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Abstract: Near-source measurements of smoke emissions from household stove combustion in a
rural area of South China were conducted with 7 typical biomass fuels. Particulate matter samples
(both PM1y and PM,; 5) were analyzed for their carbonaceous components, including organic and
elemental carbon (OC, EC) as well as levoglucosan (molecular tracer of biomass burning), employing
thermal-optical and GC-MS analysis. The OC and EC content in PM; 5 and PM;( smoke particles
derived from the various types of vegetation showed different patterns with the smallest values
observed for straw type fuels. The OC/EC ratios in PM, 5 and PMjy showed an order of straw >
hardwood > bamboo > softwood. Mass concentrations of particulate matter emitted from rice straw
burning were highest with 12.23 + 0.87 mg/m3 (PMy() and 9.31 + 0.81 mg/m3 (PM, 5), while the mass
ratios (LG/PM and OC/PM) were lowest among the 7 fuels, indicating that particle emissions from
straw burning were higher than those from woody fuels, using similar burning conditions. The
levoglucosan emission ratios were rather high and this single most abundant organic species was
mainly present in the fine particle mode. Linear correlation analysis showed a strong relationship
between levoglucosan and EC emissions.

Keywords: biomass burning; PM, 5; organic carbon; levoglucosan; emission ratios

1. Introduction

Carbonaceous aerosols, comprised of two main components, i.e., organic carbon (OC) and
elemental carbon (EC), are large contributors to the fine particle burden in the urban atmosphere and
in rural areas. OC, containing polycyclic aromatic hydrocarbons (PAHs) and other organic compounds
with possible mutagenic and carcinogenic effects, can be directly emitted from various sources (primary
OC) or produced from atmospheric reactions involving gaseous organic precursors (secondary OC) [1,2].
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EC (often referred to as black carbon or soot, depending on the measurement method), with a similar
chemical structure to impure graphite, is emitted directly during the combustion of carbonaceous
fuels. Besides participating in certain chemical reactions in the atmosphere [3], EC is the second-largest
contributor to global warming due to its light-absorbing properties after CO, [4-6].

Biomass burning is an important source of global atmospheric pollution and carbonaceous
aerosol in particular [7-9]. Biomass burning activities can be divided into two types: natural fires,
such as wildland and forest fires, and anthropogenic combustion processes, such as residential
biofuel utilization (performed daily) and seasonal agricultural residue burning. For example, while
investigating source contributions to carbonaceous aerosol in Korea, Jeong et al. [10] found that
residential anthropogenic emissions are the most import factor, contributing 74% (9% from fossil fuels
and 65% from biofuels) and 78% (42% from fossil fuels and 36% from biofuels) to the ambient OC and
EC concentrations, respectively, on an annual mean basis. At present, biomass provides about 10%
of the world’s primary energy supplies, most of it being used in developing countries in the form
of fuelwood or charcoal for heating and cooking. Although China has experienced rapid economic
growth in the past 30 years, biofuels still play a vital role in rural areas as an energy source [11], with
contributions up to 23.5% of the total energy consumption in China [12].

As one of the areas with the most serious atmospheric pollution in China, the Pearl River Delta
(PRD) is characterized by a complex mix of air pollution sources and atmospheric processes. Despite
the high degree of urbanization, biomass burning in rural areas is an important factor contributing to
regional atmospheric pollution in the PRD [13]. During autumn and winter, the increasing biomass
burning activities in the northern part of the PRD can affect most of the PRD region through the northeast
monsoon. Nearly 55% of straw residues are used in domestic energy production in Guangdong
province [14].

The main components of biofuels/biomass include cellulose (40-50%), hemicelluloses (20-30%)
and lignin (15-35%) [15,16]. Thermal degradation of cellulose and hemicelluloses during biomass
combustion produces anhydrosugars, with levoglucosan being the single most abundant organic
species found in biomass smoke particles. Levoglucosan is regarded as a superior molecular tracer for
biomass burning, owing to the large emissions during biomass combustion and its stability during
atmospheric transport [17], although recent laboratory studies have shown possible degradation of
levoglucosan in aqueous and heterogeneous phases in the presence of strong oxidants such as OH
radical [18-20]. Therefore, caution is warranted when using this tracer in source apportionment studies,
while in many cases sufficient atmospheric stability may be assumed [21]. Moreover, the pyrolysis
of cellulose and hemicelluloses is believed to be the only emission source of levoglucosan, although
it has been reported that anhydrosugars are present in particulate matter generated from incense
burning and cooking, which are of substantially smaller magnitude [22,23], rendering levoglucosan an
important molecular tracer for biomass burning emissions.

The emission characteristics, including type and amounts of emitted pollutants, i.e., emission
factors and inventories from residential stoves, are highly dependent on the design and construction
material of the stoves, as well as the biomass fuels used. Previous burning experiments under controlled
combustion conditions in western countries mainly focused on wood-burning stoves, fireplaces and
wood furnaces, which are typically used in North America and Europe [24-26]. Limited research on
emissions from household cooking stoves using biomass fuels has been conducted in Asia [27,28].
Considering the difference in design and utilization patterns of stoves in western countries from
those in Asia, and even between North and South China, a large variation is expected in the emission
patterns and pollutant characteristics. In addition, the combustion efficiency of Chinese cooking stoves
is relatively low compared to the foreign counterparts, and hence the measurement results of pollutant
emissions from stove combustion as reported in the literature from western countries may not be
applicable to China. Therefore, this report provides results from field measurements of emissions from
typical combustion of household biomass fuels in South China’s PRD region. The main purpose of this
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study was to characterize PM emissions in terms of OC, EC, and levoglucosan content from typical
biofuels used in South China.

2. Experiments

2.1. Sampling

Sampling was performed in Shixing (N 24.90°, E 114.16°), a rural area of Shaoguan, in the north
of Guangdong Province. The region is characterized by the subtropical monsoon climate, with an
annual average temperature of 23 °C. As this region is covered by large forests, biomass fuels are
readily available from forests aside from agricultural residues. Consequently, wood and agricultural
residue burning is a common energy source. Thus, smoke particles derived from biomass burning
contribute significantly to PM pollution over the entire region of the PRD. The biomass fuels selected
in this study represent those typically used by local rural households and their characteristics are
summarized in Table 1. The biomass categories include woods (hardwood and softwood) and straws.
Bamboo, a woody plant in contrast to grass-type plants, was also evaluated in this study and was
treated separately.

The stove used in this study was a typical brick stove found in village kitchens (Figure 1). It consists
of four ovens and four fuel entrances, built on the floor with a flue attached to one side of the wall and
a chimney extending to the second floor of the residence [29]. The burning cycle consisted of heating a
specific amount of water from room temperature to its boiling point and keeping the water boiling to
the end of the burning cycle. The typical sampling period was 1 h. During this period, the woman
of the household was in charge of feeding fuel into the stove in batches consistent with typical local
practices [30]. The particle collection instruments were Mini-volume samplers operating at a flow rate
of 5L min~! (Airmetrics, Eugene, OR, USA). The samplers were set at about 1.5 m downwind from the
chimney on the second floor at nearly 3 m height above ground. Both PM; and PM; 5 aerosol samples
were collected on 47 mm quartz fiber filters. The ambient temperature during the experiments ranged
from 19 to 30 °C, while the relative humidity (RH) varied from 26% to 80%, with wind speeds between

0and 4 m-s~!.

Figure 1. Household stove used in this study.



Atmosphere 2020, 11, 112 4 of 14

Table 1. Vegetation species used in this study, including their classification and elemental composition.

. . Vegetation Biofuel o o o
Name Latin Name Family Classification  Classification € (%) H (%) N (%) CN
Tamarind Tarir:(;;glus Fabaceae = Woody plant Hard wood 44.22 6.36 0.13 344.39
Chinese guger Schima
treeg 8 superba Theaceae =~ Woody plant Hard wood 45.02 6.45 0.13 338.50
Gardn
Chinese fir Pinaceae Pinaceae =~ Woody plant Softwood 47.14 6.50 0.11 416.34
pinus
Chinese red pine  Massoniana ~ Pinaceae =~ Woody plant Softwood 46.71 6.52 0.07 714.60
lamb
Bamboo Bamboo Poaceae Woody plant - 45.67 6.37 0.31 145.63
Rice straw Oryza Poaceae Herb Straw 38.73 5.64 0.77 50.58
glaberrima
Peanut straw Arachis Fabaceae Herb Straw 39.40 591 1.10 35.95
hypogaea

2.2. Quality Assurance and Quality Control (QA/QC)

Prior to sampling, the quartz filters were baked at 450 °C for 8 h to remove organic carbon. The
filters were weighed, following conditioning under controlled temperature and humidity conditions
(23 £1 °C, 40% RH) for 24 h before and after sampling, in order to determine PM mass concentrations.
All samples were stored at —15 °C prior to extraction and analysis. During the sampling period, PM;
and PMj; 5 blank samples were collected periodically to account for background effects. The chemical
analysis procedures included the use of internal standards to account for errors, such as loss due to
volatilization or incomplete extraction and derivatization.

2.3. Elemental Analysis

The elemental composition of the individual biomass fuels was determined with an elemental
analyzer (Elementar Vario ELIII). Samples were combusted in an aluminum container at 950 °C over
a catalyst in an oxygen atmosphere. The elements (C, H and N) were oxidized to CO,, H,O, and
NOxy, respectively, and subsequently separated on selective trap columns, followed by detection with a
thermal conductivity detector (TCD).

2.4. OC/EC Analysis

An area of 1.5 cm? of each quartz filter sample was used for OC/EC analysis. A Sunset Laboratory
Carbon Analyzer (Sunset, Tigard, OR, USA) was used in this study to determine the carbonaceous
aerosol portion using the thermal-optical transmittance (TOT) protocol (National Institutes of Safety
and Health). The individual carbon fractions evolving from the filters during the analysis process were
oxidized to carbon dioxide over a high-temperature manganese dioxide catalyst and the carbon dioxide
was subsequently reduced to methane. Finally, the methane was quantified using a flame ionization
detector (FID). The FID response was calibrated with known quantities of CO, and CHy4 gases and
micropipette deposits on filters of sucrose and potassium hydrogen phthalate (KHP) solutions. The
limits of detection (LOD) for OC and EC were 0.1 ugC cm™2, and the measurement precision was <10%
for both carbon fractions.

2.5. GC-MS Analysis

Half of each filter sample was extracted ultrasonically three times for 15 min with 30 mL
dichloromethane/methanol (1:1, v:v) in thick-wall sealed bottles (pre-baked for 4 h). The solvent
extracts were pooled and then reduced to about 1.5 mL using a rotary vacuum evaporator. Subsequently,
the extracts were concentrated to 0.5 mL by a mild stream of ultra-pure nitrogen gas. The
concentrated extracts were treated with N,O-Bis (trimethylsilyl) trifluoroacetamide (BSTFA) containing
1% trimethylchlorosilane and 10 pL pyridine for 1 h at 70 °C to derivatize OH groups, such as in
levoglucosan, to trimethylsilyl esters. The silylated extracts were dried under nitrogen flow to remove
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the remaining BSTFA and pyridine and then taken up into n-hexane prior to GC injection. All samples
were analyzed using an Agilent 6890GC/5973MSD system equipped with an HP-5 capillary column
(length 30 m, inside diameter 0.25 mm, film thickness 0.25 pm) operating in the electron impact (EI)
ionization mode (70 eV). 400 uL C'3-labeled levoglucosan was injected into each sample as an internal
standard before chemical analysis for quantification of levoglucosan. More details about the GC-MS
method can be found elsewhere [31].

3. Results and Discussions

3.1. OC and EC Content in Smoke Aerosols

Mass ratios of OC and EC to PM (OC/PM, EC/PM), as shown in Figure 2, were computed in
order to elucidate the characteristics of carbonaceous aerosol emitted from residential biomass fuel
combustion. Comparison of the mass ratios revealed the following pattern: bamboo (0.63 and 0.38)
> hardwoods (0.44 and 0.26) > softwoods (0.36 and 0.15) > straws (0.24 and 0.24) for OC/PM7y and
OC/PM; 5, respectively. Among the 7 biomass fuels investigated in this study, bamboo was the highest
with average OC mass ratios of 0.63 + 0.17 and 0.38 + 0.09, respectively, in PMjy and PM; 5, while
Chinese fir had the lowest average OC content in PMjy with a mass ratio of 0.14 + 0.01, and peanut
straw was the lowest in terms of the OC/PMj 5 ratio (0.22 + 0.03). The EC mass ratios in both PM;y and
PM; 5 had the following order: softwoods > bamboo > hardwoods > straws. The highest EC content
was measured for Chinese fir both in PM;g and PM, 5, while the straws had low EC fractions, such as
rice straw with an average EC mass ratio of 0.01 + 0.01 in PMj 5. Compared with charcoal burning [31],
OC/PM; 5 mass ratios in this study were relatively smaller, while EC/PM; 5 mass ratios were similar.
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Figure 2. OC (organic carbon) and EC (elemental carbon) mass ratios in PM; 5 and PM;( emitted by
combustion of different biofuel species.

Under similar combustion conditions, PM and OC concentrations of straws were much higher
than those of woody fuels, which is in agreement with previous findings [30,32-34]. Meanwhile,
woods and bamboo showed substantially higher EC mass ratios than straws. The probable reason
for this observation is that woody fuels have higher lignin content and more compact fibers relative
to straws [35]. Higher lignin content causes larger emissions of soot [36]. Li et al. [33] pointed out
that the volatile matter in woody fuels, characterized by compact fibers, was released slowly and
is more completely burned than in straws with loose fibers. Meanwhile, EC (at times also called
“soot”, especially by the combustion community) is preferentially formed under conditions in which
insufficient oxygen supply results in incomplete oxidation, such as during predominantly flaming
fires. It is, therefore, obvious that higher lignin content and more compact vegetation fibers would
increase oxygen consumption, which would affect the EC content in the resulting smoke emissions.
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3.2. OC/EC Ratios

The ratio of OC to EC (OC/EC) is a useful parameter to help distinguish different sources of
carbonaceous aerosol [37-40]. The OC/EC ratios of smoke aerosol derived from the seven biomass fuels
from this study are presented in Table 2. For PM;, the OC/EC ratios of rice straw were the highest
with an average value of 18.53 + 5.40, while the Chinese fir was the lowest with a ratio of 0.55 + 0.53.
A similar pattern was observed in PM; 5 with the highest ratio in rice straw smoke (20.02 + 5.70),
while the Chinese fir was lowest with 1.64 + 1.41. The average OC/EC values of all the biomass
fuels investigated in this study were 7.65 + 6.77 in PMjg and 9.38 + 7.01 in PM, 5. To some extent,
OC/EC ratios could be used to distinguish smoldering and flaming combustion phases during biomass
burning. The OC/EC ratios obtained from smoldering combustion were higher than those under
flaming conditions, as observed by Li et al. [33], which is especially the case in open field burning.
Flaming fires were dominant during woody fuel combustion, while the smoldering phase dominated
in case of straw combustion in this study. Consequently, OC/EC ratios of smoke particles released
during the combustion of woody fuels are relatively lower than those of straw fuels.

Table 2. OC, EC and total carbon (TC) mass ratios and OC/EC ratios in PM, 5 and PM;g emitted by
combustion of different biofuel species.

Biofuel Biofuel Samlp: le ocC C C OC/EC
Classification Species M Nur(r,;) ers (mg/mg)  EC (mg/mg)  TC (mg/me) /E
Tamarind PMa 5 5 058+009  004+002 063010 154 +335
Hard wood . PMyo 5 030+£016 003001 033016  10.2+ 659
Chinese PM, 5 7 030+£012  005+001  035+011  673+273
guger tree PMj, 5 0224010  009+001  031+026  573=4.36
o PM 5 5 036+£032  017+004 053032  1.64=141
Softwond C.hma ir PMy, 4 0.14+0054 014+0012 028+0066 055053
Chinesered ~ PMs5 3 035+007  010£004  044+007 391 =300
pine PMyo 3 015+£006 010002  025+008  145+036
Rice straw PM, 5 5 0254006 001001  026+006  20.0+570
Strm PMj, 4 030+007  002+001  032+030 185540
PM, 5 2 0224002  002+000 024002 10.28
Peanutstraw — py 2 018011  0.02+001  020+011 950+ 2.07
Bamboo Bamboo PM, 5 4 063+017  009+004  072+015  7.84 %369
PMyo 4 038+£009  007+003  045+007  628+3.10

In fine smoke particles (PM;5), the OC/EC ratios obtained in this study were similar to those
observed by Li et al. (2009) in carbonaceous aerosol emitted from household stoves in North China,
whereas they differ from those reported in western studies. For instance, the OC/EC ratios in this study
were significantly lower than those from the combustion studies by Oros et al. [41-43]. Moreover, OC/EC
ratios of hardwoods were higher than those of softwoods in our study, whereas Oros et al. [41-43]
found that softwoods were characterized by higher OC/EC ratios. Possible reasons for the variation in
OC/EC ratios among the different studies are as follows. First, the particle size of the carbonaceous
aerosols affects the OC/EC values. EC is found mainly in sub-micrometer particles (PM o), whereas
OC is found both in sub- and super micrometer particles (PMjg) [44]. Thus, the OC/EC ratios vary
with particle size, as was found in this study with OC/EC values in PM; 5 being higher than those in
PMjg. The particle size in the studies by Oros et al. [42] was PM; g, which may explain the differences
in ratios between the studies to some extent. Second, different parts of woody fuels may generate
smoke particles with different relative abundance in OC and EC, providing an additional explanation
for the observed differences in OC/EC ratios. Previous studies found that fruit and leaves were the
main sources of aerosol emissions during biomass combustion among all the parts of a plant [45].
In the study conducted by Oros et al. [41,42], branches (1-2 cm diameter), needles (dry and green) with
bleed resin and conifer cones were selected for the softwood combustion experiments, while branches
(1-2 cm diameter), leaves (dry and green) with gums and mucilage were available for hardwood
experiments. However, only branches (2-5 cm diameter) were chosen in this study to simulate the
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local household combustion practices. Third, different combustion conditions play an important role
in affecting the results from the various combustion experiments. Oros et al. [41,42] used “complete
controlled fire burning of all samples to the embers”. Zhang et al. [46] used a combustion chamber
to simulate the household stove burning with both smoldering and flaming phases. However, the
combustion conditions, including flame temperature, ventilation, and oxygen supply in simulated lab
experiments are different from realistic field measurements, critically affecting the results [47-50].

3.3. Levoglucosan Content

Levoglucosan (LG) concentrations in smoke aerosol particles derived from the seven biofuel
species are presented in Figure 3. The relative abundance of LG in PMjy and PM; 5 was similar among
all fuels, indicating that levoglucosan was mainly present in PM; 5. The LG fraction in fine particles
observed here agrees with previous studies [51-53]. In PM;, the LG concentration for rice straw
reached 0.21 mg/m3, while Chinese fir smoke had the lowest LG concentration of 0.03 mg/m3. In PM, 5,
the LG concentration of tamarind was relatively high (0.18 mg/m3), and the Chinese fir was lowest
among all species with an average value of 0.04 mg/m?3.

The LG mass ratios (mg/mg of PM mass) of the seven biofuel species are presented in Figure 4,
showing the LG distribution as a function of particle size and fuel type. Peanut and rice straw had
the lowest LG content among all species in this study. The reason for this is that the content of
cellulose and hemicelluloses, the parent compounds of levoglucosan, is lower in straws than in woody
fuels [35]. The LG concentrations of rice straw smoke particles showed a distinct distribution between
PM, 5 and PMyy (Figure 3), indicating a significant portion of LG to be present in the coarse mode
(PMj025). Engling et al. [52] reported LG size distributions in rice straw smoke particles derived from
open field burning, with LG in coarse particles (PM;g 5) occupying only 1-5% of total LG emissions
(ng/m?3), which is in contrast to the results of the present study. The combustion conditions and specific
burning practices were likely the main reasons for the difference in LG size distributions. Specifically,
the abundant oxygen supply in open fires leads to more complete combustion compared to stove
combustion, resulting in larger emissions of fine particles. On the other hand, abundant fresh straw
in open fires, without sufficient drying, reduces the combustion temperature in the initial burning
stage [54], which is an important factor affecting the pyrolysis of cellulose and hemicelluloses. In
the case of field burning of rice straw in Taiwan, the straw is spread in thin layers across the (wet)
ground, which further reduces the flame temperature and thus the combustion efficiency [52,55].
Stove temperatures can be raised to 300 or 400 °C quickly through manual continuous fuel feeding, at
which temperatures LG emission in carbonaceous fuel combustion commences. However, due to the
fast burning of rice straw, the frequency to feed straws into the stove is much higher than for other
fuels, which leads to longer times for the smoldering phase. Meanwhile, oxygen is limited in stove
combustion, which prevents temperatures from reaching higher levels, thus limiting the combustion
efficiency. Consequently, a larger abundance of coarse particles in the smoke emissions affects the size
distribution of LG, which may be one reason for the larger coarse mode fraction of LG observed in
this study.
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Figure 3. Levoglucosan concentrations in PMjy and PM;5 emitted by combustion of different
biofuel species.
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Figure 4. Levoglucosan mass ratios in PM; 5 and PM( emitted by combustion of different biofuel species.
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3.4. LG/OC and LG/EC Ratios

The OC, EC, and LG concentrations in PM, 5 and PMj of each biomass category are only slightly
different, which is due to most of the carbonaceous PM mass typically being present in fine particles,
especially in case of smoke aerosol derived from biomass burning. Correlation analysis of OC, EC, and
LG revealed a good linear relationship between EC and LG emitted from various biomass fuels except
for bamboo, likely due to the relatively smaller sample number (Figure 5; the level of significance
is presented in Table 3). Peanut straw was entirely excluded from the correlation analysis due to
the small number of samples. The average correlation coefficient (R?) was 0.76, while the R? of rice
straw had a high value of 0.95 for the correlation between LG and EC, indicating a strong relationship
between LG and EC emissions. These findings are valuable for biomass/biofuel combustion research,
as they imply little variability in the relative abundance of carbonaceous species between individual
burns, while in previous studies such factors were not presented [41-43,46]. Moreover, levoglucosan is
typically the main organic component in biofuel combustion emissions, and LG and OC are co-emitted
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during cellulose pyrolysis, resulting in a high correlation between these two carbonaceous species,
except for bamboo (Figure 6). LG/OC ratios are of importance as they can be used for distinguishing
different biomass burning sources, as has been demonstrated in previous studies [56,57], as well as for
semi-quantitative estimates of biomass burning contributions to ambient PM levels [13,58-61].
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Figure 5. Correlations between LG and EC for different biofuel species.

0.40 ~
0.35 ,;9:?:?:77525 38 <
y=0.28x-8.96E-3
— 0.30 ~ R’=0.81
(3]
E E
S 0.25-
é ;
= ]
S 0.201
g 4 m  Chinese guger tree
c ’ y=0.02x+1.01E-1 .
® 0154 R'=-0.12 ® Tamarind
g vl _—» p A Chinese fir
38 > v Chinese red pine
0 10 = y=0.12x+1.13E3 -
9 : R'=0.99 4 Rice straw
1 » Bamboo
0.05 y=0.09x-2.8E-3
< R’=-0.97
9 y=0.09x-8.17E3
R’=0.96
0.00 T T T T T T T T !
0 2 4 6 8

OC concentration (mg/m°)

Figure 6. Correlations between LG and OC for different biofuel species.

As shown in Table 3, the maximum LG/EC ratio was found for tamarind (4.69), while that of
the Chinese fir was the lowest (0.09). The LG/OC ratios display different patterns, with Tamarind
emissions showing the highest ratios (0.27) and those of peanut straw the lowest (0.02), reflecting the
relative abundance in OC and EC, as presented above. LG/OC ratios of the two straws are similar,
while they are much lower than those in woody fuel emissions. There is little research reporting the
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relationship between LG and EC. Mochida et al. [21] plotted the ratios of LG/EC versus LG/OC for
aerosols from a remote marine site and those from various emission sources, in order to assess the
influence of biomass burning on the LG concentrations at the sampling site. LG/EC ratios from biomass
burning source emissions were not included. The LG/EC ratios in biomass burning source emissions
are obviously different from those in atmospheric aerosol due to the influence of multiple sources on
ambient aerosol. Rice straw is one of the most universal biofuels subject to burning worldwide and
has, therefore, been investigated in several combustion studies [52,62—-64]. Rice straw combustion in
a catalyst-equipped wood stove in South Asia resulted in LG/EC and LG/OC ratios of 1.66 and 0.03,
respectively [64]. In the study by Zhang et al. [46], rice straw was burned in a combustion chamber
simulating household burning in South China, which gave rise to LG/EC and LG/OC ratios of 0.64 and
0.08, respectively. Further, a commercial wood-burning fireplace was applied for rice straw burning
in the western US, revealing LG/EC and LG/OC values of 0.19 and 0.03, respectively [65]. While the
ratios obtained in these three studies are different from those observed in the present study, smoke
particles generated during rice straw open burning in Taiwan showed comparable ratios of LG/EC
(0.86) and LG/OC (0.04) to the values measured in this study [66]. In addition, it is noteworthy that the
average LG/EC ratio of tamarind was substantially higher than the respective ratios from any other
biofuel in this study, which may be due to the fresh nature of the tamarind. Sullivan et al. [67] reported
that LG/EC ratios of fresh biofuels are significantly higher than those of dry fuels, which seems to be
reflected in the ratios of carbonaceous species in the tamarind smoke aerosol from this study as well.

Table 3. OC, EC, and LG concentrations, as well as LG/EC and LG/OC ratios in smoke particles derived
from different biofuel species.

Chinese Chinese Rice Peanut

Tamarind Guger Tree China Fir Red Pine Straw Straw Bamboo
Samples (n) 8 7 7 3 8 2 6
LG (mg/m3) 0.17 0.03 0.02 0.05 0.10 0.03 0.13
OC (mg/m3) 0.64 0.36 0.43 0.40 2.73 1.04 1.26
EC (mg/m?) 0.04 0.06 0.28 0.15 0.13 0.10 0.13
LG/EC (w/w) 4.69 0.50 0.09 0.33 0.78 0.22 0.96
R? 0.84 0.86 0.82 0.99 0.95 - 0.28
p 0.01 0.01 0.01 0.05 0.01 0.16
LG/OC (wfw) 0.27 0.08 0.06 0.12 0.04 0.02 0.10
R? 0.81 0.97 0.96 0.99 0.97 - -0.11
[4 0.01 0.01 0.01 0.05 0.01 0.53

4. Conclusions

The smoke aerosol emissions from household stove combustion of Chinese fir, Chinese pine,
tamarind, Chinese gugar tree, bamboo, rice straw, and peanut straw were analyzed for OC, EC, and
levoglucosan. Distinct characteristics of carbonaceous aerosol emitted from the various biomass
burning sources can be summarized as follows: 1. Carbonaceous material comprised the majority of
the particle mass and the carbonaceous components were mainly contained in fine particles (PM, 5);
2. The OC/EC ratio is an important parameter to characterize various aerosol emission sources, and
particularly the contribution of biomass smoke; 3. Levoglucosan/EC and Levoglucosan/OC ratios can
be used as potential indicators in biomass burning studies to distinguish various vegetation types.
Specifically, the highest OC/EC ratios were observed for straw and the lowest values for softwood.
Considering the effect of different combustion conditions on the resulting smoke particle characteristics,
further work should be concentrated on the burning process and the burning products in different
burning stages, e.g., flaming and smoldering phases, as well as the influence of fuel moisture content.
Moreover, other important organic components should be quantified, especially different potential
molecular biomass burning tracers and organic compounds contributing to aerosol light absorption,
e.g., brown carbon.
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