ABSTRACT

SINHA, ADITYA . Investigations oFresh andAgedBiomassBurning Emissions in thé.ab andrield.
(Under the direction of Dr. Andre®. Grieshop)

Biomass burning emissions significantly influence the gas and particle concentration budget globally.
These emissiornsncompass a spectrum of sources ranging from open field burning to combustion of solid
fuels in cookstoves in low/middle income countridhile all these sources make important pollutant
contributions globally, emissions from cookstoves @frspecific concern as approximatelpillion

people rely on them for their daily needl&ie products of incomplete combustion include carbon
monoxide, volatile organic compounds (VOCs) and particulate matter smalleg@ham (PM.s).

Primary agaric aerosol (POA) constitutes a significant fraction of atmospherigsRith biomass

burning responsible forx v f global POA.These productsavesignificant effects on human health,
air quality and large but uncertain effects on clim@#.can alsodrm through photochemical processing
of gas phase VOQs form secondary organic aerosol (S@Agking animportant contribution téhe

global aerosol budget. Thus, improving our understanding of SOA from cookstoves is critical in

evaluating human exposuaed health risks from ambient air pollution.

The research presented in this thesis includes laboratory measurements, fieldmezasuand method
development to improve our understanding of primary and secondary emissions from biomass burning
emissionsAs part of this thesis, amxidation flow reactor@QFR) was utilized to simulate photochemical
aging of emissions from three cotdwges, spanning a range of combustion efficiencies, for diverse fuel
types (hardand softwood) to study SOA formation in tladoratory. These experiments also explored
the influence of varying operation of the OFR and its influence on SOA formatiortipistemd

chemical signatures of stove emissiofise variability in the amounts of SOA formed were primarily
dictated by thefficiency of the combustion device, followed by fuel type and finally, reactor operating
conditions. Since the stoifeel combindions tested span a wide range in efficiency and fuel diversity,
these results can be used to constrain SOA formation im@itygmodels. The sensitivity of SOA
properties to changes in reactor operation can be extended to aid in the interpretatien@FR studies

carried out under similar conditions.

Several studies have noticed divergences in emissions performanatkstoves operated in lab

versus iAfield settings. To address this knowledge gamfpgdemissions, quadield experiments usiy

a portable measurement ensemble were deployed to characterize locally disseminated stoves in Mexico.
These measurements hiigghted the viability of using a combination of filters and optical sensors

alongside an OFR in characterizing SOA from cooks@meéssions. Lowebound estimates of SOA



formation potential were calculated from these experiments and several recommersiatioas the use
of an integrating device (smog chamber) or firepower sweep testing protocol were made for future studies
attemping similar characterizations.

The gap between measurements and models predicting SOA has been patrtially attributedemtee ab
of semi and intermediat¥ OCsin models and measurements. The volatility distribution of organic
emissions from biomass ming is a key property in determining their atmospheric evolution due to
processes such as partitioning and aging. To adthissgap, this thesis contains analysis of samples
from simulated open burning in the lab, open burning in the field and resideatd stoves.
Measurements were made using sampling media which housed a filter inside a sorbent tube and
subsequently anated using thermal desorption gas chromatographgs spectrometry (TBC/MS).

The TD/GC/MS data was represented as a volatilgyridution using a volatility basis set binning
approach developed for biomass burning emissibims. work highlights the pential of inferring gas
particle partitioning behavior of biomass burning emissions usingifiiterbe sorbent samples analyzed
offline. It also presents the first volatility distribution from¥field open burning emissions

measurements.
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Chapter 1 Introduction

This section introduces the background of primary (fresh @gau) and secondary (aged) organic

aerosol emissions (SOA) from biomass burning with specific emphasis on household biomass
combusion, highlights gaps in the literature of our current understanding of SOA from these sources and
motivates and introducélse objectivedor this thesis.

1.1 Background and Motivation

Approximatelyo billion people in developing countries depend on biagaming from solid fuels for
their daily need¢Bonjour et al. 2013; Foell et al. 201 Broducts of incomplete combustiontioése

fuels in cookstoves include emissions of gaseous pollutants such as carbon monoxide (CO), volatile
organic compounds (VOCSs) and particles like primary organic aerosol (POA) and black carbon (BC).
POA and BC together comprise particulate matter (RM®tmospheric pollutant that has large yet
uncertain impacts on climatPachauri et al. 2015Modeling studies indicatdat household biomass
burningemissions make substantial contributions te@.it v 1 Bf PMysin India) to ambient air
pollution. Approximatelyx ©o of the global POA haalso been linked to biomass burnif@pnd etal.

2013) These pdiitantsare linked to adverse health impacts, visibility reductions and altered weather
patterngChafe et al. 2014; Chowdhury et al. 2019; Conibear et al. 28b83stimateg& million

deaths have been attributedndaor PM s (particulag matter smaller thaq® * m) and gaseous
emissions from household cookinggnt p(kealth Effects Institute 2019k xposure to ambient PM

from solid fuel use has been estimated to caugét 1t Tt ¢ @b 1T premature deaths per yd@hafe et

al. 2014; Kodros et al. 2019 addition to health impacts, household biomass combustion corgribute
approximatelyo 1 ff global BC emissions, estimated to have the setigitest global warming impact
afterCO;, (Bond et al. 2004, 2013; Menon 2002; Pope et al. 2010; Ramanathan and Carmichael 2008;
Rosenthal 2015)The net effect of household biomass combustion aermsmmonly estimatedsing the
OA/BC ratio, is likely climate warming although the magnitude is associated with some uncertainty
(Bond et al. 2013; Kodros et al. 2015; Lacey and24€2015)

It is now understood that household biomass combustion contributes to the global aerosol burden in a
significant way(Chafe et al. 2014; Conibear et al. 20I)mary emissions (emitted directly from
combustion) from these sources tend to be highly variable with one majtifiedbecause being ste
technology. Cookstoves span a spectrum of technological sophistication, ranging from inefficient
traditional open fires to modern residential wood stoves used in developed countries. In between this
spectrum, lie improved biomaseokstoves, which haveng been developed and investigated in efforts

to alleviate the negative impacts from traditional open fires. Through interventions disseminating



improved cookstoves and other studies, there have been concerted efforts to crepaotary gasand
aeisol emissions from biomass cookstoves in both laboréletter et al. 2012; Jetter and Kariher 2009;
Just et al. 2013; MacCargt al. 2008; Preblet al. 2014)pnd field(Eilenberg et al. 2018; Grieshop et al.
2017; Roden et al. 2009; Wathore et al. 2GEf)ings. These investigations have revealed two important
insights: 1) Primary emissions from household biomass combustion vary widely anituareced by
numeroudactors in addition to stove technolo@letter et al2012; MacCarty et aR010)like ignition
materials and fuel typgfadillaBarrera et al. 2019P) There is a tedency of stoves to pferm

significantly worse under field conditions than during laboratory testing. For example, PM
measurements of traditional and alternative stoves were a factor ofgreater under field settings when
compared to lab investigatie(Roden et al. 2009)

Over the last decade, several studies have shown thesgkatiie nature of biomass burning POA, i.e.,

the organic compounds that constitute POA can partition between the gas and particle phases based on
thermodynamically driven conditiongGrieshop et al. 2009; May et al. 2013; Robinson et al. 2007;
Shrivastava et al. 2008partitioning can be influenced by atmospheric dilution or variations in ambient
temperature which, shifts the thermodynamic eguiilih and ultimately influence the atmospheric
abundance, fate and lifetime of biomass burning PDénhahue et al. 2013t equiibrium, the volatility

or saturation vapor pressure (equivalently saturation concentr@tiom, n®) of organic compounds
dictates gaparticle partitioning behavior. To represent the volatility distributions of complex OA
systems, the volatility lss set (VBS) framework was developstich, uses the absorptive partitioning
theory(Donahue et al. 2006; Pankow 1984 semiempirical fashion with a set of surrogate or lumped
species. There are two main reasons an accurate accounting-fargee partitioning is essential
important. Firstthe definitions of particulate organic matter between regulatory measurements and air
guality models can be inconsistent and-gasticle partitioning can strongly bias results relative to what
is atmospherically relevant depending on measurement cams{ilenier van der Gon et al. 2015;
Robinson et al. 2010%econd, global chemical transport models can provide more accurate deictions
atmospheric conditions (such as OA concentrations) by accounting fpagade partitioning of

chemical species.

VOCs emitted from biomass combustion emissions comprise thousands of compounds, several of which
remain unidentified. While impacts ofiprary VOCs is a concern due to their toxidiBerezPadilla et

al. 2010)and potential to form tropospheric ozqi®=infeld and Pandis 201 6huch of the concern is

driven by their contribution to secondary pollutants. One classificédigimplify the representation of

these large and unknown VOCs has been through the application of using volatility as a basis vector.

Based on this framework, semaind intermediate volatility organic compounds-{80Cs) form an



important class of VOCecause of their role in describing geaticle partitioning. Thus, they play a
key role in proper quantification of POA. In addition,-8(MCs can also undergo phebdaidation in the
atmosphere to form SOA via condensation of low volatility compoundshwbften exceed POA
(Jimenez et al. 2009Thus, accurate accounting of these compounds can reduce the gap between
measurements and models predicting SOA formghtmrino et al. 2018; Robinson et al. 2007; Zhao et
al. 2014)

Measuring SAVOCs using traditional approaches of quantitativéectibn and subsequent analysis

using gas chromatography mass spectrometry (GC/MS) methods is associated with significant
complexity. This is because a majority of these compounds elute in the chromatogram as unresolved
complex mixtures (UCM) which, is cagic material that celutes and cannot be specia{8dhauer et al.
1999; Zhao et al. 2014pome studies have focused on characterizing emissionstnotrolled/closed
burning includingBruns et al. 2016; Gaston et al. 2016; Schauer et al. 20@i1jeported speciated gas
and particle phase SYIOCs for residential wood combustion (RWC) g&isback et al. 2019vho
reported speciated VOC data from cookstove emissions. Others have explored emissions from
uncontrolled/open biomass burning emissi@tays et al. 2002 p. 20; Mazzoleni et al. 2007; Stockwell et
al. 2014, 2015)However, most of these studies that speciat® S{L measurements capture only a small
fraction of the total mass with the rest lefteparated in the UCMLhus, in the absence of full

speciated SAVOC data from primary biomass combustion emissions, there is a need for approaches
capable of representing the total mass (gas + particle) measured from biomass burning emissions
(knowledge gp 1). The influence of factors like fuel type and combustion conditions on the amount of
composition of SIMOCs emitted from biomass burning are still unknoWwnus, there is also a need to
measure partitioning parameters across a broader garof biomas$urning conditions and test these

with existing parameterizationéknowledge gap 2)

SOA formation from aging biomass emissions has been studied in smog chambers and flow reactors
showing that both quantity and properties of OA evolve withgaBruns et al. 2015; Grieshop et al.

2009; Heringa et al. 2011; Lambe et al. 20¥¢hile several studies have explored aging biomass

burning emissions from RW(Grieshop et al. 2009; Heringa et al. 20a&) open burnin¢Ortega et al.
2013) only(Reece et al. 201 Have explored the evolution of OA from cookstove emissions. For
example(Ortega et al. 2013tudied SOA formation in an oxidation flow reactor of emissions from
different open biomass burning configurations and observed increases in OA mass by up to a factor of
almostg for some fuels while deplien of othersThe significant enhancement in aerosol mass from
aging indicates that SOA is anpiartant consideration in understanding the g lifecycle

atmospheric impacts of biomass emissions. In addition, the variation in OA enhancemeritiacross



types sugests that this is an important factor in the photochemical processing of biomass emissions,
highlighting the need for aging studies of diverse source emissions to investigate SOA forTination.
influence of different fuel types on SOA formian has not ben studied in the context of cookstoves
emissions (knowledge gap.3Because of this lack of complete understanding many atmospheric models
which, ultimately inform policy, adopt a static treatment of SOA. For instance, modeling studies have
either not comider SOA or assumed SOA production to be a constant factor of primary aerosol
(Chowdhury et al. 2019; Lacey et al. 201Hpwever, this factor can be significantly different for

different stwes and degreef atmospheric aging as shown {®eece et al. 201/vhere increases in

mass from SOA formation ranged from upgtat Wforceddraft stove) t v Tt (raditional stove) over

primary emissions.

Laboratory studies can give mechanistigights intoSOA formation but cannot account for extraneous
variables from irfield performance of cookstoves. Various studies have shown a slix@argencean

emissions performance between standardized protocols (such as the water boiling t§8ali&at 4

2007) and infield testing of the same stoves for primary emiss{@rgeshop et al. 2017; Roden et al.

2009; Shen et al. 2012, 2013; Wathadrale2017) In addition, some attempts at operating protocols
mimicking cooking activity in the laboratory have yielded no significant differences when compared to
WBT (Reece et al. 2017)Vhile the disparity between field and lab measuremastsvident for

primary emissions, this relationship is not known for aged emissions (knowledge gdphdg, there is

an important need to quantify whether OA aging behavior observed in lab experiments is consistent under

field conditions.

One important arrier for exploing emission aging in the field is that the application of fagt

instrumentation in lab experiments is not possible in resezoustrained settings due to their power
requirements, expense, and lack of portability. Laboratory expesmalyg on reseah grade instruments

for detailed chemical information, mass concentration characterization and optical properties. Instruments
of this caliber are capable of providing high degrees of physical and chemical information and have been
used o study SOA in prvious workgReece et al. 2017However, an important question is whether
field-portable instruments can be used to effectively probe fresh and aged emissions in a field setting and
provide some of the same insights as thes@ttatle instrumest A consideration in characterizing these
emissions thus becomes a tradeoff between precision and chemical resolution in data acquired and
portability, costandease of measurement technique. MostcostPM sensors use optical
measurerants(Kelly et al. 2017; Rai et al. 201%) obtain PM information in redaime at a fraction of

the cost of more sophisated instrumeration like the Aerosol Chemical Speciation Monitor (ACSM).

The application of optical sensors for riale measurements along with integrated filter measurements



may provide a relatively inexpensive and operationally efficiency way tadesfiald evaluabns.
However, the application of filters and opticélased measurements has not been explored in the
context of characterizing SOA frorhousehold biomass emissions or in other field settiigsowledge

gap 5).

Oxidation flow reactors (OFRs) are increagjnused to investigate atmospheric oxidation processes,

VOC oxidation, and SOA formatidiCubison et al. 2011; Ortega et al. 2pRa&Im et al. 2016)JOFRs

expose species to oxidant concentrations that are orders of magnitude greater than in the atmosphere for
short residence times. They offer advantages over traditional environmentalechamtheir ability to

achieve high photdemical ages on the timescale of minutes instead of hours in the chamber.
Additionally, shorter residence times in OFRs lead to a reduction of the relative importance of gas and
particles losses to the walls whiaan be large in Teflon chambéksechmer et bk 2016; Matsunaga

and Zi e maanhlead to Rigdek b FOA yiel@Bhang et al. 2014)0n the other hand, there are
concerns regarding the representativeness of OFR chemistry. Depending on the operatiogscohd

the OFR, pathways such as Aoopospheric VOC photolysis, insufficient isomerization of the organic
peroxy (RQ) radical, excessive relative contributions of ROOH to RQ fate may lead to deviations

from tropospheric chemistiiPeng andimenez 2020)deal OFR operation aims to mimic tropospheric
chemistry by minimizing/enhancing the effect of undesired/desired reaction pathways in SOA formation.
Deviations from this ideal opefah can lead to the formation of product species witieidint properties

(e.g., SOA formation potentials) than those formed in the atmosphang. studies investigating SOA

from combustion emissions have not run the OFR under ideal condaiomsportant question is
characterizing the extent of effects die nonideal reactor operation in the context of cookstove

emissions in interpreting OFR experiments (knowledge gap 6)

1.2 Research goals

The goals of this thesis are to characterize SOA formationdomkstove emissions and quantify

important sources of viability from source emissions (stove types, fuel types), operating conditions (lab
or in-field operation) and effects of simulating device (idealfit@al OFR operation) as well as improve
represetations of important precursors of SOA (along with ofiramary emissions) from diverse

biomass burning sources. An improved understanding of SOA production from cookstove emissions and
the associated variability is an important consideration in assdéasjegscale health impacts from air

guality and climat models. Updating our knowledge of S@¥ming-potential of these emissions can

help supplement informed policy decisions in alleviating health and climate impacts. The specific
objectives, based dhe knowledge gaps identified above (bolded text),ttiiatdissertation will address

are as follows:



1. MeasureSOA formation from household biomass combustion emissions for different stove and
fuel types to inform parameterizations/representationsniogheric modelgknowledge gap 3)

2. Estimate the effect aforrideal operation of the OFR through experimental investigations in
observing properties of aged aerosol in the context of biomass combustion emissions which can
inform interpretation of previousonideal OFR experiment{&nowledge gap 6)

3. Evaluate the iability and consistency of lowost optical and filtebased measurement methods
in characterizing primary and aged cookstove emisglor@swvledge gap 5)
Determine relationship between SOA formatimbserved in the lab and figlkhowledge gap 4)
Developan approach to represent unspeciated (including UCM) biomass burning chromatograms
in terms of volatility distributions in the VBS framewdnowledge gap 1)

6. Compare volatility distributions from different types of biomass burning emission sources along

with existing parameterizations in the literat(knowledge gap 2)

1.30utline

A brief overview of the chapters is given below.

Chapter 2 addresses goals 1 andebtioned above and investigates the influence of stove, fuel and OFR
operating conditions on agjrof laboratory generated cookstove emissions. Specific objectives include:

1) Quantify the effect of wood fuel type on fresh emissions from cookstoves df wigleg combustion
performance; 2) Explore differences in SOA mass and chemical compositiss Hwalifferent stove

and fuel types and how these properties change with continued simulated atmospheric aging; 3) Assess
the effect of moreor lessidealoperation of an OFR on aged OA propertiesAgply posititve matrix
factorization to laboratorgging data to identify interpretable factors or trends in the observed SOA; 5)

Explore how factors evolve with differing levels of simulated atmospheric aging.

Chapter 3 addresses goals 3 and 4 above and evaluates a simplified OFR configuration ¢éoizdaract
primary and aged emissions from cookstove under-fiddconditions. Specific objectives include: 1)
evaluate a combination of optical and filter baseshsurement methods in characterizing fresh and aged
cookstove emissions; 2) examine the coraisy of complementary methods in measuring primary and
aged secondary emissions; 3) evaluate primary and aged emissions characteristics afyplarstizes

and how they compare to traditional stoves; 4) determine the extentimighetof different sove

operating protocols on fresh and aged emissions under afg@sietting; 5) make recommendations for
future sampling campaigns of biomass stove adowsing on OFR operating regimes and approaches

to optimize SOA measurements.



Chapter 4 addressgoals 5 and 6 above and develops volatility distributions for organic matter in
biomass burning emissions. Specific objectives include: 1) develop an dpprwhcalibration to map
TD/GC/MS data to VBS space 2) characterize uncertainties in saturatioartration estimates using
group contribution methods and deviations fre@lkane distributions in deriving volatility distributions
from TD/GC/MS chromatgrams 3) compare volatility distributions from different types of biomass
burning using filtefin-tube sorbent samples analyzed using a TD/GC/MS 4) make comparisons of the
derived volatility distributions to existing distribution for biomass burning @ndiiure. Sample collection
was conducted by Amara Holder, Combustion Engineer at the U.S. Emeintal Protection Agency.

My contributions to this chapter involve data analysis of these collected samples.

Chapter 5 summarizes the key finding from thissdrtation, discusses the implications of these findings,

and provides recommendations for futtesearch.



1.4 References

Bailis, P. R., Ogle, D., MacCarty, N., Smith, K. R., anavidr d s , R. (2007) . NfnThe Wat
(WBT) .0 38.

Bilsback, K. R., Dahlke, J., Fedak, K. M. Go o d , N. , Hecobi an, AL, Her ckes
J., Sullivan, A., Tryner, J., Van 2Zyl, L., Walker, E. S., Zhou, Y., Pierce, J. R., Wilson, A. JPeel
L., and Volckens, J. (2019). AA Laboratory Ass
Bi omass and Fos sEnVironmenallScicdbae & Kechnaodpp(k2), 1l1d
7125.

Bond, T. C., Doherty, S. J., Fahey, D. W., Forster, P. M., BerriiseDeAngelo, B. J., Flanner, M. G.,
Ghan, S., Karcher, B., Koch, D., Kinne, S., Kondo, Y.,MauP. K., Sarofim, M. C., Schultz, M.
G., Schulz, M., Venkataraman, C., Zhang, H., Zhang, S., Bellouin, N., Guttikunda, S. K., Hopke,
P. K., Jacobson, M. Z., iKer, J. W., Klimont, Z., Lohmann, U., Schwarz, J. P., Shindell, D.,

Storelvmo, T., Warren, . , and Zender, C. S. (2013). dABouni
climate system: A scientific assessment: BLACK
Journal ofGeophysical Research: Atmospheres8(11), 53805552.

Bond, T. C., Streets, D. G., Yarber,K.. , Nel son, S. M., Woo, J. H. , anc
technologypb ased gl obal inventory of black and organ

Journal of Gephysical Research D: Atmospher#69(14), 143.

Bonjour, S., AdaiRohani, H., Wolf, J., Brug, N. G., Mehta, S., Pridsstiin, A., Lahiff, M., Rehfuess,
E . AL, Mi shr a, V., and Smith, K. R. (2013) . i S
Regioral Estimates for 198@ 0 1 Bnvitonmental Health Perspectivel21(7), 784790.

Bruns, E. A.El Haddad, I., Keller, A., Klein, F., Kumar, N. K., Pieber, S. M., Corbin, J. C., Slowik, J.
G. , Brune, W. H. , Bal t ens pe ntgreomparisbh.of labaratody Pr ®v !
smog chamber and flow reactor systems on organic aerosol yield ano mp oAgniospheoian . 0
Measurement Technique(6), 23152332.

Bruns, E. A., Slowik, J. G., El Haddad, I., Kilic, D., Klein, F., Dommen, J., Teriloessel, B.,
Marchand, N., Baltensperger, U., an-ghaser ®v 1t , A
organics using proton transfer reaction tiofdlight mass specvmetry: fresh and aged
residential wood AnmosphericsChemisiny ardRiysics Discussidn.

Chafe, Z. A., Brauer, M., Klimont, Z., Van Dingenen, R., Mehta, So, Ba Riahi, K., Dentener, F., and
Smit h, K. R. ( Dakidgdwjth. Solid FuelsiGoetribuatds th ArGbient PM2.5 Air
Pollution and t hHavirddmentd elealthdérspéziivese as e . 0



Chowdhury, S., Dey, S., Guttikunda, S., Pillarisetti,&mi t h , K. R. , and Di Girol a
annual ambient agjuality standard is achievable by completely mitigating emissions from
househol dProscedings ofehe Nadional Academy of Scien2@$900888.

Conibear, L., Butt, E. W., Knote,,C, Ar nol d, S. R., and Sprackl en, D.
emi ssions dominate health i mpacts fr bDatureexposur
Communications9(1).

Cubison, M. J., Ortega, A. M., Hayes, P. L., Farmer, D. K., Day.&hner, M. J., Brune, W. H., Apel,
E., Diskin, G. S., Fisher, J..AFuelberg, H. E., Hecobian, A., Knapp, D. J., Mikoviny, T.,
Riemer, D., Sachse, G. W., Sessions, W., Weber, R. J., Weinheimer, A. J., Wisthaler, A., and
Jimenez, J. Lof agifig2® atghnic .aerdsdt ffom epert bfomass burning smoke in
aircrd t and | ab oAtnaospbericyChamistny dind €lsysidd (23), 1204012064.

Denier van der Gon, H. A. C., Bergstrém, R., Fountoukis, C., Johansson, C., Pandis, S. N., Simpson, D.,
and Visschedijk, A. J. H. ( at@dlvéod comifuRianrint i cul at e
Europeir evi sed est i mat étmosphaerid Chemistrgan@dRhysid&(1il)p n . 0
6503 6519.

Donahue, N. M., Chuang, W., Epstein, S. A., Kroll, J. H., 8fop, D. R., Robinson, A. L., Adams, P. J.,
and Pandis, S.N. (2013)) Why do organic aerosols exist? Unde
thetwed i mensi onal v c&hvaonmehtal Chemistrd3), $51.s et . O

Donahue, N. M., Robinson, a.L.aShi er, C. O., and Pandi s, S. N . (2
dilution, and chemi cal agi Enyroonfentad Sciericevanod Tadhriolbgy or gan
40(8), 26352643.

Eilenberg, S. R., Bilsback, K. R., Johnson, M., Kodros, J. K., Lipsky, E. Muwéagiga, A., Fedak, K.
M., BenkaCoker, M., Reynolds, B., Peel, J.a0I k, M., Shan, M., Sambanda
Pierce, J . R. , Subramani an, R. , Vol ckens, J .,
solid-fuel cookstove emissions from uncaited cooking in China, Honduras, Uganda, and
| n d Atmosgheric Evironment 190, 116125.

Foel | , W. , Pachauri , S. , Spreng, D. , and Zerrif fi
devel opi ngEnergydolioydd(12)s748Y7496

Gaston, C. J., LopeHilfiker, F. D., Whybrew, L. E., Hadley, O., 8Nair, F., Gao, H., Jaffe, D. A., and
Thornton, J. A. (2016). dOnline molecular <char
Angeles, WA: Evidence for a major impact from residerti w o o d Atmaesghé&rie . 0
Environment138, 99107.



10

Grieshop, A.BR. Jai n, G. , Set hur aman, K., and Mamnds hal | | J
climaterelevant pollutants measured in home during a cafinamceapproved cookstove
interventon in rural India: IlHo me Coo kst ove BeoHelHhil®),22IR3.ct or s. 0
Grieshop, A. P., Logue, J. M., Donahue, N . M., an
photochemical oxidation of organic aerosol from wood fires 1: measmteand simulation of
organi c aer étmospherie Cherhistdnd Rhysics9(4), 12681277.

Hay s, M. D. , Ger on, C. D. , Linna, K. J. ,-PHasmi t h, N
and Fine Particle Emissions from Burning ofiFa r  FEavirdn.sSci.dl'echnql36(11), 2281
2295.

Health Effectdnstitute. (2019)State of Global Air 2019: A special report on global exposure to air
pollution and its disease burden

Heringa, M. F., DeCarlo, P. F., Chirico, R., Tritscher, T., Dannd., Weingartner, E., Richter, R.,
Wehrle, G., Prévét, A.S.Hnad Bal tensperger, uU. (2011) . Al nve
secondary particulate matter of different wood combustion appliances with-eebajhtion
time-of-flight aerosol mass spectee t tmospheric Chemistry and Physid4(12), 5945
5957.

JetterJ . J., and Kar iHueldaousehoR cook sbwk§ GhHaractefiz8tiorl of pgrformance
and e miBomaseandBioénerg®3(2), 294305.

Jetter, J., Zhao, Y., Smith, K. RKhan, B., Yelverton, T., DeCarlo, P., and Hays, M. D. (2012).
i Platant Emissions and Energy Efficiency under Controlled Conditions for Household Biomass
Cookstoves and I mplications for Metrics Useful
Environmatal Science & Technology6(19), 1082i710834.

Jimenez, J. L., Canagatna, M. R., Donahue, N. M., Prevot, A. S. H., Zhang, Q., Kroll, J. H., DeCarlo, P.
F., Allan, J. D., Coe, H., Ng, N. L., Aiken, A. C., Docherty, K. S., Ulbrich, I. M., Grieshop, A. P.,
Robinson, A. L., Duplissy, J., Smith, J. D., Wilson, K. R., LanzAVYHueglin, C., Sun, Y. L.,
Tian, J., Laaksonen, A., Raatikainen, T., Rautiainen, J., Vaattovaara, P., Ehn, M., Kulmala, M.,
Tomlinson, J. M., Collins, D. R., Cubison, M. J., DunlepHliffman, J. A., Onasch, T. B.,
Alfarra, M. R., Williams, P. I., Boer, K., Kondo, Y., Schneider, J., Drewnick, F., Borrmann, S.,
Weimer, S., Demerjian, K., Salcedo, D., Cottrell, L., Griffin, R., Takami, A., Miyoshi, T.,
Hatakeyama, S., Shimono, A., SunY., Zhang, Y. M., Dzepina, K., Kimmel, J. R., Sueper, D.,
JayneJ. T., Herndon, S. C., Trimborn, A. M., Williams, L. R., Wood, E. C., Middlebrook, A. M.,
Kol b, C. E. , Baltensperger, u. , and Wor snop, D
At mo s p Scemce326(5959), 15251529.



11

Just, B., Rogak, S.,arda nd | i kar , M. (2013) . ACharacterizati on
Traditional and | mpr BnvirertnenBl ScieneexksTecldholgg ()t oves . 0
3504 3512.

Kar, A., Rehman, I. H., Burney, J., Puppala, S. P., Suresh, R., Singh, Lh, $ing§., Ahmed, T.,
Ramanat han, N., and RdAdimaAssessmentrof Blatk Carljo2 Rollukoh . A Re
in Indian Households Due t o Tr adBEnvronmentall and | m

Science & Technology6(5), 29983000.
Kelly, K. E., Whtaker, J., Petty, A., Widmer, C., Dybwad, A., Sleeth, D., Martin, R., and Butterfield, A.

(2017) . AAmbi ent and lcaobsar gtaartyi ceud aaltuea tmaan eaf
Environmenrdl Pollution, 221, 491500.

Kodros, J. K., Scott, C. E., Farina,S.C L e e, Y. H. , L6Orange, C. , Vol ck
AfUncertainties in global aerosol Atmoa.€ldemc!| i mat e
Phys, 15(15), 85778596

Krechmer , J. E. , Pagoni s, D. , Zi emann, -WRIl J ., and

Partitioning in Teflon Environmental Chambers Using Rapid Bursts ofVolatility Oxidized
Speci es Ge n &nveohneedtal Screnc&& Technoy0(11), 57575765.

Lacey, F. G., Henze, D. K., Lee, C. J., Donkel aar
and ambient health i mpacts due Rrooeedingstoftenal s ol
National Academy of Sciencdd4(§, 1269 1274.

Lacey, F., and Henze, D. ( 2 Olavel primaryicabamdreols aerdsal mat e

from solidf u e | c 0 0 k st Bnvienmemtal Research ettedd(11), 114003.
Lambe, A. T., Ahern, A. T., Williams, L. R., Slowi}§,G., Wong, J. P. S., Abbatt, J. P. D., Brune, W. H.,
Ng, N. L., Wright, J. P., Croasdale, D. R., Worsnop, D. R., Davidovits, P., and Onasch, T. B.

(2011) . ACharacterization of aerosol photooxi d
secondaryorgagnaer osol formati on and c¢cloud condensati
Atmospheric Measurement Technigu8), 445461.

MacCarty, N. , Ogl e, D. , Still, D. , Bond, T. , and

warming impact offivemjor t ypes of bi o BErergysfor sustaonkbleng st oves.
developmentl2(2), 56 65.

MacCarty, N. , Still, D. , and Ogl e, D. (2010) . i Fu
in the |l aboratory and r eHnagyfrduskhieable Denetopniest of pe
14(3), 161171.



12

Mat sunaga, A., an) .z \bBasttioning of Or§anic ompoyn@sinla Teflon
Film Chamber and Potenti al Effects on Reaction
Aerosol Science antiechnology44(10), 881892.

May, A. a., Levin, E. J. T., Hennigan, C. J., Riipinen..&e, T., Collett, J. L., Jimenez, J. L.,
Kreidenwei s, S. M., a n-gartiBepartitioning of primaky. orgénic ( 201 3)
aerosol emissions: 3. Biomass b n i Jougnal 0f Geophysical Research: Atmosphgres
118(19), 1132i711338.

Mazzoleni, L R. , Zielinska, B. , and Moosm¢gl |l er, H. (200
Phenols, and Organic Acids from Prescribed Burns, Laboratory Combustion of Widialsj
and Resident i al EnWomndntaCStienceu&sTechnologi (@), 21152122,

Menon, S. (2002). ACIlIimate Eff ect sSciente2BbB@®,k Car bo

2250 2253.
Morino, Y., Chatani, S., Tanabe, K., Fujitani,, Worikawa, T., Takahashi, K., Sato, K., and Sugata, S.
(2018) . fi Co nt rsakbelrarticdate Matterfto AGnmsplieecrOrganic Aerosol over

J a p &mviroamental Science & Technolo®2(15), 84568466.
Ortega, A. M., Day, D. A., Cubison, M. Brune, W. H., Bon, D., de Gouw, J. A., and Jimenez, J. L.
(2013) . i S e ¢ o rotifarmagion and grimary ocgani @arogol oxidation from
biomassburning smoke in a flow reactor during FLAME . Abmospheric Chemistry and
Physics 13(22), 115511571.
Ortega, A. M., Hayes, P. L., Peng, Z., Paim, B. B., Hu, W., Day, D. A,, Li, R., Guid&al., Brune, W.
H., Graus, M., Warneke, C., Gilman, J. B., Kuster, W. C., de Gouw, J., Gui\dorges, C., and
Ji menez, J. -time megsirenenty secortddyeorghnic aerosol formation and
aging from ambient air in an oxidationflowreaat i n t he L oAsmosAGhgme.l es ar ea
Phys, 16(11), 74117433.
Pachauri, R. K., Mayer, L., and Intergovernmental Panel on Climate Change (Eds.). CZitddie
change 2014: synthesis repohtitergovernmental Panel on Climate Change, Geneva,
Switzerbnd.
PadillaBarrera, Z., Torredardén, R., Gerardo Ruuarez, L., Castro, T., Peralta, O., Saavedra, M. .,
Maser a, o. , Tan Mol i na, ernminaton af enmission éactars|foa | M. (20
climate forcers and air pollutants from improvedwdod r ni ng cooks Emenges i n Me
for Sustainable Developmer®0, 61 68.
Palm, B. B., Campuzandost, P., Ortega, A. M., Day, D. A., Kaser, L., Jud, W., KarlHansel, A.,
Hunter, J. F., Cross, E. S., Kroll, J. H., Peng, Z., Brune, W. H., anddlimen J . L. (2016) .



13

secondary organic aerosol formation from ambient pine forest air using an oxidation flow
r e a c Atmosphasic Chemistry and Physidé$(5),2943 2970.

Pankow, J. F. (1994). AAn absorgaticicanmpounteidthd of gas
at mo s pAtnes. Envimn.28, 185.

Peng, Z., and Jimenez, J. L. (2020). nRadical che
chemis r y r eGhendcal &dtietyp Reviewt9(9), 25702616.

PerezPadilla, R., Schilmanmj., and RiojasRo dr i gue z, H. (2010) . ARespirat
ai r p o The lmtermational Journal of Tuberculosis and Lung Dise&de 10791086.

Pope, D. P., Mishra, V., Thompson, L., Siddiqui, A. R., Rehfuess, E. A., Weber, M., acel Br. G.
(2010) . ARi sk of Low Birth Weight and Stillbir
Solid Fuel Us e i n EpklemiobogicoReviewdR(1)C/@8Int ri es. 0

Preble, C. V., Hadley, O. L., Gadgil, A. J., and Kirchstetter, T. W. 2G1Emi ssi ons- and CIl| i m:
Relevant Optical Properties of Pollutants Emitted from a FBteae Fire and the Berkeley
Darfur Stove Tested uBndirenmentabSbiencea&tTechnglggCondi t i on
48(11), 64846491.

Rai, A. C., Kumar, P., Pilla, F., 8kloudis, A. N., Di Sabatino, S., Ratti, C., Yasar, A., and Rickerby, D.
( 2017 )user gefspediveoflow o st sensors for out dSoemwe air po
of The Total Environmen607 608, 691 705.

Ramanathan, V., and Carmichael, G. (206851 obal and r egi onal <cli mate ch
Nature Geosciencd (4), 221227.
Reece, S. M., Sinha, A., and Genicaly AgedAerosal. P. (201

Emissions from Biomass Cookstoves: Chemical and Physical Chazaatérii Eaviranraental
Science & Technolog$1(16), 93789390.
Robinson, A. L., Donahue, N. M., Shrivastava, M. K., Weitkamp, E. A., Sage, A. M., Grieshop, A. P.,

Lare , T. E. , Pierce, J . R. , and Pandi s, tleS. N . (
Emi ssions and PhScienca3166816)cla501262.gi ng. 0O

Robi nson, A L., Grieshop, A P., Do n ah uual, N . M. ,
Mo d el for Fine Particle Mass Emissi oJousnalf rom Co
of the Air & Waste Management Associati60(10), 12041222.

Roden, C. A. Bond, T. c. , Conway, S. , Piomel |, A.

and field investigations of particulate and carbon monoxide emissions from traldarah
i mpr oved cAnodplseticeErvEonMeMd3(6), 11701181.

Rosenthal, J. (2015). AThe Real ChalEcodHeatthe f or Coo
12(1), 8 11.



14

Schauer, J. J., Kleeman, M. J., Cass, G. R., and Simoneit, B.R. T. A99®.a sur e me nt of Emi ¢
from Air Pollution Sources. 2. €through Cz Organic Compounds from Medium Duty Diesel
T r u c Engironiental Science & Technolo@B(10, 1578 1587.

Schauer, J. J., Kleeman, M. J., Cass, G. R., and Simoneit, B. R. T. @0M¥.asur ement of Emi
from Air Pollution Sources. 3. €I Gg Organic Compounds from Fireplace Combustion of
Wo o deEnvironmental Science & Technolo@®b(9), 17161728.

Seinfeld, J. H., and Pandis, S. N. (20&mospheric chemistry and physicrfr air pollution to
climate changeJohn Wiley & Sons.

ShenG., Siye, W., Wen, W., Yanyan, Z., Yujia, M., Bin, W., Rong, W., Wei, L., Huizhong, S., Ye, H.,
Yi feng, Y., We i |, W. , Xil ong, W. , Xuejun, W. , a
Distributions, and Emission Inventories of Carbonaceous ParticulaterMiaim Residential
Wood Combust i onEnvironmétalrSeidnce & Rachmalogyd(7), 42074214.

Shen, G,, Tao, S., Wei, S., Chen, Y., Zhang, Y., Shen, H., Huang, Y., Zhu, D., Yuafang, H.,
Wang, Y., Pei, L., Liao, Y., Duan, Y., Wang, BVang, R., Lv, Y., Li, W., Wang, X., and Zheng,
X. (2013). AField Measurement of £fandGxgi on Fact
Polycyclic Aromatic Hydrocarbons for Residential Brique@eal Cake, and Wood in Rural
Shanxi , End@bnmentaScience & Technology7(6), 29983005.

Shrivastava, M. K., Li psky, E. M., Stanier, C. O.
organic aerosol mass e mi Emwiroomestal Science® c ombusti on
Technology40(8), 26712677.

Stackwell, C. E., Veres, P. R., Willams,J and Yokel son, R. J. (2015). i

burning emissions from cooking fires, peat, crop residue, and other fuels wittebightion
protonttransferreaction timeof-f | i ght ma s s Atreogpbearic ChemiserytandyPhysics
15(2),845 865.

Stockwell, C. E., Yokelson, R. J., Kreidenweis, S. M., Robinson, A. L., DeMott, P. J., Sullivan, R. C.,
Rear don, J ., Ry an, K. C. , Griffith, D. W. T. ,
combusion of peat, crop residue, domesticfoigs, grasses, and other fuels: configuration and
Fourier transform infrared (FTIR) component of the fourth Fire Lab at Missoula Experiment
(FLAME-4 ) Atrdospheric Chemistry and Physit4(18), 972v9754.

Wathore,R., Mortimer, K., and Grieshop, A. P.O2L 7 ) -Use Enhigsions and Estimated Impacts of
Traditional, Naturaland ForceeDr a f t Cook st ov ebBnvironmenRluSciente &Ma |l a wi
Technology51(3), 19291938.



15

Zhang, X., Cappa, C. D., Jathar, S. H., McVRyC., Ensberg, J. J., Kleeman, Mahdg Seinfeld, J. H.
(2014). Alnfluence of vapor wall | oss in | abor
a e r o Bracéedings of the National Academy of Sciente$(16), 58025807.

Zhao, Y., Hennigan, C. May, A. A., Tkacik, D. S., de Gouw, J. A., Gilman, J. B., Kuster, W. C.,
Borbon, A., and Robi ns ealafility Arganit. comppubds:ladajge Al nt er
source of secon cEavirop ScdTrechl8i(28, 13v436mM s ol . O



16

Chapter 2 : Influe nce of stovefuel, and oxidation flow reactor
conditions on agingof laboratory generatedcookstove emissions

2.1 Abstract

Oxidation flow reactor (OFR) experiments in our lab have explored secondary organic aerosol (SOA)
productian during photochemical agimof emissions from cookstoves used by billions in developing

countries. Here, we extend our previous work by studying the effect of different fuel types (hardwood
redOakand softwood loblolly Ping and OFR operating conditis for combustion emissisifirom three

stovesi Philips, Chulika and three stone fire (TSF) on SOA formation. At peak enhancement, we

observed increas@s organic aerosol enhancement ratio (OA BR) 11 From emissions oPineto Oak

for Chulika and TSF and almost no differenaasRhilips emissions. OA ER f@akemissions from all

stoves were generally consistent with our previous study. We explored chemical characteristics using
molecular fragment®) ,"Q and’Q and observethat ageddakandPineemissions generally spanned

the same continuum with differences from combustion technology playing a larger role in dictating aged

OA evolution compared to fuel type. In this study, the OFR o@erated nder &éwet &6 and &6dry
conditions, termed due to variations in relative humidity and dilution levels, primarily contrasting the

impacts of reduced and increased-tmpospheric volatile organic compound photolysis on SOA

formation. The largestiffierences in SOA formation occurredmgak enhancement with an increase in

SOA emission factor g1 b¢nydiepry B prpandt Po p B foaTSk, on o f
ChulikaandPhi | i ps over O6dryo6 operat i dhshowedincreasesofsip of ¢ h
tocYbet weemdbd wedtry 6a OFR operating conditions at sir
entire mass spectra showed tsaectral differences between reactor operating conditions was smaller

than variability in primary emissions spectra. We also conducted positivie faatorization analysis on

SOA organic matrices and extracted saged and highkaged factors capable explaining most of the

observed variability (residuals p 1T Jp Comparison of factor spectra suggests that the-agad factor

may represent a traient oxidation phase of OA while the higtdged factor being relatively consistent

across different combush conditions and fuels, may resemble uniformly aged OA.

2.2 Introduction

Approximately 3 billion people in developing countries depentherburning of biomasdor their daily

needgFoell et al. 2011)The inefficient combustioaf these fuels in cookstoves generates emissions of

"To be submitted to: ACSSikha AfGeorgen.d., ISamaM K., aBchGrieshop A.r y as 0
P. filnfluence of stove, fuel , and oxidation flow reactc
emi ssions?o
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air pollutants including carbon monoxide (CO), volatile organic compounds (VOCs) and particulate
mater (PM). An estimated 1.6 million deaths have been attributed to indoor PM and gaseous emissions
from household cooking in 201(Health Effects Institute 2019Modeling studiegndicate thathese
sourcesnake substantial contributions (e.g. &% of PMsin India)to ambient air pollutionwhich is

linked to adverse health impacts, visibility reductiond altered weather patter(Ghafe et al. 2014,
Chowdhury et al. 2019; Conibear et al. 20Hack carbon (BCand other PM componengsnitted by
cookstoves havinportantinfluences on climat@Bond et al. 2013)Thesign and magnitude of theet
climateeffect ofbiomasscombustion aerosol isncertainthoughit is considered to likely have a net

climate warmingeffect(Kodros et al. 2015; Laceand Henze 2015)Secondary organic aerosol (SOA)
formed from the photochemical processing of these combustion emissions makes an important

contribution to these impactdimenez et al. 2009)

One strategy to reduce emissions has been through the developmeissandnation of improved
cookstovesControlled laboratory testing tifiesecookstoves with improved efficiencies has indicated the
potential for reduced P emissionsin additionto technology improvementthere have been concerted
effortsto characterizgrimary (un-aged gas and aerosol emissions from biomass cookstoves in both
field (Eilenberg et al. 201&3rieshop et al. 2017; Roden et al. 2009; Wathore et al. 20t7pboratory
settings in the past decagletter et al. 2012; Jetter and Karih@02; Just et al. 2013; MacCarty et al.
2008; Preble et al. 2014lowever,primary emissions from household biomass costibn vary widely

and are influenced by numerous factioduding stove technologyJetter et al. 2012; MacCarty et al.
2010) Ignition material§Fedak et al. 2(8) and different wood components are associated with variation
in emissiong the bark is associated with high&v emissions than the std@ippula et al. 2007}uel

type canalsosignificantly influencee mi s schemitad dharacteristics and quantity. While the effect of
fuel type has been explored for open biomass emissia@paigns like FIREXKoss et al. 20183nd
residential wood combustion studi@§eimer et al., 2008)imited work exiss$ for cookstove studies
(Coffey et al. 2017; Jetter and Kariher 2009; Tryner et al. 208A@eover, photochemical pcessing of
these emissions can play an important role in determining their net atmospiparcts but studies

exploring this for cookstoves and variations with different fuel typesaaee

VOCsemitted from biomass combustiondergo phot@xidationin the atmospherandmayform
secondary organic aerosol (SOA) via condensation of low volatility compounds. There hagfdréen
to characterize the nemethane organic gases from residential wood combu@iams et al. 2016)
open biomass burnin@datch et al. 2017; Stockwell et al. 2014, 2046) cookstove emissiofBilsback
et al. 2019)andin some cases to link them to SOA formati(®runs et al. 206) identified threekey

precursor®f SOA formation in residential wood stoviephenol, benzene and naphthalerepable of
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explaining up tap 1t lf the observed SOWhile (Akherati et al. 20204ttributedD ¢ 11 lf SOA

formation from open burning of differeRinewoods to oxygenated aromat&schas cresol, catechol

and phenol. SOA formatidinom agingbiomassmissiondhas been studied smog chamberandflow

reactos showng that bothquantity and progrties ofOA evolve with agindBruns et al. 2015a; Grieshop

et al. 2009; Heringa et al. 2011; Lambe et al. 200rtega et al2013)studied SOA formatiom an

oxidation flow reactor of emissions frognudifferent open biomass burning configurations and observed
increases DA mass by up to a factor afmostg for TurkeyOakwhile a depletion in Pondero®ane

They observedn average OA enhancement, defined as the total mass concentration of OA formed over
time over the initial POA concentration, of 1.4 with peak enhancement after 3 days of equivalent
photochemical aging, similar to the OA enhancement obltdined byHennigan et al. 2011y he

variation in OA enhancement suggests that the photochemical processiognassmissionglepends

on fueltype, highlighting the need for aging studdsliverse source emissiotsinvestigate SOA
formation.(Bruns et al. 2015a; Grieshop et al. 2009; Heringa et al. 20ddied the SOA formation from
residential woodstoves and found that the OA enhancement varied be@yead@® depending on the
emissionsourceand comhbstion phase. Adtionally (Bruns et al. 2015k)bserved that varyig fuel

loads in woodstoves resulted in OA enhancements betp@amdo (for low and high loadings,
respectively)ln contrast little work has been done on understanding the evolution of OA from cookstove
emissions(Reece et al. 201 Measured maximum OA enhancementfor traditional cookstoveand

p& for improved cookstove#\n open question from this work welsaracterizinghe effect of different

fuel types on SOA formation from the same costlmn devices.

Oxidation flow reactors (BRs) are increasingly used to investigate atmospheric oxidation processes,
VOC oxidation and SOA formatioiiCubison et al. 201rtega et al. 2016; Palm et al. 2016FRs
expose species to oxidant concentratitias areorders of magnitude greater than in the atmosphere for
short residence times. They offer advantages overitraditenvironmental chambers in their ability to
achieve high photochemical ages on the timescale of minutes instead of hours in the chamber.
Additionally, shorter residence times in OFRs lead to a reduction of the relative importance of gas and
particleslosses to the walls which cae targein TeflonchambergKrechmer et al. 2016; Matsunaga and
Zi e mann apdleadtd Wages in SGAelds(Zhang et al. 20140n the other handhere are
concerns regarding thiepresentativeness of OFR chemisBgpering on the operating conditions of
the OFR, pathwgs such asiontropospheric VOC photolysigsufficient isomerization of the organic
peroxy (RQ) radical, excessive relative contributions of ROOH to RQ fate may lead to deviations
from tropospheric chemistiPeng andimenez 2020)deal OFR operation aims to mimic tropospheric

chemistry by minimizing/enhancing the effect of undesired/desired reaction pathways in SOA formation.
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Deviationsfrom this ideal opeationcan lead to the formation of product species witfent properties
(e.g.,SOA formationpotential$ thanthose formed in the atmosphekéany studies investigating SOA
from combustion emissions, including our earirrdy; simulating typical daytime chemistry from
cookstove emission®Reeceet al. 2017)have not run the OF&hder ideal condition The extent of
effects of his nonideal reactopperationonthe aging oemissiorsis an importanbpenquestion
Characterizing the extent of these effects would inform interpretation dbpse®FR aging studies in
assessing any major conclusions wouldhvebeenaffected undemore ideal reactor operag

conditions

Positive Matrix Factorization (PMFhasemerged aavital tool foridentificationof OA mass spectri
atmospheric measeiments PMF allows the linking of OA spectra émnissionsources and atmospheric
pathwaysa vital need for diagnostics and source apportionifiznusatou et al. 2019; Zhang et al. 2011)
Application of PMF to laboratory measurements offers the potential to yield ingightsre helpful for
interpreting field data, because controlled expents allow direct observation/control@hissions and
processingteps For example(Haslett et al. 2018)bserved that factors extracted by PMF analykis
two burn phasgin tightly controlled wood pyrolysis and combustion experiments were similar to two
solid fuel OA factors identified bg¥oung et al. 20150 ambient airsuggesting thaturn conditions
have emission with conserved signatuRIdF was recently applied to VOC data from open biomass
burning experiments, resulting WOC factorsthatprovided simplified predictions of SOA formation
(Sekimoto et al. 2(8). However, here has been limited work in observing the evolution of underlying
SOA factors in laboratory experiments. The identification of such factors may be usettidifting

ambient OA chemical characteristics3®A fromdifferent precursomixes or level®f processing.

In this study, we expand on our previous efforts f{@eaece et al. 2017) addresseverabf the
identified open questions. To do so, address the following objectives: Quantify theeffectof wood
fuel typeon freshemissims from cookstovesf widely aging combustion performan@);Explore
differences in SOA mass and chemical composition across the different stove and fumhtypes
these properties change with continued simulated atmospheri¢ agikggess theffect of more or
lessideal operation oanOFR onaged OAproperties4) Apply PMF to laboratory aging data to identify
interpretabldactorsor trendsn the observed SO5) Explore howfactors evolve wittdiffering levels of

simulated atmodgeric aging
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2.3 Materials and methods

2.3.1Biomass cookstoves and fuel types

Experiments employed the same three stoves as our earlie(Reehe et al. 201 7/3panning a range of
combustion efficiencieghe tiree stone fire (TSH) an open cooking fire withqor combustion
efficiency; the Chul i(&reeshopattalu208/]Justet ah 2QUB)dithe Bhiligse t 0
forced draft gasifiestove(Wathore et al. 2017; Weston et al. 20IH)estoves argictured inFigure S1

in the supporting infanation(Sl) of (Reece et al. 2017)

(Reece et al. 201'Bxplored primary and secondary emissions characteristics and evolution of physical
and chemical properties for a siaduel type. Here we seletttwo fuels, a hardwood, redak and a
softwood, loblollyPing because similar fuels displayed divergent SOA formation behavior during earlier
simulated opetburningexperimentgOrtega et al. 2013Wood piecesD ¢ ¢ p wm)wereoven

dried to a drybasis moisture content p 1t PWe conducted two experiments for each stove and fuel
combination for d@otal of 12 experiments. We followed the standardized Water Boiling Test (WBT)
protocol( A GI obalorAl Cli earc eC d oftr alltexperimentsincg @erating protocols
mimicking cooking activity ifReece et al. 201%¥jelded no significant differences when compared to

the WBT. Tests lasted between 1 to 2 hours, from the ignition ofdeld of the test protocol.
2.3.2Primary and secondary emissions characterization setup

Thegeneralexpeimental setup, instrumentation, and data redu@fproacheare described ifReece

et al. 2017)so we only briefly describe the setup anchhight modifications here. Stoves were operated
within an exhaust hood, where emissions from a bumne waptured and diluteglith room air intoa duct
From the duct, the emissions were sampled into three parallel lines: 1) directly for primary emissions
characterization?) into an OFR fob o n laging @r@ 3) into a smog chamber frcumulation agh use

in Abatcho experiments

Primary emissions were sampled through a 9 mm diameter copper probe by the Stove Emission
Measurement System (STEMS) describbtwhergWathore et al. 2017Briefly, the STEMS measude
reattime (0.5 Hz) CO (eldoochemical) and C&(nondispersive infrared), temperature, RH, particle light
scattering (ap o mm). A MicroAeth unit (Aethlabs AE51) measurgreattime particle absorption. The
STEMS collected integrated PM samples via two parallel 47mm diametetrfiites: a bare quartz fiber
filter and quartz behind Teflon were collected for theimptical oganic and elemental carbon (OC/EC)
analyses. The Teflon filter was used for gravimetric; PMeasurements. Details regarding filter analysis
are described edsvhere(Reece et al. 2017; Wathore et al. 2017)

st
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The OFR used ithis study is a version of tHeotential Aerosol Mas$@M) reactor(Kang et al. 2007)
detailed elsewher@Reece et al. 2017Briefly, the OFR isa 7 L cylindrical reactoconstructed of
stainlessteel housng two low-pressure mercury lamps emitting UV light at 185 and 254 nm to produce
ozoneand " adi cal s -¥8806t dpe 6 Ferah g015; Reggienak 201Ghe
integrated OH exposure in the reactor was estimated using dezay(efitted during canbustion) via
upstream and downstream measurements. A model estimating OH exposurecti®a 6f'O 0 mixing
ratio, externall "Qeactivity (OHR)(estimated using VOC/CO ratios frafviokelson et al. 2013caled
by upstream CO measurem@n(; concentration and residence time was used for cases where the
change in tracewvas below detectiofLi et al. 2015; Reece et al. 201 Particle instrumentation
downstream of the OFR includedSeanningMobility Particle Sizer (SMPS,;TSI Inc.) measuring
particlesize distribution, arerosolChemicalSpeciationMonitor (ACSM, Aerodyne Research Inc.) for
aerosol composition and mass concentrationy gnmm PhotoAcousticeXtinctiometer(PAX, Droplet
Measurement Inc.) fgrarticle absagation and scattering. In addition, gplsase instruments continually
measured CO (48i Thermo Fisher Scientific)(ZD5 2B Technologies), GQLI-820 LI-COR)

downstream of the OFR during online and batch sampling.

A heated (120C) stainles steel probeampled emissions from the duct to both the OFR and a smog

chamber via an ejector dilutor. OFR sampling duri
characterization of SOA while emissions introduce
populationofe mi ssi ons from a stove test. The fAonlined pt
completion thesamplingpatwas reconfi gured for Abatchod sampling

Reece et al. 2017 the batch phase included two repsete of OFRonditions §ets ofbulb intensitieks
Theconsistency in the results of thespeated batch conditions and the online aging resutfigested

that vapor losses in the chamber did not have a major effect on observed SOA. Thus, inrboespe

weprokeddi f f er ent OFR condi t i on theimpactoffifftrencesin@R fAbat c ho
reactor chemistryTo do this we diluted andhumidified the sample prior to the OFR for the first set of

batch conditions (subsequently ealthefi we t 0 o) aml dperatibunder conditions similar to those

in (Reece et al. 2017)r the second set of conditiodsn 6 wet 6 ¢ o nabmtantsverefarther c h a mb e |
diluted by a factor of 1.2 té prior to entering OFR, depending on stove and fuelldoation, using

humidifiedzeroair (Aadco 737)resulting in lower OHR and dilution of SOA precurs@gution air

was humidified via Nafiomembrangubing immersed in a temperatwrentrolled deionized water bath

for adequate supply of OH radicalkhe resultant relative humitgt (RH) valuesranged front 11 Rand

¢ ™ relative to chamber values ¢fx oo v . Inthe seconphasq subsequently call ed

condition) we removed this dilution and humidity control ghdsamplewas introduced intthe OFR
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without the addition of humidified dilution flow whilesing the samset ofbulb intensitiesas in the first
phaseresuting in higher OHRsand lower RHs el at i ve t o.Tius ee aedthe samia seti o n s
of emissions under different reacttonditions and observed effects on bulk aerpsmperties

Wall losses in the smog chamber and OFR were correctedBGiag an inert tracer and assuming
internally mixed aerosdlGrieshop et al. 2007; Weitkamp et al. 2Q04%) reconcile dferences between
primaryorganic carborffrom filters) EFs andinaged chamber OA (from ACSM) EFsrrections for
ACSM transmission limitations and for particle wall loss in the smog chamber were applied for our
experiments and are discussed brieflgattionS2.1 Primaryorganic carbon EFs from filters were
converted to primary organic matter EFs based on OM/OC ratios estimated etest pesis using the
ImprovedAmbient method based 62 measured during batch bypass samp(&igen et al. 07,

2008; Canagaratna et al. 2015)

2.3.3Data analysis approach
2.3.3.1Data reduction

Batch data are presented as an average of a single bulb setting (approximately 12 minutee&uel
emission factors (EFs) were calculated using the carbon balance mettidloediesisewhere, to allow for
comparson between different stove/fuel experimgiitathoreet al. 2017) SOA production durim

batch sampling was quantified using the OA enhancement ratio (OA ER). Absolute OA enhancement was
determined by the difference in aged OA (OFR sampling) and fresh OA (bypass sampling). OA ER was
defined as the totaletected mas$QAvarch(=0y+ absoltie enhancement) normalized by PQé=owhere
POAvatchi=0)is the initialloading in the chamber at the end of the lurationcorrected for ACSM

particle size detection window limitations and wall lossmtythe injection periodectionS2.7).

2.3.3.2Positive matrix factorization

We analyzed the mass spectra collected Wiy the ACS
Positive Matrix Factorization (PMF) using the Igor PMF Evalieat (PET) Tool v. 3.04AUlbrich et al.

2009) The basic principles of PMF and application to atmospheric chemistry measurements have been
previotsly describeqPaatero 1997; Paatero and Tapper 1994; Ulbrich et 8).2080m/zwere

guantified in the ACSM mass spectra out of which 74 betwaé&p ¢ p 1 Wwere selected for PMF

analysis. The selection criteria of these ions from the organic spectra have been previously described

(Zhang et al. 2011)Within the PET tool, we dowmweightedm/z with weaksignalto-noise ratiogT®

"YU 'Y ¢) by a factor of 3Sincein the default fragmeation tablethe AMS calculates contributions at

m/z16, 17 and 18 based amzt T this fragment could have a disproportionally large influence on the

analysis To avoid this distortionwe downRweighted contributions at thes#zs Separat&®MF runs were
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conductedfoe ach Obat chd e xtipeéactarsrertractedntaperegpermperd bagdNe
initially conducted PMF runs for up to three factors and explored the solutioniusgiagehe tools fPeak
and Seeds to find the local minimum@fQex,, wherefido i s a fit parameter of th

expressed by summation of squared scaled residuals for each experimental data pointiaride

expected total sum of squares of the scaled residuals.

The ACSM organic matrix was prearfor PMF analysis by: 1) Extracting the organic matrix from the
6batché portion of each experiment 2)heB@A kground
spectra from the tot&DA spectradescribed belowd) Dilution (using preand post C@measurements)

and loss correcting (using prand post BC measurements) the organic matrix.

Prior to each experiment, we collected background spectra frorareediehamber (OA concentration

p‘ g m?, relative to experimental loadingsnging from62to 1164 "T& ) for approximately T

mi nutes. Spectra collected over this duration wer
application of PMFField studies employing PMiellow a similar approach and subtract out ambient

spectra to extract factorepresentingmissions sources not influenced by ambient sigBddandari et

al. 2019) While this is unlikely in our laboratorgontrolled experimentd whichthe chamber is cleaned

before each expignent, we subtract the background spectra to prevent any biases

From initial PMF runs, we found that factors were unable to deconvolute POA from SOA based factors
(example time series and spectréigure 2.12). Unlike in most field conditions, we hawepriori

information on the provenance of the organic mdwig. periods of POA only and periods of O&éed

OA). However,our analysis was not abletoextract consi st enftr oonP @AUG fRabcattocrh o
experimetts (discussed irsectionS2.9. A similar issue was encounteridearlier work(Bruns et al.

2016)in whichthe PQA factor was unstable and uncertainties in the PMF analysis originated mostly from
the POA fractionTo avoid this ambiguity and focus on SOA composition and evolutrerperform

PMF on only the O0SOAO6 spectra byadosgancspecraforeatly t he
experimen{discussed irBectionS2.2and example time series and spectrgigure 2.13). To do this,

we assume that POAid not change dut heterogeneous oxidation and -gasticle partitioningWhile

this is likely not a perfect assumption, prim&80OA has been observed to dpaite stable during hours

of oxidationin severaktudies(Ahern et al. 2019; Akherati et al. 2028Lrther aspectratracerbased
approactound that using®?OA-specificm/zand chemicallyinert BC to determine ®A/SOA splits

during chambeagingexperiments yielded very similar resul@rieshop et al. 2009)
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2.3.3.3Spectral angle

To compare similarity in chemical sigtures usindCSM mass spectra, we consider the spectral contrast
angle developed bfyWan et al. 2002)Briefly, the spectral anglg) is ameasure of the angle between

two vectors corresponding to two spectra. The length and directionde spthe vector are determined

B

by the peak intensities anafz It is definedas , wheret ando are the relativéntensites of

B B

ionpeaksam/zv al @e ad@d ar e pr aapooganicicamaerarationt An angle ef zero degrees

then indicates no discernable spectral differences whitgddicates a maximal spectral differentiation.

2.4 Results and discussion

2.4.1Influence of stove and fuel type on primary emissions

The influence of®ve and fuel type on primary emissions from the selected siagesvestigated
Figure 2.1Aplotsprimary PM s EFs, derived from filter measurements, agatiestaveragenodified
combustion efficiencyMICE, 300 7 300 30 0) for all experiments. Pk EFs are antcorrelated
with MCE, with highest PMs EFs (lowest MCESs) for the TSF and lowest for the Philips. Ris
dominated by OMmeasured by ACSMand EC in all testdHgure 2.1). OurOakresults are generally
within the mean standard deviatiom PM EF and MCE (error bars Figure 2.1A of results with the
same stoveand redOakfrom our previous work(Reece et al. 2017h = 5 TSF; 8hulika; 4 Philips).
Figure 2.1Aalsoindicatesthe effect ofa different fuel (loblollyPine on PM:s EFS theless efficient
stoves (TSF; Chulik) had higher Pl EFs for redDakcompared to loblollyPing in contrast to the
Philips. In additionPineexperiments hadonsistently higheMCEs thanOakfor the same stove
type.The higher Pk EFs observed in the Philips fBiehighlight the potentialor complex

interactiondbetweendifferent stoveandfuels toaffectcombustion performance

Figure 2.B shows EC, POA and SOA EFs for each cookstove and fuel type. Here, we discuss primary
emissions (EC, POA) while SOA is discussedbsirtion2.4.2 The TSFadthe highest POA EFs but

lower EC EFs than the Chuéikand Philips while Chulika has the highest EC EFs. Between the fuel types,
we observed higher POA and EC EFsParein the TSF and Philips but the inverse tloe Chulika. The
POAJ/EC ratio forOak (Pine) emissions from TSF is 5.1 (4.8), Philips is L&} and Chulika is 0.9 (0.9).

We inspect variability via theoefficient of variation (CV) from p, in EFsacross both fueld-or TSF,

CV was0.36 for POA EFs compared to 0.22 for Chulika and higheshéPhilips, 0.43¢( 1 each).
Variability in total PM EFs followed a similar trend across the stoves, with a CV of 0.26 for TSF, 0.18 for
Chulikaand 0.48 for Philips. The high variability in Philips arises from divergence in emissions across

the two fiel types. CVs considered from grouping on fuel type shows high variability acrogSddoth
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(0.63) andPine(0.46) € @each). This indicates higheariability in primary emissions between stove
types compared to fuel types. In addition, certain sfogecombinations may result in high variability as
well, evidenced by observed variability in Philips. To address this variability, subsequentaiesults

presented as stosfael combination averages.
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Figure 2.1: A) Primary PM2.5 EFs from gravimetric filter measurements vs test averaged MCE for alll
stove and fuel types averaged over the burn duratioAyBjaged EC, POA and SOA EFs (split into
semiaged and highkaged factors fronf®PMF) after aging at peak SOA enhancement (numbers indicate
equivalent days of aging).

2.4.2Influence of stove and fuel types on SOA formation potential

Figure2.2 presents OA enhancement ratio (OA ER) as a function of OH exposure for all stoves and fuels
during batch sampling. Here, we discuss the influ
OFR conditionsvhile differences beteen the operatingondi t i ons (Awet o and Adr y
explicitly in Section2.4.3 We observe SOA formation across all conditions studied in our experiments as
evidenced by OA ER greater than 1. The OHosxpes in our experiments spanp&l p 1T to

¢® p 1 molcules 8 cm?, corresponding to approximately 3 hours and 20 days of equivalent aging,
respectively (assuming a daily average OH concentratip@of ¢ molecules crd). OA ERs presented

here areaveraged byntervals of 3 daysf equivalent OH exposuri/e observe an initial peak in &R

(ranging between andy days of equivalent agingduggestinghe dominance diunctionalization

reactions, which decreases with continued aging, stiggethe prevalence of fragmentatireactions

(Lambe et al. 20120A ERs observed in this workesgenerally consistent with other studies of biomass

burning emissionéBruns et al. 2015ka; Grieshop et al. 2009 p. 2009; Hennigan et al. 2011; Heringa et



26

al. 2011; Ortega et al. 2013; Tiitta et al. 20E8gure2.2 shows that OA ER varies dramatically across
stoves with the TSF showing the largeshancements for both the fugle&kOA ERs of 2.6 and 2.0 for
redOakand loblollyPinerespectively). Phips tests had minimal increases in OA, with a maxin@n
ER of 1.3 acrossill conditions Lower SOA production with improved combustion technolagyg also
observed byReece et al. 2017)

Figure2.2 also shows differences in OA HiRtweerthe two fuels. OA ERwereconsistently higher for
Oakemissions compared Rineat a given OH exposure for F&nd Chulika. For Philips, OA ERs are
similar for PineandOakacross the exposure range with marginally larger peak enhancer®ams in
emissiongpeakOA ERfor Pinei peakOA ERfor Oak 1i). Meanpeakenhancement was higher for
Oak(2.6 and 2.3 foTSF and Chulika respectively) comparedPine(2.0 and 1.8 for TSF and Chulika
respectively) and occurred at higher mean OH exposuresi(b3fays of equivalent exposure foak>
3.5 days folPine Chulikai 7.5 days folOak> 4 days folPine. The maximum of themeanbinnedOH
exposure achieved are higher RinethanOakby 17% for TSF and 47% for Chulika. For TSF, the
enhancement igp to30%greater fotOak though this margidecreassto ~10% withcontinued aging.
Chulika mean OA ER fobakwas30% higher than that fdineat peak enhancement with similar
increases across the exposure range (differences of up to 40%)WENR®A enhancementer Pine
testsmay in part be explained Binetestshaving higher MCEs antthus lower associateéslOA
precursors. For Philipgsts theOA ER for tests with théwo fuels are essentially indistinguishable.
Here, stove efficiencgpparentlyplays a biggerole than fuel characteristicand thdan-driven gasifier
is clearly less sensitive to fuel chaextstics than simpler stov@/e record OA ERvalues p for

loblolly Pineacross the OH exposure range studied in contrd€trtega et al. 2013yho observed

reductionsm OA mass (OA ER p) for ponderosa and lodgepdbne

Figure2.B s hows peak OA product i on EFRforreachstgvesardRel 6 bat c ho
combination(factor decomposition is discussed3action2.4.6.3. The largest SOA EFs were recorded

for TSFtests and lower valuefor more efficient stoves, possibly because of lograissionf

precursor VOCs. TSF and Chulika tests had higher SOAMERDak compared tdPing but Philips tests

showed thepposite trendThe peak SOA EF for each stove and fuel occurred betweem@®.8.4 days

of equivalent atmospheric agirigefore decreasing with continued exposure. Peak enhancement was

achieved earlier foPinecombusted in Chulika and Philips. This saegg that SOA formation potential

and time of peak enhancement of emissisiirsfiuenced byboth stove technology and fusdmbusted

The OA/BC ratios oPinetest emissionsere generally lower than those@ékfor both primary and

aged aerosoHigure 2.2).
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Equivalent Days of Atmospheric Aging
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Figure 2.2: Organic aerosol enhancement ra@A(ER) as a function of integrated Od&tposure for all

cookstove technologies and fugbesu n d e r6 &wetdi ti ons i n the OFR duri

OA ER as a function of OH exposure is averaged by intervals of 3 days of equivalent binned OH
exposures foeach stovduel combinationThe error bars shown on all data points espnt the standard
deviations in OA ER (3axis) and OH exposure-@xis) by binning in thesg-dayintervals.Solid

line/circlesanddotted lines/triangleshowOak andPineresults, respectively

2.4.3Influence of reactor conditions on SOA formation potential

We assess the sdingty of resultsto varyingOFR operatiorvia differences in SOA mass formed and

ACSM spectrdbetweerd wet 6 (| ower OHR a ridhedrdHRyameklowerRH)) and

conditions First, we discuss differences in SOA EFs and OA ERbaddress the ACSlgpectra latein
Section2.4.4 Figure2.3 presents the OA ER as a function of OH exposure for the two OFR operating

conditionswhile aging the sambatchof emissions. ¥rying operation of the OFR has a considerable

effect on the OH e xcomidonsrthe maxinangCQH.expasore achieved waes updto

eightequivalend ay s h i g h e rconditioasmue tolregluceXdit ragicéalquenching (lower OHR)
andgreaterOH radicaldormation(higher RH)relative tot heér Y6 c (Liretdal. 2015pThe

increase in OH exposur e a Wversasd d iopetionrabged from asfactort i n g

of p8t ¢ for Philips,p®& ¢& for Chulika and;® o &for TSF across all experimenftenditions

There is some evidence of larger difference®@H exposures at lower bulb settings for the TSF but not

n

6dr

b
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for Philips and ChulikaRKigure 2.4). Less efficient stoves were more sensitive to changes in reactor

chemi stry (bet ween ,bkeheduedto themafinedrdlepgndenae pneOHR &and o n )

water mixing ratio though @sibly also due twarying precursor mixLi et al. 2015)showed reduction

of OH exposure by v Hrom going fromrmto ¢ 1 $¢ OHR while increases of approximately a factor of

2 whengoing fromp to ¢b water mixing ratio (at ™C). Figure2.3 shows thatin some case§)A ERs
variedsubstantiallybetween the two operating conditidios TSF and Chulikaéests Generally, higher

OA ERs were recatded tomydweathidteap éd mi | ar OH expos
peak enhancement under 6wet Oakemissanstsidaysiand/f5daysSF and
of aging respectively), resulted i n imykd emappersatiinor
at sinilar exposuresHowever, at lower OH exposurd34 days of aging), similar OA ERs were recorded

between operating conditions for TSRkemissionsThedifferencesn OA ER between operating

conditions forPineemissions were more modest (generally wittdo) for TSF and Chulikeompared

to emissionsrbm Oak

Figure 23c ompar es SOA EFs at peak e OFRepemtomferalltstoveunder
fuel combinati ons. Peak SOA EFs i 0Oak{Pieegbyemb under 0
(cx Bp Ybp pPandt P v b forthe TSF, Chulika and Philips respectivehdicating a relatively

consistent impact of reactor operation across the fuels. On an absolute mass basis, emissions from less
efficient stoves were more influenced by changes to reaptyation tha those from more efficient

stoves (where there was almost no change). Peak enhancement was also achieved at higher OH exposures
under O6wetd operating o#® npdandppo mPpdaygsofmquizvaleatd t o o6dr y

exposures foDakandPine respetively.

Figure 2.5 shows the conditions under which the OFR was operated in our experimentsanttie of
modeling work done byPeng etal. 2016y hi ch prescri bes <confdheOFRoINs f or
this context, most conditions in our expegiments
ratio < 0.001), primarily dictated by high OHRs from combustion. Ideally, we would dilute emissions
sufficiently to achieve conditionsfa&rs af ed oper ati on of the OFR. Howev
length of the WBT protocol and the aim to collegtigsions from the full test duration, the level of

dilution available via our sampling/transfer system and instrument detection level$i®awr
experiments do not explore the full range of Oris
into the sensitivity of emission evolution within a reasonatilye range within this spacEor Philips

emissions testsve recorded similar enhancemebetweerthe twoconditions Stove technology plays a

large role in dictating thehambelOHR from agiven testwith more efficient combustion proding

lower OHRs. This results in less OH suppresgione n  u n d ditiongaadrthystto ntnorn
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differences in OA ER (less thanb between the two OFBonditions However, the TSF and Chulika
testsproducele mi s si ons 0 b athat Weeesn ®@rdervof magnit@ikigRer than Philipsests

The OH suppression in thiss@ismore prevalenand likely leads to the differences in the OA

enhancement observedhigure 2.3. These results imply thgiven ourprotocol(e.g. test length,

dilution levels)to createemissiond b at ches 6, evaluating tEmorée mportance
important for lesser efficient stoves compared to more efficient stiovesction S2.3 we summarize the

common issues of undesired processes or lack of desired processes as documented in a recent review

(Peng and Jimenez 2020)the context of our OFR experimerifge hypothesize that our reactor
conditions primarily probe differences in SOA with
atmospheric conditions.

Equivalent Days of Atmospheric Aging Equivalent Days of Atmospheric Aging
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Figure 2.3: Evolution ofOrganic Aerosol Enhancement RatiA ER across a range of atnpbgric

aging conditions, cookstove technol ogies and fuel
6 d rfer éedlOak(PanelA) and LoblollyPine(PanelB) tests The colors represent the different stove

types, the symbols (circles/trianglesylicate fuel type anthe darker/faded markers with solid/dotted

lines contrashgt he t wo r eact or @A EBRlas & funatiorsof QHexpesuréis 6 dr y 6 ) .
averaged byntervals of 3 days of equivalent binned OH expostoesach stovduel combindion. The

error bars shown on all data points represent the standard deviations in @&r&dl@xis) and OH

exposurelforizontalaxis) by binning in thesg-dayintervals.
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2.4.4Influence of stove and fuel types on SOA chemical characteristics

Previous stuiés have shown that individuad/zratiosfrom the ACSM/AMS can serve as important
tracersfor OA sources or processe@rfexample;Q , the fractional contribution from signal thie unit
mass resolution peak a/zt Tto overall organic signas atracer for higher O:C, aged aerosol and SOA,
"Q is atracer of POA and fresh SOAX) is atracer of biomass burning POA (leglucosan)Cubison et
al. 2011; Ng et al. 2010The ACSM providesn/zat unit mass resolutioiut these peaks can be
effectiveindicators of elemental/molecular composit{@niken et al. 07, 2008; Canagaratna et al.
2015) Thus, thesen/zdemonstratelifferences in emission characteristics and the evoluti@?of
chemical composition with atmospheric processkigure2.4 uses several fragmentssbow the
evolution of aged OAbservedd ur i ng 6 b at c h$&Enmasgionspan acrelagively weline n t
defined continuum when projected in te vs"Q and™Q vs™Q spaces™Q plots show irFigure 2.7).
This continuum apgars to be dictated by stove efficiency, with Phi@ having the highesf) and
lowest’Q and’Q while that fromTSF has the inverse traifsigure2.4A shows that primargmissions
from the Philips are already highly oxidized and additional aging of these emisagmsarginaleffect
on"Q (eg.ircreaseinQ f r om pri mary t o age @ odborPhilidswaWer age
Chulika andg t T fer TSF) TSF and Chulik#OA have substantially great& and™Q and aging in
these cases significantly depletes tHesgmentsand enlancesQ . This sugests that more oxidized
components dominate aged emissions and levoglucosan and primary biomass markers are rapidly
oxidizeddepleted This is further evidenced by observations of increas&3® iand decreases i2 and

"Q with increased OH exposu(Eigure2.4C, D andFigure 2.7). The extent to which aging plays a role
in movement in these spaces is greatly influenced by combustiarotegih (Q "Qy is
larger for TSF than PhilipsiBoth the chemical characteristics of the primary emissaomOH exposure

dictate to a large part, where on this continuum aged emissions lie.

fragd
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Figure 2.4: Variation in ACSMderived spectral fragments frgphotochemical aging averaged at each
6bat chd agThaalorsindicata differemtrstove types, the symbols (circles/triangles) indicate
fuel type and point shadj darkef f aded) contrast the y&d.r d&hetbrarge

pont s show the average of alll 6batchdé conditions (
circlei Aged Philips Oak Wet for a l&ciclg IAged Bhitips Oakhd cond
Wet averaged for al |l [dueaircle Agéd Philips@ak Dry fora single Smal | [

O6batchd conditionAgkdr biligbt Ohku®rygiavkeBaged fo
error bars on thlarge points show the standard deviatio. in(y-axis) ancl (x-axis)in the small

points used to make up the average. A) Organic aerosol frajemsl . Filled symbols indicate

aged markers while open symbols indicate primary (unaged) OA composition. The dot@dtinect

the primary fragments for Oak withé corresponding closest aged fragment. The Euclidean distance for

all stovefuel combinations is displayed FigureS2.8; B)I vsI undet 6 6apad domer ati on,

dotted | ines connect ¢ psnilar © exposucesndebthettwo lconditinng.e r i me n
Similar OH exposures were recorded across the range of to 8 (seeFigure2.5); C)

and D)I andl vs OH exposure; as an example, filled and open stéigime2.4 B,C and D show

pairs of markers from the same 0batadodditidng, loum Chul i

at similar OH exposures.
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Figure2.4 also presents the chemical evolution of aged OA for the two fuels. In geDakalndPinelie

in the same continuum across e spaces presented kefhis consistency indicates thatidation end
points tracked using thefrmgmentdollow similar trajectories foemissions frondiversefuels. The
notable outlier from this trend are the aged emissions from Philiparfem "Q vs™Q spacewhich lie
betweerChulika and TSKatapoints Thisis because the primary emissions from Philgiseareless
oxidized (lower'Q and highefQ ) thanPhilips-Oak (Figure2.4A). The stovefuel combinaton appear to
dictateOA chemical characteristicgather than strictlgtove efficiencyFor the TSF and Chuliksts
there is a significant overlap in these fragments betWeskandPinedata pointsindicatingsimilar
chemicalevolution of these emigms. For the stovéuel combinations studied here, the fuel type has a
higher relative influence on theBagmentsas we move towards more efficient combustion. However,
combustion technology plays a largeferallrole in dictaing aged OA evolution copared to fuel type
for the fragments considered hefa. one way to further examine this evolutibigure S2.8 plots the
Euclidian distance betweé ,"Q pairs fromprimaryspectraand thed losesbagedspectraThe
&closesbagedspectrehere is defined akmatwhich minimizesthe Euclidian distance to the respective
primarydatapointin "Q vs"Q spaceFigureS2.8 shows thattte closest agesbectrds furthestirom the
corresponding primary specti@ the TSF and closest for the Philgisdthat his distancelecreases
more dramatically with stove tenologythan forfuel type for the same stovEhis metric is another way
to highlight that evolubn was the most dramatic for the least efficient stove and that the diversity in

stoves influenced evolution more that fuel type for the conditions, atavéuels studied here

2.4.5Influence of reactor conditions on SOA chemicatharacteristics

Figure2.4A) shows average fragmeritskenat different OH exposurgsmall points) and averages across
different OH exposures (large points) for each stioe (colorshape) combination and reactqreration
(darkerffadedyQ i s consi stently highefQ dadQ fragmestsatelomer ndi t i or
(Figure 2.7). This indicates thatwvetdconditionsfavor formation of mor@xidized componentduring
agingand more rapid oxidation gbrimary species contributing am/z¢ Tandt ¢ partly, but not
completely, due thigher OHexposuresTherelativechange in averag® in aged spectraetween
reactorcondition forOak (Ping were39 (35)% for TSF, 25(13)% for Chulika and 6(3)% for Philips

tests The differencein averageQ showed more consistenagrossstove types, and weg$ (15)% for
TSF,22(25% for Chulika and 122)% for Philips.To separate the influence wdryingOH exposure

from tha of differing reactor conditionfFigure2.4B) comparesQ and™Q from the samébatcld
experimentsaged under the tweactorconditions buttsimilar OH exposure$within a factor ofp®).
Similar OH exposuresinder wet vs dry conditionsereobserved in theangev p ¢ prt molecules

cm3s? (approximatelyo to p alays of equivalent agingFigure2.4B shows comparisormsade
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opportunisticallyf r o m OXperimentboadditers wher e OH exposure matched
reactor conditionsQ ('Q under Owet 6 conditions were higher (1o
(21%) for TSF, 21% (21%) for Chulika and 7% (25%) for Philips.sEldiff erences argenerallysmaller

than thoséncludingdifferent OH exposuresyhich also drives variatioriowever, this suggests that

reactor operation alone can have substantial ingatite chemical evolution of these emissionshwit

oxidized fragments drancedand pri mary fragments depleted, at a
conditions. That saidsigure2.4A suggests that the overall trajectory, if not the rate of change, in these
fragments is similar ahdifferences between tests are dominated by combustion device (and fuel in some
cases) f t he primary oxidation patylbways db dii rogrsa latrer &
tropospheric VOC photolysis, our results indicate that excess VO€ dissat i on under &6dryo
could be the reason we observe products that are

Figure 2.9 shows comparisons of aged spectra using spectral anglbsscribed irSection2.3.3.3.

m/zt 1andp yare not included in this comparison to reduce the influentiees&fragmens given their
dominance (up to 60% in the case of Philips) in the spdditare 2.9 compars aged mass spectra
collected at the highest OH exposures to other aged mass spectra collected at lower OH dxquosures
t he same 6 b aThi pld shews thateffeativelnrépresents speel evolution,as it
decreaseasOH exposuréncreases, anddf a given experimehthe largest angles were recorded

between spectra collected at the highest and lowest exposures.

Figure2.5 summarizes variatioria spectra from different stov&el combinations aimilar OH

exposuredut different reactor conditions usirng—b et ween aged spectra from 6w
conditions(inter-OFR)is less thap 1tfdr TSF and Chulikand slightly higher for th@hilips € p @.J

To place these values in context, we compare them to spectral variability observed among the various

POA spectraComparing POA spectra for a given stove (irtest)for TSF and Chulika POA yield

angles otv J o &ndp v J¢ Ivhereas the Philips was 32 ¢ phdwingto divergence between the two

fuels The difference between the two fuels (iFfigel) aciossall stoves resulted in an average angle of

¢ ¥ ¢ p. Comparison across stove types (irgve) shows that the larges{t 1 J¢ 1) Wvas

recorded between the primary Philips and TSF spectra, stoves with extremely different combustion
efficiencies—for the different stovduel combination (constasitiel) are the most uniform and fall

within a comparatively smaller rangetivthe smallest angle for the TSfne(t )Jto the largest for

PhilipsOak(p y).J—values forOFR conditiorcomparisonsresimilarto those for theonstanifuel

comparisos. Figure2.5 also plots—between pmary and aged spectftar om s el ect Owet 6 agi
exposuresLarge differences iffresh versus agespectra were observed for the Chulika and TiSHE (

T Ando 1 J¢ Ycompared to the Philipp (@ J@ )1 The smallerfor the Philips ishot surprising athe
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primary emissions are already highly oxidizedl relatively little SOA is added during agifidese
comparisons show that the spectral evolution from fresh to aged is of similar magnitude to variation
among primary spectra (intégst, interstove andnter-fuel) and larger than intédFR condition angles
(except for Philips testsyvhich are consistent with constefoel comparisons.

1
Primary s.pectra E B Chulika §
80 - comparisons: ! B Philips N
' TSF =
A e 5
- B Inter-OFR |
2 70 Inter-stove E operating conditions 1
(o) 3 X primary to aged
o 60 - 1 -
Z |
o 50 — Inter-fuel : -
(e)] 1
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Figure 2.5: Mass spectiacomparison using spectriangles to quantifyelative difference in chemical
signaturedbetween different tests/stoves/fuels (shaded portionyaddr the two operatingpnditionsof

the OFR (6wetd and 06 dunghéaded partionBiamondd represerdiHitegt X posur es
spectra comparis (same stove); flaliamonds represent intstove spectra comparison across both

fuels (purple: TSHPhilips; brown: TSFChulika); hexagon represent irdfeiel comparisons@ak-Pine.

Circles and triangles regsent constarfuel comparisons (same stoftel combination: TSFOak TSF

Pine PhilipsOak PhilipsPine ChulikaOak ChulikaPing. X markers indicat® obtained from

comparing primaryfresh)spectra of a given experimentttta ged spectra under Owet 6

OH exposurendicatedwherewe al so have a corresponding 6drydé ag

2.4.6Factor analysis of SOA
2.4.6.1Chemical characteristics and consistency of SOA factors

Most studies that use PMF characterize the resultittgragainst reference mass spectra from previous
studies basedn distinct spectral signature pedkig et al. 2011)However, here we hawepriori
information about the organic matrix being decomposed. We pextdPMF on spectra after subtracting

the POA masspectra for each experiment and assume that the resultans fdesoribe SOAdetailed in
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SectionS2.2. We ranPMF analysisfor one to thredactors for each experimerfior both wet and dry
conditionstogetherand determined thavo-factor solutions sufficiently desceldthe observedrariance
(residualdess tharp 1T N average(example time series and spectrdigure 2.12). Inspection othe
two factos extracted foall experiments reveals signatunéz makingmajor contrbutions to the factors.
We interprefactors based osignaturem/z along with theobsevation of when they dominate during
aging experimentwo ascribe qualitative meaning to the factors extracted. The first faassignificant
contributions fronm/z¢ ¢which could be an indicator of oxygen containing isnsh asCHO" (He et

al. 2010)andis more dominant under lower OH exposures. Ttugsrefer to this as the semged factor
(example spectra from one experimenigure 2.10). The second factor is dominatedryzp yand
m/zt T known tracesfor oxygenated organic aerosol (OQAhddominates at higher equivalent ages

thuswe callit the highlyaged factor.

Figure2.6 explores the img- and iner-test consistency of the two factors using spectral anbesopen
starpoints to markers comparing spectral angles of the-aget factor within the Philips while tiigded
starpointsto comparisonsf the semiaged factobetween the TSEndPhilips The markersymbols
delineate the differencdésom the various fuel combinationghe open stapoints to the circlé

comparison between two Phili@akexperimentsg ¢ far this example)the trianglé comparison

between two PhilipPineexperimentsgr Yand the flat diamond compares Philip©akto PhilipsPine
experimentsq o J@ )] The darker shaded markers show the corresponding comparisons for the highly

aged factor.

For the semaged factor, comgrisons within and between the Chulika and Phili@srange fromp to

o X far certain stovduel combinations. The seraged factor within the TSF is relatively less consistent

than the Chulika and Philips with spectral angles af p 1 Jhe largest relate differences are

observed in the comparisons of the Philipsto TSF@hdu | i ka ( mar k e Figured@,16 and 0
with spectral angles of up to wahdo x ré&spectively. Thus, while there is some evidencesibinces

where the semaged factor is consistent across the stove and fuel types, soméustios@mbinations

result in large spectral anglésdicating that the senrziged factor is quite variabl€herefore, thesemt

aged factor is dependent on stowel éuel type, suggesting that the precursor mixture and the resulting
early-generation SOA can vary extensivglyesumablyue to variable combustion conditions. In

contrast, the highkaged factor is relatively more consistent across the stove angigasliThe gectral

angles for highlyaged factor comparisons were generkdfs tharp mtakross the stove and fuel types.

The noted exceptions are TSF and Philips comparisons (maxismim o Bsuggesting that extreme

differences in combustion efficiency leadhighly processedas ul t i mat edé SOA that i s

different. Otherwise, that tHaghly-aged factois relatively consistent across different combustion
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conditions and fus indicates that the ultimate composition of aged SOA (as measured by the ACSM)

from diverse biomass burning sources may be quite uniform.
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Figure 2.6: Massspectrhdcomparison usingpectral angles to @untify relative difference in PMF factors

I semiaged and highhaged for all stovduel combinations. Faded/Darker markers represent the-Semi
/Highly-aged factors witlthe different symbols representing differenmbination of thduels Theopen
starand closed starmoint tocomparisons of the seraped factor within the Philips and between the
Philips and the TSF respectiveReplicate for TSFOakis not available as PMF could only be run on one
TSFOakexperiment.

2.4.6.2Mass contributions of SOA factols

Figure 2.1Bshowsthe peakSOA EF split into semiand highlyaged factocontributiors; example time
series showing factor contributions during experiments are shown in Eg. &t peak OA production,
the hidhly-aged factor dominatewith an averageontribution ofy x P  bof total SOAacross all
stoves and fuels. Higher fractional contributions from the higlglyd factor to total SOA were observed
for Oakexperimentsy) o b 1 B compared t®ine(x p P v B. The highlyaged factor contributed

o ¢ bPw Pandy Pmore than the senaged factor foOakoverPinefor Philips, Chulika and TSF spectra,

respectively.
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Figure2.7A shows that the sersiged SOA EF decreasesponentiallywith increasing OH exposures
across stovand fuel types. The contribution of this factor is largest at smaller OH exposures and
becomes minimal v Pof total SOA)at about 15 days, 10 daysd 7 days of equivalent exposure for
TSF, Chulika and the Rhps, respectively. This indicates that vehthe prevalence of the seaged

factor decreases in OA from all tests with increased aging, it occurs at ratesigmwith stove
technology Figure2.7B shows that the highlgged SOA EF initially increasestiv OH exposure and
subsequently starts to decrediely representing the shiiih dominance fronfunctionalization to
fragmentatiorobserved in bulk SOA measuremeriigy(ire2.2). Peak OA ERs (fronfrigure2.3) are
observed generally at the same OH exposures as peak-aggdyfactor EFs iRigure2.7B. We
hypothesize that at low€¥H exposures, reactive organic species which hataéively shorter lifetimes
with respect to the OH radicauych agurans and oxygenated aromatics) are rapidly oxidized to form
SOA that primarily comprise the semjed factofAkherati et al. 2020Coggon et al. 2019)ncreasing
OH exposure may result the dominance of fragmentation reactions which results in the depletion of
SOA attributed to the seraiged factor. The highlgiged factor on the other hand may consiS©OA

from less reactiv@recursorslatergeneration product®r heterogeneous oxtlon during greatedH

exposures.
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Figure 2.7: PMF FactoiEmission factorplottedas a function of Olxposurdor: A) semiaged, and B)
highly aged SOA factorg-actor EFs are averaged by approxinyaBeflays of equivalent binne&aH
exposures  (or each stovduel combination. Faded/darker markers contrast reagirating
conditions; symbols separate thelftypes and colors represent different stoves. Exponential fits on a
perstove basis arghownin Figure2.7A to describeéhe decay of this factor witincreaseaging(fit
detailsand equatiomcluded inTable 2.2).

Decreasing exponential functions on the TSF and Chulika (for collzakdndPineemissions) describe

the decay in the seraiged factorThe fit parameter p70 @ @an be interpreted asfirst order rate

constant andresimilar for the TSET® cdays of aging) and Chulika(r® pdays of aging) (table S2).

The semiaged factor for the Philips is an order of magnitude smalleclaadgewvith OH exposureare

flatter relative tahe TSF and Chulika. Thus, this functional form does a poor job in describing the semi

aged factor for the Philips (large confidence intervals on parameter estirbaiés).the semiaged

factor, he highlyaged factor does naary monotonically anghows deviations of up td50%, 183%

and 25%betweerOakandPinefor Philips,ChulikaandTSF, respectively. However, the
functionalizati-ohfédrlhgmawit at i osn 0b s-fuelgombinatootsr os st
in thehighly-aged factorFigure2.7A also shows thatthe semige d f act or measured und
operation of the OFR is consistent in both magnit
However, the diffeenceir eact or condition is more exaggerated
operation resulting in maximum increases@ak (Pine EFsofp @ pfe Tu)l wkp v P v TP

(p T v)Ig kg of fué for TSF, Chulika and Philips, respectiveSincewes s pect t hat our oOwe
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6drydé condi ti on s-tropospheri@aphatdlysis otVOES, theaansistency in the
magnitude of the senrgiged factor as an EF may indicate that this factor ceegpdompounds that are
lesssensitive to photolysis @t ) and¢ v mm (such asalkanes). On the other hand, the deviations
between reactor conditions in the higlalged factor may indicatarger SOA contributions from

compoundsuch adenzene which aradhly sensitive to photolysis at these wavelengths.

2.4.6.3Relative contribution of SOA factors
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Figure 2.8: Contribution of the highhaged factor from PMF to total SOA measured by the AGSE
function of OHexposurdor all stoves. Exponential saturation funasoare fit to each stove to describe
prevalence of the highigged factor with agindgzigure .11 has the details on the fit parameters for

each fit along with visual separation of the reactor conditions.

Figure2.8 shows that the fractional contribution of the hightyed factor to total SOA behaves like an
exponential saturatiofunctionwith increasing OH exposure (fit parameters tisteFigure 2.11). For

the TSF, the serdged factor dominates total SOA contributions (fraction of higlglgd factor @)

up untilD ¢® days of equialent aging after which the highged factor dominates. For the Chulika and
Philips however, even at the lowest exposures, the fraction of the highly aged factandD ¢ Tt of

the total SOA, respectively. At a given OH exposurectr@ribution of the highhaged factor to total
SOA is higher for more efficient stoves umilrdays of equivalent aging after which contributions to
total SOA are similar ( w Tt Jpacross the st@s. The increasing contributions of the hightyed factor

to total SOA with exposure is consistent with increasing with OH exposur€&igure2.4C) .

Figure 2.11also shows the fraction of the higkdyg e d f act or i s consi stently

operation comparedt 6dr y 6 for all stoves and fuels. Across

h
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the highlya ge d f act oaperation d&@ro TvwaR O T andr@ ¢ 1@ Uor Philips,

Chulika andT SF, respectively. However, the variation in the fractiothefhighlyaged factor across the

stove types is more dramatic under dry conditiogs w T ¢ ¢ T tTand@ o T @or Philips,

Chulika and TSF, respectivelfihe fractionof the highlya ged f act or under Oo6wetd op
wh¢¢Rndwt WorPhi Ii ps, Chul i ka andopér&ibnThelasgespect i vel y
differences are thus observed for stoves of lefeienciesor tests with higher OHR
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2.5 Supplementarymaterial

S2.1Data analysis methods and corrections

Several corrections werapplied to data to facilitate comparison of measurements collected at different
locations and times. The corrections accounpfuoticle loss through the BFR, particle loss to the smog
chamber walls, and ACSM transmission window limitations. The ctiores are briefly described here
and are detailed ifReece et al. 2017)

To address particle loss through the OFRas®sume that BC acts as an inert tracer measured in our

system by the PAX downstream of the OFR and compared this to expbfisntilbypass measurement

in the smog chamber. This correction was applied to OFR measurements for each OH exposure setting on
a per test basis. A similar trend of a slight increase in the percent loss in the reactor (relative to
extrapolated bypass neaements) was observed with increasing OH expofreece et al. 2017)

speculated that the possible explanationshisrttend include electrostatic or thermophoretic losses

and/or changes in the particle morphology or coating. Like in ouiquestudy, these corrections are

relatively minor and do not affect the overall conclusions of the study.

ACSM measurements frothe chamber were corrected for mass outside the ACSM transmission window
(x v @ v mm) to account for primary organic aerosol measurements across instruments of different
particle size measurement ranges. SMPS volume distributions of the initial loading in the smog chamber
were fitted for diameters betweati andp 1 ™Tm from whth thefraction of SMPS8measured aerosol
volume (assuming spherical particles) not detected by the ACSM were calculated @axpgpienent

basis. On average the fraction of aerosol volume outside of the range of the ACSM for the TSF, Chulika
and Philipswerev 1 p WPu p P wbandt Y b p Y espectively and thus similar. This

correction was not applied to the mass enhancerseny)(measured during OFR aging as increases in
mass were recorded within the ACSM transmission window. If significant OA production isingcur

outside of this window, our estimates should be interpreted as biased low.

Finally, particle concentrationseasured at the end of the injection period were also corrected for smog
chamber particle wall loss during the loading period. Light scattendgabsorption coefficients

measured by the STEMS were used to estimatdinealtransfer rates of aerosol te@ttmog chamber.

Using a first order loss coefficient for partishall-loss (slope of exponential decay rate of absorption
measured during byss batch sampling) the concentration of particles lost to the chamber walls during
the loading period was estinealt Figure 2.1 compares the primaryMPEF measured by filters

(gravimetric) to chamber POA EF combining all the corrections/assumptions (OFR patrticle loss, ACSM

transmission window, loading wall loss) + EC EF frimarmoeoptical measurements. A linear fit shows
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strong correlationi( 1o pof the chamber POA EF + EC EF with the primary filter PM EFs with a
slope ofr@ x 18T X

S2.2Details on PMF analysis and method adopted:

First, wedetail PMF runs on the entire organic spefiitowed bydiscuson of PMF r uns on t he &
only omganic spectra. The PMF results discussed in the main manuscript are from running PMF on the
606SOA6 only spectra. The reasons we ran PMF on onl

observed inconsistencies in tA®A factor being extracted ap running PMF on the full spectra.
PMF on entire organic matrix from Obatché experim

We initially conducted PMF on the entire mass spe
Table S2.1one TSFoak exgriment was omitted sinceortyal f of t he O6batchd dat a
general procedure and results discussed below apply for all experiments for which PMF was run unless
noted otherwise. PMF analysis for each experiment explored solutions with aneetdeictors, with both

two ard three factor solutions achieving convergence in all experiments. In all experiaignts, vs P

(number of factorsplots show a steep drop between one and two factors indicating that the solutions

likely have at least wo f a)ot o ssa fiit parameter of the PMF al g
summation of squared scaled residdar each experimental data point. The solution space was further
explored using fSeed tool to characterize the effect of the startinggmoine PMF results by initializing

the algorithm with different pseudorandom starts (seedsp jt Since weobseved minimalvariation in

fraction of variance explained by the factors at the two and three factor solutions indicating a single type

of solution,we fixed seeds as zero for all experimeriise reconstruction of total aerosol mass improves

when moving fom two tothree factors. For example, the absolute percent residuals for the three TSF
experiments decrease frai® x® bu® o® bandu® (& Pwith two factorsta;® c& b

P& ¢& bandp® ¢& Pwith three factors. Changes in the residual structure marenal when

progressing beyond three factors, thus the addition of another factor was not warranted. At three factors,

the scaled residuals for eattizare approximately Gaussian, centered around 0 argl the( v

percentilesare 0. A notabk exceptiorwasm/zp qwhich was poorly fitted and excluded from our

analyses; this has been observed elsew(Bdr@ndari et al. 2019; Frohlich et al. 2015; Schlag et al. 2016)

The effect of rotational ambiguity (fPeak) was explored for both two and three factor PMF solutions by
varying fPeak from p to p with a delta ofr®@ while fixing the seed at zero. Across all the experiments,

three scenarios were observed from the vianatf fPeak: 1) minimal variation in fraction of variance

explained by the factors across the differea#s. Thus, similar solutions were obtained between zero

fPeak and nonzero fPeak values indicating no effect of rotation in the PMF analysising) tBulards
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negative fPeaks showedanealg r o concentration |asomébatt suspected
conditions which is not feasible. 3) Pulling towards positive fPeaks creates unreasonable zeros in the

mass spectra affecting physical intetphbglity of the factor. Thus, in all experiments, there was no reason

that any fPeak apart from zero was prafe.

Figure .12 shows the reconstruoti from PMF for three factor solutions for TSF experiments (top

panel- Figure 2.12 A, B, C) along with the mass spectral signatufethe three factors for the

corresponding experiments (bottom pan€igure 2.12D, E, F). PMF wasinable to consistently
separate out a OPOAG6 f act orm/zaeaks dikean/zb@ acmss diffekegt | a c k
experiments. Moreover, the reconstruction of the
enhancementinthe OFR)o 6 bat chdé r eveal t hdeduatdlylcapsire PGAdronor was
any of ourexperiments. This issu&s been observed before as we(Bruns et al2016)where PMF

was not able to produce a stable POA f amthair. Duri
the POA spectrum in the chamber is relatiwaely sta
priori information that POA shdd form one factor. However, trackimgy/z¢ tTontributions in the

resultant factors show that the POA factor rbhaybeing split into two other factors (sinoéz T1is likely

not from secondary sources).
PMF on 6SOAO6 organi expenmaents:i x from O6batchbo

PMF was subsequently performedeom | y t he O0SOA6 spectra by subtract
bypass scang$jom the total organic spectra for each experiment. We assume that the POA fraction did

not change due to heterogeneous oxidatiehgasparticle partitioning. While this is likely not a perfect
assumption, primary biomass burning OA has been obseredrtdatively stable during hours of

oxidation(Ahern et al. 2019; Akherati et al. 202@) tracerbase approach showing that used of a ROA
specificm/zand chemically inert BC to determine POA/SOA splits during chamber experimemts al

yielded similar result§Grieshop et al. 20095imilar criterion and methodology for PMF was followed as

detdled in the previous section for simulations exploring solutions for one to three factors with this

6SOAG6 matri x. I n all experiments, two steapdrop hr ee f
in theO 70 ‘Q av/ 0 plot betweerone to two fators indicating that acceptable solutions likely have at

least two factors. The solution spaces were explored using the fSeed tool to explore the effect of starting
points on PMF results. Idlaases, changing the seed resulted in minimal variation ifrabgon of

variance explainelly the factors and so we fixed the seed at the default value of zero. We ensured that

the scaled residuals at both two and three factor solutions fonrgaale approximately Gaussian,

centered around zero atite¢ v -x L percentiles lie betweena. Reconstruction of total aerosol mass

improves slightly on going from two to three factors. For example, the absolute percent residuals for the
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three TE experiments decrease fralg p B budt (& band 8) «R bat two factors ta @

C Bbc®y o bandp® ¢8t bat three factors. This change in residual structure is not sufficient to
warrant the addition of another factor. The effect of rotational antiigiais explored in the solution

space using the fPeak toolnflar scenarido the ones listed in th@evious section were encountered: 1)
minimal variation in fraction of variance explained by the factors across the different fPeaks. Thus,
similar sdutions were obtained between zero fPeak and nonzero fPeals watlicating no effect of

rotation in the PMF analysis. 2) Pulling towards positive and negative fPeaks creates unreasonable zeros
in the mass spectra affecting physical interpretability effélttor in some cases. In all experiments, there
was no reasothat any fPeak apart from zero was preferable and thus fPeak was fixed at zero for these

runs as well.

The aged and seraiged factor do not change substantially between the two and thi@esfalations

(Figure 2.13B). The additional factor from the three factor solutions has a similar mass spectrum to the
highly-aged and seraged factors. Since these two factors are capable of accounting for most of the
variability (residuals ¢ B and addition of a factor regsllin negligible change to the residual structure
while not adding to the physical interpretability of the system, we opt for two factor solutions as shown in
Figure 2.13.

S2.3Summary of undesired process/lack of desd process in OFR operation

(Peng andimenez 20203ummarize the common issues of undesired processes or lack of desired
processes in roughljecreasing severity for OFR operation (GE5) under low Nitrogen Oxide

conditions as follows: 1) netropospheric VOC photolysis 2) insufficientratensational sink 3)

insufficient RQ isomerization 4) excessive contribution of ROOH to RQ fate 5) Particle charging by

UV 6) insufficient OA photolysis at tropospheric wavelengths 7) VOC ozonolysis at ambient Nwels.
tropospheric VOC photolys (issue 1) is reduced in theator by running at higherJ® and lower OHR.

We consider the influence of this pathway on our
insufficient condensational sink (issue 2) has been addressed prgiiiitece et al. 2017pr our

system. Briefly, the condensational sink in our experiments is sufficient large to mitigate kinetically

limited OA growth/gas condensation. Issues 3) and 4) are combated by employing reactor conditions of
lower HO and higher OHR (opposite to catidns to for issue 1). Modeling work i{Peng et al. 2018)

shows that OHRs p mtim promote both greater R@fetimes in the reactor (for sufficient

isomerization) along with lowering the relative importance ob R@H to RQ fate under most other

reacor conditions (such as UV intensityl hese conditions are realized across our experimental matrix

for both 6wetd and 6dryd conditions. Thus, our re

not represent drastic changes inR&de.Issues) and 6) are not explicitly congted here as the
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recommended solution involves adding strong UVA and UVB lamps to mitigate these problems for our

reactor configuration. Finally, VOC ozonolysis (issue 7) is likely umepresented in our system as the

ratio of ozone exposure to OH expoesin our experiments is roughly a factomoft mwer than ambient

values. However, reaction of VOCs with i® the most important for reactive biogenic species (such as

| -Pinene] -caryophyllene) and do not play a jararole in the consumption of moahthropogenic

VOCs (such as benzene, toluene). In summary, in the absence of molecular level modeling, we

hypot hesize that our reactor conditions primarily

photolysis réative to atmospheric conditions.

Figure 2.6 shows the fractional importance of the reaction rate of three VOCs with photolysi8tA

nm photon, B 254 nm photon) versus reactiortlivOH, as a function of thatio of exposure to
photolysis and OH from 6Oxi dat i(PemgefFHd2016) Tiheedhaeet or E x
VOCs selected benzene, cresol and phenol, were identifiedA®herati et al. 2020; Bruns et al. 2016)

as important SOA precursors for biomass burning. On this figure are also marked examples from our Oak
experimentsfo 6 wet &6 a n dndifiahs aytbe same ®Id éxposurecFor the oxygenated VOCs

(phenol, cresol), the photolysis versus OH reaction rate ratios decrease marginalty Htom B at

bothp ymmandc umm bet ween 6dryd an difthntleetractiosabimpandei on s . L
are observed for benzemwehich strongly absorb at these wavelengths with decreasefrgnip T bto

9% B at 185 nm (254 nm) between the reactor conditions. This example illustrates that the ratio of
exposuretophoo | ysi s t o Ohmtlitidn®are close to the weatcndstandt p mem st

thresholds mentioned {feng andimenez 202Q)indicating insignificant contributions to 185 and 254

nm photolysis for important representative VOCs compared to OH oxidation of those species. While
commenting on implications to bulk SOA properties is challenging owing to numerousrapkéx

photolysis mechanisms at 185 nm and 254(Reng et al. 2016photons at these short waveldrggare

highly energetic and can induce VOC dissociations and isomerizations that photons in the visible range

do not. We specul ate that these dissociations cou

experimentsKigure2.3, Figure 2.3).
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Table &.1: Primary emissions characteristics for each sfoe¢écombination as measured in the smog

chamber. The MCE, F fand gf are the average values at the
F Fand EE are backgound corrected.
OA .
TestID | Stove Type Fuel Type Loading| MCE (SES) (:pc):r% BC(‘Lo'z;gm)g
¢ T )
6072017 Philios 106.9| 0.97 3.5| 118.5 37.5
6152017 P 90.5( 0.98 28| 1214 28.8
6092017 . 280.3( 0.95 8.8| 182.1 163.6
Chulika Red Oak
8072017 263.5| 0.96 59| 139.6 2175
6132017 . 541.4]1 0.94| 124 202 90.6
Three Stone Fire
7122017 1326.3( 0.95 9.4| 182.8 62.8
809207 Philios 142.6| 0.98 2.2| 1045 22.3
li
8112017 P 197.8| 0.99 1.5 104 58.7
7072017 . . 178.7| 0.95 7.1| 1485 1515
Chulika Loblolly Pine
8172017 159.2| 0.99 3.5| 158.6 123.7
7202017 . 922.2]1 0.96 7.5 196 98.1
Three Stone Fire
8042017 760.2] 0.95 8.2| 161.1 1101

Table &2.2: Exponential fit parameters for TSF, Chulika and Philips shawignre2.8A) to describe the

decay of the serraged factor with simulated photochemiaging. Exponential fits are of the form

[] == . ® mm <—:+:<>
Stove y0 A x0 tau tau
Type (g kg of fuel | (g kg of fuett) | molecules cnis? | molecules cris? | equivalent days
T .
) of aging
TSF -0.5 3.09 7.63E+11 1.11E+12 8.6
Chulika -0.1 0.57 1.67E+11 1.20E+12 9.3
Philips* -6.2 6.34 2.41E+11 1.27E+14 980.0

*The exponential fit does a poor job of representing the decay of theageahifactor for the Philips. This
is indicated by fit parameters which are poorly constrained (large confidéaenela on each of the fit

paraneters)

star
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Figure S2.5: External OHR and water mixing ratio of teempled air stream for all tleperiments
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Chapter 3 Evaluating a simplified oxidation flow reactor
configuration to characterize fresh and aged emissionsdm
traditional and plancha-type cookstoves under fieldike conditions’

3.1 Abstract

Planchatype stoves have been distributed for decades in Mexico and across Latin America to reduce
household air pollution, but thegbhfbbenhbeiof emhs
been characterized. Secondary organic aerosd\8®med from aging have traditionally been studied

in the lab using sophisticated setups involving smog chambers and mass spectroscopy. Here, we present
an evaluation of aimplified measurement approach againstgeddle instrumentation using a

combinaion of filter and optical measurements with a field portable oxidation flow reactor (OFR). These
evaluations showed good agreements between optical and mass spectrometty meathcking SOA

mass. The RTI MicroPEMS, a commercial portable optical sesisowed good agreements with

reference laboratory instrumentation for fresh and aged aerosol from diverse combustion emissions. We
found thatcorrecting the optical responggth integrated filter measurements was especially important

for aged aerosol whersmaller particles can have a reduced response. The combination of optical sensors
and filters with an OFR was used to generate and measure SOA frqotatwbatype stoved Patsari

and ONIL and a traditional three stone fire (TSF), at a test kitaudity in Patzcuaro to mimic fiekike
conditions Planchatype stoves offered significareductiongelative to TSF in the components of fresh

PM with mean Patsari and @Nelemental carbon, EC (organic matter, OM) emissions factors (EFs)

lower byD p w K@ v pandD T w Py o pthan a traditional stove (three stone fire, TSF) EFs,

respectively. We also fourtdat mean Patsari and ONIL SOA emission factors (emission rates) were

lower than TSHy T x Kt ¢ Pandg p Kx o prespectively indicating that plancha stoves have the

potential to reduce secondary emissions in addition to benefits from fresh emissioriemeduct

3.2 Motivation and Introduction

Nearlyo billion people worldwide&ly on solid fuel burning to satisfy their basic energy néBdsjour
et al. 2013)¢ ymillion of which reside in MexicgMasera et al. 2005; Serraiedrano et al. 2014)
(contributing to a total od mmillion in Latin America and the Caribbe&VHO 2015). Fuelwood is the
main residential fuel accounting for approximately 50%otdl energy usand up to 80% within rural

household¢Diaz 2000) Inefficient combustion of solid fuel generates emissions of air pollutants

"To be submitted to: ASinhaps Nagzaguezj JcCCRERAGaNCia, ¥V.nMageratQarals i
GrieshopAP: A Evaluating a simplified oxidation flow reactol
emissions from traditional and planetygpe cookstoves under fieldi ke condi ti onso
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including @arbon monoxide (CO), volatile organic compounds (VOCs) and particulate matter (PM)
primarily comprised of primary organic aerosol (P@#éy black carbon (BC). Household air pollutants
and other products of incomplete combustion are associated with keadifeand climate impactBope

et al. 2010; Rosenthal 201%xposure to ambient PM from solid fuel use has been estimated to cause
o xht e bt premature deaths per yd@hafe et al. 2014; Kodros et al. 2015he magnitude of
the neftclimate impact of PM from biomass burning may be uncertain but total emissions are likely
warming(Bond et al., 2013; Lacey and Henze, 2015)

Onereason for the uncertainty in health and climate impacts arises from the variability in fresh emissions
from household biomascombustion. Fresh emissions characteristics from these sources are influenced

by several factors like appliance tygetter et al. 2012; MacCarty et al. 201fDel type (Koss et al.

2018; Weimer et al. 2008)nd operating conditior&oncalves et al. 2011yhes uncertainties impact

our ability to constrain the amount and properties of fresh emissions from these sources and by extension,
their impact on human health, air quality and climateus, therés an important need to better

characterize the emissiofirem biomass stoves and reduce the considerable uncertainties currently

associated with theifPadillaBarrera et al. @19).

Mexican government programs and fofit organizations have disseminated plangipe (Medina et

al. 2017ajmproved wooeburning stoves that include chimneys in rural households to conserve fuel and
reducethe impact of indoor apollution from combustionBriefly, planchatype stoves have a large flat
griddle usually made of metal (a fAplanchaodo or fAco
between the fire and the pot and also allowing smoke to exit the hoasghtla chimney. Well

functioning planchdype stoves can offaignificantbenefits compared to open fire stoy8mith et al.

2010) For instance, the Patsari stove reduced fuel ugepy¥Berrueta et al. 2008 Ox-equivalent

emissios by Q) T BJohnson et al. 2008nd CO and PiMsby X T Rndyx x espectivelyCynthia et al.
2008)relative to traditional open fires. Howeversfiald primary emissions measurements, although

scarce, indicate #h laboratory tests typically overestimate performance relativehomme us€Johnson

et al. 2008; Roden et al. 2008)ousehold biomss combustion has traditionally been characterized using

the water boiling test (WBT) protocpli GI obal Al |l i ance f gimcofiblledan Cookst
laboratory settings. However, various studies have shown a sti@rgencen emissions perfornmee

between WBT and Hfield testing of the same stov@Srieshop et al. 2017; Roden et al. 2009; Shen et al.

2012, 2013; Wathore et al. 201R)oreover, comparate testing has shown the WBT is not suited to

planchatype cookstoves as a large fraction of the heat transmitted through the plancha, is not transmitted

to a pot(Medinaetal. 2017b;b) I n response, a fAcontrolled burning

to capture thsimultaneous and sequential arrangemendaz lcooking practicewith plancha stoves
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(Medina et al. 2017bHowever, there has been relatively little work to compare the performance of

planchatype stoves during CBC and WBT tests.

Fresh emissions from planchype stoves will undergo photochemical processing in the atmosphere to
form secondary products. Volity organic compounds (VOCs) emitted from biomass bureirave

with atmospheric oxidation, often termed photochemical aging, and typically form secondary organic
aerosol (SOA) via condensation of low volatility compou¢idisnahue et al. 2009; Hallquist et al. 2009;
Jimenez et al. 2009; Kroll and Seinfeld 2Qq®eece et al. 201 T¢ported organic aerosol enhancement
ratios (OA ER), defined as the totahss concentration of OA formed after aging over the initial POA
concentration, ranging frope, (forceddraft stove) ta (traditional stove). Thus, SOA formed from
stove emissions to total PM may be significantly greater than fresh emissions. This Sgkifi@ant
effects on net atmospheric impact in terms of regional air gy&apney et al. 2019nd climate forcing
(Lacey et al. 2017However, most studies of aging haveused on open biomass burniftatch et al.
2017; Stockwell et al. 2014, 201&) residential heating stovéBruns et al. 2016; Grieshop et al. 2009)
To our knowledge, onl{Reece et al. 201 Have characterized SOA formation from cookstoves. This is
at least in part due to the complexity involved in studying SOA. Investigating 8®Asaproperties
necessitate complex saps such as smog chamb@esieshop et al. 2009r oxidation flow reactors

(OFR) (Reece et al. 2011) simulate photaxidation. OFRs offer important advantages over traditional
environmental chambers in their ability to achieve high photochemical ages on the timescale of minutes
instead of hours in the chamber in addition to portakiiKigng et al. 2007)An important need is to
guantify whether OA aging behavior observed in lab experiments is considitefield conditions In

this work, we address this gap by performing experiments in a-figigssetting.

An important barrier for emissions aging studies in the field that thedmdtinstrumentation, typically

used in lab studies with similar objectives, cannot be applied in rescamstrained settings due to their
power requirements, expense, and lacgafability. For example, lab studies utilize instruments like
aerosol mass spectrometers and scanning mobility particle sizers to study detailed chemical information,
mass concentrations and particle size distributions of SOA paiBress et al. 2015; Ortega et al. 2013,
Reece et al. 2017Thus, an important question is whether fiplaitable instruments (e.g. filters, portable
optical instrumentandsensors) used in conjunction with an OFR can effectively probe fresh and aged

emissions characteristics in a field setting and provide some of the same insightgraddahstruments.

A consideration in characterizing these emissions thus becotrsgteaff in precision and complexity of
data acquired with portability, costhndease of measurement technique. Mughly portablePM sensors
(e.g. TSI DustTrak, RTI MicroPEMS) use optical measurem@nirg et al. 2016; Kelly et al. 2017,

Kelp et al. 2018; Rai et al. 201 obtain PM information in real time at a fraction of the cost compared
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to more sophisticated instrumentation like the aerosol chemical speciatioomi@@sM). Previous
works have highlighted the potential of optical PM senaadsfound strong linear correlations (

@ in PM2s measurements when compared to research grade instruments like the scanning mobility
particle sizer (SMPS, TSI Inc.)dm incense burning, atomized sodium chloride and Polystyrene Latex
spheregWang et al. 2015More recently(lslam et al2020 showed consistent agreement between the
RTI MicroPEMS and integrated filter measurements. Comparisons between integrated filter
measurements and reference instruments in previous experi{fReate et al., 2017; Sinhaa$t2020 in
prep)have shown good agreement for PM components. Fresh (unaged)dgest organic matter (OM)
EFs show good agreement with OA EFs derived from the AGSND (mdy slopeD 1@ §. Absorption
measured by the PAX was also well correlated ®ithderived from filtersi( D 1®@y. However, filters
cannot give us insights into ret@ne variations from a combustion event. For this, we consider the
potential of gtical instruments. However, this type of approach has not been explored in the abntext
studying SOA from planchtype cookstoves in a fieldased setting to our knowledge.

To address these requirements, we developed a field portable aging and medsyser and

conducted aging experiments in a qtféedd setting of representative daioves currently in use in

Mexico. Specific objectives of this workclude 1) evaluate a combination of optical and filter based
measurement methods in charactegziresh and aged cookstove emissions; 2) examine the consistency
of complementary methedn measuring fresh (primary) and aged (secondary) emissions; 3) evaluate
fresh and aged emissions characteristics of plahyg®stoves and how they compare to tiadal

stoves; 4) determine the extent of timpactof different stove operating protols on fresh and aged
emissions under a qudseld setting. 5) Make recommendations for future sampling campaigns of
biomass stove aging, focusing on OFR operatingneg and approaches to optimize SOA

measurements.

3.3 Materials and methods:

3.3.1Experiments canparing portable measurement methods against lalgrade instrumentation

First,we investigated data from earlier OFR (OFR detailed below in Se&BaB experimentslescribed
elsewherdReece et al. 2017An ACSM measured aerosol mass concentrations, scanning mobility
particle sizer (SMPS) measured size distributigns (@ ¥ om), PhotoAcoustic eXtinctiometer (PAX
measured particle absorption and scattering and filters for integrated sahalkesS.1). ThePAX
includesa nephelometer that provides a direct measurement afledight scattering ap x mm; this has
previouslybeen used in the secondary calibration of other PM scattering s@NVathore et al. 2017)

Here, we explore relationships between the PAX nephelometer (scattering) data and reconstructed mass
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from the ACSM and PAX to explore tladbility for optical measurements for these emissions.

Specif cally, we consider data from 11 experiments, v
stove test emissions diluted into a 8smog chamber. The ACSM measures OA directly whereas the

PAX can infer PM from particle absorption and scattering (atr8vj

The next step was to evaluate the RTI MicroPEMS, a-ligdight, portable sensor designed to measure

personal and indoor PKDu et al. 2019Y0 measure diluted stove emissiofbe MicroPEMS includes a
nephelometer measuring particle light scattering (g¢mm) and & unm Teflon particle filter behind an

¢® ‘' msize cuinlet(Chartier etal. 2017) We perf ormed Acontroll ed sour c
varying conditions, maintaining a relatively consistent source@vier ¢ Tminutes, to probe respans

with widely varying particle types, both as emitt
emissions via controlled pyrolysis, followifi§@hen and Bond 2010Briefly, we constructed a nitrogen

flooded pyrolysiscell (operating temperature@tp 1€Jbased on a resistive band heater iasdrted

wood pellets to create orgardominated emissions at high and consistent concentrations, which were

sampled into a combustion hood and diR#ece et al. 2017For flaming emissions, we ran the

simmeing phase of the water boiling t8VBT) protocol( A GI obal Al Il i ance for CIl ea
2016)using a Chulika stov@Grieshop et al. 2017; Just et al. 2Q18)both cases, emissions were

characteried directly or aged in an OFR befdreing measured by a MicroPEMS, PAX and ACSM in

parallel.
3.3.2Field measurement approach

We conducte@ @experiments at a simulated kitchen testing facility in Patzciwinihoacan(Ruiz-

Garcia et al. 2018p characterize pollutant emissions from three stolikee simulated kitchen (2.9 m
wide by 3.85 m in length, with a height of 3.2 m) was operated by a locally hivkdhence representing
a quasifield setting. Stoves tested include the three stone fire (T@R)open fire surrounded by three
stoneqBerrueta et al. 2008)he Patsari a planchaype improvedvood-burningcookstove, consisting

of a closed brick combustion chamber and a flue venting pollutiordeutse homé¢Berrueta et al.

2008) and the ONL T a planchaype improved cookstove made of cement (stoves picturEjime

S3.1). We investigated the performance of these cookstoves understimg terotocols. First, two phases
ofthe WBTi t h e A c osimilatingth@hpdwer cooking by rapidly boiling water, followed by a low
power Asi mmeringodo phase; andideshyedtCmimittheoMay Patsari Bur n i
users cook theimeals developed from specific cooking practigdedina et al. 2017bSampling laste
from before fuel ignition until the end of the testing protocol, which varied betw8dmolirs, depending
on the stove and protocol. Prior to emissions sampling, we collected backgraafat d&30 minutes.

We also measured the fuel moisture contamount of wet fuel consumed, temperature of water and
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weight of the pot between the different phases of the protocols. We used-fagalysed white oak in
all tests as it is the preferréakl in the centrakastern region of Mexico due to its hardresd
geographical distributiorTable 3.2 lists the entire experimental matrix, designe@xplore emissions
from different combinations of stoves and operating protocols, with summary statistics describing
individual tests conducted.

The experimental setunsistof two parallel sampling strearfione to measure primary emissions,
while the other creates and measures aged emissions in real time. SOA is thus determined via the
differences between these streamschAematic of the setup and list of instrumentatienshown in

Figure $.2 andTable S.1. During atest, emissions from the test kitchen chimney are diluted into an
exhaus hood and sent through unheated duct lines before sampling. Fresh, unaged emissions were
sampled through a copper probe in the duct and characterized by the Stove Emissions Mdasuremen
System (STEMS). The STEM&G is described in detail elsewhéigam et al. 202Q)with updates

noted here. Briefly, emissions are sampled through asejtlone to a suite of sensors: CO2 (Vaisala
CO2 probe GMP252), CO (Alphasense-B® sensor), temperature arelative humidity (Sensiron
SHT75) and particle light scattering@mtz (TSL205R). The STEMS includes two parallel filter trains

for integrated sample collectidnone containing a bare quartz fiber filter (Tissuquartz, Pall Corporation),
and the other cdains a Teflon membrane filter (Zeflug8t mpor e si ze, Zefon) foll o\
guartz fiber filter for gagphase adsorption artifagiSubramanian et a2004) The filters are analyzed
usinggravimetric and thermoptical OC/EC methodsS(inset OC/EC analyzer under modified NIOSH
thermosoptical transmission (TOT) protocdlVathore et al. 2017)n addition, we deployed a

MicroAeth (AE51) and MicroPEMS for rediime particle absorption and scattering measurements.
Primary aerosol was thusaasured in five ways (1 thermeoptical 2 gravimetric and 2 light scattering)
(Table 3.1).

In parallel to primary measurements, diluted emissions aso sampled through an OFR (described in
Section3.3.3 for simulated atmospheric aging. Downstream of the OFR, CO22QILI-COR), CO
(alphasens€0-BX) and ozone (205 2B Technologies) were measured. OFR particle measurements were
via annual denuders filled with Carulite to scrub ozone and included a Mid®REd MicroAeth for

particle scattering and absorption along with integrated kaoofiection via 47 mm quartz fiber and

Teflon filters downstream of a PMcyclone. This assembly allowed for aged aerosol measurements

using four methods (1 thermeoptical, 2 gravimetric and 1 light scatterin@@aple $.1). A NanoScan

SMPS (Nanoparticle Sizer, Model 3910, TSI) also sampled from the OFR providing continuous particle

size distribution measurements in 13 bins frddmfn to 420 nm.
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3.3.3Field OFR operation

Our OFR is a version of a PAM reac{#tang et al. 2007previously used in laboratory and field studies
(detailed in(Reece et al. 2017; Saha et2418). Briefly, the OFR is constructed using stainless steel and
houses two lowressure mercury lamps emitting UV light at 185 and 254 nm to prodoce and OH
radicals under t he (GietRIR2DI%;5éng etple2018pump drove eshda me
flow across the OFR bulbs, which are housed in PFA Teflon sheaths, to control temperatxidaand
levels near the bulb8ulb intensities were kepbastant for a given experiment and ranged betweanp
intensity for one bulb tp 1 1T P¢ L Intensities for both bulbs. This range was chosen based on
observations of peak SOA enhanceniedéfined as the OH exposure at which maximum OA
enhancement ratios werecorded from a previous lab based si{iRBece et al. 2017 he integrated
exposure of the sampled air to OH radicals in the reactor was first estimated using decay of CO (emitted
during combustion) as a tracer. However, since the CO sensarsed are known to have cross
sensitivities and to account for times when CO decayitlisrwneasurement uncertainty, we also
developed a model to describe OH exposures in our experithéntsal. 2015; Reece et al. 201YYe

use the OH expaose estimates as predicted by the model in this study (trained using OH exposures
estimated from tracer decaf)H exposure in OFRs has been shown to be a functioevefal reactor
conditions- H>O mixing ratio, external OH reactivity (OHRJefined astie sum of the products of
concentrations of externally introduced @binsuming species and rate constants of their reactions with
OH), ozone concentration and resideticee. Details regarding our approach in constraining the
parameters of the OH exposumedel are presented in Secti®8.1and the parameters listedTable

S3.3. In theabsence of detailed VOC measurements, OHR was estimated using VOC/CO ratios of
woodland oak measured during Flame 11l experiments scaled by the CO concentration measured upstream
of the OFR(Yokelson et al. 203). We diluted emissions at thelét of the OFR by a factor of 1.5 t0 2.5
depending on the stove. ¢@easured before and after the reactor ensured the absence of leaks in the

system and was used to confirm dilution ratio.
3.3.4Data Reduction

Fuelbased emission factors were calculated uiegcarbon balance method described elsewhere
(Wathore et al. 2017jo allow for compason across different stove experiments. We quantify the
formation potential of aged aerosol using an enhancement ratio (ER), defined as the total aged aerosol
(measured downstream of the OFR), normalizethbyfresh aerosol (measured upstream of the OFR)

An ER greater than 1 indicates a net increase in aerosol mass, suggesting SOA formation. ERs can be
calculated in term of OA or PM. Aging involves gatsase and/or heterogeneous oxidation processes; we

camot distinguish the two processes in our expentmeParticle losses in the OFR were corrected on a
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perexperiment basis using EC measurementsand downstream of the OFR. EC is treated as an inert
tracer and assuming internally mixed aerd&yieshop et al. 20070P9; Reece et al. 2017; Weitkamp et
al. 2007)

Realtime data from particle sensors offers a rich view into the interaction betweewatigieg and

interlinked combustion and oxidation conditions. #ecE3.2includes a detailed description of reduction

of reattime data, we only briefly describe it here. Rexale was filtercorrected on a per periment basis

and data from each stove type were consolidated into a single data M&FxONIL and Patsari. éxt,

we ranked the observations in these consolidated data matrices based on a grouping variable, including
modified combustion efficiency (ME =300 ¥ 300 30 0, single scattering albedo (SSA, ratio of
scattering to total extinction efficiency), OHR or OH exposure. Finally, toedered data matrices were
sliced into percentile bins based on the grouping variable and averagesuahéties of interest were
calculated in these bins. These averages from eac
the realtime data. This approach allows for the accounting of a wide range of conditions arising from
testto-testvariability for each stove. In addition to helping summarize many observations, this

methodology also simplifies retime comparisons between profiles of different stoves.
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3.4 Results and discussion:

3.4.1Evaluating optical measurements of fresh and aged combustion asol
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Figure 3.1: Scatter plots showing comparison of values from reference methods (horizontal axes) and

optical measurements from | aboratory stove + OFR

coefficient (PAX at 870 nm) representas EF, A, +f versu®$M2.5 EF (reconstructed from ACSM

OA and PAX BC) across different stove typEresh observations are indicated by open circles while

aged observations are shown by closed circles. The dashed lines represent linear fits to faesbsmhl

while the olid lines show linear fits to fresh + aged aeroBjlIscattering enhancement EF vs SOA EF
(measured by the ACSM) across different stove types. The solid lines represent linear fits to each of the
stoves. C) Scattering enhancemetibra defined as tl scattering by fresh + aged aerosol normalized by
scattering from fresh only aerosol vs PM enhancementiraiimilarly defined as the fresh + aged PM
normalized by fresh PM. The solid lines represent linear fits to each of the Eachgoint represes a

D10mi nut e average at a fixed aging condition in
experiments. Stove types are delineated by colors.

First, we consider comparisons of optical measurements and physical@h@edsures of ensons

from reference instruments coll ected Fhwe3illhg t he

plots the scattering coefficient EF againstRMF and shows thabrrelation coeffients for aged PM

show with mildly lower correlations for stoves of lower efficiendies & &r® @ndT@ tfor

Philips, Chulika and TSF respectively for total PMhe optical response varied across the different stove
types as well as fresh/aged PM. Emissions from the Chulika had the strongest optical response, (slope of
0.64 for fret and 0.35 for agh while the TSF had the lowest response (slope of 0.17 for both fresh and
aged). Slopes for aged comparisons were lower than those for the corresponding fresh emigsions for

EF vs PMs EF (2%, 30% and 45% decrease in slfgel SF, Philips ancChulika respectively).

Therefore, the optical response to aged PM was lower than for fregh &Mtioning against the

an

(@}
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exclusive use of optical measurements for SOA characterization. For both fresh and aged PM
comparisons e caofidence intervals othe fit intercept include zero, indicating that for these stoves

there is no offset in the optical response when estimating fresh or total ®rall, our observations
suggest that scattering measurements exhibit the poterttiatkothe mass of ageaerosol but that

potential differences in optical response must be considered. Therefore, whieomesstration

calibration of an optical measurement is relatively consistent for a given combustion particle type, this is
not conseved with aging in th OFR. The average mass scattering coefficient (MSC; ratio of scattering to
PM. s concentration) for fresh emissioranged betweeng yn?gfor TSF tor® tm?gfor Chulika,
consistent with the values reported(ldyathore et al. 201 7@ xn?g?) and woodstovesom

(Champion and Griesho®29) (1@ ¢ T @n’g?).

Figure3.1B plots onlythe enhancement in scattering, presumably d&O4 formation, as an

EF 6  EF)versusthe SOA EF from ACSM measurements showing linear correlatiamging
fromm& w 1@ Y The poor correlation for the Philips (& Qlikely arises from the minimal
enhancements (SOA EF 1 g kg of fuel) recorded for this stove. While the optical respansg be
diminished(indicated by slopes p), the correlation coefficients provide evidence that new particle mass
formed from aging can be tracked via optical measuremiigisre3.1C compares enhancement ratios
(defined as the aged signal normalized by difoan fresh only) for optical and chemical particle
measurements, with values greater thamdicate OA formation (assuming BC is conserved). There is
evidence of a linear relanship with an overall correlation coefficientm® pacross all stoves. We

observe stronger correlations for less efficient stoves for which larger mass enhancements were recorded
(i of & wandm@ uor TSF and Chulika respectively) compared to théis i of T ). The

scattering enhancement ratios range fronttofaft p miower than PM enhancement ratios measured
by reference instruments. Two factors that may explain the divergence between optical and reference
measurement are the influermfgoarticle size and complex refractive index (RI, a function of partic
composition) are discussed beldWhus, while the optical methods explored here show evidence of being

able to characterize OA formation, using them alone to quantify SOA masslysrik feasible.
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Figure 3.2: Scatter plots of simultaneous measurements of MicroPEMS vs organic mass concentration
(ACSM) for fresh (orange) and aged (green) aerosol across diverse combustion re§jjrbesnass
pyrolysis (smoldering) emissions B) flaming combustion emissiData are from multiple experiments
with each point representingba 8 min average. The MicroPEMS nephelometer is converted to mass
concentration units using a calibration factor ofrhe solid lines are linear fits to the data with fit
parametersrad correlation coefficients printed on the plot. The dashed black linesesgs the 1:1 line

Figure3.2 shows scatter plots of simultaneous measurements from the MicroPEMS against ACSM +
PAX measurements for botresh and ged aerosol from wood pyrolysis (to simulate smoldering) with
higher SSA particles and flaming combustion which is more efficient with lower emissions and particles
of lower SSA(Reid et al. 2005; Roden et al. 2008he MicroPEMS and reference instruments responses
are strongly correlated (  T@&)) for fresh and aged aerosol for both flaming and smoldering conditions
However, nost observations lie below the 1:1 line, showing tha MicroPEMS nephelometer response
(converted to mass concentration using a calibration fact(lefam et al. 202Q)was generally lower

than corresponding measurements by the ACSM and PAXMicroPEMS response is stronger for

fresh smoldering emissions (slopet@o § compared to flaming (slope & § highlighting the

variation in measurement across diverse parteeisted during biomass burning. Moreover, the
response of the MicroPEMS stronger for fresh emissions (slopes of 0.93 and 0.25 for smoldering and
flaming) compared to aged (slopes of 0.68 and 0.14 respectively). These strong correlations indicate
potental in tracking reatime variations, but that the MicroPEMS responsérangly moderated by

particle properties like size and composition that are affected by both combustion and aging. The
difference in the response given by the change in slope iedit#t emitted particle characteristics drive

larger variation in MicroPHES response compared to aging effects for the conditions explored here.
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Figure $.9 compares the consistency of the MicroPEMS against the $haXing stong correlations

@i @) ) across fresh/aged and flaming/smoldering emissions. The slopes from these comparisons are
similar between fresh and aged emissions within a combustion condipgi¢r smoldering emissions

and 0.38 for flamingmissions). Havever, the response under smoldering emissions is ap@osnes

that under flaming emissions. The OA/BC ratio, size, and thus scattering, of aerosol from flaming
emission tend to be lower than smolderihgrtinsson et al. 2013ikely explaining this disparity.

To understand the reduced respe of the MiroPEMS relative to reference instruments, we first inspect
the size distributions of fresh and aged emissions collected under diverse combustion coligjticas.
S3.6 shows thaflaming emissions ha smaller particle size distributions (mod®at vwm) compared to
smoldering (mode d p T nm). Figure $.6 also shows thaiging shifts the particle size number
distribution mode to smaller sized particles. For emissions smoldering combustion emissions, the mode
shifts fromD p T mm toD v T™m while for flaming emissions the shift is frddnt tnm toD o T™m

with aging. Thus, both aging and combustion conditions influence particle size distributions. Next, we
explore the relationship of scattering efficiency with igketsize using Mie modelin Figure 8.7 shows
that scattering efficiency is greatly reduced at smaller particle sizes (especially upmim) with

minimal variation even acrosswide range of refractive indiceéEhe range of refractive indices explored
here (real part p® 6p&, imaginary part @t 1t 1@ spans the range observed in literature for fresh
and aged aerosol from anthropogenic soufielsse et al. 2015)The scattering efficiency for fresh
flaming emissions (at 45 nm) is 7 times larger than aged flaming emissiansnaj). However, the
scatering efficiencies for fresh smaddng distribution (ap T mm) is¢ 1 tpmes larger than aged
smoldering distribution (ai Tmam). This shows that smaller particles (like those from aged and flaming
combustion emissions) are characterized poorly relatil@rger particles (like those frofresh

smoldering emissions) by scattering based measurements. Mie modeling shows that peak scattering
efficienciesoccur between particle diametersyoft mm andp p mm depending on refractive index (at
wavelengh ¢ x mm) (Figure 8.7A). In addition to the size distribution, the refractive index of PM can
also influence scattering efficiency. For exampigure S8.7B shows that the scattering efficiency for
particles ofrefractive indexp& 1& (KBS on average a factor p8o ¢ 1@ larger than particlesf

refractive indep& 18t 1t TQBoththes factors, the size distribution and refractive index, are linked to
combustion conditions. Finalljn Figure $8.8 we combine the size distributions of frésdred and
flaming/smoldering combustion emissions along with the scattering efficiencies from Mie modeling to
calculate scattering coefficients as a function of particle diameter for normalizedssimitions (such

that integrated volume for distribati in Figure S3.6 are equal). In addition, the scattering efficiencies

from Figure 8.7 are truncated t@  om to matb the upper size limit of the SMPIB.Figure $.8A, for
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particles of refractivindexp 1@t 1t fAhearea under the cuniep p Marger for aged smoldering
emissions compared to fresh smoldering emissiong ni@rger for fresh flaming emissions compared

to aged flaming emissions indicating relatively consistent scattering coefficients between fresh and aged
emissions in this size range. However, larger differences in area under the curve are observed when
comparing flaming to smoldering emissions with differences ip ¥t o pbetween fresh (aged) flaming

and smoldering emissions. These observations help explain, at least in part, the reduced scattering
response to flaming emissions versus smolderifgigare3.2.

3.4.2Evaluation of integrated measurement methods evaluation from quasield experiments

Based on these evaluations, it is clear that integratedigteed measurements should be the main basis
for quantitative omparisonFigure S3.18 and B plot the PMs derived from the MicroPEMS

nephelometer (optical) against the 25 mm PTFE Teflon (gravimetric) and show strong linear correlations
@i Ty J across the different stove types and protocols for fresh and aged aerosol respectively. The
consistency in this ecelation provides a basis for using the filter measurements tapostct optical

data, on a peexperiment basis. The slopdgtiue fits for the fresh and aged aerosols are similar with the
nephelometer PM reading between 4vu 1t Bower than the filter o average.

Figure S3.1C and D plot PM EFs based gnuandt ymm PTFE filters indicating a high degree of
consistencyi(  T®y) for both fresh and aged conditions. The slopes of the fits are both close to unity
with the confidence intervals on the intepts include zero, indicating close agreement between the two
gravimetric methods. However, we see from these plots that therdPTFE filters generally predict

higher EFs than the 25 mm. This bias is very similar across fresh and aged amposol@ Ttfor fresh
andr® p 1@ )Yor aged). Potential physical sources of this bias could be due to differences in the size
cut of the gclones, uncertainties in flow rates, losses in the flow path of MicroPEMS or evaporative
losses of POC from the filter housediire MicroPEMS. The fact that differences are consistent in
direction despite different MicroPEMS units and cyclones suggeasta fundamental difference between

the two approaches and not a calibration issue.

Figure S3.18 and F compare PM EFs deriviedm gravimetric measurement against theroptical
methods for fresh and aged aerosol, respectively. We use OM/OC ratiifie $patove and type of

aerosol (primary/aged) to compute PM from OC/EC analyses of filiérs ( Q 0 067
— ). Details regarding derivations of OM/OC ratios applied here are presented in S&8and

Figure S8.11. Strong linear correlations (1@ ) along with slopes very close tq@.98 for freshi®o w

for aged), across both fresh and aged cases, indicate consistevegrbgtavimetric and therraptical
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methods adopted in this study. The modest offset from thécemee line ofri® & g kg of fuel in

the two fits may be attriied to norcarbon components like ions or ash from the combustion

Figure S3.1G and H canpares light absorption from the MicroAeth with EC measured from filters using

the OC/EC (thermaptical). The optical response and filter EFs are e@itelated for both primary and

aged aerosol. From the slope of the fits, we infer that the mass arsarpsssection (MAC), defined

as the ratio of the absorption coefficient to EC concentration, for the fpgsim{g?) and aged (10.3 ™

g?) testsaresimilar. These observations suggest that the integratsisurement methods employed were
reasonaly consistent and variations in these estimates may be used to constrain observed aerosol EFs. In
the sections below, we present the results of tlasidjeld experiments using the 47 mm measurements

and optical measurements from the MicroPEMS corregtetidinset 25 mm Teflon filter for reime

data evaluation.
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3.4.3Fresh emissions characteristics of planchtype stoves
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Figure 3.3: A) Fresh PM EFs measured from 47 mm filters (gravimetric) plotted againMCE for all

stoves (delineated by color) and stove operating protocols (delineated by shape). The dashed black line
fits the PM EF and MCE dathewing anticorrelation. The faded markers show fresh PM EF vs MCE

data from literature for comparis@dohnson et al. 2008; Medina et al. 2017a; Reece et al. Bp17)

Emission &ctors of frestand aged PMind components for each stove group (also delineated by color);
bars on théeft in show the test averaged components of total BNC, POA and SOA represented as

EFs obtained from therraptical methods. The error barsoghthe standard deviation in the measured

SOA EF components. The bars on the right in each stove group stawvdeaged fresh (grey) and aged

PM (green) EFs from gravimetric filter measurements. The error bars show the standard deviation in total
aged PM

Figure3.3A shows testiverage fresh (unaged) PM EF plotted aga#SE for the three stoves and two
protocols tested. PM EF is aftdrrelated with ME as typically observe@etter et al. 2012; Just et al.

2013; Preble et al. 2014; Reece et allZJ0Amongst the stoves in our study, the ONIL had the highest
MCE and lowest PM EFThe TSF and some Patsari WBT tests were amongst the least efficient, resulting
in high PM EFs. In terms of fuel use, the average wood combustion rate of both the TF&fEsanidfrom

our experiments were above 2 kg lrhile the ONIL was less than 1.5 kg't(Figure $.12A). Across

the operating protocols, we observe the largest variability in TSF emissions, likely the relively
uncontrolled nature of combustion. Within a specific stove type, the PM EFs from the WBT protocols
were higher than those from CBCs at similar MCEs. The CBC protocol was designed to mimic actual

cooking activity in plancha type stoviesfavor of ogeration of the standardized WBT which results in
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wasted heafFigure $.12B shows that operation under the CBC protocol generally resolgetigher
wood combustion rate compared to the WBT. Our resultszasoably consistentvith those from

similar stove types from tests performed inldteand simulated kitchen environmeiji®hnsoret al.

2008; Medina et al. 2017djigure3.3B shows the average primary PM EF and POA and EC EFs from
thermooptical measurements alongside graumee®M EFs. The TSF had higher PM, POA and EC EFs
than the plancha type stoves. Mean PatsarCiiid. EC (OM) EFs weréower byD p w B¢ v JandD

T w PY o pthan TSF EFs, respectivel®ther information on fresh emissions are listedable 3.2.

3.4.4Aged emissions characteristics of planchgype stoves
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Figure 3.4: A) OA ER plotted against MCE from simulated photochemical aging of combustion
emissions from cookstoves in the OFR. The closed symbols show observations from the current study
while the open symbols represefiservations from laboratory experime(8iha et al. 2020 in prep).

OA ERs are derived from integrated theromtical filter measurements on a fiest basis. Average OA

ERs are presented from Sinha et al. 2020 with the error bars showing the stam@giahdae mean OA

ER and MCE. The solitdlack line shows a linear fit of OA ERs to MCE from the current study while the
dashed black line shows a linear fit of OA ERs to MCE from lab data (Sinha et al. 2020 in prep). B) OA
ERs plotted against OH expostioe all stoves and testing protocols. @&Rs from Sinha et al. 2020 are
also plotted as a function of OH exposure for context of lab observations with field observations from
current study. Colors indicate stove model and symbols test protoddhs (circles) and CBC

(triangles).

Figure3.4A presents the OA enhancement ratio (OA ER) derived from theptical filter

measurements versus test averagedENE all stoves and testing protocols. We observed net increases
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in OA mass for all stoves, testingopocols and aging conditions studied, indicated by OA ERs greater
than 1. No distinct difference in OA ER were observed across the stove protocolssawe ttonsider

WBT and CBC results together for the discussion below, unless explicitly stated othdifvddargest

OA ERs, ranging fronp& uo ¢@®, were observed for ONIL (highest MCE) while the smallest ranging
from p& uo p® are recorded for the FS(lowest MCE). Our previous lab results suggest that more
efficient combustion devices (operating agher MCES) result in lower amounts of enhancement upon
aging, likely due to lower emissions of VOC precurg&sece et al. 20170 comparehte observations
from the current study to these previously observed trends, we also plot peak OA HiR=efgtoves

TSF, Chulika (natural draft stove) and Philips (forced draft stove) from separate lab experirkaqissin
3.4A (Sinha et al. 2020 in prep). The lab data indicate a strong trend of decreasingsQWERICE, in
contrast with field observations, which indicate a weak increase. The average MCE of the Chulika and
TSF, the les®fficient stoves from the lab studygatomparable to those for the ONIL, the most efficient
stove in the current study (aagleMCE of @ gor Chulika compared to®o for ONIL). Chulikatest

OA ERs ranged up tg at peak enhancemegbnsistent with OA ERs from ONIL tests in this study. In
contrast, the OA ERs i n ¥ fteompded ® pedlkbOAERIR TSFdab t s

tests.

Figure3.3B shows averaged SOA EFs (SOA fodmermalized by fuel use, not a true EF) for the stoves
studied here. As noted previously, we observed SOA formation in all cases, with a tregdrdb@A

EFs for stoves of lower MCE§&igure3.5), in contrast to the OA ER resultskigure3.4. The largest

SOA EFs were recorded for the TSF with mean Patsari and ODWL.E-s lower byt x knd

¢ p espectively. To better understand net atmospheric impacts of stove operation, Efe$ asetifu
together yield emission rates as showhigure 3.13. Testaverage SOA&mission ratesg account for

fuel use) for thd?atsari and ONIL were @ Rndx o lower than those for TSFespectively. Relative
reduction in Patsari vs TSF SOA EFs and emission istgsout the same for since the wood combustion

rates for the twatoves are similgiFigure $.12A).

Figure3.4B shows OA ER as function of integrated ®kposure for all stoveshere each marker
represents tesiverage OA ER calculated using OC measurgsteom filters and OM/OC ratios derived
from Figure 8.11. The testaverage OH exposures ranged between approximately T and

¢ p 1 molecules cnis?, corresponding to andp tdays of equivalent agirig the atmosphere

(assuming a daily average OH contration ofp® p 1molecules cni). To help interpret the variation

of OA ER with OH exposure in the current stuBligure3.4B al so pl ot s OA ERs obt ai

experiments in the lab for threoves’ TSF, Chulika and Philips where OH exposure was systematically

varied for a given O6batchdé by changing OFR bul

b i
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initially increases, attains a peak value (typically within 3 and 6 days of equivalent aging) and

subsequently decreases with increases in OH exp(iReeee et al., 2017The OH exposures in the lab

and feld studies generally overlap, though batch experiments included lower exposure settings. Across

Patsari experiments, the OA ERs decrease with increased OH exposure while fdf tre TNIL,

there is either no change or a modest increase in OA ER Witbxposure and thus general trends are

harder to discern. The potential reasons for the divergence in the magnitude of OA ERs for the TSF

between the lab and current study are listeldw.

3.4.5Reaktime fresh and aged emission characteristics
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Figure 3.5: Realtime data presented as averages of percentile MCE groups on a per stove basis showing
A) SOA EF vs MCE and B) PM ER vs MCE. Thestdypes are delineated by color. Each marker

within a stove group reprases an average of the percentile group by organizing the collated data for that

stove by MCE. The darker colored markers show the integrated test averages from filters

Next, we coniler the reatime measurements and what they can reveal relative totdgrated filter

measurements discussed in the previous sections. THe&weaheasurements discussed below are

condensed by averaging data organized into percentiles of MCE gnalegs explicitly stated otherwise
(approach described in Sectidrd.4and Sectior$3.2. Figure $3.15A shows the PM EF from fregeal
time data versus MCE for each of the stove types. &f&gure3.3A, fresh PM EF is arttorrelated with

MCE. Figure S.15A also plots the integrated filter measurements showing that while the two approaches

trend consistently, the reine measurements capture greater variation in combusti@itioms,
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MCE and SSA using the same approach, consigtiémthe expected trend also observed in other studies
(Wathore et al. 2017)hese pldat for fresh emissions help validate and highlight the utility of analyzing
i c o n de n dimedata to abtaih a more complete picture of the underlying signal.

Figure3.5A shows the antcorrelation between SOA HEalculated from the difference in the aged and
fresh MicroPEMS measurements) and MCE. Like in the case fresh emissions, comparison to integrated
filter measurements for SOA EFs show that the two approaches are consistent in trendiiné real
measuremeéns capture Al ow tail o MCE observations as
exposure revealed no discernable trends upon grouping dethdra®CE, OH exposure, OHR or SSA.

PM ERs were also calculated based on-tiez data grouped by MCE (alomgth other parameters),

with ER values calculated from percentile bin values of fresh and aged PM concentFagjores3.5B

plots the PM ERs vs MCE and shows an increasing trend, broadly consistent with integrated
measurements as well as the OA ER vs MCE treidiginre 3.5A. However, if data are grouped by OHR
(instead of MCE) (Fig. S16B), Patsari and ONIL PM ERs decrease with MCE. This is likely because OH
exposures in TStests were generallpwer than those for the Patsari and ONIL, largely due to
substantially higher OHR values during these tests.

3.4.6Contrasting field and lab OFR observations

From this study, we observed instances were field operation of the OFR rasditféerent
magnituas/behavior of aged aerosol from cookstove emissions relative to lab studies. For example, OA
ERs from oO6fielddé Nl ompatsedweénepkaweOAb¥ER from
differences could be either due to the prefidial loss of vapors from TSF emissions in the transfer duct
prior to aging in the OFR or because of pheferential loss of particles of plancétave enssions in the

duct resulting in higher enhancements relative to the A8Wwever, OFRs are complaystems with

multiple nonlinear dependencies that can be affected by the mixture sampled and the sampling
conditions. In this section we consider the dfaif different parameters that may have played a role in
dictating aging behavior in the field $uas the competition between OHR and MCE and its influence on
OH exposure and subsequently enhancements, dominance of fragmentation versus functionalization

reactions and the effects of nateal reactor operation.

An important parameter that influences ®kposure, representing the simulated atmospheric aging, is
OHR. OHR added to the system can result in the suppression of the OH radical and subseqresasly dec
the OH exposure (relative to a case where no OHR was added). Both experimental and niodiggg s
have shown that higher OHR resultsdhl radical suppressicand reduced OldxposuregLi et al. 2015;
Ortega et al. 2013; IAg et al. 2015; Tkacik et al. 20149Qur estimates of OH exposure and OHR are

ol
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plotted inFigure $.16A showing a negative relationship. Higher OH exyqp@s could have been

achieved in our system with extra dilution stages to reduce the high OHR from the combustion sources
explored herefrigure .17 explores the competing effects of combustion efficiency and OHR in
explaining the divergence in aging behavior observed between lab and field observations. Here, we plot
MCE against OHR with contours of fuel feed rate which ld#ntify regimes under vith aging may be
suppressed. Higher fuel feed ratast(uo m kg of wood &) primarily only show higher OHRs at lower
MCEs. However, at lower combustion fuel feed rate (1 o 8t kg of wood &) we see that for the

TSF aml Patsari, lower OHRs ap®mssible at lower MCEs (MCE 1@). In this context, the ONIL was a
standout as the fuel feed rate was high throughout as opposed to the TSF and Patsari where there were
two operating regimeislow and high fuel rate conditions. &ower OHRs under this regime for these

two stoves resulh lower suppression of the OH radical and subsequently higher OH exposures for these
instances. These instances of higher OH exposure could result in increased enhancement relative to cases

whereOH suppression played a larger role.

Figure $.16B shows that the TSF has the opposite trend in PM ER vs MCE compared to the other two
stoves. It is possible that functionalization reactiamsdominating for th& SF compared to the

dominance of fragmentation reactions for the Patsari and ONIL offering one possible explanation for the
divergence in observed PM ER trends. This trend was also seen for the Patsari from the bulk filter
measurem@s where OA ERs decresbwith increased OH exposure, potentially indicating the

dominance of fragmentation reactighsmbe et al. 2012Alternatively, the cleaner stoves (Ratsand

ONIL) may be preursorlimited while TSF is limited by extent of OH exposures under these conditions.
The complex interactions between stove operation, dilution conditions, oxidation levels and precursors

emitted make diagnosing the differencethiese PM ER trends chafiging

(Peng andimenez 2020highlight several undesired processes or lack of desired processes for the
simulation of tropospherically relevant aging in an OFR (€1BR) under low NOx conditions. Here, we
consider the influence of an impant subset of these issuesnioreasing order of severity for our
system: 1) insufficient condensational sink 2) insufficient peroxy radicad)(R@merization 3) excessive
contribution of the R@+ OH to total RQ@fate 4) nortropospheric VOC photolys The issue of
insufficient ondensational sink (issue 1) has been addressed previously for our @ystarm et al.

2017) Briefly, the condensational sink in our experiments is sufficient large to mitigate kinetically
limited OA growth/gas cattensation. Issues 2) and 3) aoenbated by employing reactor conditions of
lower RH and higher OHREigure 3.14 shows the RH and OHR for our OFR op&nain the context of
modeling work done byPeng etal.,2016) or e 8 s@FR oper ati orfPegétlaldel i ng wo
2018)shows that OHRs p Tt promote both greater R@fetimes in the reacr (for sufficient
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isomerization) along with lowering the relative importance of R@H to RQ fate These conditions

are realized across our experimental matrix (with OHRs 1t 781 and thus undesired R@elated

issues are likely not a major factoraur aging experiments. The issue of timpospheric VOC
photolysis (issue 4) likely causes the latgksviation from ideal aging conditions in our experiments.
High RH and low OHR conditions (contrary to requirements for issues 2 and 3) are requirgifrize

the effect of this reaction pathway. Whiler@xperiments lie within the prescribed RH rartge,OHRs

in our study are higher by approximately two orders of magnitude. At these conditions, the fractional
importance of the reaction rate of VOIike benzene with photolysis vs reaction rate with OH could be
up to¢ Tt Bignifying significant nortropospheric VOC photolysis. Photons at these shorter wavelengths
(p wandg v mm) are highly energetic and can induce VOC dissociations and isomerizatibns
photons in the visible range cannot. We speculate that these dissociations could lead to lowieldSOA
However,other studies have found that while failure to meet some requirements of OFR operation f
atmospheric relevance alter chemical contoss at the molecular level, they do not have strong
impacts on bulk properties like yields of Ofpfoduced SOA and thus, observation from the current
study may still be usefi{Peng and Jimenez 2020)
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3.5 Supplementary information

S3.1Model validation and parameter estimation for OH exposure estimation

We used the model developedReece et al. 2017 estimate OH exposure based on the worilbgt
al. 2015)designed for the PAM eetor. The functional form is given by:

llJfX 6 oy Eq Sl

i1 go ® 0 oo Qiig
ya

iiG bx i Qo ‘I'I'ﬁgx

0 is the ozone concentration (molecules®O 0 is the water vgor mixing ratio (%)pis the

residence time in the reactor (s), andD"¥ the external OH reactivity s The parametersy "Q were

obtained for our flow tube reactor by fitting this equation to data collected during operation of the OFR

acrossa range of conditions afarying bulb intensities, water mixing ratios and OHR&RBece et al.

2017) However, the range of OHRs from these characterization experiments werest and

therefore lower than the OHRs from the current study (whiequently exceedgal Tt 78H. Figure

S3.4A shows application of th@Reece et aR017)model on observations from characterization

experiments from which the model was built (indicated by OHR1=st) as well as data from this study

(OHR o m $t). We see that predictions from the model and the tracer are reasonably consisitent up

OHR of 300 ¢ (indicated by a ratio of OH exposure from model to OH exposure from Pagef the

blue points) whih is not surprising considering the model was built from a large fraction of these

observations. However, when this model is extdrideobservations from the current study (for OHR

o T $t), it does a poor job in matching observations of OH expostireast! from the tracer. In order

to account for these observations, the model above was refit with observations from the clai@cteriz

experiments fronfReece et al. 201&s well as observations from the current study (parameter estimates

for the two models are ifable 3.3). Figure $.4B shows the performance on test sets, the data for

which the model was not trained on, viéotd cross validation. We see thainost for all observations,

the predictions are bound within the and 3:1 lines. Finallfgigure S.4C plots estimates of OH

exposure from the model against estimates from the tracer for observations frortechatiat

experiments as well as the current study. We see that predictions from the model are almost exclusively

within the 1:3 and 3:1 lines compared to estimates from the tracer. The red pointBigutbess.4A

also show that the ratio of OH exposure from the model to OH exposure from tracer is close to 1 at OHR
o Tt $t. Moreover, we observed that that our new model performs equally well as the model from

(Reece et al. 20179r observations with OHR ¢ Tt $t given by comparable mean square errors.
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S3.2Realktime MicroPEMS data reduction

In this work, we collectedeattime data for several quantitieparticle scattering measured by the
MicroPEMS nephelometer for both fresh and aged aerosol, patisdepion CO and COneasure up

and downstream the OFR. To look for trends within the resulting, largémesdata set, we combine

data from each stove type together and consider various binning approaches. First, we consolidated alll
measurements offaarticular stove into a single data matrix. This approach allows for the accounting of a
wide range of conditionarising fromtestto-testvariability for each stove. Next, we ranked the
observations in the data matrix for each stove group accordn@raoupi ng variabl e (e.
OHR or OH exposure). Finally, we segregate the observations in the datafaragegh stove group into
percentiles based on the grouping variable and average the observations in each percé&igileein.

S3.3 shows the dimensis of the data matrices involved to better elucidate this process. Step 1 shows the
data matrices from each aging experinietite rows represent the number of observations that were
recorded for each egpiment while the columns represent the differemiades (and transformations of
variables) recorded. In Step 2, we collate all the observations from a particular stove into a single data
matrix. For example, for the TSF we have four experiments w8 48386, 6555 and 7980 observations
summing up to aingle data matrix with 23819 observations in step 2. Finally, in step 3, we choose a
grouping variable (say MCE) and subsequently segregate and average the data matrices based on
percentiles of this vaable.Figure 3.5 the result of this data reduction process. In this figure, we have
100 markers for each of the stove§SF, ONIL and Patsari with each dot representing the average MCE
of all MCEs withn that pecentile bin. Thus, in step 3 we have 100 observations for each stove which
represent averages of the variables of interest based on a grouping variable. This methodology helps
summarize the large number of observations and simplifies compabisoveen pofiles of different

stoves.

S3.3Derivation of fresh and aged OM to OC ratios

To derive OM/OC ratios in the absence of detailed chemical measurements for fresh and aged aerosol, we
parameterize OM/OC against MCE from laboratory measurements which includétiSan iA the

sampling ensemble. We us& measurements from the ACSMwithhe o6i-ammbboeertdd met hod
derive OM/OC from lab observations to estimate OM/OC for fresh and aged aerosol for three stoves

spanning roughly the range of combustion efficies as in the current stu@®iken et al. 2008;

Canagarata et al. 2015; Reece et al. 201¥he derived OM/OC ratios for fresh andedgaerosol are

plotted against MCE and are showFigure S33.11 for the three stoveis TSF, Chulika and Philips. For

fresh emissions, wétfthe TSF andChulika (Philips not included in this fit) while for aged emissions, we

fit the TSF, Chulika and Philips as per the equatioSgare 3.11. We usedhese fits to estimate the
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OM/OC for the varioustoves in the current study based on MCE. If MCE was outside the range of the
modeled MCE, we used a stespecific averaged OM/OC for those tests. Thus, we used the fit equations
to interpolate within the naeled MCE range and not to predict OM/OC valoetside this range.
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Table S3.1: Measured quantities and associated measurement methods employed in laffoeaiceyet

al. 2017)and fieldbased (current study) settings for fresh and aged aerosol

Ozone 2B teciMonitor

Ozone 2B tech
Monitor

S. Measured Laboratory Measuring
No. Quantity Fresh/Aged Instrument Field Instrument principle
Mass Fragment
Fresh ACSM Apportionment
Quartz Fiber Filter Quartz Fiber Filter | ThermaOptical
Teflon Fiber Filter Teflon FiberFilter
(47mm) (25 and 47mm) Gravimetric
MicroPems
PAX Nephelometer Light scattering
STEMS-
PM mass TSL205R laser
light sensor Light scattering
Mass Fragment
Aged ACSM Apportionment
Quartz Fiber Filter Quartz Fiber Filter | ThermaOptical
Teflon Fiber Filter Teflon Fiber Filter
(47mm) (25 and 47mm) Gravimetric
MicroPems
PAX Nephelometer Light scattering
Fresh PAX Light scattering
Quartz Fiber Filter Quartz Fiber Filter | ThermaOptical
BC mass MicroAeth MicroAeth Light saattering
Aged PAX Light scattering
Quartz Fiber Filter Quartz Fiber Filter | ThermaOptical
MicroAeth MicroAeth Light scattering
Size Distribution Fresh SMPS N/A
Aged SMPS NanaSMPS
Particle Fresh ACSM N/A
Composition Aged ACSM N/A
STEMS CO2
Carbon Dioxide | Fresh STEMS CO2 Vaisala | Vaisala
Aged LICOR LICOR
Alphasense CO
Carbon Fresh CO monitor BX sensor
Monoxide
Alphasense CO
Aged CO monitor BX sensor
Fresh N/A N/A
Ozone Aged
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Table S3.2: Fresh emission characterisitcs for each experiment measured by the STEMS during stove
tests. The mass of fuel reported is the sum of the fuel used during eaetoplize testingrocotolsi

water boiling test (WBT) and controlled burning cycle (CBC). The MCE reported is theversiged

value calculated from background corrected CO ang T EC and OC EFs are based on fresh filters
collected by the STEMS ugrthermeoptical methods analyzed by the Sunset OC/EC analyzer. The tests

conducted on 23un18 were for diagnostic purposes and results for these are not enclosed in this study.

Stove Moisture CO EF (g/k{CO2 EF (g/K EC EF (g/kiOC EF (g/k
S. No. Date Used | Protocol| content (%) |Fuel Used (d) MCE of fuel) of fuel) of fuel) of fuel)

1 25-Jun-18 12.1 2364
2 25-Jun-18 12.5 344Q
3 26-Jun-18 WBT 12.1 3322 0.94 70 1723 0.86 0.82
4 27-Jun-18 18.9 3684 0.90 114 1652 2.53 1.69
5 27-Jun-18 Patsari 16.0 3572 0.89 127 1634 2.63 2.27
6 2-Jul-18 12.7 4194 0.92 92 1689 1.19 0.53
7 2-Jul-18 CBC 11.1 3611 0.92 90 1692 1.10 0.47
8 3-Jul-18 13.8 3571 0.92 93 1688 1.23 0.67
9 3-Jul-18 14.4 3526 0.93 78 1711 1.0 0.54
10 28-Jun-18 WBT 13.4 2480 0.96 51 1753 0.84 0.52
11 28-Jun-18 Oneil 15.2 2558 0.95 53 1749 1.72 0.76
12 4-Jul-18 CBC 13.7 3898 0.96 49 1757 0.46 0.41
13 4-Jul-18 13.3 2737 0.95 59 1749 0.77 0.16
14 29-Jun-18 WBT 13.2 2373 0.92 90 1692 3.98 0.49
15 29-Jun-18 15.9 226( 0.92 99 167§ 2.03 3.38
16 5-Jul-18 | TSF 14.2 4011 0.92 98 1679 0.93 291
17 5-Jul-18 CBC 13.8 3904 0.93 86 1699 0.54 2.70
18 6-Jul-18 13.§ 4035 0.93 86) 169§ 0.68 2.01

Table S3.3: Parameters fdDH exposure model as given by equation S1 for the OFR used in this study.
Parameters from Reece et al. 2017 are based on characterization experiments for a range of RHs, OHRs
and bulb intensities. The parameters used in the currenty stihdeake rangef the model for

predictions of high OHRs (OHR s1) which were outside the range of initial characterization

experiments.

OH exposure model Parameters fron] Parameters fron
parameters Reece et al. 201 current study
a 23.54 30.62
b -1.57 -2.05
c -1.13 -0.75
d 0.08 0.18
e 0.13 0.10
f 2.30 0.12
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TSF Patsari " Onil

Figure S3.1: Cookstove models (L to R): thretone fire (TSF), pincha type stovie Patsari; plancha
type stoveé ONIL.
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Figure S3.2: Schematic of experimental setup employed in a dfigdi setting. Red box indicates fresh
emissions measuramts (upstream of 3. Green box indicates aged emissions measurements
(downstream of OFR)
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A data.frame with 7013 rows and 37 columns
A data.frame with 7736 rows and 37 columns
A data.frame with 6258 rows and 37 columns
A data.frame with 8689 rows and 37 columns
A data.frame with 5815 rows and 37 columns
A data.frame with 4898 rows and 37 columns
A data.frame with 4386 rows and 37 columns
A data.frame with 7110 rows and 37 columns
A data.frame with 6173 rows and 37 columns
A data.frame with 6465 rows and 37 columns
A data.frame with 8827 rows and 37 columns
A data.frame with 6555 rows and 37 columns
A data.frame with 7980 rows and 37 columns

Step 2

23331 obs. of 42 variables

® entiretyDF_Patsari 40755 obs. of 42 variables

® entiretyDF_TSF

23819 obs. of 42 variables

® averaged_ONIL

® averaged_patsari

Step 3
100 obs. of 37 variables
100 obs. of 37 variables

® averaged_TSF

100 obs. of 37 variables

92

Figure S3.3: Schematic of steps involved for the reduction of-teak observationsth s u mmar i ze d o0
view. Step 1 shows thedividual experiments with rows indicating the number of observations in each
experiment and the columns showing the number of variables of interest (or transformations of variables)
for which data were collected. St2wonsolidates the data matrices @& #ame stove types to create a

single collated data frame for each stove. In step 3, a grouping variable is chosen, and the entire data
matrix (for each stove) are sliced into percentile bins for which averages@raial in each percentile

bin for eat column.
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Figure S3.4: A) Ratio of OH exposure estimated from a model to OH exposure estimate from tracer
decay as a function of OHR for data from OFR charaetton experiments from Reece et2017
(primarily observations with OHR s?1) as well as observations from the current stfpimarily
observations with OHR s1). The blue markers plot these ratios using the model from Reece et al.
2017while the red markers represent the model developed in this study. Theal ddatk line is drawn at
which represents perfect agreement between the estimation of OH exposure from the tracer and model.
B) OH exposure estimated from the model developetis study plotted against the OH exposure
estimated from tracer decay. Werformed 5fold cross validation to estimate the parameters and the
different shapes in this figure represent predictions of OH exposures for the different test sets. The solid
black line shows the 1:1 line and the dashed black lines shows the 1:3 din@é8C) OH exposure
estimated from the model developed in this study plotted against the OH exposure estimated from tracer
decay with the final set of parameters presentd@bie 3.3. The solid black line shasthe 1:1 line and

the dashed black lines shows the 1:3 and 3:1 lines.
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Figure S3.5: Reattime MCE observations from all experiments consolidated by stove type and otdganize
into averages of percelgiranked bins. The error bars show the standard deviations in each of the
percentile bins.
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Figure S3.6: Normalized size distribution®( M u [F_]of fresh and aged aerosol for A) smoldering and
B) flaming combustion emissions. Orange shows fresh emissions while green shows aged emissions. The
solid lines show the averatd ™ w »_from SMPS scans taken during combustmnissions

characterizaon experiments while the error bars show the standard deviation in the scans.
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combinations of a ramgof refractive indices. The blue lines show the scattering efficiency for a real part

refractive index op® awhile the red lines are f@&. The solid continuous line shows the scattering

efficiency for Mie modeling results whethe imaginary part of the Rl was assumed todiet Twhile

the dashed lines are fof;, pB) Scattering efficiency from Mie modeling as a function of particle

diameer for the same real part of refractive indp&) and a range of imaginary part ofnaftive indices

(r8t m Tz @@ P. The darker (thicker) lines represent larger imaginary parts of the refractive index while

the lighter (thinner) lines represent smaitaaginary parts of the refractive index.
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Figure S3.8: Scattering coefficientalculated from the size distributions collected for flaming and
smoldering combustior-{gure $8.6) and scattering efficiency from Mie modelifgiqure 8.7) as a

function of particle diameter for a range of refractive indices with horizontal pairs representing only
changing imaginary component of refractive index (absorption) and horizontal pairs representing only
changing imginary compnent of refractive index (scattering) and the changes in size distribution
represented by fresfiged pairs, though not changes in amounp®) 18t 1 i(R) p& T& [L)

p® o T T KW p® 0 TR {The continuous solid lines represéiaming amissions while the

dashed lines show smoldering emissions. Lines colored orange represent fresh emissions while those

colored green show aged emissions.
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Figure S3.9 Mass concentration fro theMicroPEMS plotted against the scattering coefficient from the
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Figure S3.10: A, B) PM EF calculated from thdicroPEMS nephelometdusing a calibration factor of
3) plotted against PM EF from gravimetric measurements of the 25 mm Teflon filter inset in the
MicroPEMS for fresh (A) and aged (B) emissions. C, D) PM EF from gravimetric measurements of the
47 mm Tefon filter plotted agaist PM EF from gravimetric measurements of the 25 mm Teflon filter
inset in the MicroPEMS for fresh (C) and aged (D) emissions. E, F) PM EF from gravimetric
measurements of the 47 mm Teflon filter plotted against PM EF reconstrgatgddC and EC
measurerants from thermptical measurements for fresh (E) and aged (F) emissions. G, H) Absorption
coefficient presented as an EF plotted against EC EF from thaptiaal 47 mm filter measurements for
fresh (G) and aged (H) emissions. Thiek red dotted linshows linear fits to the data in each of the
plots while the thin red dotted lines show the confidence interval on the fit. The black dotted line
represents the 1:1 line. The different colored markers show the different stové Tyegblack), Patsari
(chrome) and ONIL (green). The circle markers show the WBT tests while the triangle markers show
CBC tests.
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Figure S3.11: OM to OC ratio as a function of MCE for three stovésSF (black), Chuka (red) and
Philips (blue) based on laboratory data from Reece et al. 2017. OM to OC ratios were obtained by
applying tdimebidoe mpd& oparda lemeawrédzbymtACEB:I\/l(Aikénre'oah12008;
Canagaratna et al. 2019)he faded points representdheaerosol while the darker points show aged

aerosol. The solid orandjee represents the OM/OC fit as a function of MCE for fresh aerosol while the

solid green line shows the OM/OC fit as a function of MCE for aged aerosol with the equations for both

printed in the plot.
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Figure S3.12: Fueluse in terms of wood combustion rate averaged by A) stove types and B) stove
protocol types. Wood combustion rate was calculated by summing up thenotaht of wood used
during the test (sum of each phase of the protocols) iaittind) by the total test duration. The stove
types are delineated by color. The protocols are delineated by markei 3h&Je(circle) and CBC

(triangle).



102

25
™ EC m Fresh PM
B POA w Aged PM
SOA
20 | =
15 - =

Emission Rate (g hr'1)
>
|

(3]
1

&I‘i§ﬁ:

0 -
r . 1. .1 1
TSF Patsari ONIL

Stove type
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stove group (also delineated by color) show the test averaged components of tofalPMOA and
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show the standard deviation in total aged. PM
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Figure S3.15. Realtime data presented as averages of peteditCE groups on a per stove basis
showing A) MCE vs SSA and B) fresh PM EF vs MCE. The stove types are delineated by color. Each
marker within a stove group repretean average of the percentile group by sorting the collated data for

that stove by MCEThe darker colored markers in B) show the integrated test averages from filters
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Figure S3.16. A) Reattime data presented as averages of percentile MCE groups on a per stove basis
showing OH exposerestimated from our model vs OHR. The stove types are delineated by color. Each
marker within a stove group represents an average of the percentile group by mgygaeiziollated data

for that stove by MCE. B) Redilme data presented as averages atgrile OHR groups on a per stove

basis showing PM ER vs MCE. The stove types are delineated by color. Each marker within a stove
group represents an average of taecpntile group by organizing the collated data for that stove by OHR.
Each marker in agve group are colored by average OH exposure corresponding to the percentile that the

marker represents.
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fuel rates ranging from 0.0001 kg wood/setém 0.1 kg wood/second.



106

3.6 References

Aiken, A. C., DeCarlo, P. F., Kroall, J. H., Worsnhop, D. R., Huffman, J. A., Docherty, K. S., Ulbrich, I.
M., Mohr, C., Kimmel, J. R., SuepdD., Sun, Y., Zhang, Q., Trimborn, A., Northway, M.,
Ziemann, P. J., Canagaratna, M. R., Onasch, T. B., Alfarr&. MPrevot, A. S. H., Dommen, J.,
Duplissy, J ., Met zger , AL, Baltensperger, u. ,
of Primary, Secondary, and Ambient Organic Aerosols with HRgsolution Timeof-Flight
Aerosol Ma s s ErvipenmetalrSoanae & Techndlogy2(12), 44784485.

Aung, T. W., Jain, G., Sethuraman, K., Baumgartner, J., Reynolds, C., Grieshop, A. P., MarBhall
and Brauer, M. ( 20-Raeyant PdillitamtaClorcantratonsdronCd Garomt e

Finance Approve€ o ok st ove | nt er v &mwitonneental $ciencdr&uTechhologyn di a .
50(13), 72287238.
Berrueta, V. M., Edwards, R. D.,and Mas&a, R. (2008). MfAEne-bugning per f or man

cookstoves i n Mecewable Energg3(5Ms8870c 0. 0

Bond, T. C., Bhardwaj, E., Dong, R., Jogani, R., Jung, S., Roden, C. A, Streets, D. G., and Trautmann, N.
M. (2007) . 1 s ofdlaokrandorgdnic cannon sesoisobfrom eneetpted
combustion, 185® 0 0 Global Biogeochemical Cycle21@), GB2018.

Bonjour, S., AdakRohani, H., Wolf, J., Bruce, N. G., Mehta, S., PfUssin, A., Lahiff, M., Rehfuess,

E. A., Mishra, V., anEd mi t h, K. R. (2013) . fiSolid Fuel Us e
Regional Estimates for 1980 0 1 Bnvitonmetal Health Perspectived21(7), 784790.

Bruns, E. A., El Haddad, I., Slowik, J. G., Kilic, D., Klein, F., Baltensperger, U., and PR&\BIH.

(2016) . Al dentification of significant precurs
residential woodt 0 mb u sScientific Reportss, 27881.

Bruns, E . AL, Krapf, M. , Orasche, J ., HHeadadg , Y.,
., S| owi k, J . G. , Dommen, J ., Baltensperger,
primaryans econdary wood combustion products gener a
Atmospheric Chemistry and Physidé§(5), 28252841.

Canagarata, M. R., Jimenez, J. L., Kroll, J. H., Chen, Q., Kessler, S. H., Massoli, P., Hildebrandt Ruiz,

L., Fortner, E., Wliams, L. R., Wilson, K. R., Surratt, J. D., Donahue, N. M., Jayne, J. T., and

Wor snop, D. R. (2015) . # EIniecompoundsiusing aerosobmasse a s u r
spectrometry: characteri zat i oAtmosphenpChamisteyd cal i b
and Physics15(1), 258272.

Chafe, Z. A., Brauer, M., Klimont, Z., Van Dingenen, R., Mehta, S., Rao, S., Riahi, K., Denteaed F
Smith, K. R. (2014). AdAHousehold Cooking with S
Pollutionandthe Br d e n o f EnbronsnentalHealthoPerspectives



107

Champion, W. M., and G-ad6&asifien $tgves Approdeth GatoreQike9 ) . i Pe l
Performance duringitio me Us e i EnvirBwantaldSaience & Technolo®B(11),

6570 6579.

Chartie, R., Phillips, M., Mosquin, P., Elledge, M., Bronstein, K., Nandasena, S., Thornburg, V.,
Thornburg, J., and R wastudyof hnan dxmeuestd houséhdldair o mp ar
pollution from commonl y IndoereAd, 27¢)p BIk1S9. oves i n Sri

Chen, Y., and Bond, T. C. (2010). ALighAtmasbsorpt:i

Chem. Phys.15.

Cynthia, A A., Edwards, R. D., Johnson, M., Zuk, M., Rojas, L., Jiménez, R. D., Fgddguez, H.,
and Masera, O. (2008). Reducti on i n personal exposures to |
monoxide as a result of the installation of a Patsari improved cookistove Mi ¢ hoacan MexXi
Indoor Air, 18(2), 93105.

Di az, R. (2000). AConsumo d eo.Hvau§ién histdricag emispreesdeor r e
C0O2. 0

Donahue, N . M., Robinson, A. L., and Panedi s, S. N
From smoke t o s e c oAtndoapheyic Enviranmend3@), 94H6.0s ol . 0

Du, Y., Wang, Q., Sun, Q., Zhag , T. , Li, T., and Yan, B. (2019) . f

using MicroPEM: A validation study in a city with elevated PM2.5 levdisotoxicology and
Environmental Safefyl 71, 518522.

AGl obal Al Il iance f or Glaal Allearce f@ Cleda €doloStoges . 6 (2016) .
<http://cleancookstoves.org/courfpyofiles/25malawi.html> (Mar. 16, 2016).

Gongalves, C., Alves, C., FernangdAsP., Monteiro, C., Tarelho, L., Evtyugina, M., and Pio, C. (2011).
iOrganic compounds iplaceRid2voolstoee mombustordof tfpicad m f i r e
Portuguese Amaspgheris pneirorimends(2@), 45384545.

Grieshop, A. P., Donahue,Nl. , and Robi nson, -particlelpartitiagnidgdnCalpha . Al s t
pinene secondary organic aerosol revetsieGeaphysical Research LetteBsl(14).
Grieshop, A . P. , Donahue, N . M. |, and Robinson, A .

phototiemical oxidation of organic aerosol from wood fires 2: analysis of aerosol mass
spectr omatnespherid @wmistry and Physic9(6), 22272240.
Grieshop, A. P. , Jai n, G. , Set hur aman, Kand, and Ma
climaterelevant pollutants measured in home during a cafinamceapproved cookstove
intervention in rural IndiainrHo me Coo kst ove BeoHeal$)l(5),R22B3.ct or s. 0
Hallquist, M., Wenger, J. C., Baltensperger, U., Rudich, Y., Simpson|&ey€& M., Dommen, J.,
Donahue, N. M., George, C., Goldstein, A. H., Hamilton, J. F., Herrmann, H., Hoffmann, T.,



108

linuma, Y., Jang, M., Jenkin, M. E., Jimenez, J. L., Kier8tdharr, A., Maenhaut, W.,
McFiggans, G., Mentel, T. F., Monod, A., Prevot, AHS. Seinfeld, J. H., Surratt, J. D.,
Szmigi el ski, R., and Wildt, J. ({fscidaryarganicT he f o
aerosol : curr entAtmosn Ghera.Pey8i ng i ssues. 0
Hatch, L. E., Yokelson, R. J., Stockwell, C. E., VereRRP Simpson, I. J., Blake, D. R., Orlando, J. J.,
and Barsanti , -Kstrun@ntcom@afshn/ahd. cpitdtibhuol norimethane
organic gas emissions from biomass burning and implications for sdesked secondary
organi c aer oAsmoisphepcrChemistry snal Phy/sidd(2), 14711489.
Islam, M. M., Wathore, R., Zerriffi, H., Marshall, J. D., Bai , R. , and Gr i eusehop, A
emissions from biomass and LPG stoves measured during a largeyeaultiookstove
interventions t udy i n Sciancesof Thd Totdl Erevicoimeh? 3698.
Jetter, J., Zhao, Y., Smith, K. R., Khan, B., Yelverton, T., DeCarlo, P., and Hays, M. D. (2012).
AiPoll utant Emissions and Energy Efficiency und
Cookstoves and Implications for Metrics Useful in Setting Internao nal Test St andar
Environmental Science & Technologhs(19), 1082i710834.
Jimenez, J. L., Canagaratna, M. R., Donahue, N. M., Prevot, A. S. H., Zhang, Q., Kroll, J. H., DeCarlo, P.
F., Allan, J. D., Coe, H., Ng, N. L., Aiken, A. C., Docherty, K.@3hrich, I. M., Grieshop, A. P.,
Robinson, A. L., Duplissy, J., Smith, J. D., Wilson, K. R., Lanz, V. A., Hueglin, C., Sun, Y. L.,
Tian, J., Laaksonen, A., Raatikainen, T., Rautiainewahttovaara, P., Ehn, M., Kulmala, M.,
Tomlinson, J. M., CollinsD. R., Cubison, M. J., Dunlea, J., Huffman, J. A., Onasch, T. B.,
Alfarra, M. R., Williams, P. I., Bower, K., Kondo, Y., Schneider, J., Drewnick, F., Borrmann, S.,
Weimer, S., Demerjian, KSalcedo, D., Cottrell, L., Griffin, R., Takami, A., Miyoshi, T.,
Hatakeyama, S., Shimono, A., Sun, J. Y., Zhang, Y. M., Dzepina, K., Kimmel, J. R., Sueper, D.,
Jayne, J. T., Herndon, S. C., Trimborn, A. M., Williams, L. R., Wood, E. C., Middlebrook,,A. M.

Kol b, C. E. , Bal t ensper ger ,utiotaf QrgaaicAkrosdisin then o p , D
At mo s p Bciemcg32605959), 15251529.

Johnson, M. , Edwar ds, R. , Al a t-field greenhBuseegaskemissions , and
fromcoolst oves i n rur al AtMespheric EnvironmerdX6e 12@6I112P23. . 0

Just , B. , Rogak, S. , and Kandli kar , M. (2013) . i C
Traditional and | mpr BnvirertnenBl ScieneexksTectilogyp4K ()t oves . O
3506 3512.

Kang, E., Root, M. J., Toohey, D. W.,can Br u n e, W. H. (2007) . Al ntroduci

aerosol m Atenespherie Bhdmistrg and Physi?$22), 57275744.



109

Kelly, K. E., Whitaker, J., Petty, A., Widmer, C., Dyad; A., Sleeth, D., Martin, R., and Butterfield, A.
( 201 7) .ntandAatdoratory evaluationofaleswo st parti cul ate matter s
Environmental Pollution221, 491500.

Kelp, M. M., Grieshop, A. P., Reynolds, C. C. O., Baumgartner, J., Jain, Gur&wetan, K., and
Mar shal |l , J.-tin2indo0r2nBasudeent of liedtle and climatelevant air
pollution concentrations during a carbfimncea ppr oved cookstove interve
Development Engineering, 125 132.

Kodros,J.K.Scot t , C. E. , Fari na, S. C., and Pieee J. R.Y2015)H . L O
AfUncertainties in global aerosol Atmoa.€ldemc | i mat e
Phys, 15(15), 85778596.

Koss, A. R., Sekimoto, K., Gilman, J. Belimovic, V., Coggon, M. M., Zarzana, K. J., Yuan, B.,
Lerner, B M., Brown, S. S., Jimenez, J. L., Krechmer, J., Roberts, J. M., Warneke, C., Yokelson,
R. J., and de Gmethang orghnic gas2midsi®ns fromibibihoass burning:
identification, quantification, and emission factors from PT&- during the FREX 2016
| abor at or yAtmos. Cleem.iPmy=l8(5),.32093319.

Kroll , J. H., and Seinfeld, J. H. (2008) . AChemi s
evolution oflowvolat | i t y or gani c sAtmospheticltEavircamrhema($6p 3523r e . 0
3624.

Lacey, F. G., Henze, D. K., Lee, C. J., Donkel aar

and ambient health impacts due to national solid fuel cookstove emis®ooseedings of the
National Academy of Sciencdd4(6), 126D1274.

Lacey, F., and Henze, D. ( 2 Olavel primaryicabamdreols aerdsal mat e
fromsolidf uel c ook st Brwinmental Researchhettedd(11), 11403.

Lambe, A. T., Onasch, T. B., Croasdale, D. R., Wright, M&xtin, A. T., Franklin, J. P., Massoli, P.,
Kroll, J. H., Canagaratna, M. R., Brune, W. H., Worsnop, D. R., and Davidovits, P. (2012).
ATransitions from Fun c teactionsof Laboratory Secondarngy Fr a g me n
Organic Aerosol (SOA) Generateaddb m t he OH Oxi dat i oEnvironfmentl kane |
Science & Technology6(10), 54305437.

Li, R., Palm, B. B., Ortega, A. M., Hlywiak, J., Hu, W., Peng, Z., Day, D. A., Knote,rdneBW. H., de
Gouw, J. A. and Ji methed&adical Ghemidtry in aph @xddatidn Flow i Mo d e |
Reactor: Radical Formation and Recycling, Sensitivities, and the OH Exposure Estimation
E g u a t TheoJournal of Physical Chemistry &19(19), 448/ 4432.



110

MacCarty, N., Still, D . nd enassiahs p@rformance obfifty cooRifgktOves. i F u
in the | aboratory and r eBnerdyéodSudtamable beueloprkest of pe
14(3), 161171.

Martinsson, J., Eriksson, A. Nielsen, I. E., Malmborg, V. B., Ahlberg, E., Andersen, C., gied, R.,
Nystrém, R., Nordin, E. Z., Brune, W. H., Svenningsson, B., Swietlicki, E., Boman, C., and
Pagel s, J. H. (2015). Al mpacts of Combhausti on C
Light Absorption of B iEwinnansestaSCanceld Technolagyn Aer os ol
49(24), 1466814671.

Maser a, 0. R. , D2 az, R. , and Berruet a, V. (2005) .
program on sustainable household energymse M e x Energy fod Sustainable Development
9(1), 25 36.

Medinag P. , Berruet a, V., Mart2nez, M. , Rui z, V., Ed

performance of five Mexican plancthay pe cookst oves uDewlgopmenat er boi
Engineering 2, 20 28.

Medina, P., Berrueta, V., Martinez, M., Ruiz, RuizMer cado, | ., and Masera, O.
the gap between lab and field cookstove tests: Benefits of-patlind sequencing cooking tasks
through controlled burning cyde. Energy for Sustainable Developmeft, 106111.

Moi se, T., FIl ores, J. M., and Rudich, Y. (2015) .
Their Changes by ChemeanRecieayi15R0), d40@438.e s . 0

Ortega, A. M., Day, D. A Cubison, M. J., Brune, W. H., Bon, D., de GouvA.Jand Jimenez, J. L.
(2013). ASecondary organic aerosol formation a
biomassburning smoke in a flow reactor during FLAME . Abmos. Chem. Physl3(22),
11551 11571.

PadillaBarrera, Z., Torregardon, R., GeraodRuizSuarez, L., Castro, T., Peralta, O., Saavedra, M. 1.,
Maser a, O. , Tan Mol i na, L., and Zaval a, M. (20
climate forcers and air pollutants from improvededou r ni ng cooks Emengye s i n Me
for Sustainale Development0, 61 68.

Peng, Z., Day, D. A., Ortega, A. M., Palm, B. B., Hu, W., Stark, H., Li, R., Tsigaridis, K., Brune, W. H.,
and Ji menez, -DHchémistry(irRoRidaton flow néaddt®far the study of
atmospheric chemistry systematich y e x a mi n e dAtmosphenccCHeenistiy ang . 0
Physics 16(7), 42884305.

Peng, Z., Day, D. A, Stark, H., Li, R., L.@aylor, J., Palm, B. B., Brune, W. H., and Jimenez, J. L.

( 2 015 )radicé ¢hénistry in oxidation flow reactors with lepressire mercury lamps



111

systematical |l y e Atmeospharie Measurememtolecleniqué{tly 4868

4890.

Peng, Z., and Jimenez, J. L. (2020). MmRadi cal che
c hemi st r yChemial SoaietycReviepdd(9), 25702616.

Peng,Z.,Leefay !l or , J. , Orl ando, J. J., Tyndall, G. S.,

chemistry in oxidation flow reactors and environmental chambers and theisgteric
r el e vAamospheri®@Chemistry and PhysiDiscussionsli 36.
Pope, D. P., Mishra, V., Thompson, L., Siddiqui, A. R., Rehfuess, E. A., Weber, M., and Bruce, N. G.

(2010) . ARi sk of Low Birth Weightutienffbm St i | | bir
Solid Fuel Us e i n EpilemiodicoRpviewsS(1)C®W8Int ri es. 0
Prebl e, C. V., Hadl ey, 0. L., Gadgi |, A.- J. and

Relevant Optical Properties of Pollutants Emitted from a FBteee Fire and the Berkeley
Darfur Stove Tested underlaly at or y Eovirahingntal &siesce & Technolggy
48(11), 64846491.
Rai, A. C., Kumar, P., Pilla, F., Skouloudis, A. N., Di Sabatino, S., Ratti, C., Yasar, A., and Rickerby, D.
( 2017 yuserpérgpective oflonc o0 st sensors for out dSoence air po
of The Total Environmen607 608, 691 705.

ReecesS . M., Sinha, A., and Grieshop, A. P. (2017) .
Emissions from Biomass Cookstoves: @Ghiec a | and Physi cavironf@entalr act er i
Science & Technolog$1(16), 93789390.

Reid, J. S., Koppmann, R., Eck, T.F and EIl euteri o, D. P. (2005) . i A
emissions part Il: intensive physical properties of biomass brnip a r #Atmasl Ghem. 0
Phys, 27.

Roden, C. AL, Bond, T. C. , Conway, S. ,a-Tamved Pi nel ,
Optical Properties of Particles Emitted from T
Environmental Science & Technolog@(21), 67506757.

Roden, C. AL, Bond, T. C. , Conway, S. , Pinel, A

and field investigations of particulate and carbon monoxide emissions from traditional and
i mpr oved cAnodplseticeErvEonaNip43(6), 11701181.

Rooney, B., Zhao, R., Wang, Y., Bates, K. H., Pillarisetti, A., Sharma, S., Kundu, S., Bond, T. C., Lam,
N. L., Ozaltun, B., Xu, L., Goel, V., Fleming, L. T., Weltman, R., Meinardi, S., Blake, D. R.,
Nizkorodov, S. A., Edwards, R. DYadav, A., Arora, N. K., Smith, K. R., and Seinfeld, J. H.
(2019). Al mpacts of househotdreguonaebk soahées p
Atmospheric Chemistry and Physié9(11), 77187742.



112

Rosenthal, J. (2016) CodKbtoReal actakHkeodbalthe: f Mor e E
12(1), 8 11.

Ruiz-Garcia, V. M., Edwards, R. D., Ghasemian, M., Berruet&d).yYPrincevac, M., Vazquez, J. C.,
Johnson, M., and Masera, O. R. (2018). ainFugiti
Ty pe SEnwimenentabScience & Technolodp2(18), 1084810855.

Saha, P. K., Reece, S. SkhsonalavargingSecondasylOmanic Aefosol P. (2

Formation From I#Situ Oxidation of NeaH i g h w a \Envifonmenta Science & Tiegology
52(13), 71927202.

SerraneMedrano, M., AriasCh al i c o, T. , Ghil ardi , AL, and Maser a,
proj ection of fuel wood and EnehggforSuasamihable onsumpti on
Developmentl9, 39 46.

Shen, G., Siye, W., We W., Yanyan, Z., Yujia, M., Bin, W., Rong, W., Wei, L., Huizhong, S., Ye, H.,
Yifeng, Y., Wei, W., Xilong, W., Xuejun, W., a8 h u , T. (2012) . AEmi ssi on
Distributions, and Emission Inventories of Carbonaceous Particulate Matter from Rabkiden
Wood Combust i onEnviranméhtalrSeidnce & fechmaloghd(7), 42074214.

Shen, G, Tao, S., Wei, S., Chen, Zhang, Y., Shen, H., Huang, Y., Zhu, D., Yuan, C., Wang, H.,
Wang, Y., Pei, L., Liao, Y., Duan, Y., Wang, B., Wang, R., Lv,LY, W., Wang, X., and Zheng,
X. (2013). AField Measurement of £fandGxgi on Fact
Polycycic Aromatic Hydrocarbons for Residential Briquette, Coal Cake, and Wood in Rural
Shanxi , Eng@rdnmental.Séence & TecHogy, 47(6), 29983005.

Smith, K. R., Mccracken, J. P., Thompson, L., Edwards, R., Shields, K. N., Canuz, E., and Bruce, N.

(2010 . AnPersonal child and mother carbon monoxi C
results from a randomized trialofwdod r ed chi mney cookstoves in Gu
Journal of Exposure Science & Environmental Epidemiql@gys), 406416.

Stockve | | , C. E. , Ver es, P. R. , Wil liams, J ., and Yo
burning emissions from coolgrfires, peat, crop residue, and other fuels with tn&golution
protontransferreaction timeof-f | i ght ma s s Atrsopphetia GhemisteytamdyPhysics
15(2), 845 865.

Stockwell, C. E., Yokelson, R. J., Kreidenweis, S. M., Robinson, A. L., DeNatit, Sullivan, R. C.,

Rear don, J ., Ry an, K. cC. , Griffith, D. W. T. ,
combustbn of peat, crop residue, domestic biofuels, grasses, and other fuels: configuration and
Fourier transform infrared (FTIR) corapent of the fourth Fire Lab at Missoula Experiment

(FLAME-4 ) Atraospheric Chemistry and Physit4(18), 972vV9754.



113

Subramanian R. , Khlystov, A. Y. , Cabada, J . C. , and Ro
Artifacts in Particulate Organic Canbdleasurements with Denuded and Undenuded Sampler
Configurations Special Issue Aerosol Science and Technolagy Findings fronthe Fine
Particul ate Mat t deros® Sceree asd Teahsolo§Bsupd),r2iaddn. o

Tkacik, D. S., Lambe, A. TJathar, S., Li, X., Presto, A. A., Zhao, Y., Blake, D., Meinardi, S., Jayne, J.

T., Croteau, P. L., and Robinson, A. L. (20 )Secondary Organic Aerosol
Use Motor Vehicle Emissions Ug€EnvinogmeataSEBientee nt i a |l
& Technology

Wang, Y., Li, J ., Jing, H. , Zhang, Q. , Jiang, J .,
Calibration of ThreeLowCost Particl e Sensors f oAeroBoArti cul al
Science and Technolog§9(11), 10681077

Wat hor e, R. , Morti mer , K-Use Eraissidns &d Estnsated|mpactsiof P . (2
Traditional, Naturaland FocedDr a f t Cook st ov eBnvironmenRlSciente &Ma |l a wi
Technology51(3), 19291938.

Weimer, S., Alfarra, M. R., Schiwr, D., Mohr, M., Prévét, A. S. H., and Baltensperger, U. (2008).
iOrganic aerosol ma s s -lmpiegetssiand: Infuencerfdbarninge s f r o
conditi ons dounmhal of Gemphysicay Researdil3(D10).

Weitkamp, E. A., Sage, A. M, Pierce, J. R. , Donahue, N. M., and
Aerosol Formation from Photochemical Oxidation of DiesellEaust i n a Smog Cham
Environmental Science & Technologhl(20), 69686975.

WHO. (2015). AWHO Household energy database. 0

Yokelson, R. J., Burling, I. R., Gilman, J. B., Warneke, C., Stockwell, C. E., de Gouw, J., Akagi, S. K.,
Urbanski, S. P., Vere®., Roberts, J. M., Kuster, W. C., Reardon, J., Griffith, D. W. T., Johnson,
T. J., Hosseini, S., Miller, J. W., Cocker ID,. R.
field and laboratory measurements to estimate the emission factors ofedestidi unidentified
trace gases f @mospherie €remistry and PhysitS(13, 89.116.

, Jung, H. , and Wei se,



114

Chapter 4 Development of Voatility Distribution for Organic
Matter in Biomass Burning Emissions

4.1 Abstract

The volatility distribution of organic emissions from biomass burning and other combustion sources is a
key property in determining their atmospheric evolution due to partigiceand aging. The gap between
measurements and models predicting secondaryigrgarosol (SOA) has been partially attributed to the
absence of semand intermediate volatility organic compound {80C) in models and measurements.

It is now well understod that biomass burning emissions contribute to the atmospheric OA burden in a
significant way. However, SWOCs emitted from these sources and typically quantified using the
volatility basis framework (VBS) are not well understood. For example, therdrand composition of
S/I-VOCs and how they are influenced by different sousteh asesidential woodstoves, open field

burns, and laboratory simulated open burning emissiomsincertain. To address this, we collected filter
in-tube sorbent samplefn biomass burning experiments using a range of fuels and combustion
conditions. The combination of filter and sorbent is subsequently analyzed using thermal desorption gas
chromatographynass spectrometry (FBC-MS) for targeted and netargeted analysisf compounds

with a wide range of volatilities (saturation concentratiog, & £€6Q ). We project the S/VOC
measurements onto the VBS framework to gain insight into thpaytisle partitioning. Amongst the
sources, derived volatility distribaths showedonsistencyvith IVOCs dominating the volatility

distributions acounting forx v P w 1 f the total captured organic matter, while SVOCs and LVOCs
were responsiblefap b p o Rndp b p ¢ espectively. The distributions and predicted
partitioningwere generally consistent with previously derived volatility distributionigarature.

Particulate matter emission factors (P¥Fs) spanned two orders of magnitude across the biomass
burning sources. Thisork highlights the potential of inferring giparticle partitioning behavior of

biomass burning emissions using fitiertube sorbent samples analyzed offlifiée filter-in-tube

approach simplifies both sampling and analysis of sorbents for studies focused on capturing the full range

of organicsbeing emitted.

4.2 Introduction

Emissions from biomass burning significantlflirence gas and particle concentrations glob@lB.CC.
2014) These emissions include major greenhouse gases likeaQollutants like CO, and volatile

organic compounds (VOCSs) capable of undergoing pbridation to form secondary@ducts. The

" To be submitted toAerosolScience and Technology sSinfia, A, George, I. J., Holder, AHays, M.,and
Grieshop AP.. Ddvelopment of volatility distributions for organic matter in biomass burning emmssi
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products of incomplete combustion from these emissions alslb ireghe emission of fine particles or
particulate matter smaller thg® * m (PMs). PM2sis an important atmospheric pollutant that has large
yet uncertain impacts on climatieachauri et al. 201pair quality(Fuzzi et al. 2015and adversely

affects humatealth(Health Effects Institute 2019; Pope et al. 2008pdeling studies have shown that
biomass burning emissions make substantial contributions to ambient air pgbugivng T v 1T Pf

PM_in India) (Chowdhury et al. 2019; Conibear et al. 20 jmary organic aerosol (POfrms an
important component of PMwith biomass burning emission contributiDgy 96 of the global POA

(Bond et al. 2013)It is now well understad that biomass burnir@OA is semivolatile in nature, i.e., the
organic compounds that constitute POA can partition between the gas and particlé(lesiesp et al.
2009; May et al. 2013a; Robinson et al. 2007; Shrivastaa 2006) This partitioning can vary with
atmospheric dilution and variations in ambient temperature which shifts the thermodynamic equilibrium
influencing the fate and lifetime of biomass burning POA. Accounting fepgegle partitioning in
emissions inventories can have important implications on predictions of global chemical transport models
for more accurate depictions of atmospheric conditions:p@ggcle partitioning also creates
inconsistencies in the definitions of particulate orgardtten betweemegulatory measurements and air
guality research models/measurensébBienier van der Gon et al. 2015; Robinson et al. 2H0yever,

only a few studies have made attempts to constrain partitioning behavior of biomass burning POA.

The gasparticle partitioning of POA in the atmosphere is dictated by the absorptive partitioning theory
(Donahue et al. 2006; Pankow 199%this theory can be used in a semipirical fashion witla st of
surrogate or lumped species that describes the measured partitioning behavior of e(@dssmsp et

al. 2009; Shrivastava et al. 200®)is surrogate set of compounds is often represented using a one
dimensional volatility basis set, VB®onahue et al. 2006)vhich distributes organics over a
logarithmically spaced set of bins of effective saturation concentrétioin this framework, resolution

of POA at a molecular level is not@gquirement as surrogate bins describe the properties of compounds
lumped in the bin (like saturation concentratigk)phase equilibrium, the OA emission fact@@ )

and he mass fraction of organic emissions residing in the particle pfdasean be expressed as:

6" Y 00
00

® BQp 8p
whered” Y is the effective saturation concentration of spe€dstemperatureY 6 isthe( 0
concentrationJO is the emission factor for OAQis the mass fraction of speci€@andCO isthe

emission factor of all lowevolatility organics (particle and gas phase).
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Semt andintermediate volatility organic compounds/kVOCSs) play an important role in describing
gasparticle partitioning from biomass burning emissions:\SJCs have also been shown to be
important precursors for secondary organic aerosol (SOA) formatioplayd key role in reducing the
gap betweemeasurements and models predicting SOA formgtarino et al. 2018; Robinson et al.
2007) However, there is significant complexity involvediwquantitative collection and chemical
andyses of measuring IVOCs. A vasiajority of IVOCs typically elute in the chromatogram as
unresolved complex mixtures (UCM) which is material thaekdes and cannot be separated into
individual compoundg§Schauer et al. 1999; Zhao et al. 20I®)jis is because IVOCs, typically consisting
of compounds with carbon numbers greater fhgrare associated withlarger number of constitutional
isomers, meing them harder to resolve using traditional GC methadsa result, relatively few works
have explored the speciation of-SIDCs in both gas and particle phases from biomass burning
emissions. Studies loolgmt controlled/closed burning inclu@@®chauer et al. 200Who reported gas

and particle phase SYIOCs for three types of residential wood combustion (RWC) wikeston et al.
2016)conducted online measurements from RWCs intiesd. Others have also explored emissions
from uncontrolled/open burning emission#ays et al. 2002¢xplored emissions from six foliar fuels
and(Mazzoleni et al. 20074phvestigated a range of fuel types and burmiogditions, including

laboratory, fireplace and prescribed firéskey observation from these studies that speciat¥¢ GQ
measurements is that they typically only capture a small fraction of thentaga with the remaining
fraction being apportioreto the UCM. Speciation methods thus offer detailed chemical information on
the fraction being measured but cannot characterize the UCM (majority contribution in terms of mass).
On the other hand, bulk neds offer little chemical detail in their measuents but are more likely to
capture the full range of mass being sampled. Thus, there exists a tradeoff in detailed speciation

measurements and capability of measuring the full range of mass.

Several métods have been utilized to estimate volatility ritisttions of combustion emissions over the
last decade. The positive artifact on quartz filters has been used to provide an estimapaicigs
partitioning(Jathar et al. 2019; Li et al. 2016; May et all28&; b; c; Shrivastava et al. 200Bpthermal
dilution and temperature perturbations using thermodenuders have been used to congtaatitigas
partitioning of biomass burning aerosol from wood smoke emisgtamsshop et al. 2009nd
laboratory fires for a variety of fug(May et al. 2013a)Riipinen et al. 20103howed that equilibrium
assumptions should not be used when using thermal denuder systems by payHenetic equations for
more accurate volatilitgistribution estimations. More recent{{ujitani et al. 2020gstimate volatility
distributions of sewage incineratiomessions using measurements from online mass spectroscopy,
capable of measuring low concentrations of gasl particle phase organics in raate. Another

strategy has been collection of sorbent tubedyaad offline using thermal desorption gas
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chromabgraphy mass spectrometry (TD/GC/MS) to infer POA volatility via separation across the
retention time in the GC colun{dahar et al. 2019; Presto et al. 2012; Worton.e2@14; Zhao et al.

2014, 2015, 2016yom sorbent tubes. The volatility distributions derived from TD/GC/MS
measurements have been shown to be reasonably consistent with distributions from isothermal
dilution/temperature perturbations with kinetic maaglJathar et al. 2019; May et al. 2013tw) diesel

and gasoline emissiornBhis method allows for the estimation of organic aerosol volatility from a single
sanple and thus offers an important advantage over mooeneasintensive online approaches (e.g., TD,
dilution). However, this method has not been previously used to characterize biomass burning POA
volatility. Moreover, variations of this method with tfiléer placed inside the tube allowing for the
collectionof both gas and particle phase organics to be analyzed together in the TD/GC/MS have not
been previously done for biomass burning emissions. Thisifilterbe approach would simplify both
samplingand analysis of sorbents for studies focused on cagtthifull range of organics being

emitted.

Biomass burning spans a spectrum ranging from residential wood stoves to open burning resulting in
complex mixtures of organic compounds that span a veidger of volatility. A few studies have
constrained the \atility distributions of biomass burning POA emissiof@rieshop et al. 2009)
characterized ggsarticle partitioning from wood smoke whillay et al. 2013aperformed laboratory
burns forp Uuels over a range of combustion conditiofise recommended distributions derived in
(May et al. 2013ahave been used in several modeling stu@@arelli et al. 2017b; a; Jiargg al. 2020)
(Cappa and Jimenez 20ldh)taineddistributions for opetburning emissions via factor analysis of
ambientand thermally denuded OgHatch et al. 20183howed the wesof Solid Phase Extraction (SPE)
filters for untargeted analysis of gphase SAVOCs in biomass burning smoke samples from a series of
laboratory fires and subsequently derived volatility distributions from the speciated data. However, there
is still uncertainty in the amount and composition of @0 Cs and how they areflnenced by factors

like fuel type and combustion conditions. Moreover, validation of fresh emissions from lab simulated
open burning with actual ifield burning is lacking. Thus, theis a need to measure partitioning
parameters across a broader rarfggiamass burning conditions and test these with existing

parameterizations.

In this study, we address these knowledge gaps by measuring the volatility distributions from different
types of biomass burning source emissiorapen field burns, laboratorymsulated open burns and
different phases of residential wood combustion in a modern hesating The POA volatility was
investigated using a calibration built frawalkanestandard in TD/GC/MS analysed he objectives of

this study are as follows: tlevelop an approach and calibration to map TD/GC/MS data to VBS space 2)
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characterize uncertainties in saturation concentration estimates using group contribution methods and
deviations frorm-alkane distibutions in deriving volatility distributions froliD/GC/MS

chromatogrars 3) compare volatility distributions from different types of biomass burning usingifitter
tube sorbent samples analyzed using a TD/GC/MS 4) make comparisons of the déatilég vo
distributions to existing distribution fordanass burning in literature.

4.3 Materials and methods

4.3.1Experimental setup of combustion experiments

Several different sample types were taken to capture a range of biomass burning conditions, ineluding in

field open burning, laboratory simulations of open mgnand laboratory testing of woodstoves.

Emissions were sampled from thredigld burns of Tallgrass Prairie in the Flint Hills region of Kansas
in April of 2019. Mobile measurement platforms weosiioned immediately downwind of the burning
field to capture fresh emissionBigure 31.1A). Background air samples were taken on days when no
burning occurredConcurrent measurements of CO,,CRM; 5, and elemental (EC) and organic carbon
(OC) were made using apable sampling package described elsewliuoeell et al. 2011Zhou et al.
2017) Briefly, continuous measurements of 84kre made with a nondispersive infrared sensor (RMT,
DX6220 mini) andCO with an electrochemical sensor (SGX, EfD®). Batch samples of Teflon (Teflo,
Pall) and quartz (Tissue Quartz, Pall)mih filters with a PMsimpactor inlet were taken simultaneously
with a pressure compensating pump at. PM (Leland Legacy, SKC). € and OC were quantified using
the NIOSH 5040 protocol modified as described elsewfidran et al. 2012)

Fuel was cokcted from two locations in a conifer forest in northern and central Minnesota. The fuel
samples consisted of four clip plots (twan? and twor& um?) consisting of mostly moss and tree litter.
Open biomass burning was simulated in an open burn telityf@©BTF or burnhut) on the EPA campus

in Research Triangle Park, NGrandesso et al. 201(Bigure 2.1B). The OBTF is a 70 Aroom with a
high-volume blower that pulls ambient air into the room and out through an exhaust duct (12 in diameter)
to provide excess oxygen conditions. Fuels were dried at 80 C dvieimin oven before burning. Fuels
were evenly dispersed across % ¢ stainless steel pan filled with sand and covered with aluminum foil
and ignited with a propane torch. A nichrome wire was used to ignite the cores at one end resulting in
smolderingcombustion front propagating across the core. Emissions measuremendl vedoen in the
exhaust duct at the same location. Batch samples feg, ML, OC were taken througkead st ai nl es s
steel sample probe and Rhtyclone (URG). An aerosol splitteras used to split the sample between 47
mm Teflon filters (Teflo, Pall)d 90 mm quartz filters (Tissue Quartz, Pall). S/IVOC and black carbon

samples were taken througb® s t asieal Jamplegprobe. Continuous measurements of C®, CO
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(CAl, 600 seris), NO, (EcoPhysics nCLD), and total hydrocarbons (THC) (CAI, 600 senes) taken
through©0 s t asieal prabes keated filter, and heated Teflon sample line. A background sample of

ambient air was taken in the duct with blower on.

Residential wooda@mbustion (RWC) emissions were sampled from an EPA 2015 certified weedsto
(Englander, 3INC) following a cordwood test protocol (ASTM E3053). The method includes a startup
phase followed by a high fire phase where the stove air inlets are fully opeheddang with a low fire

phase where stove air inlets are fully closeest$ were done in triplicate for two fuel types: dry Red Oak

and a dry Sitka Spruce. Fuel wood was cut to stove specified maximum length (nomiga)ly and spl it
into triangular pieesX T™® z ¢® kg as specified in ASTM E3053). The test facility is dibsat in detall

in (Holder 2019)Figure 2.1C). Briefly, stove emissions are captured by a hood into an exhaust duct and
subsequently mixed with filtered air to reduce PM concentrations. Gas phase emissioi&@JCTHC,

NOx, CAIl 600 seriesivere sampled through a stainlesssel probe, heated filter, and heated sample line

from the dilution duct. PMt( xmm Telfo, Pall) and EC/OQ (ymm tissue quartz, Pall) samples were

taken from the duct throughd st ai nl es s s tag dilutionsystenh (B4$000, Dekat)e ¢ o n d
was used to further reduce pollutant concentrations. SVOC and black carbon (MA350, Aehtlabs) sampled
from a manifold connected to the secondary dilution system. Background samples were taken with the
dilution duct wherthe stovewvas not operating.

S/I-VOC emissions were sampled using filtestube sorbentsear the source or in the exhaust stick
high pollutant concentration&igure $1.1). S/IVOC sampling media consistedabfjlass Carbotrap and
CarbotrapC sorbent tube (Sigmaldrich) with previously bakedu( v 1€Jor hours) quartz filter
punches1i@® Y om?) placedin the tube (Gerstel) upstream of the sorbent to capture the particle and gas
phase emission3he Carbatap F/Carbotrap C adsorbent tulmare also baked in a Gerstel TDS3
thermal desorption system to thermally clean theror to TD/GC/MS analysisaeh tube was spiked
with p microliter ofa deuterated internal stand@Wilisconsin State Lab of Hygiene émhal Standard #4,
deuteratear-alkane¥ to track analyte recovery. The internal standard contained six deutetatethes
ranging fromn-Pentadecand32 (GsHsz) to n-Hexatriacontanel74 (GeHz4). A pump (Sensidyne Micro
Air Diaphragm pump) and madsw controller (Alicat, MC series) wengsed to sample adt yiters per
minute (LPM). Actual sample flow was checked with a TSI flow calibrator before and after each

sampling period.

Sorbent tube samples with quartz fiber filter punches upstream afrtheng material were analyzed
using a tlermal desorption gas chromatography mass spectrometer (TD/GC/MS) (Gerstel TDS2, MD,
USA) thatreports total ion chromatograms which can used to interpret theofngas and particlephase

(i.e., total) S/IVOCs sapied. During desorption, the TD wasmped from an initial temperature ¢fu J
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C to a final hold temperature of 1 T€JX min) atg mQ second. The CIS was held at an initial
temperature of p 1t IT€Xuring sample transfer. The GC was equipped with an Agiler§ MBS

capillary column@ ™m @& umm inner diameter). The GC method used a column flogvrof. min?.

The initial GC over temperature was fixedpab Q (held forp ™Tminutes) and rampedp to o 1T €At a

rate ofp mQ min? (held of¢ @ minutes). The MS was operated in scan mode and results are reported
for all measured signaDther operational details regarding TB2/MS operation arfurnished inTable

Al

Sorbentubes were also prepared with calibration spikes for alkanes, PAHs, sugars and methoxyphenols
with constituerd listed inTable 1.2. Calibration spikes gb ™mg of each compound in the stiard

mixture were prepared by diluting with a solvent, HIB solution (hexad6, isopropandl 20%,

benzend 40% by volume). After the spike Mvas flown through the tube atTml/min for w T6€CONdS

to ensure propdransfer across the adsorbent emiz.
4.3.2Chromatograph analysis

Figure SL.11shows a flow chart depicting the steps involved in the derivation of viylalistributions

using the VBS framework from total ion chromatograms (TIC). In the first 8tepl'IC was corrected for
column bleed and is divided into 29 roughly equal width bins in GC retention time space based on the
elution time ofm-alkaneganging from Go-Css. The elution time oh-alkanes were used to define the
volatility bin edges alculated as follow: if €represents the elution time of eralkane, the start point for
the bin would be: (&+ Cy.1)/2 and the end point would be: (€ Cn+1)/2. The only exceptions were the

start of the @ bin which was calculated a8: 7

z06 and the end point of thes§hin

calculated ash o] . n-alkanes were chosen for the basis of this calibrations for several

reasons. First, since the GC column used apudar stéionary phase, the retention times of aliphatic
compounds corresponded to their boiling points and consequently, vapor pressurdbeNsaturation
concentration of-alkanes vary systematically with carbon numi@oll and Seinfeld 2008; Presto et al.
2012)and(Presto et al. 20123)Iso showed that there is an approximately linear relationship between

retention time and saturation concentration for hydrocarbmasured by the same analytical protocol.

In the next step, we calculated the integrated bin areas at each GC reteivorn the TIC. The
information from the previous step is used to ascribe a carbon bin number, corresponding to one on the
¢ wr-alkane bindrom the previous step, to each GC retention time. In the third step, the integrated bin
areas calculated from tlpeevious step are summed together based on grouping by the same carbon bin
number. Thus, at this stage the TIC has been reduecgosiommed and integrated bin areas segregated

by elution times ofi-alkane. The response or recovery factor, defined astioeof peak area to
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concentrations, are calculated using the deuterated internal standard and applied to the integrated bin
areas® convert them to bin masseseWlso defined and applied a minimum detection limit (MDL) as
the bin area normalized to cesponding internal standards from blank runs of fittetube samples.

This binning approach allows us to calculate the massdraofitotal organics in each bin by calculating
the relative fraction of the integrated TIC signal in each bin.

In the find step,n-alkane carbon bins are converted to saturation concentréafipby using a group
contribution method, SIMPO[Pankow and Asher 2008p represent volatility distributions in terms of

the VBSframework. An important assumption in this method is that the UCM, which deesithe TIC
signal, behaves similar tealkane compounds used in our calibration. A similar approach was used by
(Presto et al. 2012vhere m/z 57 was used instead of the TIC widleao et al. 2015, 2016ave

employed this methodsing the TIC for determination of volatiliyistributions from vehicle emissions.
This method captures the volatility distribution for all species which elitdéi UCM or otherwise) but
cannot account for compounds which may not elute/only partially elute from the GC column (like some

oxygenated compounds) (Sectiga.]).
4.3.3Data reduction

Fuelbased emission factors were calculated for pangbkse pollutants (PM, OC, EC) using the
carbon balance method described elsew(\&iahore et al. 2017jo allow for comparison across
different sources and fuels alongflwcomparisons to literature. The emission factors in units 6f g o
pollutant kg of fuel were calculated by:

a0 0w

[o)e; — . a"Q8 ¢
300 W

wherez®and300 are the background corrected pollutant &dd concentration in g nt3respectively.
0w and Wt refer to molecular weight @f O (t tg moft) and atomic weight of carbop (g mof?)
respectively. We used a valuera@d for & "Q, the mass fraction of carbon consistent with other work.
Modified combustion effiency (MCE) was calculated using background correctegad@ CO values

386 7380 36 0).



122

4.4 Results and Discussion

4.4.1TD/GC/MS calibration with standard mixtures
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Figure 4.1: A) Estimated saturation concentratié,as function of GC retention time for calibration
compaindsi n-alkanes, PAHs, methoxyphenols, saturated acids and levoglucosan (delineated by color).
Vertical dashed lines denote the boundarié& dfins wheretie number at the top of the bins indicate

i 1"AHor each bin. B) Response factor fofilbetion compounds n-alkanes, methoxyphenols, PAHs

and levoglucosan (delineated by color) as a function of-#ilkane equivalent eluting carbon bin. The

solid Hack line represents a degre@olynomial fitted to describe the variation in responstofs of n

alkanes (equation printed gure .3) while thedotted black lines show the confidence interval on the

fit.

To interpret the full scan TICs from biomass burning emissions, we developed a calimadioas a

function of GC elution time for a suite of standard compounds including straight chained dii¢arss,
methoxyphenols, levoglucosan and saturated acids, preseffigdiia4.1A. 6° was estimated usg

SIMPOL (Pankow and Asher 2008nd Sectior§4.2included discussion on this selection relative to

other group contribution methoda/e observe that within a ses more volatile compounds (higlEn)

elute at shorter retention times and vice versa across all classes of compbisidpproach israalogous

to the procedure i(Presto et al. 2013yho used a singlé” calibration curve can be used to bin the

GC/MS data for aliphatic compounds and naphthalene into the basis set to trafBlaje

chromatograms from vehicle emissions. Our calibration runs show that compounds in the PAH standard
(Table $.2) can be described by the sadfecalibration curve as-alkanes while separate curves may be

necessary for methoxyphenols and saturated aiise differences may be driven by differences in
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polarity (Isaacman et aP011)that shift elution times for the alkanes/PAHs relative to the alhsses of
compounds explored here. Theto retention time mapping presentedrigure4.1A is used to attribute
eluting compounds®ém the TIC (inaliding UCM) to6” bins based othe corresponding-alkane
eluting in that binThe vertical dashed lines Figure4.1A show the boundaries of tiéé bins defined
such that half a decade gter and less in saturation concentration are included in a certain bin (for
example the bin representingé6™Q v includes all compounds withir® & £€6°Q u®). While some
of the emissions have volatiliyy —p 1 ‘ g m®, indicated by raterial eluting aftec yminutes, this
material is condensed at essentially all atmospheric conditions and therefore can beruhmped i

a €6°Q ¢ bin. Quantifying emissions in bins upd® p 1‘ g ntallows description of production

of SOAor gasparticle partitioning at very high concentratiopstt tp 1 1t g nvs).

Figure4.1B shows response factors for different classes of compounds as a functiatkafe carbon

bin for n-alkanes, methoxypherslPAHs and levoglucosan. The response factors were derived from
calibration runs where known amounts of standard compounds are injected in the TD/GC/MS along with
an internal standard. Timealkane carbon bin number is based on ter&ention time of t elutingn-

alkane fromFigure4.1A with the same retention time windows applied to methoxyphenols, PAHs and
levoglucosan. The vation in response factor afalkanes across thealkane bins (proxy for retention

time) can be described by a degogmolynomial (fit parameters iRigure $1.3). Data across several
calibration runs, from the current study and previous campaigns, are considered in describing this
behavior. Our bservations show that the response factorsalkanes are weltonstrained with

comparable coefficients ofaviation (@ ¢ 18t ) The average response factors aftG Cigand G;to
Cson-alkanes were p p dndt p @ dreater than the average responsofaaf Goto Cso n-alkanesThe

set of response factors presented here are applied to integrated TIC bin areas for conversion to bin masses.
The methoxyphenol standards tested elute in the same retention time interval€asiaightchained
alkanesand show a response factarder than corresponding alkanes eluting in these bins by an average
of¢ X P p W bLevoglucosan also had a response factor larger than the correspondingnedilitinoe

(Cis) by ¢ 1T BThe PAHSs on the other hand, elute later, axekarger range (&Css alkanes) and with a

lower response factor compared to the alkanes by an average of §8%The confidence intervals on

then-alkane fit generally include the response factors from the other calibration compounds.
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4.4 .2Particulate matter emission factors
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Figure 4.2: PM; s emission factors (PMEF) as function of modified combustion efficiency (MCE) for
different source emissiofisburnhut, field, RWC phases (delineated by color) edatharkers represent
ted-averaged observations from integrated filter measurements while darker markers show the average
PM. s EF and MCE from a source emissions type with the error bars denoting the standard deviation

across individual tests.

Figure4.2 demonstrates the diverse types of biomass burning considered in this study by showing test
averaged Pk EF plotted against MCE for burn hut, field and RWCs under different burn conditions
from integrated filter rmasurements. PMare inversely related with MCE across the different sources as
has been typically observédetter et al. 2012; Just et al. 2013; Preble et al. 28d4dngst the sources
studied here, éld burns had the highest average M@ 18t § while burnhut and RWC operated
under low conditions were amongst the least efficient (NDOEX ¢y resulting in larger PMs EFs. The

RWC operated under high conditions had the lowest average EMt &8 o@ g kg of fuet'). PM,.s

EFs for field burns are consistent with those fi@tkagi et al. 2011vhere PM s EFs rangingrom 6.26

g kg of fuel* (crop residue) tp @ g kg of fuel* (boreal forest). PiMsEFs from RWC emissions
overlapped with observations frai@uofeng et al. 2012yhere PMsEFs ofc& p& g kg of fuelwas
recorded across various fuefsgure 3.4 shows OC and EC EFs plotted against MCE where OC EFs are
inversely related to BE (like PMs EFs) while EC EFs generally increase with M@ and OC EFs

from the combustion sources in thiady span twarders of magnitude indicating diversity in emission
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characteristics. The majority M, s mass is dominated by OC with OC/PMisca ofu T p ®,¢0 ©

w bPandg ¢ x Pfor RWC, field and burn hut, respectively. EC/PM was significantly more varsatule
largest for RWC@ 1t @ B and comparable for field and burnhut (T bPandg ¢ brespectively).
OM/OC ratios were estimated ag: { 0 "0 0 60 "G 6O "@ the absence of more detailed chemical
information (eg. parameterization izt tfragment(Canagaratna et al. 20}5The average OM/OC
ratio across all experiments wa® o 1@ (and this average was applied to OC EFs to infer OM EFs.
The estimated OM EF + EC EF is plotted against PBF in Figure S1.9.

4.4 3Volatility distribution profiles of biomass burning sources
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Figure 4.3: A) Volatility distributions of biomass burning combustion sourcesrnhut, field,

woodstove highfire and woodstové start up (déneated by color) inerms of mass fraction in each log
saturation concentratiom (= l) bin. The mass fraction showed in each bin is the average bin mass from
replicate (N=3) samples while the error bars show the standard deviations in the replicates. B) Biomass
burning source emission (delineated by color) volatility distrimgipresentkin terms of emission

factors by normalizing the mass in each [ bin by amount of fuel burnThe bin emission factor

showed in each bin is the average bin emission factor from replicate (N=3) samples while the error bars

show the stndard deviatios in the replicates.

Figure4.3A shows normalized'Q) volatility distributions inferred from TD/GC/MS chromatograms of
filter-in-tube sorbent samples the mass fraction in log spaced satonationcentration bins for different
source emissions. These distributions include all organics sampled on the filter and sorbent (which elute
in the chromatogram) in the rangert ‘ gm® 6~ p m* g n correspnding to Ggand G; n-alkane

binsrespectively. In this section, we compare the volatility distributions of source emissions by their
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contributions tax £€6"Coins and in terms of contributions to volatility groups (IVOCs, SVOCs and
LVOCs).

To compare distributions from differentwsoes,Figure 3.6 plots paired scatter plots of the mass
fractions in each la@f bin. Sincethe contribution in thé ¢ "Q0 @bin is larger by more tmaa factor of
o than the other bins, linear fits ardluenced by high leveraging. Instead, we calculate the root mean
square error (RMSE) to thpgp line to quantify deviations from complete agreement between two
distributions (RMSE 1) and interpret th&MSEs relatively. The most similar distribution pairsre
RWC hight RWC startup, field RWC high and burnhtitfield. In contrast, the burnhitRWC startup
comparison had the least similar distribution by this definitiofridgrure 1.7, we compare these
volatility distributions to the biomass burning volatility distribution fr@vtay et al. 2013a)where
experiments were conductaalinvestigate the gasarticle partitioning of an array of fuels associated
with prescribed burning and wildfire in North America. The mEament range ifMay et al. 2013a)
spangy €6"Q ¢ toT bins and thus the distributions from the current study anenaalized after
removing the contributions from tie£6™Q v ande bins to allow direct comparisons. SimilarRgure
$4.6, we construct paired scatter plots of the mass fractions of t#hernealized source distributions as
well as the distribution fronfMay et al. 2013an Figure 1.8. The RMSEs calculated to the 1:1 line
show similar magnitudes from cqararisons between the source distributions tq¥hey et al. 2013a)
distribution. By this definition, the distributionson the current study are approximately similar to the
(May et al. 2013aglistribution while some pairs of combustion s@udistributions are more similar
relative to(May et al. 2013afindicated by lower RMSES).

Another way to compare the hatility distributions of source emissions is by lumpthg contributions in
a ¢ "Cins into volatility groups based on the nomenclature proposéddmnahue et al. 2@t Murphy et
al. 2014)IVOCs 0° omnmmo p1mw @ ),SVOCsd” 1™ omnm'@ )andLVOCsd®

™ "Q ). Figure4.3A shows thax £6'Chins separated into these groups where IVOCs dominate the
volatility distribution with average contributions gfo wbh YT @BYT p L RNdw T p L Pf

total organic emissiorf®r burn hut, field, woodstovie high fire and woodstove start up respectively.

v 1 Y 1t f the IVOC emissions are contained within ¢hé6°Q @ bin acrass the combustion sources.
The SVOCs and IVOCs volatility groups account for approximately samerdasnofuthe total volatility
distribution. SVOCs represeptc o B @ p Hp o ¢ bPandy p bof total organic emissions for
burn hut, field, woodstovi high fireand woodstové start up, respectively. Finally, LVOCs contribute
PC THpT wHo ¢ Pandp p bfor bun hut, field, woodstové high fire and woodstove start
up, respectivelyThese observations show that apart from minor difference in contributions #weos

volatility groups (eg. larger IVOC and lower LVOC contributions from woodstove pytt frelative to
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other sources)ye generally observe similar contributions to volatility groups and minor variations in
volatility distributions across combustion soes spanning &ide range of combustion efficiencies and

particulate emission factors.

In Figure4.3B we show the volatility distributions as EFs by normalizing the mass inceacf{lin by
the amount of fal burnt. The mass in eachéd0s multiplied by a combustion source specific
ficorrectiono factor to ensure particle phase
aerosol collected on quartz filters (Secti®h ]). The bin mass emission factors span two orders of
magnitude across the biomass burning combustion sources indicating variation consistemtigutatpa
emission factors discussed in Sec#o#.2 This indicates that fuel composition and combustion
conditions influence contributions o€ ” bins in addition to integrated filter measurements. IVOCs
dominate the volatility distribution with contributionspfc Bp o Bp T Rndy w lef the total organic
emission factor for burn hut, field, woodstdvhigh fire and woodstove start uprespedtely. v ¢

X X Bf this IVOC contribution is attributed to tieé6™Q ¢ bin. SVOCs (LVOCs) account for
pribwb,x Ppp kbp ok b andwbp ¢ bfor emissions from burn hut, field, woodstdvaigh

fire and woodstové start up respectively.

aero
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4.4.4Comparison of volatility distributions with literature
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Figure 4.4: A) Partitioning plot showing the particle mass fractidg,as a function of organic aerosol
concentration,r|—in Hg n13 derivedusing the partitioning equation andmermalized volatility
distribution shown irFigure 3.7 to match observations fro(May et al. 2013a)The thin lines show the
predicted partitioning from individual experiments while the bolded lines show the average for each
biomass burimg source. The biomass burning sources are delineated by color. Also plotted are
observations fronfMay et al. 2013c)1) chamber dilution experiments (darkyval) 2) predictions

from range of feasible solutions obtained from fitting thermodenuder data (light gray region) 3
predictions from the best solution using the recommended biomass burning distributioch@at(dotted
black line). B) Primary organic aerosol emission factor (POA EF) as a function of organic aerosol
concentration,F| —in Hy n13 derived using ta partitioning equation and the volatility distributions shown
in Figure4.3B. The predicted partitioning for each replicate tube sample is shown asliradilines for
each biomass burning source (delineated by color). The closed circles indicate the POA EFs measured at

the sampling concentration whithe open circles use the partitioning information to predict POA EF at

Hg ni3.

To explore the imiications of differences in volatility distributionBjgure4.4A shows the particle mass
fraction,& as a function ob predicted from the partitioning equation (eqaatl) and the volatility
distributions of the biomass burning sourcebigure .7. We use the raomalized distributions in
Figure .7 (as opposed to the distributiomsHigure4.3A) to enable comparison with observations from
(May et al. 2013a)At lower6é  we ob®rve the maximum divergences in prediadedietween the

biomass burning sources with decrease in divergence with incréasinBetween the RWC phases, the
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average predicte@d for startup conditions is greater than thatHigh fire conditions ¥ a maximum of
p & P(atu®* g nt®) and decreases top 1 Rte P "™ after which increase ia  leads to further
decreases in difference @f . This shows that there are only minor differences in the predicted
paritioning between the RWC phases. The difference in average pred@icietarger between burnhut
and field burn conditions withwa 1t Rlifference ap 1t g nT3which reducestq 1 Rt p 1T "™ 3 and

p T Rty Ty m? The larger differences hereeanainly driven by larged predictions from one
replicate sorbent sample (relative to the other two) taken under field conditions. The difference in
predictedd between burnhut ahwith the other field samples (thin blue lines in the clust&igure
4.4A) are v bat all modeled .<& predicted from most samples collecfeasn burnhut and field
burn conditions indicate are generally consistent indicating similarity in volatility distib(gven
though PMsEFs are ¢ larger for burnhut compared to field emissions). Finally, the difference in
average predicte@d between RWC high fire and burnhut conditions is Rtp 1t g n1® and decreases
top o Rtp 1Ty mS. Overall, we see #t the difference i is aboutp 1 Kor lower) across the
biomass burning sourcesdt larger tharp 1t ‘g nteindicating similarity in volatility distributions.
This suggests that partitioning is less sensitive to distributions at higheemtations.

We also compare ggmrticlepartitioning from our volatility distribution against observations fidhay

et al. 2013ajn Figure4.4A. To make these comparisons, we consider three result{Kfagnet al.

2013a) 1) observed partiining from chamber dilution experiments 2) predictions made from the range
of feasible solutions obtained from fitting thermodenuder data 3) predictions from the best solution using
the recormended biomass burning distribution ¢ab Q). FromFigure4.4A, we see that our ggsarticle
prediction profiles are generally well constrained within observations from dilution experiments (dark
gray oval) and the range of statistically acceptable solutions from fittingddemader data (light gray
region) with he exception of one field profile. Comparison of the average burnhut profiles with the best
solution profile (dotted black line iRigure4.4A) shows alifference in predicted of v bthroughout

the modeled range indicating close agreement. Thus, the relative difference to the other biomass
burning sources are similar to that as discussed above. Consistency in the predicted profiles from our
study and(May et al. 2013a3upport the viability of deriving volatility distributions by analyzing filter

in-tube sorbentasing a TD/GC/MSdr biomass burning emissions.

Figure4.4B shows partitioning plots in terms of POA emission factor as a function afising the
volatility distributions presented figure4.4B. The profilesshown inFigure4.4B shows the predicted
partitioning using equation 1, while closed markers represent the emission factors measured at sampling

concentrations (which ranged betwgeo mandt 1 1t figmt3). These concentrations are comparable to
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those in fire plumes and much higher than typical ambient concentrations. The differences in combustion
conditions and fuel compositions result in POA emission factor profiles spanning two orders of

magnitua for the diferent biomass burning sources (POA EFs range fidm 1 g kg of fuell). Based

on these profiles, higher POA emission factors are expected at bighén Figure4.4B we show the
estimated PO&mission factoatp 1t g n® indicated by the open markeps.tt g m®is chosen as an

arbitrary ambient concentration also used to model ambient scengifitebinson et al. 2010However,

typical ambient concentrations may be higher in fire impacted envirdarilenthose from woodstove
emissionsq 1 T 1t g nT°) and wildfire 0 T p 1 Ty M3). The predicted POA emission factors at
prgnlarev @ X X P TP @ ¢ Rndu 1T P X X Hower than POA mission factors measured at

the sampling concentration for burnhut, fialdd RWCemissionsrespectively.
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4.5 Supplementary information

S4.1Comparison of aerosol mass in particle phase from partitioned TD/GC/MS and artifact

corrected filter measurements

To enswe consistency in our measurement approaches, we compare organic aerosol in the particle phase
as measured by collection on quartz filters against organic aerosol observed in TD/GC/Ntstfibber
chromatograms (after accounting for partitioning).

Combustion emissions were sampled onto bare quartz (BQ) and quartz behind Teflon (QBT) filters and
analyzed using thermaoptical methods to quantify organic carbon content. In this method, we first
correctedor the positive artifact from vapor adsorption tre BQ and QBT filters to calculate primary
organic carbon (OC) in the particle phase®by: 00 ,whereb6 and0d  arethe

background corrected OC mass concentrations in unitg of® on the BQ and QBT filters respectively

To estimate primary organic aerosol concentrations (POA) we applied a campaiggeasstimate of the
OM/OC ratio ofp® do the calculated OC mass concentrations. In the second method, we use the
volatility distributions derived from TD/GC/MS chromatams from filterin-tube sorbent samples
(described in Sectiof.3.2 to estimate POA in the particle phase. For each experiment, we use the
partitioning equation (equation 1 in manuscript) at the POA concentration measured by the quartz filter,

to calculate the particle fractiotb() in each volatility bin for the basis set of saturation concentration:

[p Tt Fp T fp rifp ip ifp mfp mfp Tifp 1 ¢ g M3 We then calculate the mass in the particle phase in
each bin by using the total organic mass (partiadgs) in a volatility bin as measured by the filter

tube chromatograms and the particle fractéon,Figure 1.9 shows these particle phase masses summed

up and presented as an emission factor.

Comparingthese two methods showed that filtlsrived POAEFs were biased high relative to filier

tube sorbentlerived POA EFs. The divergence was largest for open field burns and smallest for
residential woodstove emissions. One possible explanation forigparity may be that some organic

material doesat elute from the chromatogram but is measured on filter samples. To reconcile this
difference, an averaged correction factor was calculated using the ratios of POA EFs from the two
methods across the re@ie samples of each combustion source. The baseseestimated from the
TD/GC/MS method are corrected using these factors. To make this correction we assume that the impact
of the divergence between the two method is evenly distributed across thetydlgtdi The averaged

correction factors applieiwr each combustion source type are printeigure 31.9.
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S4.2Saturation concentration estimation from group contribution methods

Structureactivity relationships intte form of group contribution methods can be used to estimate vapor
pressures of compounds by parsing the molecular structure into component groups associated with an
empirical effect to estimate volatility. Here, wensader predictions from four group roibution

methods two of which use a twstep estimation method where the boiling point is first estimated using
a group contribution methd@lannoolal et al. 2004nd vapor pressure is estimated from this estimated
boiling point using otar group contribution methodsyrdal and Yalkowsky 1997; Nannoolal et al.

2008) The(Myrdal and Yalkowsky 1997inethod uses a serempirical group contribution method to
estimate vapor pressure based on molecular structure and boiling pointianheolal et al. 2008)

methal predicts vapor pressure given the structure and boiling point of the molecule including a
substantially larger number of groups than any of the other methods considered ladse aodsiders
second order interactions between neighboring grqBasley and McFiggans 2016ave shown that the
(Nannoolal et al. 2004)oiling point estimation method when used wiidannoolal et al. 2008)apor
pressure estimation method, generally provide the closest estimates to experimental data of-giege two
estmation methods. The other two group contribution methods considered besugture activity
relationships to estimate vapor pressures dirécBIMPOL (Pankow and Asher 200&8nhd

EVAPORATION (Comperndle et al. 2011) SIMPOL sums the contributions of individual chemical
functional groups of a compound to generate a subcooled pure liquid vapor pressure (and does not include
semnd order interaction terms). Finally, EVAPORATION estimates subcooled gor pressure by
including vapor pressure contributions of individual chemical functional groups, as well as terms to

account for interactions between neighboring groups.

Figure $.10shows the saturation conceattons,6” calculated from vapor pressure estimates of the four
group contribution methods for different classesafhpoundsEstimations ob” for alkanes and

saturated acids are generally in good agreement across the different methods with slight divergence in
predictions of alkanes from the EVAPORATION method aftei(@olecular weight T 11 grmol?).

Larger deviation are noted acrossatimethods for PAHs, methosphenols and levoglucosad. for

PAHSs are poorly estimated by the tstep estimation methodslyrdal and Yalkowsky 1997; Nannoolal

et al. 2008while SIMPOL and EVAPORATION are relatively consistent and closer to true vapor
pressures. Finallyy® for methoxyphenols span 3 orders of magnitude across the different methods
(SIMPOL providing lowe* estimate and EVAPORATION, high” estimate). Thse observations

show that®” can vary substantially across the group contribution methodsidered here for different
classes of compounds. Group contribution methods are generally developed using experimentally derived

vapor pressures and functionabgp information from a set of compounds. If a method is used to
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estimate the saturatiommcentration of a certain compound, it is likely to perform better if compounds of
a similar type (same functional groups and/or structure) were included in dehgipgrameterization of
the method in question. To illustrate this, we consideestimations of levoglucosan, a tracer of biomass
burning, from the group contribution methods discussed here and compare them to an experimentally
derived6” (Booth et al2010) The sukcooled liquid vapor pressure reported fr(Booth et & 2010)
converted t@” is a8t T g/m? assuming an activity coefficient pfatg w k. In this example, the

SIMPOL and EVAPORATION methods perform relatively well withestimaions ofp ® ‘ g/m® and

p @ g/mPrespectively. In contrast, ti{plyrdal and Yalkowsky 197) and(Nannoolal et al. 2008)

provide estimations of X @yg/m*andg v&‘ g/m* which are factors db ¢ v TandD Y Targer than

the experimentally derived’ (relative to factors oD candDuvf or A S| MPOLO and
AEVAPORATI ONO) . \Wmpaasbns ab” fom greup abreributian and experimental
methods fon-alkanes irFigure 42.6°cal cul ated from the vapor pressur
chemical databag®JSEPA 2020¥or n-alkanes shows good agreement with the group contribution

methods considered here. In this study, we usé testimates provided by SIMPOL.



Table $4.1: Operating parameters of the TD/GC/MS system.

Gerstel and CIS inlet conditions

Gerstel Temperature@) ramp

25°C ramped to
300° at 60°C/sec

hold 7 min
Inlet type
_ PTV
CIS cold trapping temperature
-100°C
Mode
, Solvent Vent
Carrier gas
. . He
Purge flow to split vent (mL/min)
50
Column
30m*.25 mmid
HP 5 MS UI
Column flow rate (ml/min) 1
GC oven conditions
Initial oven temperatureQ) 65
Initial oven hold time (min) 10
Oven temperature ramp rat€/{min) 10
Final oven temperaturéQ) 300
Final oven hold time (min) 26.5
Maximum column temperaturéQ)
325
MS conditions
solvent delay time (min) 5.5
GC/MS interface temperaturec) 300
data collection mode Scan
scan range (amu) 50-500
MS source temperatureQ)
MS guad temperaturéQ) 230

150
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Table $4.2: Components of calibration compounds spiked on Carbotrap C/ Carbotrap F adsorbent tubes
along with solvent (HIB solution) and internal standard. Spikes were preparedigfof@ach
component for the sets of standard mixture.

S.No. | Type of Components Amount
Standard
1 Alkane Standarq C1071 C40 (all even) p mg each
2 PAH Standard | Acenaphthylene p mg each
Anthracene
Benz[a]anthracene
Benzo[b]fluoranthene

Benzo[Kk]fluoranthene
Benzo[ghi]perylene
Benzo[a]pyrene
Chrysene
Dibenz[a,h]anthracene
Fluorene
Indeno[1,2,3cd]pyrene
Phenanthrene

Pyrene

3 Methoxy Phenol Syringol p Thg each
Mix Guaicol
p-Creosol
o-Creso
m-Cresol
Vanilin

4 TCLP Acid Mix | 2-Methylphenol (ecresol) p Thg each
3-Methylphenol (mcresol)
4-Methylphenol (pcresol)
Pentachlorophenol
2,4,5Trichlorophenol
2,4,6Trichlorophenol
Phenol Phenol p mg

BB Sugar Mix | D-Mannitol 10 ng each
1, 4- Anhydroerythritol
Inositol

Sorbitol

Xylose

DL-Threitol

D-Arabitol
Methyl-b-D-xylopyronoside
D-Erythronic acidp-lactone
Levoglucosan

Phthalic acid

Iso-Phthalic acid
2-Hydroxy-5-methylacetophe
KPA (IS)

PMD (IS)

TCS (IS)

62

»
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Figure $4.1: A) Experimental schematic for collection of emissions from open field burning. The
measurement package was placed downstream of the burning field and included gas and paHicle ph
measurements. B) Experimental schematic for collection of emissionsabamatory simulated open
burning. Testing was carried out in the open burning testing facility (burnhut, GBT&)desso et al.
2011)C) Experimental schematic for collection of emissions from laboratory woodstove testing.
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Figure $4.2: Log saturation concentration as a function of molecular weggptedicted by a group
contribution method SIMPOL (in red) and experimental observations from the EPA comptox data base

(in blue) for ralkanes ranging from€to Css.



138

y = 1.665 - 0.09x - 0.006x" + 0.0004x"

Response Factor (ug/uL)

10 15 20 25 30 35
n-Alkane Carbon bin
Figure $4.3: Variation in response factor afalkanes across-alkane carbon bins (proxy for retention
time) from calibrations runs from the current study and previous campaigns (red markers). The solid
black line representsdegree polynomial fitted to describe the variation in response factoms of

alkanes (equation printed in plot) while the dotted black lines show the confidence interval on the fit.
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Figure $4.4: A) Elemental carbon emission factors (EEs) and B) Organic carbon emission factors
(OC EF) as function of modified combustion efficiency (MCE) for different source emigstmnshut,
field, RWC phases (delineatdy color). Faded markers represent-tegrayed observations from
integrated filter measurements while darker markers show the averag&PMnd MCE from a source

emissions type with the error bars denoting the standard deviation across indigtdual te
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Figure $4.5: PM; s emission factors, PbM EF (from gravimetric filter measurements) plotted against OM

EF + EC EF (thermaptical filter measurements). OC EFs are converted to OM EFs using an OM/OC
. Combustion sources adelineated by color. The dashed black line shows therl |

ratio of 8
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Figure $4.6: Scatter plots of the bin mass fraction contributions from volatility distributions in the range
[ [ F derived from TD/GC/MS chromatograms. The plots presented here include all

combinations of comparisons from burnhut, field, RWRigh and RWQ startup (delineated by label

colors). The markers represent the average bin mass fraction from replicateilfisi=B)-fube samples

while the error bars show the standard deviations in the replicates. The solid black line shows the 1:1 line

in each plot with the root mean square error (RMSE) to the 1:1 line printed in each plot.
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Figure $4.7: Volatility distributions of biomass burning combustion sourdegrnhut, field, woodstove

T high fire and woodstovi start up (delineated by color}nermalized to the range mo [ F to
match the volatility ttributions presented ifMay et al. 2013a)Distributions are presented in terms of

mass fraction in eaalm = [ bin. The mass fraction showed in each bin is the average bin mass from

replicate (N=3) samples while the error bars show the standard deviations in the replicates. The black bars

show the distribution fronMay et al. 2013a)
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Figure $4.8: Scatter plots of the bin mass fraction contributions from volatility distribsitie

normalized to the range [ I F to match the volatility distributions presentedlfay et al.
2013a) Theplots presented here include all combinations of comparisons from burnhut, fieldf RWC
high and RWQ startup andMay etal. 2013a)delineated by label colors). The markers represent the
average bin mass fraction from replicate (N=3) filtetube samples while the error bars show the
standard deviations in the replicates. The solid black line shows the 1:1 ¢iaehifiot with the root

mean square error (RMSE) to the 1:1 line printed in each plot.































































