reactions between indgenerated VOCand

726 oxidants (e.g., ozone) of outdoor origin is another example of the ways in which outdoor-
727 generated pollutants can influence the intake of fddsociated with indoor sources.

728 Contributions of secondary particulate matter derived from ebellacterized inorganic
729 systemsstoroutdooF have previously been accounted for using chemical transport

730 models(ewg., Levy et al., 2003; Greco et al., 2007). The data and modeling tdalsl@avai
731 toinclude indoosecondary particulate matter (specifically, S@dmation in estimates
732 of indeoer PM sexposures continue to improve. Waring (2014) preskaimechanistic

733 modelto calculate timeaveraged indoor SOA concentrations formed as dt refsine

734  oxidation of reactive organic gases by ozone and the hydroxyl radical. Distributions of
735 model inputs for 66 reactive organic gases relevant to the indoor environment @veise
736 al., 2005;TFurpin et al., 2007) are provided in that work. In addiadinear regression

737 modelidescribing SOA concentrations as a functiohER, indoor concentrations of

738 outdoor-generated ozone and organic aerosols, indoor organic aerosol emission rates,
739 particle.and.ozone deposition rates, temperature, and emisEsmfaeactive organic

740 gases describetie majority of variability in SOA concentrations calculated using the
741  more complex mechanistic SOA modieiscribed abovéR? = 0.88; Waring, 2014)Ji

742 and Zhao (2015) demonstrated that the extent to which indoorf@@wtion impacts

743 indoor concentrations of PMvaries geographically, with SOA comprising 6 to 30% of
744  indoor PMy s mass for the U.S. homes included in the Waring (2014) study, but less than
745 3% of PMs mass for homes in Beijing. Accounting for SOA formation indoors is an
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active and quickly advancing area of research and is cfaciahsuring that the full
impact of specific products, activities, and processes can be taken into account in LCIA.

Discussion
Applicationsin Life Cycle Impact Assessment

The data provideh this reviewconstitite a first step in addressing key questions
andcurrentchallenges previously identified for the incorporation of health effects
associated,with indoor PMemissions into LCIA (Hellweg et al., 2009; Fantke et al.,
2015 Humbert et al., 2015). Specifically, thisview allows for the characterization of a
range of exposure-scenario archetypes, both in terms of indoor setting (e.g., egsidenc
office) and in geographic location, aids in the identification of the niagiors
influencingiF;,_;, and potential spatial and temporal variability in the importance of
these keyfactors, and allows for the assessment of the level of detail and scope needed
when developing exposussenario archetypes for use in LCIA.

In an ongoingeffort, the UNEPSETAC task force on Pp4 health effects will
utilize the data provided in this review to build a quantitative assessment framework for
consistently,combining and evaluating indoor and outdoor intake fractions frem PM
sourcedorapplicationin LCIA. Complementary work is currently focusing on (1)
conductinga quantitative assessment of potential variabilityFip.,;, (e.g., across
exposuresscenarios and geographic regions), as well as the sensitivity @lticalsudf
iF;,_in to heterogeneity ithe input parameters reviewed here, (2) the evaluatistatd
of-the-art modeling tools available to predict indoor and outdoor intake fraatidimes
context of suitability for use in LCIA, and (3) thensistent incorporatioof various
shapes-0ERFs(Fantke et al., 20)5Together, theseffortswill aid in the development
of astandardized methodology by which to estimate exposuresifircbntribute tahe
effort to includePM, srelated health effects in LCIA.

Key toas®ssing PMsrelated health effects over the life cycle of prodigthe
ability to evaluate the range of potential human expossseciated with a given particle
emissions sourc®revious work has illustrated the potential magnitude of spatial and
temporal variability inF;,_,;,. Humbert et al. (2011), for example, estimates that typical

values ofiF,,_,;,range between approximatelyl@nd 1 kg intake at the population
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777 scaleper kg emitted indoors. Klepeis and Nazaroff (2006) foundif#yat;,, for

778  environmental tobacco smoke varied betweer¥6 and 2.610° kg intake per kg

779 emittedwithin a single simulated home depending on multiple factors including home
780 ventilation conditions and occupant activity patterns. Thus, while a single recomimende
781 value meant to characterize a needed modelling parameter is valuable for providing an
782 estimate,ofthe magnitude i, _,;, (e.g., a single AER value meant to represent typical
783 housing the U.S.), distributions or ranges describingetiput parameters are crucial.

784  Such distributions allow for the evaluation of the central tendencig$,af,,, as well as

785 the extremes, thereby acknowledging the variability in population ex@psiters,

786 housing aspects, and indoor air chemistry. By aggregating the results of mtutixs s

787 the presentreviepwrovides a broader picture of the range of potential values for a given
788 parameter influencing indoor concentration®bdf, sand allows for the consideration of
789 arange,of.archetypal indoor environmetit$s important to note that these values vary
790 temporally.and spatially with multiple factors, as discussed in the individual sections
791 abovegand parameters are not available to desallibgposure scenarios and geographic
792 regions. Thus, understanding the full range of input parameters also allows for the

793 consideration of uncertainty it;,,_,;, for PMs.

794 Depending on the design of the selected modelling framewotlallrof the

795 factors potentidyy contributingto variability iniF;,_,;, will necessarilybe considered in

796 LCIA. ;For.example, Hellweg et al. (2009) suggested that the representation of the indoor
797 enviropment as a single, watlixed compartment provides the most effectiagy to

798 incorporate indoor Pisexposures into LCIA.On the other handy iregards to assessing
799 exposure to individual VOCs from cleaning products, Earnest and Corsi (2013) propose
800 theuse of a twezone model in which the near-person/ngausceregion and the rest of

801 the indeor-environmeraretreated asliscrete zoned.CIA often follows approaches

802 basedwonsarchetypes to account for differences in exposure scenarios or geographic
803 regions*Thusthe parameters that will be of the greatest importancthase that

804 account forgeographic variability in more general housing and building characderis
805 (e.g., volume, whole-building air exchange and ventilation), indoor-environment

806 occupancyand the prevalence of specific indoor sources (eogking and heating

807 appliances)Parameters that provide a higher level of detail (e.g., actpacific
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breathing rates, locaeale flows) howeverwill be valuable to higher tier assessments of
indoor air quality and epidemiologic studies that aim to charaeterd@oor PM s

exposures for specific conditions in a weltlaracterized environment.

Remaining.L imitations and Recommendationsfor Future Research

Onecontributor to limitations in the availability and scope of data like those
reviewed here is the fact that the studies carried out to collect the data are expensive and
work intensive. As a result, they tend to be carried out in infrequent, intensive gaspai
As noted above, for example, many AER studies are not representative of the full range
of housingstock, even for the nations or cities in which they were carried out. Values are
more limited or norexistent in some developing couas and are biasédwards U.S.
and European studied/e suggest that there isneed for studies on AER in developing
countries, particularly in rural regions where biomass is used for cooking in homes.

Another issue constraining the representativeness of the data is the potential for
changeswvith time. While some values are not expected to vary temporally(i.e.
although the activity levels driving them may change), others change on timescales faster
than the studies characterizing them are carried out. Bongaarts et al, {@06gample,
noted.the tendency for household size to converge towards the naatéairi rapidly
industrializing and urbanizing regiorSimilarly, there is the potential for changes in
human activity patterns with increased access to media, suggesting a needtéa upda
humaneactivity pattern datBlousing construction practices chamngéh advancing
technoloegyand materials development, as wellath recent pushes toward energy
efficiency. Urban growth (e.g., Seto and Fragikas, 2005; Xiao et al., 2006; Schneider and
Woodcock, 2008) may make the lack of data character#iitigsin apartments and
multi-family.residences a major issue in both developing and developed couxsies.
technigques.utilizing 3D imaging sensors to evaluate building/room size and leakage
characteristics show promise in increasing data availability for leakyirmyslde.qg., in
developing.countries), airtight, energy efficient buildings, and multifamiigeeses
(Gong and Caldas, 2008) and should be a consideration in future work in this area.
Finally, while the principles driving pollutant dynamics will not change with time,
emission rates, particle size distributions, and particle composition may chahge wi
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technology. Cynthia et al. (2007), for example, reported a 35% decrerisk 4n
exposures with the introduction of a higher-efficiency cook stove in an intervention study
in rural Mexico. As a result of these exaranging factors, a continued effort to
undertake such studies and to expand their temporal and spatial scope is key to ensuring
thatthe impacts associated wipecific products and emission soegcan be fully
assessed in the context of LCIA.

We also recommend that future efforts focus on a number of key research areas.
First, there'is a need for a more widespread and detailed characterization afndter
intra-zonalairflows and the factors that influence them for a range of residence types,
commerciakbuildings, and occupational settings to derive useful information for highe
tier assessments of indoor air qualBuch characterizations would be useful in
addressing proximitye-source isses.Of particular importance may be the development
of a set of archetypal building layouts that describe a range of building types, so that
these highly variable flows can be modelteda given exposure scenario with tools such
as COMIS=and CONTAMFor applications in LCIA, a simple tweone model might be
more suitable as more complex approaches might lack data and consistency across indoor
and outdoor emission situatiomss noted above, there are large geographic differences
in the.heating and cooling systems present in households and other indoor environments
on a global scale. Documenting these differences and the related impacts on indoor
particle.dynamics is an important area of future work. Finally, there is a nemdrfer
researchraimed at obténg a thorough understanding of interactions between indoor- and
outdoor=generated pollutants and the formation of SOA in indoor air. Key to this is the
development o&ccuratesimplified models that can easily be applied in LCIA. The
regression model deloped by Waring (2014) to predict indoor SOA formation based on
a small. number of key parameters provides an example of the type of modeling tools that

will advance predictions afj,_,;, for PM,sin this context

CONCLUSIONS
The present papeeviewsand compiles the results of studies exploring the main
factors influencing indodPM sconcentrations and associaiég _,;,, with an emphasis

on primary indoor PMsemissionsSpecifically, we focus on factors related to building
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characteristics, occupant characteristics and belsadod pollutant properties and
dynamics.The key studies and data sources discussed herein comprise a tool kit of
exposure-modellingarameters that can be used to estimate the central tendencies and
potential ranges a¥;j,_,;,. A follow-up effort will utilize the datgprovided in the present
reviewto.build a framework to consistently integrate indoor and outdoor exposures to
PM; s emittedby indoor and outdoor sources. Combirthe, present review and the
follow-tp"work contribute to theffort to consistently includ®M, s-derived health
effects'iIn"LCIA. Continued efforts to characterize the factors influenoithgoir PM, 5
concentrations will ensure that impacts associated with specific prahecEmission
sourcegambe fully assessed in LAand other comparative human exposure and impact

assessmeritameworks.
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Table 1. Matrix illustratinghe contributions of Pl derived from indoor and outdoor sources to indoor intake, outdoor intake, total
intake, and intake fraction of PM Aspects discussed in this paper are highlighted in grey and specific areas ofdanusa.
Abbreviationss;,, or S, indoor or outdooPM;, ssourceemission rateiF;,_,;,, fraction of PM s emitted/formed indoors that is

taken in.via'inhalation indooré;,, .y, fraction of PM s emitted/formed indoors that is transported outdoors and taken in via
inhalation outdoorsiF, ;- out, fraction of PM s emitted/formed outdoors that is taken in via inhalation outdogys;..i,, fraction of
PM, s emitted/formed outdoors that is transported indoors and taken in via inhalatiorsjri@gpor IR, individual inhalation rate
indoors or.outdoors [Mnaedh]; 1i, OF Ny, NUMber of exposed persons in an indoor or outibwation;V;,, or V., volume of

indoor or.outdoolocation [M]; ki, or ko, total indoor or outdogparticle removal rate attributable to all loss mechanisms (e.g., air
exchangeyparticle deposition)Jh iFin total, tOtalindoor inhalation intake fractioF,, «ota1, total outdoor inhalation intake fraction;
finsout, fraction of indoorgeneragd (emitted/formedPM, s transported outdoorg,,.in, fraction of outdoogenerated

(emitted/formedPM, stransported indoors. Note that there is no cumulative intake fraction.
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Figurel. ncy plot illustrating the number of data points (i.e., measured or modeled value
or summ istirom adistribution of measuremendiescribing the parameter of intepest
gather%e literature for the primary factors influencing indoor inhalation intake fraction
of PMys: (a xchange ras, (b) inhalation rates, (c) tiraetivity factors, (d) particle decay

rates, (e) indoor Piksource strengths, and (f) occupancy and building volume. (a) Air exchange
rates are shown for detached/sinfgimily homes (“Detached”), multifamily homes
(“Mul tifamily”), homes without mechanical ventilation (i.e., infiltration and natural ventilation)
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(“Non-Mechanical”),mechanically ventilated homes (“Mechanical”), homes in developing
countries (“Developing”), residential buildings for which the above-desticharacteristics
have not been specified (“Unspecifieddnd nornresidential buildings (“Nomesidential”). (b)
Inhalation rates_are for adults, children, and by activity level (sleeping)taegdight,
moderate, and high). (c) Tinativity factors nclude total hours spent indoors (“Total
Indoors”), in the residence (“Residence”), in other indoor locations (‘ilsilence”), and at
work (“Work”)'per day. (d) Particle decay rates are for all particle loss mechanisms combined
(“Total Decay”)yand for leses driven only by deposition. (e) Indoor R&mission source
strengthsiinclude cooking, smoking, solid fuel combustionoéimer indoor sources. (f)
Occupancy and building volume data are categorized by residential and non-rdsitdotia
environments."Where possible, data are categorized by country/geographic region (Not
determined (“n.d.”) means that geographic region is unspeciséaljiesncluded here have
primarily been conducted in North America and Europe (a,b,c). In addition, thers@agtais
in the typesof indoor environments studied in previous work, with the majority of studies
focusing onwresidential environments and a smaller number of studies consideringginaiustr

commercial buildings.
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Figure 2. Summary oimeasured or modeled values describing the paesroginterest fofa)

building air exchange rates, (b) inhalation rates, (c) time activity factors, (d) particle decay rates,

and (e) — (g).indoor Ppisource strengths reported in the literature. For all plots, the boxes

indicate the, 25 percentile, mdian, and 7% percentile. Minimum and maximum values are

indicated with circles and mean values are indicated with squares. (a) Air exchange rates shown

are for all homes combined (excluding homes in developing nations) (“All") and sepdoat

detachefsinglefamily homes (“Detached”), multifamily homes (“Multifamily’homes without
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mechanical ventilation (i.e., infiltration and natural ventilatiGtyon-Mechanical),

mechanically ventilated homes (“Mechanical”), homes in developing countries (“Pewg

and non-residential buildings (“Naesidential”). (b) Inhalation rates are for all measurements
combined_ (“All"), and separately for adults (> 21 years), childredl(years), and activity level
(sleeping, sedentary, light, moderate, and high))T{me-activity factors include hours per day
spent in the residence (“Residence”), in other indoor locations (fBsidence”), and at work
(“Work™. (d) Particle decay rates are given for all particle loss mechanisms combined (“Total
Decay”) and for loses driven only by deposition. (e) Souereissionsare given for common
indoor PMgssources including cooking, cleaning, smoking, and various appliances combined,
excluding theseombustion of solid fuels (“All Sources”). (e), (f), and (g) Semissionsare

also illustrated*for cooking, smoking, and solid fuel combustion separately. The total mimber
observations for each parameter is shown in Figure hlandderlying data arprovided in the
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