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ABSTRACT: Designs of “improved” stoves are introduced recently to benefit the
solid fuel consumption of cooking activities in developing countries, but the
uncertainties concerning the combustion processes and particulate emissions remain
poorly characterized. To help understand this, combustion in three examples of
“improved” African cookstoves was investigated in the laboratory. A typical
European heating stove was included for comparison purpose. Detailed aerosol
emissions were studied in real-time with an Aerosol Mass Spectrometer and Single
Particle Soot Photometer, to explore interactions between black carbon (BC) and
organic carbon aerosols, which were parametrized according to modified
combustion efficiency (MCE), a common metric used within the atmospheric
emission community. Greater than 50% of the total organic matter (OM) was found
in BC-containing particles when MCE was >0.95 for dry oak and coal fuels, whereas
at lower MCE, over 80% of the total OM for most of the fuels existed in particles
without detectable BC. When the OM mass fraction of total particulate matter
(PM1) > 0.9, the mass ratio of OM to refractory BC in BC-containing particles was about 2−3, but only ∼0.8 when OM mass
fraction <0.9. These findings are not currently included in models and such information should be considered in the future
emission scenarios.

■ INTRODUCTION

Particulate emissions from the combustion of solid fuel, which
is widely used for cooking and heating in developing countries,
have severe impacts on human health, air quality, and
climate.1−4 For the year 2010, global burden of disease
estimates showed that exposure to household air pollution
from cooking resulted in approximately 4 million premature
deaths,5 with the most recent estimates from WHO reporting
4.3 million death for 2012.6 Household air pollution is also a
substantial contributor to outdoor air pollution-related deaths
due to emissions into the ambient environment, responsible
for around 0.4 million deaths (12%) of the total from ambient
air pollution.7

Domestic combustion of solid fuels was estimated to
contribute to approximate 30% and 70% of global BC and
organic carbon (OC) emissions, respectively,8 although there
were big regional differences depending on the operating
conditions such as fuel type, appliance type, and fuel loading,
which can influence emission compositions considerably.9−13

BC is the dominant form of light absorbing particulate matter
and is estimated to be the most important anthropogenic
contributor to instantaneous climate forcing after CO2.

11 Co-

emitted OM also affects the optical properties of emitted BC
particles if the components are internally mixed, through
coatings and lensing effects.14−16

The chemical composition of stove-related combustion
emissions was found to vary widely and depend on the fuel
type, source loading, and condition, all of which affect
combustion conditions.17−21 Further variations may be
expected with the introduction of new technologies designed
to reduce fuel consumption and emissions, where the
improved combustion efficiency may change the character of
the emissions, in addition to the quantity.
Although there have been a number of studies using real-

time instrumentation to characterize solid fuel combustion
emissions from heating and cooking stoves, most of them
focused on particle number concentrations,22−26 OM
composition,12,13,27−29 and the characterization of BC.28,30−32

The information about real time emissions of BC and OM and
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how they are mixed with each other is still lacking.33,34 The
absorption enhancement of BC particles is determined by the
mixing state of BC and non-BC materials in a BC-containing
particle14,16,35,36 but this is still uncertain, particularly for solid
fuel emissions, and is often largely simplified in models.37,38

Thus, the unconstrained source profiles of solid fuel emissions
limit the ability to accurately simulate the impacts on air
quality and climate.3 The relationship between the emissions
from solid fuel combustion and combustion efficiency has been
shown in a few studies, but many of the tests were conducted
on more idealized and tightly constrained combustion
conditions and hence were unable to replicate the diversity
of emissions.10,12,32

The burning conditions and emissions of the stoves are
highly variable and stove performance in the field can be quite
different from that in the laboratory.39−41 While integrated
emissions are of use to inform inventories,42−44 to better
understand the exact nature of the emissions, it is important to
make high time-resolution measurements of the entire process
to have an insight into the evolution of the properties of the
emissions. Furthermore, the use of the same type of online
instrumentation for emissions and atmospheric measurements
enables direct comparison of data sets. In this study, the
chemical compositions of nonrefractory species in PM1 were
measured by a compact time-of-flight aerosol mass spectrom-
eter (c-TOF-AMS), and the physical properties of refractory
BC (rBC) particles were characterized by using a single
particle soot photometer (SP2). The mixing state of rBC and
coemitted OM components emitted from the cookstoves was
reported and compared to those emitted from a UK heating
stove, and their relationships to the MCE and the oxidation
level of the emissions, which potentially affects the BC
particles, were qualitatively provided for comparability to
equivalent atmospheric measurements of air pollutants from
wood combustion. To our knowledge, this is the first time to
explore the mixing state between OM and BC from solid fuel
combustion from both stove types as sources.

■ MATERIALS AND METHODS
Testing Facility and Combustion Experiments. A

series of solid fuel combustion experiments was carried out
in the test facility of the University of Leeds. The facility was
modified for cookstove testing having been previously used for
heating stoves testing.45 Details of this facility, including the
stoves, types of fuel used, and sampling configuration are in the
Supporting Information (SI Figures S1 and S2, and Table S1).
Three examples of cookstoves used in Africa that could be
described as “improved” (better fuel efficiency and lower
emissions compared to the traditional cookstoves, such as
three stone fires) were used and are named here as
Carbonzero,46 Gyapa,47 and Lucia.48 For the sake of
comparison, a modern U.K. heating stove49 was also tested.
It should be noted that cookstoves were tested with no cooking
pot, which can have a large effect on performance by changing
air flow and by quenching flames and combustion gases.
For each combustion experiment except for the Lucia stove,

standard ZIP firelighters (http://www.zipfires.co.uk/product-
range/fire-lighters/high-performance/) were used to ignite the
fuel, which caused ignition of the firelighter immediately and
pyrolysis of the solid fuel before consequent burning. Fuel was
reloaded manually when the flame on the top of the burning
fuel almost died out while the combustion process was
ongoing, as would be performed during normal operation. The

Lucia stove was a pyrolytic stove with a fundamentally different
combustion mechanism. Fuel pellets are pyrolyzed and the
resultant gases driven through an outer sheath before
combustion at a ring of holes above the fuel bed. The
pyrolysis and flow are maintained passively by the heat of the
flame, and the initial ignition was provided by 9 g of liquid
kerosene.
Different studies have the distinct definitions of the burning

phases.12,23,27,29,50 In this study, the burns for each stove can
be qualitatively divided into several phases according to the
observed variability of burning conditions and particulate
emissions. Typically, these were (i) “fuel reloading”, which
started when fuel was reloaded on the glowing embers of the
proceeding combustion cycle. This included the pyrolysis
phase and lasted until BC and the modified combustion
efficiency (MCE), calculated as ΔCO2/(ΔCO + ΔCO2),
increased; (ii) “flaming-dominated”, that followed the initial
phase of fuel addition and lasted until the MCE and BC
emissions dropped; (iii) “poor-burning”, which was charac-
terized by a lack of significant dominance in the OM and BC
emissions with the fluctuation in MCE over several
combustion cycles; (iv) “smoldering-dominated”, that oc-
curred only in the combustion cycle with charcoal and coal in
this study, during this phase OM emissions were elevated with
only nominal BC and little visible flame; and (v) ”burn out”,
which was only observed significantly for the Lucia stove.

Instrumentation and Data Analysis. A cToF-AMS was
used for the online measurement of submicron nonrefractory
aerosol components, including OM, nitrate (NO3

−), sulfate
(SO4

2−), ammonium (NH4
+), and chloride (Cl−). The

operating modes of the AMS and detailed descriptions of the
cToF-AMS can be found in other publications.51,52 Details of
the data processing and the correction of the mass spectra are
in the SI.
The physical and optical properties of individual rBC

particles were characterized by a SP2 manufactured by Droplet
Measurement Technology (DMT). The operation and data
analysis procedures of the SP2 used in these experiments have
been described in McMeeking et al.53 and Liu et al.54 The SP2
uses incandescence induced by a 1064 nm active laser cavity to
obtain rBC mass in individual particles which can be converted
to a sphere-equivalent core diameter (Dc) by assuming a
density of 1.8 g cm−3.55 This is done for the sake of
comparison with other sizing instruments. A further estimate of
overall size can also be provided by inspecting the scattering
signal as the particle enters the laser beam, using the “leading
edge only” method described by Liu et al.56 and Taylor et al.57

A core−shell Mie model was used, assuming a rBC core
refractive index of 2.26−1.26i and a coating refractive index of
1.5 + 0i.58 While it would have been preferable to derive
refractive indexes specific to these aerosol, this was not possible
with the equipment used here.
The SP2 data were used to estimate the mass of the non-BC

material coating on the BC particles from the total volume of
the BC particles divided by the total volume of the BC cores as
measured within a given time period,56 as expressed as eq 1.
The non-BC material of a BC-containing particle is deemed to
be mostly consisted of OM internally mixed with BC. The total
organic mass internally mixed with BC in a given time period,
OMBC, can then be obtained using the bulk VP/VC by
assuming the densities of OM and BC as expressed by eq 2:
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where ρOM and ρBC are the densities of OM and BC assumed
to be 1.2 and 1.8 g cm−3, respectively,55,59 and ∑irBCi is the
total mass of black carbon in a population of i particles, which
we later term rBCbulk. A fraction of particles with small BC
cores and thin coatings may not be detected by the SP2,
though this fraction of coating mass was of minor importance
(∼5−10%) considering the total coating mass. While it is
noted that this method carries uncertainties relating to
assumptions concerning shape, density, and refractive index,
this still serves as a good comparative metric between stoves
and fuels. The lower detection limit of the BC core size from
the SP2 is a mass corresponding to around 60 nm diameter.35

This precludes the ability to identify particles as completely
BC-free, i.e., externally mixed with BC, since they can contain
some fraction of rBC below the SP2 detection limit (<60 nm).
As the mass of the BC emissions from charcoal combustion
was too low, this approach was not applicable to the estimation
of the coatings in the charcoal experiment.
Given that the AMS is able to detect total OM, the internally

mixed OM fraction relative to total OM, denoted as Fin, can be
obtained by eq 3:

=F
OM

OMin
BC

total (3)

where OMBC is the OM internally mixed with BC determined
by the SP2 measurement, OMtotal is the total OM measured by
the AMS.
The number concentrations and size distribution of

submicron particles were measured by a fast response
differential mobility spectrometer (DMS500, Cambustion
Ltd., Cambridge, U.K.). The soot calibration was performed
using a bimodal agglomerate matrix to invert the data.60

Gaseous emissions in the flue were measured by a Gasmet Dx-
4000 Fourier Transform Infrared (FTIR) spectrometer
(Temet Instruments OY, Finland) before the second stage
dilution and by a Testo 340 analyzer (Testo INC, Lenzkirch,
Germany) after the second stage dilution (Figure S1). A
number of thermocouples were deployed to measure the
temperatures of the flue gas and different positions of the
firebox. Two Dekati dilutors (DI-1000, Dekati Ltd., Finland)
were placed in series before the AMS and SP2 measurement,
giving a third stage of dilution with compressed air (Figure
S1). The dilution ratio was nominally set to 100, although this
was subsequently found to vary as material collected on the
first stage nozzle over the course of the experiment. Due to this
and the uncontrolled nature of the dilution from the flue to the
extraction tunnel, the dilution factor was derived by comparing
the total particle volume derived by the DMS500 (from the
flue) measurement and that obtained by the AMS and SP2
(after the two-stage dilutor) (Figure S3). This was applied to
obtain the undiluted concentrations. To investigate the
relationships between combustion conditions and emissions,
the MCE was used to indicate the efficiency of the burn, in
keeping with various atmospheric emission studies;10,13,61−63

however, recent studies on the highly controlled combustion of
small wood samples have suggested this may be overly
simplistic,32 as the pyrolysis emissions that occur prior to the

Figure 1. Time series of inorganic aerosol (SO4
2−, NO3

−, NH4
+, and Cl−) concentrations, oxygen volume concentrations, the particle number

concentrations, temperature of the flue, modified combustion efficiency (MCE), OM, and BC mass concentrations for an experiment (in this case
dry oak using Carbonzero stove), with the timing of refilling the fuels and an indication of the defined burning phases.
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local ignition of the fuel may be very significant. The
temperature and oxygen measured in the flue were also used
as references for combustion conditions. The data from all
instruments were averaged to 1 min for the convenience of
intercomparison between the different measurements.
The emission ratios (ER) of number concentration of

particles with aerodynamic diameter less than 1 μm (PN1),
PM1 (organics, inorganics and black carbon), OM and BC are
normalized to excess CO (i.e., ERx = ΔX/ΔCO, X is the
emitted species) to track the relative abundance of the species.
The data were not used in this analysis if the OM or BC
concentrations were lower than 0.04 μg m−3 as the low number
included in the coating calculation introduced a large
uncertainty. BC mass loadings from charcoal combustion
emissions were below 0.04 μg m−3 for most of the time and are
thus not included in the data analysis.

■ RESULTS

Real-Time Measurements Resolving Burning Cycle.
Figure 1 shows an example of one experiment demonstrating
the time series of emissions during burning phases with
sequential addition of fuel. The other experiments are shown in
SI Figure S4.
As Figure 1 shows, for each burning cycle, OM emissions

peaked immediately after fuel addition, which in general
correlated with a lower MCE and may be mainly from the
pyrolysis process followed by the flaming-dominated phase
with a high MCE, consistent with Haslett et al.32 BC and
inorganic particle components peaked at high MCE and
temperature, and the MCE dropped each time the fuel refilled
as more charcoal accumulated. The non-BC inorganic
components (SO4

2−, NO3
−, and NH4

+) only contributed to
a small mass fraction of the total PM (∼5−10%).
There were some differences in other combustion cycles,

shown in Figure S4, depending on the fuel and stove used. In
the charcoal combustion experiments, the smoldering phase
continued through most of the burning cycle and gave
dominant emissions of OM and minimum BC. The emissions
from solid fuel combustion in the heating stove showed
different features, and in most cases, it was not possible to
distinguish the burning phases. With the pellet combustion
using the Lucia stove, a high correlation between the OM and
BC was observed, indicating that pyrolysis and flaming
overlapped during the combustion cycle. In addition, the
Lucia stove combustion showed a good performance with

stable high MCE and produced a relatively lower proportion of
OM compared to the others.
Measurements of the number size distribution of dry fuels

show a bimodal distribution, whereas that of wet fuels was
unimodal (Figure S5(a)). The two dry fuel modes may well
arise from different burn phases. The average BC core size
distribution are very consistent between the different burns
(Figure S5(b)).
Figure S6 illustrates the general decreasing trend of OM

mass fraction in total carbonaceous particles OM/(OM + BC)
with increasing MCE for all combustions. Apart from the
heating stove with coal and Gyapa with dry and wet oaks, the
fraction of organic to total carbonaceous species was almost
unity for MCE < 0.85. For most of the fuels (apart from pine),
the OM fraction started to drop substantially when MCE >
0.85, reducing to around 0.1 when MCE was close to 1. This
indicates that above a critical point of MCE, the combustion
started to emit a significant amount of BC compared to OM,
but below this MCE threshold the OM fraction tended to be
higher for most of the fuels but also depended on the stove
types. Considering all combustions, at a given MCE, a large
variation in OM fraction was observed across the range of
different stoves and fuels. This means a single parameter of
OM fraction or MCE is unable to fully describe the burning
phases in the real world. For this reason, this study uses the
MCE as the reference parameter for emission characterization,
but does not attempt to unambiguously identify burning
phases.

Oxygenation of OM. The degree of oxygenation of OM,
as indicated by the fraction of m/z 44 (CO2

+) in the total
organic mass spectra ( f44),64 was evaluated against MCE and
the ER of OM. For the measurements of OM compositions at
the source, changes in f44 are more likely to reflect the effects
of combustion processes rather than subsequent oxidation
because of the short aging time involved. However, not only
the combustion efficiency, but also the stove types, fuel species,
and moisture content may cause the varying f44. The
correlation between f44 and MCE, shown in Figure 2 (left
panel), appears to be highly dependent on both stove and fuel
type. For the dry oak fuel in the Carbonzero and Gyapa
cookstoves, the correlations between f44 and MCE were
negative (r = −0.36 and −0.58). However, for the wet oak in
the Carbonzero cookstove, the positive correlation was weak (r
= 0.24), whereas in the Gyapa stove, a high negative
correlation (r = −0.82) was observed. For the combustion
cycles in the heating stove, the relationship between f44 and

Figure 2. f44 versus MCE for each combustion cycle (left panel). ΔOM/ΔCO versus f44 for each combustion cycle (right panel).
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MCE showed dependence on fuel type with a positive
correlation for willow log and pine (r = 0.46 and 0.41,
respectively), whereas a negative correlation was observed for
coal (r = −0.38).
Despite the limited dependence upon the MCE, f44 reveals

a notable relationship with ΔOM/ΔCO over all fuel types.
Figure 2 (right panel) shows a near exponential decrease in
ΔOM/ΔCO with a wide range of f44 from around 0.02 up to
0.30 depending on the stoves and fuel types. A range of ΔOM/
ΔCO ratios exhibited an f44 value lower than 0.05, while
ΔOM/ΔCO does not exceed 0.20 when f44 is greater than
0.05. The dry fuels tended to have a larger value of f44
compared to wet fuels, indicating that the moisture content of
fuel not only affect the magnitude of OM emissions but also
the oxidation level of OM.
BC Core Size. Figure S7 shows the mass median diameter

(MMD) of BC cores as a function of MCE for each
experiment. The MMD of average BC mass size distribution
for Carbonzero and Gyapa cookstoves show BC core MMD of
188.5 ± 13.6 and 155.1 ± 27.1 nm for dry oak and wet oak,
respectively, and these values are independent of MCE (r < 0.1
and 0.4 for Carbonzero and Gyapa cookstoves, respectively).
The dependence of MMD on MCE is only found in the
heating stove, especially for coal combustion (r = 0.94). This
suggests a relatively uniform BC core size for cookstove
emissions. The difference of the dependence of MMD on
MCE for cookstoves and heating stove may be due to the
designs of the stoves, e.g., the heating stove burns fuels in a
sealed combustion chamber, whereas the cookstoves are open,
thus the residence time of combustion gases in the heating
stove may be longer than that in cookstoves, which may cause
more significant coagulation of particles in the chamber of the
heating stove.
The moisture of fuels only slightly affected the BC core size,

such as the MMD of dry oak and willow stick (180.5 ± 18.1
nm), which was slightly larger than that of wet oak (∼160 nm)
emissions (p-value <0.001). The coal-emitted BC had the
largest and widest range of BC core size (223.8 ± 53.8 nm),
and its core MMD was strongly correlated with MCE. This
may be consistent with the highly positive correlation between
the emission ratios of BC and MCE observed for coal, which
may result in the strongest self-coagulation effect of BC for
coal combustion. BC particles from the heating stove with coal
combustion were mostly emitted when MCE > 0.95, so the
averaged MMD ≈ 244 nm at MCE > 0.95 was representative
for the majority of BC mass from coal combustion. For the
Lucia stove, the BC core MMD was ∼190 nm with high MCE,
though MMD was ∼100 nm with a minor contribution of total
emitted BC mass.
OM Internally and Externally Mixed with BC-

Containing Particles. The coatings on BC are mainly
composed of OM, as sulfate and nitrate only accounted for less
than 8% of total mass. Figure S8 shows Fin as a function of
OM/(OM + BC) and MCE. Except for wet oak, Fin shows a
significant decrease with OM/(OM+BC) from 0.02 to 0.40 for
different fuel types, as shown in Figure S8(a). When OM/
(OM + BC) exceeded 0.40, most BC-containing particles
comprised less than 40% of the total OM except for a few
particles with more than 40% of the total OM. With increasing
MCE, Fin increased from almost no OM internally mixed with
the BC (Fin = 0) to nearly all OM coated on BC particles (Fin =
1), as shown in Figure S8(b). When MCE was larger than 0.95,
a wide range of Fin from about 0.1 up to 1 was observed. The

positive correlation between Fin and MCE implies that during
efficient burning, the OM emissions are mostly mixed with
high BC emissions. Conversely during periods of inefficient
burning when OM emissions are high and there is little BC,
nearly all the OM is externally mixed with BC particles. A
further comparison was performed with the BC coating
measurement (see below) to validate the measurement of
OM mixed with BC.
Figure 3 reveals the average Fin separated into high (>0.95)

and low (<0.95) MCE periods. More than half of the OM was

coated on the BC particles when MCE > 0.95 during the dry
oak and coal experiments, whereas approximately 20% and
12% of the total OM was coated on the BC when MCE < 0.95
for dry oak and coal, respectively. The fuel with higher
moisture tended to have a lower Fin at the same MCE
compared to drier fuel due to the higher OM emission factors.
In the heating stove, the coal combustion has higher Fin due to
the higher BC mass emission ratio.

Mixing State of BC. While the OMBC/rBCbulk ratio does
not show consistent correlation with MCE in this study, a
certain correlation between the ratio and the OM fraction
(OM/(OM + BC)) has been observed, as shown in Figure 4
(left panel). The ratios were mostly lower than 1 when the OM
fraction was lower than 0.9; the ratios started to significantly
increase when the OM fraction was larger than 0.9, e.g.,
reaching up to 5 in the cookstoves and 10 for the heating stove.
Emissions from the wet fuel had a higher OM fraction than the
dry fuel and thus exhibited a higher OMBC/rBCbulk ratio. For
an OM fraction larger than 0.9, the OMBC/rBCbulk ratio for the
heating stove was much higher than that in the cookstoves,
which may be because the dynamics in the enclosed
combustion space facilitated the coating process of BC with
a higher local concentration of organic vapor.
Figure 4 (right panel) shows that regardless of stoves and

fuels, the f44/f43 ( f43, which the dominant organic ion is
C2H3O

+, denotes the fraction of m/z 43 in the total organic
mass spectra) increased with decreased OMBC/rBCbulk ratios in
all cases except for the Lucia stove. When the OMBC/rBCbulk

Figure 3. Average ratios of internally mixed OM to total OM (Fin) for
each stove and fuel type for MCE > 0.95 and MCE < 0.95. The Lucia
stove with pellet fuel is not shown here as the OM was completely
coated on the BC particles due to the high BC mass loading and
efficient combustion. The error bar shows the standard deviation.
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ratios were lower than 1, there was a wide range of f44/f43
(larger than 1) and the high OMBC/rBCbulk ratios only arose
when f44/f43 < 1. As the combustion process for the Lucia
stove is different from the others, which have a pyrolysis stage
during the combustion cycle, the OMBC/rBCbulk ratio of the
Lucia stove emissions shows near constant of below 1 and no
relationship with either OM fraction or f44/f43, suggesting no
enhancement of light absorption results from the BC-
containing particles emitted from this kind of stove.

■ DISCUSSION

With the combination of the AMS and SP2 online measure-
ments, the temporal variability and mixing state of OM and BC
over a course of combustion has been observed during
different burning phases using a range of cook stoves and fuels.
The results here consistently showed an overlap among the
phases under the operating conditions unlike those that were
observed during more controlled combustion revealing
distinguishable burning phases.31,63 Many studies have used
MCE to identify burning phases,62,63 however the results here
show that while trends exist, it is not a complete description,
partly because the pyrolysis stage emits large amounts of OM
but is not directly represented by a combustion metric.32

These experiments found that more complete combustion
emitted less OM that was also more oxidized. While m/z 44 is
widely used as an indicator of secondary or aged OM, this
shows that primary OM from wood burning exhibits a
significant range of f44.27,32 For all the cookstoves tested,
negative correlation between f44 and MCE is shown in Figure
2, consistent with the findings of Weimer et al.9 In contrast,
positive correlations between f44 and MCE from log and pine
combustion were observed in a multifuel heating stove, which
may be due to the dominance of hydrocarbon fragments at
high MCE. In spite of the difference between f44 and MCE
among the fuel and stove types,61 a near exponential decline in
ΔOM/ΔCO with increased f44 has been observed in most of
the combustion cycles. This is consistent with previous studies
where during high MCE, the sufficient supply of oxygen will
lead to more oxidation of organics.61,65 At lower MCEs, the
OM emissions were high and the OM was mainly composed of
less-oxygenated species, but this differed among fuel types.61

The relationship between ΔOM/ΔCO and f44 does show
some inconsistency, including the contrasting thresholds

between regimes of high and low OM production between
different type of fuels and stoves. This is again likely related to
the fact that, as found by Haslett et al.,32 the large emissions
from preignition pyrolysis are not related directly to MCE.
The source profile of BC is fundamental to any detailed

model when estimating its atmospheric lifetime because mixing
state influences loss processes such as in-cloud scavenging.
Many global models assume the same BC size for all types of
residential solid fuel sources,37,66 which is consistent with the
cookstove data here. However, caution must be taken, as for
example, for emissions from the heating stove, the BC core size
was dependent on the MCE. The BC concentrations in the
heating stove may be important in determining its core size
because of the closed combustion chamber. This indicates that
combustion in the heating stove during high MCE tends to
produce particles with larger BC core size than during low
MCE. In general, the intense combustion impedes the efficient
transport of oxygen into the flame zone,67 resulting in the
formation of large amounts of small rBC particles. However,
since the coagulation rate of particles is approximately
proportional to the square of their concentrations,68 the
growth of rBC particles was consequently rapid under high
concentrations. In combination with that, the small rBC
monomers might easily form agglomerates during high MCE
driven by the internally mixed OM when the temperature of
flame drops, corresponding to a larger fraction of OM
internally mixed with BC. This process may take place in
seconds, which occurs too fast to be achievable in ambient
measurements.
The mixing state of BC and OM is frequently assumed to be

uniform from all sources,38 and BC is assumed completely
externally or internally mixed with coemitted species.38,69−71

Moreover, the mixing state of BC in models largely relies on
the organic carbon (OC)/ elemental carbon (EC)72 or OM/
BC ratio and assumes that all of the coemitted primary OM is
internally or externally mixed with BC instantaneously after
emission,70,71 which is likely to overestimate or underestimate
the effect of BC-containing particles on radiative forcing.70

There are numerous different fuels and stoves in actual use
emitting BC and OM in potentially different mixing state.
However, for the complicated dynamics in burning processes
presented, the amount of primary OM emitted as internally or
externally mixed with BC shows a certain relationship with
MCE. Among combustion events in this study, it was found

Figure 4. OMBC/rBCbulk as a function of the OM/(OM + BC) ratios (left panel). The OMBC/rBCbulk as a function of f44/f43 ratios (right panel).
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that between 20% and 100% of OM particles contained
significant rBC when MCE > 0.95, which should be considered
to be internally mixed with BC. When MCE < 0.95, only about
20% of the total OM was internally mixed with BC. These
ratios might be useful for improving the accuracy of models in
estimating the impact of the mixing state of BC and OM on
climate radiative forcing for the regions where the solid fuel
combustion from the cookstoves dominates the contributions
of carbonaceous species.
The extent to which optical absorption from BC can be

theoretically enhanced via lensing, is determined by the mass
ratio of non-BC and rBC within a single particle.35 Liu et al.35

found that when this ratio was greater than 3, particles
displayed an absorption enhancement (Eabs) of BC. Our results
show a certain consistency that when the OM fraction (OM/
(OM + BC)) < 0.9, our bulk OMBC/rBCbulk measurement was
less than 1 meaning the BC may have not been significantly
coated, so would not result in an absorption enhancement.
When the OM fraction >0.9, we found OMBC/rBCbulk was
often >3, meaning there is more likely to be a BC absorption
enhancement from solid fuel combustion. An OM fraction of
0.9 may therefore be used as a threshold value in models to
determine whether the absorption enhancement of BC from
solid fuel burning will occur or not. The extent to which the
absorption is enhanced also depends on the specific fuel type
and stove design. The BC emitted from a cookstove may have
a lower Eabs compared to the heating stove due to the lower
OMBC/rBCbulk ratios. In addition to the effect of the amount of
the OM emissions, the oxidation level of OM could also be an
indicator of the magnitude of the OMBC/rBCbulk based on f44/
f43, which is related to the volatility of oxygenated organic
aerosol (OOA).73 As the non-BC materials in the BC-
containing particles mainly comprise OOA,74 the consistency
in the negative correlation between OMBC/rBCbulk and f44/f43
ratios among the fuels suggests that the internally mixed OM is
likely to be less oxidized and more semivolatile (low f44/f43)
for those thickly coated BC, consistent with a large fraction of
OM being less volatile when OM emission was high (Figure
2).
The correlation of the OM fraction and f44/f43 with OMBC/

rBCbulk ratios derived in this study indicates that the ratio of
OMBC and rBCbulk from solid fuel emissions depends not only
on the OM fraction but also on the oxygenation level of OM.
Our results will help to assess the benefits of reduction in BC
from cookstoves and so aid mitigation strategies in the future.
While this study provides new insight into the combustion
processes, we should stress that the results should be treated as
indicative for use in models and more authoritative data will
require more work, specifically repeat experiments with other
fuel types, stove designs and with a more explicit simulation of
cooking activity (e.g., inclusion of a cooking pot).
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Sensitivity of aerosol radiative effects to different mixing assumptions
in the AEROPT 1.0 submodel of the EMAC atmospheric-chemistry−
climate model. Geosci. Model Dev. 2014, 7 (5), 2503−2516.
(71) Wiedinmyer, C.; Akagi, S.; Yokelson, R. J.; Emmons, L.; Al-
Saadi, J.; Orlando, J.; Soja, A. The Fire INventory from NCAR
(FINN): a high resolution global model to estimate the emissions
from open burning. Geosci. Model Dev. 2011, 4 (3), 625.
(72) Turpin, B. J.; Saxena, P.; Andrews, E. Measuring and simulating
particulate organics in the atmosphere: problems and prospects.
Atmos. Environ. 2000, 34 (18), 2983−3013.
(73) Ng, N. L.; Canagaratna, M. R.; Zhang, Q.; Jimenez, J. L.; Tian,
J.; Ulbrich, I. M.; Kroll, J. H.; Docherty, K. S.; Chhabra, P. S.;
Bahreini, R.; Murphy, S. M.; Seinfeld, J. H.; Hildebrandt, L.;
Donahue, N. M.; DeCarlo, P. F.; Lanz, V. A.; Prev́ôt, A. S. H.;
Dinar, E.; Rudich, Y.; Worsnop, D. R. Organic aerosol components
observed in Northern Hemispheric datasets from Aerosol Mass
Spectrometry. Atmos. Chem. Phys. 2010, 10 (10), 4625−4641.
(74) Cappa, C. D.; Onasch, T. B.; Massoli, P.; Worsnop, D. R.;
Bates, T. S.; Cross, E. S.; Davidovits, P.; Hakala, J.; Hayden, K. L.;
Jobson, B. T.; Kolesar, K. R.; Lack, D. A.; Lerner, B. M.; Li, S.-M.;
Mellon, D.; Nuaaman, I.; Olfert, J. S.; Petaj̈a,̈ T.; Quinn, P. K.; Song,
C.; Subramanian, R.; Williams, E. J.; Zaveri, R. A. Radiative
Absorption Enhancements Due to the Mixing State of Atmospheric
Black Carbon. Science 2012, 337 (6098), 1078−1081.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.8b00456
Environ. Sci. Technol. 2018, 52, 10134−10143

10143

http://dx.doi.org/10.1021/acs.est.8b00456

