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13 Nearly 40% of the world’s population regularly cooks on inefficient biomass stoves

14that emit harmful airborne pollutants, such as particulate matter (PM). Secondary air
15injection can significantly reduce PM mass emissions to mitigate the health and climate impacts
16associated with biomass cookstoves. However, secondary air injection can also increase the
17number of ultrafine particles emitted, which may be more harmful to health. This research
18investigates the effect of secondary air injection on the mass and size distribution of PM emitted
19during solid biomass combustion. An experimental biomass cookstove platform and parametric
20testing approach are presented to identify and optimize critical secondary air injection parameters
21that reduce PM and other pollutants. Size-resolved measurements of PM emissions were
22collected and analyzed as a function of parametric stove design settings. The results show that
23PM emissions are highly sensitive to secondary air injection flow rate and velocity. Although
24increasing turbulent mixing (through increased velocity) can promote more complete
25combustion, increasing the total flow rate of secondary air may cause localized flame quenching
26that increases particle emissions. Therefore, biomass cookstoves that implement secondary air
27injection should be carefully optimized and validated to ensure that PM emission reductions are

28achieved throughout the particle size range.



29INTRODUCTION

30 Nearly 40% of the world’s population relies on biomass stoves for their daily cooking
31needs.! These stoves are often three stones supporting a cooking pot above a burning bed of solid
32biomass, known as a three stone fire (TSF). These rudimentary stoves are significant sources of
33harmful airborne pollutants, such carbon monoxide (CO) and particulate matter (PM).? Exposure
34to indoor air pollution from solid biomass combustion is the world’s greatest environmental
35health risk, causing nearly 4 million premature deaths annually.®* Many clean and efficient
36biomass stoves have been designed to reduce exposure to these harmful emissions. Since wood is
37a common primary cooking fuel, many improved cookstoves are natural draft, wood-burning
38designs that provide around 50% mass emission reductions relative to a TSF (when normalized
39by cooking power).*® The World Health Organization (WHO) recommends that 24-hour average
40PM concentrations remain below 25 pg/m?.’

41 However, a TSF can generate average indoor concentrations exceeding 1000 jg/m?, and
42many natural draft, wood-burning cookstoves do not adequately reduce emissions to meet WHO
43guidelines and significantly alleviate health impacts.®®

44 Since harmful emissions from biomass stoves are generated by incomplete fuel oxidation,
45emission reduction strategies generally rely on improvements in the combustion process.
46Complete fuel oxidation requires an adequate supply of oxygen in the combustion zone, and
47benefits from: (1) Combustion temperatures above ~850°C, (2) Sufficient residence time for the
48gas-phase fuel in the combustion zone, and (3) Turbulence to promote mixing of gas-phase fuel
49and oxygen." In natural draft cookstoves, combustion of the gas-phase fuel is a buoyancy- and
50diffusion-driven process that generates little turbulence, leading to fuel-rich combustion zones

51where oxidation is incomplete. Although natural draft cookstoves designed to consume improved



52biomass fuels (such as pellets) can reduce harmful emissions, the additional fuel processing cost
53and lack of distribution infrastructure limit adoption in the poor, remote communities most at
54risk.>"

55

56 In many applications of solid fuel combustion, such as boilers, heaters, and cookstoves,
57an effective method for reducing unwanted emissions is injecting secondary air into the
58combustion chamber.””"” Carefully positioned, high-velocity jets of secondary air generate
59turbulent mixing that is typically lacking in naturally drafted, diffusion flames. Air injection also
60provides oxygen directly to fuel-rich zones, thereby promoting more complete oxidation and
6 1higher combustion temperatures.'>'®'* However, non-preheated secondary air is much cooler than
62the combustion gases, and when improperly injected, can lead to lower combustion temperatures
63that result in incomplete fuel oxidation and more pollutant emissions.” Furthermore, researchers
64have shown that secondary air injection can reduce the mass of PM emitted during cooking, but
65may increase the number of ultrafine particles generated.?' Inhalation of these ultrafine particles
66(i.e., with diameters smaller than 100 nm) may lead to long-term respiratory illness.*
67Consequently, it is important to ensure that secondary air injection designs achieve emission
68reductions throughout the particle size range.

69 Achieving comprehensive emission reductions using secondary air injection requires
70many design parameters to be optimized. For example, the airflow rate should be set at an
71optimal value that promotes effective turbulent mixing, but does not lower combustion zone
72temperatures excessively. Several publications demonstrate the importance of secondary air
73injection optimization in combustion appliances that utilize pelletized biomass fuels.'*'>'#1%23

74However, over 2 billion people do not have access to processed fuels, and must instead rely on



75unprocessed biomass, such as wood and dung.* Despite the potential benefits of air injection,
76systematic studies of this technology in cookstoves that use unprocessed biomass fuels are not
77readily available.

78 In this paper, we present an experimental biomass cookstove platform and parametric
79testing approach to identify and optimize critical secondary air injection parameters that reduce
80CO, PM, and black carbon (BC) emissions from unprocessed wood combustion. We conducted
81over 130 experimental trials, systematically varying several air injection design parameters (e.g.,
82flow rate, velocity, position) to evaluate their effect on cooking performance and emissions.
83Size-resolved measurements of particle emissions were analyzed as a function of parametric
84cookstove settings to provide insight on the effects of secondary air injection on particle

85formation mechanisms, and inform future improved biomass cookstove designs.

86MATERIALS AND METHODS

87 Modular Air Injection Cookstove Design (MOD). The MOD stove, shown in Figure 1,
88is a continuously fed, wood-burning cookstove designed to enable rapid adjustments of critical
89air injection design features. The MOD stove’s general architecture is based on the Berkeley-
90Darfur Stove (BDS), using the same firebox design and accommodating the same cast-aluminum
91Darfuri cooking pot.®*' The MOD stove has a cylindrical firebox that is 178 mm (7 inch) in
92diameter with a front-facing fuel feed, and a cast-iron fuel grate. Above the firebox, there is a
93conical chimney (see Figure 1(c)) that reduces to a cylindrical extension, or ‘throat’, 76 mm (3
94inch) in diameter. The pot is supported above the throat, and surrounded by a skirt to increase
95heat transfer efficiency.

96 Primary air enters the firebox through the open fuel feed and adjustable openings in the

97stove body located below the fuel grate. Secondary air from a compressed air cylinder flows into
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98a manifold inside the stove and is injected into the firebox through holes in the conical chimney,

99as shown in Figure 2. The conical chimney is a removable pipe reducer known as a ‘cone’. These
100removable cones (one of which is shown in Figure 1(c)) allow for various air injection designs to
101be implemented and tested rapidly. New air injection patterns are created by drilling holes into a
102new cone, and mounted inside the manifold.
103 The MOD stove also incorporates design features to adjust the following parameters: (1)
104Primary air intake: the size of the opening in the stove body for primary air entrainment can be
105adjusted using a sliding ring, (2) Grate height: the fuel grate can be moved up and down,
106adjusting the distance between the fuel bed and the air injection holes in the conical manifold,
107and (3) Pot height: the pot sits on three bolts to adjust the height of the pot above the throat.
108Using these design features, shown in Figures S1 to S3, rapid, repeatable, and consistent
109parametric experiments can be conducted. However, the stove’s complex modular design and
110reliance on a compressed air cylinder make it uneconomical and impractical for field use.
111Instead, the lessons learned and design principles extracted from testing of the MOD stove are

112intended to inform future clean biomass cookstove designs for mass production and distribution.

113
114 (b)
115 Figure 1. (a) MOD stove (b) Air injection manifold (c) Air injection cone
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117 Figure 2. Cut view of MOD stove
118 Experimental Set Up. All experiments were conducted at the cookstove testing facility

119at Lawrence Berkeley National Laboratory (LBNL), schematically represented in Figure S4.
120Cookstoves are tested under a steel exhaust hood that completely captures pollutant emissions.
121Electric blowers exhaust emissions outside the building using a steel duct system. The flow rate
122through the duct is calculated using differential pressure measurements across a calibrated iris
123damper, and set to 5660 LPM (200 CFM) throughout testing to ensure replicability of
124measurements.

125 Particulate and gaseous emission concentrations in the duct are measured every second (1
126Hz) using a suite of real-time instruments. Carbon monoxide (CO) and carbon dioxide (CO»)
127volume concentrations are measured using a California Analytical Instruments 600 Series gas
128analyzer. Real-time PM instruments sample emissions from the duct isokinetically using a
129secondary diluter (see Appendix III of the SI). Particle number concentrations are measured as a
130function of particle diameter from 5 nm to 2.5 pm using a TSI 3091 Fast Mobility Particle Sizer

131(FMPS), and a TSI 3321 Aerodynamic Particle Sizer (APS). BC mass concentrations are

14
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132measured using a Magee Scientific AE-22 Aethalometer. The total mass of PM with aerodynamic
133diameter < 2.5 pm (PM,s5) emitted during each cookstove experiment is measured
134gravimetrically using 47-mm filters. The gravimetric filter system samples PM emissions from
135the duct isokinetically using a dedicated probe. Detailed overviews of the experimental set-up
136and gravimetric PM,s measurement procedures are provided in section S-1.2 of the SI.

137 Stove Testing Procedure. Cookstove performance and emissions were measured during
138the high power, cold start phase of the Water Boiling Test (WBT) 4.2.3.*

139 During this test phase, a fire is lit inside a stove that is initially at ambient temperature
140(‘cold’), and operated at a high firepower to boil 5 L of water. The test ends when a full rolling
141boil is reached at a measured water temperature of 99°C (the nominal local boiling point).
142Pollutant emissions are typically more elevated during this phase of stove use because: (1) the
143cold stove and pot of water quench flames and absorb heat, thereby lowering combustion
144temperatures, (2) the cold fuel bed combusts poorly during initial lighting, and (3) the mass of
145harmful emissions released per energy delivered to the pot of water typically increases with
146firepower.® In this way, the cold start phase represents a ‘worst-case’ emissions scenario, and the
147design principles derived can be applied to other phases of stove use that are more forgiving to
148performance (e.g., hot start or simmer).

149 For each experiment, the stove was fueled with Douglas Fir wood cut into uniform pieces
150and dried to 7-9% moisture content on a wet basis. All tests were conducted at a constant high
151firepower setting of 5 kW to enable the immediate comparison of stove configurations.”® A
152compressed air cylinder provided secondary air for the MOD stove using a two-stage regulator.
153The volumetric flow rate of secondary air was measured using a rotameter and adjusted using a

154valve. During preliminary trials, we observed that turning on the secondary air injection too soon

16
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155after ignition caused the fire to smolder or go out entirely. Consequently, air injection was
156initiated about 2 minutes after fuel ignition to ensure the fire was well established, thereby
157preventing quenching and extinction.

158 Parametric Testing Procedure. Five MOD stove design parameters were identified for
159experimental optimization: (1) Pot height, (2) Grate height, (3) Primary air intake size, (4)
160Secondary air injection pattern (number and arrangement of holes), and (5) Secondary air flow
161rate. Since testing results from solid biomass stoves are highly variable, replicate tests are
162required to accurately determine performance and emission levels at any given parametric stove
163configuration. In order to reduce the total testing time required to optimize the stove, exploratory
164trials were conducted using a simplified cold start procedure (see SI section S-1.4).

165 During exploratory testing, stove design parameters were methodically adjusted to reduce
166pollutant emissions while maintaining high thermal efficiency. Using data from 71 exploratory
167trials, optimal settings were identified for the following air injection design parameters: The gap
168between the pot and skirt is set to 15 mm (0.60 inch), the grate height is set to 57 mm (2.25 inch)
169below the air injection manifold, and the primary air intake is set to roughly 70% of the fully
170open position (an opening with an area of 4800 mm* (7.4 inch?)). Furthermore, two clean and
17 1efficient air injection patterns were identified for further parametric testing (shown in Figure S6).
172All exploratory testing results are provided in the SI.

173 Following exploratory testing, the two optimal air injection patterns were tested at flow
174rates of 21, 28, and 35 LPM (0.75, 1, and 1.25 CFM), for a total of six parametric configurations;
175all other parameters were maintained at the optimal values identified during exploratory testing.
176For each parametric configuration, 6 to 7 replicate tests were conducted. By adjusting the stove

177parameters in evenly distributed increments, parametric curves were generated to illuminate how

18
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178secondary air injection influences the stove’s emissions and performance. Results from these
179initial 39 trials suggest that an air injection flow rate of 28 LPM is most effective, and so an
180additional 12 trials were conducted at this flow rate using both air injection patterns. These two
181final sets of 12 replicate tests enable the identification and validation of the optimal parametric
182stove configuration with a higher degree of confidence.

183 Data Analysis and Metrics. All stove performance and emissions metrics were
184calculated in accordance with the methods presented in section S-1.6 of the SI. Emission factors
185are normalized by the average thermal power delivered to the pot, known as cooking power, in
186units of kW-delivered (kWd). Cooking power is defined as the product of firepower and thermal
187efficiency, and represents the useful thermal power output of the cookstove. All data are
188presented with 90% confidence intervals calculated using Student’s t-distribution.***

189 The MOD stove’s performance and emissions are compared to those of a TSF using cold
190start testing data collected by Rapp et al. (2016) at the LBNL cookstove facility. The TSF was

191also tested at a firepower of 5 kW, with the same pot, fuel, experimental procedures, and

192instruments as used for the MOD stove testing.*!

193RESULTS AND DISCUSSION

194 Parametric Performance Metrics. A total of 63 WBT cold start tests were conducted to
195identify the cleanest, most efficient combination of secondary air injection pattern and flow rate.
196The thermal efficiency and emissions of six MOD stove configurations are evaluated as a
197function of air injection flow rate and velocity, as shown in Figure 3. The air injection velocity is
198calculated using the air injection flow rate and total area of the holes in the air injection pattern,
199as outlined in section S-1.6 of the SI. Emission factors represent the total mass of pollutant

200emitted during the cold start test, normalized by the cooking power.

20
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201 Firepower, shown in Figure 3(a), was maintained at 5.1+0.1 kW throughout parametric
202testing to provide consistency between experiments. Figure 3(b) shows that thermal efficiency
203remains around 27% for flow rates of 21 and 28 LPM, and decreases to about 24% at 35 LPM.
204The decrease in thermal efficiency at 35 LPM is likely caused by the abundance of injected air
205cooling the combustion zone, thereby reducing the stove’s exhaust temperature even as firepower
206is held constant. The drop in exhaust temperature reduces the rate of heat transfer to the pot, and
207degrades the thermal performance of the stove.

208 Increasing CO emissions, shown in Figure 3(c), also suggest that air injection at 35 LPM
209is quenching the flame and cooling the combustion zone.'**® CO emissions from biomass
210combustion increase dramatically when combustion temperatures drop below ~800°C, but
211remain relatively constant above this critical oxidation temperature.'* Correspondingly, Figure
2123(c) shows that CO emissions are relatively constant as air injection increases from 21 to 28
213LPM, but more than double when flow rate increases from 28 to 35 LPM. Additionally, as air
214injection velocity increases from 20 to 25 m/s at 35 LPM, the magnitude and variability of CO
215emissions both increase substantially, suggesting that enhanced turbulent mixing of excess
216secondary air is quenching the flame.

217 PM., s emissions follow the same trend as CO emissions: When the flow rate is increased
218from 28 to 35 LPM at a constant velocity of 20 m/s, PM, s emissions nearly double, and continue
219to rise as air injection velocity increases at 35 LPM (see Figure 3(d)). PM formation and growth
220occur when volatile gases in the exhaust cool and nucleate into solid particles or condense onto
22 lexisting particles.”® Similarly to CO, many volatile organic compounds that form PM, such as
222polycyclic aromatic hydrocarbons (PAH), oxidize around 750-800°C. At a flow rate of 35 LPM,

223excessive secondary air injection likely lowers the combustion zone temperature below this

22
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224critical oxidation point, thereby enhancing particle nucleation and condensation.” Earlier studies

225have also shown that high CO emissions are usually accompanied by higher emissions of volatile

2260rganic compounds and other carbonaceous species that contribute to PM, s mass emissions.***
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228Figure 3. Cold start performance and emissions of the MOD stove as a function of secondary air
229injection flow rate (represented by bar color) and velocity (shown on the horizontal axis): (a)
230Firepower (kW); (b) Thermal efficiency (%), (c) Carbon monoxide (CO) emissions (g/kWd), (d)
231Particulate matter (PM,;5) emissions (mg/kWd), (e) Black carbon (BC) emissions (mg/kWd), (f)
232BC to PM;; ratio. Bar heights represent the metric mean at each stove configuration, and error
233bars represent the corresponding 90% confidence interval. Emissions are reported as the total

234mass of pollutant emitted during the cold start test normalized by the cooking power.

235 PM, s composition can also provide insight into combustion conditions. PM, s emissions
236from biomass combustion contain both inorganic particles, such as salt compounds and heavy

237metals, and organic particles consisting of either BC or tars.* The effect of air injection flow rate

24
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238and velocity on BC emissions — optically absorbing soot that forms directly in the flame — is
239shown in Figure 3(e). At each flow rate setting, BC emissions decrease with increasing air
240injection velocity, as additional oxygen and turbulent mixing help to eliminate fuel-rich zones
241where BC is formed.*! However, BC emissions at the low velocity setting for each air injection
242flow rate remain nearly constant (~70 mg/kWd). As flow rate increases, combustion zone
243temperatures are lowered, and the rate of BC oxidation decreases.*** For these combustion
244conditions, the resulting increase in BC emissions effectively negates the reductions incurred
245from increasing turbulent mixing.'>**

246 Unlike CO and PM,;, BC emissions at a secondary air flow rate of 35 LPM generally
247decrease when injection velocity increases from 20 to 25 m/s, suggesting that combustion zone
248temperatures are sufficiently elevated to oxidize BC. BC from biomass combustion has been
249shown to oxidize around 350 °C.*** This oxidation temperature is much lower than that of CO
250and many of the volatile compounds that form PM;; (around 750 - 800 °C), and enables BC
251reductions throughout the parametric range.

252 In order to better understand the effect of secondary air injection on PM,s composition,
253the ratio of BC to PM,; emissions is shown in Figure 3(f). The figure shows that the BC to PM;5
254ratio is stable at air injection flow rates of 21 and 28 LPM, but decreases sharply at 35 LPM. This
255trend further illustrates that BC is effectively oxidized throughout the parametric range, but
256excessive cooling at a flow rate of 35 LPM quenches the flame and increases overall PM,s mass
257emissions. Furthermore, the BC to PM,s ratio at each flow rate setting remains relatively
258constant as air injection velocity increases, suggesting that PM,s composition is more dependent

2590n combustion temperature than turbulent mixing.

26
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260 Overall, the metrics in Figure 3 indicate that a flow rate of 28 LPM at an air injection
261velocity of 20 m/s is the optimal configuration for this stove. In this configuration, the stove
262minimizes emissions of pollutants, while maintaining high thermal efficiency. Although thermal
263efficiency and CO emissions improve slightly at a flow rate 21 LPM, the metrics show that 28
264LPM at 20 m/s provides an optimal balance between maintaining high thermal performance and
265lowering pollutant emissions. Compared to a TSF, the optimal configuration of the MOD stove
266uniformly reduces CO, PM,s, and BC emissions by about 90%, while increasing thermal
26 7efficiency from 23.3 + 0.7% to 26.4 + 0.4% (see section S-2.3 of the SI).

268 Size-Resolved Particle Emissions with Varying Air Injection Flow Rate. The optimal
269injection pattern identified in Figure 3 (Cone 1, shown in Figure S6) was tested at 21, 28, and 35
270LPM (corresponding to air injection velocities of 15, 20, and 25 m/s, respectively). Figure 4
271shows the mean particle distribution of replicate trials conducted at each air injection flow rate,
272with shaded areas representing 90% confidence intervals of the set. Each distribution represents
273the total particle number and volume emitted over the cold start, normalized by the cooking
274power. FMPS measurements span from 6 to 295 nm, while APS measurements span from 351 to
2752500 nm. The last four bins of the FMPS measurement span (from 341 to 524 nm) are omitted,
276and the APS measurements have been converted from aerodynamic to electrical mobility particle
277diameter (see section S-1.7 of the SI).*

278 Figure 4(a) reveals that the number distribution at each secondary air injection flow rate
279setting has a maximum peak at a particle diameter of around 10 nm, representing primary
280particles formed by the nucleation of volatile gases in the exhaust or soot generation in the
281flame.*”* Furthermore, the figure illustrates that as flow rate increases, the number of particles

282from 10 to 50 nm also increases. These results suggest that combustion zone temperatures

28
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283decrease with increasing flow rate, thereby inhibiting the oxidation of volatile organic gases and
284other PM-forming species." The increased emission of volatile gases and lower combustion zone
285temperatures both promote more PM nucleation.?>*® The number distribution at flow rate of 35
286LPM has two prominent peaks at particle diameters of around 20 and 30 nm that diminish as
287flow rate decreases. These two peaks likely represent primary particle species that begin to form
288as combustion zone temperatures decrease at higher air injection flow rates.*"*

289 The particle volume distributions in Figure 4(b) show a unimodal peak centered at a
290particle diameter of around 100 nm, closely mirroring particle distribution measurements from
29 1other biomass combustion studies.'>***** The figure also shows that a secondary air injection
292flow rate of 28 LPM yields the lowest volume distribution, indicating that this provides sufficient
293turbulent mixing to promote better fuel oxidation without lowering combustion zone
294temperatures excessively. The increased particle volume generation at both 21 LPM and 35 LPM

295suggests that 21 LPM does not provide enough turbulent mixing while 35 LPM cools the

296combustion zone.
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298 Figure 4. Size-resolved distribution of total particle number or volume emitted during the cold
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start, normalized by the average cooking power, for three air injection flow rate settings: (a)

300 FMPS particle number distribution, (b) FMPS particle volume distribution, (c¢) APS particle

301

number distribution, (d) APS particle volume distribution

302 Figure 4(c) and 4(d) show that the number and volume distributions of particles larger
303than 350 nm (up to 2500 nm) are roughly similar for flow rates of 21 and 28 LPM, but increase
304appreciably at 35 LPM, further indicating that combustion zone temperatures drop below the
305critical oxidation temperature of certain PM forming species.”® The distinct peak in the volume
306distribution at 1280 nm (see Figure 4(d)) is the result of primary particle growth through
307condensation and agglomeration, promoted by the low combustion temperatures and high

308turbulent mixing at a flow rate of 35 LPM.**
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309 Size-Resolved Particle Emissions with Varying Air Injection Velocity. Air injection
310flow rate was maintained at the optimal 28 LPM setting, while velocity was varied using the two
311different air injection patterns. Figure 5 provides the resulting particle number and volume
312distributions at secondary air injection velocities of 16 and 20 m/s. For both air injection
313velocities, the peaks in the particle number distributions at a diameter of 10 nm are nearly
314identical (see Figure 5(a)). However, increasing air injection velocity reduces particle number
315emissions above 30 nm. Additionally, the peaks at particle diameters of 20 nm and 30 nm
316become less distinguishable as air injection velocity increases from 16 m/s to 20 m/s. These
317results indicate that additional turbulent mixing at higher air injection velocity promotes more
318oxidation of volatile gases, and reduces the formation of primary particles and subsequent
319particle growth through condensation."*® Correspondingly, Figure 5(b) shows that increasing air

320injection velocity reduces the particle volume distribution by almost 50%.
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322 Figure 5. Size-resolved distribution of total particle number or volume emitted during the cold
323 start, normalized by the average cooking power, for two air injection velocity settings at a flow
324 rate of 28 LPM: (a) FMPS particle number distribution, (b) FMPS particle volume distribution,

325 (c) APS particle number distribution, (d) APS particle volume distribution

326 For particles larger than 350 nm (up to 2500 nm), the particle number and volume
327distributions at both air injection velocities are nearly identical (see Figure 5(c) and 5(d)). These
328results indicate that air injection at 28 LPM promotes more complete fuel oxidation and reduces
329particle growth above 350 nm, independently of air injection velocity. However, for a flow rate
3300f 21 LPM, the number of particles larger than 350 nm increases significantly as air injection
331velocity decreases, suggesting that a lack of turbulent mixing can promote particle growth under
332certain conditions (see Figure S9). Particle number and volume distributions for the air injection
333velocities tested at 21 LPM and 35 LPM are provided in section S-2.4 of the SI.

334 Size-Resolved Particle Emissions compared to Three-Stone Fire. Figure 4 and 5 show
335that the MOD stove provides the greatest particle emission reductions at a secondary air injection
336flow rate of 28 LPM and injection velocity of 20 m/s (which agrees with the gravimetric PM 5
337measurements provided in Figure 3(d)). However, it should also be noted that the emission of
338particles smaller than 50 nm in diameter are somewhat lower for an air injection flow rate of 21
339LPM, highlighting the importance of maintaining high combustion zone temperatures to
340minimize ultrafine particle emissions.

341 Figure 6 compares FMPS particle number and volume distributions of the optimal MOD
342stove configuration (28 LPM and 20 m/s) to the TSF. Figure 6(a) shows that the MOD stove
343reduces the total number of ultrafine particles (with a diameter less than 100 nm) by about 75%

344relative to the TSF. However, for particles less than 10 nm in diameter, the MOD stove generates
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345roughly the same number of particles as the TSF. Given the MOD stove’s improved combustion
346conditions (as demonstrated by the significant emissions reductions), it is possible that these 10
347nm particles nucleate from inorganic volatile gases, such as salts. These inorganic compounds
348volatilize more readily at higher fuel bed temperatures, and result in particle emissions that
349cannot be reduced through improvements in the combustion process.'*4**%

350 Figure 6(b) shows that volumetric particle emissions are reduced by an order of
351magnitude throughout the diameter range provided, which agrees with the gravimetric particle
352measurements provided in Table S2. For particles larger than 350 nm in diameter, the MOD
353stove uniformly reduces particle number and volume generation by nearly two orders of

354magnitude. Number and volume distributions for particles larger than 350 nm can be found in

355section S-2.5 of the SI.
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357 Figure 6. Size-resolved distribution of total particle number or volume emitted during the cold
358 start, normalized by the average cooking power for a three-stone fire (TSF) and the MOD stove
359 operating at an air injection flow rate of 28 LPM and velocity of 20 m/s: (a) FMPS particle

360 number distribution, (b) FMPS particle volume distribution

361 Using the experimentally optimized configuration, the MOD stove reduces CO, PM s,
362and BC mass emissions by about 90%, and reduces ultrafine particle number emissions by about
36375%, compared to a TSF. The results also demonstrate that pollutant emissions are highly
364sensitive to secondary air injection design parameters, such as flow rate and velocity. Therefore,
365improved cookstove designs that implement air injection should be experimentally optimized
366and validated to ensure that pollutant mass emissions are minimized, and particle emissions are
367reduced across the full range of PM diameters. While this study focuses on modulating five stove
368design parameters to reduce emissions, it is also important to investigate other operational
369factors, such as firepower, fuel condition (moisture content, size, surface area), and secondary air
370temperature. Furthermore, future studies should incorporate additional instrumentation to enable
371deeper investigation of the combustion process, such as thermocouples to measure combustion
372temperatures, and/or a thermal-optical analyzer to examine the composition of PM emitted.

373 Overall, this study demonstrates that experimental optimization enables the design of
374wood-burning stoves that both reduce pollutant emissions and improve cooking performance.
375The experimental approach and results presented can inform the development of air injection
376stoves that reduce harmful smoke exposure in the one billion households currently relying on

377biomass cooking fuels.
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378SUPPORTING INFORMATION

379Additional information on the Modular stove design, experimental setup, and results are
380available in the Supporting Information. This material is available free of charge via the Internet

381at http://pubs.acs.org/.
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393ABBREVIATIONS

394APS, Aerodynamic Particle Sizer; BC, Black Carbon; BDS, Berkeley-Darfur Stove; CAI,
395California Analytical Instruments; CO,, Carbon Dioxide; CO, Carbon Monoxide; EC, Elemental
396Carbon; FMPS, Fast Mobility Particle Sizer; kWd, kilowatt of power delivered to the pot;
397LBNL, Lawrence Berkeley National Laboratory; MOD, Modular Stove; PAH, Polycyclic
398Aromatic Hydrocarbon; PM, Particulate Matter; PM,s, Particulate Matter with an aerodynamic

399diameter < 2.5 pm; ppm, parts per million; TSF, Three Stone Fire; WBT, Water Boiling Test.
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