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increased availability in more rural locales. However, emissions from these stoves have been shown to be highly
variable and sensitive to stove design, fuel type, secondary air velocity, and operation mode. We measured carbon
monoxide (CO), particulate matter (PM; 5), organic and elemental carbon, and particle number (15-685 nm)
emissions of the widely adopted Mimi Moto pellet-fed, gasifier stove for different operating conditions under
two modified protocols, the Water Boiling Test (WBT) and an updated laboratory testing protocol ISO 19867-1
(ISO). We categorized operating conditions into three approaches: Startup (varying ignition material ), Shutdown
(varying fan speed during a 45-min burnout period), and Refuel (varying the height of charred pellets added for
re-ignition). Refueling led to the largest and most variable emissions, but lab emissions were all lower than high
field emissions (e.g., similar to those of traditional solid fuels) and remained primarily in ISO Tiers 5 and 4 for CO
and PM, s, aspirational and second-best, respectively. We find large relative differences in emissions when com-
paring our results to similar studies conducted with the Mimi Moto and ISO protocol, suggesting small opera-
tional differences can have large emissions implications. To minimize emissions, we recommend using
kerosene for ignition, turning the fan off when pellets are done burning and flame has extinguished, and
reigniting with fresh pellets instead of pellet char. Improved training and maintenance are needed in real-
world applications to decrease the frequency of high-emission events. Tightly constrained testing and detection
limits remain challenges to fully understanding factors contributing to these events.
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Available online 12 August 2022

Keywords:

Cookstove emissions
Gasifier cookstoves
Emission rate

Particle size distribution

Introduction

Around three billion people cook using open fires or simple kero-
sene, biomass, and coal stoves, contributing to 2.2 million premature
deaths from illnesses attributable to household air pollution, such as
chronic obstructive pulmonary disease and stroke (Health Effects
Institute, 2020; Rehfuess et al., 2006; Smith et al., 2004). Pollutants
contributing to these illnesses are mainly products of incomplete com-
bustion emitted by solid fuel combustion and include both gas- and
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particle-phase components. Gaseous pollutants emitted include carbon
monoxide (CO), carbon dioxide (CO,), methane, nitrogen oxides (NOy),
and hydrocarbons, which affect the respiratory and cardiovascular
systems (Kampa & Castanas, 2008; Rosenthal, 2015). CO in particular
is known to cause impaired neurocognitive ability such as loss of
concentration, dizziness, and confusion (Raub & Benignus, 2002; US
Department of Health and Human Services, 2012; Wilbur et al., 2012).

Particulate matter (PM) varies widely in size, and its characterization
is crucial to understanding both health and climate impacts of household
air pollution (Bell et al., 2007; Health Effects Institute, 2020; Smith et al.,
2014). PM, 5 denotes particles with aerodynamic diameters <2.5 pm,
while ultrafine particles (UFPs defined here as PMy ;) are particles with
diameters <0.1 um (US EPA, 2019). Particle number emissions and size
distributions are key factors for determining lung deposition and
subsequently influence particle health effects (Vu et al., 2015). Studies
have reported worse health effects when considering number of UFPs
compared to mass of PM; 5 as UFPs can travel deeper into the lung, have
more surface area per mass (i.e., enhanced chemistry and bioavailability),
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and can even penetrate into the bloodstream allowing translocation to
other organ systems (Li et al., 2003; Peters et al., 1997; Schraufnagel,
2020).

Certain emitted pollutants, such as greenhouse gases (e.g., CO,,
methane), have long atmospheric lifetimes and contribute to the
warming of Earth's climate. PM also affects climate by scattering and/
or absorbing solar radiation, changing cloud radiative properties, and
influencing atmospheric chemistry (Meyer et al.,, 2015; Eilenberg
et al,, 2018). Two important components of PM; 5 in terms of global
warming are organic and elemental carbon (OC, EC) due to their
strong scattering and absorption properties, respectively (IPCC, 2021).
The direct radiative effect of most aerosols is cooling due to scattering
of solar radiation; however, absorbing aerosols, such as black carbon
(BC) can warm the atmosphere via absorption (Meyer et al., 2015;
Ramanathan et al,, 2001). Biomass fuels (wood, agricultural waste,
dung, and coal) used for cooking contribute approximately 25 % of
global BC emissions, which absorb solar radiation and leads to atmo-
spheric warming (Bond et al., 2013; Lacey et al., 2017). The health and
climate impacts of existing and alternative biomass combustion tech-
nologies are thus affected by multiple properties of gas- and particle-
phase emissions, and therefore warrant careful study.

Various fuel and stove combinations have been developed and ex-
plored to address the impacts of solid fuel combustion. While the ideal
is a fully renewable and zero-emitting stove/fuel combination, cleaner-
burning alternative solid fuel stoves may provide an intermediate step,
especially for rural populations where transitions to liquified petroleum
gas (LPG) or electricity may be less feasible. Forced-draft semi-gasifier
stoves are attractive due to lower emission measurements reported in
laboratory (Bilsback et al., 2018; Carter et al., 2014; Chen et al., 2016;
Jetter et al., 2012; Jetter & Kariher, 2009; Li et al., 2016; Shen, 2016;
Tryner et al., 2016) and field studies (Garland et al., 2017; Sandro
et al., 2019; Shan et al., 2017; Shen et al.,, 2012). Champion and
Grieshop (2019) measured CO, PM,s, EC, and BC emissions from
pellet-fed forced-draft gasifier, wood, and charcoal stoves in 91 uncon-
trolled cooking tests in urban Rwanda and found in-use pellet gasifier
stoves to have climate and health benefits approaching that of LPG
(Champion & Grieshop, 2019).

Forced-draft semi-gasifier stoves (sometimes referred to as top-
lit updraft, or TLUD) use fuel batch-fed into a combustion chamber,
ignited from the top, and burned top down. A fan supplies primary air
into the base of the combustion chamber and secondary air above the
fuel bed. Primary air converts the fuel to a hot and combustible gas
(i.e., devolatilization) while secondary air is preheated by the walls of
the chamber and mixed with the combustible gas in the chamber via
secondary air inlet holes (Reed & Larson, 1996). This two-stage combus-
tion process enables better mixing of the gases with air and thus more
complete combustion (Anderson et al., 2007). However, because the
fan pushes relatively cool air into the combustion chamber, low temper-
ature regions may form, inhibiting oxidation and promoting organic
vapor condensation (Turns, 2012). Additionally, the higher density and
homogeneity of biomass pellets (as well as relatively uniform flame
front) improve combustion compared to that of larger, unprocessed
fuel such as splintered wood or charcoal (Champion et al., 2020; Zhou
et al., 2016). While bulk density within the chamber is dependent on
pellet alignment, Gutiérrez et al. (2022) investigated biomass bulk
density of pellets and wood chips in a gasifier stove and found higher
efficiency when pellets were used because of their higher bulk density.

The Mimi Moto cookstove, designed by a Netherlands-based com-
pany, is a forced-draft gasifier stove fueled by biomass pellets typically
made of sawdust from local lumber mills. It has been implemented as a
cleaner alternative to cooking in 25 countries in Asia and Africa (Mimi
Moto, 2021) and is one of two biomass cookstoves to achieve Tier 4
(best) status for indoor emissions, efficiency, and overall emissions
based on the 2012 Water Boiling Test (WBT) standards (Colorado State
University, 2015). A new tiering system was published alongside the
new International Organization for Standardization (ISO) updated
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standard laboratory testing protocol (ISO, 2018a, 2018b) wherein Tier 5
is the cleanest level and Tier O represents traditional (i.e., unimproved)
solid fuel stoves. Within this ISO tier framework, Champion et al. (2021)
found the Mimi Moto CO and PM,s emissions in Tiers 5 and 4,
respectively, further highlighting the low-emitting performance of this
solid fuel stove.

However, emissions from semi-gasifier stoves have been shown to be
highly variable and sensitive to stove design, fuel type, fuel moisture
content, secondary air velocity/inlet geometry, and operation mode
(Carter et al., 2014; Jetter et al., 2012; Kirch, Birzer, et al.,, 2016; Tryner
et al., 2016, 2014; Varunkumar et al., 2011). Champion and Grieshop
(2019) reported that PM, s emission factors from the dirtiest Mimi
Moto field tests (90th percentile) overlapped with the cleanest wood
(10th percentile) and charcoal (60th percentile) stove tests, likely due
to variations in stove operation. Increased CO and PM, 5 emission rates
have been observed when stoves transition from gasifying pellets
to burning leftover char (Kirch, Birzer, et al., 2016; Kirch, Medwell, and
Birzer, 2016; Mukunda et al., 2010; Tryner et al, 2016, 2014;
Varunkumar et al., 2011) and when new pellets are added on top of a
hot char bed, a practice observed during field studies (Lobscheid et al.,
2012; Maddalena et al., 2014; Tryner et al,, 2016, 2014). Tryner et al.
(2016) found CO emissions using default stove design parameters 36 %
and 81 % lower than emissions during refueling and burnout, while
Maddalena et al. (2014) found “typical burn, no refuel” PM, 5 emissions
20 % lower than those with refueling. Additionally, startup material has
been shown to play a considerable role in total cookstove CO and PM; 5
emissions, but to our knowledge has yet to be explored for a gasifier
stove with a batch, top down burning configuration (Fedak et al., 2018).

Relatively little is known about particle number emissions of forced-
draft gasifier stoves, but it has typically been found that they typically
emit more UFPs per mass of fuel, energy delivered, and time than tradi-
tional cookstoves (Bilsback et al., 2019; Jathar et al., 2020; Just et al.,
2013; Shen et al,, 2017). Previous studies report gasifier particle number
size distribution mode diameters ranging from below 10 nm to 24 nm,
but whether the distribution is uni- or bi-modal is dependent on opera-
tion condition (Caubel et al., 2018; Jathar et al., 2020; Just et al., 2013;
Shen et al., 2017). Similar to other pollutants, particle number emissions
are sensitive to secondary air flow rate and velocity (Caubel et al., 2020;
Caubel et al., 2018). While studies have investigated varied operation of
other gasifier cookstoves, the impacts of startup material, burning leftover
char, and refueling have not been explicitly explored in the context of the
widely distributed Mimi Moto stove. Therefore, there is a need for a sys-
tematic exploration of how operational details may influence in-use
emissions, for both this stove and for other/future gasifier stove designs.

To address the gaps identified above, our study explores how
different operation conditions observed in the field lead to increased
emissions not typically reflected in lab studies. Specific objectives of
our study are to:

1) measure emission rates of Startup, Shutdown, and Refueling opera-
tion conditions with the Mimi Moto forced-draft gasifier stove and
compare these to field results from Champion and Grieshop (2019),

2) characterize emission rates for operation phases and describe real-
time emissions performance for each operation condition,

3) quantify particle number emission factors and size distributions for
operation under different conditions,

4) provide guidance to the stove manufacturer, distributors, and re-
search community on operation practices associated with lowest
pollutant emissions.

Methods
Stove and testing protocols

The Mimi Moto cookstove utilizes an internal fan to force air from
the bottom upward into two concentric chambers, driving primary air
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into the internal chamber and secondary air between the internal cham-
ber and external walls. Mimi Moto provides internal chambers of three
sizes to meet varied cooking needs. For this study, only the medium
sized chamber was used (height = 186 mm, diameter = 85 mm) as it
is a representative average of the three chambers and widely used in
homes. Table S1 and Fig. S1 show dimensions and pictures of the
three chambers. We burned domestically-sourced hardwood pellets
shown in Fig. S2. Pellets are made of 100 % hardwood; no additional
materials are used as binder. However, use of different materials to
make pellets, such as straw, sawdust, peanut hulls, or crop residue,
may have large influences on emissions (Champion et al., 2020;
Puzzolo et al., 2019).

We conducted tests over two years with their respective standard
protocols: the WBT in 2018 and the ISO 19867-1 in 2020. The WBT is
a laboratory-based testing protocol developed to measure emissions
and stove efficiency from heating water in a cooking pot (Clean
Cooking Alliance, 2014), last updated in 2014. The WBT consists
of three phases: high-power cold-start, high-power hot-start, and a
45-minute low-power simmer. Only the cold start and simmer phases
were conducted in this study since hot start is targeted towards stoves
with high thermal mass, unlike the Mimi Moto (Clean Cooking
Alliance, 2014).

In 2018, the International Organization for Standardization intro-
duced ISO 19867-1, an updated laboratory testing protocol for emis-
sions, performance, safety, and durability of cookstoves (hereafter the
ISO), replacing the WBT as the standard for laboratory emissions testing
protocols (ISO, 2018a). The goal of the new ISO protocol was to improve
versatility, quality assurance, and adoptability across different testing
facilities. The ISO protocol includes three phases (high, medium, and
low power; hereafter ISO-High, ISO-Med, and ISO-Low), is ignited
with kerosene, and is conducted with separate PM filter sets per
phase. Each phase lasts for approximately 30 min with an end time
determined by either the water temperature dropping 5 °C from maxi-
mum temperature observed during the burning phase or 5 min after the
~30-minute burn. The ISO phases are designed to measure emissions
over the full power range of the stove; however, for this study, the pro-
tocol was modified to use the same sized stove chamber (medium) for
each power level for a more direct comparison between operation
conditions. By considering the energy release rate from combustion
(firepower) rather than cooking task as in the WBT, the ISO protocol
could be more generalizable and representative of field use with less
bias on stove design. However, it is also more complicated and requires
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trial test sequences. It also, like the WBT protocol, includes ambiguities
that allow for discrepancies between testing facilities and operators.
Champion et al. (2021) compared WBT and ISO protocols and found
similar tier ratings for Mimi Moto emissions.

Testing matrix

Modified operating conditions were selected to mimic common
procedures observed during field measurements and were categorized
as Startup, Shutdown, or Refueling approaches, detailed in Table 1.
Table S2 details specific procedures for each test type, including ignition
methods, fuel masses, and durations. We categorize tests on a three-
level hierarchy based on approach, mode, and phase. ‘Approach’ refers
to the overall test condition and the metric being varied (Startup,
Shutdown, or Refuel). ‘Mode’ refers to the specific test type within an
approach (e.g., Startup-Kero, Shutdown-Min). ‘Phase’ refers to the divi-
sions within a mode (e.g., burn or burnout phase of Shutdown-Min).
The two Startup modes varied how the pellets were ignited, either
with kerosene or kindling. The Shutdown modes had two phases: a
30-minute “burn” at either minimum or medium fan speed to mimic
ISO and a 45-minute “burnout” with fan off, or at minimum, medium,
or maximum speeds to mimic the simmer phase of WBT (Mimi Moto
fan speed dial shown in Fig. S3a). The Refuel modes were characterized
by the height of charred pellets added for re-ignition atop a baseline
mass of new pellets within the chamber. The low height was 1 cm
above baseline (directly below secondary air holes) and the high height
was 4 cm above baseline (top of chamber). We chose these heights as
the high height was sometimes observed in the field despite instruction
to only fill to the low height. Fig. S3b shows a diagram of Refuel mode
charred pellet heights. The charred pellets were created by first burning
pellets at maximum fan speed until the flame visually died out (42 +
4 min after test start). The char was then added at the specified height
atop new pellets and burned at maximum fan speed until the flame
visually stabilized (19 4+ 5 min after refuel start). All modes except
Startup-Kero and Startup-Kind were ignited with 30 g of kerosene-
soaked pellets. Startup-Kero was ignited by drizzling 10 mL of kerosene
atop dry pellets and Startup-Kind was ignited with a 1 cm thick layer of
wood chips and sawdust.

Testing was completed in two batches, during fall 2018 and spring
2020. The tests completed in 2018 followed the WBT, which consists
only of Startup approaches, while the tests completed in 2020 followed
the ISO after its publication. While ISO calls for five replicates, due to the

Table 1
Operation conditions and testing protocol by approach.
Approach Protocol (Year) Varied metric Mode Phase Mode metric Replicates
Baseline Modified ISO (2020) n/a Baseline High Power n/a 3
Med Power
Low Power
Startup (SU) WABT (2018) ignition fuel SU-Kero Burn® Kerosene 7°
Burnout
SU-Kind Burn? Kindling 6
Burnout
Shutdown (SD) Modified ISO (2020) fan speed SD-Off Burn Min (1) 3
Burnout Off
SD-Min Burn Min (1°) 3
Burnout Min (1)
SD-Med Burn Med (3°) 3
Burnout Med (3°)
SD-Max Burn Min (1°) 3
Burnout Max
Refuel (RF) Char Production and Refuel (2020) char height RF-Low Char Prod. 3
Refuel Low (1 cm)
RF-High Char Prod. 3
Refuel High (4 cm)

¢ Startup phases are not investigated separately as only the influence of startup method is of interest for this approach.

> Only 6 PM, filters.
€ Fan speeds correspond to the first edition fan from Mimi Moto.
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large test matrix and consistency between replicates, we only con-
ducted three replicates for the 2020 batch of testing. A higher number
of replicates for the 2018 batch were conducted because the less defined
testing procedure led to more variability between replicates. Additional
simplified variations were completed during pilot testing for Shutdown
and Refuel approaches (Fig. S4a-b).

Measurement methods

Laboratory testing was conducted under a total capture hood
(described in detail in Reece et al., 2017). Emissions were sampled
through a duct at 415 to 630 m> h~' and a slipstream was sampled co-
axially from the duct via a 9.5 mm OD copper tubing and routed to in-
struments. Flow rate in the duct was measured using a Nailor 36FMS
flow grid by averaging the pressure drop in the four quadrants of the
duct measured by a Dwyer MS-121-LCD pressure transmitter. Duct
temperature was measured with a LabJack EI1034 temperature probe
and water temperature in the pot and stove flame temperature were
measured using Type K thermocouples.

We sampled emissions using the STove Emissions Measurement
System (STEMS), a portable instrument package designed for indoor
cookstove emissions measurement. The original version (STEMS-1)
and an updated model (STEMS-2) were used for fall 2018 and spring
2020 tests, respectively, and are described in detail elsewhere (Islam
et al., 2020; Wathore et al., 2017). Both systems collected real-time
measurements of CO,, CO, particle light scattering at 635 nm wave-
length, temperature, and relative humidity. An AE-51 MicroAeth is
also integrated to measure real-time particle light absorption (BC) at
800 nm wavelength. Two parallel 47 mm filter trains containing a
bare quartz fiber filter and a quartz filter behind a Teflon filter were
used for gravimetric (Teflon) and thermo-optical organic and elemental
carbon (quartz) analysis (Wathore et al., 2017). Two handling and one
dynamic blank filter sets were collected throughout the 2020 testing
process to adjust for any filter handling errors and had an average in-
crease in mass within microbalance tolerance comparable to previous
deployments of the STEMS (Champion & Grieshop, 2019; Islam et al.,
2020). Teflon filters were weighed before and after testing inside an en-
vironmentally controlled microbalance and quartz filters were analyzed
in a Sunset Laboratory Carbon Aerosol Analyzer (see Wathore et al.,
2017 for additional information on filter analysis). The 2020 batch of
testing also collected particle number emissions and size distribution
measurements using a TSI Scanning Mobility Particle Sizer (SMPS)
for particle diameters ranging from 15 to 685 nm with a scan time of
140 s. Although the SMPS collected particle number count for particles
of diameter up to 685 nm, particles >100 nm accounted for <1 % of
total particle number, and thus particle number data presented here
can be considered to represent UFPs. At least 10 min of background con-
centrations were measured with both the STEMS and SMPS before stove
ignition for background correction of all pollutants. A background parti-
cle mass concentration from the SMPS background particle number
concentration (2.0 cm ™) was calculated as 0.021 ug m > (assuming
1.0 g cm™ particle density).

Data analyses

Emission rate and factor calculations

Pollutant emission rates (ERs) and fuel-based emission factors
(EFms) were calculated using the total capture method as described in
ISO 19867-1. For ERs, pollutant concentrations were averaged over the
period of interest (e.g., entire test, test phase) and multiplied by the
test average duct flow. For the last six tests completed, the duct flow
inadvertently exceeded the range of manometer used with the flow
grid, likely due to external changes in the lab ventilation system. To
estimate the correct flow, the carbon balance method was used, which
assumes all fuel carbon is emitted as CO or CO,. Carbon is also present
in emitted hydrocarbons, methane, and PM, but at negligible
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concentrations. While we did not measure hydrocarbons or methane
in this study, a lab study with the Mimi Moto found that 0.036 % and
0.0 % of carbon was released as hydrocarbons and methane, respectively
(Champion et al., 2020). In our study, 0.025 % of carbon was released as
PM on average. The carbon emitted can be converted to dry fuel con-
sumed using a mass-weighted carbon content including both wood
and kerosene mass, assuming 0.5 kg C per kg dry wood and 0.85 kg C
per kg kerosene (Roden et al., 2006; Smith et al., 1993). A fuel moisture
content of 8.6 % was used to correct to dry wood mass in pellets
(Champion & Grieshop, 2019). This value was chosen from analysis
completed by Champion and Grieshop (2019). Additional fuel moisture
analysis two years after testing found mildly lower fuel moisture (6.1 %).
The average value of 8.6 % was used as it is more representative of
recently-produced pellets; note that emission factor calculations have
relatively little sensitivity to this small variation in moisture values.
Using the average carbon concentration determined from the carbon
balance and the dry fuel consumption rate, the duct flow was estimated
for the six tests (e.g., the six tests with manometer readings exceeding
instrument range). An average of corrected flows was used in further
calculations for these tests. Additional details are described in SI
Section S1.

Additionally, the carbon balance method was used as a quality check
by comparing g C kg fuel ™! calculated with both carbon balance and
total capture methods (ISO, 2018a; Roden et al., 2006; Wathore et al.,
2017). Excluding the six tests mentioned above that exceeded the
duct flow meter manometer range, the average percent difference be-
tween the carbon balance and total capture calculated carbon EFs for
all tests including pilot tests was 31 %. To help correct this high bias,
we completed a post-testing duct flow calibration. When the updated
duct flow calibration was applied to the total capture carbon EF,
calculations, the average percent difference between the total capture
and carbon balance EF,,s decreased from 31 % to 1.0 %. This decrease
suggests the source of systematic discrepancy between the two
methods was correctly identified as a miscalibrated duct flow meter.
More details on this procedure are included in SI Section S2.

EFns were calculated by multiplying the background-corrected av-
erage pollutant concentration by average duct flow and test duration
and dividing by the dry mass of fuel consumed. This fuel-based emission
factor was converted to an energy delivered-based emission factor (EFy)
by dividing by the fuel lower heating value (17.3 M] kg~ '; Grieshop
et al,, 2011) and calculated cooking thermal efficiency accounting for
char (61 £ 5 %), as described in ISO 19867-1. Due to the availability of
necessary measurements, we could only calculate thermal efficiency
on a per test basis and not per phase. We calculated phase-specific
EFg4s by assuming constant thermal efficiency across phases for each
test and using the carbon balance method to estimate phase-specific
fuel use. To calculate time-resolved number EF,, distributions, we
converted per-scan number concentrations measured by the SMPS
using the carbon balance method.

ERs and EFs were then compared within the ISO TR 19867-3 tier
framework. While ISO tiers are intended for full-range ISO lab results
only, they are applied here with modified operation modes for context
and as a reference point. These tiers are defined in terms of energy
delivered emission factors but can be equated to emission rates as
described in ISO TR 19867-3.

Cumulative instantaneous CO emissions

We created a cumulative distribution of CO mass emissions to ana-
lyze the instantaneous changes in emissions throughout a test. The
1 Hz CO concentrations were averaged to 1-minute resolution and
corrected for background concentration. From test ignition to test end,
using an approach similar to Preble et al. (2014) however not normaliz-
ing with respect to total mass emitted, a cumulative distribution was
computed by adding each 1-minute averaged mass of CO emitted to
the mass of the preceding time interval: Mco, + = Mco, -1 +
ACOAQAL, where Mco, ¢ is the cumulative mass of CO emitted (mg)
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until time t, Mco, ;—1is the cumulative mass of CO emitted (mg) from the
previous time, At is the time interval (here 1 min), ACO,, is the increase
in CO concentration above background levels (mg m~3) for that time in-
terval, and Q is the flowrate through the duct.

Startup to steady state ER ratio

We developed CO startup to steady state ER ratios to compare igni-
tion methods across approaches. Steady state was defined as the period
where CO, was approximately constant, determined by taking the
difference between each CO, reading and performing a rolling average
for the previous 10 differences. If the 10-second average difference be-
tween CO, readings was <10 ppm, the period was considered at
steady state. The CO, over this period was averaged, and the startup
period was defined as the test ignition time to the time it took to
reach 90 % of the average steady state CO,.

Limit of detection

Limits of detection (LODs) for PM, 5, OC, and EC were calculated fol-
lowing an approach described elsewhere (Armbruster & Pry, 2008;
Islam et al., 2020; Weyant et al., 2019) and are detailed in SI
Section S3. Based on these criteria, 32 %, 53 %, and 47 % of PM, s mass,
0C, and EC measurements, respectively, for all tests and pilot tests
were below their LOD. While this is not ideal, this is a relatively clean
stove in terms of particulate emissions and these percentages are within
reasonable range for a university facility. For reference, Champion et al.
(2021) conducted ISO tests for the Mimi Moto at a ‘reference’ facility
(US EPA's Household Energy Laboratory in Research Triangle Park, NC,
USA) and had 0.0 %, 21 %, and 8.0 % of PM, 5, OC, and EC measurements
below their LOD.

Baseline PM, 5 ER averages including (2.5 4 1.2 mg min—') and ex-
cluding (2.8 + 1.0 mg min~") below-LOD filters were not significantly
different (via Wilcoxon ranksum test based on non-normal distribu-
tions). Baseline OC and EC ER averages with (0.43 4+ 1.0, 0.13 +
0.12 mg min~ ') and without (1.2 & 1.4, 0.34 mg min ') LOD filters
included were also not significantly different. For group-wise analysis,
replicate tests with emission metrics below the LOD were adjusted to
the LOD value and metrics below zero were adjusted to zero for inclu-
sion in reported average calculations (Champion et al.,, 2021). It should
be emphasized here that the motivation of this study was to better
understand drivers for high-emission events (e.g., 90th percentile of
Champion & Grieshop, 2019 field emissions), not necessarily to charac-
terize low-emitting conditions. Therefore, emission factors reported
here should be considered upper bounds, and the Mimi Moto emissions
reported in Champion et al. (2021) likely provide a better basis for ISO
protocol comparison.

Results
Test emission rates

Fig. 1a-b shows emission rates for CO and PM, 5 for the modified ISO
Baseline and each operation condition divided by approach. Champion
and Grieshop (2019) CO and PM,s field test ERs are included for
comparison. ISO performance tiers are denoted in Figs. 1 and 2 by
green shading to provide reference between emissions of our modified
operation tests and the levels for full-range ISO lab results. Figs. S5-13
show time series of CO,, CO, and particle number (excluding Startup-
Kero and Startup-Kind) concentrations of one test replicate for each
mode.

Lab values are generally low, with CO and PM, 5 ERs ranging from
5.7 to 190 and from 0.0 (non-detect) to 8.0 mg min~!, respectively.
Median ERs of CO (25 mg min~') and PM,s (1.4 mg min~') are
below the 10th and 20th percentiles of respective field ERs. However,
Refuel-High ERs overlap with field emissions, consistent with observa-
tions from Champion and Grieshop (2019), who found that half of
their high-emitting tests included refueling. Refuel-High average CO
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Fig. 1. (a) CO and (b) PM, 5 emission rates for each operation mode. Shutdown labels
represent fan speed during burnout phase of test and Refuel labels represent pellet
refuel fill height. The 'Field' boxplot shows data from Champion and Grieshop (2019).
WBT modes are represented by triangles while modified ISO is represented by circles.
PM, 5 emission rate data points represented by smaller circles are tests with filter
weight measurements below the limit of detection. Green shading denotes ISO
performance tiers for context but are not indicative of full-range ISO Mimi Moto
emissions tiers.

(PM,5) ER was 140 (4.5) mg min~' while field average CO (PM,s) ER
was 160 (8.7) mg min~". Baseline test emissions were consistent with
Tier 5 for CO and Tier 4 for PM,s both in terms of ER and EF4
(Fig. S14). Modified operation tests generally emit consistently with
Tier 5 for CO ER and Tier 4 for PM; s ER, with a few exceptions:
Refuel-High CO ERs in Tier 4, Startup-Kind and Refuel-High PM, s ERs
in Tier 3, and Shutdown-Off PM, 5 in Tier 5 (however the latter results
were below LOD).

Modified ISO and WBT baseline comparison

The two left-most sets of data points in Fig. 1 show a comparison of
CO and PM, 5 emission rates measured during ISO and WBT baseline
testing, indicating general consistency across protocols, with some
minor but statistically significant differences. Mean CO ER was similar
for ISO and Startup-Kero (WBT baseline), 15 vs 11 mg min~'. Mean
PM, 5 ER was 80 % lower for WBT vs ISO tests, with 95 % confidence in-
tervals on the means of 0.19-0.84 and 1.9-3.2 mg min !, respectively.
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Fig. 2. CO versus PM, 5 emission rates for all operation modes with mapped equivalent ISO
tiers. Triangles are tests using WBT protocol, circles used modified ISO, and smaller
symbols denote PM, s filters below LOD. Green shading denotes ISO performance tiers
for context.
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The Wilcoxon ranksum test suggests that the ISO PM, 5 ER average is
significantly higher than that for WBT tests, likely because the longer,
lower-power simmer phase in WBT pulls down the test average PM; 5
emission rates. Most PM, s was emitted during startup with little
contribution during the simmer phase (reinforced in Fig. 4c); therefore,
WAT tests' longer periods of lower PM, 5 emissions reduces the overall
PM, 5 emission rate averages.

Varied operation mode emission rates

Fig. 1 also summarizes CO and PM, s emission rates across the
modified operation approaches. As expected, Startup approach has
a substantial effect on test emissions. Kindling ignition emitted 2.7
and 5.6 times more CO and PM; s than kerosene, respectively, with
Startup-Kero within PM, 5 Tier 4 and Startup-Kind averaging slightly
greater than the PM, 5 Tier 4 cutoff, placing it in Tier 3. Additionally,
Startup modes were more variable than other modified operation
modes, likely due to a less defined protocol. For example, the highest
Startup-Kind PM, 5 ER (Fig. 1b) corresponds to a test where the kindling
ignition event was almost three times longer than other tests, suggest-
ing a less effective ignition due to kindling properties or technique.
Higher PM, 5 ERs for Startup-Kind compared to Startup-Kero are likely
attributable to an inefficient ignition not sustaining high enough tem-
peratures in the combustion chamber to oxidize PM.

Fan speed during shutdown had a substantial impact on CO, but less
on PM, s, consistent with the solid-phase oxidation form of combustion
seen in charcoal stove emissions, in which lower combustion zone tem-
peratures inhibit oxidation of CO (Bilsback et al., 2019, 2018; Eilenberg
etal, 2018; Jetter et al., 2012). CO ERs increased with higher fan speeds
during the burnout phase, increasing 105 % from Shutdown-Off to
Shutdown-Low, 5.5 % from Shutdown-Low to Shutdown-Med, and
13 % from Shutdown-Med to Shutdown-High. PM, s shutdown ERs
show a similar but less obvious trend than CO. Shutdown-Off and
Shutdown-Min modes average lower ERs, 0.16 and 0.35 mg min~' re-
spectively, than Shutdown-Med and Shutdown-Max modes, both at
1.1 mg min~". By increasing the fan speed during burnout, we increase
the amount of cool air entering the chamber, likely decreasing combus-
tion temperature. This cooling inhibits oxidation of particulate matter
and CO to CO,. This hypothesis is reinforced by the increasing CO ER
trend with increasing fan speed: an abrupt increase from Shutdown-
Off to Shutdown-Min, then smaller increases thereafter. This abrupt in-
crease suggests that turning the fan on to any level cools the combustion
zone enough to slow oxidation.

Refueling approach had the largest impact on both CO and PM, 5
emission rates, with Refuel-High emitting 3.9 and 1.8 times more
CO and PM, s than Refuel-Low; Refuel-High also emitted 9.8 and
1.8 times more CO and PM, s than Baseline. Refuel-Low emitted
2.5 times more CO than Baseline but PM, 5 within 3.0 % of Baseline
PM, 5. Similar to Startup tests, the less defined protocol for the
Refueling approach led to greater variability; the highest Refuel-High
PM, s ER (Fig. 1b) corresponds to a test that was 15 min longer than
the other two tests, likely because the flame took longer to visually sta-
bilize in the refuel phase. The high CO and PM, 5 ERs from Refuel-High
tests are likely due to the blocking of the secondary air holes, as defined
by the protocol, limiting air-fuel mixing and leading to less complete
combustion (Turns, 2012). Refuel-High had the largest CO and second
largest PM, s ER of the tested operation modes and had the largest dif-
ference in emissions observed across all approach categories. Thus,
emission rates are more sensitive to refuel height than burnout fan
speed or startup method. Higher Startup-Kind and Refuel PM, 5 ERs
are consistent with Champion and Grieshop (2019); of their PM; 5
EF.,s > 90th percentile, half the tests used kindling for ignition and
half the tests included refueling.

As expected, particle number emission rates (shown in Fig. S15)
closely resemble the trends seen in Fig. 1b for PM,; 5 ERs for Baseline,
Shutdown, and Refuel modes. Baseline particle number ERs fall in the
middle of our lab ER range. Shutdown modes have the lowest particle
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number ERs, with a slight distinction between lower (Shutdown-Off,
Shutdown-Min) and higher (Shutdown-Med, Shutdown-High) fan
speeds. Refuel-High has the greatest particle number ERs, 23 % higher
than Refuel-Low.

Fig. 2 plots CO versus PM; s emission rates for Baseline and all
operation conditions along with ISO emission tiers. A direct comparison
of CO versus PM, 5 ER with EFq4 Tiers is shown in Fig. S14. Generally, CO
and PM, s are not monotonically related (R = 0.38), and CO ERs are
more variable than PM, s ERs. The lowest emitting condition was
Startup-Kero. Baseline was lower in CO and higher in PM ERs than
Shutdown modes, which is expected considering the stove operations
emphasized in each. Shutdown modes are essentially Baseline
tests followed by a 45-minute burnout period. This burnout phase
contributes high CO and low PM emissions (Fig. 4), that when included
in the overall test-averaged emissions, results in higher CO and lower
PMs, 5 ERs than Baseline. For the Shutdown approaches, Shutdown-Off
is the lowest emitting while Shutdown-Min, Shutdown-Med, and
Shutdown-Max fall into similar CO and PM, s ER ranges. Fig. S16a
shows similar trends when comparing CO to particle number emission
rates; Shutdown-Off is lowest emitting and other Shutdown modes
are similar. PM, s and particle number emission rates are strongly
correlated, with a correlation coefficient of 0.92 (Fig. S16b).

Elemental and organic carbon emission rates

Fig. 3a-b shows emission rates for EC and OC for Baseline, all modi-
fied operation approaches, and Champion and Grieshop (2019). EC
and organic matter (OM) make up on average 76 % of PM; s mass
emitted (n = 8, excludes tests with EC, OC, or PM, 5 masses below
LOD). SI Section S4 and Table S3 include calculations and percentages
for all tests. Generally, lab values are low and similar across operation
modes, ranging from 0.0 (non-detect) to 0.34 mg min~' for EC and 0.0
(non-detect) to 3.4 mg min~! for OC. Median lab EC (0.15 mg min~—!)
and OC (0.48 mg min~') ERs are equivalent to 20th and 30th percentiles
for respective field ERs. While lab EC emissions are relatively consistent
across modes, OC emissions show more variability, particularly for
Startup approaches. This variability is also evident in Startup PM, 5 ERs
(Fig. 1b). Additionally, OC ER averages for Startup-Kind and Refuel
modes are 1.9 and 1.3 times higher than other lab modes; therefore,
these modes have the highest OC ERs. Low combustion temperatures
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Fig. 3. (a) ECand (b) OC emission rates for each operation condition. Shutdown labels rep-
resent fan speed during burnout phase of test and Refuel labels represent pellet refuel fill
height. The 'Field' boxplot is based on data from Champion and Grieshop (2019). Data
points represented by smaller circles are tests that had measurements below the limit of
detection.
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promote OC formation and are likely in Startup-Kind during ignition,
which may possibly explain the highest OC ER observed in this mode.

Phase-specific emission rates

To evaluate emissions contributions over test durations for
Shutdown and Refuel operation modes, we calculated phase-specific
emission rates for the two phases in each mode: burn and burnout
phases for Shutdown and char production and refuel phases for Refuel.
However, in application, cooking activity likely exceeds the 30-minute
burn and 19-minute refuel phases which occurred here, so phase
times and their emissions contribution could be weighted differently
during real-world use. Fig. 4a-d shows phase-specific CO and particle
number ERs for both approaches. Because particle number emissions
were time resolved values, we can disaggregate them unlike test-
integrated PM, 5 measurements. Particle number emission rates here
include particles ranging from 15 nm to 685 nm but consist 99 % of
UFPs. Burn phases for the different Shutdown modes were conducted
at either minimum (for shutdown with fan at off, low, and max
settings) or medium (for shutdown with fan at medium setting) fan
speeds (refer to Table 1). Both Refuel approaches were preceded by
the same char production phase, which are thus grouped together in
Fig. 4b and d.

For Shutdown modes, CO emission rates were substantially higher
during the burnout phase, while particle number emissions were higher
during the burn phase. Burn phase CO ERs were similar between fan
speeds while burnout phase CO ERs increase with increasing fan
speed and were two orders of magnitude higher than burn phase ERs.
In contrast, particle number ERs were substantially lower for burnout
phase than burn phase (Shutdown-Off and Shutdown-Max were 1 %
and 27 % of burn ERs), though they do show the same increasing
trend with fan speed. CO ERs were on average 31 times higher in the
burnout phase than burn phase, while particle number ERs were
7.9 times higher in the burn phase. When mapping burnout phase CO
ERs to ISO tiers, Shutdown-Off remains in Tier 5, but Shutdown-Min,
Shutdown-Med, and Shutdown-Max fall to Tier 4.

In contrast, for Refuel modes, both CO and PM, 5 emission rates were
higher for the refuel versus char production phases. Refuel-Low and
Refuel-High refuel phase CO ERs were ~5 and ~24 times higher than
char production phase CO ERs, respectively. Refuel-Low and Refuel-
High refuel phase particle number ERs were 27 % and 42 % greater
than char production phase ERs. The increase in refuel phase ERs from
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Refuel-Low to Refuel-High is more obvious for CO than particle number;
specifically, Refuel-High CO ERs were 4.9 times greater than Refuel-Low,
and Refuel-High particle number ERs only 1.1-fold greater. Therefore,
the increase in ER from low to high height was 4.4 times greater for
CO than particle number, suggesting CO emissions were more sensitive
to refuel height. The difference between refuel and char production ERs
was greater for CO than particle number, suggesting the char production
phase was a bigger contributor to particle number than CO emissions.
When considering ISO tiers for CO refuel phases, Refuel-High falls
to Tier 1.

Fig. S17a-b shows CO and particle number emission rates for
the three power level phases during Baseline ISO testing and shows
that the medium power phase had the highest ERs. Baseline CO ERs
(averaging 15 mg min~ ! across all phases) are most consistent with
Shutdown burn phase (5.2 mg min~!) and Refuel char production
phase (24 mg min—') ERs, while Baseline particle number ERs (averag-
ing 5.4 x 10" # min—") are most consistent with Shutdown burn phase
(5.4 x 103 # min™1).

Energy delivered emission factors by shutdown approach

Here we discuss energy delivered emission factors which enable
comparison of useful energy and emissions in order to recommend
the most desirable condition for users (e.g., using all energy from the
fuel before discarding so as to not lose useful energy). Fig. 5a-b shows
phase-specific CO and particle number EFys in terms of useful energy
delivered for Shutdown approaches. Fig. 4 shows a clear trend of
increasing ERs for increasing fan speed during burnout; however, it
does not consider that higher fan speeds will deliver more energy
than lower fan speeds. Fig. 5 displays phase-specific EFgs, while test-
averaged CO and PM, 5 EFs are shown in Fig. S18a-b and generally fol-
low the trends in Fig. 1a-b: increasing CO emissions with increasing fan
speed and a shift up in PM; 5 emissions from lower to higher fan speeds.

Phase-specific EF4 trends generally resemble phase-specific ER
trends shown in Fig. 4a and c; however, burnout phase CO EFg4s do
not increase with increasing fan speed. Instead, Shutdown-Off
(7.4 g MJgel) and Shutdown-Med (7.3 g MJgel) are the highest and
Shutdown-Min (5.9 ¢ MJge!) and Shutdown-Max (6.0 g M]ge]) are
lowest. Although Shutdown-Max has the highest emission rates,
Shutdown-Min and Shutdown-Max have the lowest emissions when
normalized by their provided useful energy. Because Shutdown-Min
has lower ERs than Shutdown-Mayx, it is the optimal burnout speed in
terms of CO emissions and energy delivered. However, particle number
EFg4s increase with increasing fan speed at burnout (consistent with
Fig. 4c), so there is a tradeoff between CO and particle number emis-
sions to consider.

To consider useful heat, we also examine water temperature. Fig. 6
shows the water temperature for each Shutdown mode during the
burnout phase. The water temperature for Shutdown-Off immediately

Burn Phase Burnout Phase Burn Phase Burnout Phase

T 104 - . B
§ 4 a’ Average L S E i E (] @ Average
€n o 1 e ———
o 7 8 ¢ [ &= g L] B
5 64 o 8 8- 2 -
5 % '3 (@]
£, ] [ 23 4] \ 5
c 4 - £E= | ® |
S g .-
8 2 - 25 2] 8 i
o 01® @ - & & 0 jv] -
3 T T T T 1
® 0@ o’{‘ ®o @@ ‘@ ®o \}@ O'&\ \o&b @,5\-
@ @ S

Fig. 5. Phase-specifc energy delivered emission factors for (a) CO and (b) particle number
for Shutdown approaches. Note particle number emission factors include particles ranging
from 15 nm to 685 nm per SMPS configurations applied here.
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started decreasing, dropping 13 °C on average in the first 5 min. The
temperature decreases for the other modes trend opposite of fan
speed, with Shutdown-Min, Shutdown-Med, and Shutdown-Max
dropping 7.9, 6.3, and 1.7 °Cin the first 5 min. Shutdown-Max remained
at average boiling point for the first 15 min, and then had a sudden de-
crease for the remainder of the burnout phase, finishing with a water
temperature lower than all other modes. While Shutdown-Max initially
provides the most energy to the water, after 15 min, it loses power
faster than for the other modes. Shutdown-Max provides 13 more mi-
nutes of boiling than Shutdown-Off but lead to 2.4 and 7.3 times more
CO and PM,s. Shutdown-Min resulted in the smallest decrease in
water temperature over the burnout period and thus the most energy
delivered of the four variations, reinforcing that it is the prefered fan
speed if burnout is necessary.

In summary, the most CO and PM, 5 emissions can be mitigated by
avoiding burnout or turning the fan off. However, if stove users want
or need more heat for a long period of time after flameout, minimum
fan speed can provide more heat slowly with the least emissions. If
users want boiling temperature briefly after flameout, maximum fan
speed can achieve this, but results in substantially greater emissions.

Kerosene versus pellet char ignition emissions

Next, we examine how ignition with pellet char, which is the igni-
tion process of the refuel phase for Refuel-Low and Refuel-High, com-
pared to ignition with kerosene. We considered this comparison
because reusing pellets is often observed and sometimes encouraged
in field settings as the more economic option compared to disposal. To
make startup emissions comparable across different operation modes,
we normalized startup ERs by their steady state ERs to calculate an ER
ratio for Baseline (ISO medium power ignited with kerosene), Refuel-
Low, and Refuel-High. Medium power ISO was selected as the kerosene
comparison because it was a higher power, hot start, so most similar to
the refuel phase of the Refuel approach tests. An ER ratio greater than
one indicates that emission rates were higher during startup than
steady state operation, with a higher ratio indicating a greater influence
from startup.

Fig. 7a-b shows CO and particle number startup ratios, where gener-
ally, ratios increase from Baseline to Refuel-Low to Refuel-High, sug-
gesting that kerosene ignitions are cleaner than those using pellet
char. CO ratios were above one for all ignition scenarios and ranged up
to 98, indicating that CO ERs during startup were substantially larger
than during steady state operation. Particle number ratios ranged
from 0.04 to 1.7, where only the Baseline ER ratio averaged below one
(0.13). Thus, for Baseline tests, particle number emission rates during
startup were lower than during steady state. In contrast, Refuel tests
both had particle number ratios above one but only slightly at 1.2
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Fig. 6. Water temperature measured in pot during the burnout phase for each Shutdown
mode.
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Fig. 7. Startup to steady state (a) CO and (b) particle number (PN) ER ratios. Black dotted
line represents a ratio of one where startup ER and steady state ER are equal.

(Refuel-Low) and 1.5 (Refuel-High). Particle number ratios are two
orders of magnitude lower than CO ratios; thus, the increment in CO
contribution is much greater than for particle number during startup.

Cumulative CO emissions

We now investigate how emissions vary over the entire usage
period of the stove by examining cumulative instantaneous emissions.
Fig. 8a-d shows the average cumulative distribution of instantaneous
CO emissions for Baseline and modified operation approaches. Time se-
ries plots of CO,, CO, and particle number (excluding Startup-Kero and
Startup-Kind) concentrations of one test replicate for each mode are
shown in Figs. S5-13. CO emissions for Baseline tests increase some-
what linearly with time with a relatively small increment from startup
emissions in the first 3 min, which we also see in Fig. 7a with an average
CO startup to steady state ER ratio of 2.4.

Startup-Kero and Startup-Kind CO emissions show similar trends
over test duration, with 36 % and 60 % of CO emitted in the first
15 min followed by little to no emission until a spike in the last
10 min due to burnout. However, Startup-Kind emitted 4.1 times as
much CO in the first 15 min as Startup-Kero. Startup-Kind emitted
more CO in the first 10 min than the entire duration of Startup-Kero
tests, demonstrating the major influence startup approach can have
on full test emissions. This initial increase in CO for Startup-Kind com-
pared to Startup-Kero reinforces that a kindling ignition could be asso-
ciated with lower combustion temperatures that inhibit oxidation of
PM> 5 and CO.

For Shutdown modes, cumulative CO emissions were highest for
Shutdown-Max and lowest for Shutdown-Off. The burn phase of the
Shutdown tests contributed little to total CO emissions (on average
<5 %). Similarly to Baseline emissions, there was a quick increase during
the first 5 min due to startup. However, from 5 min to the end of the
burn phase, Shutdown CO emissions on average only increased by
42 % while Baseline emissions increased 206 % for the same increment.
With the exception of Shutdown-Off, increasing fan speed during burn-
out led to an earlier and sharper increase in emissions. Shutdown-Off
burnout emissions increased sooner than other modes, but at a much
lower rate. Almost all CO emitted during the refuel phase was emitted
in the first 5 min, 76 % and 97 % for Refuel-Low and Refuel-High, and
then emissions flatten out for the remainder of the test. Refuel-High
emits 5.8 times as much CO as Refuel-Low.

We also investigated how carbon emissions vary over the entire
usage period of the stove as a proxy for real-time fuel loss. Fig. S19
shows the average cumulative distribution of instantaneous carbon
(CO + CO,) emissions for Baseline and modified operation approaches.
For Baseline, Startup, and Refuel approaches, cumulative carbon
emissions were largely linear, signifying constant carbon emission rates
(thus fuel consumption rates) over the test durations. For Shutdown
approaches, cumulative carbon emissions were linear during the burn
phase then flattened during the burnout phase, signifying constant
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Figs. 1 and 3.

carbon emissions during burning and then little contribution to the total
carbon emitted during the burnout phase.

Particle number size distributions

Fig. 9a-c shows average particle size distributions for Baseline,
Shutdown, and Refuel approaches divided into each conditions' respec-
tive phases. The burnout phase distribution in Fig. 9b is multiplied by a
factor of 2 for clarity. Generally, almost all particles emitted for all
approaches are ultrafine (<100 nm in diameter). In some cases, the
mode diameter of distributions fell below our low size cutoff of
15 nm, particularly for Shutdown burnout phases. Mode diameters
ranged from below 15 to 75 nm, with primarily unimodal distributions.
Mostly UFP emissions, rather than larger particles, from the Mimi Moto
are unsurprising as UFPs can form from condensation of organic vapors,
typically at lower temperatures. Because gasifier stoves often have both
lower temperature regions and less particle surface area to condense
onto, nucleation and condensation are likely to occur (Bilsback et al.,
2019; Hinds, 2012; Khalek et al., 2000).

For Baseline power phases (Fig. 9a), ISO-Med particle emissions are
the highest and ISO-Low the lowest (consistent with Fig. S17b). All ISO
phases have a similar mode diameter, approximately 20 nm. Baseline
particle emissions fall between Shutdown burn and burnout phase
emissions (Fig. 9b) and are similar in magnitude to Refuel-High refuel
phase's smaller mode (Fig. 9c).

Both Shutdown burn and burnout phases had similar size distribu-
tions across particle diameters for all fan speeds, increasing in particle
emissions with increasing speed at burnout. However, it appears that
at least half of the particle number fall below our SMPS lower cutoff di-
ameter of 15 nm. The burn phase distributions appear to level off at their
mode diameter around 15 nm while the burnout phase distributions ap-
pear to have a mode diameter smaller than that captured by the SMPS.

For Refuel modes, the char production average size distribution was
consistent between fill heights at diameters below 50 nm, but a second
mode appeared in the Refuel-High char production phase distribution,
with a mode diameter of 75 nm. Approximately half of the char produc-
tion phase distributions are captured as the rest of the distribution falls
below the cutoff diameter. A second mode also appears in the Refuel-
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Fig. 9. Average particle size distributions normalized as EF,,s of (a) Baseline, (b) Shutdown, and (c) Refuel operation modes. Distributions are divided into ISO phases for Baseline, burn and
burnout phases for Shutdown modes, and char production and refuel phases for Refuel modes. The burnout phase distributions are multiplied by a factor of two for clarity. Note particle
number emission factors include particles ranging from 15 nm to 685 nm per SMPS configurations applied here; however, the x-axis scale was truncated for clarity as 99 % of particles

emitted were UFPs.
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High refuel phase distribution. From the time series image plot of parti-
cle number concentration (one Refuel-Low and Refuel-High replicate
shown in Fig. S20a-b), there was an abrupt increase in concentration
and mode diameter during Refuel-High transition from char production
to refuel phase, appearing as a second mode. This brief second mode
was also apparent in Refuel-Low image plots but at lower concentra-
tions and thus did noticeably influence averaged particle size distribu-
tions. The smaller mode in Refuel-High refuel phase emissions has a
greater mode diameter than those from Refuel-Low. The Refuel-Low re-
fuel phase distribution resembles Baseline distributions (Fig. 7a) but
with an EF,, that is 1.4 times the highest Baseline test (ISO-Med).
Therefore, generally, larger particles were emitted during Refuel-High,
but more, smaller particles were emitted during Refuel-Low. Preventing
secondary air flow by blocking these air holes with pellet char led to
more emissions of larger particles.

Comparison with previous results

We conducted laboratory testing that systematically varied stove
operation to attempt to replicate and explain high-emission events ob-
served in the field. We used a relatively recently published protocol that
few studies have implemented and an individual, widely used pellet
gasifier stove that has been included in few lab studies. Therefore, our
study is unique and many results are not readily comparable to existing
work. With that caveat, it is still beneficial to place our results in a
broader context. Here we compare our results to those from other lab
studies examining similar metrics and gasifier stoves.

Few studies have conducted laboratory testing under the updated
2018 ISO protocol due to its recent publication (ISO, 2018a). Our aver-
age ISO-High ERs for CO (9.1 mg min~') and PM, 5 (1.8 mg min—!)
were 97 % and 60 % lower than that reported by Champion et al.
(2020), who used the Mimi Moto, hardwood pellets, and ISO protocol.
However, average OC (1.6 mg min~') and EC ER (0.24 mg min™')
were 13 and 1.7 times higher than Champion et al. (2020). The large dis-
crepancy between CO ERs is likely due to differences in shutdown from
“high-phase” definitions. When comparing our baseline ISO and WBT
(Startup-Kero) to Champion et al. (2021), who compared the two pro-
tocols for the Mimi Moto, average ISO CO ER (15 mg min™') was 89 %
lower than Champion et al. (2021), but our ISO PM, 5 (2.6 mg min™ 1),
0C (1.2 mg min™ "), and EC (0.25 mg min~—') average ERs were 20 %,
530 %, and 45 % greater than Champion et al., 2021). One notable differ-
ence between these studies is that we used the medium combustion
chamber during testing while Champion et al. (2020,2021) used the
large chamber. Their tests therefore involved greater fuel loadings,
which may have large impacts on CO emissions during shutdown, em-
phasizing the sensitivity of this protocol to stove configuration and
power level definitions. Our baseline WBT average ERs for CO (11 mg
min~'), PMys (0.51 mg min~'), OC (0.40 mg min~'), and EC
(0.14 mg min ') were 86 % less, 78 % less, 120 % greater, and 52 % less
than Champion et al. (2021).

Generally, emissions from the different approaches presented
here are substantially lower than previous gasifier stove lab studies;
however, these studies used different types of gasifier stoves, such as
the Philips fan stove (Bilsback et al., 2019), ACE 1 (Jathar et al.,
2020), StoveTec TLUD (Jetter et al., 2012), or built their own (Shan
et al., 2017). For example, our CO, PM, 5, OC, and EC ERs are 66 %,
91 %, 89 %, and 93 % lower than those reported by Bilsback et al.
(2019). Similarly, CO and PM, s EFgs are 89 % and 91 % lower than
previous studies (Carter et al., 2014; Shan et al., 2017). However, these
gasifier studies conducted tests under different testing protocols, such
as the Firepower Sweep Test and WBT, and are not directly comparable
to our approaches. When comparing approach-specific emissions, our
Startup CO and PM, s ERs are 37 % and 70 % lower than startup ERs
reported by Bilsback et al. (2018). Additionally, Fedak et al. (2018)
reported kerosene as the highest emitting startup material, shifting the
Mimi Moto from PM, 5 Tier 4 to Tier 1; however, our results show
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kerosene to be lower emitting and remain similar to a Tier 4 emitting
stove, possibly because we used twice as much kerosene. For
Shutdown approaches, average burn phase CO ER is 87 % lower than
for the StoveTec TLUD prototype in Jetter et al. (2012), but average burn-
out phase CO ER is 29 % higher than Bilsback et al. (2018) and 140 %
higher than Jetter et al. (2012). For Refuel approaches, average refuel
phase CO ER (340 mg min~') are 37 % lower than Bilsback et al.
(2018) at 540 mg min~'. While Bilsback et al. (2018) generally report
higher ERs, the overall trend is similar: highest emissions for refueling,
followed by shutdown, then startup.

We measured PM, 5 ERs similar to those measured in the field and lab
for LPG stoves (Bilsback et al., 2019; Johnson et al., 2019; Shen et al.,
2018). Our PM, 5 ERs ranged from 0.16 to 4.5 mg min~—', while other
lab studies reported LPG PM, s ERs ranging from 0.11 to 0.54 mg
min~"! (Bilsback et al., 2019; Shen et al., 2018). Johnson et al. (2019)
measured LPG emissions in Uganda and reported an average LPG PM, 5
ER (1.5 mg min~!) similar to the average in our study (1.7 mg min~}).

When comparing particle number emissions, ERs and EF,s from this
study are on the same orders of magnitude as previous studies of
gasifier stoves (Bilsback et al., 2019; Jathar et al., 2020; Shen et al.,
2017). Shen et al. (2017) measured low power ER average (3.7 +
0.33 x 10" # min~") consistent with our Baseline ERs (5.4 4+ 1.8 x
10" # min—') while ther high power hot start ER average (8.3 +
1.7 x 10" # min—") was most similar to our Refuel ERs (7.4 + 1.8 x
10" # min~"). Our ISO size distributions closely resemble those
reported for gasifier stoves by Jathar et al. (2020) and Just et al.
(2013), with a mode diameter of approximately 20 nm. Our Shutdown
size distributions more closely resemble those reported by Shen et al.
(2017), with a mode diameter below the measurement cutoff diameter
(14 nm) and not captured, and few particles emitted larger than 100
nm. Jathar et al. (2020) noted both solid and gas fuels have significant
emissions below 10 nm, reinforcing that a major portion of the distribu-
tion shown here was not captured due to our 15 nm cutoff diameter.
Shen et al. (2017) measured similar size distributions for high and
low power phases, consistent with our burnout phase distributions,
while Just et al. (2013) found that increasing the fan speed shifted the
distribution to smaller diameters. This latter observation could explain
the bimodal distribution seen in the Shutdown-Off burn phase,
where a lower flow rate through the chamber promotes particle
growth. Shen et al. (2017) found a second mode for high power hot
start (which is most akin to refuel phase) for several forced- and
natural-draft gasifier stoves. Overall, comparisons with other results
exhibit general consistency, suggesting that our results capture
trends in emissions and that our findings with a specific stove and
fuel combination can be translated.

Implications and recommendations

While the results reported here are specific to the Mimi Moto, an in-
dividual but quite popular top-lit forced-draft semi-gasifier stove, they
are likely extendable to any top-lit forced-draft stove burning pellets.
Of the three modified operation approaches studied here, refueling led
to the largest emissions, followed by ignition with kindling and shut-
down at maximum fan speed, reinforcing the importance of secondary
air flow for air-fuel mixing and maintaining sufficient temperatures
for complete combustion. However, lab test emissions were all lower
than the highest levels seen in Champion and Grieshop (2019) and re-
mained primarily in ISO Tiers 5 and 4, so these very high field emissions
are likely due to malfunction of the stove, such as a dead battery. One
possibility to decrease stove malfunction events is proper cookstove
use education, which has been shown to increase long-term improved
stove use, and in the case of the Mimi Moto, improve stove performance
(Lindgren, 2020; Seguin et al., 2018).

* Finding: Refueling with pellet char led to higher and more variable
emissions than other approaches.
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Recommendation: Maintaining secondary air flow is essential for
forced-draft cookstoves.

Finding: Lab test emissions were all lower than the highest levels seen
in Champion and Grieshop (2019).

Recommendation: Proper cookstove use training including recom-
mendations from this study, maintenance, and upkeep of stoves is
the key for preventing high emission events in field settings.

When comparing our results to similar studies conducted with the
Mimi Moto and ISO protocol, we find large relative emissions differ-
ences; thus, small operational differences can have large emissions im-
plications. Our testing shows that these stoves can be nearly as clean as
LPG and are at the limits of our ability to measure as concentrations ap-
proach measurement detection limits.

Finding: Testing is very sensitive to subtle differences in protocol.
Recommendation: Testing needs to be tightly constrained to allow for
comparisons of one factor at a time.

Finding: We approach limits of detection for a number of measure-
ments, particularly during shorter or “cleaner” tests.
Recommendation: Consider longer tests, larger flows through filter
trains for greater loading, and influence of background, particularly
in field settings where background concentrations can be high.

Because stove users are most likely to be around their stoves during
startup and refueling, these modified operation results have the greatest
exposure implications. In addition to material used for startup, a longer
ignition process leads to higher PM; 5 exposures. It is best to empty
charred pellets from the combustion chamber as soon as the flame is
extinguished, but if more heat is needed and burnout is necessary,
then the fan should be turned off and the stove placed outside or the
room evacuated. Refueling with pellet char is discouraged, but if
necessary, pellets should not be filled above secondary air holes and
the stove should be placed outside for at least the first five minutes
when emissions are highest. Additionally, Refuel-High had very tall
flames right after refueling that are a potential burn hazard (Fig. S21).

» Finding: Both ignition material and duration influence PM; s
emissions and have large exposure implications.

» Recommendation: Using kerosene, decreasing ignition time, and
placing the stove outside during burnout and refuel could decrease
exposures.

In addition to changes in stove operation, changes in stove design
and distribution can consistently help to reduce emissions. A built-in
sensor to turn off the fan after the flame dies could both decrease
burnout emissions and discourage burnout all together. Stove distri-
bution companies could provide two chambers of each size to allow
users to easily swap the used chamber with pellet char to a new
chamber with new pellets mid-cooking, allowing the used chamber
to cool before using again. Additionally, they could provide kerosene
or other liquid fuels for startup to discourage ignition with kindling
and pellet char. Lastly, distribution companies could give credit
for char which would be doubly beneficial by 1) not burning char
which decreases exposure, and 2) decreasing net climate impacts
by sequestering carbon. These insights can be applied to Mimi
Moto improvements, distribution, and education, but are also useful
for other stove types and future developments.

To minimize emissions, we recommend using kerosene for ignition,
turning the fan off when pellets are done burning and the flame has
extinguished, and reigniting with fresh pellets instead of pellet char.
Our study shows relatively minor changes in operation can have sub-
stantial impacts on performance. Improved training and maintenance
are needed in real-world applications to decrease the frequency of
these high-emission events, and tightly controlled testing and detection
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limits remain challenges to fully understanding factors contributing to
these events.
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