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fossil fuel cookstoves

Shantanu H. Jathara, Naman Sharmaa, Kelsey R. Bilsbackb, Jeffrey R. Pierceb, Joonas Vanhanenc, Timothy D.
Gordond, and John Volckensa

aMechanical Engineering, Colorado State University, Fort Collins, Colorado, USA; bAtmospheric Science, Colorado State University, Fort
Collins, Colorado, USA; cAirmodus Ltd, Helsinki, Finland; dHandix Scientific, Boulder, Colorado, USA

ABSTRACT
Combustion sources have been shown to directly emit particles smaller than 10nm. The
emission of 1-3 nm particles from biofuel or fossil fuel cookstoves has not been studied pre-
viously, nor have the radiative impacts of these emissions been investigated. In this work,
emissions (number of particles) were measured during a water boiling test performed on
five different cookstoves (three-stone fire, rocket elbow, gasifier, charcoal, and liquified pet-
roleum gas [LPG]) for particle diameters between �1 and �1000 nm. We found significant
emissions of particles smaller than 10nm for all cookstoves (>5� 1015 # kg-fuel�1).
Furthermore, cleaner (e.g., LPG) cookstoves emitted a larger fraction of sub-10nm particles
(relative to the total particle counts) than traditional cookstoves (e.g., three-stone fire).
Simulations performed with the global chemical transport model GEOS-Chem-TOMAS that
were informed by emissions data from this work suggested that sub-10 nm particles were
unlikely to significantly influence number concentrations of particles with diameters larger
than 80nm that can serve as cloud condensation nuclei (CCN) (<0.3%, globally averaged)
or alter the cloud-albedo indirect effect (absolute value <0.005W m�2, globally averaged).
The largest, but still relatively minor, localized changes in CCN-relevant concentrations
(<10%) and the cloud-albedo indirect effect (absolute value <0.5W m�2) were found in
large biofuel combustion source regions (e.g., Brazil, Tanzania, Southeast Asia) and in the
Southern Ocean. Enhanced coagulation-related losses of these sub-10 nm particles at sub-
grid scales will tend to further reduce their impact on particle number concentrations and
the aerosol indirect effect, although they might still be of relevance for human health.
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1. Introduction

Direct emissions from natural and anthropogenic
combustion are an important source of sub-micron
particles to the atmosphere. These emissions contrib-
ute substantially to the atmospheric aerosol burden
and subsequently have large impacts on climate
(Pachauri et al. 2014) and human health (Apte et al.
2015). Yet the sources, formation pathways, proper-
ties, and atmospheric impacts of combustion-related
aerosol remain active areas of research (Fuzzi
et al. 2015).

Numerous studies have measured number emis-
sions of ultrafine particles (10-100 nm) from combus-
tion sources (Huang et al. (2013) (gasoline vehicles)
Herner et al. (2011) (diesel vehicles); Just, Rogak, and
Kandlikar (2013) and Tryner, Volckens, and Marchese

(2018) (cookstoves)) but few have measured those for
particles sizes smaller than 5 nm. Recently, a handful
of studies have leveraged new instrumentation (e.g.,
A11 nCNC by Airmodus Ltd. (Kangasluoma et al.
2016), 1-nm SMPS by TSI Inc. (Stolzenburg et al.
2018)) to study the particle size distribution below
5 nm from combustion sources in laboratory and
near-road environments. Alanen et al. (2015) and
R€onkk€o et al. (2017) measured particle emissions
from a natural gas and diesel engine respectively while
J€arvinen et al. (2019) measured the same from a fleet
of public diesel buses. Particle emissions for diameters
larger than �1 nm from these sources ranged from
1012 # kg-fuel�1 to larger than 1015 # kg-fuel�1 and,
in most instances, the overall number emissions were
dominated (>50%) by particle diameters below 3 nm.
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R€onkk€o et al. (2017) and Hietikko et al. (2018) meas-
ured ambient concentrations at a near-road site and
in a street canyon respectively and estimated the traf-
fic-related sub-3 nm particle emissions to exceed 1015

# kg-fuel�1. While these sub-5 nm particles have been
measured for fossil-fuel engines, these emissions have
not been studied for other combustion sources.
Biomass combustion – broadly defined here as includ-
ing residential wood combustion, prescribed burning,
and wildfires – is a dominant source of sub-micron
particle mass and number to the atmosphere (Granier
et al. 2011), and hence it is vital that we also study
sub-5 nm particle emissions from this source category.

Primary emissions of particles from combustion
sources, rather than particles formed via nucleation,
are the dominant source of cloud condensation
nuclei (CCN) in many parts of the atmosphere and
strongly influence aerosol-cloud interactions
(Ramnarine et al. 2019; Gordon et al. 2017; Kodros
et al. 2015, 2016; Spracklen et al. 2007). Studies that
have measured sub-5 nm particle emissions from
combustion sources have argued that emissions of
these particles could be sufficient to alter CCN con-
centrations and impact the radiative balance through
the aerosol indirect effect (R€onkk€o et al. 2017).
Particles smaller than 10 nm collide and coagulate
rapidly with larger particles and have relatively short
lifetimes in the atmosphere (<1 h) (Hinds 2012).
While only a few can survive long enough to grow
and serve as CCN (Westervelt et al. 2013; Kuang,
McMurry, and McCormick 2009), the ability of sub-
5 nm particle emissions to influence CCN-relevant
concentrations will depend on background and in-
plume aerosol concentrations, mixing ratios and vola-
tility of condensable vapors, and ambient conditions
(Stevens et al. 2012; Pierce et al. 2011; Kerminen and
Wexler 1996). Direct emissions of sub-5 nm particles
are typically not accounted for in large-scale atmos-
pheric models and hence their impacts on the aero-
sol indirect effect remain uncertain.

In this work, we measured combustion emissions
of particles ranging in size from �1 to �1000 nm
from a cross-section of biofuel and fossil fuel cook-
stoves. The cookstoves were chosen to represent the
transition in an energy ladder from traditional (e.g.,
three-stone fire) to fossil fuel cookstoves (e.g., liquified
petroleum gas). Our emissions measurements were
incorporated in simulations with a global chemical
transport model to predict changes in the particle
number concentrations and the cloud-albedo indirect
effect from the addition of a sub-10 nm particle mode.

2. Methods

2.1. Cookstove emissions experiments
and analysis

We performed seven experiments with five different
cookstoves in the Colorado State University (CSU)
emissions hood. A schematic of the experimental
setup is shown in Figure S1. The emissions hood, pre-
viously described in Tryner et al. (2016), consists of
an acrylic enclosure built on an aluminum frame
(1.2� 1.2� 4.3 m) that is large enough to hold a
cookstove and a pot on the ground. The top of the
acrylic enclosure is connected to a conical aluminum
section that feeds to an aluminum duct (12.7 cm OD).
A constant-volume displacement pump at the end of
the duct is used to pull laboratory air through the
emissions hood at a flow rate of 0.1m3 s�1 (6000 L
min�1). This flow rate is similar to average flow rates
calculated from kitchen volumes (�30m3) and air
changes per hour (�15) observed with cookstove use
in developing countries (Raiyani et al. 1993; Albalak
et al. 2001; Park and Lee 2003; Clark et al. 2010).
Average residence times for emissions within the
hood are on the order of one minute.

The following five cookstoves were used in this
study: (i) three-stone fire, (ii) rocket elbow (G-3300;
Envirofit Inc.), (iii) gasifier (ACE/1; African Clean
Energy), (iv) charcoal jiko (artisan made), and (v)
liquefied petroleum gas (LPG) (WD-C1-25k;
WokSmith Inc.). The cookstoves were chosen based
on the work of Bilsback et al. (2019) who measured
and analyzed primary emissions from a combination
of eleven different cookstoves and ten different fuels.
The cookstoves in this study, from the three-stone fire
to the LPG, roughly spanned the range from low to
high, respectively, of particulate matter (PM) mass
emissions measured by Bilsback et al. (2019). We used
Douglas fir cut into 5� 2.5� 20 cm stock as fuel for
the three-stone fire and rocket elbow stoves and
Douglas fir chipped into pellets (�5 cm) as fuel for
the gasifier stove. Hardwood lumps were used as fuel
for the charcoal stove, and propane gas was used as
fuel for the LPG stove. The Douglas fir, hardwood
lumps, and propane gas were all sourced locally.

A single test was performed for the five cookstoves
in 2018 and two repeats were performed for the
rocket elbow and LPG cookstoves in 2020. Details of
the cookstove experiments are provided in Table S1.
The duct blower was run for at least 15min before
starting the cookstove and this period was used to
determine background particle levels with the A11
and SMPS. During this time the unignited cookstove
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and a pot with 5 kg of tap water were placed in the
hood. We performed an approximate version of the
water boiling test (WBT 2014) with each cookstove
that included the following: (i) a ‘cold start’ where
5 kg of tap water was heated to 90 �C at maximum
firepower, (ii) a ‘hot start’ immediately after the cold
start where 5 kg of tap water was heated to 90 �C at
maximum firepower, and (iii) a ‘simmer’ following
the hot start where the stove firepower was adjusted
to hold the water near 90 �C (±6 �C) for 45min. We
did not follow the WBT protocol exactly since our
focus was not on conducting a performance test
(Jetter et al. 2012). Except for the LPG that used an
electric igniter, we used a small amount of lighter
fluid to ignite the fuel for the solid fuel cookstoves.
The emissions data were filtered to exclude ignition
events. The cookstoves were not reignited between the
cold and hot and hot and simmer phases.

Emissions from the hood were sampled through
two inlets held in line to the flow in the duct and
located approximately 4m above the stove pot. One of
the inlet lines (0.6 cm ID, 51 cm long) was connected
to an A11 nCNC system (Airmodus Ltd., Finland;
2.5 L min�1) that consisted of a particle size magnifier
(A10 PSM) and a condensation particle counter (A20
CPC). The A11 measures the particle number size dis-
tribution between the sizes of 1.3 and 3.3 nm and also
provides a total number measurement for particle
sizes between 3.3 and 1000 nm. The sample leading to
the A11 had to be diluted to ensure that the particle
concentrations were below the instrument’s saturation
limit (<100,000 cm�3). The dilution was performed by
mixing particle-free air, controlled using a mass flow
controller, with the sample flow using a Swagelok
‘tee’. We used a dilution ratio of �100 for the solid
fuel cookstoves and a dilution ratio of �10 for the
LPG. The other inlet line (0.6 cm ID, �100 cm long)
was connected to a scanning mobility particle sizer
(SMPS; GRIMM Aerosol Technik, Germany; 0.3 L
min�1) to measure the particle size distribution
between 11 and 1116 nm (or 5 to 350 nm) and a non-
dispersive infrared gas analyzer (LI-840A; LI-COR
Biosciences, Nebraska; 1 L min�1) to measure mixing
ratios of CO2. By diluting primary emissions in the
hood, the saturation limits were not exceeded on
either instrument (<107 cm�3 for the SMPS while
scanning and <10,000 ppm for the LI-840A). Another
LI-840A was used to sample background CO2 concen-
trations in the incoming dilution air near the opening
at the bottom of the emissions hood.

Raw particle number concentrations from the A11
were processed using a custom Scilab code from

Airmodus Ltd. to correct for coincidence errors and
for diffusion losses in the A11 (Carnerero et al. 2018);
the code can be found at https://github.com/
Airmodus/A11_Scan. The particle number concentra-
tions were additionally corrected for transmission
losses in the sampling line (0.6 cm ID, �50 cm long)
using a custom IGOR code from von der Weiden
et al. (2009), noting that most of the losses in this line
were from particle diffusion. Corrections were also
performed for the SMPS data but the transmission
losses in this line (0.6 cm ID, �100 cm long) were
found to be much smaller than those in the sampling
line for the A11. Both A11 and SMPS data were cor-
rected for background concentrations measured prior
to the start of the experiment. Size-resolved particle
number concentrations (dn dlogdp�1 in cm�3) and
total particle number concentrations (Ntotal in cm�3)
were converted to an emission factor basis using the
following equation:

EFX ¼ DX
DCO2

�MWCO2

AWC
�Cf � 1015 � (1)

where DX is the background-corrected particle num-
ber concentration (dn dlogdp�1 or Ntotal) in cm�3,
DCO2 is the background-corrected CO2 concentration
in mg m�3, MWCO2 (44 g mole�1) and AWC (12 g
mole�1) are the molecular/atomic weights for CO2

and carbon, and Cf is the mass fraction of carbon in
the fuel. We used a Cf of 0.49, 0.84, and 0.85 g kg-
fuel�1 for the Douglas fir, hardwood lumps, and LPG
respectively (Bilsback et al. 2019). This formulation
for the emission factor calculation assumes that all of
the carbon in the fuel was released as CO2. Since CO,
volatile organic compounds, and PM emissions are
expected to be less than 10% of the CO2 emissions on
a carbon mass basis (Ward 1990) and that the cook-
stove was operated at maximum firepower and a high
modified combustion efficiency, the assumption of
only using CO2 to determine the emission factor
introduced a less than 10% error in the emission fac-
tor calculation.

2.2. Global chemical transport modeling
and analysis

We performed simulations with the GEOS-Chem-
TOMAS chemical transport model (v12.6.0; http://
www.geos-chem.org) to determine the influence of
sub-10 nm particle emissions on particle number con-
centrations and the cloud-albedo indirect effect.
Aerosols are modeled in GEOS-Chem using the TwO
Moment Aerosol Sectional (TOMAS) scheme, which
tracks the number and mass moments of the aerosol
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size distribution (Pierce, Chen, and Adams 2007;
Adams and Seinfeld 2002). TOMAS simulates the key
aerosol processes of nucleation, coagulation, conden-
sation, and evaporation. In TOMAS, the aerosol size
distribution is represented using 15 size bins that
range from 3 to 10,000 nm and include the following
aerosol species: black carbon (BC), organic aerosol
(OA), sulfate, sea salt, and dust (Lee and Feingold
2013). Details about the nucleation schemes
(Westervelt et al. 2013; Jung et al. 2010), secondary
organic aerosol formation (Pai et al., 2020; D’Andrea
et al. 2013; Spracklen et al. 2011), and inorganic aero-
sol thermodynamics (Adams et al. 2001) can be found
in earlier publications.

The model was run at 4��5� with 47 vertical layers
for the year 2016. Meteorological inputs came from
the GEOS Forward Processing offline meteorological
fields (GEOS-FP; https://gmao.gsfc.nasa.gov/). We
used CEDS as the base anthropogenic emissions
inventory (Hoesly et al. 2018) along with several
regional inventory overwrites including: APEI over
Canada; NEI2011 over the United States; DICE-Africa
over Africa (Marais and Wiedinmyer 2016); and
MIXv2010 over China and Asia (Li et al. 2017).
Biomass burning emissions were from van der Werf
et al. (2017) (GFED4). Sea salt and mineral dust aero-
sol emissions followed the Jaegl�e et al. (2011) and
Zender et al. (2003) schemes, respectively. Biogenic
emissions were based on MEGAN v2.1 with updates
from Guenther et al. (2012).

In the default version of GEOS-Chem-TOMAS,
particles from all anthropogenic combustion sources
(e.g., fossil fuels, biofuels) are emitted using a log-nor-
mal size distribution with a single mode. These par-
ticle emissions were initialized with a geometric mean
(m) of 60 nm and a geometric standard deviation (r)
of 3 based on fitting the median particle size distribu-
tion measured in this work for solid fuel cookstoves;
this is hereafter referred to as the ‘larger’ mode. This
configuration, which produced few particles below
10 nm, was used to perform a BASE simulation and
this simulation served as a control. We should note
that as GEOS-Chem-TOMAS groups emissions from
all anthropogenic combustion sources together, we
were unable to change the size distribution for biofuel
use (e.g., cooking, heating) independently from the
fossil fuel source. Two additional simulations were
performed where we added a ‘smaller’ mode to repre-
sent the emissions of particles smaller than 10 nm.
The number emissions for this smaller mode were
assumed to be a factor of 1 and 10 of the total num-
ber emissions in the larger mode. These simulations

were labeled SUB10_1� and SUB10_10� respectively.
For both simulations, we assumed that the smaller
mode had a m of 1 nm and a r of 2. As the smallest
size bin in GEOS-Chem-TOMAS is 3 nm, the smaller
mode was represented by distributing the number
emissions in the size bins between 3 nm and
10,000 nm. In summary, we ensured that the integral
of the number distribution of the smaller mode
between the sizes of 3 and 10,000 nm was approxi-
mately a factor of 1 and 10 of the integral of the
larger mode over the same size range. The rationale
for the 1� and 10� scaling, values for the m and r,
and the implications of only modeling particles sizes
above 3 nm is discussed in Section 3.3. Three add-
itional simulations (BASEmod, SUB10_1�mod,
SUB10_10�mod) were performed where particles from
all anthropogenic combustion sources in the larger
log-normal mode were initialized with a m of 30 nm
and r of 2 (rather than a m of 60 nm and r of 3),
which is the default configuration in GEOS-Chem-
TOMAS (Pierce, Chen, and Adams 2007). These sim-
ulations were performed to examine the sensitivity in
the model results to the use of a different particle size
distribution. As the particle mass emissions were kept
constant across all six simulations, in the three add-
itional simulations, the use of a smaller m resulted in
higher number emissions for both the smaller and
larger modes.

The cloud-albedo indirect effect was calculated fol-
lowing Kodros et al. (2016). First, the monthly aver-
aged particle number and mass concentrations were
used along with the activation parameterization of
Abdul-Razzak and Ghan (2002) to calculate cloud
droplet number concentrations (CDNCs). For this cal-
culation, we assumed the aerosol species to be intern-
ally mixed within each particle size bin, the
hygroscopicity parameter (j) to be a volume-weighted
average of the individual species (Petters and
Kreidenweis 2007), and a constant updraft velocity of
0.5m s�1. Next, we calculated the effective cloud
droplet radius by assuming that the value for the con-
trol simulation was 10 mm and then multiplied this
value by the ratio of the CDNC with and without the
smaller mode to the one-third power (Rap et al. 2013;
Scott 1968). Finally, the assumed and calculated effect-
ive cloud droplet radii and monthly mean cloud frac-
tion, temperature, pressure, and liquid water content
from GEOS-FP were used with the Rapid Radiative
Transfer Model for Global Climate Models (Iacono
et al. 2008) to predict the change in the top-of-the-
atmosphere radiative flux.
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3. Results

3.1. Results from example experiments

We plot the time series for number concentrations and
change in CO2 mixing ratios from experiments per-
formed on a rocket elbow and LPG in 2018 in Figure 1.
N1 and N11 refer to the number concentrations for par-
ticles larger than 1.1 and 11 nm as measured by the A11
and SMPS, respectively. Although we are actually calcu-
lating N1.1, we round down N1.1 to N1 for simplicity and
also to avoid confusion with N11. All data presented in
Figure 1 were corrected for background concentrations
and transmission losses in the sampling line. We should
note that the data in Figure 1 are concentrations and
data normalized on a fuel-burned basis are presented in
the subsequent sections. Being a relatively dirtier stove,
the particle number concentrations from the rocket
elbow were higher than those for the LPG; a factor of 5
larger for N1 and two orders of magnitude larger for
N11. For both cookstoves, the N1 emissions were larger
than the N11 emissions although the N1 emissions were
more than an order of magnitude larger than the N11

emissions for the LPG. These results indicate substan-
tial emissions of sub-10 nm particles for both cook-
stoves. Emissions from the rocket elbow did not seem
to vary with the operating mode for the cookstove. For
the LPG, the N1 and N11 emissions seemed to reduce
during the simmer phase, but this reduction might be
linked to the lower firepower (and lower CO2 emis-
sions) required during the simmer test. The test per-
formed on the rocket elbow and LPG were repeated in
2020 for N11 (but not for N1) and, qualitatively, the N11

emissions were similar to those from tests performed in
2018 (Figure S2).

3.2. Particle number emission factors

The particle number emission factors, N1 (panel a)
and N11 (panel b), for the five different cookstoves are

presented in Figure 2. The average and median N11

emissions varied between 4� 1015 and 7� 1015 kg-
fuel�1 for the solid fuel cookstoves, but they were a
factor of 5 to 10 smaller for the LPG (median of
8� 1014 kg-fuel�1). The emissions seemed to agree
well with those measured from solid and gas fuel
cookstoves in earlier studies (Bilsback et al. 2019;
Shen et al. 2017) (see Table 1). The average and
median N1 emissions varied between 1� 1016 to
4� 1016 kg-fuel�1 for the five cookstoves, which sug-
gested that, when compared to the N11 emissions,
there were significant emissions of particles smaller
than 11 nm. Unlike the N11 emissions, the LPG stove
(median of �2� 1016 kg-fuel�1) had similar N1 emis-
sions as the solid fuel cookstoves, and the charcoal
cookstove was found to have twice the N1 emissions
(median of �4� 1016 kg-fuel�1) than the others.
Interestingly, the median fraction of the number emis-
sions at particle diameters less than 11 nm seemed to
steadily increase from �43% for the traditional cook-
stove (three-stone fire) to 96% for the cleanest cook-
stove (LPG) (Figure 2c). This suggested that as the
PM mass emissions are likely to reduce from the
three-stone fire to the LPG cookstove, an increasing
fraction of the particles were emitted at lower sizes.
The N1 and N11 emissions were not found to vary
strongly with the operating mode (Figure S3). Average
N1 and N11 emission factors on a fuel burned basis as
well as on an energy content basis (using the lower
heating value of the fuel) are presented in Table S2.

The range of N1 emissions from this work were
compared against similar measurements performed
for combustion sources in laboratory studies and in
near-road environments (see Table 1). As mentioned
earlier, the N11 emissions from this study
(1–7� 1015 kg-fuel�1) were very similar to those
measured by Shen et al. (2017) and Bilsback et al.
(2019), but the N1 emissions (10–40� 1015 kg-fuel�1)

Figure 1. Background- and transmission-corrected particle number concentrations, N1 and N11 in cm�3, for the rocket elbow (a)
and LPG (b) stoves during the experiments performed in 2018.
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were much higher on account of the smallest size
measured by those two other studies. Our N1 emis-
sions were generally much larger (factors of 1–104)
than those measured in the tailpipe exhaust of internal
combustion engines (J€arvinen et al. 2019; Giechaskiel
et al. 2017; R€onkk€o et al. 2017; Pirjola et al. 2016;
Alanen et al. 2015) and in near-road environments
(Hietikko et al. 2018; R€onkk€o et al. 2017). The N1

emissions from the cookstoves approached those
measured in the other studies when the emissions
were sampled from high emitters (e.g., 2-stroke
moped in Giechaskiel et al. (2017)), when the engines
were operated at higher loads (e.g., modern diesel
engine in R€onkk€o et al. (2017)), or in peak traffic con-
ditions (R€onkk€o et al. 2017). These results suggest
that cookstoves, on an emission factor basis, might be
a much larger source of sub-10 nm particle emissions
to the atmosphere than traffic-related sources.

We compared median particle size distributions
gathered from the A11 and SMPS on an emission

factor basis in Figure 3 for all five cookstoves; aver-
aged particle size distributions along with the standard
deviation are shown in Figure S4. All cookstoves,
including LPG, produced high particle number emis-
sions in the size range of 1.1 to 3 nm and these emis-
sions were largely consistent between the different
cookstoves. The sub 5-nm particles had a distinct
mode separate from the larger modes seen at particle
sizes above 10 nm. These observations were used to
inform particle emissions and the initial size distribu-
tion for the sub-10 nm mode in GEOS-Chem-TOMAS
(details in Section 3.3).

3.3. Geos-Chem-TOMAS simulation results

Earlier measurements and those performed in this
work were used to inform the inclusion of sub-10 nm
particles into GEOS-Chem-TOMAS for all anthropo-
genic combustion sources (e.g., fossil fuels, biofuels).
Sub-10 nm particles were not added for natural

Figure 2. (a) Particle number emission factors (N1) from the A11 measurements for particle sizes >1.1 nm and (b) particle number
emission factors (N11) from the SMPS measurements for particle sizes >11 nm. (c) Particle fraction of sub-11 nm particles. Y-axis
limits in panels (a) and (b) are different. Bars represent medians while yellow squares and error bars represent the average value
and one standard deviation, respectively.

Table 1. Particle number emission factors compared between this study and other laboratory and field studies.

Study Source or Environment Particle size range (nm) Instrument
N� 1015

(kg-fuel-1)

This work Solid and gas fuel cookstoves 1.1–1000 A11-nCNC 10–40
Shen et al. (2017) Solid fuel cookstoves 14.6–661 SMPS 1–7
Bilsback et al. (2019) Solid fuel cookstoves 10–100 SMPS 0.4–16

Gas fuel cookstoves 10–100 SMPS 0.1–7
Alanen et al. (2015)# Natural gas engine 1.7–1000 A11-nCNC 0.1–1
Pirjola et al. (2016) Diesel, ethanol, CNG buses 5.6–560 EEPS& 0.03–2
Giechaskiel et al. (2017)� Gasoline vehicles 5.6–560 EEPS& 0.004–0.03

Diesel vehicles EEPS& 0.0003–0.001
2-/4-stroke mopeds EEPS& 0.02–0.2

R€onkk€o et al. (2017) Diesel engine 1.3–1000 A11-nCNC 0.001–4.3
J€arvinen et al. (2019) Diesel buses 1.3–1000 A11-nCNC 0.2–2
R€onkk€o et al. (2017) Traffic and street canyon 1.3–1000 A11-nCNC 2.5
Hietikko et al. (2018) Street canyon 1–1000 A11-nCNC 5

#Assuming a fuel consumption of 0.2 kg kWh-1.�Assuming a fuel economy of 30 miles gallon-1 or 12 km L-1.
&EEPS¼ engine exhaust particle sizer (TSI Inc.).
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combustion emissions sources (e.g., biomass burning)
although it is likely that biomass burning, similar to
cookstoves, may contribute to emissions of sub-10 nm
particles. The median sub-10 nm particle number
emissions were found to be 43% to 96% of the total
particle number emissions across the five different
cookstoves (see Figure 2c). This meant that the num-
ber emissions of sub-10 nm particles were, on median,
a factor of 0.75 to 24 higher than the super-10 nm
particles. Sub-10 nm particle number emissions from
mobile sources in laboratory studies and in near-road
environments have also been found to be slightly less
than or equal to the number emissions of super-
10 nm particles (Giechaskiel et al. 2017; R€onkk€o et al.
2017). Based on these observations, the initial number
of sub-10 nm particle emissions in GEOS-Chem-
TOMAS were determined by scaling the number
emissions for the larger mode (m¼60 nm, r¼ 2) by a
factor of 1 and 10. The factors of 1 and 10 were
chosen for simplicity and to illustrate the approximate
sensitivity in model predictions to addition of sub-
10 nm particles. The distribution of particles in diame-
ters below 10 nm was determined by fitting a bimodal
log-normal distribution to the median particle size
distribution measured for the solid fuel cookstoves
(see Figure 3). The smaller mode had a m of 1 nm and
a r of 2. As the smallest size tracked in GEOS-Chem-
TOMAS is 3 nm, we only modeled the size distribu-
tion for the particle sizes larger than 3 nm. By doing
so, we assumed that all particles in the smaller mode
had survived to sizes larger than 3 nm while maintain-
ing the shape of the size distribution to be injected
into the GEOS-Chem-TOMAS grid cell. In our

simulation all emissions, including anthropogenic
combustion, were instantly mixed into the 4� x 5�

grid cells upon emission, assuming that these emis-
sions were not affected by additional sub-grid scale
processes (e.g., coagulation in plumes). Thus, the
results from our simulations represent an upper
bound of the effects of sub-10 nm particles on particle
number concentrations and the cloud-albedo indir-
ect effect.

Annually averaged changes in the particle number
concentrations at the surface and the cloud-albedo indir-
ect effect from the GEOS-Chem simulations for the year
2016 are presented in Figure 4. These results represent
the percent changes simulated between the SUB10_1�
and BASE simulations, i.e., SUB10_1�-BASE. A 1-fold
addition of sub-10nm particle emissions from anthropo-
genic combustion sources resulted in a globally averaged
increase of 20% (range: �20% to þ 2,500%) in the sur-
face concentrations of sub-10 nm particles. We found the
largest increases in sub-10 nm particle concentrations in
the tropics where biofuel combustion is still an import-
ant source for cooking and heating needs. The increases
in the temperate zone were relatively minor (<1%), and
it is possible that in these regions the emissions of sub-
10nm particles from combustion sources were compet-
ing with the nucleation rate that dominates particle
number concentrations below 10nm (Westervelt, Pierce,
and Adams 2014). The 1-fold addition of sub-10 nm par-
ticle emissions had a much smaller effect on particles
larger than 10nm. The simulations produced a globally
averaged increase of 0.02% (range: �2% to þ3%) and
0.01% (range: �1% to þ1%) in the surface concentra-
tions of super-10 nm particles and CCN-relevant sizes
(>80nm) (Figure 4b–c), respectively. Mirroring the
increases, there were also regions where there were
decreases in the number concentrations of sub-10,
super-10 nm, and CCN-relevant particles. These are
likely to be from small increases in the condensational
sink in the source and outflow regions that dampened
nucleation rates. A 10-fold addition of sub-10 nm par-
ticle emissions produced a stronger increase in the sur-
face concentrations of sub-10 nm particles (globally
averaged increase of 200% with a range of -20% to
þ2,500%) but still produced relatively small increases in
surface concentrations of super-10 nm (globally averaged
increase of 0.16% with a range of -2% to þ10%) and
CCN-relevant particles (globally averaged increase of
0.09% with a range of -1% to þ6%). The results for
SUB10_10�-BASE are presented in Figure S5.

Finally, the simulations produced a negligible
change in the cloud-albedo indirect effect with the
strongest localized effects ranging from -0.2W m�2 to

Figure 3. Median size distributions for particle emissions from
the five different cookstoves based on data from the A11 and
SMPS instruments. The solid lines are log-normal fits to the
data to guide the eye. We used a bimodal fit for the solid fuel
cookstoves (solid black) and a trimodal fit for the LPG (solid
brown). The solid lines were used to inform the particle size
distributions in GEOS-Chem-TOMAS.
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þ0.2W m�2 and globally averaged values of
þ0.001W m�2. Positive values of the cloud-albedo
indirect effect indicate that the addition of sub-10 nm
particles produced a net warming while negative val-
ues indicate that those particles produced a net cool-
ing. For reference, the global mean aerosol indirect
effect that includes the cloud-albedo indirect effect is
-0.55 (-0.06 to -1.33W m�2) (IPCC. 2014). Over land
the largest impacts, which were still relatively minor
(<0.05W m�2), were seen in Brazil, southern Africa,
and parts of southeast Asia, all regions with heavy
biofuel combustion. Although the signal was noisy,
the strongest cloud-albedo indirect effect was seen
over the Southern Ocean. This was because the region
has lower background particle number concentrations
and more liquid-phase clouds, both of which make
the region more susceptible to changes in CCN
(Hodshire et al. 2019).

The two sensitivity simulations (SUB10_1�mod,
SUB10_10�mod) that used a different log-normal
distribution (m of 30nm and r of 2) to represent the larger
mode produced a slightly higher increase in sub- and
super-10nm particle concentrations at the surface when
compared to the BASEmod simulation, which also used a m
of 30nm and r of 2 for the larger mode (Figures S6 and
S7 respectively). The globally averaged increases in
sub-10, super-10, and CCN-relevant (>80nm) sizes
were 68%, 0.55%, and 0.23%, respectively, for the
SUB10_1�mod simulation and 640%, 4.6%, and 1.7%,
respectively, for the SUB10_10�mod simulation. With little
change in globally averaged CCN-relevant sizes (0.23%
and 1.7%), the globally averaged cloud-albedo indirect
effect was -0.004 and -0.038W m�2 for the SUB10_1�mod

and SUB10_10�mod simulations, respectively.

4. Summary and discussion

In this work, we measured number emissions of particles
ranging in diameter from �1 to �1000nm for five dif-
ferent cookstoves. The combustion sources studied
include traditional, improved, and gas fueled cookstoves:
three-stone fire, rocket elbow, gasifier, charcoal, and
LPG. As expected, the number emissions for particles
with diameters larger than 10nm were an order of mag-
nitude lower for the gas fuel cookstove (i.e., LPG) than
the solid fuel cookstoves. But both solid and gas (i.e.,
LPG) fuel cookstoves produced similar and significant
number emissions for particles with diameters below
10nm (>5� 1015 # kg-fuel�1). These emissions of sub-
10nm particles accounted for nearly half (for the three-
stone fire) to more than 90% (for the LPG) of the total
particle number emissions above �1 nm. For the cook-
stoves studied in this work, the total and sub-10nm par-
ticle number emissions were significantly larger than
those measured earlier from mobile sources (J€arvinen
et al. 2019; R€onkk€o et al. 2017; Alanen et al. 2015). The
addition of the sub-10 nm particle emissions to a global
chemical transport model substantially increased surface
concentrations of sub-10 nm particles (20-70%, globally
averaged) but had little influence on globally averaged
CCN-relevant sizes (0.01-0.23%) or the cloud-albedo
indirect effect (-0.004-0.001 W m�2). Overall, we find
that biofuel combustion is a large primary source of sub-
10nm particles to the atmosphere, but it is unlikely that
the sub-10 nm particle emissions will have any measur-
able radiative effects. Regardless, we urge continued
study of the emissions, evolution, composition, and
properties of sub-10 nm particles from combustion and
energy sources.

Figure 4. Annually averaged change in (a) <10 nm, (b) >10 nm, and (c) >80 nm particle number concentrations after a 1-fold
addition of sub-10 nm particles from anthropogenic combustion sources to GEOS-Chem (SUB10_1�-BASE). (d) Annually averaged
cloud-albedo indirect effect associated with the addition of sub-10 nm particles from all anthropogenic combustion sources (i.e.,
excluding biomass burning).
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We did not measure the chemical composition of the
sub-10 nm particles emitted by the cookstoves but,
based on earlier work done on internal combustion
engines, these particles are likely to be composed of sul-
furic acid and/or low-volatility organic compounds that
nucleate and grow as the combustion exhaust from the
cookstove is diluted and cooled in the emissions hood
(Alanen et al. 2015; R€onkk€o et al. 2007; Kittelson,
Watts, and Johnson 2006). In this work, the emissions
hood used in this study diluted the emissions from the
cookstove with particle-laden background air and the
diluted emissions had a residence time of slightly under
a minute before they were sampled. We found that the
sub-10 nm particles were formed throughout the water
boiling test and were formed for all cookstoves, suggest-
ing that the conditions (e.g., dilution, mixing, emissions
of low-volatility compounds, condensational sink of the
nonvolatile fraction) were always conducive for the for-
mation of these sub-10 nm particles. This may not
always be the case. For example, diesel exhaust diluted
with clean air in a dilution tunnel leads to new particle
formation and significant increases in measured particle
number emissions only under the right input (e.g., high
sulfur content in the fuel), operating (e.g., high relative
humidity), and load (e.g., idling) conditions (Abdul-
Khalek, Kittelson, and Brear 1999). Without a funda-
mental understanding of the chemical constituents and
the physical processes that lead to new particle forma-
tion and growth, it is unclear if the conditions simu-
lated in the emissions hood in this work are
representative of those in the real world. We propose
that future work measure emissions of sub-10 nm par-
ticles from biofuel combustion in field environments.

Coagulation lifetimes for sub-10 nm particles are
known to be short. At a PM2.5 mass concentration of
50 mg m�3 characteristic of the most polluted coun-
tries that have significant biofuel use (van Donkelaar
et al. 2010) and an urban aerosol size distribution,
coagulation e-folding lifetimes range from a few sec-
onds to a few minutes for 1–10 nm particles (Pandis
and Seinfeld 2006). This would change to 1–20min,
respectively, at a PM2.5 mass concentration of 5 mg
m�3 but will remain unchanged for particle size distri-
butions representative of rural or remote continental
backgrounds. This rapid loss of sub-10 nm particles to
coagulation, which was simulated in GEOS-Chem-
TOMAS, is probably the primary reason why a 1- and
10-fold addition of these particles had little impact on
concentrations of CCN-relevant sizes and the aerosol
indirect effect. However, we did not account for
coagulation in exhaust plumes where the number and
mass concentrations would be significantly higher

than the grid cell-level concentrations simulated in
GEOS-Chem-TOMAS. If accounted for, this would
tend to further accelerate the loss of sub-10 nm par-
ticles and even further dampen their influence on
ambient concentrations and climate impacts.

Combustion sources are known to be important
contributors to ultrafine particles (UFPs) (Hu et al.
2017) – defined as particles smaller than 100 nm – in
the atmosphere although this finding is largely based
on measurements and modeling performed on particle
diameters larger than 10 nm. This work indicates that
fossil fuel and biofuel combustion sources may also
contribute substantially to the UFP burden through
emissions of sub-10 nm particles. Exposure to UFPs
has been postulated to be as or more important than
PM2.5 for human health (Ostro et al. 2015; Hoek et al.
2010) although UFPs are not routinely measured to
the same extent as PM2.5 and, hence, their concentra-
tions, composition, spatiotemporal distribution, and
potential health impacts remain largely uncertain. For
instance, in addition to their potential to deposit in
the pulmonary region of the respiratory system and
cross the air-blood barrier, particles smaller than
50 nm can also deposit in the extrathoracic region
(i.e., head airways) and translocate to the brain and
affect the central nervous system (Kao et al. 2012). So
while sub-10 nm particle emissions from combustion
sources may not have substantial radiative effects, they
need to be studied further for their impacts on human
health, especially in near-source environments.
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