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Abstract: Solid fuel cooking stoves have been used as primary energy sources for residential cooking
and heating activities throughout human history. It has been estimated that domestic combustion of
solid fuels makes a considerable contribution to global greenhouse gas (GHG) and pollutant emissions.
The majority of data collected from simulated tests in laboratories does not accurately reflect the
performance of stoves in actual use. This study characterizes in-field emissions of fine particulate
matter (PM; 5), carbon dioxide (CO5), carbon monoxide (CO), methane (CHy), and total non-methane
hydrocarbons (TNMHC) from residential cooking events with various fuel and stove types from
villages in two provinces in China (Tibet and Yunnan) in the Himalayan area. Emissions of PMj 5
and gas-phase pollutant concentrations were measured directly and corresponding emission factors
calculated using the carbon balance approach. Real-time monitoring of indoor PM; 5, COy, and CO
concentrations was conducted simultaneously. Major factors responsible for emission variance among
and between cooking stoves are discussed.

Keywords: solid fuel; cooking stove; field study

1. Introduction

Solid fuel cooking stoves continue to be used and relied upon in many parts of the world.
There are more than two billion people using direct burning of solid fuel as their primary energy
source [1,2], especially in developing countries where cooking stoves primarily burn biomass or coal.
Furthermore, it has been estimated that worldwide domestic combustion of solid fuels from residential
use and small=scale industry contribute approximately 34% of total black carbon (BC) emissions [3].
Biomass has been used directly as a fuel since the harnessing of fire by humans [4], and coal has
been used since the second and third century of the Common Era [5]. Biomass fuels fall at the low
end of the energy ladder and, consequently, require large volumes and mass relative to the energy
delivered. As a result, they often produce a high level of combustion emissions. For household energy
sources, the energy density ladder can be expressed as: dung < crop residues < wood < kerosene <
gas < electricity [6]. Although switching to a higher energy ladder fuel or adopting new technology
like gasification with co-generation provides a cleaner way to acquire energy [7], there are still large

Energies 2019, 12, 1089; doi:10.3390/en12061089 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0003-2115-9005
https://orcid.org/0000-0003-2926-589X
http://dx.doi.org/10.3390/en12061089
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/12/6/1089?type=check_update&version=3

Energies 2019, 12, 1089 2 of 15

populations that use biomass and coal directly as fuel for cooking and heating. Coal has a high energy
density, but also contains substantial levels of dangerous compounds, including sulfur and heavy
metals. The wide-spread use of solid fuel due to human activity results not only in significant emission
contribution to the atmosphere, but also negatively affects indoor air quality and public health.

Unlike other well-studied categories of combustion emission sources such as diesel engines [8-10],
the emission inventory for the residential and small-scale industry sector is rarely investigated.
In particular, depending on the type of fuel, emissions from solid fuel cooking stoves have a
complicated make-up which includes well-mixed greenhouse gases (WMGHG) like carbon dioxide
and methane, pollutants such as carbon monoxide, sulfur dioxide (mostly when coal is used as the
fuel source), hydrocarbons, and particulate matter (PM), as well as small concentrations of volatile
organic compounds [2]. The potential radiative forcing from these complex emissions is still unclear,
especially for particulate matter [11]. This study aims to measure cooking stove emissions while they
are in use to permit more accurate characterization of the potential local and global climate impact
from domestic solid fuel combustion.

Studies of domestic solid fuel combustion emission have been underway for many years,
but due to the limitation of technology deployment, the experimental study of biomass combustion
emissions started only in the late 20th century [6,12-15]. With the help of statistical models, historical
emissions data are available for major species including methane, carbon monoxide, nitrogen oxides,
total and specialized non-methane volatile organic compounds (NMVOCs), ammonia, organic
carbon, black carbon, and sulfur dioxide [16]. Unfortunately, the complexity and dispersivity of
the emission sources means that the model study does not provide estimates with high accuracy and
precision. In particular, several studies indicated that models consistently underestimate the carbon
monoxide [17-21] and black carbon contributions resulting from biomass cooking stoves” use [22].

Controlled laboratory measurements of solid fuel cooking stoves have been made by many
groups [23-26]. The widely-used testing protocol includes the water boiling test (WBT) and kitchen
performance test (KPT). However, it has not been well-demonstrated that current testing protocols
represent the actual everyday cooking and heating activities in homes, and there is still a lack of a
confirmed explanation regarding the difference between laboratory and in-field measurements [27].
The actual emissions from household cooking stoves depend on several variables including: stove type,
fuel type, food type, and the behavior of the cooks cooking the food. Laboratory experiments with
uniformity and repeatability are not similar to everyday cooking and heating activities and, therefore,
may not reflect the in-home conditions, nor the unavoidable variation of resident stove activities.
This situation leads to highly uncertain in-field data [28].

Compared with laboratory experiment studies, in-field measurement has significant challenges in
producing high-quality field data. For example, since most of the residents who use solid-fuel cooking
stoves as their primary energy source live in rural areas, it is often hard to access these in-field sites.
Furthermore, rural areas that rely on solid-fuel often have limited, or even no electrical power supply,
which greatly restricts the measurement capabilities [29]. Moreover, taking measurements in homes
is not as straightforward as doing so in a laboratory since the in-field environment is generally in an
active family location. Local coordination plays an important role in this process.

2. Methodology

Emission factors of carbon dioxide (CO,), carbon monoxide (CO), methane (CHy), and fine
particles (PM, 5) were measured during normal daily activities using the carbon balance approach.
Real-time monitoring of indoor PMj 5, CO,, and CO concentrations was conducted simultaneously.

2.1. In-Field Sampling

Globally, the emission to the environment from household cooking stoves’ activity largely depends
on the regional population density. The Himalaya Mountains, as one of the largest fresh water resources
in the world, have a population of more than two billion people living on the rivers that originate
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from this source. The high population density in the nearby area leads to a significant contribution of
emissions from domestic residential combustion. Hence, the field sites for this study were selected to
be in two provinces of China (Tibet Autonomous Region and Yunnan Province) that are closest to the
Himalaya Mountain range.

In general, each field campaign lasted for approximately two months with about 6 weeks of
measurement time and 1 or 2 weeks for pre- and post- preparation. The basis for the selection of
households included the ability to measure a variety of region-specific primary and secondary stove
and fuel types. Depending on the given sites, there were also constraints and considerations taken
into account regarding household selection. The campaigns took place during summer of 2012 and
2013 in Tibet and Yunnan, respectively. Thirty eight household samples were collected in the Tibet
measurement and 40 for Yunnan. Figure 1 shows the geographical location of the field sites.
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Figure 1. The geographical location of our field sites.

2.1.1. Tibet, China

The research in Tibet, China, was coordinated through the Institute of Tibetan Plateau Research,
Chinese Academy of Sciences. Due to the limitation of the local environment, two regions, Nam Co
and Linzhi, were chosen as the sites in which to conduct the in-field measurements. Figure 2 shows
the household, stove, and fuel used in Tibet.

Nam Co has an extremely high elevation (approximately 4700 m). Due to the scarcity of plant and
animal sources as biomass, local residents rely on yak dung as their primary fuel. Most of the local
residents lead a traditional nomadic life, with a Tibetan tent as their shelter. The tourist industries being
developed in the Nam Co area absorbed some residents to join the tourism business. As a result of
their more settled living style, these people built fixed or semi-fixed households instead of traditional
tents. There are two types of stoves being used in the Nam Co area: a traditional open fire stove
and an improved chimney stove. The open fire stove is mostly used by nomadic residents, as it has
better portability. All the fixed and semi-fixed households are now using an improved chimney stove.
There was limited availability for household selection. As the population is very sparse in the Nam Co
area, measurements were taken in whatever household could be found.

The Linzhi area has a much lower elevation (approximately 3300 m) compared to Nam Co.
Lower elevation brings richer plant and animal sources. As a result, wood becomes the primary fuel
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for the Linzhi residents. The well-developed agriculture and tourist industry significantly improved
the living condition of local residents. All the residents have well-built houses with well-designed
chimney stoves (different from the ones in Nam Co). As there is a uniformity of households, stoves,
and fuel type, the selection of participating households in the Linzhi area was mostly based on regional
considerations. All the measured households in the Linzhi area were located in the two villages that
are close to the Linzhi Research Station, Chinese Academy of Sciences.

Figure 2. The household, stove, and fuel in Tibet (top left: Tibetan tent in Nam Co; top middle:
chimney stove; top right: household in Linzhi; bottom left: open fire stove in Nam Co; bottom middle:
household in Nam Co; bottom right: yak dung).

The sampling system contained two sampling trains: one for cooking stove emission and the other
for background monitoring. Starting with the probe, the emission sample traveled through a length
(depending on the stove, typically around 2 m) of conductive tubing where it entered the sample
train. The particle loss through 3 meters of this tubing was measured at about 2% by the University of
Illinois Urbana-Champaign (UIUC) field sampling team [30]. A dilution pump was utilized to avoid
instrument saturation and also to reflect natural dilution of chimney emissions. A cyclone separator cut
off particles larger than 2.5 pm at a fixed flow rate (1.5 L/min). The first branch of the train collected
elemental carbon (EC), organic carbon (OC), and gas samples. The EC/OC sample were collected with
a 47-mm quartz filter. The gas sample was collected with a 200-L Kynar bag. The sampling duration
generally started from breakfast cooking to the end of dinner cooking. However, Tibetan residences
do not hold a regular cooking schedule as people from most of the other places due to their nomadic
tradition. On the other hand, being constrained to this logistical limitation, in this case, the sampling
event started around mid-morning and lasted approximately 7 h. The flow rate was constrained at
0.2 L/min with an SKC pocket sampling pump to collect all the gas with the 200-L bag. The second
branch included one 37-mm PTEFE filter and one 47-mm quartz filter to collect PM samples and EC/OC
in the gas phase. The filtered gas traveled through a TSI Q-Trak 7575 CO/CO, monitor and Drager
PAC 7000 monitor with a SO; sensor to acquire real-time CO, COy, and SO, information. The flow
rate for the second branch was initially set at about 0.2 L/min. The third branch was for a DustTrak
real-time aerosol monitor. The flow rate was set at 1.1 L/min to satisfy the 1.5-L/min requirement of
the cyclone.



Energies 2019, 12, 1089 50f 15

2.1.2. Yunnan, China

The study in Yunnan province was in cooperation with the Center for Disease Control and
Prevention (CDC) of Qujing City. Yunnan is a rich coal province with mild climate, which brings
an abundance of forestry and agricultural resources (elevation: approximately 2000 m). As a result,
residents in Yunnan province have various fuels to choose from: coal, wood, corn, pine needles,
and agricultural residue. However, people mostly use wood, corn, pine needles, or other biomass fuel
to start the fire and then use coal to keep the stove burning (Figure 3). Hence, coal is considered as the
primary fuel in Yunnan province, and covering all of the mainstream coal types (e.g., gas fat, smoky,
coking, and smokeless) was the main consideration while selecting participating households.

The stove usage situation in Yunnan province is quite different from the other sites. As Yunnan
province is relatively developed compared with Tibet, there are well-constructed electricity grids in this
area, which provide local residents reliable and affordable power sources. As a result, many residents
in the village switched to electric stoves (induction cooktop) for their primary cooking. Solid fuel
stoves are still widely used for heating during the cold weather season (especially for the elderly) and
preparing food for animals (electric stoves are not large enough for this task).

The solid fuel cooking stoves used in Yunnan generally are one of three different types: high stove,
low stove, and portable stove (Figure 3). The high stove is a chimney stove, which is mainly used for
cooking (before the electric stove became popular); the current low stove has a similar design to the
high stove, but it sits lower to the ground level, which makes it a good floor heater. The portable stove
is popular in villages, especially among seniors, as it is good for heating and easy to carry around.

Figure 3. The stove and fuel in Yunnan (top left: high stove; top middle: portable stove; top right: low

stove, bottom left: coal, bottom right: corn).
2.2. The Carbon Balance Method

The measurement and analysis relied on the carbon balance method [31], which is commonly
used for biomass combustion emission studies [32]. This method calculates the emission factor
based on the carbon processed during fuel consumption and the ratio between pollutants in the
exhaust gas [2,29]. In order to achieve a representative measurement, the sample is taken after the
plume is well-mixed [23]. A prior study indicated that emissions take less than 2.5 s to reach phase
equilibrium [33]. In our setup for open-fire stoves, the sample probe was located about 1 m above
the stove, which left 34 s for the plume to mix before reaching the probe. For the chimney stove
measurements, as the length of the chimney was mostly more than 2 m long and the flow inside
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the chimney was turbulent (Re > 4000) [23], we assumed the emissions were well-mixed within the
chimneys, and we collected our sample from the chimney outlet.

2.3. Post-Measurement Analysis

The post-measurement analysis included gravimetric analysis for the PM, 5 sample (PTFE filter)
and gas chromatography analysis for the gas sample. The analysis of the EC/OC (quartz filter analysis)
was conducted by collaborators in the UIUC group using a Sunset Laboratory OC/EC analyzer
(thermal optical transmittance method) [34].

2.3.1. Gravimetric Analysis

Gravimetric analysis was applied to the PTFE filters collected from field measurements. Before
heading to the field, the PTFE filters were weighed and sealed (pre-weights). A post-weight was
conducted after the measurement in the field with the PM sample collected on the filter. With the
recorded flow information and the weight difference between pre- and post-analysis, the PM; 5
emission was calculated.

2.3.2. Gas Chromatography Analysis

Gas chromatography analysis was applied to the collected gas sample to investigate the
concentration for interesting gas species, which include carbon dioxide, carbon monoxide, methane,
and total hydrocarbon (THC). The detection of carbon dioxide and carbon monoxide were achieved
with a flame ionization detector (FID) plus nickel catalyst methanizer (SRI Instruments, USA). The THC
analysis was accomplished using a blank column plus FID. This approach takes advantage of the fact
that the FID responds only to hydrocarbons [12]. External standardization was selected to calibrate the
GC analysis. Calibration gases with known concentrations of target gas species were used to generate
the calibration curve.

3. Results

The finalized database included emission factors for: carbon dioxide, carbon monoxide, methane,
and PM; 5 for each sample from the field sites. The emission factors were calculated with the carbon
balance method. Modified combustion efficiency (MCE) was defined as the ratio between carbon in the
form of carbon dioxide to that in the form of carbon dioxide plus that in the form of carbon monoxide.
MCE is commonly used as an approximation of nominal combustion efficiency. Since most of the
carbon emissions are in form of CO; and CO, MCE provides a robust approximation to the normalized
combustion efficiency (NCE) [12].

[COy]

MCE = 156,77 [co]

)

3.1. Tibet

Table 1 provides the summary of the Tibet measurement. Thirty eight valid samples were collected:
28 samples from Nam Co and 12 from Linzhi. There were two small-scale industry measurements
conducted in Nam Co. Both were small restaurants with exactly the same type of stoves used in local
households.

The sparse population and limited transportation capability restricted the sampling time in each
household. Tibet testing time was limited to around 6 h. Figure 4 shows a examples of the real-time
pollutant concentration in Nam Co and Linzhi. The emission pattern from Tibet did not show obvious
cooking events. This difference was attributed to the lifestyle of Tibetan residents and the desire for
space heating for the stove. Particularly, in the Nam Co area, the nomadic life does not have a regular
daily meal schedule (breakfast, lunch, snack, and dinner). As shown in Figure 4, the daytime stove
activity in Tibet did not give obvious patterns representing regular cooking events. The cold weather
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in these high altitude regions encourages local residents to use cooking stoves for heating purposes, as
well. The statistical summary for the Tibet measurements is shown in Table 2.

Table 1. Tibet household summary.

Location Residence Type Stove Type Fuel Type Measurement # of Samples
Nam Co Tent Open fire  Yak dung 1-Day 4
Tent Chimney  Yak dung 1-Day 4
Prefab house Chimney  Yak dung 1-Day 12
Stone house Chimney Yak dung 1-Day 6
SSI Chimney  Yak dung 1-Day 2
Linzhi Garret Chimney Wood 3-Day 4
Garret Chimney Wood 1-Day 8
Total 38
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Figure 4. Typical real-time emission in Tibet, top: Nam Co; bottom: Linzhi.
Table 2. Statistical summary for the Tibet measurement.
Sample MCE (%) EF CO, EF CO EF PM; 5 EF CH,
Amount ¢ (g/kg Fuel) (g/kg Fuel)  (g/kg Fuel) (g/kg Fuel)
Dung, open fire 3 730475 12988+1483 3031+808 185+102 324+7
stove in tent
Dung, chimney 2 902471 15904 £1763 10714764 26426  58+16
stove in tent
Dung, chimney 15 914+18 163244381  96+£20  147+41  22+46
stove in house
Wood, chimney 5 g1 35 12829+644 15074315 186438 98+13
stove in house
All dung 22 88.6 +£ 2.1 1579 + 41.5 127.7 £ 232 163 +£3.6 241 +3.8
All household 35 86.6 2.0 1451.6 £449 1378+196 17327 16.7 £25
All SSI 2 89.1+46 1587.5+975 1226+£515 161+77 46.1 £5.7
Overall 37 86.7+ 19 1459 + 429 137 £ 18.6 172 £ 2.6 183 £2.6
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3.2. Yunnan

Table 3 shows the summary of the Yunnan measurements. The Yunnan measurement set contained
40 valid samples from two counties with 10 villages. The household types in Yunnan are uniform,
while stove type varies.

Table 3. Yunnan household summary.

Location Residence Type Stove Type Fuel Type Measurement # of Samples

Fuyuan House High stove Coal 1-Day 13
House High stove Coal 3-Day 2

House Portable stove Coal 1-Day 5

House Portable stove Coal 3-Day 1

House Low stove Coal 1-Day 1

Xuanwei House High stove Coal 1-Day 7
House High stove Coal 3-Day 1

House Portable stove Coal 1-Day 8

House Portable stove Coal 3-Day 1

House Low stove Coal 1-Day 1

Total 40

Figure 5 shows an example of the pollutant concentration throughout the day. The two major
peak emission event groups indicated the traditional breakfast and lunch event in a Chinese village.
The dinner cooking event, which usually happens at approximately 18:00, could not be monitored due
to local collaborator unavailability. The smaller peak at around 15:00 was normally caused by water
boiling or a snack event. As corn is often used as the stove starter, the moisture content in it generated
a large amount of smoke at the starting stage of each cooking event; this process showed a strong
PMj 5 peak concentration at the beginning of every cooking event, while the concentration of CO and
CO, did not have the same behavior.
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Figure 5. Typical real-time emission pattern for CO,, CO, and PM; 5 in Yunnan.

Table 4 is the summary for the Yunnan dataset. As previously mentioned, mixed fuel usage is very
popular in Yunnan. The native definition of the emission factor determined that it was very sensitive
to fuel consumption [15]. Thus, it is important to separate when using agricultural residue as a lighter
only and using coal as the major energy source and using both agricultural residue and coal as the
energy source. Based on observations in the field, the threshold value of 2 kg of agricultural residue
consumption was selected as the criteria of whether a household was using agricultural residue as a
lighter only. In the case of more than 2 kg of agricultural residue consumed, the emission factors were
calculated based on the weight of total fuel (coal plus agricultural residue). In the other case, only coal
consumption was considered in the emission factor calculation.
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Table 4. Statistical summary for the Yunnan measurement.

Sample  MCE EF CO, EF CO EF PMy5 EF CH,
Amount (%) (g/kg Fuel) (g/kg Fuel) (g/kg Fuel) (g/kg Fuel)
H‘*‘ﬂ;ﬁ’;’: m 15 827 +27 1528366 &+ 174458 194982 + 30.674 165854349  83.584 + 17.85
P"“anul;s;‘I’l"e m 6 871431 1973451 £217.36  199.102 + 60.626  12.052 £2.311  106.308 = 24.3
Low stove in 1 85.2 1379.019 152.8224 32.09369 89.74726
Fuyuan
High stove in 9 858+ 1.4 1573.745 +251.195 172.03 + 34978  21.757 +8.609  61.563 + 11.245
Xuanwei
P"“;E’lg"'n;tf‘;‘i’e m 11 8824 0.7 1457.356 + 269.818 125.194 + 25393  13.323 + 4251  88.588 + 20.922
Low stove in 1 89.7 2437.381 178.345 2360746 54.69838
Xuanwei
Overall
Fuyuan 2 840+21 1642964 4+ 13747 194189 +25.892  16.054 +2.58  90.061 + 13.71
Overall
i 21 872+ 0.7 1553.905 4 178.872 147.798 +20.169  16.415 +4.332 75392 + 12.083
Xuanwei
Overall
) 24 838+ 1.8 1545383 + 140.819 186375 +22.867 18525+ 3817 75326 + 11.943
high stove
Overall 17 878+ 1.1 1639.507 + 196.098 151.279 +27.279  12.874 4+ 2.814  94.842 + 15.704
portable stove
lfv;’z:zge 2 874423 19082 +529.181 165584 +12.761 17.227 +14.866 72.223 + 17.524
Overall 43 856+ 1.1 159947 +111.006 171533 + 167 1623+ 2.463  82.897 + 9.128

In order to explore the effect from mixing agricultural residue (mostly corn cob) together with
coal, the correlation of modified combustion efficiency with different fuel mixing factors is plotted
in Figure 6. The mixing ratio here is defined as the fraction of coal consumption (kg) in the total fuel
consumption (kg). Modified combustion efficiency, which is essentially a comparison of how much
carbon is emitted in CO; and CO form, was used as the indicator because it is estimated independently
of fuel information. The result in Figure 6 shows that MCE distributed evenly through the whole
fuel mixing ratio range, which implies that the mixing ratio did not have a significant effect on the
stove performance.
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Figure 6. MCE at different fuel mixing ratios.
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4. Discussion

4.1. Efficiency and Emissions

Figure 7 compares the modified combustion efficiency for wood burning cooking stoves between
this study (with uncertainties) and several previous works, including both the water boiling test
and the measurement of actual stove usage. The MCE measured from actual stove use in the field
was consistently lower when compared with those measured from standard water boiling tests.
A comparison for the CO emission factor (Figure 8) gave similar results. The measurements on actual
stove use in homes gave significantly higher CO emission and larger uncertainty than the WBTs.
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Figure 8. The CO emission factor comparison.
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Figure 9 compares the emission parameters from different regions with different fuels within this
study. The MCE results from all regions with all different fuels showed a similar average value.

The CO; emission factor is a good indicator for carbon emission, as most emissions come out in
the form of CO;. As it has been well-addressed, fuel makes a big difference in the carbon emission. One
major reason for this is the carbon density in fuel, which directly affects the emission factor of carbon
compounds. For example, trunk woods normally have a carbon content of about 50%. The carbon
content for coal can be over 90% [35]. Comparing the CO, emission factor for the wood stoves (Tibet)
and coal stoves (Yunnan), the carbon emission from coal stoves was significantly higher (Figure 9).

CO and PM; 5 are the major products of incomplete combustion, and they are closely related
to indoor air quality and residents” health. One challenge for CO and PMj; 5 measurements is the
associated uncertainties, especially for PM; 5. Dung is generally considered as a more “dirty” fuel.
However, the yak dung stove in Nam Co, Tibet, gave lower CO and PMj 5 than the wood stoves in
Linzhi, Tibet. As previously discussed, the stoves in Nam Co, Tibet, due to the harsh environment
(high altitude, cold), are partially used as heating stoves. This difference on “how the stove is used”
may explain this unusual behavior. Among all the field sites in this study, Yunnan coal stoves had the
highest CO and PMj, 5 emission factors. According to the local CDC, the field sites in Yunnan Province,
Fuyuan and Xuanwei Counties, all have a high occurrence of lung cancer.

(@) (b)

0.8

z
0.6 >
=
3] k:}
= TR
0.4+ ﬁ
Q
O
0.2 4
0.0 -
Nam Co Linzhi ‘Yunnan Yunnan Nam Co Linzhi Yunnan Yunnan
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(© I COEF (d) [ PM2.5 EF

PM2.5 EF (glkg fuel)

Nam Co Linzhi Yunnan Yunnan Nam Co Linzhi Yunnan Yunnan
Yak dung wood coal mix Yak dung wood coal mix

Figure 9. Comparison of emission parameters between sites and fuels: (a) Modified combustion
efficiency (MCE); (b) Emission factor for COy; (c) Emission factor for CO; (d) Emission factor for PM; 5.

4.2. Carbon Particulate Emission

EC/OC particulate measurements are inherently noisier than gas measurements and total
particulate measurements because they are often less uniformly mixed at the sampling zone
(the complete mixing into the atmosphere occurs over a longer time). Sample numbers of EC and
OC were also much smaller than for the other species. Nevertheless, the EC/OC data are a critical



Energies 2019, 12, 1089

12 0f 15

component of the uncertainty in climate forcing, so it is important to include even the limited validated

data obtained. The summary of EC and OC measurement is shown in Table 5.

Table 5. Summary of elemental carbon and organic carbon results.

Location Fuel Sample Amount EF EC (g/kg Fuel) EF OC (g/kg Fuel)
Tibet, China  Yak Dung 10 0.25 + 0.05 15.41 + 2.54
Tibet, China Wood 2 0.11 £+ 0.05 16.03 + 14.48

Yunnan, China Coal 16 1.46 +0.47 10.09 £ 2.71
Yunnan, China Mix 18 0.51 +0.17 7.02 +1.26

Figure 10 shows a comparison of EC and OC emission factors through all field sites and fuels.
The coal stoves in Yunnan, China, produced the highest elemental carbon emissions, even considering
its high uncertainty, while other stoves burning agricultural-based fuel had a similar result. A plot of
the EC and OC ratio for the different regions and fuel combinations is shown in Figure 11, as this ratio

is usually of more interest.

(a) Il EF EC (b) [ EF OC
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1.8 30
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D 1.4 3
o21.24 g20- 15.41
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Figure 10. Comparison of carbon particulate emission factor between sites and fuels: (a) Elemental

carbon; (b) Organic carbon.
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Figure 11. Comparison of the EC/OC ratios between sites and fuels.
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Elemental carbon emission relates closely to the carbon content in the fuel: a higher carbon fuel
such as coal produces more EC during the combustion process. From the perspective of combustion
chemistry, the formation of soot, which is mostly elemental carbon, is largely related to the production
of acetylene (CpHy). The agricultural-based fuels (wood, dung, agricultural residue, etc.) essentially
consist of lingo-cellulosic materials, with hydrogen, carbon, and oxygen the dominate elements. In the
combustion process, before soot (EC) is produced, the long carbohydrate polymers (larger C number)
break up into shorter carbohydrates (smaller C number) until acetylene. For a stove that does not burn
fuel completely (which is common for cooking stoves), the decomposition reactions for some molecules
can stop before reaching the acetylene stage. In this case, organic carbon is emitted. Elemental carbon,
on the other hand, means that reactions reach the key soot precursor acetylene, which represents more
complete combustion as compared to high OC emission combustion.

5. Conclusions

A series of in-field emission measurements for solid fuel cooking stoves has been conducted.
Emission factors for major compounds, including CO,, CO, PM;5, CH4, and elemental and
organic carbon, with their statistical uncertainties were calculated using the carbon balance method.
The acquired emission database fills in the inventory for residential cooking stoves’ emission in the
corresponding regions. These unique data from in-field measurements showed the real variability
of cooking stove use and caution against simple methods to incorporate cooking stove emissions in
global climate models. The results show clearly that in average, real-life cooking, stove use emits more
than occurs under laboratory and controlled conditions.

The result from these field measurements show that fuel type is a critical variable in cooking
stove performance. However, the effect of stove activity, such as the fluctuation during the combustion
process, and the start and stop stages, should be considered in modeling and designing controlled
laboratory experiments.
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