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Abstract

Household cookstove emissions are an important source of carbonaceous aerosols globally. The
light-absorbing organic carbon (OC), also termed brown carbon (BrC), from cookstove emissions
can impact the Earth’s radiative balance, but is rarely investigated. In this work, PM, 5 filter
samples were collected during combustion experiments with red oak wood, charcoal, and kerosene
in a variety of cookstoves mainly at two water boiling test phases (cold start CS, hot start HS).
Samples were extracted in methanol and extracts were examined using spectrophotometry. The
mass absorption coefficients (MAC 5, m2 g~1) at five wavelengths (365, 400, 450, 500, and 550
nm) were mostly inter-correlated and were used as a measurement proxy for BrC. The MAC3gs for
red oak combustion during the CS phase correlated strongly to the elemental carbon (EC)/OC
mass ratio, indicating a dependency of BrC absorption on burn conditions. The emissions from
cookstoves burning red oak have an average MAC , 2—6 times greater than those burning charcoal
and kerosene, and around 3-4 times greater than that from biomass burning measured in previous
studies. These results suggest that residential cookstove emissions could contribute largely to
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ambient BrC, and the simulation of BrC radiative forcing in climate models for biofuel
combustion in cookstoves should be treated specifically and separated from open biomass burning.

Capsule

The radiative forcing of light-absorbing OC from cookstove emissions need to be considered in
climate models, and should be treated separately from open biomass burning.

Keywords
Brown carbon; Cookstove combustion; Mass absorption coefficient; Burn condition

1 Introduction

Light-absorbing organic carbon (OC), also termed as “brown carbon” (BrC), directly affects
the Earth’s radiative balance by absorbing incoming solar radiation (Ramanathan et al.,
2001; Anderson et al., 2003; Bond and Begstrom, 2006). Unlike black carbon (BC) — the
most efficient light absorbing agent, which absorbs across the spectral range with a weak
dependence on wavelength (A) (Bond, 2001; Bond et al., 2013; Lack and Langridge, 2013),
BrC light absorption is mainly observed at near-UV and shorter visible wavelengths with a
strong A dependence (Kirchstetter et al., 2004; Laskin et al., 2015). Open biomass burning,
including uncontrolled wildfire and prescribed agriculture or forest fires (Forrister et al.,
2015; Washenfelder et al., 2015; Chakrabarty et al., 2016; Xie et al., 2017b), and biofuel use
for household cooking and heating are significant primary sources of BrC (Zhang et al.,
2016; Fleming et al., 2018). Additionally, a number of studies have investigated the
formation of BrC through gas-phase photo-oxidation of volatile organic compounds (VOCs)
from biogenic and anthropogenic sources (linuma et al., 2010; Nakayama et al., 2010;
Updyke et al., 2012; Lambe et al., 2013; Lin et al., 2014; Liu et al., 2016; Xie et al., 2017a)
and aqueous-phase photochemical processes (Powelson et al., 2014; Lin et al., 2015; De
Haan et al., 2017), suggesting the existence of secondary BrC sources. Other potential BrC
sources in urban areas, such as motor vehicle emissions, are rarely investigated (Xie et al.,
2017b). Furthermore, the variability in the optical and chemical properties of BrC (e.g.,
spectral dependence and chromophore composition) from different sources is poorly
characterized. Ambient and laboratory observations of BrC showed that compared with the
water-soluble fraction of OC, the water-insoluble fraction contained more and stronger light-
absorbing chromophores (Chen and Bond, 2010; Liu et al., 2013; Zhang et al., 2013; Cheng
etal., 2016). The light absorption of biomass burning BrC is strongly dependent on burning
conditions (e.g., temperature) (Chen and Bond, 2010; Saleh et al., 2014; Pokhrel et al., 2016;
Xie et al., 2017b), and the majority of water extracts absorption was due to high molecular
weight (> 500 Da) components (Di Lorenzo and Young, 2016; Di Lorenzo et al., 2017;
Wong et al., 2017).

Residential solid fuels (e.g., wood, coal) were burned during cooking and heating activities
in developing countries, of which the smoke emissions are a leading human health risk
factor (Smith and Mehta, 2003; WHO, 2009, 2014). In Asia and Africa, approximately 60 —
80% of the BC emissions are from residential solid fuel (e.g., coal and biomass) combustion
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(Cao et al., 2006; Bond et al., 2013); the emissions from residential solid fuels were
estimated to contribute ~20% to the global OC budget (Bond et al., 2004). Solid fuel
combustions in cookstoves can emit substantial particulate and gaseous pollutants, including
PM; 5, BC, OC, CO, NOx, and SO, (Zhang et al., 2000). The emission factors (EFs) of
these pollutants from household cookstoves have been intensively examined (Jetter et al.,
2012; Shen et al., 2012, 2017, 2018; Qi et al., 2017; Wathore et al., 2017), aiming to reduce
pollutant emissions by using improved cookstoves or clean fuels or a combination of them.
However, the contribution of cookstove emissions to residential emissions is poorly
constrained, and the BrC absorption from cookstove emissions is rarely studied. Sun et al.
(2017) studied the light-absorbing properties of BrC from residential coal combustion, and
found that the light absorption of BrC (350 — 850 nm) accounts for 26.5% of the total
absorption (BrC + BC), suggesting the importance of accounting for BrC emissions from
household cookstove in climate models.

This study aims to measure the light absorption of BrC from a variety of fuel-cookstove
combinations. Specifically, the mass absorption coefficients (MAC, m2 g~1) of methanol-
extracted OC in PM> 5 samples from cookstove emissions were compared across three types
of fuels: red oak, charcoal, and kerosene. No previous study has investigated the light
absorption of OC from the combustion of charcoal and kerosene — two important fuels used
for cooking and lighting in developing countries. The light absorption of gas-phase OC
positive artifact (i.e., OC adsorbed on a backup quartz filter downstream of a
polytetrafluoroethylene membrane filter for PM> 5) is also presented, which might partly
represent the light-absorbing properties of semivolatile gas-phase OC (Chen and Bond,
2010). This study will help increase the understanding of sources of light-absorbing OC
emitted to the atmosphere. It also supports estimates of the direct radiative effect due to BrC
from cookstove emissions.

2 Methods

2.1 Cookstove emissions test facility

The cookstove emission tests were conducted at the U.S. EPA cookstove test facility in
Research Triangle Park, NC. Details of the facility design, test protocol, and pollutant
measurement were provided elsewhere (Jetter and Kariher, 2009; Jetter et al., 2012). Briefly,
cookstove emissions were routed into a stainless steel hood connected to a primary and
secondary dilution tunnel. An induced-draft blower was used to provide filtered dilution air
and hood air flows and maintain negative pressure through the entire system.

2.2 Fuels and cookstoves

As shown in Table S1, supplementary information, three fuels (red oak (Quercus rubra)
wood, lump charcoal (not briquettes), and 1-K kerosene) were burned in cookstoves
designed to burn each specific fuel. Wood and charcoal are typical solid fuels in developing
countries (Bonjour et al., 2013); kerosene has been an important liquid household fuel since
the mid-19t" century, and is widely used in developing countries for cooking and lighting
(Lam et al., 2012). In this work, red oak is selected as representative biomass fuel ansed
burned in five stoves. Both low (~10%) and high (~30%) moisture (on a wet weight basis)
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oak fuels were burned in a Jiko Poa stove; only low moisture oak fuel was combusted in the
four other wood stoves. The wood stoves tested in this work (Table S1) ranged from the
traditional 3-stone fire to a forced-draft fan type cookstove (EcoChula XXL) (Jetter et al.,
2012, Shen et al., 2017, 2018). Low moisture charcoal was combusted in five charcoal
stoves, and Grade 1-K kerosene (ASTM, 2013) was burned in two cookstoves (Butterfly
Model 2412 and 2668). Each fuel-cookstove combination was tested in triplicate.

2.3 Water boiling test (WBT) protocol

The WBT protocol (version 4) (Global Alliance for Clean Cookstoves, 2014) was applied to
determine cookstove power, energy efficiency and fuel use. The WBT protocol includes
three test phases: (1) cold-start (CS) high power phase begins with the cookstove, pot and
water at ambient temperature; (2) hot-start (HS) high power phase immediately follows the
CS phase with the cookstove hot but the pot and water at ambient temperature; and (3) low-
power simmer phase (SIM) begins with the cookstove hot and the water temperature
maintained 3 °C below the boiling point. A modified protocol was used for the charcoal
stove, which was described in detail by Jetter et al. (2012). Continuous pollutant emission
measurements and filter sampling were performed during each phase of the WBT protocol.

2.4 Emissions measurement and sampling

Gaseous pollutants, including CO, CO,, CH,4, and total hydrocarbons (THC), were
monitored continuously at the primary dilution tunnel using infrared and flame ionization
detector (FID) analyzers (models 200, 300-HFID and 300MFID; California Analytical;
Orange, CA). Background concentrations of gaseous pollutants were measured with real-
time instruments at least 10 min before and after each test and were subtracted from test
concentrations. Particulate matter with aerodynamic diameter < 2.5 ym (PM, 5) was sampled
isokinetically on quartz-fiber filters (Qf) and polytetrafluoroethylene (PTFE) membrane
filters positioned in parallel and downstream of PM, 5 cyclones (URG; Chapel Hill, NC) at a
flow rate of 16.7 L min~L. The filter-based PM sampling was conducted in the primary
dilution tunnel for low-emission fuel-cookstove combinations (e.g., forced-draft biomass
stove), and in the secondary dilution tunnel for those with high emission (e.g., natural-draft
biomass stove) to avoid overloading filters. In this study, PM, 5 samples for red oak-
EcoChula XXL and kerosene stoves were collected in the secondary dilution tunnel. A
backup quartz-fiber filter (Qb) was installed downstream of the PTFE filter, to estimate the
adsorption of gas-phase OC (a measure of “positive artifact”) on the PM, 5 sample. PM5 5
mass (range 0.023 — 1.48 mg) was determined by measuring the PTFE filters gravimetrically
with a microbalance (MC5, Sartorius, Germany) before and after sampling. OC and
elemental carbon (EC) on Qf and Qb samples were measured using a thermal optical
instrument (Sunset Laboratory, Portland, OR) and a revised NIOSH method 5040 (NIOSH,
1999), and no EC was observed on Qb samples. Cookstove test facility blank PTFE and
quartz filters were also collected, and the associated PM, 5 mass, OC and EC contamination
were measured and subtracted from test samples. Filters were stored at < -20 °C prior to
solvent extraction and analysis.
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2.5 Light absorption analysis

Details of the sample extraction, extraction efficiency calculation and light absorption
analysis are provided in the supplementary information (Section 1). Briefly, an aliquot of
each quartz filter sample was extracted with methanol and measured using a UV/Vis
spectrometer after filtration. Field blanks were analyzed in a same manner for blank
correction. In the current work, we focused on the light absorption of OC in PM, 5 emitted
at high power phases (CS and HS) with higher EFs of OC and EC than those at low power
SIM phases. Details of the comparisons of EFs between high and low power WBT phases
are provided in supplementary information (Section 2). The light-absorbing OC emitted at
the SIM phase was only analyzed for the red oak-3 stone fire combination, as CS and HS
phases are typically similar for the 3-stone fire. For ease of comparison, no SIM phase
samples were analyzed for charcoal or kerosene combustion.

The amount of OC extracted from Qf and Qb (or extraction efficiency) are calculated basing
on the difference between OC on the un-extracted sample and OC in the air-dried sample
following extraction, which is required in subsequent data analysis for light absorption. In
this work, the Qb samples contain relatively small amount of OC, ranging from 2.58 + 1.57
g cm~2 (mean = standard deviation, charcoal combustion) to 5.12 + 1.81 pg cm=2 (kerosene
combustion). After extraction, the residual OC on Qb (not corrected with blanks, 0.53 + 0.12
—1.00 + 0.64 pg cm™2) is comparable to blank filters (0.67 + 0.33 pg cm~2) and no
significant difference (Student’s ftest, p> 0.05) between them has been observed. As such,
the variability in OC measurement of field blanks can impact the calculation of extraction
efficiency of Qb substantially. Therefore, the extraction efficiency of Qb samples is assumed
as 100% throughout this work.

2.6 Data analysis

The EC/OC (or BC-OC) ratio was a preferred indicator of fire conditions to modified
combustion efficiency (MCE), defined as CO4/(CO, + CO) on a molar basis, in recent
studies investigating BrC absorption (Saleh et al., 2014; Lu et al., 2015; Pokhrel et al., 2017;
Xie et al., 2017b). Heat transfer efficiency (HTE) is the ratio of the heat used in cooking to
heat released from combustion. The overall thermal efficiency (OTE) is the product of MCE
and HTE and is an indication of stove energy efficiency. The EFs of OC and EC were
calculated from the measured concentration, total volume of the exhaust, and burned fuel
energy based on the total capture method (Shen et al., 2017). Details of the average MCE,
OTE, and EFs (expressed per fuel energy, mg MJ™1) of OC and EC for each fuel-stove
combination are provided in Table S1 of the supplementary information. In this work, the
measurement with value 0 among the triplicate tests was not used for average calculation,
and the average value derived from less than three measurements was noted in each table.

To convert the light absorption of chromophores in solution to ambient aerosol chromophore
concentrations, the light absorption (A,) of each sample extract measured by the UV/Vis
spectrometer is converted to light absorption coefficient (Abs ;, Mm™1) by Eq.(1):

(Hecobian et al., 2010)
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14
l
Abs, = (A, — Ayg) X W1n(10) 1)

where Azqp (average * standard deviation 0.0057 £ 0.013, range —0.0030 — 0.076) is
subtracted from A to account for systematic baseline drift (Zhang et al., 2013), V;(m3) is
the volume of methanol (5 mL) used for extraction, V (m3) is the volume of the sampled air
represented by the extracted filter punch, and L (0.01 m) is the optical path length of the
quartz cuvette in the UV/Vis spectrometer. The bulk mass absorption coefficient (MAC 4, m?
g~1) was used to describe the absorption efficiency of extractable OC and calculated as (Eq.

(2):

(Zhang et al., 2013; Liu et al., 2016)

Abs 1
MAC, = —=
A COC

@

where Coc is the mass concentration of extracted OC for each filter sample (ug m=3). In this
work, MAC  at five representative wavelengths (1 = 365, 400, 450, 500, and 550 nm) were
calculated. The solution absorption Angstrsm exponent (A .55), a measure of spectral
dependence of light absorption, is determined from the slope of linear regression of
logqg(Absy) vs. logig(A\) over the A range of 300 and 550 nm. The average EC/OC ratio,
extraction efficiency, MAC 4 and A s values of each fuel-cookstove combination for Qf
samples are listed in Table S2; the ratio of OC on Qb sample (OCqp) and that on Qf sample
(OCqf), MAC, and A ps values of each fuel-cookstove combination for Qb samples are
provided in Table S3.

As shown in Fig. S1, OCqy is positively related to OCq¢ and far from reaching maximum
(saturation with gaseous organics) for most red oak and charcoal samples. The OCqyp, might
also be partly composed of semi-volatile organics evaporated from the PTFE PM, 5 filter
(“negative artifact™). In this work, the Qb sample measurement was used as an upper limit of
“positive artifact”. The adjusted EC/OC ratio [(EC/OC)a] was calculated as (Eq.(3)):

(EC/OC), = EC/(0Cq¢ = OCry,)  (3)

The adjusted MAC 3 (MAC 4 4, m? g™1) is calculated by Eq.(4):

where Abs, orand Absj opare light absorption coefficients of Qf and Qb extracts, Coc of
and Coc,qp are extractable OC of Qf and Qb, here Coc,qn equals to OCqy, (assume 100%
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extraction efficiency). The adjusted absorption Angstrom exponent (A z5,4) Was determined
from the slope of linear regression of logyg(Absy, of- Absy, op) Vs. 10g1o(A) over the A range
of 300 and 550 nm. The average (EC/OC)a, MAC 4 and Aabs’A values for each fuel-
cookstove combination are provided in Table S4.

3 Results and Discussion

3.1 Combustion Conditions and EFs across fuel-cookstove combinations.

3.1.1 Red oak—In Table S1, the MCE values for red oak burning in the five cookstoves
are all higher than 90% at CS (range 95.6 + 0.44 — 99.5 + 1.64%) and HS/SIM (93.7 £ 0.5 -
99.5 + 0.06%) phases, confirming that the combustion of red oak in different cookstoves is
dominated by the flaming phase (Ferek et al., 1998). The Envirofit G3300 cookstove has the
highest OTE and EFs of carbonaceous components (OC + EC) during both CS and HS
phases. The combustion of high moisture red oak in the Jiko Poa has higher OC EFs (p <
0.05 for CS, p> 0.05 for HS), but lower EC EFs (p < 0.05) compared with combustion of
low moisture red oak during both CS and HS phases.

3.1.2 Charcoal—Charcoal combustion in the five cookstoves is more flaming in CS
phase (MCE 90.3 £ 0.5 — 97.3 + 0.06%) than in HS phase (82.0 £ 2.14 — 95.2 + 0.78%,
Table S1). The OC EFs during the CS phase are less than 50% of those during the HS phase
(except CH4400 cookstove). While the EC EFs decreased by more than 90% from the CS to
HS phase. Except for the CH4400 cookstove, the variations of OC and EC EFs across
different charcoal-cookstove combinations are smaller than the differences of EFs between
CS and HS phases, suggesting that the initial temperature inside the cookstove plays an
important role in determining the EC and OC emissions. The CS begins with all charcoal
fuel at ambient temperature, while the HS begins with additional charcoal (at ambient
temperature) added to hot charcoal remaining from the CS.

3.1.3 Kerosene—Kerosene combustion in the two cookstoves is flaming in the CS and
HS phases (MCE > 90%, Table S1). The average OTE of the two kerosene-cookstove
combinations (41.2 £ 0.96 — 49.5 + 4.40%) are generally higher than red oak (22.9 + 1.29 —
35.5 £ 0.86%) and charcoal (26.7 = 1.87 — 46.0 £ 1.24%) cookstoves (Table S1). The OC
and EC EFs for the Butterfly Model 2412 stove are more than 2—-10 times higher than those
for the Butterfly Model 2668 stove. Similar as red oak and charcoal combustions, the EFs of
OC and EC are subject to large variability, which might be due to the small sample number
for each fuel-cookstove combinations (A= 3) and the variability intrinsic to the combustion
system.

3.2 Measurements of EC/OC ratio and light-absorbing properties

Due to the small sample population for each fuel-cookstove combination (V= 3), the
measurements of EC/OC ratio and light absorption from cookstove OC emissions is grouped
by fuel type and WBT phase. Typical MAC spectra of selected cookstove emissions samples
for different WBT phases are shown in Fig. 1 and exhibit strong wavelength dependence

(A s> 2). Table S5 lists the average OCEC concentration, EC/OC ratio, OC extraction
efficiency, MAC,, and A ;5 values for Qf samples collected from burning red oak, charcoal,
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and kerosene at CS and HS phases. The average OC concentration, OCq,/OCqf ratio,
MAC,, and A ;s values of Qb are also provided.

3.2.1 Qf analysis—In Table S5, on average, higher EC/OC ratios are observed for the
CS phase compared to the HS phase for the cookstoves burning charcoal (Student #test, p <
0.01) and kerosene (0.05 < p< 0.1); red oak combustion has comparable EC/OC ratios
between CS and HS phases, which was observed for most red oak-cookstove combinations
in Table S2. This might be due to much lower EC EFs for HS phase for charcoal (0.24
+0.14 - 2.58 + 0.31 mg MJ™1) and kerosene (2.83 + 0.51 - 6.03 + 10.1 mg MJ™1)
combustion compared to those for CS phase (charcoal 60.8 + 18.0 — 118 + 62.4 mg MJ™1,
kerosene 3.80 + 1.32 — 11.7 + 6.26 mg MJ™1; Table S1), while the OC EFs remain the same;
the average OC and EC EFs are comparable between CS (OC 0.97 + 0.21 — 68.3 + 9.94 mg
MJ™1, EC 5.25 + 1.16 — 114 + 5.58 mg MJ™1) and HS (OC 1.30 + 0.58 — 135 + 53.1 mg MJ
~1 EC 6.73 + 0.40 — 166 + 9.87 mg MJ™1) phases for red oak combustion (Table S1). The
average OC extraction efficiency from the cookstove samples is > 85% in this work, in
agreement with the results of other studies on biomass burning emissions (Chen and Bond et
al., 2010; Li et al., 2016; Xie et al., 2017b). The combustion of red oak generated the
strongest light-absorbing OC among the three fuels during both CS (average MAC3g5-550,
0.84 +0.98 - 5.09 + 3.47 m? g~1) and HS (0.58 + 0.50 — 4.20 + 2.18 m? g~1) phases (Table
S5). Except at A = 365 nm, the MAC values at the other four wavelengths (400, 450, 500,
550 nm) are significantly higher (p < 0.05) for charcoal combustion during CS phase than
HS phase. No significant MAC and A . difference (p> 0.05) is observed between CS and
HS phases for red oak and kerosene combustion; although, the MAC values for red oak
combustion are higher during the CS phase.

3.2.2 Qb analysis—Filters from kerosene combustion exhibit the largest relative
adsorption artifact (OCqp/OCqf: CS 42.8 + 15.2%, HS 69.3 + 38.5%), followed by charcoal
and red oak (Table S5). This is due to the fact that many of the Qb samples for kerosene
combustion are nearly saturated with gaseous organics (Fig. S1), and the kerosene
combustion has the highest OC concentrations for Qb samples (CS 150 # 24.9 ug m=3, HS
159 + 79.9 ug m=3, Table S5), but not for Qf samples (CS 430 + 298 ug m~3, HS 401 + 431
ug m~3). Red oak combustion also generated the strongest light-absorbing OC adsorbed on
Qb during both CS (average MACszg5_550, 0.13 + 0.08 — 1.96 + 0.64 m? g~1) and HS (0.20
+0.24 - 1.83 £ 1.79 m? g™1) phases (Table S5), significantly higher (o < 0.05) than charcoal
and kerosene combustion. Wood combustion likely generates relatively more aromatic
compounds (e.g., phenols, PAHSs) that absorb UV-visible radiation than charcoal combustion
(Kim Oanh et al., 1999). The MAC 4 and A ;5 values measured for Qb samples in Table S5
are comparable between CS and HS phases with no significant difference (v > 0.05) for all
three fuel types. These results suggest that the light absorption of semi-volatile gas-phase
OC from cookstove emissions is more sensitive to fuel type than the initial temperature
inside the cookstove. Most of the average MAC ; values for Qb samples are significantly
lower (p < 0.05) than their corresponding Qf samples and exhibit stronger wavelength
dependence (greater A 45 value, Table S5), indicating that the low-volatile organics on Qf
are more light-absorbing than semi-volatile organics adsorbed on Qb, in accordance with the
observations in Chen and Bond (2010).
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3.2.3 Qf analysis with Qb correction—With the assumption that the OC adsorbed on
Qb only represents the “positive artifact”, the corrected EC/OC ratio, MAC 4 and A 4 for Qf
samples (denoted by the subscript A) are shown in Table S5. The average (EC/OC)p values
for kerosene (CS 1.29 + 0.80, HS 0.88 + 0.32) combustion are nearly two times greater than
their corresponding EC/OC ratios of Qf samples. This is due to the highest OCq,/OCqf
ratios for kerosene combustion (Table S5). Each average MAC 4 4 value is higher than the
corresponding average MAC , values of Qf samples for the three fuels, supporting that lower
volatility OC from cookstove emissions contain stronger light-absorbing chromophores than
gas-phase OC. However, the difference between MAC  before Qb correction and MAC )y 4
is not significant (p> 0.05) for the combustion of red oak and charcoal in cookstoves. The
average Aabs, 4 values are comparable to their corresponding A 4,5 of Qf samples with no
significant difference (p > 0.05) for the three fuel types, indicating that the wavelength
dependence of BrC absorption is more likely determined by the low-volatile OC in
cookstove emissions.

3.2.4 Comparison to other studies—In this work, the MAC ; and A s values
obtained for Qf samples were compared to other studies on primary BrC sources. Few
studies consider the impact of positive artifact on BrC absorption measurements (Chen and
Bond, 2010). Our study shows that after “positive artifact” correction, no substantial change
is observed for the average MAC 4 and A ¢ values of OC from red oak and charcoal
combustion. Several previous studies measured the light-absorbing properties of BrC from
biomass burning using a similar method (UV/Vis analysis of methanol extracts) as this work.
For example, Chen and Bond (2010) and L. et al. (2016) investigated the BrC absorption
from wood and corn stalk pyrolysis, respectively, at temperatures from 210 °C to 360 °C,
and obtained comparable ranges of MACagg (wood 0.50 — 1.66 m2 g~1; corn stalk 0.66 —
1.06 m?2 g71) and A s (wood 6.90 — 11.4; corn stalk 7.00 — 7.70). They found that the light
absorption of OC from wood or corn pyrolysis increased with temperature. Xie et al.
(2017b) collected open biomass burning samples from both field and laboratory experiments
with five different fuels, and obtained average MAC3g5 and A 445 0f 1.27 +0.34 m2 g1
(range 0.90 — 2.22 m? g~1) and 7.03 + 0.93 (4.43 — 8.84), respectively. Moreover, the BrC
absorption of ambient PM, 5 particles with or without biomass burning impacts were
intensively studied, and the corresponding MACszg5 of water/methanol extracts are mostly in
the range of 0.1 — 1.8 m? g~1 (Hecobian et al., 2010; Zhang et al., 2011, 2013; Liu et al.,
2013; Du et al., 2014; Yan et al., 2015; Cheng et al., 2011, 2016). In this study, the average
MAC for red oak combustion in cookstoves at 365 nm (CS 5.09 + 3.47 m2 g~1, HS 4.20
+2.18 m? g1, Table S5) or 400 nm (CS 3.57 £ 2.97 m2 g1, HS 2.87 + 1.80 m2 g™1) are
around 3-4 times greater than open biomass burning (Xie et al., 2017b) and biomass
pyrolysis (Chen and Bond, 2010; Li et al., 2016). The MCE values are comparable between
red oak-cookstove combustion in this study (CS 97.8 + 1.40%, HS 97.2 + 2.23%) and open
biomass burning (mostly > 90%) in Holder et al. (2016) and Pokhrel et al. (2016). While the
EC/OC ratios obtained for red oak-cookstove combustion (this study: CS 1.74 + 1.42, HS
1.96 £ 1.74) are much higher than open biomass burning (generally << 0.5) in previous work
(McMeeking et al., 2009; Akagi et al., 2011; Pokhrel et al., 2016; Xie et al., 2017b). As
such, we suspect that the burning of red oak in cookstoves may occur at higher temperatures
and produce more flaming.
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In recent modeling studies exploiting the radiative forcing of BrC (Feng et al., 2013; Wang
et al., 2014), the optical properties of biomass burning BrC are obtained from previous
laboratory or ambient measurement (e.g., Chen and Bond, 2010; Zhang et al, 2013; Liu et
al., 2013), of which the BrC absorption are much lower than cookstove emissions in this
work. Therefore, the biofuel combustion in cookstoves should be treated as a distinct BrC
source and separated from open biomass burning in climate models. Light absorption
measurements of OC from charcoal and kerosene burning have not been investigated before,
to our knowledge. The average MACsg5 obtained for charcoal (CS 2.23 + 1.17 m2 g1, HS
1.74 £ 0.34 m? g71) and kerosene (CS 2.15+0.93m2 g1, HS 2.15 + 1.44 m2 g71)
combustion in this work are higher than those in previous biomass burning and ambient
studies. As such, the combustion of solid or liquid fuels in cookstoves can generate strong
light-absorbing OC, which needs to be considered in climate models due to the large
contribution to global OC from residential emissions (Bond et al., 2004, 2013; Cao et al.,
2006).

3.3 Light absorption versus burn condition

Several studies have demonstrated that the light absorption of OC from biomass burning
depends largely on burn conditions (Saleh et al., 2014; Pokhrel et al. 2016; Xie et al.,
2017b), and the parameterization of light absorbing properties (e.g., absorption Angstrom
exponent) using EC/OC ratio is quantitatively superior than that using MCE (Pokhrel et al.,
2016). In this work, the MAC3g5 was selected to represent the light absorption of OC from
cookstove emissions, because the MAC , values obtained at the five different wavelengths
(365 — 550 nm) are mostly inter-correlated (o < 0.05) for each fuel combustion during CS or
HS phase (Table S6), and MAC3g5 always has the highest value. The weak correlations
between MACss, and other MAC values at A. = 365, 400, 450, and 500 nm for kerosene
combustion are due to the limited sample size and the weak absorption of sample extracts at
550 nm. The relationships of MAC3zg5 vs. MCE, A 45 vs. MCE, MACgg5 vs. EC/OC and

A ps vs. EC/OC with/without Qb correction (“positive artifact”) are presented for the three
fuel combustions during CS and HS phases in Figs. 2, S2, and S3. In Fig. 2, panels (a) and
(b), the general trend of increasing MAC3g5 With increasing MCE suggests that the light
absorption of OC from the combustion of red oak in cookstoves is dependent on burn
conditions. However, the variability of MAC3gs in the region with MCE value lower or
higher than 99% is not dependent on MCE, although the linear correlation of MAC3gs Vs.
MCE is significant (p < 0.01) for combustion during the CS phase. This might suggest that
the MCE is not an appropriate parameter in predicting wood combustion in cookstoves.
Unlike MACggs, A 45 exhibited negative dependency on MCE, and the correlation is
significant (p < 0.01), except for A 4 collected for HS phase with Qb correction.

In Fig. 2 panels (c) and (d), the EC/OC ratio varies by a factor of up to 30, while the
corresponding MCE values have a variability of less than 10% (Fig. 2a,b), which might
partly explain why the MACszg5 can hardly be predicted by MCE. MACszg5 is strongly
correlated (p < 0.01) with EC/OC ratio during both CS and HS phases. However, the
correlation of MAC3g5 vs. EC/OC for the HS phase is dominated by two samples collected
for the red oak-EcoChula XXL combination (Fig. 2d). Most of the other data points in Fig. 2
panel (d) are clustered at the left bottom side, exhibiting no correlation between MAC3g5
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and EC/OC ratio (r=0.06, p> 0.05). Red oak burned in the EcoChula XXL stove has the
lowest average OC and EC EFs, but the highest average EC/OC ratio and MAC3gs for all
cookstoves with this fuel (Tables S1 and S2). Without considering the samples collected
from the EcoChula XXL stove, the correlation of MAC3g5 vs. EC/OC for the CS phase
combustion is still significant (7= 0.73, p< 0.01); the A 4 is inversely related to EC/OC
ratio for both CS and HS phases. These results suggested that the EC/OC ratio is superior to
MCE in predicting MAC , for burning of red oak during the CS phase. However, for burning
of red oak during the HS phase, MAC ; is more likely dependent on cookstove type, rather
than the burn condition. In Fig. S2, the MAC3g5 and A ;5 are weakly or not dependent on
MCE or EC/OC ratio for charcoal combustion, and their variability is much lower than that
of the EC/OC ratio. The emissions measurements presented may provide reasonable ranges
of MAC , and A 4 for charcoal combustion in cookstoves. Due to the limited sample size,
no conclusion can be drawn on the relationship between light-absorbing properties of OC
and burn conditions for kerosene combustion emissions (Fig. S3).

4 Conclusions

This study measured the light absorption of methanol-extractable OC emitted from red oak,
charcoal, and kerosene burning in a variety of cookstoves mainly at two WBT phases.
Moreover, the light absorption of OC due to “positive artifact” is also examined as a proxy
for semi-volatile, gas-phase OC. Consistent with previous studies, a negative dependency of
A ,ss has been observed with red oak burning conditions, as depicted by the relationship of
A psvs. MCE and A ;5 vs. EC/OC. We observe that the EC/OC ratio is more sensitive than
MCE for predicting MAC3gs. The MAC3g5 and A ;5 may depend less on MCE or EC/OC
ratio for charcoal and kerosene combustions. The light absorption of OC from cookstove
emissions, as represented by MAC , values, are generally stronger than that from biomass
burning in previous studies, and the correction of “positive artifact” does not change the
light-absorbing characteristics substantially. Therefore, the radiative forcing of BrC from
cookstove emissions might need to be considered in climate models, and the burning of
biofuels in cookstoves should be treated separately from open biomass burning. Emissions
characterized under various actual operating conditions in the field may be different than the
emissions evaluated under the controlled laboratory conditions in this study.
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(c) kerosene in cookstoves during both CS and HS phases.
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Typical MAC spectra of extracted OC from the combustion of (2) red oak, (b) charcoal and
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Fig. 2.

Relationships between MAC3g5 and (a) MCE during CS-phase, (b) MCE during HS-phase,
(c) EC/OC ratio during CS-phase and (d) EC/OC ratio during HS-phase combustions of red
oak in cookstoves with and without “positive artifact” corrections.
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