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Abstract

Liquefied petroleum gas (LPG) cookstoves are considered to be an important solution for
mitigating household air pollution; however, their performance has rarely been evaluated. To fill
the data and knowledge gaps in this important area, 89 laboratory tests were conducted to quantify
efficiencies and pollutant emissions from five commercially available household LPG stoves under
different burning conditions. The mean thermal efficiency (xstandard deviation) for the tested LPG
cookstoves was 51 + 6%, meeting guidelines for the highest tier level (Tier 4) under the
International Organization for Standardization, International Workshop Agreement 11. Emission
factors of CO,, CO, THC, CHy, and NO, on the basis of useful energy delivered (MJq) were 142 +
17,0.77 £0.55, 130 + 196, 5.6 £ 8.2, and 46 + 9 mg/MJy, respectively. Approximately 90% of the
PM, 5 data were below the detection limit, corresponding to an emission rate below 0.11 mg/min.
For those data above the detection limit, the average emission factor was 2.4 + 1.6 mg/MJq, with a
mean emission rate of 0.20 + 0.16 mg/min. Under the specified gas pressure (2.8 kPa), but with
the burner control set to minimum air flow rate, less complete combustion resulted in a visually
yellow flame, and CO, PM> 5, EC, and BC emissions all increased. LPG cookstoves met
guidelines for Tier 4 for both CO and PM, 5 emissions and mostly met the World Health
Organization Emission Rate Targets set to protect human health.
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Introduction

Globally, nearly three billion people use solid fuels such as coal, charcoal, biomass, and
dung for daily cooking and heating.(1) Solid fuels are typically burned in open fires or
rudimentary stoves, resulting in fuel overconsumption and deleterious emission products due
to incomplete combustion. Residential solid fuel combustion has been identified as a major
source of air pollutants that affect human health and global climate, including CO (carbon
monoxide), PM, 5 (particulate matter with an aerodynamic diameter <2.5 um), and BC
(black carbon).(2-4) According to the Global Burden of Disease study,(5) household air
pollution is the top environmental risk factor, responsible for ~2.9 million premature deaths
and 81 million disability-adjusted life years lost in 2013. Additionally, residential fuel
combustion contributed to ~30% of 3.3 million premature deaths linked to outdoor air
pollution.(6)

International and national efforts are currently directed toward deployment of clean fuels and
cookstoves to reduce air pollutant emissions from the residential sector and, consequently, to
improve air quality, to protect human health, and to address climate change.(7, 8) LPG
(liquefied petroleum gas) fuel is considered to be among the most important fuels for
achieving clean cooking.(9) Many countries are actively developing their national LPG
intervention programs. For example, the Indonesian program converted over 50 million
households cooking with kerosene to LPG within five years from 2007.(10) In 2014, the
Ghana Ministry of Energy established a program to deploy LPG in rural homes by the
provision of stoves and the optimization of supply networks,(11) and in 2016, India
launched the PMUY (Pradhan Mantri Ujjwala Yojana) campaign to provide free connections
to LPG cylinders to “Below Poverty Line” homes.(12)

LPG is produced with different compositions depending on economics, regional norms, and
climate. It is typically a mixture of propane and butane but may contain low concentrations
of other hydrocarbons. Olefins and other contaminant gases can be present as well, with a
somewhat higher likelihood in LPG from oil refineries compared to LPG coproduced from
natural gas production. A greater percentage of propane is typically used in cold climates
due to its higher vapor pressure.
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Few studies have reported efficiencies and air pollutant emissions from LPG cookstoves.
(13-18) Zhang, Smith, and co-workers(13, 14) quantified thermal efficiency and air
pollutant emissions for one conventional-burner LPG stove and one infrared-head LPG stove
in China (test replicate sample size, n, was 3 for each stove). The LPG tested was a mixture
of 19% butane, 27% propane, 43% butene, and 11% other hydrocarbons. The infrared-head
is a circular device attached around the burner under the pot to convert a part of heat released
from the burner into infrared radiation that heats the pot bottom. Smith et al.(15) reported
the efficiency and pollutant emissions from LPG (80% butane and 20% propane) burning in
a household LPG stove (7= 3) in India. Habib et al.(16) investigated PM 5 and its chemical
and optical properties from LPG burning (n7= 1) and compared with biomass burning in a
mud stove in India. MacCarty et al.(17) reported CO,, CO, and PM> 5 emissions from the
burning of propane in a single-burner mass-produced camping stove (7= 1).

These previous studies provided important novel emissions data for LPG cookstoves, but the
studies had limited sample size and compositional differences in the fuel, and results were
highly variable. For example, PM5 5 emissions ranged from 0.54 + 0.24 mg/MJq (mass per
useful energy delivered) to 25 + 43 mg/MJg.(13-15) The influence of factors such as the
stove power level, burner air control, and stove deterioration on emissions have not yet been
investigated. Further understanding of LPG cookstove performance is required owing to
high variability in air pollutant emissions during the LPG burning process. Moreover, some
previous studies found comparable, or even occasionally higher, indoor levels of CO, NO
(nitrogen oxides, including NO and NO»), and ultrafine particles in some homes using LPG
for cooking compared to those measured in homes using biomass or coal,(19-21) likely due
to other sources of emissions.

This study aims to investigate efficiencies and air pollutant emission factors from LPG
cookstoves under a variety of conditions. Five different household LPG stoves were tested,
and the influence of different gas compositions, stove power levels, air control adjustments,
and burner condition were examined. Knowledge gained from emission studies can
contribute to a better understanding of the characteristics of LPG cookstove emissions, and
may increase confidence in the effectiveness of LPG stove interventions.(10-12, 22)

Cookstove Test Facility and Emission Measurements

The U.S. EPA CTF (Cookstove Test Facility) located in Research Triangle Park, NC, is
designed for testing cookstove thermal efficiency and air pollutant emissions of a wide
variety of fuels and stoves with or without chimneys. Results reported by the EPA and other
testing facilities around the world are made available through publications and through the
Global Alliance for Clean Cookstoves — Clean Cooking Catalog.(23) Results are comparable
using the 1ISO IWA-11 (International Organization for Standardization, International
Workshop Agreement) tier rating system.(24)

More detailed information about the CTF can be found elsewhere.(25) Briefly, emissions are
collected and measured with a system consisting of a stainless steel hood connected to a
dilution tunnel. Negative pressure is maintained throughout the entire system. An induced-
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draft blower provides dilution air and hood air flows. Volumetric flow of emissions and
dilution air in the tunnel is nearly constant at ~4.3 m3/min, and the dilution ratio varies with
the output of emissions from the cookstove. Gaseous CO, CO,, THC (total hydrocarbons,
based on propane), and CH, are continuously measured in the dilution tunnel using
nondispersive infrared and flame ionization detector analyzers (Models 600, 600-HFID, and
600M-HFID, California Analytical, Orange, CA). NO, emissions are measured in real time
with a chemiluminescence NO, analyzer (Model 200EH, Teledyne, San Diego, CA). Gas
analyzers are calibrated and checked for zero and span at the start and end of each test day.
Filter-based PM 5 is sampled isokinetically from the dilution tunnel on a PTFE
(polytetrafluoroethylene) membrane filter positioned downstream from a PM, 5 cyclone
(University Research Glassware, Chapel Hill, NC) and measured gravimetrically using a
microbalance with a readability of 1 pg (MC5, Sartorius, Germany). To analyze carbon
fractions in PM5 5, particles are also sampled on a pretreated (550 °C, 12 h) quartz-fiber
filter positioned downstream from another parallel cyclone. A second quartz filter is placed
downstream of the PTFE filter to estimate the positive artifact due to gas-phase adsorption of
semivolatile organics.(26, 27) EC (elemental carbon) and OC (organic carbon) are quantified
using a thermal-optical analyzer (Model 4L, Sunset Laboratory, Forest Grove, OR)
following a modified National Institute for Occupational Safety and Health (NIOSH)
Method 5040 protocol.(28) BC in emissions is measured optically in real time with a
microAeth Model AE51 (Aethlabs, San Francisco, CA) sampling from a system that
provides additional filtered dilution air. Emissions tests are conducted in a laboratory
environment with temperature-controlled filtered air. The ambient temperature during the
test period was 21-23 °C.

As a typical practice for household LPG cookstoves, compressed (liquefied) gas is supplied
in a cylinder, and gas is delivered from the headspace of the cylinder. The composition of a
gas mixture changes as gas exits the cylinder due to the different vapor pressures of the
component gases. This is a potential problem for determining the efficiency of a gas-fueled
stove because the caloric values of gas fuels may vary, depending on the gas composition.
Therefore, a gas delivery system was developed, as shown in Figure 1, to deliver gas
mixtures with a constant composition. Each certified gas mixture was obtained in a cylinder
with a dip tube—the fuel was taken from the cylinder as a liquid (not as a gas). A nitrogen
“pressure pad” filled the gas headspace above the liquid. The liquid fuel mixture did not
change composition as the fuel was depleted in the cylinder. A manually adjusted needle
valve downstream from a constant-pressure expansion valve was used to fine-tune the gas
delivery pressure. When the liquid flashed to vapor, heat was absorbed, and the gas line
became cold. The gas flowed through copper tubing coils submerged in water to deliver the
gas at nearly ambient temperature. The expansion valve and needle valve were adjusted to
maintain the line pressure as specified by the stove manufacturers (2.8 kPa). Near the end of
each test phase, the gas valve was turned off at the cylinder to allow remaining liquid fuel (in
the short line between cylinder and expansion valve) to flash to gas before the end of the
phase.
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Five different LPG stoves were tested (Figure 2) and are described below. Detailed photos
(top, bottom, and the burner) are shown in Figure S1. Stoves A and B were manufactured in
China and obtained in a local market near Beijing. Stove C was manufactured in Japan and
obtained in a local market in Kampala, Uganda. Stove D was disseminated in Peru by a
project involving Solgas Repsol Downstream Peru (an international LPG distributor) and the
Ministry of Energy and Mining of Peru, with support from the UNDP (United Nations
Development Programme). Stove E was a worn-out appliance with a deteriorated burner
obtained from a rural household in Cameroon. These stoves are all commercially available
household LPG cookstoves but have different designs, burner types, and air control devices.

A

Aodian stove. This stove has a single burner, a piezoelectric igniter, and a safety
device that cuts off the gas supply if the flame fails. The burner has two separate
air adjustments for inner and an outer flame rings (Figure S1-a). The stove body
is made from stainless steel, and the burner is copper alloy. Brief instructions for
adjusting the air control are provided with the stove.

AQOSD stove. This stove has a single burner and a piezoelectric igniter. No safety
device is provided to cut off the gas supply if the flame fails. The burner has an
inner flame and an outer flame ring, similar to that of Stove A, but the burner has
only one air adjustment (Figure S1-b). Materials for Stove B are the same as for
Stove A, and brief instructions for adjusting the air control are provided.

Mikachi stove. This stove has a single burner with one air adjustment and a
piezoelectric igniter. No safety device is provided to cut off the gas supply if the
flame fails. The structure of the stove body is similar to that of Stove B, but the
burner is different (Figure S1-c). The stove body is made from stainless steel,
and the burner is cast iron.

Solgas stove. This stove has two identical burners with no air adjustments, no
piezoelectric igniter, and no safety device to cut off the gas supply if the flame
fails. Each burner has a separate control to turn the gas on/off and to adjust the
cooking power. Since the stove does not include an ignition device, burners must
be lit with a match or other source of flame. The stove body is constructed of
steel coated with baked enamel. Burner tops are brass, and burner bottoms are
cast alloy. The stove was tested by operating only one of the two identical
burners (Figure S1-d).

Simcook stove. This stove was designed with three burners—two identical burners
on left and right sides and a smaller burner in the middle (Figure S1—e). This
stove has no air adjustments, no piezoelectric igniter, and no safety device to cut
off the gas supply if the flame fails. Each burner has a separate control to turn the
gas on/off and to adjust the cooking power. The stove body is constructed of steel
coated with baked enamel, similar to that of stove D. The stove body and burners
were corroded severely after use in a rural household in Cameroon from 2009 to
2016. Due to safety concerns, the stove was replaced by a new one in the rural
household and was shipped to our laboratory for emissions testing. This stove
provides one example of a badly worn-out LPG appliance, but it may not be
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representative of all worn-out stoves. The stove was tested by operating the only
functional large burner.

LPG Fuels Tested

Four different gas compositions with butane/propane weight percentages of 20/80, 40/60,
60/40, and 80/20 were tested using Stoves A and B. The fuels met US industry specifications
for olefin and other contaminant gases (Table S1),(29) but results could be different for fuels
with more contaminants or different compositions.(30) The presence of the minor
constituents may result in different emissions that should be evaluated in the future.

Testing Protocol

Two liters of water were heated from ambient to boiling temperature in a flat-bottomed
stainless steel pot, and the water continued boiling for the 30 min test duration. Larger pots
with lids could be used to boil a larger volume of water, but in the present study, we used a
pot size that enabled water to be boiled with no lid. The same pot was used for all tests.
Measurements at the beginning and end of each test included the mass of water in the pot
and the mass of fuel in the cylinder. Continuous measurements recorded every 5 s by the
data acquisition system included the water temperature, pollutant concentrations, and other
test system parameters. Each stove was tested at two power levels by adjusting the rotary
valve with a knob on the front of the stove at either minimum (low-power) or maximum
(high-power). At least three test replicates were performed for each of the 22 conditions
listed in Table 1. Stoves A—C had shutter devices that could be adjusted by the stove user to
change the air flow to the burners, and these stoves were tested with various adjustments, as
shown in Table 1. Results of a total of 89 valid tests are included in the study presented here.

Data Analysis

The total-capture dilution-tunnel method was used to quantify emissions based on
continuously measured air flow and pollutant concentrations.(25) A carbon balance check
was performed to compare the mass of carbon measured in emissions with the mass of
carbon in the fuel, and the acceptance criterion for valid tests was the percent difference
based on fuel carbon <20%. MCE (modified combustion efficiency), defined as the molar
ratio of CO,/(CO, + CO), was calculated as a proxy for combustion efficiency. TE (thermal
efficiency) was calculated as the ratio of useful energy (energy absorbed in the heating and
evaporation of the water during the test) divided by fuel energy.

For real-time measurements (all gases and BC), laboratory background concentrations were
measured before and after testing each day. For filter-based measurements (PM> 5, OC, and
EC), laboratory ambient air was sampled and analyzed following the same procedure as
emission samples to determine background levels. Average background concentrations were
subtracted from total concentrations measured to determine air pollutant emission factors.
Detection limits were defined as three times the standard deviation of background
concentrations (Table S2).(31) If concentrations were above detection limits, emission
factors were calculated on the basis of fuel mass (kg), fuel energy (MJ), and useful energy
delivered (MJq). If concentrations were below detection, then emission factors were reported
to be less than values calculated from detection limits, and those values varied with fuel
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mass consumption and stove thermal efficiency for the different tests. Differences in the
performance metrics under different burning conditions were statistically evaluated using the
ttest or ANOVA (one-way analysis of variance), and the correlation was measured by
Pearson’s correlation coefficient () using SPSS (IBM Corp., NY). The significance level of
0.05 was adopted.

Compared with solid fuel combustion, LPG combustion is generally expected to have lower
emissions of most air pollutants. For the 89 tests included in this study, most gases were
observed above limits of detection under the various test conditions. The exceptions were
CH, for stoves A and D when operated at the low-power level and for stove A when the
inner burner’s air adjustment was set to minimum (Table S3). Approximately 90% of the
PM, 5, OC, EC, and BC data were below the corresponding detection limits; thus, emissions
of those pollutants were not included in statistical comparisons of results from different fuel
compositions, power levels, and stove types. Figure S2 shows emission factor data and
corresponding detection limits for PM, 5, OC, EC, and BC.

Influence of Different LPG Fuel Compositions

Results are provided in Table S4 for the burning of compositionally different LPG fuels in
two different stoves. The ANOVA results indicated no significant differences among the four
different gas fuel compositions for stove A when considering thermal efficiency, burning
rate, cooking power, and most air pollutant emissions. CO, and CO emissions from 40/60,
60/40, and 80/20 fuel blends were significantly higher than emissions from the 20/80 blend
(0 <0.05), but only by 1.04 and 1.33 times, respectively. Stove B, similarly, shows no
significant differences among fuel blends when considering thermal efficiency, burning rate,
and cooking power. Compared with the 20/80 and 40/60 blends, the 60/40 and 80/20 blends
had comparable but significantly higher CO,, CO, and CH, pollutant emissions —1.03, 1.25,
and 1.96 times higher, respectively (p < 0.05).

Difference between the High- and Low-Power Levels

The difference between the high- and low-power levels was studied using the same 40/60
blend fuel. CO, concentrations measured in the dilution tunnel are graphed with water
temperature profiles during high- and low-power level tests in Figure S3. Detailed results for
high- and low-power are provided in Table S5. Results are consistent for the five stoves—
stoves operating at low-power level have less cooking power, a slower burning rate, and
significantly higher thermal efficiency compared with high-power operation. MCE values
compared at both the high- and low- power levels show no significant difference for Stoves
A, B, and E, but for stoves C and D, MCEs were significantly different at low-power.
Because TE » MCE x HTE (heat transfer efficiency),(25) the higher thermal efficiency for
the low-power is due mainly to enhanced heat transfer efficiency with a slower burning rate.

Regarding air pollutant emission factors based on useful energy delivered, the difference
between high- and low-power levels varied for different stoves and pollutants. CO5 emission
factors were slightly less at low-power for all stoves, with significant differences for Stoves
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B, C, D, and E. CO emission factors were similar at high- and low-power levels for Stoves
A, B, and E but were significantly less at the low-power level for Stoves C and D (less by
89% and 40%, respectively). THC emissions during low-power operation were significantly
greater than those observed during high-power operation for Stoves A, C, D, and E. THC
emissions were significantly decreased, however, for Stove B. CH,4 emission factors were
apparently higher at low-power operation for Stoves B, C, and E, but only stove C had a
difference that was statistically significant. No comparisons were possible for Stoves A and
D because CH,4 was less than the detection limit at the low-power level. NO, emissions were
significantly less at low-power for all stoves (decreased by 13-35%), likely due to lower
combustion temperatures.

Influence of Burner Air Adjustments

The air supply to the burner, more specifically the air/fuel ratio, is critical for combustion
and consequent emissions of air pollutants. A comparison of emissions results for different
burner air adjustments is provided in Table S6. Thermal efficiency, burning rate, and cooking
power did not show significant differences with the burner air adjustments for the three
tested stoves (stoves D and E did not have air adjustment devices).

Yellow flames indicate the presence of incandescent soot particles, while blue flames
indicate more complete combustion.(32) In this study, blue flames were observed visually
during testing of all stoves under most test conditions, and yellow flames were only
observed for stove A when the air for the outer flame ring was at the minimum setting
(series 5 and 6 in Table 1). Stove A was the only stove with two separate air adjustments for
the inner and outer flame rings. In the yellow flame cases (series 5 and 6), MCE was lower
and CO emissions were approximately 1.6 times higher than in tests with blue flames
observed. NO, emissions show no significant differences with burner air settings. THC
emissions were also apparently higher with yellow flames, but the difference is insignificant
due to the high variability in these emissions. In tests where yellow flames were observed,
EC and BC were detected in all test replicates—with average emission factors of 0.40 + 0.23
and 0.64 + 0.33 mg/MJy, respectively; but in tests when blue flames were observed, EC was
not detectable and BC was only detected in two tests (Figure S2). PM, 5 and OC were
detected in 38% of the samples from the yellow flame cases, with emission factors of 1.6—-
2.6 and 0.44-0.98 mg/MJy, respectively.

For Stoves B and C, when the burner air controller was adjusted from the maximum to the
minimum setting, the MCE decreased slightly and this decrease is significant (we note that
the flames were still blue at minimum setting for these stoves). CO, THC, and CHy4
emissions increased significantly. NO, emissions decreased significantly only for stove C,
from 53.3 £ 3.0 to 48.7 £ 0.5 mg/MJg.

Comparison of Five Different Stoves

The results in Figure 3 suggest that stove design and condition are important in terms of
stove efficiency and air pollutant emissions. The thermal efficiency, burning rate, cooking
power, MCE, and gas emissions varied significantly among the five stoves tested. Cooking
power (Figure 3a) and fuel burning rate (Figure 3c) are in descending order with Stoves A >
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B > C > D > E; however, the thermal efficiency (Figure 3b) shows the opposite order.
Cooking power correlated positively with fuel burning rate (r=0.99, p < 0.05), as expected,
and these two parameters correlated negatively with thermal efficiency (r=-0.82 and —0.86,
respectively, p < 0.05). The MCE values (Figure 3d) for Stoves A and C were higher than
the values for Stoves B and D, and the lowest MCE values were for Stove E. Stoves A and C
had lower CO emissions (Figure 3f) but relatively higher NO, emissions (Figure 3g) than
Stoves B, D, and E. CH, (Figure 3h) and THC (Figure 3i) emissions were found to be much
higher for the deteriorated Stove E compared with the other new stoves. Maximum cooking
power varied by a factor of nearly two among the stoves tested. Thermal efficiency varied
with a difference of approximately 10% between lowest and highest performing stoves.

The difference in burner type across the five tested stoves may be an important factor
affecting the observed differences in heat transfer and burning efficiency. There are many
different types of burners with distinct designs often made from different materials. Thermal
efficiency was reported to increase from 48% to 52% when a cast iron burner was replaced
with a brass burner.(33) The burner of Stove D in the present study was made from brass,
and it had a slightly higher thermal efficiency than Stove C which had a cast iron burner;
however, since the stove design was different for these two stoves, the higher thermal
efficiency may not be solely explained by the burner material difference. Previous studies
also showed that a swirling flow burner had higher thermal efficiency but increased CO
emissions compared to a conventional radial flow burner.(34, 35) The overall efficiency may
be improved notably by using catalytic combustion in a ceramic matrix;(36) however, the
technology is not typical at present for household cooking devices.

As discussed above, the performance of LPG stoves can vary with stove types and burning
conditions; however, for all tests, the overall mean and standard deviation for thermal
efficiency was 51 + 6%, and emissions of CO,, CO, THC, CHy, and NO, were 142 + 17,
0.77 £ 0.55, 130 £ 196, 5.6 + 8.2, and 46 + 9 mg/MJy, respectively. Pollutant emission
factors on the basis of fuel mass (kg), energy (MJ), and useful energy (MJq) as well as
emission rates on the basis of time (min) are summarized in Table 2. The COVs (coefficients
of variation) for CO,, CO, THC, CHy, and NO , emission factors were 12%, 72%, 151%,
147%, and 20%, respectively. In the repeated tests under the same conditions, the COVs
were in the range of 0.2-6.7%, 1.4-70%, 2.0-80%, 6.8-62%, and 1-18% for CO,, CO,
THC, CHy4, and NO,, respectively, and were generally lower than the overall COVs when
combining results from all tests. This indicates that pollutant emission factors varied much
more between stove types and other study parameters than between testing replicates under
the same conditions.

Approximately 90% of the PM, 5, OC, EC, and BC data were below their corresponding
detection limits. For those data above the detection limits, PM, 5, OC, EC, and BC emission
factor ranges were 1.2-6.5, 0.44-5.0, 0.070-0.78, and 0.10-1.2 mg/MJq, with overall means
and standard deviations of 2.4 + 1.6, 1.2 £ 1.4, 0.40 + 0.23, and 0.53 + 0.37 mg/MJg,
respectively. Most of these were found in the yellow flame cases when the air supply was
reduced. A previous emission study on gas furnaces and heaters reported that particle
emissions were similar between yellow and blue fires (0.28 £ 0.11 and 0.28 + 0.18 mg/MJ,
respectively, on the basis of fuel energy); however, emissions would increase by a factor of
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30 (9.2 £ 3.5 mg/MJ) in a luminous white flame.(37) In the present study, a luminous white
flame was not observed under any test conditions.

Discussion

Comparison with Previous Studies

Results are compared to available literature studies for LPG cookstoves.(14-17) Note that
different protocols and methodologies were used in these studies which may also contribute
to the difference in results, in addition to the different stoves that were tested. As shown in
Figure 4, the thermal efficiencies (46—-62% across all stoves included in this study) were
similar to, or somewhat higher than, the range of reported efficiencies in the literature (42—
54%). Cooking vessels used in both literature and the present tests were typical flat-
bottomed pots made from stainless steel. Thermal efficiency can vary with different pots.
(33) Pots with heat-transfer fins on the bottom are widely available in some countries and
commonly used in restaurant kitchens, but these pots may be too expensive at present for
many households in low- and middle-income areas.

CO», emissions in the present study were also comparable to those in the three cited studies
(108-157 g/MJq versus 126-153 g/MJy, respectively). CO emissions in both the present
study and in the literature showed large differences between different stoves, and generally
the CO emission ranged from 100 to 1700 mg/MJg4. NO, emissions from two stoves in the
literature were 148 + 18 and 4.1 + 1.4 mg/MJyq for a conventional stove and for a stove with
an infrared head, respectively.(14) Our results, ranging from 27 £ 5 to 53 £ 3 mg/MJy, were
in the middle of the range of these data sets. CH,4 emissions for the four well-functioning
stoves in our study were in 1.5-5.0 mg/MJyq, similar to the reported result of 2.0 mg/MJq for
a traditional two-burner LPG stove in India.(15) For degraded Stove E, CH4 levels were as
high as 21 + 14 mg/MJg4. Tests by Zhang et al. (2000)(14) on two typical LPG stoves in
China also reported high CH4 emissions of 23 and 16 g/MJy, respectively.

For particle emissions (Figure 5), some previous studies reported TSP (total suspended
particles) instead of PM,, 5,(14, 15) but the comparison here is acceptable as particles from
LPG combustion are typically less than 2.5 pm.(18) Past studies have reported a wide range
of particle emissions. A value of 0.54 + 0.24 mg/MJ4 was reported for an LPG-fueled
infrared head stove,(14) and 1.1 mg/MJq4 was reported for a propane-fueled single-burner
camping stove tested using a light-scattering sensor.(17) Two reported values of 24.9 + 42.8
by Zhang et al.(14) and 20.9 £ 3.8 mg/MJq4 by Smith et al.(15) were much higher. The
present study fell near the low end of this observed range with only 10% of the tests
exceeding the PM,, 5 detection limit. For Stoves A, B, and C, most PM5 5 emission factors
were below 1.5 mg/MJyq at the high-power level and below 3.0 mg/MJq4 at the low-power
level. For Stoves D and E, most PM, 5 emission factors were below 3.0 mg/MJy at the high-
power level, and below 5.5 mg/MJq at the low-power level. For those data above the
detection limit, the average PM> 5 emission factor was 2.4 + 1.6 mg/MJg.

Besides the three studies referred to in Figure 5, Habib et al.(16) also measured PM> 5 and
its chemical properties from LPG burning in India. Results were reported on the basis of fuel
mass. Since fuel LHV (lower heating value) and TE were not reported in that study, the
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results cannot be converted to emissions per useful energy and compared in Figure 5. Figure
S4 provides a comparison of PM emission factors on the basis of fuel mass. The PMj g
emission factor from Habib et al. was 200 mg/kg, and the EC and OC emission factors were
8 and 52 mg/kg, respectively.(16) The EC and OC emission factors were in the range of the
present study (1.4-16 and 9.6-108 mg/kg for EC and OC, respectively). The PM, 5 emission
factor was higher than our results (26-141 mg/kg), but fell into the reported range in the
literature (Figure S4), and was lower than the past results of 524 + 901 mg/kg by Zhang et
al.(14) and 514 + 93 mg/kg by Smith et al..(15)

Evaluation of LPG Cookstove Performance

According to the 1ISO IWA guidelines for CO and PM, 5 emissions,(24) stoves are rated
Sub-Tier 4 (best rating) when PM> 5 < 41 mg/MJ4 and CO < 8 g/MJy. Results for LPG
cookstoves tested under all conditions were clearly within Tier 4 for both CO and PM> 5
emissions, even for Stove E which was badly worn-out from daily use over approximately
seven years in a rural household. The maximum PM, s emission factor in the present study
was 6.7 mg/MJy, well below the Tier 4 limit of 41 mg/MJq. Previous studies of biomass
cookstoves showed that CO and PM, 5 emissions during the cold-start, high-power test
phase ranged from 1.0 to 40 g/MJ4 and 60-1400 mg/MJy, respectively.(25) For coal
cookstoves, CO and PM,, 5 have been reported in the range of ~4-40 g/MJ4 and ~100-3000
mg/MJ4.(38) Thus, as expected, the deployment of LPG-fueled cookstoves would result in
large reductions in CO and PM, 5 emissions compared to most typical solid fueled stoves
(Figure 6a). Note that in Figure 6, PM, 5 emissions for LPG include only results above the
detection limits.

Emission rates can provide important information about potential health risks, and the ERTs
(emission rate targets) and Intermediate ERTs for CO and PM5 5 from vented and unvented
stoves are recommended in the WHO (World Health Organization) guidelines on household
air pollution.(39) CO emission rates in the present study ranged from 0.0014 to 0.15 g/min,
which were within the WHO ERT of 0.16 g/min for unvented stoves. For PM5 5, 90% of the
tests had emission rates <0.11 mg/min, while the remaining tests with data above the
detection limit had an emission rate range of 0.11-0.61 mg/min, with a mean and standard
deviation of 0.20 = 0.16 mg/min. PM, 5 emission rates were clearly within the WHO
intermediate ERT of 1.75 mg/min, and most data points were within the final ERT of 0.23
mg/min, as well (Figure 6b).

Implications, Limitations, and Future Work

In this study, 89 laboratory tests were performed to evaluate efficiency and air pollutant
emissions from five household LPG cookstoves. The influence of fuel composition, stove
power level, burner air adjustment, and stove condition was investigated. Larger differences
in performance were observed among the different stove designs tested compared with the
relatively smaller variations due to the operational variables mentioned above. The study
data will be useful in developing emission inventories and evaluating impacts of LPG
interventions on air quality and human health. The study confirmed high efficiency and low
emissions of LPG cookstoves. Relative to typical solid fuel stoves, a significant reduction in
air pollutant emissions and an obvious improvement in indoor air quality can be expected
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from the adoption of LPG cookstoves. These results may increase confidence in the ongoing
LPG intervention programs in many developing countries.

Limitations of the present study and the need for future laboratory and field investigations
are acknowledged. Commercially available LPG cookstoves were tested without any
modifications, and some stove design aspects were not evaluated in the present study, such
as primary aeration, burner type (materials and shape), and loading height (the vertical
distance from the top of the burner port to the bottom of the vessel).(34, 35, 40) Stoves were
tested at the gas pressure of 2.8 kPa, as specified by the manufacturers. Pressure inside the
cylinder varies with temperature, but delivered gas pressure remains nearly constant with a
properly functional pressure regulator. It was reported that when the gas supply pressure was
increased, thermal efficiency decreased and CO concentrations increased due to increased
flame impingement on the pot surface.(30, 40) As mentioned above, the LPG fuel in this
study met U.S. industry specifications, while in other LPG supplies, the presence of minor
constituents may result in different emissions that should be evaluated. Future laboratory and
field studies are needed to characterize performance, including cases such as those
associated with malfunctioning stoves, malfunctioning gas pressure and flow regulators, and
contamination of fuels and stove burners in rural homes.

There are many different LPG stoves available in world markets, and the performance could
be different compared with the five stoves tested in this study. Given the low detection
frequency of PM, 5 in the present study, the overall average PM> 5 emissions from LPG
would likely be much lower. However, some high-emission events occurred with emission
rates that could be slightly higher than the WHO final ERT. For example, one test in the
present study had a relatively high PM5 5 emission rate of 0.61 mg/min, the reason for which
was unclear. Future work on different LPG stoves is encouraged, and efforts to increase
limits of detection (e.g., by using a high-volume sampler to capture more mass of PMs s;
having lower levels and less variations of background concentrations) would be useful.

Note that this study does not consider upstream emissions from the LPG fuel cycle, for
example, from refineries, gas wells, or renewable sources. Potential problems like LPG leaks
in the distribution and storage systems that can lead to substantial regional air quality
impacts should be considered in large-scale LPG intervention programs as well.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgment

Funding of the study was supported by U.S. EPA. G.S. acknowledges support from an appointment to the
internship/research participation program at U.S. EPA, administered by the ORISE (Oak Ridge Institute for Science
and Education) through an interagency agreement between the U.S. DOE (Department of Energy) and EPA. We
acknowledge Michael Johnson from Berkeley Air Monitoring Group and Renzo Bee from the Global LPG
Partnership for valuable comments on the manuscript; Shu Tao and Wei Du from Peking University for providing
stoves A and B; and Daniel Pope and Nigel Bruce from the University of Liverpool for providing stove E. The
views expressed in this article are those of the authors and do not necessarily reflect the views or policies of the
U.S. EPA, ORISE or DOE. Any mention of trade names, products, or services does not imply an endorsement by
the US Government or the U.S. EPA. The EPA does not endorse any commercial products, services, or enterprises.

Environ Sci Technol. Author manuscript; available in PMC 2020 July 15.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Shen et al.

References
1.

10

11.

12.

13.

Page 13

Bonjour S; Adair-Rohani H; Wolf J; Bruce NG; Mehta S; Pruess-Ustuen A; Lahiff M; Rehfuess EA;
Mishra V; Smith KR Solid fuel use for household cooking: Country and regional estimates for
1980-2010 Environ. Health Perspect 2013, 121, 784-790DOI: 10.1289/ehp.1205987 [PubMed:
23674502]

. Wang R; Tao S; Balkanski Y; Ciais P; Boucher O; Liu J; Piao S; Shen H; Vuolo MR; Valari M;

Chen H; Chen Y; Cozic A; Huang Y; Li B; Li W; Shen G; Wang B; Zhang Y Exposure to ambient
black carbon derived from a unique inventory and high resolution model Proc. Natl. Acad. Sci. U. S.
A 2014, 111, 2459-2463DOI: 10.1073/pnas.1318763111 [PubMed: 24469822]

. Huang Y; Shen H; Chen H; Wang R; Zhang Y; Su S; Chen Y; Lin N; Zhuo S; Zhong Q; Wang X;

Liu J; Li B; Liu W; Tao S Quantification of global primary emissions of PM2.5, PM10 and TSP
from combustion and industrial process sources Environ. Sci. Technol 2014, 48, 13834-13843DOl:
10.1021/es503696k [PubMed: 25347079]

. Liu J; Mauzerall D; Chen Q; Zhang Q; Song Y; Peng W; Klimont Z; Qiu X; Zhang S; Hu M; Lin W;

Smith KR; Zhu T Air pollutant emissions from Chinese households: a major and underappreciated
ambient pollution source Proc. Natl. Acad. Sci. U. S. A. 2016, 113, 7756-7761DOI: 10.1073/
pnas.1604537113 [PubMed: 27354524]

. 2013 Risk Factors Collaborators Global, regional, and national comparative risk assessment of 79

behavioral, environmental and occupational, and metabolic risks or clusters of risks in 188
countries, 1990-2013: a systematic analysis for the Global Burden of Disease Study 2013 Lancet
2015, 386, 2287-2323DOI: 10.1016/S0140-6736(15)00128-2 [PubMed: 26364544]

. Lelieveld J; Evans JS; Fnais M; Giannadaki D; Pozzer A The contribution of outdoor air pollution

sources to premature mortality on a global scale Nature 2015, 525, 367-371DOI: 10.1038/
nature15371 [PubMed: 26381985]

. Anenberg S; Balakrishnan K; Jetter J; Masera O; Mehta S; Moss J; Ramanathan V Cleaner cooking

solutions to achieve health, climate and economic cobenefits Environ. Sci. Technol 2013, 47, 3944—
3952DO0I: 10.1021/es304942¢ [PubMed: 23551030]

. Aung TW; Jain G; Sethuraman K; Baumgartner J; Reynolds C; Grieshop A; Marshall J; Brauer M

Health and climate relevant pollutant concentrations from a carbon-finance approved cookstove
intervention in rural India Environ. Sci. Technol 2016, 50, 7228—-7238DOI: 10.1021/acs.est.5b06208
[PubMed: 27253693]

. Smith KR Changing Paradigms in Clean Cooking Ecohealth 2015, 12, 196-199DOI: 10.1007/

$10393-015-1020-9 [PubMed: 25894954]

. Budya H; Arofat M Providing cleaner energy access in Indonesia through the megaproject of
kerosene conversion to LPG Energy Policy 2011, 39, 7575-7586DOI: 10.1016/
j.enpol.2011.02.061

United States Agency for International Development. Evaluating sustained adoption of LPG stoves
in rural Ghana. http://www.tractionproject.org/research-areas/evaluating-sustained-adoption-Ipg-
stoves-rural-ghana (accessed 11 2017).

Ministry of Petroleum & Natural Gas, the government of India. Official website of Pradhan Mantri
Ujjwala Yojana http://www.pmujjwalayojana.com (accessed 11 2017).

Zhang J; Smith KR Emissions of carbonyl compounds from various cookstoves in China Environ.
Sci. Technol 1999, 33, 2311-2320DOI: 10.1021/es9812406

14. Zhang J; Smith KR; Ma Y; Ye S; Jiang F; Qi W; Liu P; Khalil MAK; Rasmussen RA; Thorneloe

15.

16.

SA Greenhouse gases and other airborne pollutants from household stoves in China: a database for
emission factors Atmos. Environ 2000, 34, 4537-4549DOI: 10.1016/S1352-2310(99)00450-1
Smith KR; Uma R; Kishore V; Lata K; Joshi V; Zhang J; Rasmussen R; Khalil M Greenhouse
gases from small-scale combustion devices in developing countries: Phase I1A household stoves in
India. EPA/600-R-00-052, 6 2000.

Habib G; Venkataraman C; Bond T; Schauer J Chemical, microphysical and optical properties of
primary particles from the combustion of biomass fuels Environ. Sci. Technol 2008, 42, 8829—
8834DO0I: 10.1021/es800943f [PubMed: 19192805]

Environ Sci Technol. Author manuscript; available in PMC 2020 July 15.


http://www.tractionproject.org/research-areas/evaluating-sustained-adoption-lpg-stoves-rural-ghana
http://www.tractionproject.org/research-areas/evaluating-sustained-adoption-lpg-stoves-rural-ghana
http://www.pmujjwalayojana.com

1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Shen et al.

Page 14

17. MacCarty N; Still D; Ogle D Fuel use and emissions performance of fifty cooking stoves in the
laboratory and related benchmarks of performance Energy Sustainable Dev 2010, 14, 161-
171DOI: 10.1016/j.esd.2010.06.002

18. Shen G; Gaddam C; Ebersviller S; vander Wal R; Williams C; Faircloth J; Jetter J; Hays MD A
laboratory comparison of emission factors, number size distributions, and morphology of ultrafine
particles from 11 different household cookstove-fuel systems Environ. Sci. Technol 2017, 51,
6522-6532DOI: 10.1021/acs.est.6b05928 [PubMed: 28485591]

19. Ding J; Zhong J; Yang Y; Li B; Shen G; Su Y; Wang C; Li W; Shen H; Wang B; Wang R; Huang
Y; Zhang Y; Cao H; Zhu Y; Simonich SLM; Tao S Occurrence and exposure to polycyclic
aromatic hydrocarbons and their derivatives in a rural Chinese home through biomass fuelled
cooking Environ. Pollut 2012, 169, 160-166DOI: 10.1016/j.envpol.2011.10.008 [PubMed:
22209516]

20. Fischer SL; Koshland CP Daily and peak 1 h indoor air pollution and driving factors in a rural
Chinese village Environ. Sci. Technol 2007, 41, 3121-3126DOI: 10.1021/es0605640 [PubMed:
17539514]

21. Zhong J; Ding J; Su Y; Shen G; Yang Y; Wang C; Simonich SLM; Cao H; Zhu Y; Tao S
Carbonaceous Particulate Matter Air Pollution and Human Exposure from Indoor Biomass
Burning Practices Environ. Eng. Sci 2012, 29, 1038-1045DOI: 10.1089/ees.2011.0543

22. National Institute of Health (NIH). NIH-funded trial to assess benefits of clean cookstoves https://
www.fic.nih.gov/News/GlobalHealthMatters/november-december-2016/Pages/nih-trial-measures-
benefits-clean-cookstoves.aspx (accessed 6 2017).

23. Global Alliance for Clean Cookstoves. The clean cooking catalog. Product and performance data
for the cookstove sector http://catalog.cleancookstoves.org/ (accessed 6 2017).

24. IWA (International Workshop Agreement 11:1012). Guidelines for Evaluating Cookstove
Performance; International Organization for Standardization: Geneva, Switzerland 2012.

25. Jetter J; Zhao Y; Smith KR; Khan B; Yelverton T; DeCarlo P; Hays MD Pollutant Emissions and
Energy Efficiency under Controlled Conditions for Household Biomass Cookstoves and
Implications for Metrics Useful in Setting International Test Standards Environ. Sci. Technol 2012,
46, 10827-10834DOI: 10.1021/es301693f [PubMed: 22924525]

26. Turpin BJ; Saxena P; Andrews E Measuring and simulating particulate organics in the atmosphere:
problems and prospects Atmos. Environ 2000, 34, 2983-3013DOI: 10.1016/
$1352-2310(99)00501-4

27. Shen G; Preston W, Ebersviller S; Williams C; Faircloth J; Jetter J; Hays MD Polycyclic aromatic
hydrocarbons in fine particulate matter emitted from burning kerosene, liquid petroleum gas, and
wood fuels in household cookstoves Energy Fuels 2017, 31, 3081-3090DOI: 10.1021/
acs.energyfuels.6b02641 [PubMed: 30245546]

28. Khan B; Hays M; Geron C; Jetter J Differences in the OC/EC ratios that characterize ambient and
source aerosols due to thermal-optical analysis Aerosol Sci. Technol. 2012, 46, 127-137DOI:
10.1080/02786826.2011.609194

29. American Society for Testing and Materials (ASTM). Standard specification for liquefied
petroleum (LP) gases. ASTM D1835-16 (accessed 10 2016).

30. Ko Y; Lin T Emission and efficiency of a domestic gas stove burning natural gases with various
compositions Energy Convers. Manage 2003, 44, 3001-3014DOI: 10.1016/
S0196-8904(03)00074-8

31. Koistinen K; Kousa A; Tenhola V; Hanninen O; Jantunen M; Oglesby L; Kuenzli N; Georgoulis L
Fine particle (PM2 5) measurement methodology, quality assurance procedures and pilot results of
the EXPOLIS study J. Air Waste Manage. Assoc 1999, 49, 1212-1220DOI:
10.1080/10473289.1999.10463916

32. Khan M; Saxena A Performance of LPG cooking stove using different design of burner heads Int.
J. Engineer. Res. Technol 2013, 2, 656-659

33. Hou S; Lee C; Lin T Efficiency and emissions of a new domestic gas burner with a swirling flame
Energy Convers. Manage 2007, 48, 1401-1410DOI: 10.1016/j.enconman.2006.12.001

34. Sedighi M; Salarian H A comprehensive review of technical aspects of biomass cookstoves
Renewable Sustainable Energy Rev 2017, 70, 656—-665DOI: 10.1016/j.rser.2016.11.175

Environ Sci Technol. Author manuscript; available in PMC 2020 July 15.


https://www.fic.nih.gov/News/GlobalHealthMatters/november-december-2016/Pages/nih-trial-measures-benefits-clean-cookstoves.aspx
https://www.fic.nih.gov/News/GlobalHealthMatters/november-december-2016/Pages/nih-trial-measures-benefits-clean-cookstoves.aspx
https://www.fic.nih.gov/News/GlobalHealthMatters/november-december-2016/Pages/nih-trial-measures-benefits-clean-cookstoves.aspx
http://catalog.cleancookstoves.org/
http://10.1016/j.rser.2016.11.175

1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Shen et al.

35.

36.

37.

38.

39.

40.

Page 15

Sommers A; Wang Q; Han X; T’Joen C; Park Y; Jacobi A Ceramics and ceramic matrix
composites for heat exchangers in advanced thermal systems-A review Appl. Therm. Eng 2010,
30, 1277-1291DOI: 10.1016/j.applthermaleng.2010.02.018

Johnson A; Brighitwell H; Carsley A A model for predicting the thermal-radiation hazards from
large-scale horizontally released natural-gas jet fires Process Saf. Environ. Prot 1994, 72, 157-166
Muhlbaier JL Particulate and gaseous emissions from natural-gas furnaces and water heaters J. Air
Pollut. Control Assoc 1981, 31, 1268-1273DOI: 10.1080/00022470.1981.10465356

Shen GF Quantification of emission reduction potentials of primary air pollutants from residential
solid fuel combustion by adopting cleaner fuels in China J. Environ. Sci 2015, 37, 1-7DOI:
10.1016/j.jes.2015.04.018

World Health Organization WHO Guidelines for indoor air quality: household fuel combustion;
WHO: Geneva, Switzerland, 2014.

Ashman P; Junus R; Stubington J; Sergeant G The effects of load height on the emissions from a
natural gas-fired domestic cooktop burner Combust. Sci. Technol 1994, 103, 283-298DOl:
10.1080/00102209408907699

Environ Sci Technol. Author manuscript; available in PMC 2020 July 15.


http://10.1080/00102209408907699

1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Shen et al.

Nitrogen
“pressure

Cylinder|

Page 16

Pressure gauge
Constant pressure
expansionvalue ’ D
V22N Gas fitting
¥ / To stove
pad” 0 I
/‘ A 8 Needle valve
Gas
LPG
Copper coils
Bucket

E
S

K ® j Water

Dip tube inside cylinder

igure 1.
chematic of the gas delivery system.

Environ Sci Technol. Author manuscript; available in PMC 2020 July 15.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Shen et al.

Page 17

Figure 2.
Pictures of five LPG burners tested in the present study. Stove A: Aodian stove from rural

China. Stove B: AOSD stove from rural China. Stove C: Mikachi stove from a local market
in Uganda. Stove D: Solgas stove from Peru. and Stove E: Simcook stove from a rural home
in Cameroon.
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A “traditional” LPG stove,
m Zhang et al., 2000 (n=3)

An Infrared head LPG stove,
Zhang et al., 2000 (n=3)

A “traditional” LPG Stove,
B smithet al., 2000 (n=3)

A single-burner camping Stove,
| MacCarty et al., 2010 (n=1)

Literature data

PM, 5 emission factor data from the present study and literature studies (refs 14, 15, and 17).
Emission factors calculated from limits of detection for each stove under high and low
power levels are shown as light yellow bars. Data points below the corresponding detection
limits are shown as blue dots, while those above the limit are shown as red diamonds.
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LPG fuel
. Power - composition Number of
Series # Stove level Burner air adjustment Butane/Propanea valid tests
(% by man)
1 20/80 3
2 Maximum — inner flame 40/60 5
Maximum — outer flame
3 ring 60/40 3
4 80/20 3
5 A. Aodian, Single burner with two air High Minimum - both 40/60 5
adjustments Maximum — inner flame
6 Minimum - outer flame 40/60 3
ring
Minimum — inner flame
7 Maximum — outer flame 40/60 5
ring
8 Low gagman-bath 40/60 5
9 Minimum - both 20/80 3
10 40/60 5
11 Maximum 60/40 3
. . . High
B. AOSD, Single burner with one air
12 adjustment 80/20 8
13 Medium (air ~ half-open) 40/60 4
14 Minimum 40/60 3
15 Low Maximum 40/60 3
16 Maximum 40/60 7
High
17 C. Mikachi, Single burner, one air adjustment Minimum 40/60 3
18 Low Maximum 40/60 3
19 High None 40/60 3
D. Solgas, double burners no air adjustment
20 Low None 40/60 7
21 High None 80/20 5
E. Simcook, three burners, no air adjustment
22 Low None 80/20 5

a . . .
All fuels met US industry standards for composition of minor gases.

Environ Sci Technol. Author manuscript; available in PMC 2020 July 15.



Page 23

Shen et al.

‘uogJed ae|q :0g ‘S'CINd Ul uogJed [euswald 03 ‘S'CINd Ul uogted d1uehio (DO ‘wrl G gs Jalswelp alweuApolse yim ssjanued (S CING ‘UoqIed0IpAY (8103 :DQHL “papiaoid
s (u) azis ajdwes "zS a|geL Ul pals] aJe U011931ap JO SHWI| YL S}NSaJ Pazi/ewwns asayl Ul papn|oxa aJe Uo1aalap JO SHWI| 8yl Mojaq eleq "Uelpaw pue ‘(QsS) UolielAsp pJepuels Fueaw ‘abuel are sHnsay,

8¢ GTFEE €680 uwbuw
8y 6F oY 09-12  Prin/buw
24 vFeC TE-€T  [W/Bw
TT TOFTT 7'1-85°0 By/6 (68 =u)*ON
T€00 TEOOFS¥00  OT'0-6000  utw/bw 'S TGF8G TZ-9€0  unw/bu
LE0 LEOFESO 21010 Prin/Buw 6 96T F0ST  ¥IT-T'v  Prin/bw
LT°0 ITOFYC0  ¥S0-G700  [IN/Bw 8y TETF8L 9//-6'T  [IN/BW
8L 8FTI Ge-1z  Bybuw (6=v)08 A4 T9F9E  9€-9800 B/6 (68 =v) OHL
TED0 0Z0'0FGE0'0  990°0-9000  Ulw/Buw 810  GC0FL0 ¢T-2900 ulw/Buw
9g'0 €C0F0Or0  80-0L00 PrN/Bw 9 287F9G =20 Prin/Bw
LT'0 TI0OF8T0  GEO0-TE00  [N/Bw 7T VSFEE €e-ve0  CIN/Bw
Ll 67FG8 oT-¢'T  By/buw (8=v)03 ¥90°0 GZOFST0  §T-9T0°0 By6 (2L =u)"HO
G500  YTOFOT0  L¥0-6600 Ulw/Buw ¥€0'0 8E0'0F6Y00 ST'0-TO00  ulw/d
99°0 YIFCT 0s—vv0  PriN/Bw 090 GG0FLL0  €7-9¢00 PN/
9g'0 89'0F29°0 ¥'Z-120  CN/Bw 8€0 €€0Fcr'0  €91-T20°0 CN/B
91 EF6C 80T-96  Bx/Bw (6=v)00 LT STF6T G/-16'0 By6  (68=v) 00D
YT0  9T0¥020  T90-TT0  uw/bw 4 TY¥86 ST-9T  ulw/b
9T 9TFVC G§9-2T Prin/buw LyT LTF2vT €91-26  PrN/B
9,0 807F2T T€-/50  [IN/Bw ) €¥2L 8/-85 (/B
Ge LEFES wi-9¢  Bybw  (6=v)°Nd 6TEE YYT F20€€  ¥8SE-959C By/6 (68 =v) %00
uelpaw ds F ueaw abuel suun uelpaw as F uesw abueu sHuun

,SON0ISH00D DT PIOYSSNOH 4o} (urw) swi Jo siseg ay1 uo
sajey uoissiwg pue (PrA) patanlja@ Abisu3 |ngasn pue ‘(CIN) ABisu3 |an4 ‘(By) ssew\ [an4 JO siseq ay) Uo S101984 UOISSIWT JueIn|jod J1 JO Alewiwing
‘¢ 91qeL

EPA Author Manuscript EPA Author Manuscript EPA Author Manuscript

Environ Sci Technol. Author manuscript; available in PMC 2020 July 15.



	Abstract
	Graphical Abstract
	Introduction
	Methods
	Cookstove Test Facility and Emission Measurements
	Stoves Tested
	LPG Fuels Tested
	Testing Protocol
	Data Analysis

	Results
	Influence of Different LPG Fuel Compositions
	Difference between the High- and Low-Power Levels
	Influence of Burner Air Adjustments
	Comparison of Five Different Stoves

	Discussion
	Comparison with Previous Studies
	Evaluation of LPG Cookstove Performance
	Implications, Limitations, and Future Work

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.
	Table 2.

