
ABSTRACT 

SINHA, ADITYA . Investigations of Fresh and Aged Biomass Burning Emissions in the Lab and Field. 

(Under the direction of Dr. Andrew P. Grieshop). 

Biomass burning emissions significantly influence the gas and particle concentration budget globally. 

These emissions encompass a spectrum of sources ranging from open field burning to combustion of solid 

fuels in cookstoves in low/middle income countries. While all these sources make important pollutant 

contributions globally, emissions from cookstoves are of specific concern as approximately σ billion 

people rely on them for their daily needs. The products of incomplete combustion include carbon 

monoxide, volatile organic compounds (VOCs) and particulate matter smaller than ςȢυ ‘m (PM2.5). 

Primary organic aerosol (POA) constitutes a significant fraction of atmospheric PM2.5 with biomass 

burning responsible for ͯχυϷ of global POA. These products have significant effects on human health, 

air quality and large but uncertain effects on climate. OA can also form through photochemical processing 

of gas phase VOCs to form secondary organic aerosol (SOA) making an important contribution to the 

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

evaluating human exposure and health risks from ambient air pollution.  

The research presented in this thesis includes laboratory measurements, field measurements and method 

development to improve our understanding of primary and secondary emissions from biomass burning 

emissions. As part of this thesis, an oxidation flow reactor (OFR) was utilized to simulate photochemical 

aging of emissions from three cookstoves, spanning a range of combustion efficiencies, for diverse fuel 

types (hard- and softwood) to study SOA formation in the laboratory. These experiments also explored 

the influence of varying operation of the OFR and its influence on SOA formation potentials and 

chemical signatures of stove emissions. The variability in the amounts of SOA formed were primarily 

dictated by the efficiency of the combustion device, followed by fuel type and finally, reactor operating 

conditions. Since the stove-fuel combinations tested span a wide range in efficiency and fuel diversity, 

these results can be used to constrain SOA formation in air quality models. The sensitivity of SOA 

properties to changes in reactor operation can be extended to aid in the interpretation of other OFR studies 

carried out under similar conditions. 

Several studies have noticed divergences in emissions performance from cookstoves operated in lab 

versus in-field settings. To address this knowledge gap for aged emissions, quasi-field experiments using 

a portable measurement ensemble were deployed to characterize locally disseminated stoves in Mexico. 

These measurements highlighted the viability of using a combination of filters and optical sensors 

alongside an OFR in characterizing SOA from cookstove emissions. Lower-bound estimates of SOA 



formation potential were calculated from these experiments and several recommendations such as the use 

of an integrating device (smog chamber) or firepower sweep testing protocol were made for future studies 

attempting similar characterizations.  

The gap between measurements and models predicting SOA has been partially attributed to the absence 

of semi- and intermediate VOCs in models and measurements. The volatility distribution of organic 

emissions from biomass burning is a key property in determining their atmospheric evolution due to 

processes such as partitioning and aging. To address this gap, this thesis contains analysis of samples 

from simulated open burning in the lab, open burning in the field and residential wood stoves. 

Measurements were made using sampling media which housed a filter inside a sorbent tube and 

subsequently analyzed using thermal desorption gas chromatography-mass spectrometry (TD/GC/MS). 

The TD/GC/MS data was represented as a volatility distribution using a volatility basis set binning 

approach developed for biomass burning emissions. This work highlights the potential of inferring gas-

particle partitioning behavior of biomass burning emissions using filter-in-tube sorbent samples analyzed 

offline. It also presents the first volatility distribution from in-field open burning emissions 

measurements.  
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Chapter 1 Introduction  

This section introduces the background of primary (fresh or un-aged) and secondary (aged) organic 

aerosol emissions (SOA) from biomass burning with specific emphasis on household biomass 

combustion, highlights gaps in the literature of our current understanding of SOA from these sources and 

motivates and introduces the objectives for this thesis. 

1.1 Background and Motivation 

Approximately σ billion people in developing countries depend on biomass burning from solid fuels for 

their daily needs (Bonjour et al. 2013; Foell et al. 2011). Products of incomplete combustion of these 

fuels in cookstoves include emissions of gaseous pollutants such as carbon monoxide (CO), volatile 

organic compounds (VOCs) and particles like primary organic aerosol (POA) and black carbon (BC). 

POA and BC together comprise particulate matter (PM), an atmospheric pollutant that has large yet 

uncertain impacts on climate (Pachauri et al. 2015). Modeling studies indicate that household biomass 

burning emissions make substantial contributions (e.g. ςͯπ υπϷ of PM2.5 in India) to ambient air 

pollution. Approximately χυ% of the global POA has also been linked to biomass burning (Bond et al. 

2013). These pollutants are linked to adverse health impacts, visibility reductions and altered weather 

patterns (Chafe et al. 2014; Chowdhury et al. 2019; Conibear et al. 2018). An estimated ρȢφ million 

deaths have been attributed to indoor PM2.5 (particulate matter smaller than ςȢυ ‘m) and gaseous 

emissions from household cooking in ςπρχ (Health Effects Institute 2019). Exposure to ambient PM 

from solid fuel use has been estimated to cause σχπȟπππφφπȟπππ premature deaths per year (Chafe et 

al. 2014; Kodros et al. 2015). In addition to health impacts, household biomass combustion contributes 

approximately σπϷ of global BC emissions, estimated to have the second-highest global warming impact 

after CO2 (Bond et al. 2004, 2013; Menon 2002; Pope et al. 2010; Ramanathan and Carmichael 2008; 

Rosenthal 2015). The net effect of household biomass combustion aerosol, commonly estimated using 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 and Henze 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. 2018). Primary emissions (emitted directly from 

combustion) from these sources tend to be highly variable with one major identified cause being stove 

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 biomass cookstoves, which have long been developed and investigated in efforts 

to alleviate the negative impacts from traditional open fires. Through interventions disseminating 
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improved cookstoves and other studies, there have been concerted efforts to characterize primary gas- and 

aerosol emissions from biomass cookstoves in both laboratory (Jetter et al. 2012; Jetter and Kariher 2009; 

Just et al. 2013; MacCarty et al. 2008; Preble et al. 2014) and field (Eilenberg et al. 2018; Grieshop et al. 

2017; Roden et al. 2009; Wathore et al. 2017) settings. These investigations have revealed two important 

insights: 1) Primary emissions from household biomass combustion vary widely and are influenced by 

numerous factors in addition to stove technology (Jetter et al. 2012; MacCarty et al. 2010) like ignition 

materials and fuel types (Padilla-Barrera et al. 2019). 2) There is a tendency of stoves to perform 

significantly worse under field conditions than during laboratory testing. For example, PM2.5 

measurements of traditional and alternative stoves were a factor of ς υ greater under field settings when 

compared to lab investigations (Roden et al. 2009).  

Over the last decade, several studies have shown the semi-volatile 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 conditions. (Grieshop et al. 2009; May et al. 2013; Robinson et al. 2007; 

Shrivastava et al. 2006). Partitioning can be influenced by atmospheric dilution or variations in ambient 

temperature which, shifts the thermodynamic equilibrium and ultimately influence the atmospheric 

abundance, fate and lifetime of biomass burning POA (Donahue et al. 2013). At equilibrium, the volatility 

or saturation vapor pressure (equivalently saturation concentration, ὅᶻ ‘g m-3) of organic compounds 

dictates gas-particle partitioning behavior. To represent the volatility distributions of complex OA 

systems, the volatility basis set (VBS) framework was developed which, uses the absorptive partitioning 

theory (Donahue et al. 2006; Pankow 1994) in a semi-empirical fashion with a set of surrogate or lumped 

species. There are two main reasons an accurate accounting for gas-particle partitioning is essential 

important. First, the definitions of particulate organic matter between regulatory measurements and air 

quality models can be inconsistent and gas-particle partitioning can strongly bias results relative to what 

is atmospherically relevant depending on measurement conditions (Denier van der Gon et al. 2015; 

Robinson et al. 2010). Second, global chemical transport models can provide more accurate depictions of 

atmospheric conditions (such as OA concentrations) by accounting for gas-particle partitioning of 

chemical species. 

VOCs emitted from biomass combustion emissions comprise thousands of compounds, several of which 

remain unidentified. While impacts of primary VOCs is a concern due to their toxicity (Perez-Padilla et 

al. 2010) and potential to form tropospheric ozone (Seinfeld and Pandis 2016), much of the concern is 

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

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

Based on this framework, semi- and intermediate volatility organic compounds (S/I-VOCs) form an 
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important class of VOCs because of their role in describing gas-particle partitioning. Thus, they play a 

key role in proper quantification of POA. In addition, S/I-VOCs can also undergo photo-oxidation in the 

atmosphere to form SOA via condensation of low volatility compounds which, often exceed POA 

(Jimenez et al. 2009). Thus, accurate accounting of these compounds can reduce the gap between 

measurements and models predicting SOA formation (Morino et al. 2018; Robinson et al. 2007; Zhao et 

al. 2014).  

Measuring S/I-VOCs using traditional approaches of quantitative collection 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 organic material that co-elutes and cannot be speciated (Schauer et al. 

1999; Zhao et al. 2014). Some studies have focused on characterizing emissions from controlled/closed 

burning including (Bruns et al. 2016; Gaston et al. 2016; Schauer et al. 2001) who reported speciated gas 

and particle phase S/I-VOCs for residential wood combustion (RWC) and (Bilsback et al. 2019) who 

reported speciated VOC data from cookstove emissions. Others have explored emissions from 

uncontrolled/open biomass burning emissions (Hays et al. 2002 p. 20; Mazzoleni et al. 2007; Stockwell et 

al. 2014, 2015). However, most of these studies that speciate S/I-VOC measurements capture only a small 

fraction of the total mass with the rest left unseparated in the UCM. Thus, in the absence of full 

speciated S/I-VOC 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 gap 1). The influence of factors like fuel type and combustion conditions on the amount of 

composition of S/I-VOCs emitted from biomass burning are still unknown. Thus, there is also a need to 

measure partitioning parameters across a broader range of biomass burning conditions and test these 

with existing parameterizations (knowledge 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 with aging (Bruns et al. 2015; Grieshop et al. 

2009; Heringa et al. 2011; Lambe et al. 2011). While several studies have explored aging biomass 

burning emissions from RWC (Grieshop et al. 2009; Heringa et al. 2011) and open burning (Ortega et al. 

2013), only (Reece et al. 2017) have explored the evolution of OA from cookstove emissions. For 

example, (Ortega et al. 2013) studied SOA formation in an oxidation flow reactor of emissions from ςυ 

different open biomass burning configurations and observed increases in OA mass by up to a factor of 

almost ς for some fuels while depletion of others. The significant enhancement in aerosol mass from 

aging indicates that SOA is an important consideration in understanding the long-term lifecycle 

atmospheric impacts of biomass emissions. In addition, the variation in OA enhancement across fuel 
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types suggests 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 formation. The 

influence of different fuel types on SOA formation has not been studied in the context of cookstoves 

emissions (knowledge gap 3). Because 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 consider SOA or assumed SOA production to be a constant factor of primary aerosol 

(Chowdhury et al. 2019; Lacey et al. 2017). However, this factor can be significantly different for 

different stoves and degree of atmospheric aging as shown by (Reece et al. 2017), where increases in 

mass from SOA formation ranged from up to ςπϷ (forced-draft stove) to ρυπϷ (traditional stove) over 

primary emissions.  

Laboratory studies can give mechanistic insights into SOA formation but cannot account for extraneous 

variables from in-field performance of cookstoves. Various studies have shown a strong divergence in 

emissions performance between standardized protocols (such as the water boiling test, WBT (Bailis et al. 

2007)) and in-field testing of the same stoves for primary emissions (Grieshop et al. 2017; Roden et al. 

2009; Shen et al. 2012, 2013; Wathore et al. 2017). 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). While the disparity between field and lab measurements is evident for 

primary emissions, this relationship is not known for aged emissions (knowledge gap 4). Thus, there is 

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

field conditions. 

One important barrier for exploring emission aging in the field is that the application of high-end 

instrumentation in lab experiments is not possible in resource-constrained settings due to their power 

requirements, expense, and lack of portability. Laboratory experiments rely on research 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 to study SOA in previous works (Reece et al. 2017). However, 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 these lab-grade instruments. A consideration in characterizing these 

emissions thus becomes a tradeoff between precision and chemical resolution in data acquired and 

portability, cost, and ease of measurement technique. Most low-cost PM sensors use optical 

measurements (Kelly et al. 2017; Rai et al. 2017) to obtain PM information in real-time at a fraction of 

the cost of more sophisticated instrumentation like the Aerosol Chemical Speciation Monitor (ACSM). 

The application of optical sensors for real-time measurements along with integrated filter measurements 
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may provide a relatively inexpensive and operationally efficiency way to enable field evaluations. 

However, the application of filters and optical-based measurements has not been explored in the 

context of characterizing SOA from household biomass emissions or in other field settings (knowledge 

gap 5). 

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

VOC oxidation, and SOA formation (Cubison et al. 2011; Ortega et al. 2016; Palm et al. 2016). OFRs 

expose species to oxidant concentrations that are orders of magnitude greater than in the atmosphere for 

short residence times. They offer advantages over traditional environmental 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 

particles losses to the walls which, can be large in Teflon chambers (Krechmer et al. 2016; Matsunaga 

and Ziemann ÿ 2010) and lead to biases in SOA yields (Zhang et al. 2014). On the other hand, there are 

concerns regarding the representativeness of OFR chemistry. Depending on the operating conditions of 

the OFR, pathways such as non-tropospheric VOC photolysis, insufficient isomerization of the organic 

peroxy (RO2) radical, excessive relative contributions of RO2  OH to RO2 fate may lead to deviations 

from tropospheric chemistry (Peng and Jimenez 2020). Ideal OFR operation aims to mimic tropospheric 

chemistry by minimizing/enhancing the effect of undesired/desired reaction pathways in SOA formation.  

Deviations from this ideal operation can lead to the formation of product species with different properties 

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

from combustion emissions have not run the OFR under ideal conditions. An important question is 

characterizing the extent of effects of the non-ideal 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 formation from cookstove emissions and quantify 

important sources of variability from source emissions (stove types, fuel types), operating conditions (lab 

or in-field operation) and effects of simulating device (ideal/non-ideal OFR operation) as well as improve 

representations of important precursors of SOA (along with other primary emissions) from diverse 

biomass burning sources. An improved understanding of SOA production from cookstove emissions and 

the associated variability is an important consideration in assessing larger-scale health impacts from air 

quality and climate models. Updating our knowledge of SOA-forming-potential of these emissions can 

help supplement informed policy decisions in alleviating health and climate impacts. The specific 

objectives, based on the knowledge gaps identified above (bolded text), that this dissertation will address 

are as follows: 
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1. Measure SOA formation from household biomass combustion emissions for different stove and 

fuel types to inform parameterizations/representations in atmospheric models (knowledge gap 3) 

2. Estimate the effect of non-ideal 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 previous non-ideal OFR experiments (knowledge gap 6) 

3. Evaluate the viability and consistency of low-cost optical and filter-based measurement methods 

in characterizing primary and aged cookstove emissions (knowledge gap 5) 

4. Determine relationship between SOA formation observed in the lab and field (knowledge gap 4) 

5. Develop an approach to represent unspeciated (including UCM) biomass burning chromatograms 

in terms of volatility distributions in the VBS framework (knowledge gap 1) 

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

with existing parameterizations in the literature (knowledge gap 2) 

1.3 Outline 

A brief overview of the chapters is given below. 

Chapter 2 addresses goals 1 and 2 mentioned above and investigates the influence of stove, fuel and OFR 

operating conditions on aging of laboratory generated cookstove emissions. Specific objectives include: 

1) Quantify the effect of wood fuel type on fresh emissions from cookstoves of widely aging combustion 

performance; 2) Explore differences in SOA mass and chemical composition across the different stove 

and fuel types and  how these properties change with continued simulated atmospheric aging; 3) Assess 

the effect of more- or less-ideal operation of an OFR on aged OA properties; 4) Apply posititve matrix 

factorization to laboratory aging 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 to characterize 

primary and aged emissions from cookstove under field-like conditions. Specific objectives include: 1) 

evaluate a combination of optical and filter based measurement methods in characterizing fresh and aged 

cookstove emissions; 2) examine the consistency of complementary methods in measuring primary and 

aged secondary emissions; 3) evaluate primary and aged emissions characteristics of plancha-type stoves 

and how they compare to traditional stoves; 4) determine the extent of the impact of different stove 

operating protocols on fresh and aged emissions under a quasi-field setting; 5) make recommendations for 

future sampling campaigns of biomass stove aging, focusing on OFR operating regimes and approaches 

to optimize SOA measurements. 
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Chapter 4 addresses goals 5 and 6 above and develops volatility distributions for organic matter in 

biomass burning emissions. Specific objectives include: 1) develop an approach and calibration to map 

TD/GC/MS data to VBS space 2) characterize uncertainties in saturation concentration estimates using 

group contribution methods and deviations from n-alkane distributions in deriving volatility distributions 

from TD/GC/MS chromatograms 3) compare volatility distributions from different types of biomass 

burning using filter-in-tube sorbent samples analyzed using a TD/GC/MS 4) make comparisons of the 

derived volatility distributions to existing distribution for biomass burning in literature. Sample collection 

was conducted by Amara Holder, Combustion Engineer at the U.S. Environmental Protection Agency. 

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

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

and provides recommendations for future research. 
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Chapter 2 : Influence of stove, fuel, and oxidation flow reactor 

conditions on aging of laboratory generated cookstove emissions*  

2.1 Abstract 

Oxidation flow reactor (OFR) experiments in our lab have explored secondary organic aerosol (SOA) 

production during photochemical aging of emissions from cookstoves used by billions in developing 

countries. Here, we extend our previous work by studying the effect of different fuel types (hardwood - 

red Oak and softwood - loblolly Pine) and OFR operating conditions for combustion emissions from three 

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

observed increases in organic aerosol enhancement ratio (OA ER) of σπϷ from emissions of Pine to Oak 

for Chulika and TSF and almost no differences for Philips emissions. OA ER for Oak emissions from all 

stoves were generally consistent with our previous study. We explored chemical characteristics using 

molecular fragments Ὢ , Ὢ  and Ὢ  and observed that aged Oak and Pine emissions 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 was operated under ówetô and ódryô 

conditions, termed due to variations in relative humidity and dilution levels, primarily contrasting the 

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

formation. The largest differences in SOA formation occurred at peak enhancement with an increase in 

SOA emission factors under ówetô operation of ςπϷ (ςχϷ), ρψϷ (ρρϷ) and τϷ ( υϷ) for TSF, 

Chulika and Philips over ódryô operation. In terms of chemical characteristics, Ὢ  showed increases of up 

to ςψϷ between ówetô and ódryô OFR operating conditions at similar OH exposures. Comparison of the 

entire mass spectra showed that spectral differences between reactor operating conditions was smaller 

than variability in primary emissions spectra. We also conducted positive matrix factorization analysis on 

SOA organic matrices and extracted semi-aged and highly-aged factors capable of explaining most of the 

observed variability (residuals ρπϷ). Comparison of factor spectra suggests that the semi-aged factor 

may represent a transient oxidation phase of OA while the highly-aged factor being relatively consistent 

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

2.2 Introduction  

Approximately 3 billion people in developing countries depend on the burning of biomass for their daily 

needs (Foell et al. 2011). The inefficient combustion of these fuels in cookstoves generates emissions of 

 
* To be submitted to: ACS Earth and Space Chemistry as ñSinha, A., George, I. J., Islam, M. M., and Grieshop A. 

P.: ñInfluence of stove, fuel, and oxidation flow reactor conditions on aging of laboratory generated cookstove 

emissionsò 
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air pollutants including carbon monoxide (CO), volatile organic compounds (VOCs) and particulate 

matter (PM). An estimated 1.6 million deaths have been attributed to indoor PM and gaseous emissions 

from household cooking in 2017 (Health Effects Institute 2019). Modeling studies indicate that these 

sources make substantial contributions (e.g. ~20-50% of PM2.5 in India) to ambient air pollution, which is 

linked to adverse health impacts, visibility reductions and altered weather patterns (Chafe et al. 2014; 

Chowdhury et al. 2019; Conibear et al. 2018). Black carbon (BC) and other PM components emitted by 

cookstoves have important influences on climate (Bond et al. 2013). The sign and magnitude of the net 

climate effect of biomass combustion aerosol is uncertain, though it is considered to likely have a net 

climate warming effect (Kodros et al. 2015; Lacey and Henze 2015). Secondary organic aerosol (SOA) 

formed from the photochemical processing of these combustion emissions makes an important 

contribution to these impacts (Jimenez et al. 2009). 

One strategy to reduce emissions has been through the development and dissemination of improved 

cookstoves. Controlled laboratory testing of these cookstoves with improved efficiencies has indicated the 

potential for reduced PM2.5 emissions. In addition to technology improvements, there have been concerted 

efforts to characterize primary (un-aged) gas- and aerosol emissions from biomass cookstoves in both 

field (Eilenberg et al. 2018; Grieshop et al. 2017; Roden et al. 2009; Wathore et al. 2017) and laboratory 

settings in the past decade (Jetter et al. 2012; Jetter and Kariher 2009; Just et al. 2013; MacCarty et al. 

2008; Preble et al. 2014). However, primary emissions from household biomass combustion vary widely 

and are influenced by numerous factors including stove technology (Jetter et al. 2012; MacCarty et al. 

2010). Ignition materials (Fedak et al. 2018) and different wood components are associated with variation 

in emissions ï the bark is associated with higher PM emissions than the stem (Sippula et al. 2007). Fuel 

type can also significantly influence emissionsô chemical characteristics and quantity. While the effect of 

fuel type has been explored for open biomass emissions in campaigns like FIREX (Koss et al. 2018) and 

residential wood combustion studies (Weimer et al., 2008), limited work exists for cookstove studies 

(Coffey et al. 2017; Jetter and Kariher 2009; Tryner et al. 2016). Moreover, photochemical processing of 

these emissions can play an important role in determining their net atmospheric impacts but studies 

exploring this for cookstoves and variations with different fuel types are scarce.  

VOCs emitted from biomass combustion undergo photo-oxidation in the atmosphere and may form 

secondary organic aerosol (SOA) via condensation of low volatility compounds. There have been efforts 

to characterize the non-methane organic gases from residential wood combustion (Bruns et al. 2016), 

open biomass burning (Hatch et al. 2017; Stockwell et al. 2014, 2015) and cookstove emissions (Bilsback 

et al. 2019), and in some cases to link them to SOA formation. (Bruns et al. 2016) identified three key 

precursors of SOA formation in residential wood stoves ï phenol, benzene and naphthalene, capable of 
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explaining up to ψπϷ of the observed SOA while (Akherati et al. 2020) attributed ḐφπϷ of SOA 

formation from open burning of different Pine woods to oxygenated aromatics such as  cresol, catechol 

and phenol. SOA formation from aging biomass emissions has been studied in smog chambers and flow 

reactors showing that both quantity and properties of OA evolve with aging (Bruns et al. 2015a; Grieshop 

et al. 2009; Heringa et al. 2011; Lambe et al. 2011). (Ortega et al. 2013) studied SOA formation in an 

oxidation flow reactor of emissions from ςυ different open biomass burning configurations and observed 

increases in OA mass by up to a factor of almost ς for Turkey Oak while a depletion in Ponderosa Pine. 

They observed an 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 of 1.7 obtained by (Hennigan et al. 2011). The 

variation in OA enhancement suggests that the photochemical processing of biomass emissions depends 

on fuel type, highlighting the need for aging studies of diverse source emissions to investigate SOA 

formation. (Bruns et al. 2015a; Grieshop et al. 2009; Heringa et al. 2011) studied the SOA formation from 

residential woodstoves and found that the OA enhancement varied between ρȢς and φȢυ depending on the 

emissions source and combustion phase. Additionally (Bruns et al. 2015b) observed that varying fuel 

loads in woodstoves resulted in OA enhancements between ρȢφ and σ (for low and high loadings, 

respectively). In contrast, little work has been done on understanding the evolution of OA from cookstove 

emissions. (Reece et al. 2017) measured a maximum OA enhancement of σ for traditional cookstoves and 

ρȢς for improved cookstoves. An open question from this work was characterizing the effect of different 

fuel types on SOA formation from the same combustion devices.  

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

VOC oxidation, and SOA formation (Cubison et al. 2011; Ortega et al. 2016; Palm et al. 2016). OFRs 

expose species to oxidant concentrations that are orders of magnitude greater than in the atmosphere for 

short residence times. They offer advantages over traditional environmental 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 

particles losses to the walls which can be large in Teflon chambers (Krechmer et al. 2016; Matsunaga and 

Ziemann ÿ 2010) and lead to biases in SOA yields (Zhang et al. 2014). On the other hand, there are 

concerns regarding the representativeness of OFR chemistry. Depending on the operating conditions of 

the OFR, pathways such as non-tropospheric VOC photolysis, insufficient isomerization of the organic 

peroxy (RO2) radical, excessive relative contributions of RO2  OH to RO2 fate may lead to deviations 

from tropospheric chemistry (Peng and Jimenez 2020). Ideal OFR operation aims to mimic tropospheric 

chemistry by minimizing/enhancing the effect of undesired/desired reaction pathways in SOA formation.  
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Deviations from this ideal operation can lead to the formation of product species with different properties 

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

from combustion emissions, including our earlier study, simulating typical daytime chemistry from 

cookstove emissions (Reece et al. 2017), have not run the OFR under ideal conditions. The extent of 

effects of this non-ideal reactor operation on the aging of emissions is an important open question. 

Characterizing the extent of these effects would inform interpretation of previous OFR aging studies in 

assessing if any major conclusions would have been affected under more ideal reactor operating 

conditions. 

Positive Matrix Factorization (PMF) has emerged as a vital tool for identification of OA mass spectra in 

atmospheric measurements. PMF allows the linking of OA spectra to emissions sources and atmospheric 

pathways, a vital need for diagnostics and source apportionment (Drosatou et al. 2019; Zhang et al. 2011). 

Application of PMF to laboratory measurements offers the potential to yield insights that are helpful for 

interpreting field data, because controlled experiments allow direct observation/control of emissions and 

processing steps. For example, (Haslett et al. 2018) observed that factors extracted by PMF analysis of 

two burn phases in tightly controlled wood pyrolysis and combustion experiments were similar to two 

solid fuel OA factors identified by (Young et al. 2015) in ambient air, suggesting that burn conditions 

have emission with conserved signatures. PMF was recently applied to VOC data from open biomass 

burning experiments, resulting in VOC factors that provided simplified predictions of SOA formation 

(Sekimoto et al. 2018). However, there has been limited work in observing the evolution of underlying 

SOA factors in laboratory experiments. The identification of such factors may be useful for attributing 

ambient OA chemical characteristics to SOA from different precursor mixes or levels of processing.  

In this study, we expand on our previous efforts from (Reece et al. 2017) to address several of the 

identified open questions. To do so, we address the following objectives: 1) Quantify the effect of wood 

fuel type on fresh emissions from cookstoves of widely aging combustion performance; 2) Explore 

differences in SOA mass and chemical composition across the different stove and fuel types and  how 

these properties change with continued simulated atmospheric aging; 3) Assess the effect of more- or 

less-ideal operation of an OFR on aged OA properties; 4) Apply PMF to laboratory aging data to identify 

interpretable factors or trends in the observed SOA; 5) Explore how factors evolve with differing levels of 

simulated atmospheric aging. 
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2.3 Materials and methods 

2.3.1 Biomass cookstoves and fuel types 

Experiments employed the same three stoves as our earlier study (Reece et al. 2017), spanning a range of 

combustion efficiencies: the three stone fire (TSF) ï an open cooking fire with poor combustion 

efficiency; the Chulika natural draft ñrocketò stove (Grieshop et al. 2017; Just et al. 2013); and the Philips 

forced draft gasifier stove (Wathore et al. 2017; Weston et al. 2016). The stoves are pictured in Figure S1 

in the supporting information (SI) of (Reece et al. 2017).  

(Reece et al. 2017) explored primary and secondary emissions characteristics and evolution of physical 

and chemical properties for a single fuel type. Here we selected two fuels, a hardwood, red Oak, and a 

softwood, loblolly Pine, because similar fuels displayed divergent SOA formation behavior during earlier 

simulated open-burning experiments (Ortega et al. 2013). Wood pieces (Ḑς ς ρυ cm) were oven 

dried to a dry-basis moisture content ρπϷ. We conducted two experiments for each stove and fuel 

combination for a total of 12 experiments. We followed the standardized Water Boiling Test (WBT) 

protocol (ñGlobal Alliance for Clean Cookstovesò 2016) for all experiments since operating protocols 

mimicking cooking activity in (Reece et al. 2017) yielded no significant differences when compared to 

the WBT. Tests lasted between 1 to 2 hours, from the ignition of fuel to end of the test protocol. 

2.3.2 Primary and secondary emissions characterization setup  

The general experimental setup, instrumentation, and data reduction approaches are described in (Reece 

et al. 2017), so we only briefly describe the setup and highlight modifications here. Stoves were operated 

within an exhaust hood, where emissions from a burn were captured and diluted with room air into a duct. 

From the duct, the emissions were sampled into three parallel lines: 1) directly for primary emissions 

characterization; 2) into an OFR for óonlineô aging; and 3) into a smog chamber for accumulation and use 

in ñbatchò experiments. 

Primary emissions were sampled through a 9 mm diameter copper probe by the Stove Emission 

Measurement System (STEMS) described elsewhere (Wathore et al. 2017). Briefly, the STEMS measured 

real-time (0.5 Hz) CO (electrochemical) and CO2 (nondispersive infrared), temperature, RH, particle light 

scattering (at φσυ nm). A MicroAeth unit (Aethlabs AE-51) measured real-time particle absorption. The 

STEMS collected integrated PM samples via two parallel 47mm diameter filter trains: a bare quartz fiber 

filter and quartz behind Teflon were collected for thermo-optical organic and elemental carbon (OC/EC) 

analyses. The Teflon filter was used for gravimetric PM2.5 measurements. Details regarding filter analysis 

are described elsewhere (Reece et al. 2017; Wathore et al. 2017). 
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The OFR used in this study is a version of the Potential Aerosol Mass (PAM) reactor (Kang et al. 2007) 

detailed elsewhere (Reece et al. 2017). Briefly, the OFR is a 7 L cylindrical reactor constructed of 

stainless steel  housing two low-pressure mercury lamps emitting UV light at 185 and 254 nm to produce 

ozone and ὕὌ radicals via the óOFR-185ô operating regime (Li et al. 2015; Peng et al. 2016). The 

integrated OH exposure in the reactor was estimated using decay of ὅὕ (emitted during combustion) via 

upstream and downstream measurements. A model estimating OH exposure as a function of Ὄὕ mixing 

ratio, external ὕὌ reactivity (OHR) (estimated using VOC/CO ratios from (Yokelson et al. 2013) scaled 

by upstream CO measurements), O3 concentration and residence time was used for cases where the 

change in tracer was below detection (Li et al. 2015; Reece et al. 2017). Particle instrumentation 

downstream of the OFR included: a Scanning Mobility Particle Sizer (SMPS, TSI Inc.) measuring 

particle size distribution, an Aerosol Chemical Speciation Monitor (ACSM, Aerodyne Research Inc.) for 

aerosol composition and mass concentration, an ψχπ nm PhotoAcoustic eXtinctiometer (PAX, Droplet 

Measurement Inc.) for particle absorption and scattering. In addition, gas-phase instruments continually 

measured CO (48i Thermo Fisher Scientific), O3 (205 2B Technologies), CO2 (LI-820 LI-COR) 

downstream of the OFR during online and batch sampling.  

A heated (120 ЈC) stainless steel probe sampled emissions from the duct to both the OFR and a smog 

chamber via an ejector dilutor. OFR sampling during testing allowed for ñonlineò aging and 

characterization of SOA while emissions introduced into the smog chamber created a ñbatchedò 

population of emissions from a stove test. The ñonlineò phase lasted the duration of a WBT, and upon 

completion the sampling path was reconfigured for ñbatchò sampling of the smog chamber contents. In 

Reece et al. 2017 the batch phase included two repeated sets of OFR conditions (sets of bulb intensities). 

The consistency in the results of these repeated batch conditions and the online aging results suggested 

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

we probed different OFR conditions for the same ñbatchò to explore the impact of differences in OFR 

reactor chemistry. To do this, we diluted and humidified the sample prior to the OFR for the first set of 

batch conditions (subsequently called the ñwetò condition) and operated under conditions similar to those 

in (Reece et al. 2017) for the second set of conditions. In ówetô conditions, chamber contents were further 

diluted by a factor of 1.2 to 4 prior to entering OFR, depending on stove and fuel combination, using 

humidified zero-air (Aadco 737), resulting in lower OHR and dilution of SOA precursors. Dilution air 

was humidified via Nafion membrane tubing immersed in a temperature-controlled de-ionized water bath 

for adequate supply of OH radicals. The resultant relative humidity (RH) values ranged from τπϷ and 

φπϷ  relative to chamber values of ςχϷ to συϷ . In the second phase (subsequently called the ñdryò 

condition), we removed this dilution and humidity control and the sample was introduced into the OFR 
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without the addition of humidified dilution flow while using the same set of bulb intensities as in the first 

phase, resulting in higher OHRs and lower RHs relative to ówetô conditions. Thus, we aged the same set 

of emissions under different reactor conditions and observed effects on bulk aerosol properties.  

Wall losses in the smog chamber and OFR were corrected using BC as an inert tracer and assuming 

internally mixed aerosol (Grieshop et al. 2007; Weitkamp et al. 2007). To reconcile differences between 

primary organic carbon (from filters) EFs and unaged chamber OA (from ACSM) EFs, corrections for 

ACSM transmission limitations and for particle wall loss in the smog chamber were applied for our 

experiments and are discussed briefly in Section S2.1. Primary organic carbon EFs from filters were 

converted to primary organic matter EFs based on OM/OC ratios estimated on a per-test basis using the 

Improved-Ambient method based on Ὢ  measured during batch bypass sampling (Aiken et al. 2007, 

2008; Canagaratna et al. 2015).  

2.3.3 Data analysis approach 

2.3.3.1 Data reduction 

Batch data are presented as an average of a single bulb setting (approximately 12 minutes). Fuel-based 

emission factors (EFs) were calculated using the carbon balance method described elsewhere, to allow for 

comparison between different stove/fuel experiments (Wathore et al. 2017).  SOA production during 

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 total detected mass (POAbatch(t=0) + absolute enhancement) normalized by POAbatch(t=0) where 

POAbatch(t=0) is the initial loading in the chamber at the end of the burn duration corrected for ACSM 

particle size detection window limitations and wall loss during the injection period (Section S2.1).  

2.3.3.2 Positive matrix factorization 

We analyzed the mass spectra collected by the ACSM from the óbatchô phases of 10 experiments via 

Positive Matrix Factorization (PMF) using the Igor PMF Evaluation (PET) Tool v. 3.04A (Ulbrich et al. 

2009). The basic principles of PMF and application to atmospheric chemistry measurements have been 

previously described (Paatero 1997; Paatero and Tapper 1994; Ulbrich et al. 2009). 150 m/z were 

quantified in the ACSM mass spectra out of which 74 between m/z ρςρππ were 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 down-weighted m/z with weak signal-to-noise ratios (πȢς

ὛὔὙς) by a factor of 3. Since in the default fragmentation table the AMS calculates contributions at 

m/z 16, 17 and 18 based on m/z ττ, this fragment could have a disproportionally large influence on the 

analysis. To avoid this distortion, we down-weighted contributions at these m/zs. Separate PMF runs were 
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conducted for each óbatchô experiment to compare the factors extracted on a per-experiment basis. We 

initially conducted PMF runs for up to three factors and explored the solution space using the tools fPeak 

and Seeds to find the local minimum of Q/Qexp., where ñὗò is a fit parameter of the PMF algorithm and is 

expressed by summation of squared scaled residuals for each experimental data point and ὗ  is the 

expected total sum of squares of the scaled residuals.  

The ACSM organic matrix was prepared for PMF analysis by: 1) Extracting the organic matrix from the 

óbatchô portion of each experiment 2) Background correcting óbatchô spectra 3) subtracting the POA 

spectra from the total OA spectra (described below) 4) Dilution (using pre- and post CO2 measurements) 

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

Prior to each experiment, we collected background spectra from a cleaned chamber (OA concentration 

ρ ‘g m-3, relative to experimental loadings ranging from 62 to 1164‘ὫȾά ) for approximately ςπ 

minutes. Spectra collected over this duration were averaged and subtracted from óbatchô spectra prior to 

application of PMF. Field studies employing PMF follow a similar approach and subtract out ambient 

spectra to extract factors representing emissions sources not influenced by ambient signals (Bhandari et 

al. 2019). While this is unlikely in our laboratory-controlled experiments, in which the chamber is cleaned 

before each experiment, 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 spectra in Figure S2.12). Unlike in most field conditions, we have a priori 

information on the provenance of the organic matrix (e.g. periods of POA only and periods of OFR-aged 

OA). However, our analysis was not able to extract a consistent óPOAô factor from our ñbatchò 

experiments (discussed in Section S2.2). A similar issue was encountered in earlier work (Bruns et al. 

2016) in which the POA factor was unstable and uncertainties in the PMF analysis originated mostly from 

the POA fraction. To avoid this ambiguity and focus on SOA composition and evolution, we perform 

PMF on only the óSOAô spectra by subtracting the primary spectra from the total organic spectra for each 

experiment (discussed in Section S2.2 and example time series and spectra in Figure S2.13). To do this, 

we assume that POA did not change due to heterogeneous oxidation and gas-particle partitioning. While 

this is likely not a perfect assumption, primary BBOA has been observed to be quite stable during hours 

of oxidation in several studies (Ahern et al. 2019; Akherati et al. 2020). Further, a spectral tracer-based 

approach found that using POA-specific m/z and chemically-inert BC to determine POA/SOA splits 

during chamber aging experiments yielded very similar results (Grieshop et al. 2009). 
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2.3.3.3 Spectral angle 

To compare similarity in chemical signatures using ACSM mass spectra, we consider the spectral contrast 

angle developed by (Wan et al. 2002). Briefly, the spectral angle (—) is a measure of the angle between 

two vectors corresponding to two spectra. The length and direction in space of the vector are determined 

by the peak intensities and m/z. It is defined as: 
В

В В
, where ὥ and ὦ are the relative intensities of 

ion peaks at m/z value óὭô and are proportional to the total organic concentration. An angle of zero degrees 

then indicates no discernable spectral differences while ωπЈ indicates a maximal spectral differentiation.  

2.4 Results and discussion 

2.4.1 Influence of stove and fuel type on primary emissions 

The influence of stove and fuel type on primary emissions from the selected stoves was investigated. 

Figure 2.1A plots primary PM2.5 EFs, derived from filter measurements, against test-average modified 

combustion efficiency (MCE, ɝὅὕȾɝὅὕ ɝὅὕ)  for all experiments. PM2.5 EFs are anti-correlated 

with MCE, with highest PM2.5 EFs (lowest MCEs) for the TSF and lowest for the Philips. PM2.5 was 

dominated by OM (measured by ACSM) and EC in all tests (Figure S2.1). Our Oak results are generally 

within the mean  standard deviation in PM EF and MCE (error bars in Figure 2.1A) of results with the 

same stoves and red Oak from our previous work  (Reece et al. 2017) (n = 5 TSF; 8 Chulika; 4 Philips). 

Figure 2.1A also indicates the effect of a different fuel (loblolly Pine) on PM2.5 EFs; the less efficient 

stoves (TSF; Chulika) had higher PM2.5 EFs for red Oak compared to loblolly Pine, in contrast to the 

Philips. In addition, Pine experiments had consistently higher MCEs than Oak for the same stove 

type.The higher PM2.5 EFs observed in the Philips for Pine highlight the potential for complex 

interactions between different stove and fuels to affect combustion performance.  

Figure 2.1B shows EC, POA and SOA EFs for each cookstove and fuel type. Here, we discuss primary 

emissions (EC, POA) while SOA is discussed in Section 2.4.2. The TSF had the highest POA EFs but 

lower EC EFs than the Chulika and Philips while Chulika has the highest EC EFs. Between the fuel types, 

we observed higher POA and EC EFs for Pine in the TSF and Philips but the inverse for the Chulika. The 

POA/EC ratio for Oak (Pine) emissions from TSF is 5.1 (4.8), Philips is 1.8 (1.6) and Chulika is 0.9 (0.9). 

We inspect variability via the coefficient of variation (CV) from ρ„ in EFs across both fuels. For TSF, 

CV was 0.36 for POA EFs compared to 0.22 for Chulika and highest for the Philips, 0.43 (ὲ τ each). 

Variability in total PM EFs followed a similar trend across the stoves, with a CV of 0.26 for TSF, 0.18 for 

Chulika and 0.48 for Philips. The high variability in Philips arises from divergence in emissions across 

the two fuel types. CVs considered from grouping on fuel type shows high variability across both Oak 
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(0.63) and Pine (0.46) (ὲ φ each). This indicates higher variability in primary emissions between stove 

types compared to fuel types. In addition, certain stove-fuel combinations may result in high variability as 

well, evidenced by observed variability in Philips. To address this variability, subsequent results are 

presented as stove-fuel combination averages.  

 

Figure 2.1: A) Primary PM2.5 EFs from gravimetric filter measurements vs test averaged MCE for all 

stove and fuel types averaged over the burn duration; B) Averaged EC, POA and SOA EFs (split into 

semi-aged and highly-aged factors from PMF) after aging at peak SOA enhancement (numbers indicate 

equivalent days of aging).  

2.4.2 Influence of stove and fuel types on SOA formation potential 

Figure 2.2 presents OA enhancement ratio (OA ER) as a function of OH exposure for all stoves and fuels 

during batch sampling. Here, we discuss the influence of stove and fuel types on SOA mass under ñwetò 

OFR conditions while differences between the operating conditions (ñwetò and ñdryò) are addressed 

explicitly in Section 2.4.3. We observe SOA formation across all conditions studied in our experiments as 

evidenced by OA ER greater than 1. The OH exposures in our experiments spanned ρȢφ ρπ to 

ςȢφ ρπ molcules s-1 cm-3, corresponding to approximately 3 hours and 20 days of equivalent aging, 

respectively (assuming a daily average OH concentration of ρȢυ φ molecules cm-3). OA ERs presented 

here are averaged by intervals of 3 days of equivalent OH exposure. We observe an initial peak in OA ER 

(ranging between σ and ψ days of equivalent aging), suggesting the dominance of functionalization 

reactions, which decreases with continued aging, suggesting the prevalence of fragmentation reactions 

(Lambe et al. 2012). OA ERs observed in this work are generally consistent with other studies of biomass 

burning emissions (Bruns et al. 2015b; a; Grieshop et al. 2009 p. 2009; Hennigan et al. 2011; Heringa et 
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al. 2011; Ortega et al. 2013; Tiitta et al. 2016). Figure 2.2 shows that OA ER varies dramatically across 

stoves with the TSF showing the largest enhancements for both the fuels (peak OA ERs of 2.6 and 2.0 for 

red Oak and loblolly Pine respectively). Philips tests had minimal increases in OA, with a maximum OA 

ER of 1.3 across all conditions. Lower SOA production with improved combustion technology was also 

observed by (Reece et al. 2017).  

Figure 2.2 also shows differences in OA ER between the two fuels. OA ERs were consistently higher for 

Oak emissions compared to Pine at a given OH exposure for TSF and Chulika. For Philips, OA ERs are 

similar for Pine and Oak across the exposure range with marginally larger peak enhancement in Pine 

emissions (peak OA ER for Pine ï peak OA ER for Oak πȢρ). Mean peak enhancement was higher for 

Oak (2.6 and 2.3 for TSF and Chulika respectively) compared to Pine (2.0 and 1.8 for TSF and Chulika 

respectively) and occurred at higher mean OH exposures (TSF ï 5 days of equivalent exposure for Oak > 

3.5 days for Pine; Chulika ï 7.5 days for Oak > 4 days for Pine). The maximum of the mean binned OH 

exposure achieved are higher for Pine than Oak by 17% for TSF and 47% for Chulika. For TSF, the 

enhancement is up to 30% greater for Oak, though this margin decreases to ~10% with continued aging. 

Chulika mean OA ER for Oak was 30% higher than that for Pine at peak enhancement with similar 

increases across the exposure range (differences of up to 40%). The lower OA enhancements for Pine 

tests may in part be explained by Pine tests having higher MCEs and thus lower associated SOA 

precursors. For Philips tests, the OA ER for tests with the two fuels are essentially indistinguishable. 

Here, stove efficiency apparently plays a bigger role than fuel characteristics, and the fan-driven gasifier 

is clearly less sensitive to fuel characteristics than simpler stove. We record OA ER values ρ for 

loblolly Pine across the OH exposure range studied in contrast to (Ortega et al. 2013) who observed 

reductions in OA mass (OA ER ρ) for ponderosa and lodgepole Pine.  

Figure 2.1B shows peak OA production during OFR óbatchô aging as SOA EFs for each stoves and fuel 

combination (factor decomposition is discussed in Section 2.4.6.2). The largest SOA EFs were recorded 

for TSF tests, and lower values for more efficient stoves, possibly because of lower emissions of 

precursor VOCs. TSF and Chulika tests had higher SOA EFs with Oak compared to Pine, but Philips tests 

showed the opposite trend. The peak SOA EF for each stove and fuel occurred between 3.6 and 8.4 days 

of equivalent atmospheric aging, before decreasing with continued exposure. Peak enhancement was 

achieved earlier for Pine combusted in Chulika and Philips. This suggests that SOA formation potential 

and time of peak enhancement of emissions is influenced by both stove technology and fuel combusted. 

The OA/BC ratios of Pine test emissions were generally lower than those of Oak for both primary and 

aged aerosol (Figure S2.2).  
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Figure 2.2: Organic aerosol enhancement ratio (OA ER) as a function of integrated OH exposure for all 

cookstove technologies and fuel types under ówetô conditions in the OFR during batch aging experiments. 

OA ER as a function of OH exposure is averaged by intervals of 3 days of equivalent binned OH 

exposures for each stove-fuel combination. The error bars shown on all data points represent the standard 

deviations in OA ER (y-axis) and OH exposure (x-axis) by binning in these 3-day intervals. Solid 

line/circles and dotted lines/triangles show Oak and Pine results, respectively. 

2.4.3 Influence of reactor conditions on SOA formation potential 

We assess the sensitivity of results to varying OFR operation via differences in SOA mass formed and 

ACSM spectra between ówetô (lower OHR and higher RH) and ódryô (higher OHR and lower RH) 

conditions. First, we discuss differences in SOA EFs and OA ERs and address the ACSM spectra later in 

Section 2.4.4. Figure 2.3 presents the OA ER as a function of OH exposure for the two OFR operating 

conditions while aging the same batch of emissions. Varying operation of the OFR has a considerable 

effect on the OH exposure range. Under ówetô conditions, the maximum OH exposure achieved was up to 

eight equivalent days higher than the ódryô conditions, due to reduced OH radical quenching (lower OHR) 

and greater OH radicals formation (higher RH) relative to the ódryô condition (Li et al. 2015). The 

increase in OH exposure at a given bulb setting between ówetô versus ódryô operation ranged from a factor 

of ρȢπ ςȢρ for Philips, ρȢσ ςȢχ for Chulika and ςȢφ συȢψ for TSF across all experiments/conditions. 

There is some evidence of larger differences in OH exposures at lower bulb settings for the TSF but not 
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for Philips and Chulika (Figure S2.4). Less efficient stoves were more sensitive to changes in reactor 

chemistry (between ówetô and ódryô operation), likely due to the non-linear dependence on OHR and 

water mixing ratio though possibly also due to varying precursor mix. (Li et al. 2015) showed reduction 

of OH exposure by χυϷ from going from π to ςππ s-1 OHR while increases of approximately a factor of 

2 when going from ρ to ςϷ water mixing ratio (at ςπ ЈC). Figure 2.3 shows that, in some cases, OA ERs 

varied substantially between the two operating conditions for TSF and Chulika tests. Generally, higher 

OA ERs were recorded for ówetô operation compared to ódryô under similar OH exposures. For example, 

peak enhancement under ówetô operation of TSF and Chulika from Oak emissions (at 5 days and 7.5 days 

of aging respectively), resulted in increases in OA ER of 28% and 16% respectively over ódryô operation 

at similar exposures. However, at lower OH exposures (Ḑ2 days of aging), similar OA ERs were recorded 

between operating conditions for TSF Oak emissions. The differences in OA ER between operating 

conditions for Pine emissions were more modest (generally within 10%) for TSF and Chulika compared 

to emissions from Oak.  

Figure S2.3 compares SOA EFs at peak enhancements under ówetô and ódryô OFR operation for all stove-

fuel combinations. Peak SOA EFs increased under ówetô conditions over ódryô for Oak (Pine) by ςπϷ 

(ςχϷ, ρψϷ(ρρϷ) and τϷ υϷ for the TSF, Chulika and Philips respectively; indicating 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 reactor operation than those from more efficient 

stoves (where there was almost no change). Peak enhancement was also achieved at higher OH exposures 

under ówetô operating conditions compared to ódryô by σȢφ ρȢτ and ρȢρ πȢφ days of equivalent 

exposures for Oak and Pine, respectively. 

Figure S2.5 shows the conditions under which the OFR was operated in our experiments in the context of 

modeling work done by (Peng et al. 2016) which prescribes conditions for ósafeô operation of the OFR. In 

this context, most conditions in our experiments fall in the óriskyô regime (OHR > 100 or water mixing 

ratio < 0.001), primarily dictated by high OHRs from combustion. Ideally, we would dilute emissions 

sufficiently to achieve conditions for ósafeô operation of the OFR. However, we are constrained by the 

length of the WBT protocol and the aim to collect emissions from the full test duration, the level of 

dilution available via our sampling/transfer system and instrument detection levels. So, while our 

experiments do not explore the full range of óriskyô to ósafeô conditions, they do provide unique insight 

into the sensitivity of emission evolution within a reasonably-wide range within this space. For Philips 

emissions tests, we recorded similar enhancements between the two conditions. Stove technology plays a 

large role in dictating the chamber OHR from a given test, with more efficient combustion producing 

lower OHRs. This results in less OH suppression even under ódryô conditions and thus to minor 
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differences in OA ER (less than σϷ) between the two OFR conditions. However, the TSF and Chulika 

tests produced emissions óbatchesô with OHRs that were an order of magnitude higher than Philips tests. 

The OH suppression in this case is more prevalent and likely leads to the differences in the OA 

enhancement observed in Figure S2.3. These results imply that given our protocol (e.g. test length, 

dilution levels) to create emission óbatchesô, evaluating the importance of reactor chemistry is more 

important for lesser efficient stoves compared to more efficient stoves. In section 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) in the context of our OFR experiments. We hypothesize that our reactor 

conditions primarily probe differences in SOA with varying óexcessô VOC photolysis relative to 

atmospheric conditions. 

 

Figure 2.3: Evolution of Organic Aerosol Enhancement Ratio, OA ER across a range of atmospheric 

aging conditions, cookstove technologies and fuel types for the two OFR operating conditions (ówetô and 

ódryô) for red Oak (Panel A) and Loblolly Pine (Panel B) tests. The colors represent the different stove 

types, the symbols (circles/triangles) indicate fuel type and the darker/faded markers with solid/dotted 

lines contrasting the two reactor conditions (ówetô/ôdryô). OA ER as a function of OH exposure is 

averaged by intervals of 3 days of equivalent binned OH exposures for each stove-fuel combination. The 

error bars shown on all data points represent the standard deviations in OA ER (vertical axis) and OH 

exposure (horizontal axis) by binning in these 3-day intervals.  
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2.4.4 Influence of stove and fuel types on SOA chemical characteristics 

Previous studies have shown that individual m/z ratios from the ACSM/AMS can serve as important 

tracers for OA sources or processes. For example, Ὢ , the fractional contribution from signal at the unit 

mass resolution peak at m/z ττ to overall organic signal is a tracer for higher O:C, aged aerosol and SOA; 

Ὢ  is a tracer of POA and fresh SOA; Ὢ  is a tracer of biomass burning POA (levoglucosan) (Cubison et 

al. 2011; Ng et al. 2010). The ACSM provides m/z at unit mass resolution, but these peaks can be 

effective indicators of elemental/molecular composition (Aiken et al. 2007, 2008; Canagaratna et al. 

2015). Thus, these m/z demonstrate differences in emission characteristics and the evolution of OA 

chemical composition with atmospheric processing. Figure 2.4 uses several fragments to show the 

evolution of aged OA observed during óbatchô aging experiments. Emissions span a relatively well-

defined continuum when projected in the Ὢ  vs Ὢ  and Ὢ  vs Ὢ  spaces (Ὢ  plots show in Figure S2.7). 

This continuum appears to be dictated by stove efficiency, with Philips OA having the highest Ὢ  and 

lowest Ὢ  and Ὢ  while that from TSF has the inverse traits. Figure 2.4A shows that primary emissions 

from the Philips are already highly oxidized and additional aging of these emissions has a marginal effect 

on Ὢ  (eg. increase in Ὢ  from primary to aged ówetô average fragment is ρσϷ for Philips, ωψϷ for 

Chulika and ςττϷ for TSF). TSF and Chulika POA have substantially greater Ὢ  and Ὢ  and aging in 

these cases significantly depletes these fragments and enhances Ὢ . This suggests that more oxidized 

components dominate aged emissions and levoglucosan and primary biomass markers are rapidly 

oxidized/depleted. This is further evidenced by observations of increases in Ὢ  and decreases in Ὢ  and 

Ὢ  with increased OH exposure (Figure 2.4C, D and Figure S2.7). The extent to which aging plays a role 

in movement in these spaces is greatly influenced by combustion technology (Ὢȟ Ὢȟ  is 

larger for TSF than Philips). Both the chemical characteristics of the primary emissions and OH exposure 

dictate, to a large part, where on this continuum aged emissions lie.  
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Figure 2.4: Variation in ACSM-derived spectral fragments from photochemical aging averaged at each 

óbatchô aging condition. The colors indicate different stove types, the symbols (circles/triangles) indicate 

fuel type and point shading (darker/faded) contrast the two reactor conditions (ówetô/ôdryô). The large 

points show the average of all óbatchô conditions (small points) binned together (eg. Small dark blue 

circle ï Aged Philips Oak Wet for a single óbatchô condition; Large dark blue circle ï Aged Philips Oak 

Wet averaged for all óbatchô conditions; Small light blue circle - Aged Philips Oak Dry for a single 

óbatchô condition; Large light blue circle - Aged Philips Oak Dry averaged for all óbatchô conditions). The 

error bars on the large points show the standard deviation in █  (y-axis) and █  (x-axis) in the small 

points used to make up the average. A) Organic aerosol fragments █  vs █ . Filled symbols indicate 

aged markers while open symbols indicate primary (unaged) OA composition. The dotted lines connect 

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

all stove-fuel combinations is displayed in Figure S2.8; B) █  vs █  under ówetô and ódryô operation, 

dotted lines connect ópairsô from batch experiments with similar OH exposures under the two conditions. 

Similar OH exposures were recorded across the range of  to Ȣ  (see Figure 2.5); C) 

and D) █  and █  vs OH exposure; as an example, filled and open stars in Figure 2.4 B,C and D show 

pairs of markers from the same óbatchô from Chulika experiments under different reactor conditions, but 

at similar OH exposures.  
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Figure 2.4 also presents the chemical evolution of aged OA for the two fuels. In general, Oak and Pine lie 

in the same continuum across the Ὢ  spaces presented here. This consistency indicates that oxidation end 

points tracked using these fragments follow similar trajectories for emissions from diverse fuels. The 

notable outlier from this trend are the aged emissions from Philips for Pine in Ὢ  vs Ὢ  space, which lie 

between Chulika and TSF data points. This is because the primary emissions from Philips-Pine are less 

oxidized (lower Ὢ  and higher Ὢ ) than Philips-Oak (Figure 2.4A). The stove-fuel combination appear to 

dictate OA chemical characteristics, rather than strictly stove efficiency. For the TSF and Chulika tests, 

there is a significant overlap in these fragments between Oak and Pine data points, indicating similar 

chemical evolution of these emissions. For the stove-fuel combinations studied here, the fuel type has a 

higher relative influence on these fragments as we move towards more efficient combustion. However, 

combustion technology plays a larger overall role in dictating aged OA evolution compared to fuel type 

for the fragments considered here. As one way to further examine this evolution, Figure S2.8 plots the 

Euclidian distance between Ὢ , Ὢ  pairs from primary spectra and the óclosestô aged spectra. The 

óclosestô aged spectra here is defined as that which minimizes the Euclidian distance to the respective 

primary data point in Ὢ  vs Ὢ  space. Figure S2.8 shows that the closest aged spectra is furthest from the 

corresponding primary spectra for the TSF and closest for the Philips and that this distance decreases 

more dramatically with stove technology than for fuel type for the same stove. This metric is another way 

to highlight that evolution was the most dramatic for the least efficient stove and that the diversity in 

stoves influenced evolution more that fuel type for the conditions, stove and fuels studied here. 

2.4.5 Influence of reactor conditions on SOA chemical characteristics 

Figure 2.4A) shows average fragments taken at different OH exposures (small points) and averages across 

different OH exposures (large points) for each stove-fuel (color-shape) combination and reactor operation 

(darker/faded). Ὢ  is consistently higher for ówetô conditions, while the Ὢ  and Ὢ  fragments are lower 

(Figure S2.7). This indicates that ówetô conditions favor formation of more oxidized components during 

aging and more rapid oxidation of primary species contributing at m/z φπ and τσ; partly, but not 

completely, due to higher OH exposures. The relative change in average Ὢ  in aged spectra between 

reactor condition for Oak (Pine) were 39 (35)% for TSF, 25 (13)% for Chulika, and 6 (3)% for Philips 

tests. The differences in average Ὢ  showed more consistency across stove types, and were 20 (15)% for 

TSF, 22 (25)% for Chulika and 19(22)% for Philips. To separate the influence of varying OH exposure 

from that of differing reactor condition, Figure 2.4B) compares Ὢ  and Ὢ  from the same óbatchô 

experiments, aged under the two reactor conditions but at similar OH exposures (within a factor of ρȢσ). 

Similar OH exposures under wet vs dry conditions were observed in the range υ ρψρπ  molecules 

cm-3 s-1 (approximately σ to ρσ days of equivalent aging). Figure 2.4B shows comparisons made 
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opportunistically from óbatchô experiment conditions where OH exposure matched across ówetô and ódryô 

reactor conditions. Ὢ  (Ὢ  under ówetô conditions were higher (lower) than ódryô by a maximum of 28% 

(21%) for TSF, 21% (21%) for Chulika and 7% (25%) for Philips. These differences are generally smaller 

than those including different OH exposures, which also drives variation. However, this suggests that 

reactor operation alone can have substantial impact on the chemical evolution of these emissions, with 

oxidized fragments enhanced, and primary fragments depleted, at a faster rate in ómore idealô operating 

conditions. That said, Figure 2.4A suggests that the overall trajectory, if not the rate of change, in these 

fragments is similar and differences between tests are dominated by combustion device (and fuel in some 

cases). If the primary oxidation pathways being altered by our ówetô and ódryô conditions are indeed non-

tropospheric VOC photolysis, our results indicate that excess VOC dissociation under ódryô conditions 

could be the reason we observe products that are relatively less oxidized compared to ówetô conditions. 

Figure S2.9 shows comparisons of aged spectra using spectral angles, — (described in Section 2.3.3.3). 

m/z ττ and ρψ are not included in this comparison to reduce the influence of these fragments given their 

dominance (up to 60% in the case of Philips) in the spectra. Figure S2.9 compares aged mass spectra 

collected at the highest OH exposures to other aged mass spectra collected at lower OH exposures from 

the same óbatchô experiment. This plot shows that — effectively represents spectral evolution, as it 

decreases as OH exposure increases, and (for a given experiment) the largest angles were recorded 

between spectra collected at the highest and lowest exposures. 

Figure 2.5 summarizes variations in spectra from different stove-fuel combinations at similar OH 

exposures but different reactor conditions using —. — between aged spectra from ówetô and ódryô 

conditions (inter-OFR) is less than ρπЈ for TSF and Chulika and slightly higher for the Philips (< ρψЈ). 

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

POA spectra. Comparing POA spectra for a given stove (inter-test) for TSF and Chulika POA yield 

angles of ωЈσЈ and ρυЈςЈ whereas the Philips was 42Ј ςρЈȟ owing to divergence between the two 

fuels. The difference between the two fuels (inter-fuel) across all stoves resulted in an average angle of 

ςχЈ ςρЈ. Comparison across stove types (inter-stove) shows that the largest — (τπЈςτЈ) was 

recorded between the primary Philips and TSF spectra, stoves with extremely different combustion 

efficiencies. — for the different stove-fuel combination (constant-fuel) are the most uniform and fall 

within a comparatively smaller range with the smallest angle for the TSF-Pine (τЈ) to the largest for 

Philips-Oak (ρψЈ). —  values for OFR condition comparisons are similar to those for the constant-fuel 

comparisons. Figure 2.5 also plots — between primary and aged spectra from select ówetô aging OH 

exposures. Larger differences in fresh versus aged spectra were observed for the Chulika and TSF (τπЈ

τЈ and στЈςЈ) compared to the Philips (ρφЈφЈ). The smaller — for the Philips is not surprising as the 
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primary emissions are already highly oxidized and relatively little SOA is added during aging. These 

comparisons show that the spectral evolution from fresh to aged is of similar magnitude to variation 

among primary spectra (inter-test, inter-stove and inter-fuel) and larger than inter-OFR condition angles 

(except for Philips tests), which are consistent with constant-fuel comparisons.  

 

Figure 2.5: Mass spectral comparison using spectral angles to quantify relative difference in chemical 

signatures between different tests/stoves/fuels (shaded portion) and under the two operating conditions of 

the OFR (ówetô and ódryô) at similar OH exposures (unshaded portion). Diamonds represent inter-test 

spectra comparison (same stove); flat-diamonds represent inter-stove spectra comparison across both 

fuels (purple: TSF-Philips; brown: TSF-Chulika); hexagon represent inter-fuel comparisons (Oak-Pine). 

Circles and triangles represent constant-fuel comparisons (same stove-fuel combination: TSF-Oak, TSF-

Pine, Philips-Oak, Philips-Pine, Chulika-Oak, Chulika Pine). X markers indicate Ᵽ obtained from 

comparing primary (fresh) spectra of a given experiment to the aged spectra under ówetô conditions (at the 

OH exposure indicated, where we also have a corresponding ódryô aged spectra) 

2.4.6 Factor analysis of SOA 

2.4.6.1 Chemical characteristics and consistency of SOA factors 

Most studies that use PMF characterize the resulting factors against reference mass spectra from previous 

studies based on distinct spectral signature peaks (Ng et al. 2011). However, here we have a priori 

information about the organic matrix being decomposed. We performed PMF on spectra after subtracting 

the POA mass spectra for each experiment and assume that the resultant factors describe SOA (detailed in 
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Section S2.2). We ran PMF analysis for one to three factors for each experiment, for both wet and dry 

conditions together, and determined that two-factor solutions sufficiently described the observed variance 

(residuals less than ρπϷ on average) (example time series and spectra in Figure S2.12). Inspection of the 

two factors extracted for all experiments reveals signature m/zs making major contributions to the factors. 

We interpret factors based on signature m/zs along with the observation of when they dominate during 

aging experiments to ascribe qualitative meaning to the factors extracted. The first factor has significant 

contributions from m/z ςω, which could be an indicator of oxygen containing ions such as CHO+ (He et 

al. 2010) and is more dominant under lower OH exposures. Thus, we refer to this as the semi-aged factor 

(example spectra from one experiment in Figure S2.10). The second factor is dominated by m/z ρψ and 

m/z ττ, known tracers for oxygenated organic aerosol (OOA), and dominates at higher equivalent ages 

thus we call it the highly-aged factor. 

Figure 2.6 explores the intra- and inter-test consistency of the two factors using spectral angles. The open 

star points to markers comparing spectral angles of the semi-aged factor within the Philips while the filled 

star points to comparisons of the semi-aged factor between the TSF and Philips. The marker symbols 

delineate the differences from the various fuel combinations. The open star points to the circle ï 

comparison between two Philips Oak experiments (ρςЈ for this example), the triangle ï comparison 

between two Philips Pine experiments (ρπЈ) and the flat diamond ï compares Philips Oak to Philips Pine 

experiments (ςσЈφЈ). The darker shaded markers show the corresponding comparisons for the highly-

aged factor. 

For the semi-aged factor, comparisons within and between the Chulika and Philips OA range from φ to 

σχЈ for certain stove-fuel combinations. The semi-aged factor within the TSF is relatively less consistent 

than the Chulika and Philips with spectral angles of ςςρπЈ. The largest relative differences are 

observed in the comparisons of the Philips to TSF and Chulika (markers óB1ô and óB2ô in Figure 2.6), 

with spectral angles of up to τωЈ and σχЈ respectively. Thus, while there is some evidence of instances 

where the semi-aged factor is consistent across the stove and fuel types, some stove-fuel combinations 

result in large spectral angles, indicating that the semi-aged factor is quite variable. Therefore, the semi-

aged factor is dependent on stove and fuel type, suggesting that the precursor mixture and the resulting 

early-generation SOA can vary extensively, presumably due to variable combustion conditions. In 

contrast, the highly-aged factor is relatively more consistent across the stove and fuel types. The spectral 

angles for highly-aged factor comparisons were generally less than ρπЈ across the stove and fuel types. 

The noted exceptions are TSF and Philips comparisons (maximum — of ςσЈȟ suggesting that extreme 

differences in combustion efficiency lead to highly processed or óultimateô SOA that is also quite 

different. Otherwise, that the highly-aged factor is relatively consistent across different combustion 
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conditions and fuels indicates that the ultimate composition of aged SOA (as measured by the ACSM) 

from diverse biomass burning sources may be quite uniform.  

 

Figure 2.6: Mass spectral comparison using spectral angles to quantify relative difference in PMF factors 

ï semi-aged and highly-aged for all stove-fuel combinations. Faded/Darker markers represent the Semi-

/Highly-aged factors with the different symbols representing different combination of the fuels. The open 

star and closed stars point to comparisons of the semi-aged factor within the Philips and between the 

Philips and the TSF respectively. Replicate for TSF-Oak is not available as PMF could only be run on one 

TSF-Oak experiment.  

2.4.6.2 Mass contributions of SOA factors 

Figure 2.1B shows the peak SOA EF split into semi- and highly-aged factor contributions; example time 

series showing factor contributions during experiments are shown in Figs. S14A. At peak OA production, 

the highly-aged factor dominates, with an average contribution of χχϷψϷ of total SOA across all 

stoves and fuels. Higher fractional contributions from the highly-aged factor to total SOA were observed 

for Oak experiments (ψσϷτϷ) compared to Pine (χρϷυϷ). The highly-aged factor contributed 

σφϷ, ωϷ and ψϷ more than the semi-aged factor for Oak over Pine for Philips, Chulika and TSF spectra, 

respectively. 
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Figure 2.7A shows that the semi-aged SOA EF decreases exponentially with increasing OH exposures 

across stove and fuel types. The contribution of this factor is largest at smaller OH exposures and 

becomes minimal ( υϷ of total SOA) at about 15 days, 10 days, and 7 days of equivalent exposure for 

TSF, Chulika and the Philips, respectively. This indicates that while the prevalence of the semi-aged 

factor decreases in OA from all tests with increased aging, it occurs at rates that varies with stove 

technology. Figure 2.7B shows that the highly-aged SOA EF initially increases with OH exposure and 

subsequently starts to decrease, likely representing the shift in dominance from functionalization to 

fragmentation observed in bulk SOA measurements (Figure 2.2). Peak OA ERs (from Figure 2.3) are 

observed generally at the same OH exposures as peak highly-aged factor EFs in Figure 2.7B. We 

hypothesize that at lower OH exposures, reactive organic species which have relatively shorter lifetimes 

with respect to the OH radical (such as furans and oxygenated aromatics) are rapidly oxidized to form 

SOA that primarily comprise the semi-aged factor (Akherati et al. 2020; Coggon et al. 2019). Increasing 

OH exposure may result in the dominance of fragmentation reactions which results in the depletion of 

SOA attributed to the semi-aged factor. The highly-aged factor on the other hand may consist of SOA 

from less reactive precursors, later-generation products, or heterogeneous oxidation during greater OH 

exposures. 
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Figure 2.7: PMF Factor Emission factors plotted as a function of OH exposure for: A) semi-aged, and B) 

highly aged SOA factors. Factor EFs are averaged by approximately 3 days of equivalent binned OH 

exposures Ɑ for each stove-fuel combination. Faded/darker markers contrast reactor operating 

conditions; symbols separate the fuel types and colors represent different stoves. Exponential fits on a 

per-stove basis are shown in Figure 2.7A to describe the decay of this factor with increased aging (fit 

details and equation included in Table S2.2).  

Decreasing exponential functions on the TSF and Chulika (for collated Oak and Pine emissions) describe 

the decay in the semi-aged factor. The fit parameter - ρȾὸὥό can be interpreted as a first order rate 

constant and are similar for the TSF (πȢρς days of aging-1) and Chulika (πȢρρ days of aging-1) (table S2). 

The semi-aged factor for the Philips is an order of magnitude smaller and change with OH exposure are 

flatter relative to the 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 estimates). Unlike the semi-aged 

factor, the highly-aged factor does not vary monotonically and shows deviations of up to 150%, 183% 

and 25% between Oak and Pine for Philips, Chulika and TSF, respectively. However, the 

functionalization/fragmentation ófall-offô behavior is observed across the various stove-fuel combinations 

in the highly-aged factor. Figure 2.7A also shows that the semi-aged factor measured under ódryô 

operation of the OFR is consistent in both magnitude and trend of exponential decay with ówetô operation. 

However, the difference in reactor condition is more exaggerated in the highly aged factor with ówetô 

operation resulting in maximum increases for Oak (Pine) EFs of ρφρϷ (ρπυϷ), ςωϷ (ρυφϷ), ρυπϷ 

(ρτυϷ) g kg of fuel-1 for TSF, Chulika and Philips, respectively. Since we suspect that our ówetô and 
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ódryô conditions primarily contrast non-tropospheric photolysis of VOCs, the consistency in the 

magnitude of the semi-aged factor as an EF may indicate that this factor comprises compounds that are 

less sensitive to photolysis at ρψυ and ςυτ nm (such as alkanes). On the other hand, the deviations 

between reactor conditions in the highly-aged factor may indicate larger SOA contributions from 

compounds such as benzene which are highly sensitive to photolysis at these wavelengths. 

2.4.6.3 Relative contribution of SOA factors 

 

Figure 2.8: Contribution of the highly-aged factor from PMF to total SOA measured by the ACSM as a 

function of OH exposure for all stoves. Exponential saturation functions are fit to each stove to describe 

prevalence of the highly-aged factor with aging. Figure S2.11 has the details on the fit parameters for 

each fit along with visual separation of the reactor conditions. 

Figure 2.8 shows that the fractional contribution of the highly-aged factor to total SOA behaves like an 

exponential saturation function with increasing OH exposure (fit parameters listed in Figure S2.11). For 

the TSF, the semi-aged factor dominates total SOA contributions (fraction of highly-aged factor πȢυ) 

up until ḐςȢυ days of equivalent aging after which the highly-aged factor dominates. For the Chulika and 

Philips however, even at the lowest exposures, the fraction of the highly aged factor is υυ and ḐφπϷ of 

the total SOA, respectively. At a given OH exposure, the contribution of the highly-aged factor to total 

SOA is higher for more efficient stoves until ρπ days of equivalent aging after which contributions to 

total SOA are similar ( ωπϷ) across the stoves. The increasing contributions of the highly-aged factor 

to total SOA with exposure is consistent with Ὢ  increasing with OH exposure (Figure 2.4C) . 

Figure S2.11 also shows the fraction of the highly-aged factor is consistently higher under ówetô OFR 

operation compared to ódryô for all stoves and fuels. Across the exposure range, the average fraction of 
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the highly-aged factor under ówetô operation is πȢψφπȢρρ, πȢψωπȢρσ and πȢψςπȢρψ for Philips, 

Chulika and TSF, respectively. However, the variation in the fraction of the highly-aged factor across the 

stove types is more dramatic under dry conditions: πȢχωπȢρς, πȢχσπȢρτ and πȢτσπȢςρ for Philips, 

Chulika and TSF, respectively. The fraction of the highly-aged factor under ówetô operation is higher by 

ωϷ, ςςϷ and ωτϷ for Philips, Chulika and TSF, respectively over ódryô operation. The largest 

differences are thus observed for stoves of lower efficiencies or tests with higher OHR.  
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2.5 Supplementary material  

S2.1 Data analysis methods and corrections 

Several corrections were applied to data to facilitate comparison of measurements collected at different 

locations and times. The corrections account for particle loss through the F-OFR, particle loss to the smog 

chamber walls, and ACSM transmission window limitations. The corrections are briefly described here 

and are detailed in (Reece et al. 2017).  

To address particle loss through the OFR, we assume that BC acts as an inert tracer measured in our 

system by the PAX downstream of the OFR and compared this to exponential fits of bypass 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 measurements) was observed with increasing OH exposure. (Reece et al. 2017) 

speculated that the possible explanations for this trend include electrostatic or thermophoretic losses 

and/or changes in the particle morphology or coating. Like in our previous study, these corrections are 

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

ACSM measurements from the chamber were corrected for mass outside the ACSM transmission window 

(χυφυπ nm) 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 between πȢφ and ρπππ nm from which the fraction of SMPS-measured aerosol 

volume (assuming spherical particles) not detected by the ACSM were calculated on a per-experiment 

basis. On average the fraction of aerosol volume outside of the range of the ACSM for the TSF, Chulika 

and Philips were υπϷ ρψϷ, υρϷωϷ and τψϷρψϷ respectively and thus similar. This 

correction was not applied to the mass enhancement (ɝὕὃ) measured during OFR aging as increases in 

mass were recorded within the ACSM transmission window. If significant OA production is occurring 

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

Finally, particle concentrations measured at the end of the injection period were also corrected for smog 

chamber particle wall loss during the loading period. Light scattering and absorption coefficients 

measured by the STEMS were used to estimate real-time transfer rates of aerosol to the smog chamber. 

Using a first order loss coefficient for particle-wall-loss (slope of exponential decay rate of absorption 

measured during bypass batch sampling) the concentration of particles lost to the chamber walls during 

the loading period was estimated. Figure S2.1 compares the primary PM EF measured by filters 

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

transmission window, loading wall loss) + EC EF from thermo-optical measurements. A linear fit shows 
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strong correlation (ὶ πȢωφ) of the chamber POA EF + EC EF with the primary filter PM EFs with a 

slope of πȢψχπȢπχ. 

S2.2 Details on PMF analysis and method adopted: 

First, we detail PMF runs on the entire organic spectra followed by discussion of PMF runs on the óSOAô 

only organic spectra. The PMF results discussed in the main manuscript are from running PMF on the 

óSOAô only spectra. The reasons we ran PMF on only the óSOAô spectra are detailed below but briefly we 

observed inconsistencies in the POA factor being extracted upon running PMF on the full spectra. 

PMF on entire organic matrix from óbatchô experiments: 

We initially conducted PMF on the entire mass spectra for the óbatchô portion for the experiments listed in 

Table S2.1 (one TSF-oak experiment was omitted since only half of the óbatchô data was usable). The 

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 one to three factors, with both 

two and three factor solutions achieving convergence in all experiments. In all experiments, ὗȾὗ  vs P 

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

likely have at least two factors. ñὗò is a fit parameter of the PMF algorithm and is expressed by 

summation of squared scaled residuals for each experimental data point. The solution space was further 

explored using fSeed tool to characterize the effect of the starting point on the PMF results by initializing 

the algorithm with different pseudorandom starts (seeds: π ρπ). Since we observed minimal variation 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 experiments. The reconstruction of total aerosol mass improves 

when moving from two to three factors. For example, the absolute percent residuals for the three TSF 

experiments decrease from υȢσ χȢυϷ, υȢφ ωȢσϷ and υȢσ ψȢςϷ with two factors to ςȢς ςȢσϷ, 

ρȢχ ςȢςϷ and ρȢψ ςȢςϷ with three factors. Changes in the residual structure were minimal when 

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

the scaled residuals for each m/z are approximately Gaussian, centered around 0 and the ςυ-χυ 

percentiles are σ. A notable exception was m/z ρς which was poorly fitted and excluded from our 

analyses; this has been observed elsewhere (Bhandari et al. 2019; Fröhlich 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 ρ to ρ with a delta of πȢς while fixing the seed at zero. Across all the experiments, 

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

explained by the factors across the different fPeaks. Thus, similar solutions were obtained between zero 

fPeak and nonzero fPeak values indicating no effect of rotation in the PMF analysis. 2) Pulling towards 
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negative fPeaks showed a nearly zero concentration in the suspected óPOAô factor at some batch 

conditions which is not feasible. 3) Pulling towards positive fPeaks creates unreasonable zeros in the 

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

that any fPeak apart from zero was preferable. 

Figure S2.12 shows the reconstruction from PMF for three factor solutions for TSF experiments (top 

panel - Figure S2.12 A, B, C) along with the mass spectral signatures of the three factors for the 

corresponding experiments (bottom panel ï Figure S2.12 D, E, F). PMF was unable to consistently 

separate out a óPOAô factor as evidenced by lack of characteristic m/z peaks (like m/z 60) across different 

experiments. Moreover, the reconstruction of the suspected óPOAô factor during the bypass scans (no 

enhancement in the OFR) of óbatchô reveal that this factor was unable to adequately capture POA from 

any of our experiments. This issue has been observed before as well in (Bruns et al. 2016) where PMF 

was not able to produce a stable POA factor. During a óbatchô experiment, we were able to confirm that 

the POA spectrum in the chamber is relatively stable by sampling from óbypassô scans. Thus, we have a 

priori information that POA should form one factor. However, tracking m/z φπ contributions in the 

resultant factors show that the POA factor may be being split into two other factors (since m/z φπ is likely 

not from secondary sources). 

PMF on óSOAô organic matrix from óbatchô experiments: 

PMF was subsequently performed on only the óSOAô spectra by subtracting the primary spectra (from 

bypass scans) from the total organic spectra for each experiment. We assume that the POA fraction did 

not change due to heterogeneous oxidation and gas-particle partitioning. While this is likely not a perfect 

assumption, primary biomass burning OA has been observed to be relatively stable during hours of 

oxidation (Ahern et al. 2019; Akherati et al. 2020). A tracer-based approach showing that used of a POA-

specific m/z and chemically inert BC to determine POA/SOA splits during chamber experiments also 

yielded similar results (Grieshop et al. 2009). Similar criterion and methodology for PMF was followed as 

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

óSOAô matrix. In all experiments, two and three factor solutions achieved convergence with a steep drop 

in the ὗȾὗὩὼὴ vs ὖ plot between one to two factors 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. In all cases, changing the seed resulted in minimal variation in the fraction of 

variance explained by 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 for each m/z are approximately Gaussian, 

centered around zero and the ςυ-χυ percentiles lie between σ. 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 TSF experiments decrease from υȢχ ρπȢςϷ, υȢπ ψȢςϷ and 4Ȣψ ωȢςϷ at two factors to ςȢφ

ςȢψϷ, ςȢψ σȢφϷ and ρȢφ ςȢπϷ at three factors. This change in residual structure is not sufficient to 

warrant the addition of another factor. The effect of rotational ambiguity was explored in the solution 

space using the fPeak tool. Similar scenario to the ones listed in the previous section were encountered: 1) 

minimal variation in fraction of variance explained by the factors across the different fPeaks. Thus, 

similar solutions were obtained between zero fPeak and nonzero fPeak values indicating 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 of the factor in some cases. In all experiments, there 

was no reason that any fPeak apart from zero was preferable and thus fPeak was fixed at zero for these 

runs as well.  

The aged and semi-aged factor do not change substantially between the two and three factor solutions 

(Figure S2.13B). The additional factor from the three factor solutions has a similar mass spectrum to the 

highly-aged and semi-aged factors. Since these two factors are capable of accounting for most of the 

variability (residuals φϷ) and addition of a factor results in 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 S2.13.  

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

(Peng and Jimenez 2020) summarize the common issues of undesired processes or lack of desired 

processes in roughly decreasing severity for OFR operation (OFR-185) under low Nitrogen Oxide 

conditions as follows: 1) non-tropospheric VOC photolysis 2) insufficient condensational sink 3) 

insufficient RO2 isomerization 4) excessive contribution of RO2  OH to RO2 fate 5) Particle charging by 

UV 6) insufficient OA photolysis at tropospheric wavelengths 7) VOC ozonolysis at ambient levels. Non-

tropospheric VOC photolysis (issue 1) is reduced in the reactor by running at higher H2O and lower OHR. 

We consider the influence of this pathway on our ówetô and ódryô conditions in detail below. The issue of 

insufficient condensational sink (issue 2) has been addressed previously in (Reece et al. 2017) for 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 H2O and higher OHR (opposite to conditions to for issue 1). Modeling work by (Peng et al. 2018) 

shows that OHRs ρππ ί  promote both greater RO2 lifetimes in the reactor (for sufficient 

isomerization) along with lowering the relative importance of RO2  OH to RO2 fate under most other 

reactor conditions (such as UV intensity). These conditions are realized across our experimental matrix 

for both ówetô and ódryô conditions. Thus, our results contrasting SOA from these two conditions likely do 

not represent drastic changes in RO2 fate. Issues 5) and 6) are not explicitly considered 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 under-represented in our system as the 

ratio of ozone exposure to OH exposure in our experiments is roughly a factor of ρππ lower than ambient 

values. However, reaction of VOCs with O3 is the most important for reactive biogenic species (such as 

‌-Pinene, ‍-caryophyllene) and do not play a major role in the consumption of most anthropogenic 

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

hypothesize that our reactor conditions primarily probe differences in SOA with varying óexcessô VOC 

photolysis relative to atmospheric conditions.  

Figure S2.6 shows the fractional importance of the reaction rate of three VOCs with photolysis (A - 185 

nm photon, B ï 254 nm photon) versus reaction with OH, as a function of the ratio of exposure to 

photolysis and OH from óOxidation Flow Reactor Exposure Estimator v3.3ô (Peng et al. 2016). The three 

VOCs selected - benzene, cresol and phenol, were identified by (Akherati et al. 2020; Bruns et al. 2016) 

as important SOA precursors for biomass burning. On this figure are also marked examples from our Oak 

experiments for ówetô and ódryô reactor conditions at the same OH exposure. For the oxygenated VOCs 

(phenol, cresol), the photolysis versus OH reaction rate ratios decrease marginally (from τϷ to ςϷ) at 

both ρψυ nm and ςυτ nm between ódryô and ówetô conditions. Larger shifts in the fractional importance 

are observed for benzene, which  strongly absorb at these wavelengths with decreases from ρψϷ(ρτϷ to 

9%(ψϷ) at 185 nm (254 nm) between the reactor conditions. This example illustrates that the ratio of 

exposure to photolysis to OH for our ówetô conditions are close to the σ ρπ cm s-1 and τ ρπ cm s-1 

thresholds mentioned in (Peng and Jimenez 2020), 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 numerous and complex 

photolysis mechanisms at 185 nm and 254 nm (Peng et al. 2016), photons at these short wavelengths are 

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

do not. We speculate that these dissociations could lead to the mildly lower SOA yields observed for ódryô 

experiments (Figure 2.3, Figure S2.3).  
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Table S2.1: Primary emissions characteristics for each stove-fuel combination as measured in the smog 

chamber. The MCE, ╒╞ and ╒╞  are the average values at the start of óbatchô experiments, where 

╒╞ and ╒╞  are background corrected. 

Test ID Stove Type Fuel Type 

OA 

Loading 

(‘ὫȾά ) 

MCE 
 ɝCO 

(ppm) 

ɝCO2 

(ppm)  

BC Loading 

(‘ὫȾά )  

6072017 
Philips 

Red Oak 

106.9 0.97 3.5 118.5 37.5 

6152017 90.5 0.98 2.8 121.4 28.8 

6092017 
Chulika 

280.3 0.95 8.8 182.1 163.6 

8072017 263.5 0.96 5.9 139.6 217.5 

6132017 
Three Stone Fire 

541.4 0.94 12.4 202 90.6 

7122017 1326.3 0.95 9.4 182.8 62.8 

8092017 
Philips 

Loblolly Pine 

142.6 0.98 2.2 104.5 22.3 

8112017 197.8 0.99 1.5 104 58.7 

7072017 
Chulika 

178.7 0.95 7.1 148.5 151.5 

8172017 159.2 0.99 3.5 158.6 123.7 

7202017 
Three Stone Fire 

922.2 0.96 7.5 196 98.1 

8042017 760.2 0.95 8.2 161.1 110.1 

 

Table S2.2: Exponential fit parameters for TSF, Chulika and Philips show in Figure 2.8A) to describe the 

decay of the semi-aged factor with simulated photochemical aging. Exponential fits are of the form ◐

◐ ═ ▄●▬
● ●

◄╪◊
 

Stove 

Type 

y0 

(g kg of fuel-

1) 

A 

(g kg of fuel-1) 

x0 

molecules cm-3 s-1 

tau  

molecules cm-3 s-1 

tau  

equivalent days 

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 the semi-aged factor for the Philips. This 

is indicated by fit parameters which are poorly constrained (large confidence intervals on each of the fit 

parameters) 
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Figure S2.1: Comparison of POA EFs from ACSM + EC from thermo-optical measurements and 

gravimetric PM2.5 from filters integrated over the burn duration (óonlineô phase). 

 

Figure S2.2: Average OA to BC ratio for primary and aged (at peak enhancement). Numbers above bars 

represent days of equivalent aging for peak enhancement. 
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Figure S2.3: Averaged EC, primary POA and SOA EFs at peak enhancement (under ówetô operation ï 

darker bars and ódryô operation ï faded bars) for A) red oak B) loblolly pine. The numbers above bars 

indicate the equivalent days of atmospheric aging. 

 

Figure S2.4: Ratio of OH exposures achieved under the two OFR operating conditions (ówetô to ódryô) at 

the same bulb intensity. OH exposures were estimated using decay of CO and measurement up- and 

downstream the OFR. 



49 

 

Figure S2.5: External OHR and water mixing ratio of the sampled air stream for all the experiments 

shown within OFR operational condition ózonesô defined by (Peng et al. 2016). 
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Figure S2.6: Fractional importance of the reaction rate of benzene, cresol and phenol with non-OH 

reactant A) photolysis at  nm B) photolysis at  nm vs the reaction rate with OH, as a function of 

the ratio of exposure to non-OH reactant and OH. The modeled distributions for the compounds were 

created using the óOxidation Flow Reactor Exposure Estimator v3.3ô (Peng et al. 2016). The vertical bars 

are indicators for our experiments taken at similar OH exposures but for the two reactor conditions ï 

ówetô (solid line) and ódryô (dashed line) from the same experiment.  
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Figure S2.7: Variation in fractional contributions of ACSM fragments m/z 44 and 43 during 

photochemical aging. The colors separate the stove types, the symbols (circles and triangles) segregate the 

fuel types while the darker/faded markers contrast the two reactor conditions (ówetô/ôdryô). Open symbols 

indicate primary (unaged) OA composition. A) Organic aerosol fragments █  vs █ ; The large points 

show the average of all óbatchô conditions (small points) binned together. The error bars on the large 

points show the standard deviation in █  (y-axis) and █  (x-axis) in the small points used to make up 

the average B) Organic aerosol fragment █  vs OH exposure. 

 

Figure S2.8: Euclidian distance between primary (unaged) fragments and the closest corresponding aged 

fragment in █  vs █  space as a function of MCE for all stoves and fuels. The closest aged fragment 

here is defined as the fragment for which Euclidian distance is the smallest in relation to the respective 

primary fragment in █  vs █  space. Based on this definition, the closest aged fragment was taken 

under ódryô conditions for all cases. Figure 2.4 in the main manuscript shows the fragments considered for 

the calculation of this distance (for oak) by connecting pairs of points with dotted lines.  
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Figure S2.9: Spectral angles (Ᵽ) from the comparison of aged mass spectra collected at the highest OH 

exposures to aged mass spectra from lower OH exposures for the same experiment. The row of Ᵽs at zero 

indicate the highest OH exposures for the respective experiments (Ᵽ is zero here as two identical spectra 

are compared) 

 

Figure S2.10: Mass spectra of A) highly-aged factor B) semi-aged factor extracted from running PMF on 

óbatchô phase of a three stone fire experiment (7202017 in Table S2.1). Similar signature m/zs were 

observed in the mass spectra of factors across all other experiments and are compared using spectral 

angles in Figure 2.6 in the manuscript. 
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Figure S2.11: Contribution of the highly-aged factor from PMF to total SOA measured by the ACSM as 

a function of OH exposure for A) TSF B) Chulika C) Philips. Exponential saturation functions are fit to 

each stove to describe prevalence of the highly-aged factor with aging with fit parameters inset in each 

figure.  

 

Figure S2.12: (Top panels) PMF results of three-factor solutions for the óbatchô phase of three TSF 

experiments with the entire organic matrix. The three factors (green, pink and grey) are stacked to 

reconstruct the total measured total signal. (bottom panels) mass spectra of the three factor solutions.  
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Figure S2.13: (Left panel ï A) PMF results of two-factor solution for one three stone fire experiment 

where the óPOAô spectra was subtracted from the total organic spectra. The two factors (pink and grey) 

are stacked to reconstruct the total measured total signal. (Right panel - B) Comparison of mass spectra 

from two- and three-factor PMF solutions. The two factors that account for most of the variability (semi-

aged and aged factors) do not change substantially with the addition of third factor. The additional factor 

in the three-factor solutions has a similar mass spectra to the aged and semi-aged factor. 
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Chapter 3 Evaluating a simplified oxidation flow reactor 

configuration to characterize fresh and aged emissions from 

traditional and plancha-type cookstoves under field-like conditions* 

3.1 Abstract 

Plancha-type stoves have been distributed for decades in Mexico and across Latin America to reduce 

household air pollution, but the influence of photochemical processing (óagingô) of their emissions has not 

been characterized. Secondary organic aerosol (SOA) formed from aging have traditionally been studied 

in the lab using sophisticated setups involving smog chambers and mass spectroscopy. Here, we present 

an evaluation of a simplified measurement approach against lab-grade instrumentation using a 

combination of filter and optical measurements with a field portable oxidation flow reactor (OFR). These 

evaluations showed good agreements between optical and mass spectrometry methods in tracking SOA 

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

reference laboratory instrumentation for fresh and aged aerosol from diverse combustion emissions. We 

found that correcting the optical response with integrated filter measurements was especially important 

for aged aerosol where smaller particles can have a reduced response. The combination of optical sensors 

and filters with an OFR was used to generate and measure SOA from two plancha-type stoves ï Patsari 

and ONIL and a traditional three stone fire (TSF), at a test kitchen facility in Pátzcuaro to mimic field-like 

conditions. Plancha-type stoves offered significant reductions relative to TSF in the components of fresh 

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

lower by ḐρωϷ (φυϷ) and ḐτωϷ ψσϷ) than a traditional stove (three stone fire, TSF) EFs, 

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

lower than TSF by τχϷ (τφϷ) and φρϷ (χσϷ) respectively indicating that plancha stoves have the 

potential to reduce secondary emissions in addition to benefits from fresh emissions reductions.  

3.2 Motivation and Introduction  

Nearly σ billion people worldwide rely on solid fuel burning to satisfy their basic energy needs (Bonjour 

et al. 2013), ςψ million of which reside in Mexico (Masera et al. 2005; Serrano-Medrano et al. 2014) 

(contributing to a total of ωπ million in Latin America and the Caribbean (WHO 2015)). Fuelwood is the 

main residential fuel accounting for approximately 50% of total energy use and up to 80% within rural 

households (Diaz 2000). Inefficient combustion of solid fuel generates emissions of air pollutants 

 
* To be submitted to: Atmoshperic Environment as ñSinha, A., Vazquez, J. C., Ruiz-Garcia, V., Masera, O., and 

Grieshop A. P.: ñEvaluating a simplified oxidation flow reactor configuration to characterize fresh and aged 

emissions from traditional and plancha-type cookstoves under field-like conditionsò 
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including carbon monoxide (CO), volatile organic compounds (VOCs) and particulate matter (PM) - 

primarily comprised of primary organic aerosol (POA) and black carbon (BC). Household air pollutants 

and other products of incomplete combustion are associated with severe health and climate impacts (Pope 

et al. 2010; Rosenthal 2015). Exposure to ambient PM from solid fuel use has been estimated to cause 

σχπȟπππφφπȟπππ premature deaths per year (Chafe et al. 2014; Kodros et al. 2015). The magnitude of 

the net climate impact of PM from biomass burning may be uncertain but total emissions are likely 

warming (Bond et al., 2013; Lacey and Henze, 2015).  

One reason for the uncertainty in health and climate impacts arises from the variability in fresh emissions 

from household biomass combustion. Fresh emissions characteristics from these sources are influenced 

by several factors like appliance type (Jetter et al. 2012; MacCarty et al. 2010), fuel type (Koss et al. 

2018; Weimer et al. 2008) and operating conditions (Gonçalves et al. 2011). These 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 climate. Thus, there is an important need to better 

characterize the emissions from biomass stoves and reduce the considerable uncertainties currently 

associated with them (Padilla-Barrera et al. 2019). 

Mexican government programs and non-profit organizations have disseminated plancha-type (Medina et 

al. 2017a) improved wood-burning stoves that include chimneys in rural households to conserve fuel and 

reduce the impact of indoor air pollution from combustion. Briefly, plancha-type stoves have a large flat 

griddle usually made of metal (a ñplanchaò or ñcomalò) on the top surface of the stove, avoiding contact 

between the fire and the pot and also allowing smoke to exit the house through a chimney. Well-

functioning plancha-type stoves can offer significant benefits compared to open fire stoves (Smith et al. 

2010). For instance, the Patsari stove reduced fuel use by φχϷ (Berrueta et al. 2008), CO2-equivalent 

emissions by ψτϷ (Johnson et al. 2008) and CO and PM2.5 by χτϷ and χχϷ respectively (Cynthia et al. 

2008) relative to traditional open fires. However, in-field primary emissions measurements, although 

scarce, indicate that laboratory tests typically overestimate performance relative to in-home use (Johnson 

et al. 2008; Roden et al. 2009). Household biomass combustion has traditionally been characterized using 

the water boiling test (WBT) protocol (ñGlobal Alliance for Clean Cookstovesò 2016), in controlled 

laboratory settings. However, various studies have shown a strong divergence in emissions performance 

between WBT and in-field testing of the same stoves (Grieshop et al. 2017; Roden et al. 2009; Shen et al. 

2012, 2013; Wathore et al. 2017). Moreover, comparative testing has shown the WBT is not suited to 

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

to a pot (Medina et al. 2017b; b). In response, a ñcontrolled burning cycleò (CBC) protocol was developed 

to capture the simultaneous and sequential arrangement of local cooking practices with plancha stoves 
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(Medina et al. 2017b). However, there has been relatively little work to compare the performance of 

plancha-type stoves during CBC and WBT tests.  

Fresh emissions from plancha-type stoves will undergo photochemical processing in the atmosphere to 

form secondary products. Volatility organic compounds (VOCs) emitted from biomass burning evolve 

with atmospheric oxidation, often termed photochemical aging, and typically form secondary organic 

aerosol (SOA) via condensation of low volatility compounds (Donahue et al. 2009; Hallquist et al. 2009; 

Jimenez et al. 2009; Kroll and Seinfeld 2008). (Reece et al. 2017) reported organic aerosol enhancement 

ratios (OA ER), defined as the total mass concentration of OA formed after aging over the initial POA 

concentration, ranging from ρȢς (forced-draft stove) to σ (traditional stove). Thus, SOA formed from 

stove emissions to total PM may be significantly greater than fresh emissions. This SOA has significant 

effects on net atmospheric impact in terms of regional air quality (Rooney et al. 2019) and climate forcing 

(Lacey et al. 2017). However, most studies of aging have focused on open biomass burning (Hatch et al. 

2017; Stockwell et al. 2014, 2015) or residential heating stoves (Bruns et al. 2016; Grieshop et al. 2009). 

To our knowledge, only (Reece et al. 2017) have characterized SOA formation from cookstoves. This is 

at least in part due to the complexity involved in studying SOA. Investigating SOA and its properties 

necessitate complex set-ups such as smog chambers (Grieshop et al. 2009) or oxidation flow reactors 

(OFR) (Reece et al. 2017) to simulate photo-oxidation. 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 portability (Kang et al. 2007). An important need is to 

quantify whether OA aging behavior observed in lab experiments is consistent with field conditions. In 

this work, we address this gap by performing experiments in a quasi-field setting. 

An important barrier for emissions aging studies in the field that the high-end instrumentation, typically 

used in lab studies with similar objectives, cannot be applied in resource-constrained settings due to their 

power requirements, expense, and lack of portability. 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 particles (Bruns et al. 2015; Ortega et al. 2013; 

Reece et al. 2017). Thus, an important question is whether field-portable instruments (e.g. filters, portable 

optical instruments and sensors) used in conjunction with an OFR can effectively probe fresh and aged 

emissions characteristics in a field setting and provide some of the same insights as lab-grade instruments.  

A consideration in characterizing these emissions thus becomes a tradeoff in precision and complexity of 

data acquired with portability, cost, and ease of measurement technique. Most highly portable PM sensors 

(e.g. TSI DustTrak, RTI MicroPEMS) use optical measurements (Aung et al. 2016; Kelly et al. 2017; 

Kelp et al. 2018; Rai et al. 2017) to 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 speciation monitor (ACSM). Previous 

works have highlighted the potential of optical PM sensors and found strong linear correlations (ὶ

πȢψω) in PM2.5 measurements when compared to research grade instruments like the scanning mobility 

particle sizer (SMPS, TSI Inc.) from incense burning, atomized sodium chloride and Polystyrene Latex 

spheres (Wang et al. 2015). More recently, (Islam et al. 2020) showed consistent agreement between the 

RTI MicroPEMS and integrated filter measurements. Comparisons between integrated filter 

measurements and reference instruments in previous experiments (Reece et al., 2017; Sinha et al. 2020 in 

prep) have shown good agreement for PM components. Fresh (unaged) filter-based organic matter (OM) 

EFs show good agreement with OA EFs derived from the ACSM (ὶḐπȢω; slope ḐπȢψς). Absorption 

measured by the PAX was also well correlated with EC derived from filters (ὶḐπȢω). However, filters 

cannot give us insights into real-time variations from a combustion event. For this, we consider the 

potential of optical instruments. However, this type of approach has not been explored in the context of 

studying SOA from plancha-type cookstoves in a field-based setting to our knowledge. 

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

conducted aging experiments in a quasi-field setting of representative cookstoves currently in use in 

Mexico. Specific objectives of this work include: 1) evaluate a combination of optical and filter based 

measurement methods in characterizing fresh and aged cookstove emissions; 2) examine the consistency 

of complementary methods in measuring fresh (primary) and aged (secondary) emissions; 3) evaluate 

fresh and aged emissions characteristics of plancha-type stoves and how they compare to traditional 

stoves; 4) determine the extent of the impact of different stove operating protocols on fresh and aged 

emissions under a quasi-field setting. 5) Make recommendations for future sampling campaigns of 

biomass stove aging, focusing on OFR operating regimes and approaches to optimize SOA 

measurements.  

3.3 Materials and methods: 

3.3.1 Experiments comparing portable measurement methods against lab-grade instrumentation  

First, we investigated data from earlier OFR (OFR detailed below in Section 3.3.3) experiments described 

elsewhere (Reece et al. 2017). An ACSM measured aerosol mass concentrations, scanning mobility 

particle sizer (SMPS) measured size distributions (ρυφψυ nm), PhotoAcoustic eXtinctiometer (PAX) 

measured particle absorption and scattering and filters for integrated samples (Table S3.1). The PAX 

includes a nephelometer that provides a direct measurement of particle light scattering at ψχπ nm; this has 

previously been used in the secondary calibration of other PM scattering sensors (Wathore 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 the ability for optical measurements for these emissions. 

Specifically, we consider data from 11 experiments, with different OFR aging of the same óbatchô of 

stove test emissions diluted into a 8 m3 smog chamber. The ACSM measures OA directly whereas the 

PAX can infer PM from particle absorption and scattering (at 870 nm).  

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

personal and indoor PM (Du et al. 2019) to measure diluted stove emissions. The MicroPEMS includes a 

nephelometer measuring particle light scattering (at χψπ nm) and a ςυ mm Teflon particle filter behind an 

ςȢυ ‘m size cut inlet (Chartier et al. 2017). We performed ñcontrolled sourceò experiments with widely 

varying conditions, maintaining a relatively consistent source over ρπςπ minutes, to probe response 

with widely varying particle types, both as emitted and after OFR aging. First, we created ósmolderingô 

emissions via controlled pyrolysis, following (Chen and Bond 2010). Briefly, we constructed a nitrogen-

flooded pyrolysis cell (operating temperature at ςρπЈ C) based on a resistive band heater and inserted 

wood pellets to create organic-dominated emissions at high and consistent concentrations, which were 

sampled into a combustion hood and duct (Reece et al. 2017). For flaming emissions, we ran the 

simmering phase of the water boiling test (WBT) protocol (ñGlobal Alliance for Clean Cookstovesò 

2016) using a Chulika stove (Grieshop et al. 2017; Just et al. 2013). In both cases, emissions were 

characterized directly or aged in an OFR before being measured by a MicroPEMS, PAX and ACSM in 

parallel.  

3.3.2 Field measurement approach 

We conducted ρφ experiments at a simulated kitchen testing facility in Patzcuaro, Michoacan (Ruiz-

García et al. 2018) to characterize pollutant emissions from three stoves. The simulated kitchen (2.9 m 

wide by 3.85 m in length, with a height of 3.2 m) was operated by a locally hired cook hence representing 

a quasi-field setting. Stoves tested include the three stone fire (TSF) ï an open fire surrounded by three 

stones (Berrueta et al. 2008); the Patsari ï a plancha-type improved wood-burning cookstove, consisting 

of a closed brick combustion chamber and a flue venting pollution outside the home (Berrueta et al. 

2008); and the ONIL ï a plancha-type improved cookstove made of cement (stoves pictured in Figure 

S3.1). We investigated the performance of these cookstoves under two testing protocols. First, two phases 

of the WBT ï the ñcold startò, simulating high-power cooking by rapidly boiling water, followed by a low 

power ñsimmeringò phase; and the Controlled Burning Cycle (CBC) ï designed to mimic the way Patsari 

users cook their meals developed from specific cooking practices (Medina et al. 2017b). Sampling lasted 

from before fuel ignition until the end of the testing protocol, which varied between 1-3 hours, depending 

on the stove and protocol. Prior to emissions sampling, we collected background data for 15-30 minutes. 

We also measured the fuel moisture content, amount 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 locally-purchased white oak in 

all tests as it is the preferred fuel in the central-eastern region of Mexico due to its hardness and 

geographical distribution. Table S3.2 lists the entire experimental matrix, designed to explore emissions 

from different combinations of stoves and operating protocols, with summary statistics describing 

individual tests conducted. 

The experimental setup consists of two parallel sampling streams ï one to measure primary emissions, 

while the other creates and measures aged emissions in real time. SOA is thus determined via the 

differences between these streams. A schematic of the setup and list of instrumentation are shown in 

Figure S3.2 and Table S3.1. During a test, emissions from the test kitchen chimney are diluted into an 

exhaust 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 Measurement 

System (STEMS). The STEMS-2G is described in detail elsewhere (Islam et al. 2020), with updates 

noted here. Briefly, emissions are sampled through a PM2.5 cyclone to a suite of sensors: CO2 (Vaisala 

CO2 probe GMP252), CO (Alphasense CO-BX sensor), temperature and relative humidity (Sensiron 

SHT75) and particle light scattering at ρ Hz (TSL205R). The STEMS includes two parallel filter trains 

for integrated sample collection ï one containing a bare quartz fiber filter (Tissuquartz, Pall Corporation), 

and the other contains a Teflon membrane filter (Zefluor ςȢπ‘m pore size, Zefon) followed by a ñbackupò 

quartz fiber filter for gas-phase adsorption artifacts (Subramanian et al. 2004). The filters are analyzed 

using gravimetric and thermo-optical OC/EC methods (Sunset OC/EC analyzer under modified NIOSH 

thermos-optical transmission (TOT) protocol) (Wathore et al. 2017). In addition, we deployed a 

MicroAeth (AE51) and MicroPEMS for real-time particle absorption and scattering measurements. 

Primary aerosol was thus measured in five ways ï (1 thermo-optical, 2 gravimetric and 2 light scattering) 

(Table S3.1).  

In parallel to primary measurements, diluted emissions were also sampled through an OFR (described in 

Section 3.3.3) for simulated atmospheric aging. Downstream of the OFR, CO2 (LI-820 LI-COR), CO 

(alphasense CO-BX) and ozone (205 2B Technologies) were measured. OFR particle measurements were 

via annual denuders filled with Carulite to scrub ozone and included a MicroPEMS and MicroAeth for 

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

Teflon filters downstream of a PM2.5 cyclone. This assembly allowed for aged aerosol measurements 

using four methods ï (1 thermo-optical, 2 gravimetric and 1 light scattering) (Table S3.1). A NanoScan 

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

size distribution measurements in 13 bins from 10 nm to 420 nm.  
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3.3.3 Field OFR operation 

Our OFR is a version of a PAM reactor (Kang et al. 2007) previously used in laboratory and field studies 

(detailed in (Reece et al. 2017; Saha et al. 2018)). Briefly, the OFR is constructed using stainless steel and 

houses two low-pressure mercury lamps emitting UV light at 185 and 254 nm to produce ozone and OH 

radicals under the óOFR185ô operating regime (Li et al. 2015; Peng et al. 2016). A pump drove a sheath 

flow across the OFR bulbs, which are housed in PFA Teflon sheaths, to control temperature and oxidant 

levels near the bulbs. Bulb intensities were kept constant for a given experiment and ranged between υπϷ 

intensity for one bulb to ρππϷςυϷ intensities for both bulbs. This range was chosen based on 

observations of peak SOA enhancement ï defined as the OH exposure at which maximum OA 

enhancement ratios were recorded from a previous lab based study (Reece et al. 2017). The 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 sensors we used are known to have cross 

sensitivities and to account for times when CO decay us within measurement uncertainty, we also 

developed a model to describe OH exposures in our experiments (Li et al. 2015; Reece et al. 2017). We 

use the OH exposure estimates as predicted by the model in this study (trained using OH exposures 

estimated from tracer decay). OH exposure in OFRs has been shown to be a function of several reactor 

conditions - H2O mixing ratio, external OH reactivity (OHR - defined as the sum of the products of 

concentrations of externally introduced OH-consuming species and rate constants of their reactions with 

OH), ozone concentration and residence time. Details regarding our approach in constraining the 

parameters of the OH exposure model are presented in Section S3.1 and the parameters listed in Table 

S3.3. In the absence of detailed VOC measurements, OHR was estimated using VOC/CO ratios of 

woodland oak measured during Flame III experiments scaled by the CO concentration measured upstream 

of the OFR (Yokelson et al. 2013). We diluted emissions at the inlet of the OFR by a factor of 1.5 to 2.5 

depending on the stove. CO2 measured before and after the reactor ensured the absence of leaks in the 

system and was used to confirm dilution ratio.  

3.3.4 Data Reduction 

Fuel-based emission factors were calculated using the carbon balance method described elsewhere 

(Wathore et al. 2017), to allow for comparison 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), normalized by the fresh 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 gas-phase and/or heterogeneous oxidation processes; we 

cannot distinguish the two processes in our experiments. Particle losses in the OFR were corrected on a 
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per-experiment basis using EC measurements up- and downstream of the OFR. EC is treated as an inert 

tracer and assuming internally mixed aerosol (Grieshop et al. 2007, 2009; Reece et al. 2017; Weitkamp et 

al. 2007).  

Real-time data from particle sensors offers a rich view into the interaction between time-varying and 

interlinked combustion and oxidation conditions. Section S3.2 includes a detailed description of reduction 

of real-time data, we only briefly describe it here. Real-time was filter-corrected on a per experiment basis 

and data from each stove type were consolidated into a single data matrixï TSF, ONIL and Patsari. Next, 

we ranked the observations in these consolidated data matrices based on a grouping variable, including 

modified combustion efficiency (MCE, = ɝὅὕȾɝὅὕ ɝὅὕ), single scattering albedo (SSA, ratio of 

scattering to total extinction efficiency), OHR or OH exposure. Finally, the re-ordered data matrices were 

sliced into percentile bins based on the grouping variable and averages of all quantities of interest were 

calculated in these bins. These averages from each percentile bin aid in creating a ñsummarizedò view of 

the real-time data. This approach allows for the accounting of a wide range of conditions arising from 

test-to-test variability for each stove. In addition to helping summarize many observations, this 

methodology also simplifies real-time comparisons between profiles of different stoves.  
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3.4 Results and discussion: 

3.4.1 Evaluating optical measurements of fresh and aged combustion aerosol 

 

Figure 3.1: Scatter plots showing comparison of values from reference methods (horizontal axes) and 

optical measurements from laboratory stove + OFR experiments with óbatchô emissions: A) scattering 

coefficient (PAX at 870 nm) represent as an EF, ἌἻἫἩἼ EF versus PM2.5 EF (reconstructed from ACSM 

OA and PAX BC) across different stove types. Fresh observations are indicated by open circles while 

aged observations are shown by closed circles. The dashed lines represent linear fits to fresh only aerosol 

while the solid lines show linear fits to fresh + aged aerosol. B) scattering 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 enhancement ratio ï defined as the scattering by fresh + aged aerosol normalized by 

scattering from fresh only aerosol vs PM enhancement ratio ï similarly defined as the fresh + aged PM 

normalized by fresh PM. The solid lines represent linear fits to each of the stoves. Each point represents a 

Ḑ10-minute average at a fixed aging condition in an oxidation flow reactor collected during óbatchô aging 

experiments. Stove types are delineated by colors. 

First, we consider comparisons of optical measurements and physical/chemical measures of emissions 

from reference instruments collected during the óbatchô phase of previous lab experiments. Figure 3.1A 

plots the scattering coefficient EF against PM2.5 EF and shows that correlation coefficients for aged PM 

show with mildly lower correlations for stoves of lower efficiencies (ὶ πȢφςȟπȢυω and πȢυτ for 

Philips, Chulika and TSF respectively for total PM). The 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 fresh and 0.35 for aged) 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 emissions for ὄ  

EF vs PM2.5 EF (2%, 30% and 45% decrease in slope for TSF, Philips and Chulika respectively). 

Therefore, the optical response to aged PM was lower than for fresh PM2.5, cautioning against the 
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exclusive use of optical measurements for SOA characterization. For both fresh and aged PM2.5 

comparisons, the confidence intervals on the fit intercept include zero, indicating that for these stoves 

there is no offset in the optical response when estimating fresh or total PM2.5. Overall, our observations 

suggest that scattering measurements exhibit the potential to track the mass of aged aerosol but that 

potential differences in optical response must be considered. Therefore, while mass-concentration 

calibration of an optical measurement is relatively consistent for a given combustion particle type, this is 

not conserved with aging in the OFR. The average mass scattering coefficient (MSC; ratio of scattering to 

PM2.5 concentration) for fresh emissions ranged between πȢρχ m2 g-1
 for TSF to πȢφτ m2 g-1

 for Chulika, 

consistent with the values reported by (Wathore et al. 2017) (πȢψχ m2 g-1) and woodstoves from 

(Champion and Grieshop 2019) (πȢφσπȢρφ m2g-1). 

Figure 3.1B plots only the enhancement in scattering, presumably due to SOA formation, as an 

EF ὄ ȟ  EF) versus the SOA EF from ACSM measurements showing linear correlations (ὶ ranging 

from πȢςωπȢφψ). The poor correlation for the Philips (ὶ πȢςω) likely arises from the minimal 

enhancements (SOA EF πȢρ g kg of fuel-1) recorded for this stove. While the optical response may be 

diminished (indicated by slopes ρ), the correlation coefficients provide evidence that new particle mass 

formed from aging can be tracked via optical measurements. Figure 3.1C compares enhancement ratios 

(defined as the aged signal normalized by signal from fresh only) for optical and chemical particle 

measurements, with values greater than ρ indicate OA formation (assuming BC is conserved). There is 

evidence of a linear relationship with an overall correlation coefficient of πȢυρ across all stoves. We 

observe stronger correlations for less efficient stoves for which larger mass enhancements were recorded 

(ὶ of πȢσυ and πȢτψ for TSF and Chulika respectively) compared to the Philips (ὶ of πȢρυ). The 

scattering enhancement ratios range from a factor of τ ρπ lower than PM enhancement ratios measured 

by reference instruments. Two factors that may explain the divergence between optical and reference 

measurement are the influence of particle size and complex refractive index (RI, a function of particle 

composition) are discussed below. Thus, while the optical methods explored here show evidence of being 

able to characterize OA formation, using them alone to quantify SOA mass is likely not 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 regimes ï A) biomass 

pyrolysis (smoldering) emissions B) flaming combustion emissions. Data are from multiple experiments 

with each point representing a Ḑ Ȣ min average. The MicroPEMS nephelometer is converted to mass 

concentration units using a calibration factor of . The solid lines are linear fits to the data with fit 

parameters and correlation coefficients printed on the plot. The dashed black line represents the 1:1 line. 

Figure 3.2 shows scatter plots of simultaneous measurements from the MicroPEMS against ACSM + 

PAX measurements for both fresh and aged 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. 2006). The MicroPEMS and reference instruments responses 

are strongly correlated (ὶ πȢψ) for fresh and aged aerosol for both flaming and smoldering conditions. 

However, most observations lie below the 1:1 line, showing that the MicroPEMS nephelometer response 

(converted to mass concentration using a calibration factor of σ (Islam et al. 2020)) was generally lower 

than corresponding measurements by the ACSM and PAX. The MicroPEMS response is stronger for 

fresh smoldering emissions (slope  πȢωσ) compared to flaming (slope  πȢςυ) highlighting the 

variation in measurement across diverse particles emitted during biomass burning. Moreover, the 

response of the MicroPEMS is 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 

potential in tracking real-time variations, but that the MicroPEMS response is strongly 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 indicates that emitted particle characteristics drive 

larger variation in MicroPEMS response compared to aging effects for the conditions explored here. 
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Figure S3.9 compares the consistency of the MicroPEMS against the PAX showing strong correlations 

(ὶ πȢψχ) across fresh/aged and flaming/smoldering emissions. The slopes from these comparisons are 

similar between fresh and aged emissions within a combustion condition (πȢφψ for smoldering emissions 

and 0.38 for flaming emissions). However, the response under smoldering emissions is almost ρȢψ times 

that under flaming emissions. The OA/BC ratio, size, and thus scattering, of aerosol from flaming 

emission tend to be lower than smoldering (Martinsson et al. 2015) likely explaining this disparity.  

To understand the reduced response of the MicroPEMS relative to reference instruments, we first inspect 

the size distributions of fresh and aged emissions collected under diverse combustion conditions. Figure 

S3.6 shows that flaming emissions have smaller particle size distributions (mode at Ḑτυnm) compared to 

smoldering (mode at Ḑρτπnm). Figure S3.6 also shows that aging shifts the particle size number 

distribution mode to smaller sized particles. For emissions smoldering combustion emissions, the mode 

shifts from Ḑρτπ nm to Ḑυπ nm while for flaming emissions the shift is from Ḑτυ nm to Ḑσπ nm 

with aging. Thus, both aging and combustion conditions influence particle size distributions. Next, we 

explore the relationship of scattering efficiency with particle size using Mie modeling. Figure S3.7 shows 

that scattering efficiency is greatly reduced at smaller particle sizes (especially up to ρππ nm) with 

minimal variation even across a wide range of refractive indices. The range of refractive indices explored 

here (real part = ρȢυσȟρȢχ, imaginary part = πȢπππφȟπȢςρ) spans the range observed in literature for fresh 

and aged aerosol from anthropogenic sources (Moise et al. 2015). The scattering efficiency for fresh 

flaming emissions (at 45 nm) is 7 times larger than aged flaming emissions (at σπ nm). However, the 

scattering efficiencies for fresh smoldering distribution (at ρτπ nm) is ςπψ times larger than aged 

smoldering distribution (at υπ nm). This shows that smaller particles (like those from aged and flaming 

combustion emissions) are characterized poorly relative to larger particles (like those from fresh 

smoldering emissions) by scattering based measurements. Mie modeling shows that peak scattering 

efficiencies occur between particle diameters of χππ nm and ρρππ nm depending on refractive index (at 

wavelength ψχπ nm) (Figure S3.7A). In addition to the size distribution, the refractive index of PM can 

also influence scattering efficiency. For example, Figure S3.7B shows that the scattering efficiency for 

particles of refractive index ρȢχ πȢςρὭ is on average a factor of ρȢωςπȢυ larger than particles of 

refractive index ρȢχ πȢπππφὭ. Both these factors, the size distribution and refractive index, are linked to 

combustion conditions. Finally, in Figure S3.8 we combine the size distributions of fresh/aged and 

flaming/smoldering combustion emissions along with the scattering efficiencies from Mie modeling to 

calculate scattering coefficients as a function of particle diameter for normalized size distributions (such 

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

from Figure S3.7 are truncated to φψυ nm to match the upper size limit of the SMPS. In Figure S3.8A, for 
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particles of refractive index ρȢχ πȢπππφὭ, the area under the curve is ρρϷ larger for aged smoldering 

emissions compared to fresh smoldering emissions and ςϷ larger 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 if ςφϷ (τσϷ) between fresh (aged) flaming 

and smoldering emissions. These observations help explain, at least in part, the reduced scattering 

response to flaming emissions versus smoldering in Figure 3.2.  

3.4.2 Evaluation of integrated measurement methods evaluation from quasi-field experiments 

Based on these evaluations, it is clear that integrated filter-based measurements should be the main basis 

for quantitative comparison. Figure S3.10A and B plot the PM2.5 derived from the MicroPEMS 

nephelometer (optical) against the 25 mm PTFE Teflon (gravimetric) and show strong linear correlations 

(ὶ πȢωτ) across the different stove types and protocols for fresh and aged aerosol respectively. The 

consistency in this correlation provides a basis for using the filter measurements to post-correct optical 

data, on a per-experiment basis. The slopes of the fits for the fresh and aged aerosols are similar with the 

nephelometer PM reading between 4π υπϷ lower than the filter on average.  

Figure S3.10C and D plot PM EFs based on ςυ and τχ mm PTFE filters indicating a high degree of 

consistency (ὶ πȢωχ) for both fresh and aged conditions. The slopes of the fits are both close to unity 

with the confidence intervals on the intercepts include zero, indicating close agreement between the two 

gravimetric methods. However, we see from these plots that the 47 mm PTFE filters generally predict 

higher EFs than the 25 mm. This bias is very similar across fresh and aged aerosol (πȢφππȢττ for fresh 

and πȢφρπȢτχ for aged). Potential physical sources of this bias could be due to differences in the size 

cut of the cyclones, uncertainties in flow rates, losses in the flow path of MicroPEMS or evaporative 

losses of POC from the filter housed in the MicroPEMS. The fact that differences are consistent in 

direction despite different MicroPEMS units and cyclones suggests it is a fundamental difference between 

the two approaches and not a calibration issue.  

Figure S3.10E and F compare PM EFs derived from gravimetric measurement against thermo-optical 

methods for fresh and aged aerosol, respectively. We use OM/OC ratios specific to stove and type of 

aerosol (primary/aged) to compute PM from OC/EC analyses of filters (ὖὓ Ὁὅ ὕὅz

). Details regarding derivations of OM/OC ratios applied here are presented in Section S3.3 and 

Figure S3.11. Strong linear correlations (ὶ πȢωχ) along with slopes very close to 1 (0.98 for fresh πȢωω 

for aged), across both fresh and aged cases, indicate consistency between gravimetric and thermo-optical 
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methods adopted in this study. The modest offset from the one-to-one line of πȢφ πȢχ g kg of fuel-1 in 

the two fits may be attributed to non-carbon components like ions or ash from the combustion.  

Figure S3.10G and H compares light absorption from the MicroAeth with EC measured from filters using 

the OC/EC (thermo-optical). The optical response and filter EFs are well correlated for both primary and 

aged aerosol. From the slope of the fits, we infer that the mass absorption cross-section (MAC), defined 

as the ratio of the absorption coefficient to EC concentration, for the fresh (ψȢχ m2 g-1) and aged (10.3 m2 

g-1) tests are similar. These observations suggest that the integrated measurement methods employed were 

reasonably consistent and variations in these estimates may be used to constrain observed aerosol EFs. In 

the sections below, we present the results of the quasi-field experiments using the 47 mm measurements 

and optical measurements from the MicroPEMS corrected by the inset 25 mm Teflon filter for real-time 

data evaluation.  
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3.4.3 Fresh emissions characteristics of plancha-type stoves 

 

Figure 3.3: A) Fresh PM EFs measured from 47 mm filters (gravimetric) plotted against the MCE for all 

stoves (delineated by color) and stove operating protocols (delineated by shape). The dashed black line 

fits the PM EF and MCE data showing anti-correlation. The faded markers show fresh PM EF vs MCE 

data from literature for comparison (Johnson et al. 2008; Medina et al. 2017a; Reece et al. 2017) B) 

Emission factors of fresh and aged PM and components for each stove group (also delineated by color); 

bars on the left in show the test averaged components of total PM ï EC, POA and SOA represented as 

EFs obtained from thermo-optical methods. The error bars show the standard deviation in the measured 

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

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

aged PM. 

Figure 3.3A shows test-average fresh (unaged) PM EF plotted against MCE for the three stoves and two 

protocols tested. PM EF is anti-correlated with MCE as typically observed (Jetter et al. 2012; Just et al. 

2013; Preble et al. 2014; Reece et al. 2017). Amongst the stoves in our study, the ONIL had the highest 

MCE and lowest PM EF. The 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 TSF and Patsari from 

our experiments were above 2 kg hr-1 while the ONIL was less than 1.5 kg hr-1 (Figure S3.12A). Across 

the operating protocols, we observe the largest variability in TSF emissions, likely due to the relatively 

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 stoves in favor of operation of the standardized WBT which results in 
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wasted heat. Figure S3.12B shows that operation under the CBC protocol generally resulted in a higher 

wood combustion rate compared to the WBT. Our results are reasonably consistent with those from 

similar stove types from tests performed in the lab and simulated kitchen environments (Johnson et al. 

2008; Medina et al. 2017a). Figure 3.3B shows the average primary PM EF and POA and EC EFs from 

thermo-optical measurements alongside gravimetric PM EFs. The TSF had higher PM, POA and EC EFs 

than the plancha type stoves. Mean Patsari and ONIL EC (OM) EFs were lower by ḐρωϷ (φυϷ) and Ḑ

τωϷ ψσϷ) than TSF EFs, respectively. Other information on fresh emissions are listed in Table S3.2. 

3.4.4 Aged emissions characteristics of plancha-type stoves 

 

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 represent observations from laboratory experiments (Sinha et al. 2020 in prep). 

OA ERs are derived from integrated thermo-optical filter measurements on a per-test basis. Average OA 

ERs are presented from Sinha et al. 2020 with the error bars showing the standard deviation in mean OA 

ER and MCE. The solid black 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 exposure for all stoves and testing protocols. OA ERs 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 protocols ï WBT (circles) and CBC 

(triangles).  

Figure 3.4A presents the OA enhancement ratio (OA ER) derived from thermo-optical filter 

measurements versus test averaged MCE for all stoves and testing protocols. We observed net increases 
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in OA mass for all stoves, testing protocols and aging conditions studied, indicated by OA ERs greater 

than 1. No distinct difference in OA ER were observed across the stove protocols and thus we consider 

WBT and CBC results together for the discussion below, unless explicitly stated otherwise. The largest 

OA ERs, ranging from ρȢχυ to ςȢυ, were observed for ONIL (highest MCE) while the smallest ranging 

from ρȢςυ to ρȢυ are recorded for the TSF (lowest MCE). Our previous lab results suggest that more 

efficient combustion devices (operating at higher MCEs) result in lower amounts of enhancement upon 

aging, likely due to lower emissions of VOC precursors (Reece et al. 2017). To compare the observations 

from the current study to these previously observed trends, we also plot peak OA ERs for three stoves - 

TSF, Chulika (natural draft stove) and Philips (forced draft stove) from separate lab experiments in Figure 

3.4A (Sinha et al. 2020 in prep). The lab data indicate a strong trend of decreasing OA ERs with MCE, in 

contrast with field observations, which indicate a weak increase. The average MCE of the Chulika and 

TSF, the less-efficient stoves from the lab study, are comparable to those for the ONIL, the most efficient 

stove in the current study (average MCE of πȢωφ for Chulika compared to πȢωυ for ONIL). Chulika test 

OA ERs ranged up to ς at peak enhancement, consistent with OA ERs from ONIL tests in this study. In 

contrast, the OA ERs in the ófieldô TSF tests were lower by χπϷ compared to peak OA ER from TSF lab 

tests.  

Figure 3.3B shows averaged SOA EFs (SOA formed normalized by fuel use, not a true EF) for the stoves 

studied here. As noted previously, we observed SOA formation in all cases, with a trend of larger SOA 

EFs for stoves of lower MCEs (Figure 3.5), in contrast to the OA ER results in Figure 3.4. The largest 

SOA EFs were recorded for the TSF with mean Patsari and ONIL SOA EFs lower by τχϷ and 

φρϷ respectively. To better understand net atmospheric impacts of stove operation, EFs and fuel used 

together yield emission rates as shown in Figure S3.13. Test-average SOA emission rates (to account for 

fuel use) for the Patsari and ONIL were τφϷ and χσϷ lower than those for TSF, respectively. Relative 

reduction in Patsari vs TSF SOA EFs and emission rates is about the same for since the wood combustion 

rates for the two stoves are similar (Figure S3.12A).  

Figure 3.4B shows OA ER as function of integrated OH exposure for all stoves where each marker 

represents test-average OA ER calculated using OC measurements from filters and OM/OC ratios derived 

from Figure S3.11. The test-average OH exposures ranged between approximately υ ρπ and 

ς ρπ molecules cm-3 s-1, corresponding to τ and ρτ days of equivalent aging in the atmosphere 

(assuming a daily average OH concentration of ρȢυ ρπ molecules cm-3). To help interpret the variation 

of OA ER with OH exposure in the current study, Figure 3.4B also plots OA ERs obtained from óbatchô 

experiments in the lab for three stoves ï TSF, Chulika and Philips where OH exposure was systematically 

varied for a given óbatchô by changing OFR bulb intensities. Such variation was not possible in the field 
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experiments, in which the OFR was run óon-lineô during stove tests.  In the lab experiments, OA ER 

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

subsequently decreases with increases in OH exposure (Reece et al., 2017). The OH exposures in the lab 

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

Patsari experiments, the OA ERs decrease with increased OH exposure while for the TSF and ONIL, 

there is either no change or a modest increase in OA ER with OH exposure 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 listed below. 

3.4.5 Real-time fresh and aged emission characteristics 

 

Figure 3.5: Real-time 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. The stove types are delineated by color. Each marker 

within a stove group represents 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 consider the real-time measurements and what they can reveal relative to the integrated filter 

measurements discussed in the previous sections. The real-time measurements discussed below are 

condensed by averaging data organized into percentiles of MCE groups unless explicitly stated otherwise 

(approach described in Section 3.3.4 and Section S3.2). Figure S3.15A shows the PM EF from fresh real-

time data versus MCE for each of the stove types. As in Figure 3.3A, fresh PM EF is anti-correlated with 

MCE. Figure S3.15A also plots the integrated filter measurements showing that while the two approaches 

trend consistently, the real-time measurements capture greater variation in combustion conditions, 

including the ñlow tailò MCE observations (MCE πȢψψ). Figure S3.15B shows the anti-correlation of 
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MCE and SSA using the same approach, consistent with the expected trend also observed in other studies 

(Wathore et al. 2017). These plots for fresh emissions help validate and highlight the utility of analyzing 

ñcondensedò real-time data to obtain a more complete picture of the underlying signal. 

Figure 3.5A shows the anti-correlation between SOA EF (calculated 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 trend but real-time 

measurements capture ñlow tailò MCE observations as well. Plotting SOA EF as a function of OH 

exposure revealed no discernable trends upon grouping data based on MCE, OH exposure, OHR or SSA. 

PM ERs were also calculated based on real-time data grouped by MCE (along with other parameters), 

with ER values calculated from percentile bin values of fresh and aged PM concentrations. Figure 3.5B 

plots the PM ERs vs MCE and shows an increasing trend, broadly consistent with integrated 

measurements as well as the OA ER vs MCE trend in Figure 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 TSF tests were generally lower than those for the Patsari and ONIL, largely due to 

substantially higher OHR values during these tests.  

3.4.6 Contrasting field and lab OFR observations 

From this study, we observed instances were field operation of the OFR resulted in different 

magnitudes/behavior of aged aerosol from cookstove emissions relative to lab studies. For example, OA 

ERs from ófieldô TSF tests were lower by χπϷ compared to peak OA ER from ólabô TSF tests. These 

differences could be either due to the preferential loss of vapors from TSF emissions in the transfer duct 

prior to aging in the OFR or because of the preferential loss of particles of plancha stove emissions in the 

duct resulting in higher enhancements relative to the TSF. However, OFRs are complex systems with 

multiple non-linear dependencies that can be affected by the mixture sampled and the sampling 

conditions. In this section we consider the effects of different parameters that may have played a role in 

dictating aging behavior in the field such as 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 non-ideal reactor operation. 

An important parameter that influences OH exposure, representing the simulated atmospheric aging, is 

OHR. OHR added to the system can result in the suppression of the OH radical and subsequently decrease 

the OH exposure (relative to a case where no OHR was added). Both experimental and modeling studies 

have shown that higher OHR results in OH radical suppression and reduced OH exposures (Li et al. 2015; 

Ortega et al. 2013; Peng et al. 2015; Tkacik et al. 2014). Our estimates of OH exposure and OHR are 
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plotted in Figure S3.16A showing a negative relationship. Higher OH exposures could have been 

achieved in our system with extra dilution stages to reduce the high OHR from the combustion sources 

explored here. Figure S3.17 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 help identify regimes under which aging may be 

suppressed. Higher fuel feed rates (πȢπυ to πȢρ kg of wood s-1) primarily only show higher OHRs at lower 

MCEs. However, at lower combustion fuel feed rates (πȢππρ to πȢπς kg of wood s-1) we see that for the 

TSF and Patsari, lower OHRs are possible at lower MCEs (MCE πȢω). 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 regimes ï low and high fuel rate conditions. The lower OHRs under this regime for these 

two stoves result in 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 

where OH suppression played a larger role.  

Figure S3.16B shows that the TSF has the opposite trend in PM ER vs MCE compared to the other two 

stoves. It is possible that functionalization reactions are dominating for the TSF 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 

measurements where OA ERs decreased with increased OH exposure, potentially indicating the 

dominance of fragmentation reactions (Lambe et al. 2012). Alternatively, the cleaner stoves (Patsari and 

ONIL) may be precursor-limited 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 differences in these PM ER trends challenging. 

(Peng and Jimenez 2020) highlight several undesired processes or lack of desired processes for the 

simulation of tropospherically relevant aging in an OFR (OFR-185) under low NOx conditions. Here, we 

consider the influence of an important subset of these issues in increasing order of severity for our 

system: 1) insufficient condensational sink 2) insufficient peroxy radical (RO2) isomerization 3) excessive 

contribution of the RO2 + OH to total RO2 fate 4) non-tropospheric VOC photolysis. The issue of 

insufficient condensational sink (issue 1) has been addressed previously for our system (Reece et al. 

2017). Briefly, the condensational sink in our experiments is sufficient large to mitigate kinetically 

limited OA growth/gas condensation. Issues 2) and 3) are combated by employing reactor conditions of 

lower RH and higher OHR. Figure S3.14 shows the RH and OHR for our OFR operation in the context of 

modeling work done by (Peng et al., 2016) for ósafeô OFR operation. Modeling work by (Peng et al. 

2018) shows that OHRs ρππ ί  promote both greater RO2 lifetimes in the reactor (for sufficient 
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isomerization) along with lowering the relative importance of RO2  OH to RO2 fate. These conditions 

are realized across our experimental matrix (with OHRs ρπππ s-1) and thus undesired RO2 related 

issues are likely not a major factor in our aging experiments. The issue of non-tropospheric VOC 

photolysis (issue 4) likely causes the largest deviation from ideal aging conditions in our experiments. 

High RH and low OHR conditions (contrary to requirements for issues 2 and 3) are required to minimize 

the effect of this reaction pathway. While our experiments lie within the prescribed RH range, the OHRs 

in our study are higher by approximately two orders of magnitude. At these conditions, the fractional 

importance of the reaction rate of VOCs like benzene with photolysis vs reaction rate with OH could be 

up to ςπϷ signifying significant non-tropospheric VOC photolysis. Photons at these shorter wavelengths 

(ρψυ and ςυτ nm) are highly energetic and can induce VOC dissociations and isomerizations that 

photons in the visible range cannot. We speculate that these dissociations could lead to lower SOA yields. 

However, other studies have found that while failure to meet some requirements of OFR operation for 

atmospheric relevance alter chemical compositions at the molecular level, they do not have strong 

impacts on bulk properties like yields of OFR-produced SOA and thus, observation from the current 

study may still be useful (Peng and Jimenez 2020).  
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3.5 Supplementary information 

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

We used the model developed in (Reece et al. 2017) to estimate OH exposure based on the work by (Li et 

al. 2015) designed for the PAM reactor. The functional form is given by:  
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Eq S1 

ὕ  is the ozone concentration (molecules cm-3), Ὄὕ is the water vapor mixing ratio (%), ὸ is the 

residence time in the reactor (s), and ὕὌὙ is the external OH reactivity (s-1). The parameters (ὥ Ὢ) were 

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

across a range of conditions of varying bulb intensities, water mixing ratios and OHRs in (Reece et al. 

2017). However, the range of OHRs from these characterization experiments were σππ s-1 and 

therefore lower than the OHRs from the current study (which frequently exceeded ρπππ s-1). Figure 

S3.4A shows application of the (Reece et al. 2017) model on observations from characterization 

experiments from which the model was built (indicated by OHR < σππ s-1) as well as data from this study 

(OHR  σππ s-1). We see that predictions from the model and the tracer are reasonably consistent up till 

OHR of 300 s-1 (indicated by a ratio of OH exposure from model to OH exposure from tracer Ḑ ρ of the 

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

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

 σππ s-1), it does a poor job in matching observations of OH exposure estimated from the tracer. In order 

to account for these observations, the model above was refit with observations from the characterization 

experiments from (Reece et al. 2017) as well as observations from the current study (parameter estimates 

for the two models are in Table S3.3). Figure S3.4B shows the performance on test sets, the data for 

which the model was not trained on, via 5-fold cross validation. We see that almost for all observations, 

the predictions are bound within the 1:3 and 3:1 lines. Finally, Figure S3.4C plots estimates of OH 

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

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 points in the Figure S3.4A 

also show that the ratio of OH exposure from the model to OH exposure from tracer is close to 1 at OHR 

σππ s-1. Moreover, we observed that that our new model performs equally well as the model from 

(Reece et al. 2017) for observations with OHR  σππ s-1 given by comparable mean square errors.  
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S3.2 Real-time MicroPEMS data reduction 

In this work, we collected real-time data for several quantities - particle scattering measured by the 

MicroPEMS nephelometer for both fresh and aged aerosol, particle absorption CO and CO2 measure up- 

and downstream the OFR. To look for trends within the resulting, large real-time data set, we combine 

data from each stove type together and consider various binning approaches. First, we consolidated all 

measurements of a particular stove into a single data matrix. This approach allows for the accounting of a 

wide range of conditions arising from test-to-test variability for each stove. Next, we ranked the 

observations in the data matrix for each stove group according to a ógrouping variable (e.g., MCE, SSA, 

OHR or OH exposure). Finally, we segregate the observations in the data matrix for each stove group into 

percentiles based on the grouping variable and average the observations in each percentile bin. Figure 

S3.3 shows the dimensions of the data matrices involved to better elucidate this process. Step 1 shows the 

data matrices from each aging experiment ï the rows represent the number of observations that were 

recorded for each experiment while the columns represent the different variables (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 with 4898, 4386, 6555 and 7980 observations 

summing up to a single 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 variable. Figure S3.5 the result of this data reduction process. In this figure, we have 

100 markers for each of the stoves ï TSF, ONIL and Patsari with each dot representing the average MCE 

of all MCEs within that percentile 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 comparisons between profiles of different 

stoves. 

S3.3 Derivation 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 included an ACSM in the 

sampling ensemble. We used Ὢ  measurements from the ACSM with the óimproved-ambientô method to 

derive OM/OC from lab observations to estimate OM/OC for fresh and aged aerosol for three stoves 

spanning roughly the range of combustion efficiencies as in the current study (Aiken et al. 2008; 

Canagaratna et al. 2015; Reece et al. 2017). The derived OM/OC ratios for fresh and aged aerosol are 

plotted against MCE and are show in Figure S3.11 for the three stoves ï TSF, Chulika and Philips. For 

fresh emissions, we fit the TSF and Chulika (Philips not included in this fit) while for aged emissions, we 

fit the TSF, Chulika and Philips as per the equations in Figure S3.11. We used these fits to estimate the 
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OM/OC for the various stoves in the current study based on MCE. If MCE was outside the range of the 

modeled MCE, we used a stove-specific averaged OM/OC for those tests. Thus, we used the fit equations 

to interpolate within the modeled MCE range and not to predict OM/OC values outside this range.  

  



89 

Table S3.1: Measured quantities and associated measurement methods employed in laboratory (Reece et 

al. 2017) and field-based (current study) settings for fresh and aged aerosol. 

S. 

No. 

Measured 

Quantity  Fresh/Aged 

Laboratory 

Instrument  Field Instrument 

Measuring 

principle  

1 

PM mass 

Fresh ACSM   

Mass Fragment 

Apportionment 

    Quartz Fiber Filter Quartz Fiber Filter Thermo-Optical 

    

Teflon Fiber Filter 

(47mm) 

Teflon Fiber Filter 

(25 and 47mm) Gravimetric 

    PAX 

MicroPems 

Nephelometer Light scattering 

     

STEMS - 

TSL205R laser 

light sensor Light scattering 

  Aged ACSM   

Mass Fragment 

Apportionment 

    Quartz Fiber Filter Quartz Fiber Filter Thermo-Optical 

    

Teflon Fiber Filter 

(47mm) 

Teflon Fiber Filter 

(25 and 47mm) Gravimetric 

    PAX 

MicroPems 

Nephelometer Light scattering 

2 

BC mass 

Fresh PAX    Light scattering 

    Quartz Fiber Filter Quartz Fiber Filter Thermo-Optical 

    MicroAeth MicroAeth Light scattering 

  Aged PAX    Light scattering 

    Quartz Fiber Filter Quartz Fiber Filter Thermo-Optical 

    MicroAeth MicroAeth Light scattering 

3 
Size Distribution 

Fresh SMPS N/A   

  Aged SMPS Nano-SMPS   

4 Particle 

Composition 

Fresh ACSM N/A   

  Aged ACSM N/A   

5 Carbon Dioxide Fresh STEMS CO2 Vaisala 

STEMS CO2 

Vaisala   

  Aged LICOR LICOR   

6 Carbon 

Monoxide 

Fresh CO monitor 

Alphasense CO-

BX sensor   

  Aged CO monitor 

Alphasense CO-

BX sensor   

7 

Ozone  

Fresh N/A N/A   

  

Aged 

Ozone 2B tech Monitor 

Ozone 2B tech 

Monitor   
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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 each phase of the testing procotols ï 

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

value calculated from background corrected CO and CO2. The EC and OC EFs are based on fresh filters 

collected by the STEMS using thermo-optical methods analyzed by the Sunset OC/EC analyzer. The tests 

conducted on 25-Jun-18 were for diagnostic purposes and results for these are not enclosed in this study. 

 

Table S3.3: Parameters for OH 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 study extend the range of the model for 

predictions of high OHRs (OHR  s-1) which were outside the range of initial characterization 

experiments. 

 

S. No. Date

Stove 

Used Protocol

Moisture 

content (%) Fuel Used (g) MCE

CO EF (g/kg 

of fuel)

CO2 EF (g/kg 

of fuel)

EC EF (g/kg 

of fuel)

OC EF (g/kg 

of fuel)

1 25-Jun-18 12.1 2364

2 25-Jun-18 12.5 3440

3 26-Jun-18 12.1 3322 0.94 70 1723 0.86 0.82

4 27-Jun-18 18.0 3684 0.90 116 1652 2.53 1.69

5 27-Jun-18 16.0 3572 0.89 127 1634 2.63 2.27

6 2-Jul-18 12.7 4196 0.92 92 1689 1.19 0.53

7 2-Jul-18 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 1.01 0.54

10 28-Jun-18 13.4 2480 0.96 51 1753 0.84 0.52

11 28-Jun-18 15.2 2558 0.95 53 1749 1.72 0.76

12 4-Jul-18 13.7 3898 0.96 49 1757 0.46 0.41

13 4-Jul-18 13.3 2737 0.95 59 1740 0.77 0.16

14 29-Jun-18 13.2 2373 0.92 90 1692 3.98 0.49

15 29-Jun-18 15.0 2260 0.92 99 1678 2.03 3.38

16 5-Jul-18 14.2 4011 0.92 98 1679 0.93 2.91

17 5-Jul-18 13.8 3904 0.93 86 1699 0.54 2.70

18 6-Jul-18 13.6 4035 0.93 86 1698 0.68 2.01

Patsari

WBT

CBC

Oneil

TSF

WBT

CBC

WBT

CBC

OH exposure model 

parameters

Parameters from 

Reece et al. 2017

Parameters from 

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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Figure S3.1: Cookstove models (L to R): three stone fire (TSF), plancha type stove ï Patsari; plancha 

type stove ï ONIL.  

 

Figure S3.2: Schematic of experimental setup employed in a quasi-field setting. Red box indicates fresh 

emissions measurements (upstream of OFR). Green box indicates aged emissions measurements 

(downstream of OFR) 
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Figure S3.3: Schematic of steps involved for the reduction of real-time observations to ñsummarizedò 

view. Step 1 shows the individual 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. Step 2 consolidates the data matrices of the same 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 are calculated in each percentile 

bin for each 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 characterization experiments from Reece et al. 2017 

(primarily observations with OHR  s-1) as well as observations from the current study (primarily 

observations with OHR  s-1). The blue markers plot these ratios using the model from Reece et al. 

2017 while the red markers represent the model developed in this study. The dashed black 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 developed in this study plotted against the OH exposure 

estimated from tracer decay. We performed 5-fold 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 and 3:1 lines C) 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 presented in Table S3.3. The solid black line shows the 1:1 line and 

the dashed black lines shows the 1:3 and 3:1 lines. 
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Figure S3.5: Real-time MCE observations from all experiments consolidated by stove type and organized 

into averages of percentile ranked bins. The error bars show the standard deviations in each of the 

percentile bins. 

 

Figure S3.6: Normalized size distributions (▀╝▀■▫▌╓▬) 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 average ▀╝▀■▫▌╓▬ from SMPS scans taken during combustion emissions 

characterization experiments while the error bars show the standard deviation in the scans.  
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Figure S3.7: A) Scattering efficiency from Mie modeling as a function of particle diameter for 

combinations of a range of refractive indices. The blue lines show the scattering efficiency for a real part 

refractive index of ρȢυσ while the red lines are for ρȢχ. The solid continuous line shows the scattering 

efficiency for Mie modeling results where the imaginary part of the RI was assumed to be πȢπππφ while 

the dashed lines are for πȢςρ. B) Scattering efficiency from Mie modeling as a function of particle 

diameter for the same real part of refractive index (ρȢχ) and a range of imaginary part of refractive indices 

(πȢπππφ ɀ πȢςρ). The darker (thicker) lines represent larger imaginary parts of the refractive index while 

the lighter (thinner) lines represent smaller imaginary parts of the refractive index. 
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Figure S3.8: Scattering coefficient calculated from the size distributions collected for flaming and 

smoldering combustion (Figure S3.6) and scattering efficiency from Mie modeling (Figure S3.7) 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 imaginary component of refractive index (scattering) and the changes in size distribution 

represented by fresh-aged pairs, though not changes in amount: A) ρȢχ  πȢπππφὭ B) ρȢχ  πȢςρὭ C) 

ρȢυσ  πȢπππφὭ D) ρȢυσ  πȢςρὭ. The continuous solid lines represent flaming emissions 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 from the MicroPEMS plotted against the scattering coefficient from the 

PAX for A) fresh ï smoldering emissions B) aged ï smoldering emissions C) fresh ï flaming emissions 

D) aged ï flaming emissions. Orange shades show fresh emissions while green shades show aged 

emissions. Dark orange and dark green show smoldering emissions while light orange and light green 

show flaming emissions. 
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Figure S3.10: A, B) PM EF calculated from the MicroPEMS nephelometer (using 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 Teflon filter plotted against 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 reconstructed using OC and EC 

measurements from thermo-optical measurements for fresh (E) and aged (F) emissions. G, H) Absorption 

coefficient presented as an EF plotted against EC EF from thermo-optical 47 mm filter measurements for 

fresh (G) and aged (H) emissions. The thick red dotted line shows 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 stove types ï TSF (black), 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 stoves ï TSF (black), Chulika (red) and 

Philips (blue) based on laboratory data from Reece et al. 2017. OM to OC ratios were obtained by 

applying the óimproved-ambientô parameterization from █  measured by an ACSM (Aiken et al. 2008; 

Canagaratna et al. 2015). The faded points represent fresh aerosol while the darker points show aged 

aerosol. The solid orange line 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: Fuel-use in terms of wood combustion rate averaged by A) stove types and B) stove-

protocol types. Wood combustion rate was calculated by summing up the total amount of wood used 

during the test (sum of each phase of the protocols) and dividing by the total test duration. The stove 

types are delineated by color. The protocols are delineated by marker shape ï WBT (circle) and CBC 

(triangle). 
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Figure S3.13: Emission rates of PM and its components for all stove types. The bars on the left in each 

stove group (also delineated by color) show the test averaged components of total PM ï EC, POA and 

SOA represented as ERs ï calculated from EFs multiplied by the wood combustion rates. The error bars 

show the standard deviation in the measured SOA ER. The bars on the right in each stove group show test 

averaged fresh (grey) and aged PM (green) ERs from gravimetric filter measurements. The error bars 

show the standard deviation in total aged PM. 
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Figure S3.14: External OHR and water mixing ratio of the sampled air stream for all the experiments 

shown within OFR operational condition ózonesô defined by (Peng et al. 2016) 

 

Figure S3.15: Real-time data presented as averages of percentile MCE 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 represents an average of the percentile group by sorting the collated data for 

that stove by MCE. The darker colored markers in B) show the integrated test averages from filters 
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Figure S3.16: A) Real-time data presented as averages of percentile MCE groups on a per stove basis 

showing OH exposure estimated 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 organizing the collated data 

for that stove by MCE. B) Real-time data presented as averages of percentile 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 the percentile group by organizing the collated data for that stove by OHR. 

Each marker in a stove group are colored by average OH exposure corresponding to the percentile that the 

marker represents. 
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Figure S3.17: MCE vs OHR calculated from real-time data, presented as averages of OHR-ranked data, 

separated by stove type. Each marker within a stove group represents an average of the percentile group 

by organizing the collated data for that stove by OHR. The blue lines show contours of MCE vs OHR for 

fuel rates ranging from 0.0001 kg wood/second to 0.1 kg wood/second. 
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Chapter 4 Development of Volatility 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 partitioning and aging. The gap between 

measurements and models predicting secondary organic aerosol (SOA) has been partially attributed to the 

absence of semi- and intermediate volatility organic compound (S/I-VOC) in models and measurements. 

It is now well understood that biomass burning emissions contribute to the atmospheric OA burden in a 

significant way. However, S/I-VOCs emitted from these sources and typically quantified using the 

volatility basis framework (VBS) are not well understood. For example, the amount and composition of 

S/I-VOCs and how they are influenced by different sources such as residential woodstoves, open field 

burns, and laboratory simulated open burning emissions are uncertain. To address this, we collected filter-

in-tube sorbent samples from biomass burning experiments using a range of fuels and combustion 

conditions. The combination of filter and sorbent is subsequently analyzed using thermal desorption gas 

chromatography-mass spectrometry (TD-GC-MS) for targeted and non-targeted analysis of compounds 

with a wide range of volatilities (saturation concentration, ς ὰέὫὅᶻ φ). We project the S/I-VOC 

measurements onto the VBS framework to gain insight into the gas-particle partitioning. Amongst the 

sources, derived volatility distributions showed consistency with IVOCs dominating the volatility 

distributions accounting for χυϷωπϷ of the total captured organic matter, while SVOCs and LVOCs 

were responsible for φϷ ρσϷ and ρϷ ρςϷ respectively. The distributions and predicted 

partitioning were generally consistent with previously derived volatility distributions in literature. 

Particulate matter emission factors (PM2.5 EFs) spanned two orders of magnitude across the biomass 

burning sources. This work highlights the potential of inferring gas-particle partitioning behavior of 

biomass burning emissions using filter-in-tube sorbent samples analyzed offline.  The filter-in-tube 

approach simplifies both sampling and analysis of sorbents for studies focused on capturing the full range 

of organics being emitted. 

4.2 Introduction  

Emissions from biomass burning significantly influence gas and particle concentrations globally (I.P.CC. 

2014). These emissions include major greenhouse gases like CO2, air pollutants like CO, and volatile 

organic compounds (VOCs) capable of undergoing photo-oxidation to form secondary products. The 

 
* To be submitted to: Aerosol Science and Technology as ñSinha, A., George, I. J., Holder, A., Hays, M., and 

Grieshop A. P.: ñDevelopment of volatility distributions for organic matter in biomass burning emissionsò 
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products of incomplete combustion from these emissions also result in the emission of fine particles or 

particulate matter smaller than ςȢυ ‘m (PM2.5). PM2.5 is an important atmospheric pollutant that has large 

yet uncertain impacts on climate (Pachauri et al. 2015), air quality (Fuzzi et al. 2015) and adversely 

affects human health (Health Effects Institute 2019; Pope et al. 2009). Modeling studies have shown that 

biomass burning emissions make substantial contributions to ambient air pollution (e.g. ͯ ςπυπϷ of 

PM2.5 in India) (Chowdhury et al. 2019; Conibear et al. 2018). Primary organic aerosol (POA) forms an 

important component of PM2.5 with biomass burning emission contributing Ḑχυ% of the global POA 

(Bond et al. 2013). It is now well understood that biomass burning POA is semi-volatile in nature, i.e., the 

organic compounds that constitute POA can partition between the gas and particle phases (Grieshop et al. 

2009; May et al. 2013a; Robinson et al. 2007; Shrivastava et al. 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 for gas-particle partitioning in 

emissions inventories can have important implications on predictions of global chemical transport models 

for more accurate depictions of atmospheric conditions. Gas-particle partitioning also creates 

inconsistencies in the definitions of particulate organic matter between regulatory measurements and air 

quality research models/measurements (Denier van der Gon et al. 2015; Robinson et al. 2010). However, 

only a few studies have made attempts to constrain partitioning behavior of biomass burning POA.   

The gas-particle partitioning of POA in the atmosphere is dictated by the absorptive partitioning theory 

(Donahue et al. 2006; Pankow 1994). This theory can be used in a semi-empirical fashion with a set of 

surrogate or lumped species that describes the measured partitioning behavior of emissions (Grieshop et 

al. 2009; Shrivastava et al. 2006). This surrogate set of compounds is often represented using a one-

dimensional volatility basis set, VBS (Donahue et al. 2006), which distributes organics over a 

logarithmically spaced set of bins of effective saturation concentration, ὅᶻ. In this framework, resolution 

of POA at a molecular level is not a requirement as surrogate bins describe the properties of compounds 

lumped in the bin (like saturation concentration). At phase equilibrium, the OA emission factor (ὉὊ ) 

and the mass fraction of organic emissions residing in the particle phase (ὢ ) can be expressed as: 

ὢ ВὪ ρ
ὅᶻὝ

ὅ

ὉὊ

ὉὊ
 ȣρ 

where ὅᶻὝ is the effective saturation concentration of species Ὥ at temperature Ὕ, ὅ  is the ὕὃ 

concentration, ὉὊ  is the emission factor for OA, Ὢ is the mass fraction of species Ὥ, and ὉὊ  is the 

emission factor of all lower-volatility organics (particle and gas phase). 
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Semi- and intermediate volatility organic compounds (S/I-VOCs) play an important role in describing 

gas-particle partitioning from biomass burning emissions. S/I-VOCs have also been shown to be 

important precursors for secondary organic aerosol (SOA) formation and play a key role in reducing the 

gap between measurements and models predicting SOA formation (Morino et al. 2018; Robinson et al. 

2007). However, there is significant complexity involved with quantitative collection and chemical 

analyses of measuring IVOCs. A vast majority of IVOCs typically elute in the chromatogram as 

unresolved complex mixtures (UCM) which is material that co-elutes and cannot be separated into 

individual compounds (Schauer et al. 1999; Zhao et al. 2014). This is because IVOCs, typically consisting 

of compounds with carbon numbers greater than ρπ, are associated with a larger number of constitutional 

isomers, making them harder to resolve using traditional GC methods. As a result, relatively few works 

have explored the speciation of S/I-VOCs in both gas and particle phases from biomass burning 

emissions. Studies looking at controlled/closed burning include (Schauer et al. 2001) who reported gas 

and particle phase S/I-VOCs for three types of residential wood combustion (RWC) while (Gaston et al. 

2016) conducted online measurements from RWCs in real-time. Others have also explored emissions 

from uncontrolled/open burning emissions - (Hays et al. 2002) explored emissions from six foliar fuels 

and (Mazzoleni et al. 2007) investigated a range of fuel types and burning conditions, including 

laboratory, fireplace and prescribed fires. A key observation from these studies that speciate S/I-VOC 

measurements is that they typically only capture a small fraction of the total mass with the remaining 

fraction being apportioned to 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 methods offer little chemical detail in their measurements 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 methods have been utilized to estimate volatility distributions of combustion emissions over the 

last decade. The positive artifact on quartz filters has been used to provide an estimate of gas-particle 

partitioning (Jathar et al. 2019; Li et al. 2016; May et al. 2013a; b; c; Shrivastava et al. 2006). Isothermal 

dilution and temperature perturbations using thermodenuders have been used to constrain gas-particle 

partitioning of biomass burning aerosol from wood smoke emissions (Grieshop et al. 2009) and 

laboratory fires for a variety of fuels (May et al. 2013a). (Riipinen et al. 2010) showed that equilibrium 

assumptions should not be used when using thermal denuder systems by rather apply kinetic equations for 

more accurate volatility distribution estimations. More recently, (Fujitani et al. 2020) estimated volatility 

distributions of sewage incineration emissions using measurements from online mass spectroscopy, 

capable of measuring low concentrations of gas- and particle phase organics in real-time. Another 

strategy has been collection of sorbent tubes analyzed offline using thermal desorption gas 
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chromatography mass spectrometry (TD/GC/MS) to infer POA volatility via separation across the 

retention time in the GC column (Jathar et al. 2019; Presto et al. 2012; Worton et al. 2014; Zhao et al. 

2014, 2015, 2016) from 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 modeling (Jathar et al. 2019; May et al. 2013b) for diesel 

and gasoline emissions. This method allows for the estimation of organic aerosol volatility from a single 

sample and thus offers an important advantage over more resource intensive 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 the filter placed inside the tube allowing for the 

collection of both gas and particle phase organics to be analyzed together in the TD/GC/MS have not 

been previously done for biomass burning emissions. This filter-in-tube approach would simplify both 

sampling and analysis of sorbents for studies focused on capturing the full 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 wide range of volatility. A few studies have 

constrained the volatility distributions of biomass burning POA emissions. (Grieshop et al. 2009) 

characterized gas-particle partitioning from wood smoke while (May et al. 2013a) performed laboratory 

burns for ρυ fuels over a range of combustion conditions. The recommended distributions derived in 

(May et al. 2013a) have been used in several modeling studies (Ciarelli et al. 2017b; a; Jiang et al. 2020). 

(Cappa and Jimenez 2010) obtained distributions for open-burning emissions via factor analysis of 

ambient and thermally denuded OA. (Hatch et al. 2018) showed the use of Solid Phase Extraction (SPE) 

filters for untargeted analysis of gas-phase S/I-VOCs 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 S/I-VOCs and how they are influenced by factors 

like fuel type and combustion conditions. Moreover, validation of fresh emissions from lab simulated 

open burning with actual in-field burning is lacking. Thus, there is a need to measure partitioning 

parameters across a broader range of biomass 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 emissions ï open field burns, laboratory simulated open burns and 

different phases of residential wood combustion in a modern heating stove. The POA volatility was 

investigated using a calibration built from n-alkane standards in TD/GC/MS analyses. The objectives of 

this study are as follows: 1) develop 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 from n-alkane distributions in deriving volatility distributions from TD/GC/MS 

chromatograms 3) compare volatility distributions from different types of biomass burning using filter-in-

tube sorbent samples analyzed using a TD/GC/MS 4) make comparisons of the derived volatility 

distributions to existing distribution for biomass burning in literature. 

4.3 Materials and methods 

4.3.1 Experimental setup of combustion experiments 

Several different sample types were taken to capture a range of biomass burning conditions, including in-

field open burning, laboratory simulations of open burning, and laboratory testing of woodstoves. 

Emissions were sampled from three in-field burns of Tallgrass Prairie in the Flint Hills region of Kansas 

in April of 2019. Mobile measurement platforms were positioned immediately downwind of the burning 

field to capture fresh emissions (Figure S4.1A). Background air samples were taken on days when no 

burning occurred. Concurrent measurements of CO, CO2, PM2.5, and elemental (EC) and organic carbon 

(OC) were made using a portable sampling package described elsewhere (Aurell et al. 2011; Zhou et al. 

2017). Briefly, continuous measurements of CO2 were made with a nondispersive infrared sensor (RMT, 

DX6220 mini) and CO with an electrochemical sensor (SGX, EC4-500). Batch samples of Teflon (Teflo, 

Pall) and quartz (Tissue Quartz, Pall) 47 mm filters with a PM2.5 impactor inlet were taken simultaneously 

with a pressure compensating pump at ρπ LPM (Leland Legacy, SKC). EC and OC were quantified using 

the NIOSH 5040 protocol modified as described elsewhere (Khan et al. 2012).  

Fuel was collected from two locations in a conifer forest in northern and central Minnesota. The fuel 

samples consisted of four clip plots (two ρ m2 and two πȢςυ m2) consisting of mostly moss and tree litter. 

Open biomass burning was simulated in an open burn test facility (OBTF or burnhut) on the EPA campus 

in Research Triangle Park, NC (Grandesso et al. 2011) (Figure S4.1B). The OBTF is a 70 m3 room 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 overnight in an oven before burning. Fuels 

were evenly dispersed across a 0.5 m2 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 

smoldering combustion front propagating across the core. Emissions measurements were all taken in the 

exhaust duct at the same location. Batch samples for PM2.5, EC, OC were taken through a ϵò stainless-

steel sample probe and PM2.5 cyclone (URG). An aerosol splitter was used to split the sample between 47 

mm Teflon filters (Teflo, Pall) and 90 mm quartz filters (Tissue Quartz, Pall). S/IVOC and black carbon 

samples were taken through a ϴò stainless-steel sample probe. Continuous measurements of CO, CO2 
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(CAI, 600 series), NOx (EcoPhysics nCLD), and total hydrocarbons (THC) (CAI, 600 series) were taken 

through ϴò stainless-steel probe, heated filter, and heated Teflon sample line. A background sample of 

ambient air was taken in the duct with blower on. 

Residential wood combustion (RWC) emissions were sampled from an EPA 2015 certified woodstove 

(Englander, 30-NC) 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 opened and ending with a low fire 

phase where stove air inlets are fully closed. Tests 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 (nominally ρφò) and split 

into triangular pieces (ͯ πȢυ ɀ ςȢυ kg as specified in ASTM E3053). The test facility is described in detail 

in (Holder 2019) (Figure S4.1C). Briefly, stove emissions are captured by a hood into an exhaust duct and 

subsequently mixed with filtered air to reduce PM concentrations. Gas phase emissions (CO2, CO, THC, 

NOx, CAI 600 series) were sampled through a stainless-steel probe, heated filter, and heated sample line 

from the dilution duct. PM (τχ mm Telfo, Pall) and EC/OC (τχ mm tissue quartz, Pall) samples were 

taken from the duct through ϴò stainless steel probes. A secondary dilution system (DI-1000, Dekati) 

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 when the stove was not operating. 

S/I-VOC emissions were sampled using filter-in-tube sorbents near the source or in the exhaust stack at 

high pollutant concentrations (Figure S4.1). S/IVOC sampling media consisted of a glass Carbotrap-F and 

Carbotrap-C sorbent tube (Sigma-Aldrich) with previously baked (υυπЈ C for ψ hours) quartz filter 

punches (πȢσψυ cm2) placed in the tube (Gerstel) upstream of the sorbent to capture the particle and gas 

phase emissions. The Carbotrap F/Carbotrap C adsorbent tubes were also baked in a Gerstel TDS3 

thermal desorption system to thermally clean them. Prior to TD/GC/MS analysis, each tube was spiked 

with ρ microliter of a deuterated internal standard (Wisconsin State Lab of Hygiene Internal Standard #4, 

deuterated n-alkanes) to track analyte recovery. The internal standard contained six deuterated n-alkanes 

ranging from n-Pentadecane-d32 (C15H32) to n-Hexatriacontane-d74 (C36H74). A pump (Sensidyne Micro 

Air Diaphragm pump) and mass flow controller (Alicat, MC series) were used to sample at πȢπχ liters 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 of the sorbent material were analyzed 

using a thermal desorption gas chromatography mass spectrometer (TD/GC/MS) (Gerstel TDS2, MD, 

USA) that reports total ion chromatograms which can used to interpret the mass of gas- and particle-phase 

(i.e., total) S/IVOCs sampled. During desorption, the TD was ramped from an initial temperature of ςυЈ 
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C to a final hold temperature of σππЈ C (χ min) at φπЈ C second-1. The CIS was held at an initial 

temperature of ρππЈ C during sample transfer. The GC was equipped with an Agilent HP-5 MS 

capillary column (σπ m πȢςυ mm inner diameter). The GC method used a column flow of ρ mL min-1. 

The initial GC over temperature was fixed at φυЈ C (held for ρπ minutes) and ramped up to σππЈ C at a 

rate of ρπЈ C min-1 (held of ςφȢυ minutes). The MS was operated in scan mode and results are reported 

for all measured signal. Other operational details regarding TD/GC/MS operation are furnished in Table 

S4.1.  

Sorbent tubes were also prepared with calibration spikes for alkanes, PAHs, sugars and methoxyphenols 

with constituents listed in Table S4.2. Calibration spikes of ρπ ng of each compound in the standard 

mixture were prepared by diluting with a solvent, HIB solution (hexanes ï 40%, isopropanol ï 20%, 

benzene ï 40% by volume). After the spike, N2 was flown through the tube at υπ ml/min for ωπ seconds 

to ensure proper transfer across the adsorbent material.  

4.3.2 Chromatograph analysis 

Figure S4.11 shows a flow chart depicting the steps involved in the derivation of volatility distributions 

using the VBS framework from total ion chromatograms (TIC). In the first step, the TIC was corrected for 

column bleed and is divided into 29 roughly equal width bins in GC retention time space based on the 

elution time of n-alkanes ranging from C10-C38. The elution time of n-alkanes were used to define the 

volatility bin edges calculated as follow: if Cn represents the elution time of an n-alkane, the start point for 

the bin would be: (Cn + Cn-1)/2 and the end point would be: (Cn + Cn+1)/2. The only exceptions were the 

start of the C10 bin which was calculated as: ὅ ɀ
  

ɀὅ  and the end point of the C38 bin 

calculated as: ὅ ὅ
  

. n-alkanes were chosen for the basis of this calibrations for several 

reasons. First, since the GC column used a non-polar stationary phase, the retention times of aliphatic 

compounds corresponded to their boiling points and consequently, vapor pressures. Next, the saturation 

concentration of n-alkanes vary systematically with carbon number (Kroll and Seinfeld 2008; Presto et al. 

2012) and (Presto et al. 2012) also showed that there is an approximately linear relationship between 

retention time and saturation concentration for hydrocarbons measured by the same analytical protocol.  

In the next step, we calculated the integrated bin areas at each GC retention time from the TIC. The 

information from the previous step is used to ascribe a carbon bin number, corresponding to one on the 

ςω n-alkane bins from the previous step, to each GC retention time. In the third step, the integrated bin 

areas calculated from the previous step are summed together based on grouping by the same carbon bin 

number. Thus, at this stage the TIC has been reduced to ςω summed and integrated bin areas segregated 

by elution times of n-alkane. The response or recovery factor, defined as the ratio of peak area to 
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concentrations, are calculated using the deuterated internal standard and applied to the integrated bin 

areas to convert them to bin masses. We also defined and applied a minimum detection limit (MDL) as 

the bin area normalized to corresponding internal standards from blank runs of filter-in-tube samples. 

This binning approach allows us to calculate the mass fraction of total organics in each bin by calculating 

the relative fraction of the integrated TIC signal in each bin. 

In the final step, n-alkane carbon bins are converted to saturation concentration (ὅᶻ) by using a group 

contribution method, SIMPOL (Pankow and Asher 2008), to represent volatility distributions in terms of 

the VBS framework. An important assumption in this method is that the UCM, which dominates the TIC 

signal, behaves similar to n-alkane compounds used in our calibration. A similar approach was used by 

(Presto et al. 2012), where m/z 57 was used instead of the TIC while (Zhao et al. 2015, 2016) have 

employed this method using the TIC for determination of volatility distributions from vehicle emissions. 

This method captures the volatility distribution for all species which elute (in the UCM or otherwise) but 

cannot account for compounds which may not elute/only partially elute from the GC column (like some 

oxygenated compounds) (Section S4.1).  

4.3.3 Data reduction  

Fuel-based emission factors were calculated for particle-phase pollutants (PM2.5, OC, EC) using the 

carbon balance method described elsewhere (Wathore et al. 2017), to allow for comparison across 

different sources and fuels along with comparisons to literature. The emission factors in units of g of 

pollutant kg of fuel-1 were calculated by: 

ὉὊ
ɝὢ

ɝὅὕ

ὓὡ

ὡ
άὪȣς 

where ɝὢ and ɝὅὕ  are the background corrected pollutant and ὅὕ  concentration in ‘g m-3
 respectively. 

ὓὡ  and WC refer to molecular weight of ὅὕ (ττ g mol-1) and atomic weight of carbon (ρς g mol-1) 

respectively. We used a value of πȢυ for άὪ, the mass fraction of carbon consistent with other work. 

Modified combustion efficiency (MCE) was calculated using background corrected CO2 and CO values 

(ɝὅὕȾɝὅὕ ɝὅὕ).  
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4.4 Results and Discussion 

4.4.1 TD/GC/MS calibration with standard mixtures  

 

Figure 4.1: A) Estimated saturation concentration, Ἅᶻ as function of GC retention time for calibration 

compounds ï n-alkanes, PAHs, methoxyphenols, saturated acids and levoglucosan (delineated by color). 

Vertical dashed lines denote the boundaries of Ἅᶻ bins where the number at the top of the bins indicate 

ἴἷἯἍᶻ for each bin. B) Response factor for calibration compounds ï n-alkanes, methoxyphenols, PAHs 

and levoglucosan (delineated by color) as a function of the n-alkane equivalent eluting carbon bin. The 

solid black line represents a degree  polynomial fitted to describe the variation in response factors of n-

alkanes (equation printed in Figure S4.3) while the dotted black lines show the confidence interval on the 

fit. 

To interpret the full scan TICs from biomass burning emissions, we developed a calibration for ὅᶻ as a 

function of GC elution time for a suite of standard compounds including straight chained alkanes, PAHs, 

methoxyphenols, levoglucosan and saturated acids, presented in Figure 4.1A. ὅᶻ was estimated using 

SIMPOL (Pankow and Asher 2008) and Section S4.2 included discussion on this selection relative to 

other group contribution methods. We observe that within a series more volatile compounds (higher ὅᶻ) 

elute at shorter retention times and vice versa across all classes of compounds. This approach is analogous 

to the procedure in (Presto et al. 2012) who used a single ὅᶻ calibration curve can be used to bin the 

GC/MS data for aliphatic compounds and naphthalene into the basis set to translate m/z υχ 

chromatograms from vehicle emissions. Our calibration runs show that compounds in the PAH standard 

(Table S4.2) can be described by the same ὅᶻ calibration curve as n-alkanes while separate curves may be 

necessary for methoxyphenols and saturated acids. These differences may be driven by differences in 
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polarity (Isaacman et al. 2011) that shift elution times for the alkanes/PAHs relative to the other classes of 

compounds explored here. The ὅᶻ to retention time mapping presented in Figure 4.1A is used to attribute 

eluting compounds from the TIC (including UCM) to ὅᶻ bins based on the corresponding n-alkane 

eluting in that bin. The vertical dashed lines in Figure 4.1A show the boundaries of the ὅᶻ bins defined 

such that half a decade greater and less in saturation concentration are included in a certain bin (for 

example the bin representing ὰέὫὅᶻ υ includes all compounds within τȢυ ὰέὫὅᶻ υȢυ). While some 

of the emissions have volatility ὅᶻ ρπ ‘g m-3, indicated by material eluting after σψ minutes, this 

material is condensed at essentially all atmospheric conditions and therefore can be lumped in the 

ὰέὫὅᶻ ς bin. Quantifying emissions in bins up to ὅᶻ ρπ ‘g m-3 allows description of production 

of SOA or gas-particle partitioning at very high concentrations (ρππρπππ ‘g m-3).   

Figure 4.1B shows response factors for different classes of compounds as a function of n-alkane carbon 

bin for n-alkanes, methoxyphenols, PAHs 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. The n-alkane carbon bin number is based on the GC retention time of the eluting n-

alkane from Figure 4.1A with the same retention time windows applied to methoxyphenols, PAHs and 

levoglucosan. The variation in response factor of n-alkanes across the n-alkane bins (proxy for retention 

time) can be described by a degree σ polynomial (fit parameters in Figure S4.3). Data across several 

calibration runs, from the current study and previous campaigns, are considered in describing this 

behavior. Our observations show that the response factors of n-alkanes are well-constrained with 

comparable coefficients of variation (πȢρςπȢπψ). The average response factors of C10 to C19 and C31 to 

C40 n-alkanes were ρρρϷ and τρφϷ greater than the average response factor of C20 to C30 n-alkanes. The 

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 intervals as C10-C14 straight-chained 

alkanes and show a response factor larger than corresponding alkanes eluting in these bins by an average 

of ςχϷρψϷ. Levoglucosan also had a response factor larger than the corresponding eluting n-alkane 

(C15) by ςπϷ. The PAHs on the other hand, elute later, across a larger range (C15-C33 alkanes) and with a 

lower response factor compared to the alkanes by an average of 48%  ψϷ. The confidence intervals on 

the n-alkane fit generally include the response factors from the other calibration compounds.  
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4.4.2 Particulate matter emission factors 

 

Figure 4.2: PM2.5 emission factors (PM2.5 EF) as function of modified combustion efficiency (MCE) for 

different source emissions ï burnhut, field, RWC phases (delineated by color). Faded markers represent 

test-averaged observations from integrated filter measurements while darker markers show the average 

PM2.5 EF and MCE from a source emissions type with the error bars denoting the standard deviation 

across individual tests.  

Figure 4.2 demonstrates the diverse types of biomass burning considered in this study by showing test-

averaged PM2.5 EF plotted against MCE for burn hut, field and RWCs under different burn conditions 

from integrated filter measurements. PM2.5 are inversely related with MCE across the different sources as 

has been typically observed (Jetter et al. 2012; Just et al. 2013; Preble et al. 2014). Amongst the sources 

studied here, field burns had the highest average MCE (πȢωτπȢπς) while burnhut and RWC operated 

under low conditions were amongst the least efficient (MCE ḐπȢχω), resulting in larger PM2.5 EFs. The 

RWC operated under high conditions had the lowest average PM2.5 EF (τȢτ σȢσ g kg of fuel-1). PM2.5 

EFs for field burns are consistent with those from (Akagi et al. 2011) where PM2.5 EFs ranging from 6.26 

g kg of fuel-1 (crop residue) to ρυȢσ g kg of fuel-1 (boreal forest). PM2.5 EFs from RWC emissions 

overlapped with observations from (Guofeng et al. 2012) where PM2.5 EFs of ςȢς ρȢς g kg of fuel-1 was 

recorded across various fuels. Figure S4.4 shows OC and EC EFs plotted against MCE where OC EFs are 

inversely related to MCE (like PM2.5 EFs) while EC EFs generally increase with MCE. PM and OC EFs 

from the combustion sources in this study span two orders of magnitude indicating diversity in emission 
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characteristics. The majority of PM2.5 mass is dominated by OC with OC/PM ratios of υτρφϷ, φσ

ωϷ and φφχϷ for RWC, field and burn hut, respectively. EC/PM was significantly more variable and 

largest for RWC (ρπψϷ) and comparable for field and burnhut (τ τϷ and ς ςϷ respectively). 

OM/OC ratios were estimated as: (ὖὓ ὉὊ Ὁὅ ὉὊȾὕὅ ὉὊ in the absence of more detailed chemical 

information (eg. parameterization of m/z ττ fragment (Canagaratna et al. 2015)). The average OM/OC 

ratio across all experiments was ρȢυσπȢρψ and this average was applied to OC EFs to infer OM EFs. 

The estimated OM EF + EC EF is plotted against PM2.5 EF in Figure S4.9. 

4.4.3 Volatility distribution profiles of biomass burning sources 

 

Figure 4.3: A) Volatility distributions of biomass burning combustion sources - burnhut, field, 

woodstove ï high fire and woodstove ï start up (delineated by color) in terms of mass fraction in each log 

saturation concentration (■▫▌╒ᶻ) 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 distributions presented in terms of emission 

factors by normalizing the mass in each ■▫▌╒ᶻ bin by amount of fuel burnt. The bin emission factor 

showed in each bin is the average bin emission factor from replicate (N=3) samples while the error bars 

show the standard deviations in the replicates. 

Figure 4.3A shows normalized (Ὢ) volatility distributions inferred from TD/GC/MS chromatograms of 

filter-in-tube sorbent samples as the mass fraction in log spaced saturation concentration bins for different 

source emissions. These distributions include all organics sampled on the filter and sorbent (which elute 

in the chromatogram) in the range ρπ‘g m-3 ὅᶻ ρπ ‘g m-3 corresponding to C38 and C12 n-alkane 

bins respectively. In this section, we compare the volatility distributions of source emissions by their 
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contributions to ὰέὫὅᶻ bins and in terms of contributions to volatility groups (IVOCs, SVOCs and 

LVOCs).  

To compare distributions from different sources, Figure S4.6 plots paired scatter plots of the mass 

fractions in each logὅᶻ bin. Since the contribution in the ὰέὫὅᶻ φ bin is larger by more than a factor of 

σ than the other bins, linear fits are influenced by high leveraging. Instead, we calculate the root mean 

square error (RMSE) to the ρȡρ line to quantify deviations from complete agreement between two 

distributions (RMSE π) and interpret the RMSEs relatively. The most similar distribution pairs were 

RWC high ï RWC startup, field ï RWC high and burnhut ï field. In contrast, the burnhut ï RWC startup 

comparison had the least similar distribution by this definition. In Figure S4.7, we compare these 

volatility distributions to the  biomass burning volatility distribution from (May et al. 2013a), where 

experiments were conducted to investigate the gas-particle partitioning of an array of fuels associated 

with prescribed burning and wildfire in North America. The measurement range in (May et al. 2013a) 

spans ὰέὫὅᶻ ς to τ bins and thus the distributions from the current study are re-normalized after 

removing the contributions from the ὰέὫὅᶻ υ and φ bins to allow direct comparisons. Similar to Figure 

S4.6, we construct paired scatter plots of the mass fractions of the re-normalized source distributions as 

well as the distribution from (May et al. 2013a) in Figure S4.8. The RMSEs calculated to the 1:1 line 

show similar magnitudes from comparisons between the source distributions to the (May et al. 2013a) 

distribution. By this definition, the distributions from the current study are approximately similar to the 

(May et al. 2013a) distribution while some pairs of combustion source distributions are more similar 

relative to (May et al. 2013a) (indicated by lower RMSEs).  

Another way to compare the volatility distributions of source emissions is by lumping the contributions in 

ὰέὫὅᶻ bins into volatility groups based on the nomenclature proposed by (Donahue et al. 2012; Murphy et 

al. 2014): IVOCs (ὅᶻ σππσ ρπ‘Ὣ ά ), SVOCs (ὅᶻ πȢσ σππ ‘Ὣ ά ) and LVOCs (ὅᶻ

πȢσ ‘Ὣ ά ). Figure 4.3A shows the ὰέὫὅᶻ bins separated into these groups where IVOCs dominate the 

volatility distribution with average contributions of χυωϷ, ψπφϷ, ψτρυϷ and ωπρυϷ of 

total organic emissions for burn hut, field, woodstove ï high fire and woodstove ï start up respectively. 

υπψπϷ of the IVOC emissions are contained within the ὰέὫὅᶻ φ bin across the combustion sources. 

The SVOCs and IVOCs volatility groups account for approximately same amounts of the total volatility 

distribution. SVOCs represent ρσσϷ, φ ρϷȟρσςϷ and ψ ρϷ of total organic emissions for 

burn hut, field, woodstove ï high fire and woodstove ï start up, respectively. Finally, LVOCs contribute 

ρςτϷȟρτωϷȟσ ςϷ and ρ ρϷ for burn hut, field, woodstove ï high fire and woodstove ï start 

up, respectively. These observations show that apart from minor difference in contributions across the 

volatility groups (eg. larger IVOC and lower LVOC contributions from woodstove by ḐρπϷ relative to 
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other sources), we generally observe similar contributions to volatility groups and minor variations in 

volatility distributions across combustion sources spanning a wide range of combustion efficiencies and 

particulate emission factors.  

In Figure 4.3B we show the volatility distributions as EFs by normalizing the mass in each ὰέὫὅᶻ bin by 

the amount of fuel burnt. The mass in each ὰέὫὅᶻ is multiplied by a combustion source specific 

ñcorrectionò factor to ensure particle phase aerosol consistency between partitioned TD/GC/MS data and 

aerosol collected on quartz filters (Section S4.1). The bin mass emission factors span two orders of 

magnitude across the biomass burning combustion sources indicating variation consistent with particulate 

emission factors discussed in Section 4.4.2. This indicates that fuel composition and combustion 

conditions influence contributions to ὰέὫὅᶻ bins in addition to integrated filter measurements. IVOCs 

dominate the volatility distribution with contributions of ψςϷȟψσϷȟψτϷ and ψωϷ of the total organic 

emission factor for burn hut, field, woodstove ï high fire and woodstove ï start up respectively. υς

χχϷ of this IVOC contribution is attributed to the ὰέὫὅᶻ φ bin. SVOCs (LVOCs) account for 

ρπϷ ωϷ, χϷρρϷ, ρσϷσϷ and ωϷρφϷ for emissions from burn hut, field, woodstove ï high 

fire and woodstove ï start up respectively.  
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4.4.4 Comparison of volatility distributions with literature  

 

Figure 4.4: A) Partitioning plot showing the particle mass fraction, ╧▬ as a function of organic aerosol 

concentration, ╒╞═ in Ⱨg m-3 derived using the partitioning equation and re-normalized volatility 

distribution shown in Figure S4.7 to match observations from (May et al. 2013a). The thin lines show the 

predicted partitioning from individual experiments while the bolded lines show the average for each 

biomass burning source. The biomass burning sources are delineated by color. Also plotted are 

observations from (May et al. 2013c): 1) chamber dilution experiments (dark gray oval) 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 distribution (at Ј C) (dotted 

black line). B) Primary organic aerosol emission factor (POA EF) as a function of organic aerosol 

concentration, ╒╞═ in Ⱨg m-3 derived using the partitioning equation and the volatility distributions shown 

in Figure 4.3B. The predicted partitioning for each replicate tube sample is shown as individual lines for 

each biomass burning source (delineated by color). The closed circles indicate the POA EFs measured at 

the sampling concentration while the open circles use the partitioning information to predict POA EF at 

 Ⱨg m-3. 

To explore the implications of differences in volatility distributions, Figure 4.4A shows the particle mass 

fraction, ὢ  as a function of ὅ  predicted from the partitioning equation (equation 1) and the volatility 

distributions of the biomass burning sources in Figure S4.7. We use the re-normalized distributions in 

Figure S4.7 (as opposed to the distributions in Figure 4.3A) to enable comparison with observations from 

(May et al. 2013a). At lower ὅ  we observe the maximum divergences in predicted ὢ  between the 

biomass burning sources with decrease in divergence with increasing ὅ . Between the RWC phases, the 



129 

average predicted ὢ  for startup conditions is greater than that for high fire conditions by a maximum of 

ρςȢωϷ (at υȢψ ‘g m-3) and decreases to ρπϷ at φψ ‘Ὣ m-3 after which increase in ὅ  leads to further 

decreases in difference of ὢ . This shows that there are only minor differences in the predicted 

partitioning between the RWC phases. The difference in average predicted ὢ  is larger between burnhut 

and field burn conditions with a τπϷ difference at ρπ ‘g m-3 which reduces to ςτϷ at ρππ ‘Ὣ m-3 and 

ρπϷ at χωπ ‘g m-3. The larger differences here are mainly driven by larger ὢ  predictions from one 

replicate sorbent sample (relative to the other two) taken under field conditions. The difference in 

predicted ὢ  between burnhut and with the other field samples (thin blue lines in the cluster in Figure 

4.4A) are υϷ at all modeled ὅ . ὢ  predicted from most samples collected from burnhut and field 

burn conditions indicate are generally consistent indicating similarity in volatility distribution (even 

though PM2.5 EFs are ς larger for burnhut compared to field emissions). Finally, the difference in 

average predicted ὢ  between RWC high fire and burnhut conditions is τσϷ at ρπ ‘g m-3 and decreases 

to ρσϷ at ρππ ‘g m-3. Overall, we see that the difference in ὢ  is about ρπϷ (or lower) across the 

biomass burning sources at ὅ  larger than ρππ ‘g m-3
 indicating similarity in volatility distributions. 

This suggests that partitioning is less sensitive to distributions at higher concentrations. 

We also compare gas-particle partitioning from our volatility distribution against observations from (May 

et al. 2013a) in Figure 4.4A. To make these comparisons, we consider three results from (May et al. 

2013a): 1) observed partitioning 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 recommended biomass burning distribution (at ςυЈ C). From Figure 4.4A, we see that our gas-particle 

prediction profiles are generally well constrained within observations from dilution experiments (dark 

gray oval) and the range of statistically acceptable solutions from fitting thermodenuder data (light gray 

region) with the exception of one field profile. Comparison of the average burnhut profiles with the best 

solution profile (dotted black line in Figure 4.4A) shows a difference in predicted ὢ  of υϷ throughout 

the modeled ὅ  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. 2013a) support the viability of deriving volatility distributions by analyzing filter-

in-tube sorbents using a TD/GC/MS for biomass burning emissions.  

Figure 4.4B shows partitioning plots in terms of POA emission factor as a function of ὅ  using the 

volatility distributions presented in Figure 4.4B. The profiles shown in Figure 4.4B shows the predicted 

partitioning using equation 1, while closed markers represent the emission factors measured at sampling 

concentrations (which ranged between ρσππ and τππππ ‘g m-3). These concentrations are comparable to 



130 

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 

magnitude for the different biomass burning sources (POA EFs range from πȢω τω g kg of fuel-1). Based 

on these profiles, higher POA emission factors are expected at higher ὅ . In Figure 4.4B we show the 

estimated POA emission factor at ρπ ‘g m-3 indicated by the open markers. ρπ ‘g m-3 is chosen as an 

arbitrary ambient concentration also used to model ambient scenarios in (Robinson et al. 2010). However, 

typical ambient concentrations may be higher in fire impacted environments like those from woodstove 

emissions (ςπτπ ‘g m-3) and wildfire (υπρππ ‘g m-3). The predicted POA emission factors at 

ρπ ‘g m-3 are υφχχϷ, ςπϷφςϷ and υπϷχχϷ lower than POA emission factors measured at 

the sampling concentration for burnhut, field and RWC emissions, respectively. 
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4.5 Supplementary information 

S4.1 Comparison of aerosol mass in particle phase from partitioned TD/GC/MS and artifact 

corrected filter measurements 

To ensure 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/MS filter-in-tube 

chromatograms (after accounting for partitioning).  

Combustion emissions were sampled onto bare quartz (BQ) and quartz behind Teflon (QBT) filters and 

analyzed using thermo-optical methods to quantify organic carbon content. In this method, we first 

corrected for the positive artifact from vapor adsorption on the BQ and QBT filters to calculate primary 

organic carbon (OC) in the particle phase by: ὕὅ ὕὅ , where ὕὅ  and ὕὅ  are the 

background corrected OC mass concentrations in units of ‘g m-3 on the BQ and QBT filters respectively. 

To estimate primary organic aerosol concentrations (POA) we applied a campaign average estimate of the 

OM/OC ratio of ρȢυσ to the calculated OC mass concentrations. In the second method, we use the 

volatility distributions derived from TD/GC/MS chromatograms from filter-in-tube sorbent samples 

(described in Section 4.3.2) 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 fraction (ὢ ) in each volatility bin for the basis set of saturation concentration: 

[ρπȟρπȟρπȟρπȟρπȟρπȟρπȟρπȟρπ] ‘g m-3. We then calculate the mass in the particle phase in 

each bin by using the total organic mass (particle + gas) in a volatility bin as measured by the filter-in-

tube chromatograms and the particle fraction, ὢ . Figure S4.9 shows these particle phase masses summed 

up and presented as an emission factor.  

Comparing these two methods showed that filter-derived POA EFs were biased high relative to filter-in-

tube sorbent derived POA EFs. The divergence was largest for open field burns and smallest for 

residential woodstove emissions. One possible explanation for this disparity may be that some organic 

material does not 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 replicate samples of each combustion source. The bin masses estimated 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 the volatility bins. The averaged 

correction factors applied for each combustion source type are printed in Figure S4.9. 
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S4.2 Saturation concentration estimation from group contribution methods 

Structure-activity relationships in the 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, we consider predictions from four group contribution 

methods ï two of which use a two-step estimation method where the boiling point is first estimated using 

a group contribution method (Nannoolal et al. 2004) and vapor pressure is estimated from this estimated 

boiling point using other group contribution methods (Myrdal and Yalkowsky 1997; Nannoolal et al. 

2008). The (Myrdal and Yalkowsky 1997) method uses a semi-empirical group contribution method to 

estimate vapor pressure based on molecular structure and boiling points. The (Nannoolal et al. 2008) 

method 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 here and also considers 

second order interactions between neighboring groups. (Barley and McFiggans 2010) have shown that the 

(Nannoolal et al. 2004) boiling point estimation method when used with (Nannoolal et al. 2008) vapor 

pressure estimation method, generally provide the closest estimates to experimental data of these two-step 

estimation methods. The other two group contribution methods considered here use structure activity 

relationships to estimate vapor pressures directly ï SIMPOL (Pankow and Asher 2008) and 

EVAPORATION (Compernolle 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 

second order interaction terms). Finally, EVAPORATION estimates subcooled liquid vapor pressure by 

including vapor pressure contributions of individual chemical functional groups, as well as terms to 

account for interactions between neighboring groups. 

Figure S4.10 shows the saturation concentrations, ὅᶻ calculated from vapor pressure estimates of the four 

group contribution methods for different classes of compounds. Estimations of ὅᶻ 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 after C30 (molecular weight τππ g mol-1). 

Larger deviations are noted across the methods for PAHs, methoxy-phenols and levoglucosan. ὅᶻ for 

PAHs are poorly estimated by the two-step estimation methods (Myrdal and Yalkowsky 1997; Nannoolal 

et al. 2008) while SIMPOL and EVAPORATION are relatively consistent and closer to true vapor 

pressures. Finally, ὅᶻ for methoxyphenols span 3 orders of magnitude across the different methods 

(SIMPOL providing lower ὅᶻ estimate and EVAPORATION, high ὅᶻ estimate). These observations 

show that ὅᶻ can vary substantially across the group contribution methods considered here for different 

classes of compounds. Group contribution methods are generally developed using experimentally derived 

vapor pressures and functional group information from a set of compounds. If a method is used to 
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estimate the saturation concentration 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 deriving the parameterization of 

the method in question. To illustrate this, we consider ὅᶻ estimations of levoglucosan, a tracer of biomass 

burning, from the group contribution methods discussed here and compare them to an experimentally 

derived ὅᶻ (Booth et al. 2010). The sub-cooled liquid vapor pressure reported from (Booth et al. 2010) 

converted to ὅᶻ is σȢπτ ‘g/m3 assuming an activity coefficient of ρ at ςωψ K. In this example, the 

SIMPOL and EVAPORATION methods perform relatively well with ὅᶻ estimations of ρπȢυ ‘g/m3 and 

ρφȢσ ‘g/m3 respectively. In contrast, the (Myrdal and Yalkowsky 1997) and (Nannoolal et al. 2008) 

provide estimations of χχςψȢσ ‘g/m3 and ςυτȢφ ‘g/m3 which are factors of Ḑςυππ and Ḑψπ larger than 

the experimentally derived ὅᶻ (relative to factors of Ḑσ and Ḑυ for ñSIMPOLò and 

ñEVAPORATIONò). We also consider comparisons of ὅᶻ from group contribution and experimental 

methods for n-alkanes in Figure S4.2. ὅᶻ calculated from the vapor pressures listed in the EPA ñCompToxò 

chemical database (USEPA 2020) for n-alkanes shows good agreement with the group contribution 

methods considered here. In this study, we use the ὅᶻ estimates provided by SIMPOL. 
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Table S4.1: Operating parameters of the TD/GC/MS system. 

Gerstel and CIS inlet conditions 

Gerstel Temperature ("C) ramp 

 

 

Inlet type 

CIS cold trapping temperature 

Mode 

Carrier gas  

Purge flow to split vent (mL/min) 

Column 

 

Column flow rate (ml/min) 

25°C ramped to 

300° at 60°C/sec 

hold 7 min 

 

PTV 

-100°C 

Solvent Vent 

He 

50 

30 m * .25 mm id 

HP 5 MS Ul 

1 

GC oven conditions 

Initial oven temperature ("C) 

Initial oven hold time (min) 

Oven temperature ramp rate ("C/min) 

Final oven temperature ("C) 

Final oven hold time (min) 

Maximum column temperature ("C) 

65 

10 

10 

300 

26.5 

 

325 

MS conditions 

solvent delay time (min) 

GC/MS interface temperature ("C) 

data collection mode 

scan range (amu) 

MS source temperature ("C) 

MS quad temperature ("C) 

5.5 

300 

Scan 

50-500 

 

230 

150 
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Table S4.2: Components of calibration compounds spiked on Carbotrap C/ Carbotrap F adsorbent tubes 

along with solvent (HIB solution) and internal standard. Spikes were prepared of 10 ng of each 

component for the sets of standard mixture. 

 

 

  

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S.No. Type of  

Standard 

Components Amount 

1 Alkane Standard C10 ï C40 (all even) ρπ ng each 

2 PAH Standard Acenaphthylene       

Anthracene       

Benz[a]anthracene       

Benzo[b]fluoranthene       

Benzo[k]fluoranthene       

Benzo[ghi]perylene       

Benzo[a]pyrene       

Chrysene       

Dibenz[a,h]anthracene       

Fluorene       

Indeno[1,2,3-cd]pyrene       

Phenanthrene       

Pyrene    
 

ρπ ng each 

3 Methoxy Phenol  

Mix 

Syringol 

Guaicol 

p-Creosol 

o-Cresol 

m-Cresol 

Vanilin 

ρπ ng each 

4 TCLP Acid Mix 2-Methylphenol (o-cresol) 

3-Methylphenol (m-cresol) 

4-Methylphenol (p-cresol) 

Pentachlorophenol 

2,4,5-Trichlorophenol  

2,4,6-Trichlorophenol  

ρπ ng each 

5 Phenol  Phenol ρπ ng 

6 BB Sugar Mix D-Mannitol 

1, 4 - Anhydroerythritol 

Inositol 

Sorbitol 

Xylose 

DL-Threitol 

D-Arabitol 

Methyl-b-D-xylopyronoside 

D-Erythronic acid-p-lactone 

Levoglucosan 

Phthalic acid 

Iso-Phthalic acid 

2-Hydroxy-5-methylacetopher 

KPA (IS) 

PMD (IS) 

TCS (IS) 

10 ng each 
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Figure S4.1: 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 particle phase 

measurements. B) Experimental schematic for collection of emissions from laboratory simulated open 

burning. Testing was carried out in the open burning testing facility (burnhut, OBTF) (Grandesso et al. 

2011) C) Experimental schematic for collection of emissions from laboratory woodstove testing. 
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Figure S4.2: Log saturation concentration as a function of molecular weight as predicted by a group 

contribution method ï SIMPOL (in red) and experimental observations from the EPA comptox data base 

(in blue) for n-alkanes ranging from C11 to C38. 
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Figure S4.3 : Variation in response factor of n-alkanes across n-alkane carbon bins (proxy for retention 

time) from calibrations runs from the current study and previous campaigns (red markers). The solid 

black line represents a degree  polynomial fitted to describe the variation in response factors of n-

alkanes (equation printed in plot) while the dotted black lines show the confidence interval on the fit. 
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Figure S4.4: A) Elemental carbon emission factors (EC EFs) and B) Organic carbon emission factors 

(OC EF) as function of modified combustion efficiency (MCE) for different source emissions ï burnhut, 

field, RWC phases (delineated by color). Faded markers represent test-averaged observations from 

integrated filter measurements while darker markers show the average PM2.5 EF and MCE from a source 

emissions type with the error bars denoting the standard deviation across individual tests. 

 

Figure S4.5: PM2.5 emission factors, PM2.5 EF (from gravimetric filter measurements) plotted against OM 

EF + EC EF (thermo-optical filter measurements). OC EFs are converted to OM EFs using an OM/OC 

ratio of Ȣ . Combustion sources are delineated by color. The dashed black line shows the 1:1 line. 
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Figure S4.6: Scatter plots of the bin mass fraction contributions from volatility distributions in the range  

■▫▌╒ᶻ  derived from TD/GC/MS chromatograms. The plots presented here include all 

combinations of comparisons from burnhut, field, RWC ï high and RWC ï startup (delineated by label 

colors). The markers represent the average bin mass fraction from replicate (N=3) filter-in-tube 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 S4.7: Volatility distributions of biomass burning combustion sources - burnhut, field, woodstove 

ï high fire and woodstove ï start up (delineated by color) re-normalized to the range  ■▫▌╒ᶻ  to 

match the volatility distributions presented in (May et al. 2013a). Distributions are presented in terms of 

mass fraction in each ■▫▌╒ᶻ 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 from (May et al. 2013a). 
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Figure S4.8: Scatter plots of the bin mass fraction contributions from volatility distributions re-

normalized to the range  ■▫▌╒ᶻ  to match the volatility distributions presented in (May et al. 

2013a). The plots presented here include all combinations of comparisons from burnhut, field, RWC ï 

high and RWC ï startup and (May et al. 2013a) (delineated by label colors). The markers represent the 

average bin mass fraction from replicate (N=3) filter-in-tube 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. 










































