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Abstract

Published emission factors (EFs) often vary significantly, leading to high uncertainties in emission
estimations. There are few reliable EFs from field measurements of residential wood combustion
in China. In this study, 17 wood fuels and one bamboo were combusted in a typical residential
stove in rural China to measure realistic EFs of particulate matter (PM), organic carbon (OC) and
elemental carbon (EC), as well as to investigate the influence of fuel properties and combustion
conditions on the EFs. Measured EFs of PM, OC, and EC (EFpp, EFgc, and EFgc, respectively)
were in the range of 0.38~6.4, 0.024~3.0 and 0.039~3.9 g/kg (dry basis), with means and standard
derivation of 2.2+1.2, 0.62+0.64 and 0.83+0.69 g/kg, respectively. Shrubby biomass combustion
produced higher EFs than tree woods, and both species had lower EFs than those of indoor crop
residue burning (p<0.05). Significant correlations between EFpy;, EFoc and EFgc were expected.
By using a nine-stage cascade impactor, it was shown that size distributions of PM emitted from
tree biomass combustions were unimodal with peaks at a diameter less than 0.4 pm (PMg 4), much
finer than the PM from indoor crop residue burning. Approximately 79.4% of the total PM from
tree wood combustion was PM with a diameter less than 2.1um (PM> 1). PM size distributions for
shrubby biomasses were slightly different from those for tree fuels. Based on the measured EFs,
total emissions of PM, OC, and EC from residential wood combustion in rural China in 2007 were
estimated at about 303, 75.7, and 92.0 Gg.

Introduction

Residential wood combustion is of wide concern due to its adverse impacts on air quality
and human health, especially in the many developing countries where wood is often used for
residential cooking and heating. Particulate matter (PM), one of many pollutants emitted
from wood combustion, contains organic carbon (OC) and elemental carbon (EC, sometimes
referred to as black carbon?). PM is harmful to human health, and is considered a climate-
relevant pollutant. PM, especially fine PM, can penetrate deep into the bronchial and lung
areas, leading to respiratory and cardiovascular diseases and increased rates of mortality2—.
Sulfates and OC content in PM generally have a cooling effect on climate because they
scatter light, while EC can absorb light resulting in a positive radiative forcing 1 °. It has
been reported that PM emitted from combustion in wood stoves is often characterized by
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small particle size and high levels of organic pollutants; subsequently, it can cause high
levels of free radicals, DNA damage, inflammatory, and oxidative stress response in humans
who are exposed to it ©.

An estimated 1324~1615 Tg of wood was used in the residential sector globally in 1995, of
which approximately 800~930 Tg was consumed in Asia ’. Accordingly, 670~820 Gg and
400~470 Gg EC were emitted from wood combustion globally and in Asia, respectively 7,
contributing an important fraction of the total emissions from all sources. In most
developing countries, residential biomass combustion, including wood and crop residues,
dominates the total emissions of fine PM, EC and OC. It has been calculated that around 28,
72, and 39 % of the total PM, OC, and EC emissions in China in 2005 were from residential
biomass combustion 8.

Emissions of primary PM, OC, and EC are usually calculated based on the total quantities of
consumed fuel and emission factors (EFpp, EFoc, and EFgc), defined as PM, OC, and EC
emitted per mass of fuel consumed. Unfortunately, data on EFs of these pollutants are scarce
in China %11 and using the EFs reported for other countries and/or calculated based on EFs
of other pollutants in the emission inventories often results in high uncertainties and

bias 78 12-15_ The measured EFs for biomass burning often varied dramatically due to the
differences in fuel properties, like fuel moisture and volatile matter content, and combustion
conditions, e.g. fire management, burning temperature, oxygen supply and mixing states in
stove chamber 14-24, The impacts of these factors were complicated and sometimes
interacted with one another. For example, fuel with high moisture often required additional
energy to vaporize the water and hence resulted in low combustion efficiency and high
pollutant emissions, while in a stove chamber with limited volume, low moisture fuel may
burn too fast resulting in incomplete combustion due to the insufficient air supply 1725, To
achieve high efficient combustion, adequate air supply and proper mixing status are
necessary 26-27_ |t is accepted that high combustion efficiency leads to relative low
emissions of pollutants, and combustion efficiency is usually affected by many factors, like
fuel moisture, oxygen supply, and combustion temperature 20-21, |n addition, fuel properties
and combustion conditions were also reported to influence the size distribution of PM
emitted 2829,

In a previous study, we found that the EFg¢ for crop residue measured using a traditional
cooking stove in China was significantly higher than the EFgc measured in laboratory
chambers, and fuel moisture and combustion efficiency were the most important factors
affecting the EFpy and EFgc from crop residue burning 1°. To provide firsthand field data
for firewood combustion in China, EFpp, EFoc, and EFgc were measured for a wide range
of wood fuels used in China in a traditional cooking stove. The influences of fuel properties
and burning conditions on the EFs were also investigated. Finally, the size distributions of
freshly emitted PM were characterized.

Fuels, Stove and Combustion Experiments

Residential wood combustion experiments were conducted in a simulated rural kitchen,
which was built to replicate the layout of kitchens found in rural Northern China. The
experimental site is located in a remote area outside of Beijing with no residential or traffic
sources nearby. One commonly used brick cooking stove was used in this study. This type
of stove is currently used by about 175 million residences in rural areas, following a
campaign to disseminate fuel-saving stoves (National Improved Stove Program) during the
1980~1990s in rural China. Detailed information about the kitchen and the stove was
published in a previous study 1°. For residential cooking and heating, residents usually burn
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a mixture of various wood fuels that are available for them, so it is difficult to accurately
estimate the consumption of each type of woods burned in the household. This study
investigated 17 types of wood, which represent the main tree species used for bio-energy in
China 39. These include Chinese white poplar (Populus tomentosa Carr.), water Chinese fir
(Metasequoia glyptostroboides), Chinese pine (Pinus tabulaeformis Carr.), cypress
(Cupressus funebris Endl.), elm (Ulmus pumila L.), fir (Cunninghamia lanceolata), larch
(Larix gmelini (Rupr.) Rupr.), maple (Acer mono Maxim.), oak (Quercus mongolica),
paulowonia tomentosa (P.tomentosa (Thunb.) Steud.), toon (Ailanthus altissima), white
birch (Betula platyphylla Suk), willow (Salix babylonica), locust (Robinia pseudoacacia L.),
bamboo (Phyllostachys heterocycla(Carr.)), lespedeza(Leapedeza bicolor. Turc2), holly
(Buxus megistophylla Lévl) and buxus sinica shrub (Buxus sinica (Rehd. et Wils.) Cheng).
The properties of these fuels, including density, moisture, elemental contents (C, H, N, O),
proximate analysis results (volatile matter, fixed carbon, and ash content), and high heating
values, were measured and provided in the Table 1 and Table 2.

The combustion experiments were conducted by heating known amounts of water, similar to
what has been done in indoor crop residue burning experiments 12, Pre-weighed (~1.0 kg)
quantities of wood fuels were cut into small pieces (about 15~20 cm? x 20~30 cm in length),
ignited at the split wood tips and inserted into the stove chamber, to mimic the pattern of
residential wood combustion in rural residents’ daily lives. The shrubby biomass was broke
into 20~30 cm sections. The associated flue gas entered a mixing chamber (about 4.5 m3)
with a built-in fan. There was no further dilution conducted to avoid the alterations in PM
mass loading and size distribution 13. Measured smoke temperature and relative humidity
were 20-35 °C and 40-60% (TM184, Tenmars), respectively. The sampling period covered
the whole burning cycle, including the flaming (obvious fire) and smoldering phases
(without obvious fire). The sampling started after the initial ignition and stopped when the
measured CO and CO, concentrations dropped to the background levels. The combustion
processes lasted for about 40~60 minutes, and ash in the stove was collected and weighed
after combustion. It is recognized that combustion conditions and emissions varied in
various burning phases and future study using continuous on-line measurements is
suggested. This combustion experiment was repeated three times for each type of fuel.

Sampling and Measurement

Sampling work was done throughout the whole burning cycle. Quartz fiber filters (Pall
QAT-UP, cut into rounded ones with 25 cm in diameter) were used to collect particulate
matter in the flue gas using low-volume pumps (XQC-15E, Tianyue, China) at a flow rate of
about 1.0 L/min. Size segregated PM samples were collected using a nine stage cascade
impactor (FA-3, Kangjie, China) with glass fiber filters at a flow rate of 28.3 L/min. The
cutoff aerodynamic diameters (0,) for each stage were <0.4, 0.4~0.7, 0.7~1.1, 1.1~2.1,
2.1~3.3,3.3~4.7, 4.7~5.8, 5.8~9.0, and 9.0~10.0 um, respectively. All filters were baked at
450 °C for 6 hours and equilibrated in a desiccator for 24 hours prior to being weighed.
After sampling, particle-loaded filters were folded and packed using aluminum foil.
Procedure blanks of PM, OC and EC were also measured using the same protocol, and
subtracted from the results.

Gravimetric measurements were conducted using a high precision (0.00001g) digital
balance. EC and OC were analyzed using a Sunset EC/OC analyzer (Sunset Lab, USA) 15,
The filter was heated in a pure helium at 600, 840, 550 °C for OC detection, and then at 550,
650, 870 °C in an oxygen/helium atmosphere to determine EC. The carbon results were
calculated using methane at the end of each analysis cycle, and pryolyzed OC, produced in
inert helium when temperature increased, was subtracted from EC results accordingly the
initial laser value. CO, and CO were measured every 2 seconds with an on-line detector
equipped with non-dispersive infrared sensor and measurements were recorded
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automatically. The equipment (GXH-3051, Technical Institute, China) was calibrated using
a span gas before each combustion experiment (CO, 1.00%; CO2, 5.00%).

Data Analysis

EFs of PM, OC, and EC were calculated using the carbon mass balance method by assuming
that the carbon in the fuel was completely released in the form of CO5, CO, total gaseous
hydrocarbons, and carbonaceous carbon in particulate phase 2. In this study, gaseous total
hydrocarbon was not measured which may lead to an estimated error of less than 4%, since
most of the released gaseous carbon was in the forms of CO, or CO 13,

Modified combustion efficiency (MCE), defined as CO,/(CO,+CO) ratios (molar basis), and
fuel burning rate (R) were calculated to quantitatively describe the combustion conditions.
Results of calculated MCE and burning rates for each fuel type were listed in Table 3. Since
EFs were lognormal distributed 32, log-transformed EFs were used for comparison and
correlation analysis. When other parameters with limited information on frequency
distribution were involved, non-parametric tests were applied. Statistical analysis was
conducted at a significance level of 0.05. Principal Component Analysis (PCA) was used to
investigate the impacts of various factors on EFs of PM, OC and EC from residential wood
combustion.

Results and Discussion

Emission Factors

The measured EFs of PM, OC, and EC for 18 tested wood fuels (dry basis) burned under
normal conditions are listed in Table 3. Significant differences (v < 0.05) in EFs of PM, OC,
and EC between the tested tree woods (1.5+0.6, 0.62+0.65, and 0.65+0.46 g/kg as means
and standard deviations, respectively, n=42) and shrubs (3.8+1.4, 0.81+0.64, and 1.53+1.10
g/kg, respectively, n=9) was found. Since there was no significant difference in chemical
composition (C, H, N, and O contents) between the tree and shrubby biomasses, and the
burning rates of the tree wood fuels (0.065+0.012 kg/min) were significantly lower than
those of shrubby biomasses (0.121+0.054 kg/min) (p < 0.05), the relatively higher EFs of
shrubby biomass likely resulted from the faster burning which may cause severe oxygen
shortage in a stove hearth with limited volume 16: 32, |t was also found that the measured
EFs for the woods were significantly lower (p < 0.05) than those for crop residues (8.2+4.3,
1.540.6, and 1.4+0.7 g/kg for PM, OC, and EC, respectively), which were measured using
the same facility under same conditions (p < 0.05) 1°. The difference may be partly
explained by the higher bulk densities and lower moistures of the crop residues 1517,

PM emissions from wood burning in China were reported at 1.17~5.87 g/kg in instant
combustion, and 1.51~8.73 g/kg in ultimate combustion °. In a field measurement on
residential wood combustion in rural area, OC, EC, and PM> 5 EFs were 1.14+0.40,
1.49+0.69, and 3.08+0.82 g/kg, respectively 1. It can be seen that these EFs, and also
published data for biomass burning in other countries 34-39 were all highly variable
depending on fuel types and combustion conditions. It was reported that for the same fuel,
EFs of fine PM from cooking stove combustion were significantly lower than those in
fireplaces 36-38. Based on the previously published EFs in literature and those measured in
this study, EFs of PM, OC, and EC were 2.95+3.04 (0.31~16.3, as range, /7=85), 1.10+1.56
(0.02~8.09, 7=109), and 0.68+0.64 (0.04~3.77, 7=85) g/kg for woodstoves 9:11.14.37-50 gnq
7.96+4.32 (1.6~20.2, n=61), 4.80+2.06 (1.09~9.17, n=36), and 0.66+1.23 (0.04~6.58, n=36)
for fireplaces, respectively 14 37-42.48-50 The differences between them were indeed
significant (0 < 0.05).
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In a previous study, we found that the EFs of PM and EC associated with burning crop
residues in stoves were significantly higher than those measured in laboratory chambers. For
firewood, however, our data were not higher than those (0.2~1.3, 8.0~27.8, and 7~55 g/kg
for EC, OC, and PM, respectively) obtained from an open-burning chamber

experiment 50-52, More studies, like those focusing on the evaporation of gaseous organics
which were largely emitted in crop residue burning, are needed to explain this phenomenon.

It is reasonable to expect that EFs of PM, OC and EC are significantly correlated (p < 0.05)
(Figure 1). Similar correlation has been reported for crop residue and coal combustion®: 53,
Although CO is also an incomplete combustion product and is occasionally used as a
surrogate for the emissions of PM and other pollutants 18: 34, no significant correlation was
found between EFs of CO and PM, EC, or OC in this study (p> 0.05). This complicated
relationship between CO and emissions of other pollutants has been mentioned in the
literature 1118,

The mean ratios of OC/PM and EC/PM were 0.32+0.27 and 0.39+0.26, respectively and
there was no significant difference between tested shrubby and tree biomasses (o > 0.05).
These ratios were significantly higher (o < 0.05) than those for crop residue burning in the
same stove (0.19 + 0.07 and 0.19 + 0.07) 15, suggesting that carbon mass fractions in PM
from wood combustion were higher than those produced from crop residue burning. Similar
results were reported in another study on carbonaceous aerosol emissions from household
biofuel combustion 11. Future study is necessary to look into the reason of the phenomenon,
for example the difference in fuel ash content.

The mean EC/OC ratio obtained in this study was 1.71+1.19. Li eral., 1! reported an EC/OC
ratio at 1.41+0.57 for household wood combustion in China. The value was comparable to
our result, and both were found to be higher than those reported in the literature 1. 38-41 CO/
COy, ratios measured in this study (lower in the flaming phase with obvious fire and
increased in the smoldering phase without obvious fire) were lower than 10%, indicating the
hot flaming domination in the tested wood combustion 1154, and hence more EC emitted
from the relatively high temperature combustion in the flaming phase. Further studies are
necessary to investigate the carbon emission dominated in different phases, like EC emitted
in the flaming phase and brown carbon produced mainly in the smoldering phase 24 55-56,

Individually, most of the investigated factors were not significantly correlated with the
measured EFs (p>0.05) in this study, which can be partly explained by the fact that the
impacts of these factors were often interacted and relatively greater variation of these factors
and measured EFs may prevent from seeing the effect of an individual factor 13, By using
PCA (each factor enter individually), four associations were extracted and can explain more
than 80% of the total variation. Factor 4 (burning rate and MCE) was the most significant
factor identified (p < 0.05) for EFs of OC, EC, and PM (details in the Supporting
Information).

PM Size Distribution

Figure 2 shows size distributions of PM emitted from wood combustion. The fuels tested in
this study were classified into three categories of bamboo, tree, and shrubby biomass. For
comparison, size distribution of PM from crop residue burning under similar conditions?® is
also illustrated. It appears that size distributions of PM from tree, shrubby, and crop residue
combustions were different though all of them were unimodal.

PM from 14 tested tree woods of different types had very similar size distributions with
peaks (24.3+£6.1%) at less than 0.4 um (PMg 4). In general, PM with diameter less than 2.1
pum (PM5 1) composed up to 79.4+7.0% of the total PM. Domination of fine particles in
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emissions from firewood combustion has been reported before 642 and it is believed that
these fine particles are primarily soot-related 8 57. The domination of fine particles from tree
wood burning is a health concern for those who cook in a kitchen, since fine particles can
penetrate deeper into the lungs and are often associated with many toxic compounds 2-4. For
shrubby biomass combustion, PM was dominated by those between 2.1 and 3.3 um
(21.0+9.4%), followed by PM at diameter between 1.1 and 2.1 pm (19.6£4.4%). Overall,
PMg 4 and PM> ; fractions were 14.6+5.4% and 57.7+10.8%, respectively, which were very
different from those emitted from tree biomass combustion. To the best of our knowledge,
size distribution data on PM emissions from shrubby biomass burning are not found in
existing literature, likely due to the fact that shrubs are not used as a biomass fuel in
developed countries. However, since shrubby biomass contributes to a significant fraction of
the overall firewood consumed in developing countries 8, the difference between shrubby
and tree biomasses cannot be ignored when characterizing PM emission from firewood
combustion.

In this study, MCE was found to be negatively correlated with 3 PM fractions with
diameters less than 1.1 pm and positively correlated with all other PM fractions (p < 0.05),
which means that under higher MCE, the mass median diameters of emitted PM would be
larger. A positively linear relationship between MCE and median diameter was previously
reported for fresh forest smoke 22. Meanwhile, moisture affects the size distribution in an
opposite direction to MCE. It is negatively correlated with coarse PM and positively
correlated with fine PM (p < 0.05), indicating that the median mass diameters of PM from
lower moisture wood combustions were larger, and this might be partly explained by the
oxygen scarce condition 28, The influence of fuel moisture on median diameters of PM from
combustion can be either negative or positive since they can also be affected by many other
factors 28-29. 57 |t was believed that the influence of moisture is related to the combustion
temperature and efficiency, and also the change in the relative humidity of the flue gas and
the condensation process. Lower moisture may result in a higher temperature which is
favorable for formation of small particles 28: 57; however, wood with too low moisture may
burn too fast to result in an oxygen limited atmosphere in the stove with relatively small
chamber and only natural air ventilation 172553, These, in turn, produce a large number of
large particles since lower oxygen levels are expected to promote less intense smoldering
conditions producing large particles due to agglomeration and condensation processes 17: 28,
Future studies are needed to investigate the factors influencing formation mechanisms of
both fine and coarse PM.

Primary Emission off EC, OC, and PM in rural China

Total residential consumption of wood in rural China was 182.17 Tg in 2007 5°. Based on
the measured EFs, total emissions of PM, OC, and EC from residential wood combustion in
rural China were estimated to be 303, 75.7, and 92.0, Gg in 2007. It should be pointed out
that, similar to the emissions from many other sources, our estimated emissions are subject
to high uncertainty due to uncertainties in both EFs and in the qualities of fuel consumed.
One of the sources of uncertainty originates from the difference in the EFs among various
woods, which varied dramatically with coefficients of variation of 40~71%. Unfortunately,
data on the fractions of various wood fuels consumed in China are unavailable and there is
no choice but to average EFs.

The geographical distribution of PM emissions from rural residential wood combustion in
mainland China in 2007 is shown in Figure 3 as emission density. The highest emission
densities were found in southern China including Guizhou, Guangxi, and Guangdong. Due
to a shortage of fossil fuel and relatively high abundance of biomass fuels, wood was widely
used for daily cooking in these areas. And, a large rural population in the regions requires
large volume of fuels and subsequently leads to high emissions. Although other southern
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provinces including Fujian, Hainan, and Yunnan and northeastern provinces such as
Heilongjiang are also rich in woods, emission densities of firewood burning were relatively
low due to either the domination of fossil fuel or lower population density.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Size distributions of PM from the combustion of bamboo (A), tree fuel (B), shrubby biomass
(C), and crop residue (D). The last one in Shen et al., (2010) 15 is shown to compare with
those obtained in this study.
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Emission density of primary PM from residential wood combustion in Mainland China.
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