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� Field measurements were conducted to quantify air pollutant emissions and fuel consumptions.
� Impacts of replacing coal with wood on household air pollution and climate were addressed.
� Wood combustion in gasifier stoves produced more EC and PM2.5 than coal combustion did.
� Benefits related to climate change are significantly decreasing CO2 and CH4 emissions and increasing OC.
� Significantly higher indoor air pollution than outdoor air was found although stoves are equipped with chimneys.
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a b s t r a c t

Air pollutant emissions, fuel consumption, and household air pollution were investigated in rural Hubei,
central China, as a revisited evaluation of an intervention program to replace coal use by wood in gasifier
stoves. Measured emission factors were comparable to the results measured two years ago when the
program was initiated. Coal combustion produced significantly higher emissions of CO2, CH4, and SO2

compared with wood combustion; however, wood combustion in gasifier stoves had higher emissions of
primary PM2.5 (particles with diameter less than 2.5 mm), Elemental Carbon (EC) and Organic Carbon
(OC). In terms of potential impacts on climate, although the use of wood in gasifier stoves produced more
black carbon (6.37 vs 910 gCO2e per day per capita from coal and wood use) and less SO2 (-684 vs -312),
obvious benefits could be obtained owing to greater OC emissions (-15.4 vs -431), fewer CH4 emissions
(865 vs 409) and, moreover, a reduction of CO2 emissions. The total GWC100 (Global Warming Potential
over a time horizon of 100 years) would decrease by approximately 90% if coal use were replaced with
renewable wood burned in gasifier stoves. However, similar levels of ambient particles and higher indoor
OC and EC were found at homes using wood gasifier stoves compared to the coal-use homes. This
suggests critical investigations on potential health impacts from the carbon-reduction intervention
program.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

In many developing countries and regions, solid fuels, such as
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coal and biofuels, are primary energy resources for cooking and
heating. Those solid fuels are often burned in low efficiency stoves
and produce large amounts of air pollutants such as fine PM2.5
(particles with a diameter of less than 2.5 mm), black carbon (BC),
and SO2. In China, 36% of primary PM2.5 and 53% of BC originate
from residential fuel combustion (Shen et al., 2013; Wang et al.,
2012; Huang et al., 2014). People in areas relying on solid fuel use
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often suffer from heavy household air pollution (HAP) (Ezzati et al.,
2000; Albalak et al., 2001; Mumford et al., 1989). Exposure to HAP
has been recognized as a major environmental risk factor that is
responsible for many respiratory and cardiovascular diseases and
premature deaths (Lee et al., 2012; Zhang and Smith, 2007;
Forouzanfar et al., 2015). According to the WHO (2014), nearly 4.3
million premature deaths around the world in 2012 were due to
exposure to HAP.

Current efforts are being aimed at deploying clean fuel and/or
clean stoves to alleviate air pollution, and consequently to address
climate change and to protect human health. Deployment of these
new clean stoves/fuels usually starts from a pilot program, and at
present, most programs are initially financed through the carbon
market (Aung et al., 2016). It was reported that of 8.2 million
improved stoves distributed in 2012 and tracked by the Global
Alliance for Clean Cookstoves (GACC), half received carbon
financing through the Clean Development Mechanism (CDM) (Putti
et al., 2015). Recently, a study in India found that the replacement of
traditional wood stoves by improved wood stoves did not signifi-
cantly reduce wood consumption, and moreover, there was a
higher proportion of light-absorbing black carbon in PM2.5 from the
intervention compared with traditional stoves (Aung et al., 2016).
The study indicated that in the absence of field-based evaluations,
the intervention program may fail to achieve the intended carbon
reductions and co-benefits to health (Aung et al., 2016).

In China, the National Improved Stove Program (NISP) during
the 1980s and 1990s introduced over 100 million improved stoves
to replace traditional ones (Smith et al., 1993; World Bank, 2013).
Through that program, many stoves were improved by adding a
chimney and/or grate, and by optimizing the stove chamber design.
During the last three decades, cookstove technologies and markets
in China have developed quickly, and some novel technologies such
as biomass gasifier stoves and forced-draft cookstoves have been
used in some regions (Shen et al., 2015a). Besides some projects
initiated and supported by the central and local governments
(World Bank, 2013), many clean stove and fuel intervention pro-
grams in China are also conducted through CDM (Chen et al., 2010;
Global Alliance for Clean Cookstoves; Zhang, 2012). Field testing is
essential to evaluate the performance of these clean stoves/fuels,
however, such measurements are still very limited at this stage.

In Enshi County, Hubei, China, coal stoves with chimneys are
widely used for daily cooking and heating. Starting in 2012, wood-
gasifier stoves (ZQ-JG-220, Enshi Biomass Energy Development Co.,
China) were deployed to replace traditional coal stoves in this area
to reduce carbon emissions (Zhang, 2012). Approximately 80,000
wood-gasifier stoves have been deployed in the area. This new
generation of improved stoves usually has higher thermal effi-
ciency with fuel savings and air pollutant emission reductions in
previous laboratory tests (Chen et al., 2016a; Shen et al., 2012a;
Jetter et al., 2012; Kshirsagar and Kalamkar, 2014). However, labo-
ratory tests have been found to be unable to simulate some high
emissions episodes, and to capture large variations in emissions
(Chen et al., 2016a; Shen et al., 2015b). Therefore, field evaluation
becomes critical for a better understanding of stove performance. A
previous emission test was performed in 2012 to characterize and
compare air pollutant emissions from coal and wood combustions
(Shen et al., 2015b). In January 2014, two years after the first
measurement, we conducted a second field campaign in Enshi,
with main focuses on 1) characterization of fuel consumption and
air pollutant emissions from the wood gasifier stoves following a
two-year usage period; 2) potential impacts of residential emis-
sions on climatewhen replacing coal stoves bywood gasifier stoves
in the pilot area; and 3) household air pollution in homes using coal
and wood stoves.
2. Method

2.1. Field site and kitchen performance test

Field measurements were conducted in Enshi County, China in
January 2014. Kitchen Performance Test (KPT) was performed over
an extended period of 3 days to quantify the daily fuel use (Bailis
et al., 2007). Sufficient fuels for 3 days were prepared and pre-
weighed using an electric balance with a precision of 20 g. The
test team revisited those households after three days to weigh the
remaining fuels. A total of 144 homes, of which 72 were using wood
and 72 were using coal, participated in the KPT test.

In the studied area, both coal and wood gasifier stoves are
designed to provide space heating through radiant heats, besides
cooking use. The space heating practices in the south China region
are different from that in the north China, where central heating is
popular and usually all rooms are heated in both day and night
time. In south area, space heating is often from the radiant heats
from wood or coal burning in home stoves, especially in rural area
where the use of gas or electricity for heating is not affordable. Local
residents are used to sit around the stove in kitchen for heating
demands. During non-cooking periods, typically, a pot of water was
boiled to keep fuel burning in the stove chamber and to provide
radiant heating. Consequently, fuel consumption amount from the
KPT is the total fuel consumption, and which consumption for
cooking and heating cannot be estimated separately.

2.2. Field emission measurements

The emission measurements were performed in fifteen
randomly selected households, of which 8 had adopted wood
gasifier stoves and 7 were still using coal stoves. Emissions sam-
pling was conducted during lunch time and the residents were
asked to cook and operate the stoves as they did in daily lives.
Emission sampling lasted for 40 min starting from fire ignition to
stable burning period (Chen et al., 2016a,b). Pictures of the stoves
and fuels are provided in Supporting Information (Fig. S1). Emis-
sions were sampled from the outlets of the stove chimneys. A
proportion of the fuel was taken back to the laboratory for
elemental and proximate analysis. The fuel analysis result is listed
in the Appendix (Table S1).

The sample probe was placed near the center of each chimney.
No further dilution was performed during this field sampling
campaign. Gaseous CO and CO2 were measured using a nondis-
persive infrared sensor (GXH-3051, Technical Institute, Beijing,
China), and the NOx and SO2 were measured by electrochemical
and infrared sensors, respectively (JFQ-3150E, Technical Institute,
Beijing, China). The equipment was calibrated using a span gas in
the laboratory prior to use in the field, and it was zero-checked
before each field sampling cycle. The total suspended particles
(TSP) were collected on quartz fiber filters (QFFs, 24 mm in diam-
eter) and used for OC/EC analysis. PM10 and PM2.5 samples were
collected on glass fiber filters (GFFs, 37 mm in diameters) using
active impaction samplers (SKC, Eighty Four, PA, USA). Two parallel
samples were collected for both PM10 and PM2.5 in each test. The
pump flow rate was ~2.0 L/min. The pump was calibrated before
and after each sampling cycle using a primary flow calibrator (Bios
Defender 510, USA). All filters were baked at 450 �C for 6 h and
equilibrated in a desiccator in the laboratory. The filters were
packed and sealed separately in clean aluminum foil bags before
and after each sampling cycle. All samples were stored in a refrig-
erator at a temperature of -20 �C prior to lab analysis. The field
measurements were completed within a week, thus, the weather
and fuel humidity conditions were expected to be similar during
different test cycles.
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2.3. Household air pollution concentration measurement

Emission testing provided vital information on air pollutant
emissions into ambient air from the residential combustion
through outdoor chimney. It is also interesting to know the indoor
and outdoor contamination levels of targeted air pollutants in the
studied homes. Therefore, measurements on household air pollu-
tion were conducted in the same campaign. Among the 15 house-
holds that took part in the emissions testing, 11 were willing to
cooperate with the household air pollution measurements. Size-
segregated particles were collected with Sioutas four stage
cascade impacts (<0.25 mm, 0.25e1.0 mm,1.0e2.5 mm, and >2.5 mm)
using GFF and an active pump (8.2 L/min, SKC, Eighty Four, PA, USA).
Another QFF was used to collect the TSP and was analyzed for the
EC and OC contents using a mini sample pump (JH12-65, China, a
flow rate at 5 L/min). Paired indoor (kitchen) and outdoor (in the
yard of each home) samples were collected, and they were taken
over a period of 24 h in each household. As homes adopting wood
gasifier stoves were randomly selected from their ownwillingness,
homes using wood gasifier stoves and those still using coal stoves
were co-located in same villages. Thus, measured outdoor samples
were not solely affected by emissions from their own indoor
combustions, but other homes using same or different fuels/stoves.

2.4. Laboratory PM gravimetric measurement and carbon analysis

The particulate matter was gravimetrically weighed using a high
precision digital balance (0.01 mg, XS105, Mettler-Toledo). The fil-
ters were left in a desiccator for at least 24 h in a room with an
ambient temperature of 25e30 �C and a relative humidity of 45%-
55% to reach equilibrium before weighing. The carbonaceous frac-
tions (OC and EC) in the TSP were analyzed using an OC/EC analyzer
(Sunset Laboratory, USA) with temperature protocols of 600, 840,
and 550 �C in pure helium for OC detection, and 550, 650, and
870 �C in an oxygen/helium atmosphere to quantify the EC (Shen
et al., 2012b).

2.5. Data analysis

The EFs of the target pollutants, including CO, CO2, NOx, SO2,
PM2.5, PM10, TSP, EC, and OC (EFCO2, EFCO, EFNOx, EFSO2, EFPM2.5,
EFPM10, EFTSP, EFOC and EFEC, respectively), were calculated using the
carbon balance method, a widely used method in emission studies
that do not require a full capture (Zhang et al., 2000; Shen et al.,
2010). EFs were calculated on the basis of fuel mass (g/kg), fuel
energy (g/MJ) and useful energy delivered (g/MJd). Useful energy
delivered is the sensible heat that raises the temperature of water
and latent heat of evaporation of water vapor, that can bemeasured
from water boiling testing. Since the present field study did not
conduct standard water boiling tests, stove thermal efficiency
which is defined useful energy divided by the total fuel energy was
adopted from previous laboratory testing. The stove efficiency was
20% for coal stoves and 37% for wood stoves (Shen et al., 2015b).
Giving probably difference in thermal efficiency between field and
laboratory testing conditions, the uncertainty in these thermal ef-
ficiency values should be acknowledged when generalizing the
results. Modified Combustion Efficiency (MCE) defined as the CO2/
(CO2þCO), is calculated as a proxy of combustion efficiency.

The difference between coal and wood combustion emissions
was evaluated by calculating emission ratio, ER ¼ Ei,coal/Ei,wood,
where Ei, coal and Ei, wood are emissions of compound i from coal and
wood combustion, respectively. Daily emissions of CO2 and air
pollutants were estimated frommeasured emission factors and fuel
consumption data from the KPT. Monte Carlo simulation run of
10,000 times was conducted to address the uncertainty in the
calculated ER results.
The statistical analysis was performed using SPSS 21.0 (IBM

Corporation, Armonk, NY, USA). Non-parameter Spearman corre-
lation and Kolmogorov-Smirnov tests were used and a significance
level of 0.05 was selected. The Monte Carlo simulation was
implemented by MATLAB software (MathWorks, Natick, MA, USA).

3. Results and discussion

3.1. Pollutant emissions

3.1.1. Emission factors
The emission factors of CO2 and targeted air pollutants are listed

in Table 1. The coefficient of variation (COV, defined as the standard
deviation divided by the mean) ranged from 4% to 180% for emis-
sions from the wood combustion, and from 9% to 120% in the coal
combustion emissions. The variations are generally higher in CO,
SO2, and EC, while the CO2 emissions showed the lowest variation.
High variability in emissions is often expected, as a result of internal
variations during the uncontrolled combustion processes, and also
different formation mechanisms of each pollutant. Overall, the
variations in air pollutant emissions were much larger for the coal
combustion than they were for the wood combustion.

The averageMCE for thewood and coal combustions were 95.7%
and 93.7%, respectively (p>0.05). The correlation analysis results
between the MCE, CO2 and measured air pollutants are provided in
Table S2. In both wood and coal combustion emissions, the MCE
was positively correlated with the CO2 and negatively correlated
with the CO, CH4 and SO2 (p < 0.05), but the relationships between
the MCE and other pollutants such as NOx and particles are not
significant.

Of all measured air pollutants, CO, as a typical gas pollutant, was
positively correlated with CH4 and SO2 (p < 0.001), but the rela-
tionship between CO and particles (PM2.5, PM10 and TSP) were not
significant. The PM2.5, PM10 and TSP were positively correlatedwith
each other, and they positively correlated with the OC. The EC did
not correlate with the others in the coal combustion emissions, and
in the wood combustion, it only positively correlated with PM2.5
and PM10, but not TSP. EC is often believed to be more abundant in
fine particle fractions (Rau, 1989; Huang et al., 2006). Low EC levels
in coal combustion may partly explain the insignificant correlation
between the EC and particle emissions in the coal combustion. The
relationship between the NOx and other pollutants was also
inconsistent between the coal and wood combustion. In the wood
combustion, NOx only weakly and negatively correlated with CH4
(r ¼ -0.51, p<0.05) and not correlated with other measured pol-
lutants (p>0.05). In the coal combustion emissions, NOx was posi-
tively correlated with CH4, SO2, and OC (r ¼ 0.82, 0.72 and 0.59,
respectively). The formation of NOx is related to both fuel-N and
thermal-N, and it is usually temperature-dependent, making it a
specific air pollutant different from the others. Correlation among
air pollutants could vary in different burning conditions, thus, it
might be inappropriate to use one pollutant solely as a surrogate to
evaluate the fuel-stove performance. CO and particle emissions are
two most widely targeted pollutants in the evaluation of stove
performance. The correlation analysis here may suggest that be-
sides these two pollutants, NOx and EC emissions could be
potentially included into the evaluation metric, given that they
were weakly or not correlated with the others.

Fig. 1 shows a comparison of CO2 and air pollutant emission
factors on the basis of useful energy for coal and wood combustion.
The coal combustion had significantly higher emission factors of
CO2, CH4, and SO2 comparedwith thewood combustion. The higher
SO2 emission factor from this coal combustion is explained by a
high S content in the coal (0.76%) relative to that of 0.058% in the



Table 1
Emission factors of CO2 and air pollutants from the burning of coal and wood, on the basis of fuel mass, fuel energy and useful energy delivered. EC and OC were measured in
TSP. Results are present as means and standard deviations (Std) and geometric means (GM).

Wood-gasifier stove (n ¼ 8)

Fuel mass basis, g/kg Fuel energy basis, g/MJ Delivered energy basis, g/MJd COV (%)

Mean ± std GM Mean ± std GM Mean ± std GM

CO2 (1.5 ± 0.1) � 103 1.5 � 103 76 ± 3 76 (2.0 ± 0.1) � 102 2.0 � 102 3.9
CO 43 ± 37 22 2.2 ± 1.8 1.1 5.8 ± 5.0 3.0 87
CH4 6.1 ± 2.8 5.6 0.30 ± 0.14 0.28 0.82 ± 0.37 0.76 45
NOx 1.0 ± 0.3 1.0 0.052 ± 0.014 0.050 0.14 ± 0.04 0.14 27
SO2 0.82 ± 0.60 0.53 0.041 ± 0.030 0.027 0.11 ± 0.08 0.072 74
EC 0.40 ± 0.27 0.31 0.020 ± 0.012 0.015 0.054 ± 0.036 0.042 67
OC 2.5 ± 4.4 0.92 0.12 ± 0.22 0.046 0.33 ± 0.60 0.12 180
PM2.5 2.6 ± 2.2 2.0 0.13 ± 0.11 0.10 0.35 ± 030 0.27 84
PM10 3.6 ± 3.6 2.5 0.18 ± 0.18 0.12 0.48 ± 0.48 0.33 100
TSP 5.8 ± 4.5 4.6 0.29 ± 0.23 0.23 0.78 ± 0.61 0.61 79

Coal-improved iron Stove (n¼7)

Fuel mass basis, g/kg Fuel energy basis, g/MJ Delivered energy basis, g/MJd COV (%)

Mean ± std GM Mean ± std GM Mean ± std GM

CO2 (2.4 ± 0.2) � 103 2.4 � 103 96 ± 9 96 (4.8 ± 0.4) � 102 4.8 � 102 9.2
CO (1.0 ± 1.2) � 102 53 5.1 ± 4.9 2.4 26 ± 25 12 120
CH4 16 ± 11 12 0.61 ± 0.45 0.47 3.1 ± 2.2 2.4 73
NOx 1.1 ± 0.8 0.79 0.042 ± 0.030 0.031 0.21 ± 0.15 0.16 71
SO2 2.0 ± 2.0 1.3 0.086 ± 0.078 0.051 0.40 ± 0.39 0.25 96
EC � 1 000 3.1 ± 3.9 1.6 0.12 ± 0.15 0.062 0.61 ± 0.77 0.31 125
OC � 1 000 99 ± 58 83 3.9 ± 2.3 3.4 20 ± 12 1.7 569
PM2.5 1.4 ± 1.1 1.0 0.055 ± 0.045 0.041 0.28 ± 0.22 0.20 80
PM10 2.0 ± 1.5 1.5 0.080 ± 0.060 0.059 0.40 ± 0.30 0.29 76
TSP 3.7 ± 2.9 2.9 0.15 ± 0.11 0.11 0.74 ± 0.57 0.57 78

Fig 1. Comparison of measured air pollutant emissions from the wood and coal
combustions in the present study. Results shown are emission factors on the basis of
useful energy delivered. *p < 0.05, **p < 0.01.

Fig 2. Comparison of the pollutant emission factors on the basis of useful energy
between this study (n ¼ 8 and 7 for coal and wood combustion tests, respectively) and
the previous study when the program was initiated (n ¼ 11 and 8 for coal and wood
combustion tests, respectively) (Shen et al., 2015a,b).
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wood. CO, NOx, PM2.5, PM10 and TSP emission factors were statis-
tically not significant between the wood and coal combustions, but
EC and OC emission factors were significantly higher from the
wood combustion. Consequently, the mass fraction of total carbon
(TC ¼ EC þ OC) in TSP was significantly higher in the wood com-
bustion emission than that in the coal combustion emission (35% vs
3.6%). Moreover, the EC/OC ratio was higher in emissions from the
wood burning than that from the coal combustion, which could be
explained by a favorable formation of EC in the intense flaming
condition of wood burning in the gasifier stoves (Shen et al., 2014).

Comparable CO and particle emission factors between the wood
and coal combustions, but significantly higher OC and EC emission
factors from the wood combustion were also found in the previous
emission test two years ago when the program was initiated (Shen
et al., 2015b). A comparison of the CO, TSP, OC and EC emission
factors from these two field measurements, in term of useful en-
ergy delivered, is illustrated in Fig. 2. No significant difference was
observed between these field emission tests, although the present
measurements had apparently higher emission factors. The aging of
stoves after a long-term use might increase air pollutant emissions,
but was not the case here. A previous field test in east China found
higher emissions of most air pollutants from indoor crop straw
burning in a ten-year-old brick stove compared with the burning in
a relatively new brick stove (Wei et al., 2014). The increased
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emissions were speculated to result from the influence like the
broken structure of stove without repairing (that affects fuel-air
mixing and combustion temperature), and/or the lack of regular
cleaning of chimney inner side (that can affect air draft in chimney).
Despite of high variability in pollutant emissions, the insignificant
differences between the present test and the previous study may
suggest that stove aging is not a significant issue for these factory-
manufactured stoves. These stoves are made from metals, which is
rather different from those home-made built-in brick stoves.

3.1.2. Comparing the performance of wood-gasifier stoves
Biomass gasifier or semi-gasifier technology is considered to be

an innovation in the stove improvement to promote high efficiency
combustion and to reduce fuel consumption (Preble et al., 2014;
Torres-Rojas et al., 2011; Tryner et al., 2014; Njenga et al., 2016).
This type of stove has attracted worldwide attention and interests.
Some laboratory tests were performed to evaluate the thermal ef-
ficiency and air pollutant emissions for the gasifier stove in previ-
ous studies. The stove thermal efficiency varied among stove and
fuel types (Carter et al., 2014; Jetter et al., 2012; Chen et al., 2016a)
and also testing protocols (Chen et al., 2016a). By extracting data
from these laboratory studies (for repeated tests, the average re-
sults were adopted), it is found that the thermal efficiency for wood
gasifier stoves ranged from 17% to 54%, with an overall mean of 32%
(n ¼ 25).

Emission factors of CO and PM2.5 for the gasifier stove from
available laboratory studies in the literature (Carter et al., 2014;
Shen et al., 2012a; Jetter et al., 2012; Chen et al., 2016a) and the
present as well as our previous field tests (Shen et al., 2015b) are
illustrated in Fig. 3. The results from a previous laboratory test for
wood burning in rocket stoves and three-stone fires (Jetter et al.,
2012) are also shown in the figure for a comparison. The devia-
tion shown for each test is derived from its repeated
measurements.

The COVs varied from 3% to 138% for the PM2.5 emissions and
4e111% for the CO. Different fuel properties (wood logs vs pellet)
and stove types, as well as testing protocols, contributed to the high
variations. Despite of the large variations, some interesting results
can be noted in Fig. 3. For the PM2.5 emissions, wood logs or pellets
that were burned in gasifier stoves generally had lower emissions
than the rocket stove and the three-stone fire. The overall average
PM2.5 emission factors are comparable between wood logs and
pellets, and between laboratory and field tests. It should be noted
that the emission in this studywasmeasured at the chimney outlet,
so fugitive emissions was not included, while past laboratory tests
measured the total emission. Thus, results from those field tests are
considerably lower than the true emissions. For the CO emissions,
the difference among different stove technologies (the gasifier
stove, rocket stove and the three-stone fire) was not as large as that
in the PM2.5 emission. High emissions of CO were reported under
some burnings in gasifier stoves. CO emissions between the labo-
ratory and field tests were comparable, and they both varied
largely.

In each subgroup in Fig. 3, the term “gasifier stove” is only refer
to a stove type, while in these studies the gasifier or semi-gasifier
stoves had different specifications on stove design. Also, different
testing protocols were used. Therefore, the dataset compiled from
the literature, without controlling other influencing factors, can
hardly support a clear conclusion on the difference between the
field and laboratory tests, and the difference between pellet and
log. To investigate influence of biomass pelletization, the same
stove and same protocol should be used, and to compare the
probable difference between the field and laboratory tests, it would
be best to use the same fuels and stoves, and follow the same
testing protocol.
3.2. Fuel consumption and household total emissions

3.2.1. Fuel consumption and total emission estimation
The daily fuel consumption of coal and wood from the KPT tests

were 4.45 ± 3.92 kg per capita and 4.99 ± 2.86 kg per capita,
respectively, equivalent to about 112 ± 98 and 100 ± 57 MJ per
capita. This consumption is not significantly different from that of
the first survey when the programwas initiated (3.96 ± 1.18 kg per
capita and 4.93 ± 1.13 kg per capita, respectively). Recently, a study
in rural Shanxi during the heating season reported that the daily
consumption of coal and wood were 3.83 ± 2.74 kg per capita and
3.48 ± 0.53 kg per capita, respectively (Chen et al., 2016b), which
was apparently lower than that in the present study in Enshi. Due
to different fuels and stove types, and moreover, distinct cooking
and heating habits, residential fuel consumption could vary widely
over different regions. In rural Shanxi, wood was only used for
cooking, and coal was only used for household heating, while in
Enshi, as mentioned in the methodology, stoves were used for both
cooking and space heating during the daytime. The diversity in the
fuel consumption is particularly marked in China, where a large
spatial variation in household fuel use was expected. It is inter-
esting and important for obtaining accurate information about fuel
consumption and its temporal-spatial distribution by more future
survey and KPT campaigns.

Table 2 lists estimated daily emissions of CO2 and targeted air
pollutants from coal and wood use homes, and the difference (ER).
As seen in Table 2, the daily emissions of CO2, CO, CH4, and SO2 were
significantly lower from the wood combustion in gasifier stoves in
comparison with that from the coal combustion, indicated by ER
values that were significantly higher than 1.0, whereas the emis-
sions of OC, EC, PM2.5, PM10 and TSP increased when burning wood
in gasifier stoves as the ER values were significantly lower than 1.0.
The results suggested that if the program sustainably succeeded
over a long period, there would be obvious reductions in CO and
SO2 emissions, however, emissions of primary particles, primary OC
and EC would probably increase in the studied region.

3.2.2. Potential impacts on climate change
Without doubt, the replacement of coal use by biomass fuels can

reduce CO2 emission, which is the initial objective of this CDM
project, however, it is necessary and interesting to take into account
of other long or short-lived climate pollutants. To evaluate potential
impacts on climate, the Global Warming Commitment (GWC) was
calculated and compared. The GWC approximates the CO2 equiva-
lent climate impact of a group of targets byweighting the emissions
of each substance and the Global Warming Potential (GWP) over a
time horizon (Smith et al., 2000; Bond et al., 2004). CO, OC, SO2 and
BC (values of BC are assumed to be equal to the EC in this analysis),
besides CO2 and CH4, are included in this estimation. For a time
horizon of 100 years (GWC100), the GWP100 values for CO2, CH4, CO,
BC, OC and SO2 are 1, 25, 1.9, 455, -35 and -76, respectively
(Grieshop et al., 2011; IPCC, 2007; Reynolds and Kandlikar, 2008;
Shindell et al., 2009). For wood fuels, two scenarios in which one
was totally carbon-neutral and one that the fraction of non-
renewable as 0.5 was considered. The real fraction of non-
renewable biomass fuels could vary widely (Grieshop et al., 2011;
Johnson et al., 2009). The calculated median values of daily emis-
sions are used in the estimation of GWC100.

As shown in Fig. 4, the use of wood in gasifier stoves produced
more black carbon (6.37 vs 910 gCO2e/day per capita from coal and
wood use, respectively) and less SO2 (-684 vs -312) that were un-
favorable to control climate warming. However, the effect was
offset by more OC emissions (-15.4 VS -431), lower CH4 emissions
(865 vs 409) and more substantially by reducing the CO2 emission.
The total GWC100 would decrease from 1.27 � 104 gCO2e/day per



Fig 3. Comparison of PM2.5 and CO emissions on the basis of useful energy delivered from laboratory (Carter et al., 2014; Chen et al., 2016a; Shen et al., 2012a; Jetter et al., 2012) and
field tests (Shen et al., 2015b; and the present study, filled pattern). Wood fuels in these studies were either wood logs or pellets. Stoves had different specific designs, and the term
“gasifier stove” here is only referred as a type of stove, in comparison with rocket stoves and three-stone fire. The overall means (M) with standard deviations (SD) and geometric
means (GM) are calculated and present.
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capita in households burning coal to 5.12 � 103 gCO2e/day per
capita (approximately 60% reduction) if coal use was replaced by
wood burning in gasifier stoves if half of the wood fuels are non-
renewable. If the wood fuels were all renewable, then the GWC100
would reduce to 1.34 � 103 gCO2e/day per capita (decreased by
approximately 90%).
3.3. Household air pollution

3.3.1. Outdoor pollution level
The mass concentrations of TSP and PM2.5 in outdoor air for

homes burning coals were 68 ± 6 and 58 ± 6 mg/m3, respectively,
and were 73 ± 3 and 61 ± 3 mg/m3 for households using wood
gasifier stoves. There were no significant differences in the outdoor



Table 2
Estimated daily emissions of CO2 (kg/day per capita) and measured air pollutants (g/day per capita) from homes burning coal and wood in the study region. EC and OC were
measured in TSP. The results shown are the means, medianwith inter-quartile ranges (R50). Difference in emissions between the coal and wood combustions was also present
by listing the calculated emission ratio (ER).

Coal combustion Wood combustion ER

Mean Median with R50 Mean Median with R50 Mean Median with R50

CO2 11 11 (10-12) 3.8a 3.8 (3.6e3.9) a 2.9a 2.9 (2.6e3.1) a

CO 479 455 (365-564) 221 215 (185-250) 2.3 2.1 (1.6e2.8)
CH4 71 69 (60-80) 31 31 (28-33) 2.3 2.3 (1.9e2.7)
NOx 4.9 4.8 (4.1e5.5) 5.2 5.2 (4.9e5.6) 0.94 0.92 (0.79e1.1)
SO2 9.4 9.0 (7.5e11) 4.2 4.1 (3.6e4.7) 2.3 2.2 (1.8e2.8)
EC 0.015 0.014 (0.011e0.017) 2.0 2.0 (1.8e2.2) 0.075 0.070 (0.055e0.089)
OC 0.45 0.44 (0.39e0.50) 13 12 (9.3e16) 0.040 0.036 (0.026e0.049)
PM2.5 6.4 6.2 (5.3e7.3) 13 13 (11-15) 0.50 0.47 (0.38e0.59)
PM10 9.2 9.0 (7.7e10) 18 18 (15-21) 0.54 0.51 (0.40e0.64)
TSP 17 17 (14-19) 29 29 (25-33) 0.60 0.57 (0.47e0.71)

a Estimated emissions by assuming 50% wood fuels are non-renewable.

Fig 4. Estimated GWC100 of air pollutants emitted from coal and wood combustions.

Fig 5. Daily average concentrations of indoor and outdoor particles with different size
diameters (<0.25, 0.25e1.0, 1.0e2.5 and > 2.5 mm) in homes burning wood and coal.
Data shown are means and standard deviations.
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particle concentrations between these two groups. The particle size
distributions were also similar to one another, and fractions of
particles with diameters between 0.25 and 1.0 mm and >0.25 mm
were dominant (Fig. 5). The mass percentages of submicron PM1.0
in fine PM2.5 were 87% and 90% at homes burning coal and wood,
respectively. The outdoor mass concentrations of EC and OC were
higher from households using wood than the concentrations
measured in homes burning coals. The TC/TSP from the household
burning wood (20 ± 8%) was higher than that of 7.4 ± 1.8% in the
coal-burning homes. Given insignificant differences in PM10 and
PM2.5 emissions but significant differences in EC and OC emissions
between coal and wood combustion for the emission tests (Section
3.1), the differences in outdoor EC and OC levels observed here
confirmed a direct influence of indoor combustions on outdoor air
quality, via the stove outdoor chimney.

Despite of high EC and OC levels in homes burning wood, the
ratio of EC/OC was similar between these two groups (0.14 ± 0.05
and 0.16 ± 0.06 in homes burning wood and coal, respectively).
These EC/OC ratios in outdoor air were higher than the average
ratio of 0.026 measured in emissions from coal stoves, but lower
than the ratio of 0.67 in the wood combustion emission. As
mentioned in the methodology, the outdoor samples were
collected from the yard of each home, and the wood and coal stoves
users are co-located in the same village, the outdoor samples
collected are not only affected by the emissions from their own
homes, but other neighbors in the village using same or different
fuels/stoves. As a result, the EC/OC ratio measured in homes using
coal would be higher in ambient air relative to the ratio measured
in emissions from the coal combustion, due to the mixing of air
with high EC/OC ratios from the wood combustion emissions. Vice
versa, the EC/OC ratio in outdoor air at homes burning wood would
be lower than that measured in the emission samples from wood
burnings.
3.3.2. Indoor pollution level
Indoor concentrations of EC, OC, and particles of different sizes

are also listed in Table 3. In indoor air, again, the fraction of particles
with diameters of �0.25 mm and between 0.25 and 1.0 mm domi-
nated the total fraction compared to the other two size fractions,
similar to that in outdoor air (Fig. 5). The PM1.0/PM2.5 percentages
were 93% and 87% in indoor air at homes burning the coal and the
wood, respectively. Despite of large variations resulting in statisti-
cally insignificant differences, visual interpretation of the data
suggests that the indoor EC and OC concentrations were higher in
wood-burning households than the levels in homes burning coal,
while the indoor concentrations of particles were possibly higher in
households using coal than those using wood (Fig. S2).

Indoor pollution levels can be significantly affected by a variety
of factors like indoor sources and air ventilation conditions.
Generally, the indoor air concentrations are higher than the out-
door air concentrations, and moreover, indoor particle concentra-
tions had much larger variations compared with outdoor air
concentrations. The COVs in indoor PM2.5 were 97% and 29% in



Table 3
Household air pollution levels of EC, OC and particles in households using coal and wood (mg/m3). Data shown are means with standard deviations (std), and geometric means
(GM).

Households burning coals Households burning wood

Outdoor Indoor Outdoor Indoor

Mean ± std GM Mean ± std GM Mean ± std GM Mean ± std GM

EC 0.59 ± 0.18 0.57 1.7 ± 1.6 0.83 2.0 ± 1.1 1.7 3.0 ± 1.8 2.7
OC 4.4 ± 1.1 4.3 12 ± 10 9.1 13 ± 5 115 30 ± 17 26
PM0.25 21 ± 3 21 135 ± 113 106 25 ± 3 25 77 ± 25 74
PM1.0 50 ± 4 50 251 ± 254 184 55 ± 5 55 115 ± 323 112
PM2.5 58 ± 6 58 266 ± 259 199 61 ± 3 61 132 ± 39 128
TSP 68 ± 6 67 311 ± 252 252 73 ± 3 73 178 ± 66 170
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homes using coal and wood stoves, respectively, while the COVs in
outdoor PM2.5 were only 10% and 5%. The indoor/outdoor ratios (I/
O) for EC, OC, PM2.5 and TSP in homes burning coal were 4.1 (1.1e10
as range), 3.3 (1.9e6.0), 4.6 (1.6e12), and 4.5 (1.9e10), respectively,
while for homes burning wood, they were 1.7 (0.93e3.1), 2.5
(0.85e4.4), 2.2 (1.9e3.5), and 2.4 (1.5e4.0), respectively (Fig. S3),
suggesting important contributions from indoor sources. Though
stoves in the present study are equipped with outdoor chimneys,
fugitive emissions may still produce air pollutants entering into the
indoor air directly, even though we did not quantify fugitive
emissions here. Higher indoor OC and EC levels in homes using
wood gasifier stoves, compared to those using coal stoves, also
suggested probably impacts of fugitive emissions from the indoor
combustion. In addition to indoor emissions, ventilation condition
is another important factor affecting indoor air quality. In the
present study, the highest indoor PM2.5 of 721 mg/m3 (24-h daily
average) was in a home in which both the door and windows were
closed all day, while a relatively low concentration of 92 mg/m3 was
found in a house in which the two doors were frequently opened
for neighborhood visitors, based on the self-reported information.
Filter-based measurements were conducted in the present study
which lost the time resolution. Future studies are interesting to
adopt real-time measurements of air pollutants in indoor and
outdoor air. The real-time measurement would provide direct ev-
idences on temporal variations and key influencing factors of
household air pollution.

4. Conclusions

In this study, air pollutant emissions were measured in the field
for coal stoves and wood-gasifier stoves. The potential emission
reduction and impacts on climate change created by replacing coal
stoves with wood gasifier stoves were evaluated. The coal com-
bustion had significantly higher emissions of CO2, CH4, and SO2
compared with the wood combustion; however, the wood com-
bustion in gasifier stoves produced significantly higher emissions of
PM2.5, EC and OC. By compiling data in literature for gasifier stoves,
it is found that currently available dataset is unable to support a
solid conclusion on the difference between wood logs and pellets,
and difference between field and laboratory tests, as many factors
including stove types, fuel properties and testing protocols co-
affect emissions complicatedly. Future studies evaluating the im-
pacts of different behaviors on emissions could shed light on
whether stove and fuel choice are similar in importance to
behavioral differences with respect to variability in emissions.

Field evaluations are critical for clean fuel-stove intervention
programs. By calculating the GWC100, the result reveals that
although the use of wood in gasifier stoves produced more black
carbon (6.37 vs 910 gCO2e/day per capita from coal and wood use)
and less SO2 (-684 vs -312), thus making these stoves unfavorable
towards the control of climate warming, the effect was offset by
more OC emissions (-15.4 VS -431), less CH4 emissions (865 vs 409)
and more substantially by reducing CO2 emissions. The outdoor
particle levels were comparable between the households that were
burning the coal and the wood, and they were dominated by sub-
micron particles with diameters of less than 1.0 mm. High indoor
pollution levels and I/O values suggested potential impacts of
fugitive emissions from the stove combustion on indoor air quality,
besides air ventilation conditions. Future studies on household air
pollution are encouraged to adopt real-time measurements so that
temporal variations and key influencing factors of household air
pollution could be better characterized.
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