ABSTRACT
REECE, STEPHEN MALO. Primary and Photochemically Aged Aerosol Emissions from
Biomass Cookstoves: Chemical and Physical Characterization. (Under the direction of Dr.
Andrew Grieshop).

Secondary organic aerosol (SOA) formation during photo-oxidation of primary emissions from

cookstoves used in developing countries may make important contributions to their climate and

air quality impacts. We present results from laboratory experiments with a field portable
oxidation flow reactor (F-OFR) to study the evolution of emissions over hours to weeks

of equivalent atmospheric aging. Lab tests measured fresh and aged emissions from a 3 stone

fire (TSF), a “rocket” natural draft stove (NDS) and a forced draft gasifier stove (FDGS), in
order of increasing modified combustion efficiency (MCE) and decreasing particulate matter
emission factors (EF). SOA production was observed for all stoves/tests; organic aerosol (OA)
enhancement factor ranged from 1.2 to 3.1, decreasing with increased MCE. In primary
emissions, OA mass spectral fragments associated with oxygenated species (primary biomass
burning markers) increased (decreased) with MCE; fresh OA from FDGS combustion was
especially oxygenated. OA oxygenation increased with further oxidation for all stove emissions,
even where minimal enhancement was observed. More efficient stoves emit particles with
greater net direct specific warming than TSFs, with the difference increasing with aging. Our
results show that the properties and evolution of cookstove emissions are a strong function of

combustion efficiency and atmospheric aging.
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CHAPTER 1: INTRODUCTION
Approximately 3 billion people in developing countries rely on biomass burning cookstoves for
domestic heating and cooking®. Incomplete combustion in cookstoves emits a range of pollutants
including black carbon (BC), carbon monoxide (CO), particulate matter (PM..s), volatile organic
compounds (VOCs), and polycyclic aromatic hydrocarbons (PAHS) linked to a range of adverse
health, environmental and climate effects?>!. Residential biomass burning contributes ~30% of
global emissions of BC, estimated to have the second highest global warming impact after
CO2*1%12 However, the sign and magnitude of net climate effects are uncertain when co-emitted
species such as primary organic carbon (OC), the additional uncertain influences of brown
carbon (BrC) and the semi-direct and indirect effects are considered*?. This uncertainty holds for
emissions from open (e.g. wildfires and agricultural burning)!*-%° and domestic (cookstove)
biomass combustion'®-1°. Efforts to minimize health, climate and other impacts have resulted in
the development and dissemination of alternative cookstoves. However, net benefits of
alternatives hinge on varying emissions performance?® and the properties and evolution of

emissions®2L,

Biomass combustion is a continuum encompassing open burning, modern residential wood
stoves in developed countries, and small-scale cookstoves in less developed countries (LDCs).
Biomass burning as a whole emits roughly 42 and 90% of global BC and primary OC,
respectively, with domestic biofuel combustion contributing 30 and 20% of these totals®.
Combustion conditions vary considerably between modes, influencing the physical and chemical
properties of the emissions, even when fuel is held constant. Modified combustion efficiency

(MCE; ACO2/(ACO+ACOz); where A indicates background correction) is a descriptor of



combustion completeness often used to delineate smoldering (<0.90) and flaming (>0.90)
combustion??. Open biomass burning and rudimentary cookstoves result in lower MCEs than
more advanced domestic appliances?. Combustion conditions and variables including fuel type
and moisture content also influence emission parameters such as OC:BC ratio and optical
properties®. Primary gas- and aerosol emissions from biomass cookstoves have been extensively
measured in both field?*% and laboratory?®-% settings. However, research on their physical and
chemical characteristics is still limited®>31-3% and studies of their evolution during atmospheric

processing (e.g. to form SOA) are completely lacking.

The quantity, properties and effects of biomass burning emissions evolve during atmospheric
oxidation. SOA is formed via condensation of low volatility compounds formed by photo-
oxidation of gas-phase species; this formation is typically studied in laboratory studies using
smog chambers and/or oxidation flow reactors (OFR). Smog chamber studies allow limited
experimental time spans and may be complicated by particle- and vapor-wall-losses®**°. OFRs
provide an additional method to study SOA formation, by exposing species to oxidant
concentrations orders of magnitude greater than in the atmosphere for short residence times
(seconds to minutes). Comparisons of laboratory smog chamber and OFR experiments have
shown that photo-oxidation of open burning*®*! and residential woodstove emissions*>#* can
increase OA mass by several-fold with similar evolution in chemical and physical
characteristics***8. OA evolution observed in large-scale biomass burning plumes has ranged
from significant OA mass enhancement*®->2 to a decreases or no change in mass®>°, though
increases in aerosol oxygenation have been consistently observed®>°3%55¢_Differences in fuel

characteristics, combustion characteristics (e.g. flame temperature) and plume chemical



processes likely all contribute to these contrasts. While combustion during open biomass burning
and in cookstoves are distinct, burning the same fuel in varying cookstove models may offer
insights into how combustion conditions influence the properties of fresh biomass burning

emissions and their atmospheric evolution.

To address these needs, this paper describes laboratory aging of emissions from a representative
range of biomass cookstove models using a recently developed F-OFR. The specific objectives
include to: 1) examine primary emissons of cookstoves operated under several testing protocols;
2) observe SOA formation and the evolution of physical and chemical properties via simulated
atmospheric aging; 3) explore the influence of semivolatile vapor losses by exposing whole
emissions to oxidants directly after emission and after increasing time in a Teflon chamber; 4)
study the influence of stove technology, combustion conditions and oxidant conditions on

aerosol properties relevant to climate and regional AQ impacts.



Chapter 2: MATERIALS AND METHOD

2.1 Biomass Cookstoves and Lab Testing Protocols

The three stoves tested span the range of portable biomass cookstoves currently being promoted
for use in developing countries (stoves shown in Figure Al). The TSF, an open cooking fire, was
the ‘baseline’ technology, with poor combustion efficiency. The intermediate model was a
natural-draft ‘rocket’ cookstove (NDS), with an insulated elbow combustion chamber and no
chimney, widely distributed in India?**°"°8, The most advanced model was a forced draft gasifier
stove (FDGS) using an electric fan for air injection and improved combustion. The FDGS is one
of the cleanest models tested in laboratory settings?® and has been the basis of several
intervention studies®®%%. Dry red oak (approximately 2x2x15 cm; moisture content<10%) was

used as fuel for all tests.

Two laboratory testing protocols were used. First, two phases of the Water Boiling Test (WBT)
protocol®? were used: the ‘cold start’, simulating high-power cooking by rapidly boiling 2.5 L of
water, followed by a lower power, 45-minute ‘simmering’ phase. Second, several tests applied a
modified testing protocol (MTP) under development to better mimic cooking activity and
emissions observed in the field, which often differ substantially from WBT results?*¢13, The

MTP replicates distributions of normalized ACO+ACO2 observed during field testing®:%4,

2.2 Experimental Setup
Stove tests were conducted in an exhaust hood in which emissions were captured and diluted into
a duct (Figure A2 shows experimental schematic). Emission collection lasted from fuel ignition

until the end of the testing protocol (~1 to 1.5 hours) during which dilute primary (unaged)



emissions were sampled via a probe in the duct. Downstream, a second, heated (120°C) stainless
steel probe sampled and additionally diluted emissions by a factor of 2.2 using heated (120°C)
dry and filtered compressed air in a stainless steel ejector dilutor (Air-Vac TD110HSS). Thus
diluted, emissions were introduced into a clean 8 m® Teflon smog chamber®® to create a ‘batched’
population of emissions. In parallel, emissions were continuously sampled through the F-OFR
(described below); referred to as “online sampling”. At the completion of the testing protocol,
the F-OFR sampling path was reconfigured to sample emissions from the smog chamber;

referred to as “batch sampling”.

During online sampling, zero air (Aadco 737 Zero Air Generator) was used to additionally dilute
emissions by a factor of two prior to entering the F-OFR to reduce concentration and
temperature. The average temperature of dilute emissions inside the sampling duct was
30+0.5°C, while the further diluted emissions exited the F-OFR at 25+0.3°C. Particle
concentrations were additionally moderated by a factor of ~1-6 using a partial diversion through
a parallel flow path consisting of a diaphragm pump, HEPA filter and mass flow sensor. CO>
measurements at various points were used as tracers for dilution of emissions. F-OFR bulb

setting was constant during online sampling.

During batch sampling, unaged emissions were drawn from the smog chamber (thru a 60°C
heated line) to either a bypass line or the F-OFR, alternated with an automated 3-way valve
system utilizing a ‘dump flow’ to maintain constant flow through the F-OFR. No additional

dilution was utilized, but the particle line sample was partially filtered as in the online



configuration. The unaged batched primary emission population was characterized for ~10
minutes, after which F-OFR aging conditions were varied by adjusting bulb intensity.

Primary emissions in the duct were sampled by the Stove Emission Measurement System
(STEMS-1G)®L. In both sampling configurations, gas-phase instruments measured primary
emissions downstream of the STEMS and upstream of the F-OFR, and a range of particle- and
gas-phase instrumentation measured downstream of the F-OFR, with particle-phase instruments
alternating during batch sampling. Particle instruments included: a scanning mobility particle
sizer (SMPS) measuring aerosol size distribution (15-685 nm), an aerosol chemical speciation
monitor (ACSM) for aerosol composition and mass concentrations®, a 870 nm photoacoustic
extinctiometer (PAX) for particle absorption and scattering, and 3-A particle soot absorption
photometer (PSAP) for multi- wavelength absorption® (but not BC concentrations due to
loading/scattering filter artifacts®”). Quartz and Teflon filters were simultaneously collected by
the STEMS and downstream of the F-OFR during online sampling for gravimetric and thermo-
optical analysis to quantify PM2s mass and elemental and organic carbon (EC; OC). Section A1

and Table Al provide details on instrumentation.

Wall losses in the smog chamber and F-OFR were corrected using BC as an inert tracer and
assuming internally mixed aerosol®®%°. To address observed systematic differences between
primary OC (from filters) EFs and unaged chamber OA (from ACSM) EFs, corrections for
ACSM transmission limitations and for particle wall loss in the smog chamber during loading

were applied and are discussed in A2.



2.3 Field-Oxidation Flow Reactor (F-OFR)

A recently constructed F-OFR was used to simulate atmospheric aging of emissions. The F-OFR
is a smaller (0.39 m long x 0.15 m diameter; 7 L volume) version of a Potential Aerosol Mass
(PAM) reactor?®"® constructed of thin (0.8 mm) stainless steel to be rugged and portable for
future use in rural field campaigns. F-OFR plug-flow residence time was 54-68 seconds at flow
rates of 6.1-7.5 L min’%. Particle instruments sampled from the center of the reactor through a
copper line and two ozone denuders while gas-phase instruments sampled from a ‘ring flow’ (a
perforated PTFE ring arranged near the outer circumference of the reactor) through PTFE tubing.
The F-OFR is constructed of stainless steel to minimize the loss of charged combustion particles
and uses two low-pressure mercury lamps (GPH357T5VH/4, Atlantic Ultraviolet) emitting UV
light at 185 and 254 nm to produce Oz and OH radicals™""2. The bulbs are housed in Teflon
sleeves with a sheath flow to minimize temperature changes and oxidant accumulation near the
bulbs. Bulbs intensities were varied using dimmable fluorescent ballasts to vary oxidant

concentrations during batch sampling.

Integrated exposure of the sampled air to OH radicals in the reactor was measured using CO
(emitted during the combustion process and measured up- and down-stream of the reactor) as a
tracer’>"2, OH exposure in OFRs has been shown to be a function of H,O mixing ratio, external
OH reactivity (OHR) of the sampled air, Oz concentration, and residence time’*. A model based
on that of Li et al.”* was developed based on data from CO-only experiments, was used to
estimate OH exposure for a single bulb setting, in which the change in the CO tracer was below

detection. The model and underlying experiments are discussed in A3 and verify that our reactor



performed consistently with other OFR/PAM reactors. The model can be used to estimate OH

exposure in cases without an external tracer.



Chapter 3: RESULTS AND DISCUSSIONS

3.1 Influence of Stove Type and Testing Protocol on Primary Emissions

18 total tests (5 TSF; 8 NDS; 4 FDGS) were performed, with 10 and 7 following the WBT and
MTP protocols, respectively (Table A2 lists details of all tests). Fuel-based emission factors
(EFs; g (kg fuel)™) were calculated using the carbon balance method discussed elsewhere®?, to
allow for comparison between experiments and across stove types. Figure 1A shows that across
cookstoves and test protocols, PM. s EF was anti-correlated (R?=0.68) with MCE. Higher MCE
for improved cookstoves indicates more complete combustion; for example, the FDGS tests have
the highest (lowest) mean MCE (PM EF). Figure 1A also shows that inter-test variability within
an individual stove type is reduced for more efficient stoves. The high variability in TSF tests
was likely due to the uncontrolled nature of the combustion. Two-tailed t-tests indicate no
significant difference (P<0.05) between PM2 s EFs for different testing protocols but significant
difference between cookstoves. Because of this overlap, all of the following analysis combines
the results from the two testing protocols for a given stove. The lack of significant difference
between testing protocols is difficult to explain due to the limited number of experiments and

relatively high inter-experiment variability.

Figure 1B shows PM_ s, OM, and EC EFs for each cookstove type; OM and EC were the
dominant contributors to PM in all tests. The TSF had the highest PM>s and OM EFs, but lower
EC EFs than the alternative cookstoves. Mean NDS and FDGS PM..s/CO (shown in Table A2)
EFs were 57%/44% and 74%/58% lower than TSF EFs, respectively. Figure 1B shows the EC
and PM2s EFs of the TSF and NDS were in line with values for similar stoves reported for other

laboratory studies, while the FDGS EC and PM2 s EFs were slightly higher than laboratory



values?®?8-30 put below those observed during field tests of the same stove®® (not shown). EC/TC
(where TC is total carbon (EC+0C)), ratios for the TSF (0.16+0.07), NDS (0.56%0.13), and
FDGS (0.71+0.07) were all greater than the value of 0.1 typical for open biomass burning®®.
Field studies have reported similar EC/TC ranges for TSF (0.15-0.28), rocket/improved (0.30-
0.48) and gasifier (0.48-0.70) cookstoves?4?%61, This indicates that the improved combustion in
alternative stoves (via insulation and targeted air injection) influences the nature of particles
emitted under both field and laboratory settings. Therefore, although the NDS and FDGS reduce
emissions via improved combustion, the net impact of their emissions may be more climate-
warming on a per fuel basis; this will be somewhat offset by reduced fuel use®. The reduced EF
inter-test variability in more efficient stoves is demonstrated with =1 ¢ error bars in Figure 1B.
TSF PM2 s EF coefficient of variation (CV) was 0.45 compared to 0.22 and 0.38 for the NDS and
FDGS cookstoves, respectively. This represents inter-test variability and indicates the difficulty
of comparing results between individual tests due to potential influence of user activity and
variation in fuels, even for a specific fuel type. To address this variability, results will be

presented as stove averages along with individual test data for subsequent analysis.
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Figure 1. Influence of stove technology and testing protocols on unaged emission factors from
filter-based analyses. (a) PM2s EF for the WBT and MTP across a range of MCE values
averaged over the burn duration. Solid black line is a linear regression fit (b) Average primary

PM25, OM, and EC EFs for each cookstove model. Error bars for the PM2s EFs represent + 1 ¢

among all experiments for both testing protocols. Primary OC (from filters) EFs were used to
determine primary organic matter (OM) EFs based on OM:OC ratios estimated on a per-test
basis using the Improved-Ambient method’>"® based on unaged fs4 measured during batch
bypass sampling. OM:OC values are reported in Table A2. OC and EC EFs were determined

from thermo-optical OC/EC analysis. Laboratory experiments from literature are shown for each
cookstove type with letters: (A:Preble et al., B:Just et al., C:MacCarty et al., D: Jetter et al.)?:28-
30: horizontal position of letters is shifted only for readability.
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Figure 2 explores the variation in the chemical composition of POA across stove technology and
testing protocol. Figure 2A and 2B shows the trend of f44 (a marker for oxygenated species,
largely from the CO2* ion fragment)’®"" and feo (a fragment associated with levoglucosan, often
used as a common tracer for biomass burning POA)"®7° in ACSM spectra against the test-
average MCE. Significant differences (P<0.05) in f44 and feo between cookstove models were
observed, but not between testing protocols. fas (feo) consistently increases (decreases) with
increasing MCE. This indicates that OA emitted by improved cookstoves contains a greater
initial fraction of oxygenated organic species and a reduced contribution from primary markers
for biomass combustion, even for the same fuel. The highly oxygenated POA (f14>25%)
observed for the FDGS emissions is similar to values reported for modern log burners®®8 and
may be associated with higher aerosol mass-specific mutagenicity for these emissions®!. The
f44/fs0 values reported for the TSF are within the range (f44<10%; fs0>2.5%) observed in
laboratory-simulated open burns**® and ambient measurements’®. f44 and fso have been shown to
be a function of combustion phase with some studies reporting elevated fs4 values in
smoldering**8283 phase and others in the flaming phase®* emissions. Figure 2 report our results
alongside those from smoldering (pink points) and flaming (purple points) phase emissions from
a modern wood burning stove burning different fuels®2. The reported f44 and fgo values for Oak
are within our range for the TSF and NDS, suggesting that similar dynamics are occurring in the
combustion zone for a modern heating stove and natural draft cookstoves®2. Our results
characterize an emission population from a full burn, encompassing high- and low-power

operation, and are within the range of values reported for these modern heating stove emissions.
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Figure 2. POA organic aerosol composition as indicated by ACSM fragment contributions
across testing protocols and stove technology. Fractional contribution of organic aerosol tracer
fragments versus full-test MCE for (a) oxidized species (fa4), and (b) biomass burning tracer
(feo). Purple data points are different fuels (Oak, Beech, Larch) combusted in a modern wood
burner during the smoldering (pink points) and flaming phase (purple points)®. MCE is the
average for the burn duration and f44 and feo markers represent a full burn emission population
characterized by bypass scans during batch sampling from smog chamber.

3.2 Secondary Organic Aerosol Formation Potential of Cookstove Emissions
SOA production during batch sampling was quantified using the OA enhancement ratio (OA

ER)*2. Absolute OA enhancement was determined by the difference in aged OA (F-OFR



sampling) and fresh OA (bypass sampling), as shown in Figure A3. OA ER was defined as the
total detected mass (POAwbatcht=0) + absolute enhancement) normalized by POAubatch(t=0), Where
POAwateh(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 A2). OA ER values >1 indicate a net increase in OA mass. A linear regression of POA
EFs collected on filters and corrected chamber POA EFs measured by the ACSM
(slope=0.84+0.10, R?=0.87) is shown in Figure A4. The slope of 0.84 is a reasonable comparison
considering uncertainties from various sources: filter artifact corrections, parameterized OM:OC
ratios, ACSM particle size detection limitations, and chamber particle wall loss during loading.
Figure 3A shows OA enhancement observed for all stoves during batch sampling across a range
of aging conditions. A net increase in mass is indicative of SOA formation by gas-phase and/or
heterogeneous oxidation processes; we cannot distinguish the two processes during F-OFR
oxidation of whole emissions. With further aging, processes such as evaporation (e.g. due to the
dominance of fragmentation reactions*®) may drive a reduction in mass. A net increase in OA
mass was observed for all conditions with bulbs on, indicating substantial SOA production under
all aging conditions. Average OA ER ranged between 1.17+0.01 and 3.02+0.51 for integrated
OH exposures between 1.8e11 and 6.5e11 molecules s cm™. This range of OH exposures is
equivalent to 1.4+0.3 to 5.1+0.6 days assuming a daily-average OH concentration of 1.5e6
molecules cm. The TSF showed the greatest OA mass enhancement with a maximum aged OA
concentration of three times the initial POA mass after 1.4+0.3 days of equivalent aging and a
subsequent decrease with additional exposure. Our results are broadly consistent with those of
other studies who have measured OA enhancement in emissions from other forms of biomass
combustion*®-44+818_Combustion device clearly influences mass enhancement*?-448185 hyt fuel
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type appears to have a greater effect on how emissions evolve with aging*®*!. The observed
decrease in OA ERs with further aging, not seen in other aging experiments®, is likely due our

higher peak OH exposures.

Our results demonstrate the range of potential SOA formation associated with emissions from
commercially available cookstove technologies. Figure 3B shows unaged POA and EC EFs and
represents OA production during F-OFR aging as an SOA EF, conceptually similar to primary
EFs. The peak SOA EF for each cookstove occurred between 2.8 to 5.4 days of aging before
decreasing with continued exposure. This suggests that SOA-forming potential and time of peak
enhancement of emissions is dependent on cookstove technology. An implication of neglecting
this SOA production is that potential PM.s impacts may be underestimated by a factor of 2 to 3.
TSF tests showed the highest and most variable SOA EF; these were substantially less for more
efficient cookstoves. The CV of SOA EF for repeated experiments of the TSF (0.57), NDS
(0.51), and FDGS (0.17) indicate that variability declines with increasing combustion efficiency.
This variability is likely driven by the ability to control the combustion process in repeated
experiments with the same cookstove, but may also be due to precursor emissions that change

due to process/fuel variability®.

A recent modeling study suggested that SOA formation from biomass burning emissions could
be limited in smog chambers by the up to 40% of primary semi-volatile vapors loss to chamber
walls occurring within hours. However, another study has suggested that SOA production is
dominated (~80% of observed SOA) by higher volatility compounds®'2® less apt to partition to
chamber walls. Two lines of evidence from our tests suggest that vapor losses in our system did
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not have a major influence on observed SOA production. First, consistent OA enhancements
were observed at equivalent OH exposures over time during batch-mode OFR aging, despite
sharply decreasing POA concentrations (Figure A5A-C). Figure A5 explores the OA
enhancement in the chamber over time. During each experiment, a sequence of four bulb settings
was used and then cycled in reverse order in a second pass. Second, the total aged OA EFs
(POA+SOA) measured during online and batch configurations (during and after the burn) are in
reasonable agreement (Figure A5D). Online aged OA EFs were slightly higher (average of 50%)
than those from batch measurements, which could be explained by losses of precursors at very
early stages in the experiment. However, numerous factors contribute to uncertainty in this
comparison. For example, the various loss corrections (Sec. A2) and the calculation of an
average OH exposure may not apply equally to ‘steady state’ batch and highly time-varying
online measurements. Therefore, while our results suggest a negligible role for vapor losses on a
longer (multi-hour) time frame, we cannot eliminate the possibility that precursors are lost during

the initial injection period.
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Figure 3. Exploring the evolution of OA ER and SOA EF across range of atmospheric aging
conditions and cookstove technologies. (A) OA enhancement as a function of OH exposure
shown for all exposure conditions/tests (faded points) and averaged by approximately 2 days of
equivalent binned OH exposures = 1 ¢ (dark points) for each cookstove model. (B) Averaged
POA, EC, and SOA EF =+ 1 ¢ are shown for each stove for fresh emissions (left bar) and after
aging in batch configuration at peak SOA enhancement (middle bar) and peak OH exposure
(right bar) with numbers indicating equivalent days of aging. Fresh EFs are based on thermo-
optical OC/EC analysis (OC converted to OM using Improved-Ambient derived OM:OC ratios)
of unaged filters. POA and EC EFs reported for ‘aged’ bars are based on chamber loadings and
corrected for ACSM transmission window and particle losses during chamber loading to allow
for representative comparison to BC measurements and integrated filter samples. Batch sampling
EC EFs are based on PAX absorption measurements using a MAC of 3.33 + 0.21 (m? g*) shown
in Figure A7. SOA EFs at the peak enhancement and exposure are based on the absolute OA
enhancement normalized to mass of wood burned using the carbon balance method.
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3.3 Evolution of Cookstove OA Chemical Composition during Photo-oxidation

ACSM mass spectra of unaged and aged OA provide insight into the chemical evolution of
cookstove emissions during OFR processing. Changes in f44, f43, and f60 (fractional
contribution to OA spectra from m/z 44, 43 and 60, respectively) shown in Figure 4A
demonstrate the evolution of chemical composition with increased OH exposure during batch
aging experiments. In most cases, OH exposure increases f44 and decreases f43 and 60,
suggesting that more oxidized components dominate the aged emissions and that levoglucosan or
other species contributing at m/z 60 are rapidly oxidized®’. The f44 for FDGS POA is initially
very high and this and other fragments evolve relatively little with additional aging, consistent
with the small observed OA enhancement. Ortega et al. aged open-burning emissions from
varied fuel types and observed an increasing rate of f44 enhancement for POA with greater
initial f44*1. We did not observe this trend across cookstove emissions with a single fuel,
highlighting the important influence of varying combustion conditions on OA (Figure A8). There
is some evidence of OA contribution at m/z 28 (CO™) in our tests as in other biomass burning
spectra*'® (Sec. A4), but ACSM signal-to-noise was insufficient to reliably quantify this, and so
the default fragmentation table, in which this organic fragment is neglected, was applied.

To extend the evaluation of OA composition, atomic ratios (H:C; O:C) were estimated using the
‘Improved-Ambient’ parameterization using f43 and f44 described in detail in section A5,
The results of this analysis are shown in Figure 4B using a Van Krevelen diagram®. Elemental
ratios provide insight into the processes driving the oxidation reactions in these complex and
highly variable systems. During batch sampling, OA ERs increased and then decreased with
progressively greater OH exposure. However, O:C ratios continually increased with more
exposure (even with mass decreases) indicating a possible dominance of fragmentation
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reactions®®. Figure 4B also shows that unaged emissions’ H:C (O:C) ratios consistently decrease
(increase) as combustion efficiency improves. The slope in Van Krevelen space for POA from
different combustion types was -0.20+0.01, while that for increasing F-OFR oxidation was
between -0.09+0.03 and -0.13+0.05, depending upon cookstove type. These slopes reflect the
functionalization and fragmentation pathways occurring during combustion and aging
processes*. Slopes between -1.0 and -0.5 typically indicate the addition of both an acid (COOH)
and alcohol (OH) functional group or the addition of just an acid group via fragmentation of C-C

bonds®.

Regression fit lines in Figure 4B show that relatively similar trends were observed across varying
combustion efficiencies (dashed line) and as emissions from different cookstoves are photo-
chemically aged (solid lines). This suggests that similar OA functionalization pathways are
occurring during combustion and atmospheric processes, but on very different timescales. This
also suggests that combustion conditions (even within flaming combustion), and not only fuel,
play a major role in differences in OA emissions and properties between plume and lab-scale
burning. Emissions aged through the F-OFR during online sampling (open circles) had H:C and
O:C ratios consistent to those at equivalent batch OH exposures, indicating that similar chemical
processes are driving SOA formation during both online and batch sampling. Results presented
by Ortega et al. of lab-simulated open biomass burning emissions from a range of unprocessed
fuels aged in a PAM reactor resulted in distinct slopes of primary (-0.87+0.01) and aged
emissions (-0.70+0.01)%®. The difference in slopes between this study and ours may be due to
differences between open biomass combustion and controlled combustion, or simply that we
only used one fuel type. Different fuels resulted in unique slopes (-0.50£0.02 for turkey oak;
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0.02+0.03 for ponderosa) indicating that fuel type influences oxidation processes*!. This
difference was attributed to the emission of acids during combustion of softwoods (i.e. spruce)
that are not found in hardwoods (i.e. 0ak)®.. The observed slope from our unaged and aged
emissions are comparable to oxidized emissions from a heavily loaded residential wood burner
using beech fuel (0.19+0.05), despite lower initial H:C ratios®. A combination of variables such
as fuel type and combustion conditions influences the evolution of biomass burning

emissions*1:81:82.85,

Figure 4C extends the van Krevelen plot typically used to visualize the evolution of atmospheric
OA® to show O:C and H:C ratios including contributions from aerosol refractory carbon, which
plays an important and varying role in emissions from different stoves (A6 describes the
calculation). Also shown on this panel are points/regions indicating the location of wood
components (lignin, cellulose)®!, end-points of incomplete biomass combustion (char, soot) and
oak in raw, pyrolyzed and combusted forms®2. The figure shows that emissions from the TSF are
more similar to lignin than char or soot and fall between the raw and combusted/pyrolyzed oak,
consistent with the large contribution of soot and less-oxygenated volatiles to the emitted
aerosol. As combustion efficiency improves, H:C ratios decrease, presumably due to the
enhanced role of dehydration and demethylation in the evolution of the fuelwood®-%%*, Primary
aerosol emissions from the NDS and FDGS fall near the char region, consistent with the much
greater EC/TC ratios and relatively small contributions from OA (Figures 1, 5). Fresh FDGS
emissions appear to have substantially higher O:C ratios than those from other stoves possibly
due to dominant contributions from high temperature carboxylation or oxidation reactions®.
However, after oxidation in the F-OFR, O:C of the NDS and TSF emissions increase to roughly
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the same end-point as the FDGS, which shows relatively little change during oxidation.
Estimated H:C for all emissions slightly increase during oxidation. The overall trend is consistent
with the possible role of both oxidation and hydration reactions during aging of aerosols®.
Further chemical characterization of emissions may provide more generalizable insights about

the evolution of products during varied combustion and oxidation conditions.
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Figure 4. Variation in ACSM OA fragment contributions and estimated elemental composition
with stove and photochemical aging. Averaged+1 o unaged (cross symbol) and aged (large
circle) values across all tests for each stove type are shown. Unaged (small faded circle) and
aged (small circle, colored by OH exposure) values per test are also shown. Aged measurements
during the online configuration are shown with an open circle. (a) organic aerosol fragments f44
vs f43, and (B) f60 (C) estimated H:C and O:C ratios averaged by binned (~2 days) OH
exposure. Solid lines are linear regression lines for each stove type; slopes represent
functionalization pathways®. Dashed line indicates the slope of unaged H:C and O:C ratios
across stove types. Data from aged open biomass burning of Turkey Oak from Flame-3 are
shown with green circles*. The dotted cyan line indicates the upper bond of the region typically
observed during ambient measurements®. (D) H:C and O:C ratios including refractory black
carbon averaged by binned (~2 days) OH exposures. Shaded regions represent typical values for
Soot, char®?, lignin, and cellulose®?.
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3.4 Effect of Combustion Conditions and Aging on Particle Optical Properties

Cookstove combustion and atmospheric evolution directly affect OA/BC ratio of aerosols, which
is linked to optical properties with important climate forcing implications. Figure 5A displays the
average unaged and aged peak OA/BC ratio for each cookstove type. The OA/BC ratio for
alternative cookstoves is much lower, indicating that net direct specific warming from aerosols
from alternative cookstoves is greater than those from the TSF. This observed difference in
OAV/BC ratio is possibly due to the combustion temperature in different stove models. For
example, low-temperature smoldering emissions have been shown to produce much greater
OAV/BC ratios than the flaming phase due to the absence of BC formation®®. The single scattering
albedo (measured at A=870 nm) also decreased with increasing MCE and as EC compromises a
greater fraction of the TC (Section A8, Figure A9). The difference in OA/BC ratio between the
TSF and the alternative cookstoves becomes more pronounced after aging. After aging the TSF
OAV/BC ratio exceeds 10, a threshold sometimes used to indicating a negative net direct radiative
forcing®. The lower OA/BC ratio for the alternative cookstoves compared to the TSF before and
after aging suggests limited aerosol radiative forcing benefits from introduction of alternative

cookstoves.

The Absorption Angstrom exponent (AAE) describes the wavelength dependence of aerosol
light absorption, using the equation (baps=oA**F) with pure BC having an AAE of 1 across all
wavelengths®%. Values of AAE greater than 1 suggest the presence of BrC, OA that absorbs
light at shorter wavelengths®®°>190.101 The difference between the measured absorption at a
wavelength and the expected contribution from black carbon is called the BrC fraction of total
absorption'®2. Figure 5B presents the stove-average aged and unaged AAE (x1 o). The values of
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AAE for the TSF, NDS, and FDGS are 1.67+0.24, 1.36+0.06, and 1.30+0.05. These are at the
lower end of the range of 1.35 to 2.15 reported for open burning emissions®®. Although Saleh et
al. observed a slight enhancement of AAE with photochemical aging in a smog chamber®, other
studies have reported no change or a decrease with photochemical aging®1%. AAE enhancement
may be a function of the extent of aging, which was relatively minimal in the study of Saleh et
al.%. Figure 5B shows that AAEs measured in our study did not increase and in some cases
decreased with aging, possibly due to photo-bleaching of BrC®. Figure 5C suggests that while
all cookstove emissions have a non-trivial BrC contribution to absorption (~10-35%) at each
PSAP wavelength (470, 522, and 660nm), there is substantially less BrC contribution in

alternative cookstove emissions.
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Figure 5. Influence of stove model and aging on optical properties of emitted aerosol. (a)
Unaged OA/BC ratios compared to the peak OA/BC ratio after aging during batch sampling for
each cookstove (b) Unaged and aged AAE based on the slope of a power law fit of absorption
measurements across PSAP wavelengths (467, 530, 660) and interpolated to 870nm (c) BrC
fraction of absorption in unaged emissions, determined by the difference between the measured
absorption and the expected absorption from BC (AAE = 1) across all wavelengths.
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Chapter 4: IMPLICATIONS AND EXTENSIONS

Although improved cookstoves reduce fuel use and emissions of both primary and secondary
aerosol species, our results emphasize that benefits from a climate mitigation standpoint are less
clear. Primary traditional stove (TSF) emissions had much greater OA/BC ratios, associated with
less warming or even cooling, than alternative cookstoves. This difference is enhanced with
aging due to greater formation of (not apparently light-absorbing) SOA for the TSF than for
alternative stoves. Therefore, aging appears to makes aerosol climate forcing reductions from
alternative biomass stoves less likely. However, the benefits from alternative cookstoves
adoption air pollution may be substantially greater than suggested by only comparing primary
emissions. SOA production from cookstove emissions should be incorporated into air quality

models and climate models to represent their evolution in the days to weeks after being emitted.

Our measurements of primary and aged emissions emphasize that the properties of emissions
from different stoves vary dramatically. For example, the highly oxygenated OA from the FDGS
is distinct from that typically measured for biomass burning emissions and showed relatively
minimal evolution during aging. FDGS emissions had the highest specific mutagenicity® in lab
experiments and were associated with no reduction in childhood pneumonia in a field trial.>®
These outcomes could be associated with the stove’s emissions of smaller, highly oxygenated
particles. Further, field performance of cookstoves is often far worse than in lab conditions.?38
Additional measurements of primary and aged emissions should be conducted under real-world

conditions to better understand potential health and climate benefits of these stoves.
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The OA enhancements due to aging observed in our study are consistent with those for emissions
from similar fuels during open burning and use in modern heating stoves collected with a variety
of methods (OFRs; smog chambers). Therefore, the magnitude of enhancement and variation
with stove type/efficiency are likely well-represented through our OFR experiments. However,
recent work has revealed several issues to be considered when interpreting results of OFR
analysis’®!%!, For example, various pathways (other than formation of new OA mass) available
to condensable vapors formed during oxidation (e.g. loss to reactor walls) may affect observed
OA enhancement®®®, Analysis presented in Section A8, Figure A10 indicates that, due to the high
particle number concentrations in our experiments, this was not a major concern. Another
concern for OFR experiments is the representativeness of oxidation in the reactor for
atmospheric conditions. Recent analysis suggests that our operation of the OFR (as in many past
studies) means that chemistry in our reactor was likely less-representative of atmospheric
oxidation than is ideal, A10B"°. For example, UV photolysis of some species likely plays a larger
relative role than in real atmospheric oxidation, due to the suppression of OH at low RH/high
OHR. Therefore, future work will modify operating conditions to assess the influence of OFR

conditions on aging of emissions.
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APPENDIX A
Section Al. Instruments
The instrumentation used in this study is shown in Figure A2 and summarized in Table Al.
Diluted primary emissions from the cookstoves were sampled directly from the duct by the Stove
Emission Measurement System (STEMS-1G)* during the burn. The STEMS measures CO, CO,
aerosol light scattering (wavelength A = 635 nm), temperature, and RH in real time and uses a
microaethlometer to measure aerosol light absorption at A = 880 nm. It also collects integrated
filter samples as described below. Downstream of the STEMS and upstream of the F-OFR gas-
phase instruments measured unaged primary emissions during both online and batch

configurations.

A range of aerosol particle instrumentation measured downstream of the F-OFR: a scanning
mobility particle sizer (SMPS, TSI Inc., CPC 3787/DMA 3081 operated with a sheath flow of
3.0 LPM and aerosol flow of 0.6 LPM) measured aerosol size distribution (15-685 nm), an
aerosol chemical speciation monitor (ACSM, Aerodyne Research Inc; 75 — 650 nm) measured
aerosol composition and mass concentrations?, a photoacoustic extinctiometer measured particle
absorption and scattering at A = 870 nm (PAX, Droplet Measurement). A 3-A (470, 522, and
660nm) particle soot absorption photometer (PSAP; Radiance Research) was used to quantify
wavelength-dependence of absorption®, but not BC concentrations due to loading/scattering filter
artifacts®. Zero air metered by a mass-flow-controller was used to additionally dilute (~dilution
ratio 10-20) the PSAP sample to minimize filter-changes. Downstream of the F-OFR, gas-phase

instruments continuously measured CO (48i Thermo Fisher Scientific), Oz (205 2B
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Technologies), CO2 (L1-820 LI-COR) in photo-chemically aged emissions during online and

batch sampling.

Primary emissions from the duct and aged emissions downstream of the F-OFR were
simultaneously collected during online sampling on quartz and Teflon filters in the STEMS (at
2.5 I'mint) and at 1.2 I min! using an impactor with a 2.5 pm cutoff, respectively. In both, one
filter holder contained a 47 mm bare quartz filter (BareQ) and the other filter holder contained a
47 mm quartz filter behind a Teflon filter (QBT filter) used to correct for OC positive artifacts
from gas phase organics®. Quartz filters were analyzed with a Sunset Labs Organic and
Elemental Carbon (OC/EC) analyzer to quantify elemental (EC) and organic carbon (OC).
Teflon filters were weighed before and after experiments using a Mettler-Toledo UMX-2

microbalance in a T/RH-controlled chamber to quantify the total PMas.

Section A2. Data Analysis: Corrections

Several corrections were applied to data to allow for measurements at different locations and
times to be compared to assess evolution of emissions. These corrections account for particle
loss through the F-OFR, particle loss to the smog chamber walls, and ACSM transmission
window limitations. Particle loss through the F-OFR was determined, assuming that BC acts as
an inert tracer, from the fraction of absorption measured by the PAX downstream of the OFR to
that expected based on the exponential fit of bypass measurements in the smog chamber. This
correction was applied to the F-OFR measurements for each OH exposure on a per test basis.
The variability of the loss characterization is shown in Figure A10 using a box and whisker plot
[51 25t 501 751 951 percentiles] across a range of average OH exposures binned by
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approximately 1.5 equivalent days of aging. The average loss at each average OH exposure is
shown with a green marker. The trend in particle loss across OH exposures during batch
sampling was used to estimate an appropriate correction for the OH exposure during online
sampling. A slight increase in the fraction lost was observed with increasing OH exposures. The
exact reason for this increase is not known but similar losses were measured with the PSAP,
suggesting that this loss is real and not a measurement artifact due to variations in temperature,
relative humidity or gas-phase concentrations. Possible explanations include electrostatic
interference, thermophoresis, and/or changes in particle morphology or coating. The UV bulbs
could be creating interference due to the electric field imposed by the UV bulbs or possibly
creating a temperature gradient between the bulbs and the reactor walls. Also, the morphology
and coating of BC particles may be changing due to the condensation of semi-volatile vapors. At
high OH exposures, these effects might be more pronounced because a second UV bulb is
required to be powered to achieve necessary oxidant concentrations. However, these corrections

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

Based on similar wood smoke characterization and aging experiments an ACSM collection
efficiency of 1 was assumed?®2. As noted below (Figure A4), this leads to a good agreement
between filter-based OC and OA measured via the ACSM. To attempt to account for the POA in
a way that is consistent across instrument particle size measurement ranges, loading in the
chamber was corrected for mass outside the ACSM transmission window (75-650 nm)
designated by the dashed lines in Figure A11°. SMPS volume distributions of the initial loading
in the smog chamber were fitted for diameters between 0.6 and 1000 nm. The estimated fraction
of SMPS-measured aerosol volume (assuming spherical particles) not detected by the ACSM
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was determined on a per test basis for each cookstove. The average fraction of aerosol volume
outside of this range for the TSF, Chulika, and Philips was 43%, 71%, and 56%, respectively.
This correction is not applied to the mass enhancement (delta_ OA) measured during OFR aging,
as the vast majority of SOA condensation in the F-OFR was observed to occur within the ACSM
transmission window. The green points in panel b for each cookstove model show aged volume
distributions. If significant formation is occurring below the detection window of the ACSM then

these results would be considered a lower estimate of OA production.

POA was also corrected for smog chamber particle wall loss during the loading period referred
to as POA at batchi=o. Light scattering and absorption measured by the STEMS were used to
estimate the real-time transfer rate 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 determined. The ratio of the sum of particles loss to the chamber walls to the
sum of emitted particles during the burn determined the percentage PM (scattering) and BC
(absorption) loss. These corrections were only applied to the POA concentration in the chamber
in order to account for primary OA mass captured by filters. Figure A4 compares the primary
OM EFs measured by the STEMs to chamber POA loadings at batchi=o. OC collected on the
filters was converted to OM EFs using the Improved-Ambient’ parameterization based on
unaged 43 and f44'>17_ A liner regression showed the chamber OA EFs agreed well (R? = 0.87)

with the primary filter-based OM EFs with a slope of 0.84 + .10 after applying corrections.
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Section A3. Model Parameterization
The model used to estimate the OH exposure offline is based on the work by Li et al. (2015)
designed for the PAM reactor'® but with parameters fitted based on a characterization of our flow

tube reactor. The equation used is:
t
Eq. Al log(OH,y,) =a+ (b +c x OHR? + e x 10g(03) * OHR) x 1og(03) + log(H,0) + log(ﬁ)

O3 is the ozone concentration (molecules cm3), H2O is the water vapor mixing ratio (%), t is the
residence time in the reactor (s), and OHR is the external OH reactivity (s). The model-
estimated OH exposure was adjusted for a difference in residence time between the model (82
seconds), the ambient study (70 seconds), and the current study (54-68 seconds). The parameters
(a-f) were obtained by fitting the above equation to data collected during operation of the F-OFR
across a range of conditions of varying bulb setting, water mixing ratio and OHR. The model-
fitting data set is shown with red markers in Figure A12. OHR and H>O were varied by
introducing excess CO and water into the sample stream. Additional external OHR competes for
OH in the reactor, and thus suppresses OH oxidation relative to low-OHR conditions. In this
study, OH exposure was suppressed due to the elevated OHR of the relatively highly
concentrated cookstove emissions. Since detailed VOC measurements were not collected during
cookstove experiments, the OHR of these emissions were estimated from VOC/CO ratios of
woodland oak measured during Flame 111! scaled by the CO concentration measured upstream
of the F-OFR. OH exposures using the adjusted OHR values are compared to model estimates
for previous laboratory and field measurements in Figure A12. The OH exposure determined
from the model is compared against ambient measurements from a near road (1-40) campaign
that used a CO tracer to determine the OH exposure online, shown by the blue markers. The OH

exposure measured using the tracer decay agrees well with the model output for all of these data
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sets, with the greatest observed difference occurring at low exposures. This indicates that our F-
OFR is performing consistently with other OFR versions and that OH exposure is reasonably

well described by this model formulation.

Section A4. Organic Particle Signal at m/z 28

Typically, the ACSM signal at m/z 28 (N7) is associated with the airbeam and the organic
contribution is assumed to be zero in the fragmentation table?. However, recent analysis
suggests there is a substantial particle phase contribution to OA at m/z 28315, The Aiken et al.
fragmentation table sets the organic contribution at m/z 28 equivalent to the signal at m/z 44, but
this does not affect the total organic mass because it decreases the contribution at m/z 18%°.
Overall, we found evidence that there is a substantial OA contribution at m/z 28, but that due to
signal-to-noise limitations in the ACSM, we were not able to consistently quantify this
contribution. For this reason, we have chosen to use the default ACSM fragmentation table,
which neglects contribution to OA at m/z 28 (e.g. CO™ fragments). This may lead to a small
under-estimation of OA mass. Figure A13 shows the ratio of the difference (unfilter minus
filtered MS) signal at m/z 28 and m/z 44. An example mass spectra (MS) segment is also shown
for TSF-062916, in which the difference signal at m/z 28 is roughly equivalent to that at m/z 44.
Due to the inability to separate the organic particle signal from the dominating airbeam signal at
lower POA concentrations, the contribution at m/z 28 was not used to calculate the total organics.
The MS segment for NDS-082516 shows a negative signal at m/z 28 indicating noise from the

airbeam is dominating the signal.
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Section A5. Estimating Elemental Ratios from ACSM Mass Spectra

To extend the evaluation of OA composition, atomic ratios (H:C; O:C) were estimated using the
‘Improved-Ambient’ parameterization based on f43 and f44 measured during batch sampling*>-
7 This likely provides a slightly high-biased estimate of H:C and O:C because the ACSM m/z
range is truncated (to m/z 150) relative to the Aerosol Mass Spectrometers (AMS; to m/z 300)
used to devise the parameterization. AMS wood-smoke spectra®® suggest that approximately
90% and 95% of fresh POA and aged OA is contributed at <150 amu. Based on the
parameterization, this truncation may contribute to ~10% and ~5% overestimations of O:C and
H:C, respectively. Further, Ortega et al. showed that the ‘Ambient’ O:C parameterization
underestimated O:C determined using elemental analysis of high-resolution wood-smoke
spectral®. Therefore, we here provide ‘estimated’ elemental ratios and suggest that while the
observed trends are likely captured with this approach, there is substantial (10-20%) uncertainty
in the absolute values of elemental ratios. It should also be noted that the f44 value for the FDGS
is at the upper end of data used to develop the parameterization, and so FDGS elemental ratios
should especially be considered cautiously. Future work should examine OA from these sources

with higher resolution instruments capable of resolving elemental contributions.

Section A6. H:C and O:C Including Refractory Carbon

O:C and H:C ratios were adjusted to include the contribution from refractory carbon in a Van
Krevelen plot framework to consider the evolution of carbonaceous material during the
combustion of biomass. Equations A2, A3, and A4 were used to estimate the mass emission

factors of OA-associated oxygen, hydrogen, and carbon on a per fuel basis.

0 (0OA 0O 1moleC 16 g0 0A ocC
gos _ o0, " g0 . _ g . 2C

Eq. A2 =
kg of fuel C 12gcC 1moleO0 kgof fuel OM
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H (0OA H 1 leC 1gH 0A oc
Eq. 3—g ( )=—* moce * 9 * g * —
kg of fuel Cc 12gC 1moleH kgof fuel OM

gcoa g oA " oc

Eq. A4 kg of fuel  kgof fuel OM

In equations A2-A4, grams of OA per kg of fuel is quantified by the POA EF for unaged
emissions and as total OA (POA + SOA) EF for aged emissions, corrected for ACSM lens
transmission limits for POA (as discussed in Section A2 above). The OC/OM ratio corresponds
to the values for unaged/aged emissions shown in Tables A2 and A3. To account for refractory
carbon, BC EFs measured by the PAX using a MAC of 3.33 m? g* (calculated using a regression
fit between EC and BC; Figure A6) was added to the OA carbon EFs calculated using equation

A3. O:C and H:C ratios were then recalculated on a molar basis.

Section A7. Optical Properties

Real-time aerosol optical properties were examined across stove type to provide additional
understanding of the environmental impacts of cookstoves. Single scattering albedo (SSA)
quantifies the ratio of scattering to total extinction using the absorption (bas, Mm™) and
scattering (bsca, Mm™) measured at 870 nm by the PAX (Dscat /(Dabs+0scat)). A lower SSA is
indicative of particles that are more light-absorbing. Unaged emissions from the TSF, NDS, and
FDGS had test average (=1 6) SSA values of 0.62+0.14, 0.24+0.02 and 0.17+0.02 respectively.
All three of these values are below the climate cooling-to-warming threshold of .85, suggesting
the POA from all stoves have direct climate warming effects, though including indirect effects
may mitigate the overall impact. While all the stoves emit strongly absorbing particles, particles
from the alternative stoves on average have 50% greater contribution of absorption to total

extinction. However, both alternative stoves have lower PM EFs than the TSF and also have a
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greater thermal efficiency?, complicating the direct connection from stove use to climate
impacts. Figure A8A shows the average peak SSA for each stove type after OH exposure. The
data show a trend of increasing SSA with OH exposure indicating aerosols are becoming more
light-scattering. This is consistent with other studies that have shown SSA increases with the
enhancement of OC?%2, Figure A8B shows as MCE increases particles become less light

scattering. Similarly, A8C shows as SSA decreases a greater fraction of TC consists of EC.

A power law was used to fit PSAP baps measurements across 467, 530, and 660 nm wavelengths
and the slope was used to derive the Absorption Angstrom exponent (AAE). The absorption at
870 nm was extrapolated and assumed to be pure BC. The BC contribution across 467, 530, and
660 nm wavelengths was determined using a power law fit with an exponent of 1. The difference
between the measured absorption at a wavelength and the expected contribution from black

carbon is called the BrC fraction of the total absorption?.

Section A8. Modeled Fate of LVOCs in Oxidation Flow Reactor

Recent research using the PAM reactor? has explored the fate of low volatility organic
compounds (LVOC) that form in the reactor to assess the possible influence of vapor wall loss
or kinetic limitations on observed enhancement. We modeled the most important chemical
pathways following the approach of Palm et al.,* as shown in Figure A10A. The potential fate of
an LVOC in the F-OFR includes: condensing on particle surface area, condensation to the walls
of the reactor, reacting with OH radicals 5+ times at which point it is considered

‘incondensable’, or exiting the F-OFR as a vapor. Figure A10A shows that, due to the large
concentration of particles in these experiments, the dominating pathway was condensation onto
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the surface area of particles. For experiments with lower particle surface area concentrations, the
other significant pathway was reacting with OH radicals 5+ times. Condensation to the F-OFR
reactor walls and vapors exiting the reactor had a minimal influence due to a short residence time

and low wall surface area relative to the particle surface area.

A negative consequence of the higher concentrations of emissions in our experiments is the
possible contribution of non-OH radical chemistry in the reactor. High concentrations result in
elevated levels of external OHR (179-742 s™), which leads to a suppression of OH radicals and
the dominance of less-atmospherically-relevant chemistry (e.g. UV photolysis). Recent modeling
with the PAM reactor has defined regimes based environmental parameters to determine if
chemistry in the reactor is atmospherically relevant®, as shown in Figure 13B. Figure 13B
demonstrates experiments should be run at relatively lower OHR and higher water mixing ratio®®
to move in to the “safe” regime. Future experiments should attempt to employ additional dilution

and/or elevated RH levels to increase the relative importance of OH radical in OFR chemistry.
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Table Al. Summary of instruments and manufacturers

Measurement

. Measurement Manufacturer
Locations
co Alphasense
Cco2 Aprovecho PEMS Board
] Red Laser Scattering Aprovecho PEMS Board
Primary (STEMS) Photometer
Temperature SHT15
Relative Humidity SHT15
AE-51 Absorption Aethlabs

Primary (Pre F-OFR)

NOy
Cco
(OF!

401/410 2B Technologies
48C Thermo Fisher Scientific
106-L 2B Technologies

Primary/Aged (Post
F-OFR)

Particle Size Distribution
aerosol chemical speciation
Black carbon
absorption/scattering
particle soot absorption

SMPS (TSI Inc.) CPC 3787/DMA 3081
ACSM (Aerodyne Research Inc.)

PAX (DMT Inc.) (A =870 nm)
PSAP (Radiance Research) (A =470, 522,

photometer and 660nm)
co 48i Thermo Fisher Scientific
Aged (Post F-OFR) (OF] 205 2B Technologies
CO; L1-820 LI-COR
Primary/Aged
E
(Offline) c/0C Sunset
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Table A2. Primary emissions for each experiment measured by the STEMS in the duct during
stove tests. Mass of fuel used is the sum of fuel used during the hot start and the simmering
phase. The mass of fuel used was unintentionally not recorded for the NDS test on 6/23/16. The

MCE, ACO, and ACO: are the average values during the online configuration. ACO and ACO>

are background corrected. The EC, OC, and PM EFs are based on primary filters collected by the
STEMS. The unaged OM:OC ratio was estimated using the Improved-Ambient method®2°
based on unaged f4s measured during batch bypass sampling.

Fuel ECEF OCEF Erl’:“zlg Unaged
T Stove Test Mass ACO ACO2 (gkg (gkg 1 )
est ID MCE kg OM:0C

Type Protocol Used (ppm) (ppm) ‘!of ! of .

(8) fuel) fuely Of  Ratio
fuel)

62916  TSF WBT 1054 094 87.2 1317.6 0.54 2.96 6.50 1.49
71916  TSF WBT 1192 0.92 129.6 14285 0.64 5.13 10.68 1.47
72916  TSF MTP 1121 0.92 88.3 1020.3 0.75 2.64 5.82 1.50
80316  TSF MTP 1267 094 87.1 12551 0.68 2.08 4.60 1.78
90216  TSF WBT 1309 0.93 97.7 1368.5 0.50 5.68 12.42 1.44
50216 NDS WBT 997 0.96 50.0 11925 0.79 0.76 3.82 1.72
60616 NDS WBT 928 0.97 38.2 1146.8 0.91 0.80 3.74 1.99

62316 NDS WBT -- 0.96 299 734.7 1.46 1.01 4.66 --
70716  NDS WBT 944 0.96 55.3 13704 1.32 0.69 2.14 1.75
72216 NDS MTP 888 0.95 55.0 1095.0 1.72 0.80 3.73 1.90
72616 NDS MTP 877 0.95 609 10815 1.39 1.01 3.98 1.85
82516 NDS WBT 896 0.97 40.2 11964 1.25 0.78 3.06 1.90
90916 NDS MTP 752 0.97 32.1 1006.5 0.42 1.11 2.14 1.89
80516 FDGS WBT 658 0.97 389 1092.3 0.69 0.20 1.31 2.86
81016 FDGS WBT 706 0.97 384 11735 0.75 0.26 241 2.88
81216 FDGS MTP 727 0.97 23.7 692.7 1.04 0.47 3.11 2.62
81616 FDGS MTP 858 0.98 354 1401.6 0.32 0.19 1.63 2.94
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Table A3. Chamber loading for each stove type at the start of the batch configuration. ACO and
ACO: are background corrected. OA loading is as measured by the ACSM and corrected for the
lens transmission (Sec. A2). The BC loading was measured by PAX using a MAC of 3.33 m? g,
The aged OM:OC ratio was estimated using the Improved-Ambient method*>*’ based on aged
f44 measured during batch F-OFR sampling.

OA BC Aged
Stove Test ACO ACO2 Loading Loading OM:0C

Test ID Type Protocol (ppm) (ppm) (mgm3) (ng m-3) Ratio
62916 TSF WBT 11.6 195.1 779.7 1111 2.26
71916 TSF WBT 13.0 168.9 1319.1 83.5 2.06
72916 TSF MTP 12.6 147.5 685.5 96.0 2.09
80316 TSF MTP 9.7 133.4 305.8 63.7 2.27
70716 Chulika WBT 4.9 136.5 133.3 125.4 2.55
72216 Chulika MTP 6.7 150.8 284.2 202.1 2.50
72616 Chulika MTP 7.1 140.3 219.9 150.4 2.44
82516 Chulika WBT 34 132.1 135.2 121.9 2.85
80516 Philips WBT 3.7 111.9 147.9 58.0 2.97
81016 Philips WBT 3.0 107.0 119.5 83.0 3.20
81216 Philips MTP 4.3 105.8 183.1 61.5 3.05
81616 Philips MTP 3.2 149.6 147.1 46.7 3.10
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Figure Al. Cookstove models. (L to R) Three stone fire, NDS, FDGS
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Figure A2. Experimental setup of online (blue arrows show sample path) and batch (red arrows
show sample path) sampling configurations.
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Figure A3. A time series of organics (ACSM) and absorption (PAX) from a three stone fire
during batch configuration (07/19/2017). Bypass, OFR (bulbs on), and OFR (bulbs off) sampling
are indicated by an arrow to demonstrate the degree of enhancement. Also shown are similar
decay rates of absorption and organics over time in the chamber.
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Figure A4. Comparison of online and batch configuration measurements of unaged Filter OM
EF collected during the online configuration and the unaged chamber POA EF collected during
the batch configuration with corrections discussed in section A2 applied.



Figure A5. Panel A-C shows OA enhancement for each OH exposure (faded points) and
averaged by OH exposure = 1 STE (dark points) for each cookstove. Solid line represents the
first pass (earliest) at the range of bulb settings and the dashed line represents the second pass
(latest) of equivalent bulb settings during batch sampling. Minimal difference between the first
pass and second pass OA enhancement at similar OH exposure demonstrates a consistent
absolute enhancement despite diminishing chamber POA concentrations. This suggests that
vapor wall loss during the course of these experiments had minimal influence of SOA production
during the course of batch sampling. Panel D is a comparison of aged OA EF measured by the
ACSM during the online configuration and the chamber aged OA EF measured by the ACSM
during the batch configuration at similar OH exposures. OA EF measured during batch is
absolute enhancement + POA at batchi=o.
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Figure A6. Calculation of the Mass Absorption Cross-Section (MAC) used to determine black
carbon (BC) mass concentrations from absorbance. Unaged EC EF determined from OC/EC
analysis of primary filters in the STEMS plotted against absorption EFs of unaged emissions
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during bypass batch sampling measured by the PAX (870nm). Absorption in the smog chamber
was corrected for the loss of particles to the chamber walls during the burn duration on a per test

basis.
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Figure A7. Estimated O:C ratios, using the Improved-Ambient’ parameterization of f43 and f44
measured during batch sampling'®>" across a range of OH exposures for each stove type. O:C
ratios are averaged for each stove type by OH exposures binned by approximately two equivalent
days of exposure. The dashed line indicates the maximum OH exposure and O:C ratios observed
by Ortega et al. at Flame-3.
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Figure A8. Effect of aging and combustion on optical properties shown by (a) unaged SSA and
peak SSA after aging averaged by cookstove type after aging at 870 nm during batch
configuration, (b) unaged SSA decreasing with increasing combustion efficiency, and (c) unaged
SSA decreasing with increased EC.
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Figure A9. F-OFR modeling of: (a) the fractional fate of L\VOC vapors in the reactor due to
either 1) condensation on to particles 2) reacting with OH radicals 5+ times 3) condensing on to
the walls of the reactor or 4) exiting the OFR, showing that condensation on particle or
‘destruction’ via repeated OH reactions are likely the two dominant LVOC fates under our
experimental conditions?*, and (b) the external OHR and water mixing ratio of the sampled air
stream for all the experiments here. This shows that the oxidation chemistry in the reactor is not
in the most atmospherically relevant range, and so subsequent experiments should be run at more
dilute, moist conditions (lower OHR, higher water mixing ratio)?.
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Figure A10. Box plots for percent loss of PAX-measured absorption in the F-OFR as a function
of OH exposure (a proxy for bulb intensity). Loss ratio based on measurements via bypass and F-
OFR during batch sampling at various OH exposures. Boxes represent interquartile range,
whiskers indicate 5" and 95" percentiles and horizontal line in the box is the median. Average
percent loss for each average OH exposure binned by approximately 1.5 equivalent days of aging
is shown by a green dot.
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Figure All. Representative SMPS particle volume distributions measured for the various stove
options. Also shown is the ACSM lens transmission window (dashed lines): (a) bypass scans for
each cookstove model (Chulika diluted by a factor of 6) and fitted to determine amount of
volume outside the ACSM lens transmission (b) aged emissions (green) from the TSF (black) to
demonstrate mass formation is predominantly occurring within the ACSM detection window.
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Figure A12. Comparison of OH exposure estimated using a CO tracer against a model
prediction (discussed in Section SA3) during laboratory characterization experiments (red

points), ambient measurements (blue points), and the current study (green points). Dashed lines

are the 1-3 lines and the solid line is the 1-1 line.
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Figure A13. ACSM mass spectra for a full test (difference = unfiltered minus filtered spectra)
showing signals between m/z 28 and 44 from test number TSF-062916 and NDS-082516 with
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loadings of ~779.7 ug m= and 135.2 ug m=. This is clear evidence of a substantial particle-phase

signal at m/z 28. This was visible in TSF-062916 and other TSF tests, but high noise levels
precluded us from consistent quantification of OA contribution at m/z 28 across all stove tests.
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