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Abstract: Biomass combustion results in the emission of substantial amounts of carbonaceous aerosols.
Here, we report the emission characteristics of organic carbon (OC) and elemental carbon (EC) from
biofuel combustion according to field measurements in rural households in Guizhou Province, China.
The average emission factor of OC was 0.57 ± 0.16 g kg−1 for firewood burning, which was lower than
that for crop straw burning. The average emission factor of EC was 1.1 ± 0.63 g kg−1 for firewood
burning, which was higher than most crop straw burning, including corn (0.68 ± 0.29 g kg−1), rice
(0.48 ± 0.40 g kg−1), and soybean (0.17 ± 0.21 g kg−1). The average OC/EC ratios from crop straw
burning were high, 14.2 for rice straw burning, 11.7 for soybean straw burning, 5.1 for corn straw
burning, and 2.8 for pepper straw burning. The average OC/EC ratio of firewood was the lowest at
0.54. In 2019, the estimated emissions of OC and EC from residential biomass fuel combustion in
Guizhou Province were 3.6 and 5.6 Gg, respectively. Firewood burning was the primary contributor
to total residential biofuel OC (≈81%) and EC (≈97%) emissions. High-emission areas included
Tongren, Qiandongnan, and Qiannan.

Keywords: emission factor; emissions inventory; residential biomass burning

1. Introduction

Biomass burning is an important source of particulate matter (PM) in the tropo-
sphere [1] and contributes to approximately 74% and 42% of primary organic carbon (OC)
and black carbon (BC) emissions globally, respectively [2]. OC contains a multitude of
organic compounds, some of which are carcinogenic and mutagenic, while others disturb
radiative forcing by scattering or absorbing solar radiation [3]. BC, or elemental carbon
(EC), is strongly absorptive to solar radiation and is, therefore, an important contributor to
global warming [4]. The BC emitted from biomass fuel combustion in China was estimated
to be approximately 512 Gg in 1995, comprising around 38% of total national emissions [5].
Biomass burning emissions can significantly affect air quality and are a major source of PM
and an absorber of solar radiation. Many changes in atmospheric absorption and radiation
balance have been indicated that could affect rainfall patterns [6], which in turn could
potentially lead to increased intensity and frequency of droughts and floods [7]. Therefore,
an accurate estimation of OC and EC emissions from biomass fuel in China is important for
assessing a range of environmental impacts, including air quality, atmospheric chemistry,
and public health from regional to global scales.

Guizhou is an underdeveloped province in southwest China, with the fourth-lowest
gross domestic product (GDP) per capita in China as of 2020. Guizhou Province lies on the
eastern border of the Yungui Plateau and is enriched with forest resources. Demographi-
cally, this region is one of the most diverse provinces in China; ethnic minorities account
for more than 37% of the local population, including sizable Miao, Bouyei, Dong, Tujia, and
Yi populations. Firewood and crop residue biomass dominate the rural energy supply in
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Guizhou Province [8,9]. Wang et al. (2010) [10] found that firewood combustion produced
the most serious indoor air pollution in rural homes in Guizhou Province, with the high-
est concentrations of particulate matter (218–417 µg m−3 of PM10 and 201–304 µg m−3 of
PM2.5) compared to emissions from coal and biogas fuel combustion. OC and EC emis-
sions from biomass burning significantly contributed to indoor and outdoor air pollution,
leading to adverse health effects [11,12]. Therefore, it is necessary to determine emission
characteristics to guide emissions reduction efforts.

Emission inventory is an important tool for identifying the source of pollutants and
quantifying pollution loading in a particular area. Real-world OC and EC emission factors
and information on local-scale biomass activity (i.e., the biomass fuel loading data) are two
of the most important parameters for emission estimation. Measurements have shown a
wide range of OC and EC emission factors using residential stoves with diverse burning
conditions in China [13–15]. Residential biomass is a non-commercial energy source that
requires household-scale surveys. However, few studies have conducted field measure-
ments or household surveys in Guizhou Province. Broader-scale emission factors and
unconfirmed biomass activity information have been used to estimate the total residential
biomass emissions in Guizhou Province in 2006 [16] and 2003–2014 [17]. However, due to
the lack of real-world emission factors and information about biomass composition and
consumption, inventories are subject to large uncertainties.

On the basis of the survey responses in our study, Guizhou Province was found
to have high rates of residential firewood and straw consumption of approximately
503 × 104 tonnes and 13 tonnes per year, respectively. Biomass burning may contribute
significantly to ambient particulate pollution, yet emission characteristics and relative
contribution of biomass burning remain poorly understood. In our study, OC and EC
emissions from biomass burning in Guizhou Province were measured and analysed to
address current data gaps in residential emission factors in China. Moreover, a bottom-up
inventory of OC and EC emissions from rural residential biomass consumption was de-
veloped, and the geographical distribution of OC and EC emissions throughout Guizhou
Province was revealed.

2. Methods
2.1. Biomass Fuel Consumption in Guizhou Province

As shown in Figure 1, Guizhou Province consists of six cities—Zunyi, Tongren, Bijie,
Guiyang, Liupanshui, and Anshun, and three autonomous counties—Qiannan (Qiannan
Buyei and Miao Autonomous Prefecture), Qiandongnan (Qiandongnan Miao and Dong
Autonomous Prefecture), and Qianxinan (Qianxinan Buyei and Miao Autonomous Pre-
fecture). The minority ethnic groups in these areas mainly live in the three autonomous
counties. The largest city and the capital of Guizhou is Guiyang, which is located in the
centre of the province. Guizhou has a humid, subtropical climate with an annual average
temperature of approximately 10–20 ◦C and temperatures ranging from 1 to 10 ◦C and
17 to 28 ◦C in January and July, respectively.

Firewood and crop residue burning is common in both rural and peri-urban areas. It
was found in the 2019 survey of our study that firewood was the main source of energy for
cooking and heating, with firewood consumption reaching approximately 503 × 104 tonnes
per year, which accounted for an average of 98% of the total biomass burning (approxi-
mately 516 × 104 tonnes) in Guizhou Province. Some families also used crop residue straw
from rice, pepper, soybean, corn, wheat, sorghum, and rapeseed cultivation. The amount
of crop straw consumed in the province was approximately 13 tonnes per year.
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Figure 1. Map of Guizhou Province, China.

2.2. Stove Testing

Biomass burning tests were conducted in a rural area of Guiyang using a standard
residential stove. The system consisted of the following five main parts: a brand-new
residential stove (modern popular firewood stove), an exhaust tube, a dilution tunnel (ZDA-
PDSI-02P), a residence chamber, and a particle-sampling system (Figure 2). The exhaust
tube was made of stainless steel, and the dilution tunnel and residence chamber were made
of aluminium. Smoke emitted from the residential stove was collected by a stainless-steel
tube with bypass flow before going through the dilution tunnel and gradual cooling. The
residence chamber had a volume of 33 L, which required air flow for approximately 10–90 s
prior to particulate sampling. The temperature in the residence chamber did not exceed
40 ◦C.
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Figure 2. Sketch of the diluting and sampling system.

The ignition method and size of the fuel batches are two factors that influence pollutant
emissions. In our study, ignition was performed by igniting small amount of wood pieces
(or biomass straw) placed on a paper to create a small glowing bed (the scout method).
Then, the combustion chamber was filled with a fuel batch, and the combustion process
then approached a relatively stable phase, during which samples were collected.

For a fixed amount of biomass burning, extra feeding times paired with smaller fuel
batches produced lesser emissions than those with fewer feeding times paired with larger
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fuel batches. In addition, it is likely a common practice to change the size of the fuel batches
according to the actual heat load. The measurement program was designed to include tests
at high- (500 g fuel per batch) and low (250 g fuel per batch)-load combustion, representing
smouldering and flaming, respectively. High-load tests were performed with one large
(500 g) biomass batch, which was stacked vertically in an oven, and the combustion air
inlets were kept fully open. Feeding the entire batch of biomass at one time was thought to
lead to a shortage of combustion air, which in turn led to higher emissions over relatively
short time periods. Low-load tests were performed using two separate biomass batches,
and the combustion air inlets were kept fully open. One batch of biomass (250 g) was
stacked horizontally in the oven, which provided sufficient combustion air, leading to
lower emissions. The operation of stoves at both high- and low-load biomass is common in
rural areas, depending on the preferences of individual operators.

The modified combustion efficiency (MCE) [18,19], defined as MCE =∆CCO2/(∆CCO2
+ ∆CCO), was investigated on a real-time basis during the combustion tests to describe the
relative amounts of flaming and smouldering combustion. In laboratory studies, Yokelson
et al. (1996) [20] found that pure flaming combustion had an MCE of 0.99, and pure
smouldering combustion had an MCE of 0.8. Therefore, an MCE < 0.9 indicates more
than 50% smouldering combustion, and an MCE > 0.9 indicates more than 50% flaming
combustion. In our study, the average MCE measured on a real-time basis showed that
both low-load (250 g per batch) biomass and high-load (500 g per batch) biomass tests were
often dominated by flaming combustion, with 99% of MCE values > 0.99. Moreover, the
difference was not statistically significant (t-test, p > 0.05) for the emission factors under
both high- and low-load biomass burning; thus, the emission factors were calculated from
all the combustion tests to calculate the amount of flaming combustion.

2.3. Sample Collection, Pre-Treatment, and Chemical Analysis

The test materials, including firewood and crop straw from rice, pepper, soybean, and
corn, were collected from local families in the suburban of Guiyang in January 2021. Wheat,
sorghum, and rape straw were not tested because their total consumption was quite low,
accounting for 0.3% of the total biomass consumption. Firewood and crop straw produced
during the harvesting season were laid in layers in the yards of local families and were air-
dried naturally before collection. The crop straw was loosely packed in polyethylene-lined
cardboard boxes and was sent to the laboratory in Guiyang. Firewood and crop straw were
cut to 10–15 cm lengths.

To simulate all possible kinds of user practices, parts of the samples were processed
into air-dried and oven-dried biomass, in addition to standard biomass. Samples without
extra processing were standard biomass stored at ambient temperature and humidity until
burned. Air-dried samples were further dried with an air-conditioner in the laboratory.
Parts of the samples were dried in an oven at 65 ◦C for 4 h to produce extremely dry
biomass. The moisture content of the tested materials ranged from approximately 3.7 to
15.7% for firewood, 4.7 to 20.7% for pepper straw, 6.4 to 15.4% for rice straw, 5.7 to 16.3% for
soybean straw, and 5.3 to 17.0% for corn straw (Table 1). A total of 364 tests were conducted
between January and June 2021, consisting of 8 standard samples, 8 air-dried samples, and 8
oven-dried samples for each biomass category. A total of 346 valid responses were obtained.
Standard biomasses were widely used in the surveyed residences, and therefore the results
of standard fuel were mainly discussed in our study. The air-dried and oven-dried samples
was only used to take comparisons.
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Table 1. Biomass moisture content * for standard biomass, air-dried biomass, and oven-dried biomass.

Moisture Content (%) Firewood Pepper Straw Rice Straw Soybean Straw Corn Straw

Standard fuel 15.7 20.7 15.4 16.3 17.0
Air-dried fuel 8.9 4.7 7.9 7.0 10.2

Oven-dried fuel 3.7 4.9 6.4 5.7 5.3
* The detection method followed the National Committee on Forest Biomass Materials of Standard and Technology
(GB/T36055-2018) [21].

The PM2.5 in the smoke from the burning tests was sampled from the isokinetic
sampling holes of the residence chamber at a volumetric flow rate of 16.7 L min−1. PM2.5
samples were collected using four parallel cyclones (URG Inc., Chapel Hill, NC, USA). The
four PM2.5 channels used two 47 mm quartz fibre filters (Whatman Inc. Maidstone, UK),
which collected samples for OC and EC emission analysis. Two 47 mm Teflon membrane
filters were used for weight and elemental analysis.

OC, EC, and eight carbon fractions were analysed using a desert research institute
(DRI) Model 2015 carbon analyser on the basis of the thermal/optical reflectance carbon
analysis method following the Interagency Monitoring of Protected Visual Environments_A
(IMPROVE_A) protocol [22] on quartz fibre filters. This relies on the fact that OC is
volatilised from the sample deposit in a helium (He) atmosphere at low temperature,
while EC is not consumed. The IMPROVE_A protocol involves heating the samples
(0.526 cm2 per punch) stepwise at temperatures of 140 ◦C (OC1), 280 ◦C (OC2), 480 ◦C
(OC3), and 580 ◦C (OC4) in a non-oxidising He atmosphere, and 580 ◦C (EC1), 740 ◦C
(EC2), and 840 ◦C (EC3) in an oxidising atmosphere with 2% oxygen (O2) in He. The carbon
evolved was oxidised to carbon dioxide (CO2) and then reduced to methane (CH4) for
quantification using a flame ionisation detector. The pyrolysis of OC on the filters was
continuously monitored using a helium–neon (He-Ne) laser at a wavelength of 632.8 nm.
The laser signal dipped as charring progresses. The OP fraction was the carbon evolved
upon switching to the oxidizing atmosphere when the laser signal returned to its initial
value. OC was defined as the portion of carbon that evolved before the temperature at
which the filter reflectance resumed the initial level, whereas the carbon that evolved
above this temperature was defined as EC. The method detection limit (MDL) of the
carbon combustion methods was 0.82 µg cm−2 for OC, 0.19 µg cm−2 for EC, and 0.93 µg
cm−2 for total carbon (i.e., the sum of OC and EC). All the samples in this study had
concentrations higher than the MDL. Replicate analyses were performed for about 10%
of the samples. Approximately 5% of the field blanks were collected to subtract passive
adsorption/deposition and error propagation.

2.4. Emission Factors

Emission factors for biomass burning of firewood and crop straw were obtained by
dividing the mass of emissions by the mass of the fuel consumed, in g kg−1 [23,24]. Because
dilution chambers were used, the emission factors were compiled using the dilution ratio
(DR), as follows:

EFi,j =
mi
∆m

× Q0

Qt
× DR1 × DR2 (1)

where EFi,j is the emission factor of pollutant i emitted from biomass j; ∆m is the mass of
burned fuel; mi is the collected mass of emitted pollutant i; DR1 and DR2 are the dilution
ratios in the first and second dilution tunnels, respectively; Qt is the collected volume
during sampling time t; and Q0 is the flow rate in the first tunnel.
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2.5. Emissions Inventory

The biomass burning emissions inventory was established at the city or county level
by multiplying specific EFi,j with the corresponding activity data (Mn,j); for example, the
mass of each type of crop straw burned in a city or county is as follows:

En,i =
n

∑
j

10−3 × Mn,j × EFi,j (2)

where En,i is the amount of pollutant i emitted annually from residential biomass burning
in city or county n in tonnes; Mn,j is the mass of biomass j burned in the residence in city or
county n in tonnes; and EFi,j is the corresponding emission factor of biomass j for pollutant
i in g kg−1.

2.6. Activity Data (Mn,j)

Because no official statistics on the consumption of crop straw and firewood have
been reported for Guizhou Province, the preferred method for determining the activity
data (Mn,j) was to collect specific and localised information. Thus, household surveys
were carried out in 2019 in three cities (Tongren, Guiyang, and Anshun) and two counties
(Qiandongnan and Qiannan). The total numbers of surveyed households were 9497,
92,538, 20,237, 4463, and 3995 for Tongren, Qiandongnan, Guiyang, Qiannan, and Anshun,
respectively. Approximately 56% and 51% of the surveyed households used biomass in
Qiannan and Qiandongnan, respectively, which were the highest in the five investigated
locations, followed by Tongren (≈36%), Anshun (≈20%), and Guiyang (≈13%). Due
to limited human resources, the field survey could not be performed in the remaining
three cities (Zunyi, Bijie, and Liupanshui) and one county (Qianxinan); in these cases, the
estimated data from neighbouring cities/counties were used. The survey included the
mass of biomass burned per household, the proportion of households that used biomass
as fuel, and the number of households that used biomass as biofuel. The activity data (or
biomass consumption data), Mn,j, was calculated as follows:

Mn,j = Bn,j × Rn,j × Pn (3)

where Bn,j is the mass of biomass j burned per household in a city or county n, Rn,j is the
proportion of households that use biomass j as fuel in a city or country n, and Pn is the
number of households in a city or county n. The values of Bn,j and Rn,j in Equation (3) were
obtained from the household surveys conducted in 2019.

3. Results and Discussion
3.1. Emission Factors of Total Carbonaceous Aerosols for Residential Biomass Burning

Standard fuel without any processing was widely used in the surveyed residences.
The emission factors of TC (the sum of OC and EC) from crop residue burning varied
widely depending on crop categories (Table 2 and Figure 3). Rice straw burning had
the highest TC emission factor of 7.3 ± 5.8 g kg−1. The average TC emission factor was
6.9 ± 3.8 g kg−1 for pepper straw burning, 4.1 ± 3.0 g kg−1 for corn straw burning, and
2.2 ± 2.6 g kg−1 for soybean straw burning. Emissions from all types of crop residue
burning were characterised by a high proportion of OC and a low proportion of EC. For
instance, OC accounted for approximately 93% of the TC from rice straw burning, 74%
from pepper straw burning, 84% from corn straw burning, and 92% from soybean straw
burning. The average TC emission factor was 1.6 ± 0.75 g kg−1 for firewood, being the
lowest among the biomass fuels. Approximately 65% of the TC from firewood burning was
EC, whereas only 35% was OC.
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Table 2. OC and EC emission factors for residential biomass burning (unit: g kg−1 dry biomass).

Biomass Type OC Emission Factor (g kg−1) EC Emission Factor (g kg−1) OC/EC

Average ±
Standard Deviation Minimum Maximum n Average ±

Standard Deviation Minimum Maximum n

Standard samples *
Firewood 0.57 ± 0.16 0.38 0.92 24 1.1 ± 0.63 0.17 1.8 23 0.54
Pepper straw 5.1± 3.0 1.9 8.8 24 1.8 ± 0.77 0.81 2.9 24 2.8
Soybean straw 2.0± 2.4 0.43 7.4 24 0.17 ± 0.21 0.03 0.68 24 11.7
Rice straw 6.8± 5.4 1.0 16.0 24 0.48 ± 0.40 0.13 1.2 24 14.2
Corn straw 3.4 ± 2.7 0.75 7.7 24 0.68 ± 0.29 0.40 1.4 24 5.1
Air-dried samples
Firewood 0.79 ± 0.12 0.59 0.94 12 1.8 ± 0.54 1.1 2.4 8 0.44
Pepper straw 4.5 ± 2.0 1.8 7.7 24 1.3 ± 0.57 0.63 2.6 24 3.6
Soybean straw 1.6 ± 0.55 0.81 2.5 23 0.18 ± 0.03 0.14 0.26 23 8.9
Rice straw 7.0 ± 5.2 1.5 13.2 24 0.46 ± 0.38 0.14 1.1 24 15.0
Corn straw 3.6 ± 2.2 1.1 6.7 24 0.42 ± 0.14 0.23 0.67 24 8.5
Oven-dried samples
Firewood 0.59 ± 0.13 0.44 1.0 28 1.2 ± 0.52 0.63 2.4 28 0.47
Pepper straw 2.6 ± 1.1 1.5 4.4 24 1.2 ± 0.34 0.61 1.7 24 2.2
Soybean straw 3.5 ± 2.0 1.3 7.7 24 0.47 ± 0.18 0.26 0.88 24 7.5
Rice straw 13.9 ± 12.1 1.2 28.1 24 0.89 ± 0.73 0.11 2.2 24 15.7
Corn straw 4.0 ± 2.7 1.1 7.9 24 0.64 ± 0.21 0.41 1.1 24 6.2

* Unprocessed samples.
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3.2. OC and EC Emission Factors for Residential Biomass Burning

For the crop residue biomass, rice straw exhibited the highest OC emission factor of
6.8 ± 5.4 g kg−1, followed by 5.1 ± 3.0 g kg−1 for pepper straw burning, 3.4 ± 2.7 g kg−1

for corn straw burning, and 2.0 ± 2.4 g kg−1 for soybean straw burning (Figure 3a). The
average OC emission factor was 0.57 ± 0.16 g kg−1 for firewood burning (Figure 3a), which
only accounted for approximately 8–29% of the crop residue burning. Previous studies
have also found that OC emissions from firewood burning were lower than those from
crop residue burning [14,24,25]. The EC average emission factor was 1.1 ± 0.63 g kg−1

for firewood burning (Figure 3a), which is lower than that of pepper straw burning
(1.8 ± 0.77 g kg−1), but higher than that of crop straw burning of corn (0.68 ± 0.29 g kg−1),
rice (0.48 ± 0.40 g kg−1), and soybean (0.17 ± 0.21 g kg−1). Li et al. (2009) [25] also found
that BC emissions from firewood burning (1.49 ± 0.69 g kg−1) were significantly higher
than BC emissions from crop residue burning (0.43 ± 0.32 g kg−1).
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With duplicated conditions, accounting for the mass of biofuel, stove, and ignition
method, the differences in the OC and EC emission factors can be attributed to the different
categories of biomass fuel. Firewood has a higher lignin content and more compact
fibres than crop residues [26,27], and a previous study has shown that high lignin content
increases EC emissions and decreases OC emissions [28]. Indeed, the volatile matter in
firewood with compact fibres is released slowly and burned more thoroughly than crop
residues with loose fibres [28]. As a result, firewood burning generates lower OC emissions.
This is consistent with the lower burning rates and longer burning durations of firewood,
particularly during the ignition stage of the burning cycle and when biofuel was added. As
shown in Figure 3a, with the same mass of biofuels, crop residue biomass (e.g., rice straw,
soybean straw, corn straw, and pepper straw) has higher burning rates (or shorter burning
durations) than firewood (ligneous plants), thereby producing higher OC emission factors.
Therefore, a longer combustion duration led to lower OC emission factors (Figure 3b).

Pyrolysis temperatures also influence the burning process [29,30] and emission charac-
teristics [3]. Han et al. (2022) [31] investigated the OC and EC emission factors from wood
and rice straw burning in the laboratory at different burning temperatures and found that
the emission characteristics of OC varied at different temperatures, while EC was relative
stable. In this study, the burning temperature was recorded for firewood burning; the
median temperature was 371 ◦C, ranging from 191 to 793 ◦C. Mostly, it underwent low-
temperature burning (<600 ◦C), which was in accordance with Han et al. (2022) [31]. The EC
emission factor obtained in this study is comparable to that reported for low-temperature
firewood burning by Han et al. (2022) [31], but the obtained OC emission factors were
lower. This difference in OC emissions might be a result of the fluctuations of prolysis
temperatures in this study. The crop residue straw underwent high-temperature burning
(>600 ◦C) with a median temperature of 683 ◦C ranging from 384 to 838 ◦C. In compari-
son, the OC and EC emission factors for rice straw burning obtained in this study were
higher than those reported for high-temperature burning by Han et al. (2022) [31]. These
differences indicate that biomass combustion is more variable and complex under realistic
conditions than during controlled burning in laboratory experiments at fixed temperatures.

It was noticed that darker samples were collected from firewood burning compared to
those collected from rice straw burning, although the EC emission factors for all types of
biomass fuels were relatively consistent (Figure 3b). It has been recognized that EC has two
fractions, char-EC and soot-EC, which reflect different maturation and formation pathways
affected by fuel composition and combustion temperatures [31]. Char-EC, which is the heat-
labile EC fraction, is preferentially generated in the ignition stage with rapid emissions of
OC through the direct conversion of it, whereas soot-EC, which is the refractory EC fraction,
is preferentially generated during the flaming stage through gas-phase polymerisation
of small molecules generated from the decomposition of OC. Therefore, the colour of
soot-EC is black, while that of char-EC is brown. The ratio of soot-EC to char-EC was
different at different burning temperatures of firewood and rice straw [31], which should
be slightly higher than 1 for firewood burning compared to that between 0.5 and 1 for rice
straw burning in our study. Therefore, the emitted EC was composed of both soot-EC and
char-EC, with soot-EC emitted at higher concentrations from firewood burning, and more
char-EC emitted from rice straw burning. These findings are supported by the fact that
darker samples were collected from firewood burning compared those collected from rice
straw burning.

The OC and EC emission factors were compared to the results from previous studies
on the residential biomass burning. The measured emission factors of OC and EC for rice
straw were similar to those reported by Tian et al. (2017) [32] and Pervez et al. (2019) [33]
for residential rice straw burning in China (7.7 ± 1.3 g kg−1 and 0.52 ± 0.06 g kg−1,
respectively) and in India (4.4 ± 1.3 g kg−1 and 0.60 ± 0.14 g kg−1, respectively). The
emission factors of OC and EC from corn straw burning were also comparable to those
derived from laboratory-controlled burning experiments (4.6 ± 1.9 and 0.21 ± 0.07 g kg−1,
respectively; Wang et al., 2020 [34]), while the OC emission factors were higher than those
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reported by Li et al. (2009) [25], which had an average of 1.93 ± 1.00 g kg−1 and ranged from
0.72 to 3.97 g kg−1. The measured OC and EC emission factors for firewood in our study
were similar to those reported by Shen et al. (2012) [35] for residential wood combustion in
a typical cooking stove (0.60 ± 0.35 and 0.94 ± 0.40 g kg−1 for the pine wood combustion,
respectively). However, some studies [36,37] also found that OC was more prevalent in
synthetic log emissions than EC, which is the opposite to the findings reported in our study.
The difference might be a result of the different burning conditions of the individual tests,
including the different types of biofuel, stoves, and combustion control methods.

Accurate estimation of emission inventories largely depends on reliable emission
factors. Notably, the OC and EC (and BC) emission factors for biofuel stoves adopted in
previous emission inventory studies are typically based on single, assumed OC and EC
emission factors for all regions throughout China. For example, Streets et al. (2003) [38]
assumed that BC and OC emission factors for biofuel combustion were 1.00 and 5.00 g kg−1,
respectively, and Yan et al. (2006) [39] used the emission factors from the database provided
by Andreae and Merlet (2001) [40], i.e., 0.59 ± 0.37 and 4.0 ± 1.2 g kg−1 for BC and OC,
respectively. However, field measurements for different biomass fuels in different regions
have demonstrated large inter-fuel and spatial variations in carbonaceous emission factors
for residential biomass burning, ranging from 0.37 to 15.46 g kg−1 for OC and 0.063 to
3.43 g kg−1 for EC [24,41]. Notably, our field measurements in Guizhou Province provide
more realistic local emission factors because the tested fuels, stoves, and burning cycles
were more representative, and the fuel size and feeding rate were consistent with local
cooking practices.

3.3. OC/EC Ratios and Eight Carbon Fractions from Burning of Different Biomass

OC/EC ratios are believed to be constant for certain emission sources; thus, they are
widely used to apportion primary and secondary sources of OC in ambient air [22,42,43].
In our study, the average OC/EC ratios from firewood were low, averaging approximately
0.54 (Table 2). However, the average OC/EC ratios from crop biomass burning were much
higher, 14.2 for rice straw burning, 11.7 for soybean straw burning, 5.1 for corn straw
burning, and 2.8 for pepper straw burning. The obtained OC and EC emission factors were
in agreement with previously reported values [25,32,35] and can be used as characteristic
values indicating emissions from specific biomass combustion sources in Guizhou Province.

Similar to the OC/EC ratios, the profiles of the eight carbon fractions of TC were
unique among the different sources. The average percentages of the eight carbon fractions
in the biomass burning samples are shown in Figure 4. The profile of the carbon fractions
for rice straw burning was similar to that for corn straw burning, except for a lower EC1.
OC1 was the most abundant organic compound in rice (≈28%) and corn (≈25%) samples,
followed by OC2, OC3, and OC4, showing a high content of volatiles in the chemical
compositions of these fuels. On the other hand, OC3 was the most abundant OC fraction
for soybean straw and pepper straw burning, constituting approximately 23% and 19% of
TC, respectively, which indicated enrichment in non-volatile components. When burning,
soybean straw has higher lignin content (approximately 24.1%) [44] and more compact
fibres relative to corn straw (approximately 17.6%) [26]. The volatile matter in soybean
straw with compact fibres is released slowly and burns more thoroughly than crop residues
with loose fibres. Consequently, soybean straw burning generates less OC1 emissions than
corn straw burning. Distinct differences in carbon fractions were evident between the
samples for firewood burning and the tested crop residue burning. Firewood burning is
characterised by EC1, which is the most abundant carbon fraction. EC1 contributes around
63% of the TC from firewood burning, but only 9–28% for crop residue burning. EC2
and EC3 were negligible in all the samples. Similar to soybean straw, OC3 was the most
abundant OC source for firewood burning because of its high lignin content.
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3.4. Influence of Fuel Moisture Content and Fuel Pre-Treatment

Previous studies have claimed that there is a good correlation between biomass
burning and moisture content [15,34], although this is not universally reported [45]. In this
study, the moisture content of the samples was measured after the pre-treatment (air-dried,
oven-dried, and standard samples), as shown in Table 1. The influence of fuel moisture
content on OC and EC emissions can therefore be compared for five biomass types.

The correlation between fuel moisture content and OC and EC emissions from fire-
wood burning was weak; as shown in Figure 5, OC and EC emissions from standard
firewood samples were low when the moisture was the highest (≈15.7%) (Table 1). Further-
more, emissions from air-dried biomass burning (0.79 ± 0.12 and 1.8 ± 0.54 g kg−1 for OC
and EC, respectively; Table 2) were the highest, approximately 37% and 68% higher than
standard biomass burning (0.57 ± 0.16 and 1.1 ± 0.63 g kg−1 for OC and EC, respectively).
Thus, from the perspective of minimising pollutant emissions, air-drying and oven-drying
appear to be unnecessary in the case of firewood biomass in Guizhou Province.

The use of moist biomass fuel is expected to increase emissions due to inefficient
combustion during the evaporation of moisture [46]. This is supported by the pepper
straw biomass burning, for which the average moisture content was around 20.7% for the
standard samples, which was much higher than those of the air-dried (4.7%) and oven-dried
(4.9%) samples. OC emission values, with an average of 5.1 ± 3.0 g kg−1, were also highest
for the standard samples, followed by those for the air-dried (averaging 4.5 ± 2.0 g kg−1)
and oven-dried (averaging 2.6 ± 1.1 g kg−1) samples. Similarly, the EC emission values
also correspond to the moisture content of the pepper straw biomass samples.

In contrast, a strong negative correlation was found between OC emissions from corn
straw burning and moisture content, with a correlation coefficient (R) of 0.92. Average OC
emission increased from 3.4 ± 2.7 g kg−1 for the standard samples to 3.6 ± 2.2 g kg−1 for
the air-dried samples and 4.0 ± 2.7 g kg−1 for the oven-dried samples. The corresponding
moisture content decreased from ≈17.0% to 10.2% and ≈5.3%. On the other hand, EC
emissions were similar between the standard and oven-dried samples and were higher
than those of the air-dried samples.

Rice straw burning ranked first in the OC emissions (6.8 ± 5.4 g kg−1) among all
the standard crop residue biomass types. The moisture content of the rice straw samples
was around 15.4% for the standard samples, 7.9% for the air-dried samples, and 6.4% for
the oven-dried samples. The OC emissions for the standard samples were comparable to
the emissions from the air-dried (7.0 ± 5.2 g kg−1) rice straw samples, while they were
around 100% lower than the emissions from the oven-dried samples (13.9 ± 12.1 g kg−1).



Atmosphere 2022, 13, 1595 11 of 17

The moisture content of the oven-dried rice straw samples (6.4%) might be too low to be
burnt properly. For example, a previous study concluded that higher OC emissions were
observed when burned with “extra dry” biomass fuel [45]. The oven-dried soybean samples
emitted the highest OC (3.5 ± 2.0 g kg−1), and even the highest EC (0.47 ± 0.18 g kg−1),
and the EC emissions of rice straw showed similar results. According to these results,
the moisture content of biomass fuel should be controlled within an appropriate range to
reduce pollution emissions.
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3.5. Emission Inventory of OC and EC from Residential Biomass Burning

Table 3 shows the residential biomass burning emission inventory of OC and EC
based on the emission factors and the activity data for Guizhou Province in 2019. The
estimated emissions of OC and EC from residential biomass fuel combustion were 3.6 and
5.6 Gg, respectively. Firewood burning was the primary contributor to the total residential
biofuel carbon emissions, accounting for 81% and 97% of the total OC and EC emissions,
respectively, while crop straw burning accounted for around 19% and 3%, respectively. In
comparison, the emission inventories for wheat, sorghum, and rape straw burning were
estimated using the emission factors from a previous study in China [47], the sum of which
only contributed < 2% and 0.4% of OC and EC emissions, respectively.

The uncertainties in OC and EC emission inventories from burning of residential
biomass were quantitatively evaluated through Monte Carlo simulations, which have
been used for this purpose in mass emission inventories [39,48,49]. The probability distri-
butions of biomass consumption and emission factors were assumed to be normal, and
the CVs (logarithmic standard deviation divides by the logarithmic mean) were obtained
on the basis of the survey and measured data, respectively. Finally, the CVs of activity
data and the emission factors and their corresponding statistical distributions were used
as the input data for Monte Carlo analysis, and 10,000 simulations were performed to
estimate the uncertainties. The overall uncertainties at the 95% confidence interval for OC
emissions were −28.5–107.6% for firewood, −31.7–70.8% for pepper straw, −36.5–90.5%
for rice straw, −22.7–38.5% for soybean straw, and −26.6–55.2% for corn straw, and they
were −29.5–107.8%, −31.6–72.0%, −36.2–90.0%, −22.2–37.7%, and −26.5–55.0% for EC
emissions, respectively.

Previous studies did not find distinct seasonal variations in OC and EC emissions from
residential biomass burning (including firewood and crop straw) in Guizhou Province [16,17],
which is consistent with the activity survey results of this study. This is because cooking is
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the main reason for firewood and crop straw consumption. In addition, Guizhou Province
is less affected by in-field straw burning than other provinces [17]; the estimated OC and
BC emissions from in-field straw burning in 2006 were reported to be 8.6 and 2.8 Gg, respec-
tively [50], of which, the OC emissions were higher than those from residential biomass
burning reported here. This is because the emissions from both residential and in-field
biomass burning were higher in 2006 than in more recent years [17]. PM2.5 emissions have
dropped in Guizhou Province since 2011, and in 2014, in-field straw burning contributed
<10% of the total emissions from residential and in-field biomass burning (Figure S7 in
Wu et al., 2020 [17]).

There were distinct spatial variations in residential emissions in Guizhou Province
in 2019. As shown in Figure 6, the spatial distribution of OC and EC emissions were
similar, and a dense emission area formed a crescent shape from north to south in the
central–eastern region of the province. The cities and counties were divided into three
groups according to their emission values (Table 3).
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Table 3. Emissions inventory of residential biomass burning in Guizhou Province (unit: tonne year−1).

Emission Inventory Guiyang Anshun Qiandongnan Qiannan Tongren Qianxinan Bijie Liupanshui Zunyi Guizhou Province

OC in ton year−1

Firewood 77.3 ± 21.4 126.2 ± 34.8 825.5 ± 228.0 449.7 ± 124.2 525.9 ± 145.3 128.3 ± 35.4 314.5 ± 86.9 129.4 ± 35.8 308.8 ± 85.3 2885.5± 797.0
Pepper straw 29.8 ± 17.7 13.2 ± 7.8 2.6 ± 1.6 72.2 ± 43.0 33.8 ± 20.1 14.8 ± 8.8 33.5 ± 19.9 15.4 ± 9.2 37.9 ± 22.6 253.4 ± 150.8
Rice straw 15.4 ± 12.3 20.0 ± 16.0 7.1 ± 5.7 106.9 ± 85.6 71.5 ± 57.2 12.4 ± 10.0 9.1 ± 7.3 6.6 ± 5.3 35.4 ± 28.3 284.4 ± 227.8
Soybean straw 0.090 ± 0.11 0.15 ± 0.18 0.027 ± 0.033 0.49 ± 0.60 0.43 ± 0.51 0.06 ± 0.07 1.66 ± 2.01 0.39 ± 0.47 0.62 ± 0.74 3.91 ± 4.72
Corn straw 5.9 ± 4.7 3.7 ± 2.9 0.18 ± 0.14 15.7 ± 12.5 5.2 ± 4.2 4.7 ± 3.7 25.7 ± 20.5 8.4 ± 6.7 7.4 ± 5.9 76.7 ± 61.1
Wheat straw a 0.28 0.34 0.014 2.9 1.1 2.9 2.1 1.8 0.91 12.4
Sorghum straw a 0.000 0.092 0.0080 0.19 0.28 0.000 0.000 0.000 3.2 3.8
Rape straw a 2.83 3.9 0.40 11.6 8.3 2.0 6.4 1.3 6.4 43.2
Sum 131.5 167.6 835.9 659.6 646.6 165.1 393.0 163.4 400.6 3563.4
EC in ton year−1

Firewood 146.1 ± 84.8 238.4 ± 138.4 1559.9 ± 905.4 849.7 ± 493.2 993.7 ± 576.7 242.4 ± 140.7 594.2 ± 344.9 244.6 ± 142.0 583.5 ± 338.6 5452.5 ± 3164.7
Pepper straw 10.6 ± 4.5 4.7 ± 2.0 0.94 ± 0.40 25.8 ± 10.9 12.1 ± 5.1 5.3 ± 2.2 12.0 ± 5.1 5.5 ± 2.3 13.5 ± 5.7 90.4 ± 38.3
Rice straw 1.1 ± 0.91 1.4 ± 1.2 0.50 ± 0.42 7.5 ± 6.3 5.0 ± 4.2 0.88 ± 0.74 0.64 ± 0.54 0.47 ± 0.39 2.5 ± 2.1 20.1 ± 16.9
Soybean straw 0.0077 ± 0.0096 0.013 ± 0.016 0.0023 ± 0.0029 0.042 ± 0.052 0.036 ± 0.045 0.0047 ± 0.006 0.142 ± 0.176 0.033 ± 0.041 0.053 ± 0.065 0.334 ± 0.414
Corn straw 1.2 ± 0.5 0.73 ± 0.31 0.035 ± 0.0149 3.1 ± 1.3 1.0 ± 0.44 0.92 ± 0.40 5.1 ± 2.2 1.7 ± 0.71 1.5 ± 0.63 15.2 ± 6.5
Wheat straw a 0.095 0.11 0.0048 1.0 0.38 0.96 0.72 0.62 0.31 4.174
Sorghum straw a 0.000 0.031 0.0027 0.065 0.094 0.000 0.000 0.000 1.1 1.3
Rape straw a 0.94 1.31 0.1345 3.9 2.8 0.66 2.1 0.45 2.2 14.4
Sum 160.0 246.7 1561.6 891.1 1015.1 251.1 614.9 253.3 604.5 5598.4

a The emission factors are from He’s study (2018).
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In Group 1, the top three cities with the highest total carbon emissions were Qiandong-
nan, Tongren, and Qiannan (Figure 6). The total emissions in 2019 were 835.9 tonnes of
OC and 1561.6 tonnes EC in Qiandongnan, 646.6 tonnes of OC and 1015.1 tonnes of EC in
Tongren, and 659.6 tonnes of OC and 891.9 tonnes of EC in Qiannan (Figure 7, Table 3). The
total emissions from the three cities/counties accounted for approximately 60% of the total
OC emissions and 62% of the total EC emissions in the province. These emissions resulted
from the high proportion of households that use biomass as fuel in these regions, which
is around 51% in Qiandongnan, 36% in Tongren, and 56% in Qiannan; the corresponding
consumption amounts were 47.6, 52.1, and 31.4 tonne km−2, respectively. Firewood is
widely used in these three cities/counties, contributing about 99% and 100% of the OC
and EC emissions in Qiandongnan, respectively, and also dominating EC emissions in
Tongren (98%) and Qiannan (95%). Approximately 81% of the OC was from firewood
burning in Tongren followed by 11% from rice straw burning, 5% from pepper straw
burning, and 3% from other sources. In Qiannan, OC emissions were also mainly from the
burning of firewood, rice, and pepper straw, representing 68%, 16%, and 11% of the total
emissions, respectively.
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Figure 7. OC and EC emissions from cities/counties in Guizhou Province in 2019.

Zunyi and Bijie cities were categorized into Group 2, located in the north and west of
Guizhou Province, respectively, with each contributing about 22% of the total OC and EC
emissions. The emissions in Zunyi were generally confined to a small area in the south of
the city, while the emissions were more evenly distributed in Bijie. In comparison, the total
emissions for the capital city of Guiyang, located in the centre of the province and forming
Group 3 along with three cities in the south of the province, only accounted for around 18%
and 16% of the total OC and EC emissions, respectively. Southern Guiyang and northern
Anshun are dense emission zones in this group. EC emissions were dominated by firewood
burning in all cities/counties in Groups 2 and 3, accounting for 91% of EC in Guiyang and
97% of EC elsewhere. Approximately 59% of the OC emissions originated from firewood
burning in Guiyang, followed by 23% from pepper straw burning, and 12% from rice straw
burning. For the other cities/counties, the main contributor to OC emissions was firewood
burning, which accounted for 75–80% of the total OC emissions.

4. Conclusions

To reduce the uncertainty of national emission inventories for residential biomass
burning, accurate emission factors are essential. In addition, activity data on biomass use,
fuel consumption, and combustion conditions are also crucial. Our study provided a better
understanding of the emission factors of OC and EC from residential biomass burning in
Guizhou Province, China. On average, rice straw ranked first among the tested biomass fu-
els, with an OC emission factor of 6.8 ± 5.4 g kg−1, followed by 5.1 ± 3.0 g kg−1 for pepper
straw burning, 3.4 ± 2.7 g kg−1 for corn straw burning, 2.0 ± 2.4 g kg−1 for soybean straw
burning, and 0.57 ± 0.16 g kg−1 for firewood burning. For EC, pepper straw had the highest
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emission factor at 1.8 ± 0.77 g kg−1, followed by firewood (1.1 ± 0.63 g kg−1), corn straw
(0.68 ± 0.29 g kg−1), rice straw (0.48 ± 0.40 g kg−1), and soybean straw (0.17 ± 0.21 g kg−1).
With the same mass of biofuel, stove, and ignition method, differences in OC and EC emis-
sion factors were mainly due to the different types of biomass fuel, which have different
lignin structures that lead to different combustion rates. Specifically, biomass fuel with
higher lignin content is characterised by higher proportions of OC3 and OC4, while the
fuel with lower lignin content is characterised by a higher proportion of OC1. The OC/EC
ratios from crop biomass burning were high, with an average of 14.2 for rice straw burn-
ing, 11.7 for soybean straw burning, 5.1 for corn straw burning, and 2.8 for pepper straw
burning. Firewood had the lowest OC/EC ratio, with an average of 0.54.

The OC emission factors for pepper straw burning were positively correlated with
moisture content; however, a negative correlation was found for corn straw burning
(R2 = 0.92). No clear correlations were found between emissions from the other biomass
types and their respective moisture content, which may be attributed to the limited sample
size in this study.

In 2019, the estimated emissions of OC and EC from residential biomass fuel com-
bustion in Guizhou Province were 3.6 and 5.6 Gg, respectively. Firewood burning was
the primary contributor to total residential biofuel OC (≈81%) and EC (≈97%), while
crop straw burning accounted for approximately 19% and 3%, respectively. High spatial
variations in pollutant emissions were observed, which were related to the distribution
of biomass fuel consumption. The three cities with the highest total carbon emissions (in
2019) were Qiandongnan, Tongren, and Qiannan (Group 1); followed by Bijie and Zunyi
(Group 2); and Liupanshui, Qianxinan, Anshun, and Guiyang (Group 3).

The intent of conducting the emission inventories in this study is not just to obtain an
accurate and defensible data set, but to effectively carry out air pollution prevention. By
obtaining the emission factors for residential biomass fuel combustion, a basis for projecting
future emissions is available. These future emissions can be compared to known regulatory
requirements to afford proactive management of emissions of carbonaceous aerosols.
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