~ A Service of
’. b Leibniz-Informationszentrum

.j B I l I Wirtschaft
) o o o Leibniz Information Centre
Make YOUT PUbllCCltlonS VZSlble. h for Economics ' '

Caubel, Julien ].; Rapp, Vi H.; Chen, Sharon S.; Gadgil, Ashok J.

Article
Practical design considerations for secondary air injection
in wood-burning cookstoves: An experimental study

Development Engineering

Provided in Cooperation with:
Elsevier

Suggested Citation: Caubel, Julien J.; Rapp, Vi H.; Chen, Sharon S.; Gadgil, Ashok J. (2020) : Practical
design considerations for secondary air injection in wood-burning cookstoves: An experimental
study, Development Engineering, ISSN 2352-7285, Elsevier, Amsterdam, Vol. 5, pp. 1-10,
https://doi.org/10.1016/j.deveng.2020.100049

This Version is available at:
https://hdl.handle.net/10419/242306

Standard-Nutzungsbedingungen: Terms of use:

Die Dokumente auf EconStor durfen zu eigenen wissenschaftlichen Documents in EconStor may be saved and copied for your personal
Zwecken und zum Privatgebrauch gespeichert und kopiert werden. and scholarly purposes.

Sie durfen die Dokumente nicht fiir 6ffentliche oder kommerzielle You are not to copy documents for public or commercial purposes, to
Zwecke vervielféltigen, 6ffentlich ausstellen, 6ffentlich zugénglich exhibit the documents publicly, to make them publicly available on the
machen, vertreiben oder anderweitig nutzen. internet, or to distribute or otherwise use the documents in public.
Sofern die Verfasser die Dokumente unter Open-Content-Lizenzen If the documents have been made available under an Open Content
(insbesondere CC-Lizenzen) zur Verfiigung gestellt haben sollten, Licence (especially Creative Commons Licences), you may exercise
gelten abweichend von diesen Nutzungsbedingungen die in der dort further usage rights as specified in the indicated licence.

genannten Lizenz gewahrten Nutzungsrechte.

.: A B I https://creativecommons.org/licenses/by-nc-nd/4.0/
Mitglied der
WWW.ECOMSTOR.EU K@M 3
[ J . Leibniz-Gemeinschaft


https://www.econstor.eu/
https://www.zbw.eu/
http://www.zbw.eu/
https://doi.org/10.1016/j.deveng.2020.100049%0A
https://hdl.handle.net/10419/242306
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.econstor.eu/
https://www.leibniz-gemeinschaft.de/

Development Engineering 5 (2020) 100049

Contents lists available at ScienceDirect

Development Engineering

o4

L SEVIER

journal homepage: http://www.elsevier.com/locate/deveng

Check for

Practical design considerations for secondary air injection in wood-burning  [%&s"
cookstoves: An experimental study

Julien J. Caubel ®"", Vi H. Rapp ", Sharon S. Chen”, Ashok J. Gadgil *°

@ Department of Mechanical Engineering, University of California, Berkeley, Berkeley, CA, 94720, United States
b Environmental Technologies Area, Lawrence Berkeley National Laboratory, Berkeley, CA, 94720, United States
¢ Department of Civil and Environmental Engineering, University of California, Berkeley, Berkeley, CA, 94720, United States

ARTICLE INFO ABSTRACT

Keywords:
Biomass cookstove
Household energy
Air pollution
Design
Combustion

Billions of households worldwide cook using biomass fires and suffer from the toxic smoke emitted into their
homes. Laboratory studies of wood-burning cookstoves demonstrate that secondary air injection can greatly
reduce the emission of harmful air pollution, but these experimental advancements are not easily translated into
practical cookstove designs that can be widely adopted. In this study, we use a modular cookstove platform to
experimentally quantify the practical secondary air injection design requirements (e.g., flow rate, pressure, and
temperature) to reduce mass emissions of particulate matter (PM), carbon monoxide (CO), and black carbon (BC)
by at least 90% relative to a traditional cooking fire. Over the course of 111 experimental trials, we illuminate the
physical mechanisms that drive emission reductions, and outline fundamental design principles to optimize
cookstove performance. Using the experimental data, we demonstrate that low-cost (<$10) fans and blowers are
available to drive the secondary flow, and can be independently powered using an inexpensive thermoelectric
generator mounted nearby. Furthermore, size-resolved PM measurements show that secondary air injection
inhibits particle growth, but the total number of particles generated remains relatively unaffected. We discuss the
potential impacts for human health and investigate methods to mitigate the PM formation mechanisms that
persist.

1. Introduction deaths annually (Stanaway et al., 2018; Foell et al., 2011).

Some biomass cookstoves are designed to reduce unwanted emis-

Over 2 billion people cook using solid biomass fuels, such as wood
and dung (Bonjour et al., 2013; Legros et al., 2009). Typically, house-
holds rely on traditional biomass cookstoves that are highly inefficient
and polluting (Bruce et al., 2000; Malla and Timilsina, 2014). When
these cookstoves are used in poorly ventilated homes, indoor concen-
trations of harmful pollutants, such as particulate matter (PM) and
carbon monoxide (CO), can be up to 100 times higher than levels rec-
ommended by the World Health Organization (WHO) (Edwards et al.,
2014; Smith et al., 2007; Chen et al., 2016a). As a result, chronic
exposure to indoor air pollution from solid biomass cookstoves is a
leading environmental health risk, causing nearly 2 million premature

sions by using a small fan or blower to inject secondary air into the
combustion chamber (Jetter et al., 2012; Jetter and Ebersviller, 2015;
Delapena et al., 2015; Still et al., 2015; Sutar et al., 2015). When
properly injected, the jets of secondary air increase the turbulent mixing
and residence time of gas-phase fuel in the combustion zone, while
providing oxygen directly to fuel-rich regions (Lamberg et al., 2011;
Lyngfelt and Leckner, 1999; Nuutinen et al., 2014; Okasha, 2007; Wii-
nikka and Gebart, 2004; Caubel et al., 2018; Rapp et al., 2016). As a
result, fuel oxidation is more complete, fewer harmful pollutants are
emitted, and thermal efficiency is enhanced (Sutar et al., 2015; Lamberg
et al., 2011). However, secondary air is typically much cooler than the

Abbreviations: APS, Aerodynamic Particle Sizer; BC, Black Carbon; CAIL, California Analytical Instruments; CO,, Carbon Dioxide; CO, Carbon Monoxide; FMPS,
Fast Mobility Particle Sizer; kWd, kilowatt of thermal power delivered to the cooking pot; LBNL, Lawrence Berkeley National Laboratory; MOD, Modular Air Injection
Stove: Version 1; MOD2, Modular Air Injection Stove: Version 2; PAH, Polycyclic Aromatic Hydrocarbon; PM, Particulate Matter; PM, s, Particulate Matter with an
aerodynamic diameter <2.5 pm; ppmv, parts per million by volume; TEG, Thermoelectric Generator; TSF, Three Stone Fire; UFP, Ultrafine Particle; US EPA, United
States Environmental Protection Agency; WBT, Water Boiling Test; WHO, World Health Organization.
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Fig. 1. (a) The MOD2 stove with cast-aluminum Darfuri pot; (b) Removable conical chimney, into which secondary air injection patterns are drilled; (c) Cross-
sectional view of the MOD2 stove showing the firebox, conical chimney, secondary air manifold, secondary air flow path, and other design features. Air injection

holes are enlarged (out of scale) for clarity.

exhaust gases and improper injection can result in lower combustion
temperatures that limit fuel oxidation and heat transfer to the thermal
load (e.g. a cooking pot) (Wiinikka and Gebart, 2004; Caubel et al.,
2018; Rapp et al., 2016; Pettersson et al., 2010; Tryner et al., 2016). For
example, Jetter et al. evaluated the performance of several secondary air
injection cookstoves and showed that half do not reduce PM or CO mass
emissions relative to a three stone fire (TSF) (Jetter et al., 2012).

Studies have shown that many secondary air injection design pa-
rameters, such as the flow rate and geometry, must be carefully
considered and validated in order to significantly reduce unwanted
emissions from biomass combustion appliances (Lamberg et al., 2011;
Lyngfelt and Leckner, 1999; Wiinikka and Gebart, 2004; Caubel et al.,
2018; Rapp et al., 2016; Tryner et al., 2016; Nussbaumer, 2003; Vicente
and Alves, 2018). However, current studies do not usually consider the
critical operational parameters needed to appropriately size the core
components of a practical, stand-alone cookstove. For example, no in-
formation is provided on the positive pressure required to drive the
secondary air injection flow, although this information is required to
select fans or blowers. Consequently, emission reductions achieved in
the laboratory are not easily translated into cookstove designs that can
be manufactured, distributed, and adopted on a large scale.

In this study, we use an experimental cookstove platform to inves-
tigate the practical secondary air injection design requirements for
reducing the mass emission of air pollutants from unprocessed wood
combustion by one order of magnitude. We conducted 111 experimental
trials, systematically varying critical secondary air injection parameters
(e.g. flow rate and location) to identify a design configuration that emits
90% less CO, PM, and (BC) than a TSF, and also improves thermal ef-
ficiency. We targeted mass emission reductions of at least 90% because
indoor pollution concentrations from traditional biomass cooking easily
exceed health guidelines by 10 times or more (Bruce et al., 2000; Smith
et al.,, 2007; Chen et al., 2016a; Soneja et al., 2015). Throughout the
experimental optimization, we recorded the secondary air injection flow
rate, pressure and temperature to evaluate whether the performance
improvements are practically achievable using inexpensive, off-the-shelf
components that can be powered independently (e.g., small fans pow-
ered by a thermoelectric generator). Furthermore, we use size-resolved
PM measurements to investigate the underlying physical mechanisms
contributing to the reduction of total PM mass emissions and identify
particle size ranges where further emission reductions are needed.

2. Materials and methods
2.1. Modular air injection cookstove design: version 2 (MOD2)

The MOD2 stove, presented in Fig. 1, is a continuously fed, wood-
burning cookstove that enables critical secondary air injection param-
eters to be modulated easily and repeatably. The MOD2 stove is the
second design iteration of the modular (MOD) stove described by Caubel
et al. (2018), and therefore shares the same general design architecture
and accommodates the same cast-aluminum Darfuri cooking pot. The
MOD2 stove has a cylindrical firebox, 15 cm (6 inch) in diameter, with
an open fuel feed at the front. Primary air enters the firebox through the
open fuel feed, and adjustable openings below the grate. Above the
firebox, a conical chimney reduces to a 6.4-cm (2.5-inch) diameter
throat located directly below the pot. An integrated air manifold sur-
rounds the firebox and conical chimney assembly (Fig. 1(c)). Secondary
air is supplied to a port at the back of the manifold and is injected into
the firebox through orifices drilled into the conical chimney. The conical
chimney is removable, such that different air injection patterns can
easily be drilled, installed, and tested (Fig. 1(b)). The pot’s height above
the chimney throat is controlled using adjustable supports. The stove
also incorporates a steel skirt that closely surrounds the pot to enhance
the rate of heat transfer from the exhaust gases.

Previous research on the MOD stove (version 1) demonstrated that
higher secondary air injection velocities improved stove performance,
but excessive secondary flow quenched the combustion (Caubel et al.,
2018). The velocity of the secondary air jets decreases rapidly after in-
jection into the firebox. For the 1.59-mm (0.0625-inch) diameter sec-
ondary air injection orifices used throughout the MOD stove (version 1)
study, the average jet velocity diminishes by 90% over a normal distance
of just 4 cm (Lienhard and Lienhard, 1984; Cushman-Roisin, 2014), or
less than half of the distance required to reach the center of the MOD
stove’s firebox. To ensure that secondary air jets better reach the flames,
the MOD2 stove’s firebox and conical chimney diameters are approxi-
mately 15% smaller than in the MOD stove. By reducing the distance
from the orifices to the combustion zone, the velocity of the air jets is
higher when they reach the flames, thereby promoting turbulent mixing
and oxygen injection at lower secondary flow rates that do not prohib-
itively cool the combustion. MOD2 stove dimensions were not reduced
further, as a 15-cm firebox was deemed to be the smallest size that al-
lows easy feeding and tending of the firewood. Additional details
regarding the MOD2 stove design are provided in the SI
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2.2. Experimental set-up and stove testing procedure

The MOD2 stove was developed at Lawrence Berkeley National
Laboratory’s (LBNL) cookstove testing facility. The experimental setup
and testing procedure for the MOD2 stove are the same as that described
by Caubel et al. for the MOD stove (version 1) (Caubel et al., 2018), and
a brief overview is provided here. During testing, emissions from the
MOD?2 stove are completely captured using a steel hood, and exhausted
outdoors using a steel ducting system and blowers. Air pollution in-
struments sample the duct flow and provide emission concentration
measurements every second (1 Hz). A California Analytical Instruments
600 Series gas analyzer measures the volumetric concentrations (ppmv)
of CO, carbon dioxide (CO), and oxygen (O3). The total mass of PMj 5
(PM with aerodynamic diameter < 2.5 pm) emitted during the test phase
is measured gravimetrically. A suite of real-time PM instruments sample
emissions from the duct using a secondary diluter. A TSI 3091 Fast
Mobility Particle Sizer (FMPS) and a TSI 3321 Aerodynamic Particle
Sizer (APS) together provide size-resolved particle number concentra-
tion measurements from 5 to 2500 nm, while a Magee Scientific AE-22
Aethalometer provides black carbon (BC) mass concentration mea-
surements. All instruments were calibrated according to manufacturer
recommendations, as described by Caubel et al. (2018)

The MOD2 stove was tested using the cold start, high power phase of
the Water Boiling Test (WBT) 4.2.3 as pollutant emissions are usually
highest during this phase of stove use (Caubel et al., 2018; The Water
Boiling Test and 4, 2014; Bilsback et al., 2018). For each test, the MOD2
stove was initially at ambient temperature (“cold”), and a new fire was
lit in a cold fuel bed (kindling). The stove was fueled with Douglas Fir
wood cut into uniform 25 x 25 x 152-mm (1 x 1 x 6-inch) pieces and
allowed to dry to 7-9% moisture content on a wet basis. Wood pieces
were fed into the combustion chamber lengthwise, with one end slightly
protruding from the open feed. The fuel feed rate was controlled to
maintain a constant firepower setting of ~5 kW (monitored using
real-time CO, concentration measurements from the exhaust duct) while
bringing 5 L of cold water to a temperature of 99 °C, the nominal local
boiling point. Secondary air came from a compressed air cylinder. The
standard volumetric flow rate (SLPM) of secondary air was measured
using a rotameter, and adjusted using a valve. The secondary air flow
was initiated ~2 min after fuel ignition, once the kindling was observed
to be fully lit, and was held constant throughout the remainder of the
test. The secondary air temperature was monitored every second (1 Hz)
using a thermocouple installed inside the stove manifold (Fig. 1(c)).
Manifold pressures were measured with a digital manometer through a
dedicated tap.

2.3. Parametric testing procedure

Four MOD2 stove design parameters were systematically varied over
a total of 111 tests: (1) secondary air injection pattern (2) secondary air
injection flow rate (3) primary air intake, and (4) pot height. The first 52
tests were conducted to constrain the parametric space. Two promising
air injection patterns were identified during these preliminary tests,
shown in Fig. A4 (a total of 7 patterns were tested). Pattern 1 consisted
of two concentric rows, each with three orifices evenly spaced around
the circumference of the conical chimney. The bottom row of orifices
was located just above the firebox, while the top was directly below the
throat. Pattern 2 was identical, except that the bottom row had six
evenly spaced orifices, rather than three. All air injection orifices had a
diameter of 1.59 mm (0.0625 inch). The primary air intake (the size of
the inlet area under the grate) and pot height were also set during the
preliminary tests, according to the experimental procedures and results
provided in the SI.

For the remaining 59 parametric tests, the primary air intake was set
to the fully open position and the pot height was held at 25 mm (except
for the first 13 tests, when the pot was set 2-5 mm lower). Using these
settings, both air injection patterns were tested at six secondary air flow
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rate settings ranging from 14 to 50 SLPM (0.5-1.75 SCFM), for a total of
12 parametric configurations. Four to eight replicate tests were con-
ducted at each configuration (except for Pattern 2 at 50 SLPM, with only
2 tests). When calculating configuration-average performance and
emission metrics using this number of replicate tests, corresponding
two-sided 90% confidence intervals were most often <20% (+10%) of
the configuration-average values. This level of statistical confidence was
deemed sufficient to enable meaningful comparisons. During testing, we
discovered that the stove’s air manifold leaked at the juncture between
the removable conical chimney and the stove body (Fig. A2). However,
the leakage was consistent and replicable, and so the secondary flow
actually injected into the firebox could be accurately calculated (see the
procedure outlined in the SI). The calculations show that 27%-39% of
the total secondary flow was injected through the holes in the conical
chimney, while the remainder leaked through the faulty manifold
juncture, away from the firebox and combustion process. All results are
presented in terms of the standard flow rate (SLPM) of air injected into
the firebox, ranging from 5.5 to 14 SLPM, rather than the total flow into
the manifold.

2.4. Data analysis and performance metrics

All stove performance and emission metric calculations are pre-
sented in section S-1.4 of the SI. Emission factors are normalized by the
average thermal power delivered to the pot, known as cooking power
(kwd). All data are presented with 90% confidence intervals calculated
using Student’s t-distribution (Wang et al., 2014; Taylor, 1997). The
MOD2 stove’s performance and emissions are compared to those of the
MOD stove (version 1) and a TSF, both tested using the same experi-
mental procedure, fuel, cooking pot, and firepower setting (~5 kW)
(Caubel et al., 2018; Rapp et al., 2016). All size-resolved particle emis-
sion measurements from the TSI 3321 APS are converted from aero-
dynamic to electrical mobility diameter, and combined with
measurements from the TSI 3091 FMPS according to the methods out-
lined in Appendix A.

For both air injection patterns, the manifold pressure was measured
at each secondary flow rate setting while the stove was cold, as
described in Appendix A. Using real-time manifold temperature mea-
surements and Equation (1) below, stove manifold pressures during each
test were extrapolated from the corresponding pressure measurement
recorded while the stove was cold.

_ APspPsrp(Tan(t) + 273)Ryir

1
szm ( )

Pstp

AP([) APgrp (p(l‘))

AP(t) (Pa) is the manifold gauge pressure at sample time ‘t’, APgrp
(Pa) is the manifold gauge pressure measured at ambient conditions
(show in Fig. A6), pstp is the density of air at standard conditions (1.225
kg/m3), Tman(t) (°C) is the air temperature in the manifold at sample
time ‘t’, Rg;r is the ideal gas constant for air (287 J/kg K), and Py, is the
absolute pressure in the manifold (roughly equal to the local ambient
pressure, 97150 Pa). Average manifold pressures represent the mean of
all 1-s values calculated over the length of the cold start test.

3. Results and discussion
3.1. Stove performance and emissions: air injection pattern and flow rate

For both air injection patterns, Fig. 2 shows that the MOD2 stove’s
thermal and emissions performance improve significantly as the sec-
ondary flow rate increases from 5.3 to 8.5 SLPM. Since firepower was
held constant throughout testing, the average stoichiometric flow of air
into the combustion reaction is ~70 SLPM for all design configurations
(Fig. B4), and the total flow of air through the stove may be 2-5 times
higher than this stoichiometric value, as the wood combustion draws
excess primary air (Nussbaumer, 2003; Bafver et al., 2011; Houshfar
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Fig. 2. MOD2 stove performance, emissions, and operational metrics during high-power cold start testing, presented as function of secondary air injection pattern
and flow rate: (a) Firepower (kW); (b) Carbon Monoxide (CO) emissions (g/kWd); (c) Ratio of the secondary to stoichiometric flow rate of air; (d) Thermal efficiency
(%); (e) Particulate matter (PM,s) emissions (mg/kWd); (f) Average manifold pressure (Pa); (g) Combustion efficiency (%); (h) Black Carbon (BC) to total PM, 5
ratio; (i) Average manifold temperature (°C). Bars represent the mean of replicate test data collected for each stove configuration, while error bars represent the

corresponding 90% confidence interval.

et al., 2011). Over this range of secondary flow rates, which account for
7.5-12% of the average stoichiometric air flow, CO, PMy 5, and BC
emissions drop by 55%-75%, while combustion efficiency rises from
95% to 98%. These improvements demonstrate that unprocessed wood
combustion is highly sensitive to small changes in secondary flow
(relative to the total combustion flow), as higher air jet velocities pro-
vide more turbulent mixing and oxygen in the combustion zone (Oka-
sha, 2007). The improvement of combustion conditions also translates
to gains in thermal efficiency, which increases from 29% to 32% over
this range.

For secondary flow rates above 8.5 SLPM, thermal efficiency remains
constant around 31%. At these settings, the secondary flow represents
12-18% of the average stoichiometric flow of air and is much colder
than the exhaust gases. The average manifold temperature is roughly
250 °C for all configurations, while exhaust temperatures from biomass
combustion typically exceed 850 °C (Lyngfelt and Leckner, 1999;
Nussbaumer, 2003). Although the secondary air represents a small
fraction of the total air flow into the stove, it may be sufficient at these
settings (>8.5 SLPM) to cool the exhaust gases appreciably, thereby
limiting the rate of heat transfer to the pot. Other biomass cookstove
studies show that exhaust temperatures drop with increased secondary
flow (Lyngfelt and Leckner, 1999; Pettersson et al., 2010; Kirch et al.,
2018).

Some of the fire’s thermal power output is also used to heat the
secondary air in the manifold. Since average secondary air temperatures
remain approximately constant for all configurations, more heat from
the fire is necessarily transferred to the manifold as secondary flow in-
creases. However, Fig. B4 shows that less than 0.1 kW is lost to heating
the secondary air at all flow rates, which is small compared to the
average thermal power delivered to the pot (~1.4 kW). Therefore, sec-
ondary flow does not need to be constrained to maintain high air

injection temperatures or prevent the diversion of output heat from the
pot to the secondary air manifold, though some restraint is required to
prevent excessive cooling of the exhaust gases.

Although thermal performance gains diminish with secondary flow
rates above 8.5 SLPM, CO, PM, 5, and BC emissions generally decrease
steadily throughout the parametric range (Fig. 2 and Fig. B4), thereby
suggesting that combustion temperatures remain sufficiently elevated to
oxidize harmful pollutants, and higher air injection velocities continue
to enhance mixing of the air and gas-phase fuel. Correspondingly,
combustion efficiency increases from 98 to 99% as secondary flow rate
increases above 8.5 SLPM, representing a further ~50% reduction in the
fraction of carbon emitted as a product of incomplete combustion (CO).
However, average emissions of CO and PMs 5 from Pattern 2 increase
slightly at a flow rate of 14 SLPM. While only two tests were conducted
in this configuration, the results suggest that secondary flow rates above
12 SLPM through Pattern 2 may quench the flames, and reduce com-
bustion zone temperatures below the 850 °C required to oxidize CO and
many of the volatile organic species that form PM (Lyngfelt and Leckner,
1999; Okasha, 2007; Pettersson et al., 2010). However, BC emissions
continue to decrease in this stove configuration, as the oxidation tem-
perature of BC is much lower (~350 °C) than that of CO and other
pollutants (Elmquist et al., 2006; Jiang et al., 2011), and higher air in-
jection velocities inhibit the formation of fuel-rich flame zones where BC
is formed (Bond et al., 2013; Obaidullah et al., 2012).

Emission reductions are not solely dependent on higher secondary
air injection velocities to enhance the combustion process. At each flow
rate setting, the average injection velocity is roughly 1.5 times greater
through Pattern 1 than Pattern 2 (Fig. B4), and yet Fig. 2 shows that
Pattern 2 generally outperforms Pattern 1. This trend suggests that the
addition of air jets near the fuel bed promotes more effective turbulent
mixing in the combustion zone, despite the drop in injection velocity. In
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this way, wood combustion is also highly sensitive to the number of
secondary air injection orifices and their location relative to the fuel bed,
and this sensitivity can be exploited to enhance stove performance. For
example, Fig. 2 shows that the manifold pressure at each flow rate
setting is 1.9-2.3 times lower for Pattern 2 than for Pattern 1 (theoret-
ically, the manifold pressure should be 2.25 times lower, as the air in-
jection area 1.5 times greater). As a result, greater performance
improvements are possible using lower secondary flow rates and pres-
sures that can be more easily provided by the miniature fans and blowers
typically found in improved cookstoves.

Fig. 2 shows that a secondary flow rate of 12 SLPM through Pattern 2
minimizes the MOD2 stove’s CO and PM; 5 emissions, while maximizing
combustion efficiency. Although thermal efficiency and BC emissions
improve slightly (<10% relative change) at other flow rate settings, this
configuration likely provides an optimal balance between reducing
harmful emissions and improving thermal performance. In this config-
uration, the MOD2 stove emits 90% less CO, PM, 5, and BC than a TSF
(on average), and thermal efficiency increases from 23 + 1% to 31 + 1%
(Table S1).

While the MOD2 stove can be optimized to reduce biomass smoke
emissions by roughly one order of magnitude (relative to a TSF), the
ratio of BC to total PM5 5 emissions ranges from 0.4 to 0.6 throughout
the parametric range, which is higher than that typically reported for
biomass cookstoves, both traditional and improved (Vicente and Alves,
2018; Soneja et al., 2015; Garland et al., 2017; Tissari et al., 2008).
Initially, we suspected that these unusually elevated BC emission mea-
surements might be the result of instrumentation error, although the
Aethalometer was calibrated by the manufacturer prior to both experi-
mental testing phases. Using calibration factors from the manufacturer
and fundamental equations, we correctly replicated the instrument’s BC
concentration outputs from the underlying optical absorption and
sample flow rate measurements. During this validation process, we did
not uncover any indication that the instrument was operating incor-
rectly. Taken at face value, the high proportion of BC detected in the
MOD?2 stove emissions indicates that incomplete oxidation conditions
persist (Nuutinen et al., 2014; Vicente and Alves, 2018; Torvela et al.,
2014). However, BC is readily oxidized, and can be mitigated through
improvements in the combustion process (Obernberger et al., 2007).
Therefore, it is important to identify the physical mechanisms respon-
sible for these BC emissions such that they can be actively targeted in
future designs.

The BioLite™ HomeStove™ is a wood-burning cookstove similar to
the MOD2 stove that emits ~80% less PM3 5 than the TSF presented
here, and also has elevated BC/PM, 5 ratios (>>0.7) (Jetter and Ebers-
viller, 2015). These results suggest that rocket-style cookstoves with
secondary air injection may oxidize most PM-forming species, but BC
generation somehow persists. A likely explanation for these persistent
BC emissions is that the water-filled cooking pot is quenching flames
protruding from the chimney throat (Nielsen et al., 2017). When the
MOD?2 stove was operated without a pot skirt during preliminary tests,
Figs. B1 and B4 show that PMy 5 emissions were comparable, but BC
emissions were 2-3 times lower. Therefore, the BC/PM, 5 ratio was
significantly reduced (<0.25), though thermal efficiency also suffered
without the pot skirt (<29%). The pot skirt restricts the exhaust flow to
enhance heat transfer, but the resultantly higher exhaust velocities
entrain more flames through the chimney throat, where fuel-rich zones
quench against the pot and emit BC. These results motivate further in-
vestigations that focus on preventing flame contact with the pot to
reduce BC emissions while maintaining high thermal efficiency.

Compared to the MOD stove (version 1), the MOD2 stove achieves
similar emission reductions at half the secondary air injection flow rate.
Furthermore, when the secondary flow rate was set 25% higher than the
optimal setting, PMs 5 and CO emissions from the MOD stove more than
doubled (Caubel et al., 2018). MOD2 stove emissions, on the other hand,
increase only slightly (<40%) when the flow rate rises by ~17%, from
12 SLPM to 14 SLPM. Together, these trends illustrate that the MOD2
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stove’s smaller firebox and chimney dimensions allow the secondary air
jets to be more effective at lower flow rates, penetrating further into the
firebox to enable significant emission reductions while preventing
excessive cooling or quenching of the combustion. Additionally, the
lower secondary flow rates likely contribute to the MOD2 stove’s higher
thermal efficiency, as cooling of the exhaust flow diminishes.

Together, the experimental results demonstrate that the secondary
air injection pattern and flow rate must be optimized to maximize the
effective jet velocity but prevent flame quenching. Design compromises
are also sometimes required to enhance both the stove’s thermal and
emissions performance. In this case, adding a pot skirt to the MOD2
stove enhanced thermal efficiency but also increased the BC/PMj, 5 ratio.
Since the MOD2 stove still achieves significant (90 + 10%) BC mass
emission reductions relative to a TSF, the elevated BC/PMj 5 ratio may
be justified by the increase in thermal efficiency afforded. Having
identified the optimal MOD2 stove design configuration and established
the underlying physical mechanisms responsible for the performance
improvements, it is important to determine whether these experimental
results can be translated into a practical cookstove design that house-
holds can afford and adopt.

3.2. Secondary air injection design requirements: flow, pressure and
power

The MOD2 stove receives pressurized air from a cylinder, such that
the secondary flow can be adjusted accurately and consistently over the
course of many experimental trials, but this approach is clearly not
practical or economical for typical household applications. Instead,
many commercial biomass cookstoves rely on a small axial fan or cen-
trifugal blower to drive the secondary flow, often drawing electrical
power from a thermoelectric generator (TEG) (Jetter and Ebersviller,
2015; Sutar et al., 2015). TEGs convert heat from the biomass com-
bustion directly to electricity, thereby providing an independent, reli-
able, and convenient source of power at little cost (often < $10/W of
power generated) (Champier et al., 2010, 2011; Gao et al., 2016;
Nuwayhid et al., 2005). TEG modules mounted to biomass cookstoves
have been shown to generate as much as 10 W of electrical power,
although an output of 1-5 W is more typical (Champier et al., 2011; Gao
et al., 2016; Nuwayhid et al., 2005; Mal et al., 2015). There are also
some biomass cookstoves powered by solar panels or simple wall char-
gers, but these alternatives are often less desirable, as they depend on
operational factors external to the cookstove (such as sufficient
insolation).

Fig. 2 shows that MOD2 performance is optimal when injecting a
secondary flow rate of 12 SLPM through Pattern 2. In this configuration,
an average manifold pressure of ~200 Pa is required. As the stove heats
up during normal use, higher manifold pressure is required to maintain a
constant mass flow of secondary air through the injection pattern. Air is
injected into the MOD stove at room temperature (~25-30 °C)
throughout, but reaches manifold temperatures of 300-400 °C during
the cold start test (Fig. 5). The density of air at these elevated temper-
atures is around half that of the air initially flowing into the manifold,
and so the volumetric flow rate passing through the injection pattern
effectively doubles, as does the manifold pressure required. Conse-
quently, when sizing a fan or blower to drive secondary air injection in a
biomass cookstove, it is important to consider the manifold pressure
required at typical operating conditions, rather than when the stove is
cold (at ambient temperature). In this study, we defined the operating
temperature as the average secondary air temperature in the manifold
during the cold start, and therefore we also present the average manifold
pressure.

Fig. 3 provides the maximum (static) pressure, maximum (free) flow
rate, and rated electrical power consumption of 1135 miniature fans and
blowers stocked by Digi-Key Electronics®, a major electronic parts
supplier (Digi-Key Electronics, 2018). This dataset is provided in
Appendix B5. All available models costing < $10 (when ordering 1000
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Fig. 3. Static pressure, free flow rate, and rated electrical power consumption
of 1135 miniature axial fans and centrifugal blowers that are stocked by Digi-
Key Electronics ® and cost < $10 per unit (when ordering 1000 units) (Dig-
i-Key Electronics, 2018). Fans and blowers that meet the MOD2 stove’s oper-
ational requirements (in the optimal design configuration) are indicated.
Marker colors represent the devices’ ability to operate near static flow condi-
tions while providing the stove’s required flow rate (12 SLPM).

units) are presented, as the minimization of manufacturing costs is
crucial to the development of affordable cookstoves. To reflect the
MOD2 stove’s operational requirements, reference lines are provided at
a static pressure of 200 Pa and rated electrical power of 5 W (the
maximum power typically output by a stove-mounted TEG module). The
devices must operate near static conditions, or at a flow rate below
~10% of the maximum value specified by the manufacturer (measured
with no flow resistance), to generate the maximum pressures presented
in Fig. 3. The MOD2 stove requires 12 SLPM in the optimal configura-
tion, so the free flow rate should be at least ~100 LPM for the fan or
blower to operate near static conditions. This target is based on a rough
approximation of actual performance, so fans and blowers with a free
flow rating ranging from 100 to 200 LPM (at standard conditions) are
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represented using yellow markers (Fig. 3) to indicate that some may not
satisfy the 12 SLPM requirement under operational conditions. Green
markers represent devices that are nearly certain to meet or exceed the
stove’s secondary flow rate requirement, while red markers indicate
devices unlikely to meet the requirements. Since secondary air is drawn
into the stove from the environment near standard conditions, the rated
volumetric flow rate (LPM) is analogous to the stove’s mass flow rate
(SLPM) requirements, identified experimentally. It should also be noted
that the rated power consumption is often measured at free flow con-
ditions, and though this may not be exactly representative of power
consumption at the requisite operating conditions (which will likely be
larger as flow resistance is applied), it provides a valid estimate.

Only 23 (~2%) of the 1135 fans and blowers presented in Fig. 3 meet
the MOD2 stove’s static pressure (>>200 Pa), free flow (>100 SLPM), and
electrical power (<5 W) requirements. Miniature fans and blowers are
typically designed for cooling electronics, and therefore provide high air
flow rates at low pressures — over 70% of the devices shown in Fig. 3
generate maximum flow rates >100 LPM using <5 W of power, but at
static pressures <100 Pa. However, the MOD2 stove requires relatively
low flow rates of air, driven through small orifices that generate high
velocity air jets in the combustion chamber, but require high input
pressures.

The small proportion of suitable fans and blowers illustrates the
importance of carefully characterizing the cookstove’s operational re-
quirements. Using only knowledge of the air injection flow rate, as is
usually provided in existing experimental studies, it is straightforward to
select a fan or blower that meets the flow requirement, but provides
insufficient positive pressure. Similarly, without manifold temperature
measurements, it would be difficult to discern that the cookstove’s
volumetric flow rate and manifold pressure requirements double during
normal operation. This analysis suggests that poorly performing cook-
stoves with secondary air injection may suffer from the implementation
of inadequate fans and blowers, as operational guidelines are lacking.

Of the 23 viable devices identified, Fig. 3 shows that suitable blowers
generally require less power than axial fans, as they are better suited to
high pressure, low flow applications. Overall, Fig. 3 illustrates that low-
cost fans and blowers are currently available to achieve effective and
practical secondary air injection in wood-burning cookstoves, but they
must be carefully chosen and evaluated, as the vast majority are not

(b) Fig. 4. (a) Total PM, s number and (b) vol-
—J5-20 ume emissions from the MOD2 stove over the
-20_ o OnOmnm cold start (normalized by cooking power), as

a function of particle diameter and secondary
flow rate through air injection Pattern 2. (c)
Portion of the total number, and (d) volume
of particles emitted in each particle diameter
range: 5-20 nm, 20-100 nm, and 100-2500
nm. Each bar represents the mean of repli-
cate test data collected for each stove
configuration. Confidence intervals are
omitted here for clarity, and instead pro-
vided in Fig. B5.
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Fig. 5. (a) Accumulation of PM; s number and (b) volume emissions from the MOD2 stove over the first 18 min of the cold start test. (c) Temperature of secondary air
in the MOD2 stove manifold over the same period. Each line represents the mean of replicate test measurements collected at each of the six secondary flow settings
(using air injection Pattern 2). Confidence intervals are omitted here for clarity, and instead provided in Figs. B7 and B8 for all secondary flow rate settings. All data

presented is block-averaged on a 20-sec time base.

intended to meet the flow, pressure, and electrical power consumption
conditions required.

3.3. Room for improvement: start up and ultrafine particle emissions

Health guidelines from the WHO, United States Environmental
Protection Agency (US EPA), and other organizations generally recom-
mend maximum PMj 5 pollution levels in terms of mass concentration
(e.g., pg/m>). By this measure, the MOD2 stove should alleviate health
impacts from biomass combustion, as it reduces PMj 5 mass emissions by
an order of magnitude relative to a traditional TSF. However, Fig. 4
shows that the vast majority (>80%) of PM3 5 emissions from the MOD2
stove consist of ultrafine particles (UFP) with a diameter < 100 nm,
which may be particularly harmful to human respiratory health, as their
small size enables deeper penetration into the lungs (Valavanidis et al.,
2008; Martins et al., 2010; Chen et al., 2016b; Clifford et al., 2018).
Consequently, it is important not only to reduce the mass of PM
generated, but also the number of UFPs emitted and potentially inhaled.

Secondary air injection does not significantly reduce the total num-
ber of particles generated by biomass combustion, but instead shifts the
PM size distribution towards smaller, less massive particles (Caubel
etal., 2018; Rapp et al., 2016; Just et al., 2013; Shen et al., 2017). As the

secondary flow rate increases from 7.2 to 12 SLPM, Fig. 4 shows that the
total number of particles emitted from 5 to 2500 nm remains relatively
steady, ranging from 5.5 x 10'* to 6.9 x 10'* particles/kWd. Total
PM, 5 vol, on the other hand, decreases over the range of secondary flow
rates presented, as particle size diminishes. Given that PMy 5 density
remains nearly constant (Fig. B4), the particle volume measurements are
directly proportional to particle mass, and therefore closely mirror the
PM,; 5 mass emission measurements shown in Fig. 2.

Fig. 4 shows that secondary air injection inhibits particle growth, but
does not significantly reduce particle formation. Particles form either
through nucleation, as volatile organic and inorganic compounds
emitted during wood pyrolysis cool in the exhaust, or through soot (BC)
generation in the flame (Lamberg et al., 2011; Obaidullah et al., 2012;
Obernberger et al., 2007; Kelz et al., 2010). Typically, these primary
particles grow through agglomeration and condensation of volatile
compounds. Fig. 2 shows that CO and PM; 5 mass reductions closely
mirror one another as secondary flow rate increases, likely because CO
and many-PM forming volatile organic compounds (e.g. PAH) oxidize
under similar conditions (Tissari et al., 2008; Torvela et al., 2014;
Johansson et al., 2004). The portion of PM in the nucleation mode (5-20
nm) increases from 20 to 60% as secondary air flow through Pattern 2
increases, likely because particles no longer grow by condensation as
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volatile organic gas emissions diminish. While number emissions of
these small particles increase markedly, they account for less than 2% of
the total PM volume, and therefore have little effect on the total mass
emitted. Fig. B9 provides the size distribution of particle number emis-
sions, and shows a distinct peak at a particle diameter of ~12 nm that
increases with secondary flow rate.

In the absence of volatile organic gases in the exhaust, inorganic and
BC particles generally grow to sizes <100 nm through agglomeration
(Bond et al., 2013; Torvela et al., 2014; Nielsen et al., 2017; Wiinikka
and Gebart, 2005). Fig. 4 shows that the fraction of total particle number
emissions in the UFP range (5-100 nm) grows from 80 to 97% as sec-
ondary flow increases, and accounts for 20-40% of the PM volume
generated. As the size distribution shifts towards smaller particles, the
fraction of particles in the accumulation mode (100-2500 nm) corre-
spondingly decreases from 20 to 3% over the parametric range pre-
sented, but still accounts for most (60-80%) of the emitted volume.
Particles in the accumulation mode form as some growth pathways
persist, such the condensation of gases in cool regions of the exhaust
flow or agglomeration of particles under turbulent mixing conditions.
Throughout the parametric range, nearly all (» 99.9%) particles emitted
are smaller than 1000 nm (6). Larger particles (>1000 nm) account for
0.2-0.7% of the total particle volume, and likely consist of fly ash
generated in the fuel bed and entrained in the exhaust flow (Obaidullah
et al., 2012).

Total particle number emissions are lowest for a secondary flow rate
of 10 SLPM (Fig. 4), suggesting that this configuration may provide the
optimal balance of turbulent mixing and high combustion temperatures
to inhibit particle formation. However, total PMj 5 vol generation con-
tinues to decrease at higher flow rates, as particle size diminishes.
Furthermore, PM; 5 number emissions increases sharply from 12 to 14
SLPM, again indicating that excessive secondary flow in this configu-
ration quenches the combustion zone (Nuutinen et al., 2014), thereby
promoting more PM nucleation. However, total PM3 5 vol changes little,
as PM emissions in the accumulation mode remain relatively constant.
Together, these trends demonstrate that PM; 5 mass emission reductions
can be achieved while simultaneously generating more UFPs.

When the secondary air flow rate is sufficient, the particle size dis-
tribution increasingly shifts towards smaller, less massive particles as
the stove, fuel, and exhaust gases warm up during the cold start test
(Hosseini et al., 2010). The injection of hotter secondary air at higher
velocities also likely contributes to the shift towards smaller particle
emissions, as injection velocity increases proportionally with manifold
temperature (Equation A5). When the secondary flow rate setting
through Pattern 2 increases, Fig. 5 shows that particle volume genera-
tion is increasingly attenuated over the first 18 min of the cold start test,
although the number of emitted particles accumulates steadily for all
configurations. The PMys number and volume accumulation rates
reflect the secondary flow dependence illustrated in Fig. 4. Manifold
temperatures rise more rapidly at higher flow rate settings (Fig. 5(c)),
thereby hastening the inhibition of particle growth. For flow rates >10
SLPM, the count median diameter (CMD) of particle emissions decreases
from around 60 nm-20 nm over the first 18 min of the cold start
(Fig. B10), and so most of the particle volume is emitted during start up.
At the optimal secondary flow rate setting of 12 SLPM, half of total
volume emissions are emitted within the first ~7 min following ignition,
representing only ~30% of the total test length (in this configuration,
the average time to boil is 24 4+ 2 min). Consequently, if further PM mass
reductions are sought, methods should be developed to enhance com-
bustion conditions during start up.

Although volume emissions are attenuated over time, the number of
particles continues to accumulate steadily for all configurations, and the
CMD is less <80 nm throughout (Fig. B10), well within the ultrafine
range that is of particular concern for human health. As a result, it is
important that future research efforts investigate methods for inhibiting
particle formation entirely, rather than simply limiting particle growth.
For example, methods of restricting the fuel bed temperature could be
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devised to limit the volatilization of inorganic compounds that nucleate
into incombustible particles (Lamberg et al., 2011).

4. Conclusion

While further improvements are needed to reduce UFP emissions, the
MOD2 stove generally illustrates that secondary air injection is a prac-
tical and effective method for reducing mass emissions of PMj 5, CO, and
BC from wood combustion. Crucially, we show that emission reductions
are achievable using inexpensive hardware that is currently on the
market, and can be driven independently using a TEG or other low-cost
power source. Stove performance is highly sensitive to secondary air
injection design parameters, and so it is important that new designs be
validated and optimized experimentally. The experimental results pre-
sented here illustrate important design principles that will help to
inform the development of clean, efficient, and practical cookstoves that
better mitigate harmful air pollution exposure in the billions of house-
holds that depend on solid biomass for their daily cooking needs.
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